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I. INTRODUCTION 

The Task Group on Ex-vessel Thermal-Hydraulics was established by 
the Principal Working Group #2 to address the physical processes that 
occur in the ex-vessel phase of severe accidents, to study their 
impact on containment loading and failure, and to assess the avail
able calculational methods. This effort is part of an overall CSNI 
effort to come to an international understanding of the issues involved. 
The Task Group decided to focus its initial efforts on the Large Dry 
Containment used extensively to contain the consequences of postulated 
(design basis) accidents in Light Water Reactors (LWRs). Although 
such containments have not been designed with explicit consideration 
of severe accidents, recent assessments indicate a substantial inherent 
capability for these accidents. The Task Group has examined the loads 
likely to challenge the integrity of the containment, and considered 
the calculation of the containment's response. This report is the 
outcome of this effort. 

The principal loading mechanism of large dry containments in a severe 

accident context is due to internal pressurization. Such pressurization is a 

consequence of mass and energy releases from the primary system, at the time 

of failure of its pressure boundary, and from the corium/concrete interactions 

and/or quenching that follow the core release onto the containment floor. Since 

both sources also include combustible gases (hydrogen, carbon monoxide), the 

possibility of derivative energy sources within the containment atmosphere must 

also be considered. In increasing order of severity these may give rise to 

local combustion phenomena, mild but global combustion events, accelerated 

large scale flames, and detonations accompanied by dynamic pressure rise effects. 

Within this range of possible behavior the expectation will depend upon the 

containment atmosphere composition and sources of ignition. Given the rela

tively large containment volume and the localized and transient nature of the 

mass and energy sources, it is evident that such composition criteria should be 

evaluated with due consideration for spatial non-uniformities. 

Based on the above considerations the effort of the Task Group was concen

trated into two parts. The first part dealt with corium-concrete interactions 

in an effort to quantify the associated mass and energy release rates and the 

rate of basemat penetration. The second part dealt with the containment atmo

sphere aiming to quantify the resulting pressurization and combustible gas 
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distribution. Clearly, methodological aspects, and overall trends were our 

particular aims rather than the detailed evaluation of any containment or 

accident in particular. Accordingly, we adopted a benchmark problem approach 

and pursued both parts concurrently; no effort was made towards their integra

tion. Still, the problems were specified such that each part could be dealt 

with in the relevant regimes and/or conditions. Furthermore, each problem was 

specified well enough to eliminate discrepancies between results due to trivial 

differences and permit focus on the essential aspects of the quantification. 

It should be noted that since there is no experimental data available to con

firm the computed results, the problems are not to be construed as International 

Standard Problems (ISPs); the requirements for ISPs are given in CSNI Report 

No. 17 (Rev. 3-1983). 

The problems were initially defined in a Task Group meeting on June 25-27, 

1984. A sharper definition was developed after some preliminary work, by Task 

Group members, on the solutions at a meeting which took place on June 19-21, 

1985. The final solutions were developed in the following year and they were 

discussed in the Group's June 19-20, 1986 meeting, which also served to finalize 

the present report. 

Due to the span of time from the initial analysis efforts (1984) to the 

finalization of this report, the state of the art for such analyses and the 

computer codes used to perform them have evolved to a certain degree. If 

present-day methods and codes were used to reanalyze these same two benchmark 

problems, it is quite possible that the predicted results would be different 

from those in this report. 

The basic results of the two benchmark problems are presented in Section III 

of this report. A broader discussion of phenomenological aspects and issues is 

provided in Section II, which is intended as introductory complement to the 

quantitative details of Section III. A summary of conclusions and recommenda

tions developed on the basis of the Task Group's work to date is provided in 

Section IV. 
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II. PHENOMENOLOGICAL ISSUES 

II.1 Corium-Concrete Interactions (CCIs) 

During a core meltdown event in a LWR the core materials (corium) would 

eventually melt through the reactor vessel and fall into the region below the 

vessel (reactor cavity). In the reactor cavity the corium will interact with 

any water or structural materials (usually concrete) that might be present. 

The initial temperature (and hence stored energy) of the corium is an important 

driving force during the early CCIs. The interfacial heat transfer between the 

corium and concrete drives the erosion front. Gases released from the decompos

ing concrete will pass through the corium causing nearly isothermal conditions 

and generating a significant aerosol mass (both inert and radioactive). In 

addition, the gases will oxidize the metallic components in the corium releas

ing chemical energy and generating noncondensible and combustible gases. 

Thus, CCIs have three important effects which have to be addressed when 

attempting to assess the impact of core meltdown accidents, namely: 

1. Timing of the basemat penetration. 

2. The influence of gases released during CCIs on the pressure/temperature 

histories in containment. 

3. The influence of CCIs on the fission product source term. 

The impact of CCIs on the above three effects is strongly dependent on 

plant-specific features such as the configuration of the region directly below 

the reactor vessel (reactor cavity) and the concrete aggregate used as the struc

tural material. 

The configuration is important mainly in two respects. First, it defines 

whether any containment water can reach that region both before and after the 

corium drop from the reactor vessel (reference is made to "dry" or "wet" cavi

ties). Second, it imposes a physical constraint within which the corium may 

spread, which in turn determines the range of corium debris depths and extent 

of corium/concrete contact that are physically possible. This is particularly 

straightforward for dry cavities and accident scenarios that yield release of 

corium from the reactor vessel at low pressures. For wet cavities, particularly 

in cases in which corium is released in a fully molten state into an already 
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water-flooded cavity, there is the possibility of large-scale steam explosions 

and associated expulsion outside the cavity region. In other cases, particularly 

when water enters the cavity after the corium has already settled in it, the 

behavior can range from a continuing corium/concrete interaction on the one 

extreme (i.e., crusting and nearly full isolation between the fuel pool and the 

water above it) to a gradual quenching of the corium and termination of the 

melt attack on the other. Another possibility is that the available water in 

the reactor cavity is sufficient to quench and cool the corium but is then boiled 

away. Under these circumstances, the corium could reach a dry and relatively 

cool condition but might then gradually heat back up from decay heat. It is 

possible that remelting may then occur or that the heat loss mechanisms from 

the debris bed may be sufficient to prevent remelting of the corium. The effect 

of degassing of the concrete during the heatup of the corium should be included 

in analyses of this possible behavior. On a still further-out extreme, an ener

getic fuel/coolant interaction from such a stratified configuration could, again, 

disperse the materials outside the reactor cavity. 

The concrete aggregate type can also significantly influence the course 

and consequences of CCIs. Nominally we refer to limestone and siliceous aggre

gates. Upon decomposition limestone concrete will release significantly more 

non-condensible gases, while siliceous may erode somewhat faster. 

Based on these considerations the benchmark problem specification included 

both dry and wet cavities as well as limestone and siliceous concrete. 

From a modelling standpoint the problem of CCIs may be visualized in terms 

of two rather distinct regimes. 

The high temperature, or short term regime, is characterized by a fully 

molten condition and a highly agitated condition that yields melt homogenization, 

high heat transfer coefficients to the concrete surface, and hence high erosion 

rates. The BETA experiment was instrumental in bringing to the forefront the 

existence and implications of this regime. This regime would be short lived in 

the absence of significant metallic zirconium content in the melt. On the con

trary, zirconium provides a medium for autocatalysis since high concrete erosion 

rate produces a high metal/steam reaction rate and thus could produce higher 

temperatures. This regime would persist until all metal has reacted and is 

very important in determining the extent and chemistry of the aerosol mass 

generated. 
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The low temperature or long-term regime is expected to be characterized by 

semi, or fully solidified corium, and possible stratification of the oxidic 

components from metallic components. Under such conditions, the erosion rates 

would be relatively low resulting in low gas release rates. The result is that 

chemical reactions are of less importance and concrete erosion is basically 

determined from a quasi-steady energy balance where the primary consideration 

is the split between upwards and downwards (into the concrete) directed heat 

flux. 

A number of computer codes and programs are available and have been used 

to quantify this benchmark problem. Their basic features and the respective 

results are summarized in Section III. 

II.2 Combustible Gas Distribution 

At the outset it must be emphasized that questions of non-uniform distribu

tion arise especially under the circumstances in which none of the containment 

heat removal systems (sprays, fans) are operational. The behavior, then, is 

dominated by natural convection effects. Buoyancy forces arise due to tempera

ture and composition gradients, that is, there is a natural tendency for the 

fluids to mix as a hot source stream (plume) enters the containment space. This 

source is enriched in combustible gases. In a totally open space (and in the 

absence of massive internal heat sinks) straightforward consideration of the 

mixing behavior of such plumes would be adequate to demonstrate a negligible 

degree of stratification. The actual problem, however, is complicated by the 

presence of subcompartments and internal heat sinks, as shown, for example, in 

Figure II.1. 

Depending on their orientation, subcompartments may yield stable stratifica

tion resulting in parts of the containment atmosphere becoming unavailable to 

participate in a mixing process with the remainder of the containment atmos

phere. For example, in a rapid steam blowdown situation, any air swept into 

volume III of Figure II.1 will remain trapped for the remainder of the transi

ent. To a smaller extent, such entrapment will occur even for slow blowdown 

situations, as long as containment pressurization is obtained. In any case the 

effect is significant in several respects: (a) The quantities of air remaining 

in volumes H a and lib are now smaller, thus condensation rates are higher, 

(b) The quantities of combustibles introduced subsequent to the entrapment 
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event can only mix within a smaller total volume, thus even in the absence of 

any stratification in volumes lia and lib, enriched in combustibles composi

tions (relative to the completely mixed case) would be expected, (c) Because 

the air is much heavier than steam, it would tend to balance the effect of 

hydrogen favoring a stable enrichment in non-condensibles within volume lia; 

thus a reduced quantity of air available in H a would imply a reduced tendency 

for such stratification. 

The effect of internal heat sinks, can also be pronounced. Again, with 

reference to Figure II.1, we can relatively easily establish the qualitative 

trends. The internal heat sinks in volume lia imply an increased influx of 

steam compared to that directed in the remaining portion of the containment 

volume. Indeed, depending on the relative rates of condensation and recircula

tion (due to plume entrainment) the major mixing process may even be confined 

within volume Ha. This can generate an enrichment in non-condensibles which, 

as mentioned above, may even be moderately stable because of the presence of 

air. 

The effect of even trace quantities of non-condensibles in interfering 

with condensation processes is well known. At larger quantities the condensa

tion process is also affected by turbulence levels and local (i.e., very close 

to the interface) natural convection effects. This process has been tradition

ally hard to quantify. In the present context of large system dimensions and 

lack of experimental data at full scale we expect further complication of such 

modeling uncertainties. 

Computationally, the problem has been mainly approached in terms of lumped 

parameter (nodal) models. With a judicious choice of nodes and flow paths such 

models can allow the development of recirculating, gravity-driven, flow patterns. 

Mixing in such models is obtained principally by means of the dispersion effects 

associated with convective flows in and out of the large sized nodal volumes. 

Finite difference solutions of the full Navier-Stokes and species continuity 

equations have also been obtained, albeit to a much smaller extent. Here mix

ing is obtained by turbulent, eddy diffusion. This process is characterized by 

the eddy diffusivity which is typically obtained as the product of the length 

and velocity scales of the energy-containing turbulence motions (macroscale and 

intensity respectively). The simultaneous solution of the so-called K-epsilon 
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turbulence model is typically employed as a means of estimating these parame

ters. As expected, the participation in this problem has been mostly through 

nodal models. Fortunately, we managed also to secure a finite difference solu

tion which, as we will see, offers considerable additional insights. 
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III. BENCHMARK PROBLEMS 

III.l Corium-Concrete Interactions 

Benchmark problem 1 was constructed specifically to examine the interactions 

between corium and concrete during a postulated full core meltdown event in a 

LWR. The problem was intended to focus on the long-term interactions of corium 

with concrete and water in the reactor cavity. Therefore, the mechanisms of 

vessel failure, corium release and dispersal, and initial corium/concrete/water 

interactions were not considered in this problem. 

III.1.1 Problem Definition 

The calculations start from the reactor cavity configuration shown in 

Figure III.1. The initial conditions for the problem are given in Table III.2. 

The calculational matrix is given in Table III.2. In all, twelve individual 

calculations were specified to provide a range of predictions which address 

those issues considered to be important by the task group (refer to Section II.1). 

The first series of calculations performed (Runs A-l through A-4) assumed a 

completely dry reactor cavity and therefore focused only on' corium/concrete 

interactions. Two concrete aggregates (refer to Table III.1 for specifications) 

and two concrete penetration scenarios were specified. One scenario assumed 

that the concrete penetration was uninterrupted (Runs A-l and A-3) and the 

other scenario required that the corium be spread to twice its original dia

meter after it penetrated 1 m horizontally from its initial configuration 

(Runs A-2 and A-4). 

The second and third series of calculations (B-l to B-4 and C-l to C-4) 

were intended to examine the influence of water on corium/concrete interactions. 

The second series of calculations (B-l to B-4) assumed that a limited amount of 

water was available in the cavity. The time to dry out the water is an import

ant prediction for these calculations. The third series of calculations (C-l 

to C-4) assumed that water was continually supplied to the reactor cavity and 

therefore water was always assumed to be above the corium in this series of 

calculations. The potential for ingress of the water into the corium and the 

coolability of the debris bed (if it should occur) were important issues for 
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these calculations. The two concrete aggregates and penetration scenarios 

were also specified for the calculations with water above the corium. 

Table III.3 provides the required output for each of the twelve cases. Of 

particular importance is the penetration profile and gas evolution rates. For 

cases with water, the time to dryout and potential for water ingress are also 

important predictions. 

III.1.2 Solution 

The representatives of five of the member countries of the task group per

formed calculations for Benchmark Problem 1. The countries that submitted cal

culations are indicated in Table III.4 together with the analytical methods 

(computer codes) used to perform the calculations. In Appendix A the approaches 

used by the various analysts are described. 

Table III.5 indicates how many of the original twelve runs (specified in 

Table III.2) were calculated by the various computer codes used by the repre

sentatives of the task group who performed the benchmark problem. As noted in 

Section III.1.1, the calculational matrix (refer to Table III.2) was developed 

to address the following issues considered to be important by the task group: 

A. Impact of Concrete Aggregate 

B. Impact of Corium/Concrete Interfacial Area 

C. Impact of Water 

D. Pressure/Temperature History in Containment 

From an inspection of Table III.5 it is clear that not all of the specified 

runs were calculated by all of the computer models. However, a sufficiently 

wide spectrum of calculations were performed to address each of the above issues. 

Each issue is discussed in the following subsections. 

A. Impact of Concrete Aggregate 

Calculations A-l and A-3 assume a dry cavity and only the concrete 

aggregate differs between the two runs. Ablation front comparisons for 

runs A-l and A-3 are given in Tables III.6 and III.7. Calculations were per

formed for Cases A-l and A-3 with the CORCON Mod 2, the CORCON DCMN, the UCSB 

Model, and the INTER UK codes. In addition, Case A-3 was also calculated with 

the MAAP PWR 1.1 code. The codes predict faster erosion of the siliceous con

crete (case A-3) than the limestone concrete (case A-l). This is generally 
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supported by experiments. Calculations with CORCON Mod 2 and CORCON DCMN indi

cate similar radial erosion for the two concrete aggregates but faster axial 

erosion for the siliceous concrete (A-3) than for the limestone concrete (A-l). 

The trend of faster axial (or downward) erosion relative to radial erosion (by 

a factor of approximately 2) appears to be supported by the results from the 

BETA facility. However, the BETA results do indicate a higher ratio of axial 

to radial penetration (approximately five times) than predicted by CORCON Mod 2 

and CORCON DCMN. In addition, the high axial erosion rates in the BETA results 

(0.18-1.0 mm/s) are faster than the range of axial erosion rates (0.05-0.3 mm/s) 

predicted by CORCON Mod 2 and CORCON DCMN. However, the high axial erosion 

rates in the BETA facility occurred for about 30 minutes with the melt at a re

latively high temperature so that one should compare these results with the 

higher axial erosion rate of 0.3 mm/s, which was predicted by CORCON Mod 2 and 

CORCON DCMN for a relatively short time after the start of corium/concrete in

teractions when the corium was still relatively hot. After the corium cools, 

CORCON Mod 2 and CORCON DCMN predict a relatively constant erosion velocity of 

approximately 0.05 mm/s. 

The DEC0MP CCI model (used in the UCSB Model and MAAP PWR 1.1) predicts 

equal axial and radial erosion so the above effect is obviously not observed in 

these results. Within the first three hours, the DEC0MP CCI Model predicts 

faster erosion than either the CORCON Mod 2, the CORCON DCMN, or the INTER UK 

codes for the limestone concrete case (A-l). However, CORCON Mod 2 and CORCON 

DCMN predicted faster axial erosion of the siliceous concrete (A-3) than the 

DECOMP CCI Model. However, at later times these differences become less notice

able and the total volume of concrete ablated becomes closer. This is also true 

if one compares the CORCON Mod 2 and CORCON DCMN with the INTER UK predictions. 

At early times the predicted erosion profiles are quite different with the INTER 

UK code attacking concrete at a much slower rate than the CORCON codes. How

ever, at later times the predicted total volume of concrete ablated by the 

three codes differs by less than 30 percent. 

The large differences in early CCI behavior observed in the predictions of 

the various codes (refer to Tables III.6 and III.7) are influenced by the as

sumed heat transfer coefficient from the corium to the concrete and the con

crete ablation temperature. The heat transfer coefficients and concrete abla

tion temperatures assumed in the various codes are given in Tables III.8 and 
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III.9. respectively. In addition, the phase diagrams used in the codes for the 

oxide phase and the assumptions made regarding debris segregation can also sig

nificantly influence the predictions of the codes. 

Gas release rates from.the two different concrete aggregates are given in 

Tables III.10 and III.11 and differ significantly due to the large quantities 

of C02 released from limestone concrete compared with the very small quantities 

of C02 released from siliceous concrete. The amount of H20 released from the 

two aggregates would be similar if the predicted concrete erosion characteris

tics were similar for the two aggregates. However, we noted above that the 

various codes predict significantly different concrete erosion profiles for the 

two concrete aggregates. Consequently, there is a corresponding higher release 

of H20 for the siliceous than for the limestone cases. 

As C02 and H20 are released from the concrete they could pass through the 

molten corium pool and be reduced to combustible CO and H2. The extent of the 

various chemical reactions that could occur during corium/concrete interactions 

are uncertain and the various models used in our analysis predicted rather dif

ferent behavior (refer to Tables III.10 and III.11). Differences between the 

codes are due to differences in the chemical reactions assumed to occur in the 

corium. The DECOMP CCI model assumes that any unoxidized zircaloy in the melt 

will first react with steam to produce zirconium dioxide and free carbon. 

These reactions are assumed to persist until the zirconium is totally oxidized 

at which point the carbon is oxidized by both steam and carbon dioxide. The 

carbon-steam reaction produces carbon monoxide and hydrogen and the carbon and 

carbon dioxide reaction generates carbon monoxide. The DECOMP code does not 

currently model the oxidation of Fe, Cr or Ni, thus the quantities of combust

ible gases (CO and H2) that can be generated by this model are limited to the 

amount of zirconium available for oxidation. 

The modeling in C0RC0N Mod 2 and C0RC0N DCMN of chemical reactions in the 

melt is more sophisticated than the DECOMP model. The CORCON Mod 2 and CORCON 

DCMN models are based on minimization of the Gibbs function for 38 chemical 

species composed of 11 elements. These species include all of the relevant 

condensed species and the principal gaseous species. The result of the calcu

lation is that the metals are oxidized, to depletion, in the order of zirconi

um, chromium, iron, and nickel. 

The modeling of chemical reactions in the INTER code is described in Ap

pendix A. This model is also not subject to the constraints in the DECOMP code. 
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The results in Tables III.10 and III.11 and the detailed gas evolution, 

histories in the Appendixes reflect the above differences in modeling assumptions. 

B. Impact of Corium/Concrete Interfacial Area 

Calculations A-2 and A-4 are similar to A-l and A-3 until 1 m of radial 

(or horizontal) erosion is predicted. In the CORCON Mod 2 predictions, this 

event occurred at a similar time for the two aggregates because the code pre

dicted similar radial erosion. After 1 m of radial erosion the corium was 

assumed to spread to twice its original diameter. The corium temperature and 

composition were assumed to be identical after spreading to the conditions 

prior to spreading (at 1 m of radial erosion). This assumption neglects the 

transient behavior of the spreading corium. The corium temperature at the 

point of 1 m radial erosion was predicted to be above the liquidus of both the 

metallic and oxide layers so that the corium would be expected to flow. How

ever, the rate of spreading of the corium and the interactions of the corium 

with the concrete during the spreading process were not modeled. 

The impact of spreading the corium to twice its original diameter is to 

slow down concrete erosion and hence gas release rates relative to the more con

fined geometry. However, as the corium was relatively cool and the erosion rates 

relatively slow at the point of 1 m radial erosion, the impact of spreading the 

corium was not great. Indeed the concrete erosion velocities and gas generation 

rates for the two aggregates shortly before and after the corium was assumed to 

spread are not significantly different and changes in the characteristics of 

the CCIs are not large. In addition, the rate of concrete attack is at a 

relatively low level at this time. 

Note that if the corium spreading had occurred earlier, with the-corium at 

higher temperatures, the effect would have been greater. In sensitivity studies 

with CORCON Mod 2 it has been shown that the initial corium/concrete interfacial 

area has a significant influence on the early cooldown of the corium and early 

concrete erosion. However, at later times the initial interfacial area has less 

impact on the integrated concrete erosion and gas generation. 

The results of these CORCON Mod 2 calculations were presented at the third 

meeting of the task group and because the effect of spreading the corium after 

1 m of horizontal penetration was obviously not significant, it was decided not 

to require that other task group members perform the corium spread cases (namely 

runs A-2, B-2, C-2, A-4, B-4, and C-4). 
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C. Impact of Water 

The influence of water was investigated in cases B-l through B-4 and C-l 

through C-4. Cases B-l through B-4 assumed limited water availability (1 m 

deep) and were calculated using CORCON Mod 2, CORCON DCMN, the UCSB model, 

INTER UK, and MAAP PWR 1.1 codes. The predicted times to boil the water for 

the limited water cases B-l and B-3 are given in Table 111-12. Note that the 

calculations performed using MAAP PWR 1.1 did not match the initial water in

ventory in the benchmark problem and therefore this prediction was not included 

in Table 111-12. All of the other predictions give similar times to boil dry 

the water (between 50 to 70 minutes). The effect of the limited water on the 

CCIs was not very significant. A slight cooling of the corium relative to the 

dry cases was predicted while the water was boiling but after boil-dry, the 

effect of the initial water became increasingly less noticeable on the CCIs. 

In addition, as the water was predicted to boil dry significantly before 1 m of 

radial erosion, the impact of this limited water supply would be negligible for 

the corium spreading cases B-2 and B-4. Therefore, cases B-2 and B-4 would be 

expected to follow similar trends to A-2 and A-4 and it was not considered 

necessary to reanalyze them. 

For cases (C.l and C.3) with unlimited water supply, the potential for 

water ingress into the corium is an important issue. The CORCON Mod 2, CORCON 

DCMN, INTER UK, and KAVERN codes assume that the surface area for heat removal 

by boiling is restricted to the cross-sectional area of the debris pool. For 

water ingress and quench to occur this heat transfer area must be enhanced by 

fragmentation of the debris. Thus, the overlying water pool is predicted to 

have a relatively small (e.g., the amount of concrete ablated was reduced by 

only 4 percent as predicted by the INTER UK code) effect on CCIs in the CORCON 

Mod 2, CORCON DCMN, INTER UK, and KAVERN codes. 

This is not the case for the UCSB and MAAP PWR 1.1 codes, which are both 

based on the DECOMP CCI model. It is therefore not too surprising that both of 

these codes predict water ingress to take about two hours for both siliceous 

and limestone concretes. After this point, most of the decay heat would be 

transferred to the water pool and further CCIs are prevented. This means that 

no further combustible gases or fission product aerosols are predicted to be 

generated after this point in these codes. 

III-6 



17 

D. Pressure and Temperature History in Containment 

Pressure and temperature histories for the various corium/concrete inter

action cases were calculated using the UCSB model and the KAVERN code and are 

included in Figures III.2 and III.3. The UCSB model predicted the cases (C-l 

and C-3) with unlimited water supply to result in the fastest pressurization. 

This is because boiling water above the corium is an additional source of con

tainment pressurization which is not present in the dry cavity case. The cases 

with limited water supply (B-l and B-3) follow similar pressurization histories 

to the unlimited water cases (C-l and C-3) until dryout occurs (at approximately 

one hour). After this point further pressurization which occurs at a much 

slower rate, is due to gases released from decomposing concrete. Cases A-l and 

A-3 assume a dry cavity so that pressurization is slower because gases released 

from decomposing concrete are modeled as the only driving force. Heat radiated 

from the surface of the corium was assumed not to add to the heat content (and 

hence pressurization) of the containment atmosphere. However, under some con

figurations the large quantity of heat radiated will either ablate more concrete 

and increase the gas flux or be added directly to the containment atmosphere. 

The latter is a possibility because of natural convective flows and the ability 

of the gases in the atmosphere to absorb radiation. The limestone cases (A-l, 

B-l, and C-l) result in faster pressurization than the equivalent siliceous cases 

(A-3, B-3, and C-3) because of the larger quantities of C02 released from lime

stone concrete. 

The KAVERN code calculations were made only for the unlimited water supply 

cases (C-l and C-3) and show a similar containment pressure to the UCSB model 

at about 150 minutes. However, at early times the KAVERN code predicts much 

faster pressurization than the UCSB model. This is probably because the KAVERN 

code does not allow the water to quench the core debris and thus the agressive 

concrete attack in KAVERN is unaffected by the water. In the UCSB model the 

water is assumed to terminate the core-concrete interaction in about 2 hours. 

III.1.3 Discussion 

This benchmark problem has highlighted several important aspects of model

ing CCIs. It has shown that differences in the concrete aggregate can lead to 

significantly different concrete erosion profiles and containment pressuriza

tion. The codes also appear to underpredict the axial erosion of concrete when 
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compared with experimental data from the BETA facility (at least at early times) 

In addition, at early times, the predictions of the codes vary considerably. 

However, at later times the total volume of concrete predicted to be ablated 

(and hence gas evolution) by the various codes is similar. 

•The influence of spreading the corium to twice its original diameter after 

it had eroded 1 m of concrete was found not to be significant. This was simply 

because the corium had cooled down and the CCIs were at a lower level at this 

point in time. If, however, the effect of changing the corium/concrete inter-

facial area had been examined at early times more influence on the CCIs would 

have been expected. 

The influence of a limited amount of water was found to have little impact 

on the long-term CCIs. The water was predicted to boil dry in about an hour and 

the CCIs continued with very little effect. However, the influence of unlimited 

water was rather more significant. Two approaches were used to model this con

figuration. One approach assumes the formation of a crust between the water and 

corium and hence no water ingress into the corium. In this approach the CCIs 

continue for an extended period but with rather more heat loss from the top of 

the corium surface than for the dry cases. The second approach assumes that the 

corium fragments and that water ingress is possible. It takes about 2 hours for 

the water to cool the corium and form a cool able debris bed. After this point, 

CCIs are terminated. 

It is not clear which of the two approaches described above are most appro

priate to the full scale situation. In addition, the appropriateness of the 

approaches depends upon plant and accident sequence specifics. For example, if 

the water was in the cavity first and the corium falls into a deep water pool 

there appears to be a higher potential for fragmentation to occur than if water 

is poured onto the corium after crusts have had a chance to form. However, even 

under these circumstances mechanisms have been proposed that might lead to frag

mentation such as steam explosions following the collapse of film boiling, and 

the effects of water ingress beneath the crust. It would appear that this is an 

area of uncertainty, which should be addressed via appropriate sensitivity 

studies in an assessment of core meltdown accidents. 

III.2 Combustible Gas Distribution 

Benchmark Problem 2 was constructed specifically to examine the distribu

tion of noncondensible and combustible gases in a containment building during 

III-8 



19 

a postulated full core meltdown event in a LWR. The response of the containment 

atmosphere to primary system depressurization, invessel core melting, and 

exvessel core-concrete-water interactions is considered. It was decided by the 

task group members to address combustible gas distribution but to exclude con

sideration of deflagration or detonation phenomena. 

111.2.1 Problem Definition 

The problem definition is based on the generalized geometry of a Large 

Dry containment as shown in Figure III-4. The role of condensation discussed 

in Section II.2 was explored by considering two cases with widely different 

quantities of heat sinks within volume lia, as shown in Figure III-4. The mass 

and energy source histories considered are shown in Tables III.13 and III.4. 

The early portion in both corresponds to the station blackout accident which is 

a prime representative for scenarios involving sustained loss of all contain

ment heat removal capability. For the latter portion the two cases represent 

the two extremes: An unmitigated corium/concrete interaction (dry cavity) and 

a short-lived one due to corium quench by water flooding (wet cavity). In the 

latter case quenching is assumed to occur within 5,000 s after corium release 

in the reactor cavity. During this quenching period mass and energy sources 

correspond to limited corium/concrete interaction and boiling of water involved 

in the quenching. The resulting gases and vapors are released at the satura

tion temperature as they are assumed to equilibrate with the supernatant layer 

of-water. In all cases the source is located within volume I. The various 

cases are denoted by combinations of wet (W) and dry (D) cavity specification 

with large (a) and small (b) quantities of internal heat sinks. For example, 

case Db is the dry cavity source term combined with a low value of internal 

heat sinks. 

111.2.2 Solution 

Solutions were provided by the Task Group participants in two stages. The 

first stage solutions were provided at the third meeting (June 1985) of the task 

group and were for the original statement of the problem (defined at the second 

meeting of the group, June 1984). CEN, GRS, and USA-Purdue provided solutions. 

Due to different assumptions utilized in each case, the results were not directly, 

and fully, comparable. Taking into account these variations in inputs, however, 

the results were reasonably consistent. On the basis of these results the Group 
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decided to redefine the problem according to the specifications given in the 

previous section. The second, and final, stage results correspond to this latter 

problem specification. Only these results are presented here, because the sign

ificant change in source specifications precludes any comparison with the first 

stage solutions. 

Second stage solutions were provided by CEN, ECN, GRS, and NRC/(HECTR and 

HMS). With the exception of the NRC(HMS), all these solutions were obtained 

with lumped parameter (nodal) models. The ECN produced single-volume results 

for pressure and temperature only. The GRS and NRC(HECTR) models were compar

able in the total number of nodes (12 and 11, respectively) as well as their 

spatial arrangement. The NRC(HMS) model consisted of approximately 200 computa

tional finite difference cells. The basic trends in these solutions will be 

discussed with the help of Tables III.15 and III.16 which were developed for 

this purpose. 

A. Containment Pressures 

The pressure results may be classified into two groups. The one consists 

of the ECN, the NRC(HECTR), and GRS results which are in reasonable agreement. 

The other group consists of the NRC(HMS) results, which are consistently, and 

considerably higher than all the rest. 

In spite of the good overall agreement between the NRC(HECTR) and GRS 

results, there are several points of discrepancy that are worth mentioning. 

The pressure spike for case Db is in good agreement, but results diverge for 

long times. At 2.5 x 104 s there is a discrepancy of nearly 60% (based on 

HECTR). On the contrary, for case Da the pressure spike is lower in the GRS 

results by approximately 30% (based on HECTR) while the results converge for 

latter times. No reasons for these discrepancies could be identified. 

The HMS results for the dry cavity are consistently higher than all the 

rest. In an effort to identify the origin for this discrepancy three 

additional test calculations were carried out between HECTR and HMS. In all 

three cases the dry cavity source term was specified. In the first case all 

heat sinks were made inactive. In the second and third cases only the heat 

sinks internal to volume lia were considered, as specified for cases a and b, 

and a heat transfer coefficient of 1000 w/m2K was externally imposed. In all 

three cases the results were found to be in excellent agreement, indicating no 

major coding errors in the basic material and energy balances. We must conclude, 
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therefore, that the discrepancies of Table III.15 are put to the treatment of 

atmosphere-to-wall heat transfer coefficient, the possible effects of steam/ 

non-condensible spatial distribution, and/or the variations in treatment of heat 

transfer into the behind-the-liner air space and concrete (a fixed air tempera

ture boundary condition was specified in the HECTR calculation). Interestingly 

enough, at very long times the GRS and HMS results converge as shown in Table 

III.16. 

We conclude that the calculation of containment pressure is subject to con

siderable uncertainties which arise in the treatment of losses to heat sinks 

and are not necessarily limited to short (fast) portions of the transient. As 

a consequence we expect an impact of such uncertainties on gas composition and 

distribution transients. 

B. Containment Compositions 

In general, the nodal results (HECTR, GRS) exhibit quite uniform distribu

tions. The only exception is in the hydrogen content of volume III. The GRS 

calculation in the Db case produced nearly 5% while the Da case gave approxi

mately 12% which comes very close to the 11% value estimated for the rest of the 

containment. In contrast, no significant hydrogen concentration was found in 

volume III in the HECTR results. As a consequence the HECTR calculation produced 

considerably higher hydrogen compositions in volumes II and lib as shown in 

Table III.15. 

The absence of hydrogen in volume III is also supported by the HMS results. 

These finite difference results, however, exhibit an additional degree of strat

ification between volumes H a and lib, as shown in Tables III.15 and III.16. 

This muldistribution is related to the condensation effects discussed in 

Section II.2 above and yields increased concentrations of hydrogen in volume H a . 

It should be noted that the closeness of hydrogen concentrations between the 

HECTR and HMS results seen in some cases ofTable III.15 may be fortuitous be

cause the wide discrepancies in pressure imply significantly different absolute 

quantities between the two results. 

This strong stratification effect is also seen in comparing the HMS and GRS 

data. Particularly for the cases shown in Table III.16 (note the good agreement 

in total pressures), we can see the combined effects of compartment and condensa

tion stratification to amount significantly more than "a few" percent. 
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The reason for these stratification phenomena is demonstrated in Figure 

III.5. We see that the strong condensation (in H a ) creates a closed circula

tion cell within volume lia limiting the extent of mixing with the contents of 

volume lib. However, as discussed in Section II.2 because of uncertainties in 

condensation and lack of details in compartment configuration within volume 

H a these results should be interpreted with considerable care. 

III.2.3 Discussion 

This exercise has been extremely valuable in highlighting two previously 

unemphasized, or unknown effects. The first is that due to difficulties in 

modeling energy losses to heat sinks, the realistic calculation of containment 

pressure history is subject to considerable uncertainty. This, of course, is 

not of major consequence with regards to assessments of such slow pressurization 

processes; such calculations can be made in a conservative manner and large dry 

containments still exhibit substantial margins. Of much bigger importance is 

its effect on affecting condensation patterns and thus space-time atmosphere 

composition. Thus, it compounds with the second effect; namely, that condensa

tion currents can produce closed streamline regions and thus gradual enrichment 

in non-condensibles. Both aspects require additional work before final conclu

sions can be made. 

On the other hand, it should be noted that early ignition and burning 

(i.e., by the hot corium in the dm cavity cases) is a possibility that could 

limit the concentrations of non-condensibles below the values reported here. 

Such effects were not considered here. 
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Figure III.4 Containment Configuration For CSNI Benchmark Problem 2 
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Table III.l I nitial Conditions For CSNI Benchmark Problem 1 
- Corium/Concrete Interactions 

Corium In Cavity: 

Constituent 

U02 
Steel : 

Fe = 85 w% 
Cr = 10 w% 
Ni = 5 w% 

Zr 
Zr02 

Temperature of Corium 

Concrete Composition: 

Limestone 
Density 

CaC03 
Ca(0A)2 
Si02 
Free H20 
A1203 

Spec, heat 
Therm, cond. 

Vessel/Cavity/Conta-

Mass (kg) 

90,000 
22,000 

11,000 
11,000 

2533°K 

2400 kg/m3 

80 w% 
15 w% 
1 w% 
3 w% 
1 w% 

0.996 kJ/(Kg.°C) 
1.385 W/(m.5C) 

'nment Specif" cation: 

Si 
Density 

Si02 
A1203 

Free H20 
CaC03 
Ca(0A)2 
Spec, heat 
Therm, cond. 

Dens 

liceous 

ity (gm/cc) 

10 
6.3 

6.4 
5.5 

2400 kg/m3 

57 w% 
20 w% 
4 w% 
1 w% 
10 w% 

1.7 kJ/(Kg.°C) 
1.5 W/(m.°C) 

Cavity: Dimensions as shown in Figure III.1 neglect reflux of condensed 
water back into cavity. 

Containment: One volume 70,000 ms, assumed adiabatic and neglect fission 
product heating of the atmosphere; total containment pressure 
at start of calculation 2 bars at saturation temperature 40°C. 

Decay Heat In Corium: 

Assume start at 3 hours after scram. Use Way-Wisner formulation assuming 
infinite irradiation with 70% assumed to be retained in corium. Assume full 
reactor power of 3000 MWt. 
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Table III.2 Calculational Matrix For CSNI Benchmark Problem 1 

Limestone Concrete Siliceous Concrete 

Initial Cavity Continue Spread Continue Spread 
Configuration Penetration Corium* Penetration Corium* 

Dry - No Water A-l A-2 A-3 A-4 

Limited Water B-2 B-2 B-3 B-4 
(1 m deep) 

Unlimited Water C-l C-2 C-3 C-4 
(supply balanced 
by boil-off) 

*After 1 m of horizontal penetration spread corium to twice original diameter. 
note that task group members did not have to perform these calculations (i.e., 
cases A-2, B-2 C-2, A-4, B-4, and C-4; because calculations presented at the 
third meeting of the group indicated that the effect of spreading the corium 
after 1 m of horizontal penetration is not significant. 
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Table III.3 Calculations! Output Required For CSNI Benchmark Problem 1 

For the cases in Table III.2, calculate for a period of 48 hours the following 
(use international units) parameters as a function of time (where appropriate). 
In addition, provide the data in tabular form at 2 hours, 12 hours, and 2 days 
after the start of corium/concrete interactions. 

1. Mass flow rates and temperatures as a function of time for constituents 
being added to containment atmosphere, specifically for: 

(i) steam 
(ii) hydrogen 
(iii) carbon dioxide 
(iv) carbon monoxide 

2. Enthalpies for the same 

3. Characterization of basemat penetration 

4. Pressure and temperature history in containment 

5. Time to water dryout (for cases with water in cavity) 

6. Extent of water ingress (if any) 

7. Coolability of debris bed (if one is assumed to form) 

8. Concrete ablation temperature used 

9. Accumulative upward heat transfer from corium 

10. Accumulative gas release (mass) and decomposing concrete (volume) . 

11. Heat transfer coefficients assumed from corium to concrete 

Table III.4 Analytical Methods Used By The Task Group Members 
Who Performed Benchmark Problem 1 

Country Computer Code 

USA C0RC0N Mod 2 

UCSB (previously PURDUE) Model (Based on DECOMP code) 

UK INTER UK 

Germany KAVERN 

Sweden MAAP PWR 1.1 (Includes DECOMP codes) 

Italy CORCON DCMN (CORCON Mod 2) 
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Table III.5 Calculations Performed By The Various Task Group Members 

Run Computer Codes 

A-l 

A-2* 

A-3 

A-4* 

B-l 

B-2* 

B-3 

B-4* 

C-l 

C-2* 

C-3 

C-4* 

CORCON Mod 2 

CORCON Mod 2 

CORCON Mod 2 

CORCON Mod 2 

CORCON Mod 2 

UCSB Model INTER UK 

UCSB Model INTER UK 

UCSB Model 

CORCON Mod 2 UCSB Model INTER UK 

UCSB Model KAVERN 

CORCON DCMN 

MAAP PWR 1.1 CORCON DCMN 

CORCON DCMN 

MAAP PWR 1.1 CORCON DCMN 

CORCON DCMN 

UCSB Model INTER UK KAVERN MAAP PWR 1.1 CORCON DCMN 

*Note that task group members did not have to perform these calculations because 
CORCON Mod 3 results for Runs A-2 and A-4, which were presented at the third 
meeting, indicated that the effect of spreading the corium after 1 m of hori
zontal penetration did not have a significant influence on corium/concrete 
interactions for the particular case analyzed. See text for further-discussion. 
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Table III.6 Comparison Of Concrete Erosion For 
Case A-l (Limestone Aggregate) 

Volume Of 
Concrete 

Time After Start Computer Radial Axial Ablated 
Of Interactions (hrs) Model (cm) (cm) (m3) 

CORCON Mod 2 
CORCON DCMN 
UCSB Model 
INTER UK 

CORCON Mod 2 
CORCON DCMN 
UCSB Model 
INTER UK 

CORCON Mod 2 
CORCON DCMN 
UCSB Model 
INTER UK 

CORCON Mod 2 
CORCON DCMN 
UCSB Model 
INTER UK 

CORCON Mod 2 
CORCON DCMN 
UCSB Model 
INTER UK 

18 
26.4 
31 
10 

27 
33.3 
42 
18 

35 
37.6 
56 
28 

74 
58.9 
— 

80 

--
— 
— 

194 

28 
27.5 
31 
8 

33 
39.8 
42 
15 

41 
49.6 
56 
25 

112 
112.4 
— 

90 

--

— 
— 

204 

10.8 
12.8 
— 

3.9 

15.2 
18.2 
— 

7.4 

19.5 
22.5 
--

12.9 

64.9 
52.0 
— 

47.3 

--

— 
— 

129 
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Table III.7 Comparison Of Concrete Erosion For 
Case A-3 (Siliceous Aggregate) 

Time After Start 
Of Interactions (hrs) 

1 

2 

3 

12 

48 

Computer 
Model 

CORCON Mod 2 
CORCON DCMN 
UCSB Model 
INTER UK 
MAAP PWR 1.1 

CORCON Mod 2 
CORCON DCMN 
UCSB Model 
INTER UK 
MAAP PWR 1.1 

CORCON Mod 2 
CORCON DCMN 
UCSB Model 
INTER UK 
MAAP PWR 1.1 

CORCON Mod 2 
CORCON DCMN 
UCSB Model 
INTER UK 
MAAP PWR 1.1 

CORCON Mod 2 
CORCON DCMN 
UCSB Model 
INTER UK 
MAAP PWR 1.1 

Radial 
(cm) 

22 
19.6 
22 
14 
30 

30 
29.4 
39 
28 
50 

37 
36 
56 
36 
70 

--

73 
— 

75 
130 

— 
— 
— 

218 
230 

Axial 
(cm) 

31 
34.2 
22 
11 
30 

50 
58.8 
39 
33 
50 

65 
79 
56 
50 
70 

__ 

181.1 
— 

116 
130 

--
— 
— 

261 
230 

Volume Of 
Concrete 
Ablated 
(m3) 

14 
14.2 
— 

5.6 
--

23.7 
24.8 
— 

16.5 
26.8 

33.3 
33.9 
— 

25.1 
--

--

— 

68.0 
92.3 

--
— 
— 

175 
244 
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Table III.8 Assumed Heat Transfer Coefficients Assumed 
From Corium To Concrete 

Heat Transfer Coefficient 
Computer Model Corium-Concrete (W/m2K) 

CORCON Mod 2* Approx. 300 - 800 

C0RC0N DCMN Approx. 300 - 1000 

UCSB Model 

INTER UK 1000 

KAVERN 

MAAP PWR 1.1 1000 

*The corium-concrete heat transfer coefficient in 
CORCON Mod 2 varies from around the periphery of 
the corium pool and also varies as the corium cools 
down. The range indicated covers the range of 
coefficients calculated for the A-l and A-3 cases. 
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Table III.9 Concrete Ablation Temperatures 
Assumed In The Calculations 

Concrete Aggregate 

Computer Model Limestone Ablation Siliceous Ablation 

CORCON Mod 2 1670 1650 

C0RC0N DCMN 1670 1650 

UCSB Model 

INTER UK 1600 1600 

KAVERN 1773 1573 

MAAP PWR 1.1 — 1500 
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Table III.11 Gas Evolution From Concrete For 
Case A-l (Limestone Aggregate) 

Time After Start 
Of Interactions (hrs) 

1 

2 

3 

12 

48 

Computer 
Model 

CORCON Mod 2 
CORCON DCMN 
UCSB Model 
INTER UK 

CORCON Mod 2 
CORCON DCMN 
UCSB Model 
INTER UK 

CORCON Mod 2 
CORCON DCMN 
UCSB Model 
INTER UK 

CORCON Mod 2 
CORCON DCMN 
UCSB Model 
INTER UK 

CORCON Mod 2 
CORCON DCMN 
UCSB Model 
INTER UK 

Gas Constituents 

H20 

81 
56 
200 
616 

375 
284 
800 
1255 

760 
470 
1600 
1740 

5150 
1880 
— 

4664 

--

— 
— 

18290 

C02 

414 
501 
2000 
1648 

1446 
1968 
3500 
4371 

3000 
3176 
7040 
6856 

21674 
13170 

— 

21340 

--
— 
— 

90270 

(kg) 

CO 

5464 
6682 
2600 
1045 

7197 
8732 
4349 
1202 

8600 
10370 
4340 
2563 

21050 
20650 

— 

13040 

--

— 
— 

13040 

H2 

180 
120 
150 
25 

227 
149 
180 
28 

260 
172 
200 
63 

580 
318 
--

472 

--

— 
— 

472 
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Table III.11 Gas Evolution From Concrete For 
Case A-3 (Siliceous Aggregate) 

37 

Time After Start 
Of Interactions (hrs) 

1 

2 

3 

12 

48 

Computer 
Model 

CORCON Mod 2 
CORCON DCMN 
UCSB Model 
INTER UK 
MAAP PWR 1.1 

CORCON Mod 2 
CORCON DCMN 
UCSB Model 
INTER UK 
MAAP PWR 1.1 

CORCON Mod 2 
CORCON DCMN 
UCSB Model 
INTER UK 
MAAP PWR 1.1 

CORCON Mod 2 
CORCON DCMN 
UCSB Model 
INTER UK 
MAAP PWR 1.1 

CORCON Mod 2 
CORCON DCMN 
UCSB Model 
INTER UK 
MAAP PWR 1.1 

Gas 

H20 

437 
146 
400 
757 
--

1070 
398 
700 
1195 

--

1800 
624 
840 
1579 

--

--

— 
— 

3897 
--

--

— 
— 

25880 
—— 

Constituents 

C02 

23 
15 
10 
20 
--

56 
40 
30 
42 
--

90 
63 
40 
57 
--

--

— 
— 

166 
--

--

— 
— 

1300 
-~ 

(kg) 

CO 

63 
57 
0 
25 
--

69 
59 
0 
84 
--

150 
60 
0 

132 
--

--

— 
— 

668 
--

--

— 
--

688 
""•" 

H2 

263 
154 
150 
70 
--

410 
257 
250 
267 
--

550 
346 
330 
432 
--

--
— 
— 

1187 
--

--
— 
— 

1187 
"*• 
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Table III.12 Time To Boil Dry The Limited 
Water Cases B-l and B-3 

Time To Boil Dry (minutes) 

Case B-l Case B-3 
Computer Model (Limestone Aggregate) (Siliceous Aggregate) 

CORCON Mod 2 49 65 

CORCON DCMN 44 70 

UCSB Model 50 50 

INTER UK — 56 

MAAP PWR 1.1 — * 

*Note the calculation performed using MAAP PWR 1.1 did not 
match the initial water inventory specified in the benchmark 
problem. 
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Table III.13 Mass Flow Rates Of Constituents Added To 
Containment Atmosphere (Dry Reactor Cavity) 

Mass Flow Rates (Kg/s) 

Time After Scram Temp. 

(sec) H20 H2 CO C02 °C 

0-10000 17. — — 360 

10000-10005 6000. 160. — 360 

10005-13000 0.1 0.015 2 0.15 1900 

13000-50000 0.1 0.015 0.4 0.5 1700 
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Table III.14 Mass Flow Rates Of Constituents Added To 
Atmosphere (Unlimited Water Above Corium) 

Mass Flow Rates (Kg/s) 

Time after scram Temp, 
(sec) H20 H2 CO C02 °C 

0-10000 17. — — 360 

10000-10005 6000. 160. — 360 

10005-15000 2.0 0.004 0.04 Saturation 

15000-50000 Use decay heat to boil water at saturation 
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Table III.15 Comparison Of Results** at 2.5xl04 Seconds 

GRS 
(RALOC) 

CEN 

NRC 
(HECTR) 

NRC 
(HMS) 

ECN 

Case 

Db 

Da 

Db 

Da 

Db 

Da 

Wb 

Wa 

Db 

Da 

Wb 

Wa 

Db 

Da 

P(bar)* 

5.1/5.1 

3.0/2.3 

3.3/2.3 

2.4/1.6 

3.3/2.6 

2.4/1.5 

6.3/3.5 

4.5/2.1 

5.7/3.2 

4.1/1.9 

8.0/5.5 

4.6/3/6 

8.0/6.2 

4.7/2.6 

5.72.6 

3.3/2.0 

H2A 

6.5 

10 

10 

13 

8 

11 

10 

18 

8 

14 

6 
9 

11 
17 

5 
3 

9 
18 

C0% 

5 

8 

8 

11*-

-

-

10 

22 

0 

0 

3 
9 

5 
16 

0 
0 

0 
1 

C02% 

3 

3 

-

-

0 

0 

1 
2 

1 
5 

0 
0 

0 
0 

Air% 

18 

50 

49 

62 

45 

69 

10 

32 

10 

35 

35 
12 

35 
39 

13 
. 5 

31 
41 

Steam% 

70 

36 

30 

11 

48 

20 

70 

30 

80 

50 

50 
67 

50 
22 

80 
90 

60 
40 

Vol. 

II 

II 

All 

All 

All 

All 

II 

II 

II 

II 

lib 
Ha 

lib 
lia 

lib 
lia 

lib 
Ha 

Remarks 

Minimal 
Gradients 

H2 Unif. 
All Vol @ 
2.5xl04 

Inc Vol III 

Single Node 
Calculation 

No H2 In 
Vol I 

• 

No H2 in 
Vol III 

*x/y stands for: x peak pressure at the steam spike, y pressure at 2.5xl04 sec. 
**Results read off graphs accurately add up to 100% within +2%. 
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Table III.16 Comparison Of Results At 5xl04 Seconds 

GRS 

NRC 

ECN 

CEN 

Case 

Db 

Da 

Db 

Da 

Db 

Da 

Db 

Da 

P(bar)* 

5.0 

2.7 

5.0 

2.5 

4.4 

1.7 

2.4 

1.95 

H2/6 

8 

11 

10 
14 

14 
18 

13 

14 

C0% 

9 

14 

7 
19 

10 
22 

16 

18 

C02% 

3 
14 

4 
14 

8 

9 

Air% 

24 

50 

15 
10 

34 
25 

17 

52 

Steam% 

60 

25 

66 
45 

35 
18 

16 

6 

Vol. 

II 

II 

lib 
lia 

lib 
11a 

All 

All 
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IV. CONCLUSIONS AND RECOMMENDATIONS 

IV.1 Corium-Concrete Interactions 

Different concrete compositions result in differences in concrete erosion 

and gas evolution. The codes predicted faster erosion for the siliceous con

crete than for the limestone concrete. This is generally supported by experi

mental data. Larger quantities of C02 are released from limestone concrete than 

from siliceous resulting in higher containment pressurization for the limestone 

concrete. 

The effect of changing the corium-concrete interfacial area to simulate the 

effect of different spreading levels was not conclusive since the area change was 

not initiated until fairly late in the transient. At the time of the specified 

area change, the corium had already cooled sufficiently so that the increased 

surface area did not result in a significant change in heat transfer rate. If 

further studies of this nature are performed, it is recommended that changes in 

the interfacial area be included at earlier times in the transient when the 

corium temperature is still relatively high. 

The effect of water ingress and cooling of the cori^m was found to have a 

significant impact on corium-concrete interactions. If there is sufficient 

water to quench the corium, gas generation and fission product generation is 

halted. There are large uncertainties regarding the conditions required for 

ingress and quench and large variations exist in the analytical treatment used 

in the various codes. It is recommended that this area be further evaluated 

and perhaps treated in a parametric manner to account for the uncertainties 

involved. 

As indicated above, containments having limestone concrete cavities are 

predicted to undergo faster pressurization during corium-concrete interactions 

than containments having siliceous concrete due to the differences in gas evolu

tion rate. Containments having a large water supply in the cavity pressurize 

faster than containments with dry cavities due to the generation of steam. On 

the other hand, dry cavity containments are predicted to reach higher tempera

tures that could pose a threat to the containment seals. 
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IV.2 Combustible Gas Distribution 

The combustible gas distribution exercise results were notable in their 

diversity. As a consequence, conclusions about the particular problem analyzed 

are tentative, while conclusions regarding the generic issues in question 

could not be made at all. 

The result of one field model indicate the potential for condensation-

induced stratification; however, this state-of-the-art calculation as it stands 

alone is not sufficient to establish the magnitude and generic extent of such 

a mechanism. By contrast all lumped-volume results exhibited a well-mixed 

behavior. 

There has been observed also wide disparity in the various calculated 

pressure transients. The cause can be attributed to the handling of heat 

losses (in the various heat sinks present, however, no efforts have been made 

as yet to exactly pinpoint the source of such discrepancies or identify the 

preferable approach). 
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APPENDIX A 

Analytical Methods 

Corium-Concrete Distribution Analyses 

Given that the initial conditions are specified in the benchmark problem, 

the subsequent corium/concrete interactions are controlled by several important 

phenomena, which were discussed in Section II.1. Modeling of CCIs is complex 

and required a computer code. In all, six computer codes were used by members 

of the task group (refer to Table III.4) to perform the standard problem. How

ever, the UCSB model (used by the USA representatives) was based on the DECOMP 

code, which was incorporated into the MAAP PWR 1.1 (used by the Swedish repre

sentative). The CORCON DCMN code (used by the Italian representatives) was 

essentially the same version of the CORCON Mod 2 code used by the USA. Con

sequently, in the following subsections, only four core/concrete interaction 

codes (namely; CORCON Mod 2, DECOMP, INTER UK, and KAVERN) will be briefly 

described. 

CORCON Mod 2 

The CORCON Mod 2 code was developed by Sandia National Labs under USNRC 

sponsorship and is a general model describing the thermal and chemical inter

actions between molten core debris and structural concrete. The major com

ponents of the system are the concrete cavity, the molten debris pool, and the 

gas atmosphere and surroundings above the pool. The geometry of the system is 

formulated as a two-dimensional, axisymmetrical system, although specific geom

etries not available as code-supplied options may be user-input. The core 

debris is assumed to be molten and consist of metallic and oxidic phases, pri

marily U02, FeO, Zr02, steel, and Zr. The metallic and oxidic phases are 

assumed to separate into unmixed overlying layers. Further, the code is 

designed to include crusts and fully frozen layers. A gas atmosphere exists 

above the pool as well as structural surroundings, with which mass and energy 

exchange with the molten pool may occur. 

Thermodynamic and transport properties as well as phase transition cri

teria for the molten debris pool are internally calculated at each time step. 
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Mass and energy transfer between the various layers of core debris, as well as 

between the debris and the surroundings, occur instantaneously and are assumed 

to be in equilibrium. Models are included for heat transfer across the melt-

concrete interface, between pool layers, and from the pool to the atmosphere 

and surroundings. The interaction between pool and concrete is driven by the 

local temperature difference between the two and varies around the periphery of 

the pool. The pool-concrete interface is treated as an incompressible gas film 

composed of concrete decomposition gases. Heat transfer across this film is 

calculated by appropriate convective heat transfer models. 

The erosion of concrete is modeled as one-dimensional, steady-state abla

tion. As the concrete is heated it decomposes, releasing H20 and C02 into the 

pool or gas film and molten concrete slag into the pool. The molten oxide slag 

is transported to the oxide layer, diluting the layer density and eventually 

resulting in an inversion of the oxide and metallic pool layers. 

The concrete decomposition gases that bubble through the pool, H20 and 

C02, oxidize the metallic layer, resulting in the release of chemical energy 

and production of H2 and CO. 

Convective heat transfer within the pool is enhanced by the bubbling of 

concrete decomposition gases. Internal heat transfer is modeled by either gas 

injection across liquid-liquid interfaces or gas agitation along liquid-liquid 

interfaces. Energy sources in the pool consist of chemical reactions or decay 

heat generation. 

DECOMP 

The DECOMP model was developed within the Industry Degraded Core Rulemak

ing (IDCOR) program and was incorporated into an integrated thermal-hydraulic 

code, MAAP (see "A Model for Core-Concrete Interaction" by R. E. Henry, Proceed

ings from International Meeting on Light Water Reactor Severe Accident Evalua

tion, Cambridge, Massachusetts, 1983). 

The DECOMP model assumes a homogeneous distribution of the oxidic and 

metallic components in the pool. The model calculates the behavior for a 

molten pool, with gas or water above, as well as for a dried out solidified 

pool. 

The basic assumptions made in the DECOMP erosion model are: 

1. All energy involved in the phase change and endothermic chemical 

reactions can be lumped together as a single effective latent heat. 
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2. Convective transfer of energy due to gas and free water motion within 

the concrete is neglected. 

3. The gas production reactions are first order with respect to the con

centrations and are represented by the Arrhenius rate equation. 

4. After a very short interval of time, the melting of concrete becomes 

a steady-state process. 

The evaluation for a solidified pool is treated in the same way as the 

molten pool, except that the crust thickness is taken as half the depth of the 

pool. 

For the water covered debris cases, the heat flux off the top of the pool 

is determined by several different limits, any one of which could be a limiting 

value depending upon specific circumstances. These limits include the hydrody-

namic stability of the water as well as combinations of convection and radia

tion in a film boiling mode. 

KAVERN 

The KAVERN code was developed by KWG in the Federal Republic of Germany 

(FRG) for analyses of core-concrete interactions. KAVERN has now been replaced 

by another code developed by KfK of the FRG, called WECHSL. Both of these 

German codes calculate the energy balance in the molten pool including energy 

release from exothermic reactions, the energy transport from the pool to the 

concrete and to external free surfaces. Also calculated are the composition 

of the melt and its properties, chemical reactions in the pool, the mass and 

energy flow from the pool due to gas and steam release and also by radiation, 

and finally the thermal attack and erosion of the concrete. 

The KAVERN code is fast running with more simplified models than was used 

in the original version of WECHSL. Both codes were improved based on informa

tion gained from the BETA experiments at KfK, and the advantages of both codes 

have been combined into the current version of WECHSL. 

INTER UK 

The basic model and code structure in INTER UK is that of the original 

INTER code (see "A preliminary model for core-concrete interactions" by W. B. 

Murfin, Sandia Laboratories report SAND77-0370). These are summarized below, 

together with the modeling changes that have been introduced. Although much 
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of the coding in INTER UK is a direct copy of the original, the changes that 

have been made mean that the two codes will give very different answers. 

Pool geometry. The debris is assumed to consist of at most two layers-

one of oxides and one of metals. At low metal fractions a single layer is 

assumed. The layers are arranged according to their densities, and may "flip" 

during the course of the calculation. There is no possibility of a third layer 

of light oxide as in the CORCON Mod 2 code. The cavity is approximated by a 

cylinder with a spherical cap base. To maintain this shape the vertical and 

radial penetrations are averaged. The radius of curvature of the base will 

change when both debris layers contact it (the formula has been changed from 

that used originally, but both forms are suspect). There is no level swell 

model in INTER, so the layers are assumed to be fully dense. 

Pool heat transfer. Heat transfer from the bulk of a debris layer to its 

boundary is given by heuristic correlations for the boundary layer thickness. 

The correlations are based on whether or not the layers are molten, and the 

magnitude of the gas flux. Apart from the expression for the conduction bound

ary layer growth when a layer is solid (here a coefficient has been changed), 

INTER UK uses Murfin's original correlations. INTER UK has the option of, for 

molten layers, specifying enhanced lateral or upward heat transfer rates—this 

was not used in the present set of calculations. 

Heat transfer across a gas film to the concrete. INTER UK requires the 

user to specify a heat transfer coefficient for the gas film which is assumed 

to form at the base and walls of the pool. Unlike the original code this value 

is not altered by the present code. 

Thermal response of the concrete. Concrete is assumed to decompose/melt 

at 1600 K (significantly higher than in the original INTER code). A decomposi

tion energy is calculated using the latent heat of silica and alumina, and the 

decomposition energies of calcium hydroxide and calcium carbonate. The rate of 

ablation is calculated by allowing for the heat flux conducted into the con

crete, rather than using an energy of ablation that includes the sensible heat 

requirements (for a steady rate of ablation these two methods should give the 

same answer, for unsteady rates the model used in INTER UK is preferred). The 

code assumes that the temperature profile ahead of the melt-front is a decaying 

exponential; a weighted-residual model has been used to derive an equation for 

the evolution of the decay distance (thermal penetration depth). The masses of 

carbon dioxide and chemically bound water that are released are proportional 
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to the amount of concrete ablated. The release of free water is assumed to 

occur at its boiling point at containment pressure, and is calculated using the 

assumed temperature profile. Thus, free water is released from a larger volume 

of concrete than has decomposed. All of this section has been extensively re-

coded and differs from the original version. 

Debris properties. These are calculated internally in INTER UK, and apart 

from a few minor changes are identical to the original code. The melting points 

of the debris layers are calculated using a series of unreferenced binary phase 

diagrams. 

Concrete properties. Density and thermal conductivity are user input. 

These are no longer modified by the code. Specific heat appears to be a user 

input, but for consistency with internal calculations of enthalpy added to the 

pool, the value should be based on the data used by the INTER S/R ENTH routine. 

No data on viscosity is required by the code. 

Chemical interactions between evolved gas and metals. INTER UK follows 

the logic of the original code to determine the quantities of the evolved gases 

that interact with the metal layers. Only gas evolved from the base of the 

pool can interact; that from the sides is assumed to pass straight to the con

tainment atmosphere. If the metal layer is solid there is no interaction; 

further if the oxide layer is solid, denser than the metal layer, and covers 

the whole of the bottom (as may be the case at the start of the calculation) 

there is no interaction. INTER UK uses the chemistry routine (S/R REACT) of 

the original code. In this routine, chromium is lumped with zirconium, and 

nickel with iron. Changes have been made that force the preferential oxida

tion of zirconium/chromium. The heat of reaction of zirconium and steam has 

been reduced to be consistent with published values. It is recognized that 

the routine still overestimates the heat of oxidation of chromium. The reac

tions all go to completion (including the oxidation of nickel), except for a 

heuristic cut-off at a high value of the ratio of superficial gas velocity, 

to metallic layer depth. 

Overlying water pool. In INTER UK, heat transfer to an overlying water 

pool is modeled using flat plate boiling water heat transfer correlations in

cluding a contribution from radiation. The boiling curve that is used is un

referenced. As a user's option, gas released from the decomposing concrete 

will come to thermal equilibrium with the water, thus providing another source 

of heat. The quantity of water may be depleted by boiling. 
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Mode/limitations. A number of limitations of the code have been noted x 
above: e.g., the lack of a three layer model, the heuristic and unvalidated 

nature of many of the correlations that are used, and the treatment of chromium 

chemistry. Other limitations arise from the need to maintain the relatively 

simple layer geometry. The treatment of the solidification and melting of de

bris layers is also inadequate. For upwards heat transfer the model assumes a 

crust can form to reduce the surface temperature to give equilibrium between 

the heat flux from the debris and the heat flux to the atmosphere or overlying 

pool. However, no account is taken of the thickness of this crust in modifying 

the heat content of the debris and changing the thickness of the molten debris 

layer. If the layer solidifies, no account of the crust thickness is made in 

the model for thermal penetration distance in the debris. Solidification of 

debris is predicted solely on the basis of comparing the calculated temperature 

of the layer with a calculated melting point; there is no consideration of 

latent heat. Thus a layer can unphysically change from all liquid to all solid 

in one time-step. The code does not model crust formation at the sides or base 

of the debris layer; this may lead to overestimates of heat transfer when the 

melting point of the debris is greater than that of the concrete. Finally, the 

task of verifying the coding has not been completed. 

Combustible Gas Distribution Analyses 

HMS 

The HMS code solves the time-dependent, three-dimensional compressible 

Navier-Stokes equations with multiple-species transport using a finite-different 

approximation to the field equations. Turbulent mass, momentum and energy fluxes 

are calculated through turbulence transport coefficients that satisfy the two-

equation K-E model. This turbulence model has been modified to account for the 

production of turbulent kinetic energy and dissipation rate by buoyancy. Three 

types of heat sinks are included in the heat loss calculations: (1) distributed 

heat sinks that are not resolved in the computational mesh yet feel the local 

gas temperature on both sides, (2) very thick slabs that the heat never pene

trates the entire thickness, and (3) slabs that feel heat transfer on both sides 

and the heat penetrates the entire thickness. In addition, water vapor condenses 

on surfaces when the surface temperature is less than the local saturation tem

perature. The heat transfer and condensation processes are modeled using a 

modified Reynolds analogy in which, based upon a local Reynolds number, the 

flow may be either laminar or turbulent. 
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The Lumped-Volutne Models 

Several lumped-volume models have been used for containment analysis dur

ing a postulated full-core meltdown event in a Light Water Reactor (LWR). 

Lumped-volume models are popular since they require relatively short computation 

times and can be tailored with minimal difficulty to treat complex geometries 

and scenarios. They differ greatly in detail and in the types of phenomena 

that can be incorporated. However, the lumped-volume codes which are capable 

of modeling multi-compartment containments all have in common the assumption of 

empirical flow resistances between well-mixed volume elements and use some type 

of network solver. 

In the following subsections, four lumped-volume containment codes (namely, 

HECTR, RALOC, JERICHO, and ZOCO-V) are briefly described. 

HECTR 

HECTR (Hydrogen Event Containment Transient Response) is a lumped-volume 

containment thermal-hydraulic code which has been developed by Sandia National 

Laboratories under the direction of the U.S. Nuclear Regulatory Commission 

(NRC). The model satisfies the global requirement for conservation of mass, 

energy, and momentum in each volume element. Flows between volume elements 

include the effects of pressure differences, buoyancy in a global manner with 

user-specified interconnection loss coefficients. The code includes models for 

convection heat transfer (natural and forced); steam condensation or evaporation; 

radiative heat transfer (using a wide band model); hydrogen combustion; and 

some of the engineered safety features that can be found in LWR containments, 

such as sprays, sumps, fans and ice condensers. Walls and interior objects are 

treated either as slabs using standard finite difference techniques for heat 

conduction, or as lumped masses. A more complete description of the HECTR models 

may be found in NUREG-CR/4507. 

RALOC 

RALOC (Radiolysis and Local Concentration distribution in the Containment) 

is a computer code developed by GRS to determine the hydrogen distribution in a 

nuclear power plant containment following a loss-of-coolant accident. RALOC is 

a lumped-volume code with the capability to model multi-compartment containments. 

RALOC solves a system of mass, energy and momentum equations to determine gas 

transport. Flows between volume elements can be caused by both pressure and 

density (buoyancy) differences. The interconnection loss coefficient is modeled 

as a function of the gas viscosity, the interconnection area, the gas path length 
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and the gas velocity at the junction. RALOC also permits gas transport by molec

ular diffusion. 

JERICHO 

JERICHO is a single-volume containment code developed by CEN. The contain

ment volume is modeled by one compartment with two phases: gaseous atmosphere 

and sump water. Both phases are assumed to be homogeneous, in pressure equilib

rium, but in thermal non-equilibrium. The code includes models for steam con

densation in the bulk gaseous phase; sump water boiling; heat transfer (by con

vection and condensation) between atmosphere and structures; thermal conduction 

in the structures: containment sprays, hydrogen and carbon monoxide combustion 

and fission product behavior. 

ZOCO-V 

ZOCO-V is also a lumped-volume containment thermal-hydraulic code devel

oped by ECN. 
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