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INTRODUCTION 

In the aftermath of the Three Mile Island and Chernobyl accidents, there is increasing 
interest throughout the world regarding the potential impact of severe accidents in nuclear 
power plant. 

In Canada, probabilistic safety studies have been conducted by the nuclear industry. The 
studies conclude that the frequency of an accident resulting in core damage is of the order 
of 5 x 10"6 per year (Ref 1), and of a power excursion coupled with failure to shut down is 
the order of 3 x 10 per year (Ref 2). The probabilistic studies, however, stop short of 
estimating the consequences of such events when coupled with assumed containment failure. 

Studies related to light water reactors, for example Reference 3, have indicated that 
provided containment remains intact, almost all fission products released during a variety 
of failures involving both the plant process and safety systems would be retained within 
containment. Thus the assurance of continued containment integrity is a fundamental issue 
to the mitigation of severe accident consequences. 

The Atomic Energy Control Board (AECB) of Canada has conducted an assessment of the 
Chernobyl accident in 1986, and has sponsored from 1981 to 1984 a study on CANDU core 
behaviour under severe accident conditions. Currently, the AECB is sponsoring a project 
with a long-term objective of obtaining an evaluation, independent of the industry, of the 
consequences to the public and the environment of postulated severe accidents at a 
Canadian nuclear power plant (Ref. 4). Phase 1 of this project is a scoping study conducted 
to establish the relative consequences of a number of postulated event sequences to 
determine which event sequence(s) would lead to the maximal health and economic 
consequences, and/or pose the most severe tests for computer codes which could be used 
for detailed calculation in later phases of the project. 



The bases for the scoping study were to examine defined initiating events and their 
developing fission product source terms in conjunction with various pre-defined containment 
states. No account was to be taken of the low probability of the event sequences and 
therefore of their associated risk. 

The scoping study was essentially deterministic in nature, to the extent that event sequences 
were studied without consideration of other actions and design safety features which may 
ameliorate the resulting source term, eg., operation of the Emergency Coolant Injection 
System or various operator actions. 

Analysis of these predefined initiating events and their consequential impact identified the 
possibility for eventual relocation of hot fuel and channel debris onto the floor of the 
concrete reactor vault/containment. Of the various events two types serve to envelope the 
potential loading to the containment resulting from severe accident progression. These are 
characterised by early core disassembly, for example following a Loss of Regulation and 
Failure to Shutdown, and late core disassembly, for example due to a Loss of all Pumped 
Heat Sinks. 

The nature of the interaction of hot or molten core debris with the concrete floor of the 
containment is briefly discussed in the next section. 

The application of the model to examine the implications for the containment envelope 
of a multi-unit CANDU station is described. Results from the scoping study with reference 
to loadings on the containment structure are discussed. 

Finally, conclusions from the scoping calculations are presented, and areas of development 
in order to undertake best-estimate core-concrete interaction studies for CANDU plants are 
identified. 

NATURE OF. AND POTENTIAL LOADINGS FROM. CORE-CONCRETE 
INTERACTION 

General Features of Core-Concrete Interaction 

As might be expected a wide range of physical processes occur when a large self-heating 
mass, possibly generating several megawatts, is deposited onto a relatively cold concrete 
surface. Many of these processes are to some extent interdependent, and prediction of the 
behaviour of the molten core and concrete is a complex procedure requiring a large 
computer model. Furthermore the presence of an overlying pool of water will also 
influence the outcome of the interactions between the molten core and concrete. However, 
the general features can be divided into physical and chemical processes occurring in 
molten core and concrete. 

The following discussion is based on the models used in the Corcon - Mod 2 computer code 
(Reference 5), which was developed for the US Nuclear Regulatory Commission. 



Consider first the events in the concrete after the uncooled core has been deposited on it. 
Initially the temperature of material near the surface will rise as it absorbs heat from the 
molten core above. However, as it does so its chemical components will begin to 
decompose in an endothermic process which limits the temperature rise as equilibrium is 
reached between the heat capacity of the concrete and activation energy of decomposition. 
The effect of the decomposition is to liberate significant volumes of gas, principally, CO, 
C0 2 , H 2 and steam whilst reducing or 'ablating' the thickness of the concrete at the 
interface with the core melt. 

As for events occurring in the core melt, the core material, on melting, separates into two 
layers, a metallic layer, containing most of the steel from the melted part of the vessel wall 
and Zircaloy from the core, and a denser oxide layer, containing the U0 2 fuel which is the 
source of most of the decay heat. The oxides, being denser, settle to the bottom of the melt 
pool, bringing them into direct contact with the concrete, which therefore absorbs a 
significant fraction of the decay heat. Gases generated from decomposition of the concrete 
bubble up through the core melt, where further chemical reactions take place. Some of the 
gases are strongly oxidizing and react mostly in the molten (unoxidised) metal layer, 
producing relatively light oxides of iron and zirconium which rise to the surface of the melt. 
Oxidation is strongly exothermic, adding to heat generation in the melt. So the melt 
acquires a sandwich-like structure of a molten metal layer between two oxide layers. The 
oxidation process preferentially removes zirconium from the metal layer, which consequently 
becomes denser as the relative proportion of iron increases. Concurrent with this is a 
steady reduction in density of the heavy oxide layer as it is diluted with light oxides, calcium 
and silicon oxides for example, resulting from concrete decomposition. After some time 
these dual processes result in the metal layer becoming denser than the heavy oxide layer, 
and the two layers 'flip', so that the metal layer is now lower-most. 

Experiments (eg Ref 6) have shown that the oxides present in the melt are readily miscible, 
and so the heavy and light oxide layers combine into a single oxide layer. Now the melt 
has re-acquired a two-layer structure, but this time the metal is at the bottom, thereby 
isolating the decay heat-generating oxides from the concrete. By establishing good thermal 
contact with the relatively cool concrete, the metal layer undergoes a rapid drop in 
temperature, causing it to solidify, at least partly. As a result the oxidation îate drops 
quickly, heat generation declines, and there is a sharp drop in the concrete ablation rate. 

From this point on the configuration of the melt pool is fairly stable, and the concrete 
ablation rate is almost constant, diminishing only slowly as decay heating reduces. 

The presence or later addition of an overlying pool of water may complicate the nature and 
progress of the interaction. Limited experimental data is available to indicate the precise 
effects of the presence of water. Two general hypotheses abound; firstly that an overlying 
water pool cools the top surface of the debris to form an insulating crust, which is 
permeable to gases evolving from core concrete interaction, yet does not permit access to 
the covering water. This behaviour is based upon post-test observations from scale 
experiments (SWISS, FRAG, References 7 and 8). 



The second hypothesis is that the water causes a progressive quenching and fragmentation 
of the core debris, leading to a coolable bed, provided an ultimate heat sink is available as 
the water pool heats up. This hypothesis arises from the possible difficulties in forming a 
sufficiently strong crust which is self-supporting on the dimensions involved in a reactor 
situation. 

The detailed behaviour of the core melt pool and underlying concrete depends on the 
power and composition of the core and concrete, and the interval between the cessation of 
prompt heat generation and the start of the core-concrete interaction. The following 
sections describe the results of approximate analyses carried out for a multi-unit CANDU 
station where rapid failure of the calandria and start of core-concrete interaction is 
postulated. CORCON-MOD2 (Ref 8) was used to model the behaviour of bulk properties 
of the melt, including temperature, density and composition of the two or three layers in 
the melt, with and without an overlying pool of water. 

Potential Loadings on the Containment Structure 

The continued interaction of hot core material with the concrete foundations of the reactor 
containment raises concerns regarding containment failure due to overpressure or basemat 
melt through. These are discussed in turn. 

Core-concrete reactions produce copious amounts of non-condensible gases such as 
hydrogen, carbon monoxide and carbon dioxide. In addition, depending upon the presence 
of a water cover, varying amounts of steam may also be produced. In the absence of leaks 
and with the assumption that the negative pressure (vacuum) building is not available, 
addition of gases to the containment atmosphere will pressurise the containment envelope. 
Continued production of gases could eventually lead to a pressure at which the containment 
integrity is challenged; eg. by cracking. 

These chemical and physical processes have been examined in the scoping study, to identify 
the potential for core-concrete reactions that could lead to containment loading. Several 
simplifying assumptions in terms of the accident sequence progression were made. Two 
conditions are examined, that of an overlying water pool, assumed at the start of the 
interaction; and that of a 'dry5 core-concrete reaction. 

There are two other points regarding challenges to containment integrity which are noted 
but not studied in this paper. The first point relates to the potential ablation of structural 
components in a horizontal direction. The removal of material by the advancing melt front 
might lead to collapse of load bearing structures, causing consequential damage to 
containment. 

The second point is related to the gases which would be liberated from core-concrete 
reactions, and which include flammable gases such as carbon monoxide and hydrogen. The 
potential therefore exists, if appropriate gas-oxygen concentrations are attained, for 
combustion to occur, which may be sufficiently strong to present challenges to the 
containment boundary. 
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MODEL DEVELOPMENT AND POSTULATED REACTOR ACCIDENT SEQUENCES 

The scoping study in this paper models a multi-unit CANDU reactor, at which a pre
defined accident sequence is considered to lead to severe core damage and relocation of 
the core debris from the retaining calandria/shield tank structures onto the floor of the 
reactor vault. Two classes of event are considered, the first dealing with very early core 
disassembly, and the second, late core disassembly. 

As mentioned above, the CORCON MOD2.0 code was used to calculate the behaviour of 
the uncooled core material once it had fallen onto the reactor vault floor. In the absence 
of detailed information regarding the actual compositions of the basemat concrete, the 
default dataset in the CORCON code for limestone - common sand concrete was used. 

It was necessary to constrain the CORCON code artificially to the reactor vault geometry 
under consideration. This is because the CORCON code can only model axisymmetric 
geometries, in contrast to the trench arrangement at the plant being considered. The 
analysis used a characteristic dimension of the trench width, as a boundary condition for the 
core debris. This was judged to be appropriate given the semi-solid or viscous nature of 
molten core debris, permitting limited lateral spreading, and also the consideration that the 
hot core material quickly ablates a depression in the floor, thereby restraining lateral 
movement. By this approximation, heat transfer from the melt pool to the floor is 
conserved. 

It was recognised that the CORCON decay power model, being derived for light water 
reactors with higher power densities, was not truly specific to CANDU, but, in view of the 
uncertainties and simplifying assumptions in the analysis of the initiating event sequences 
the CORCON decay power calculation was considered to be sufficient for the scoping study. 
The fission product proportions were set to reflect the loss of volatile species prior to the 
start of core-concrete interactions. 

In the course of the scoping analysis, areas for major refinement of the CORCON code for 
CANDU reactor applications were noted and some are given at the end of this paper. 

The composition of the core material at the start of the interaction is given in Table 1. An 
overlying pool depth of 0.5 metre was specified for the 'wet' cases. This was determined 
from calculations of the water volumes associated with the CANDU reactor (heat transport 
system, moderator, shield tank) and consideration of the possible distribution of this water 
after the accident progression. 

(0 Early Core Disassembly 

The approximate results of the early core disassembly calculations are shown graphically 
on Figure 1 to 4. The sequences shown simulate approximately 2 days in accident time. 



It can be seen on Figure 1 that the initial axial concrete ablation rate for the two cases is 
similar, but the rate is sustained for slightly longer in the dry case, before a second gentler 
rate of ablation occurs. This characteristic change in ablation rate occurs when the heavy 
oxide layer density is sufficiently diluted by the concrete material that it becomes lighter 
than the metal layer and the two layers 'flip'. The metal layer, now at the bottom, has 
much less fission product decay heat associated with it, and permits formation of an 
insulating bottom crust and reduction of the core-concrete interface temperature. 

It is assumed in the CORCON model that the water layer does not penetrate into the 
molten corium, causing fragmentation and quenching of the corium mixture. The exact 
nature of debris cooling is important in terms of establishing a coolable geometry. The 
approach in this paper seeks to identify potential challenges to containment integrity, 
making conservative assumptions where uncertainty exists. 

It is found for the wet case, using the pool boiling curve inherent in the CORCON code, 
that approximately twice as much heat is rejected from the top of the melt compared to the 
dry case. The amount of heat rejected to the concrete is slightly lower in the wet case. A 
temperature difference of 50°C is noted for the metal layer contacting the concrete, with 
the dry case having the higher temperature. 

The point of note here, with regard to basemat integrity in the long term, is that the 
presence of a water cover results in a lower rate of ablation such that at 48 hours, wet and 
dry ablation rates are computed to be 8 and 21 mm/hour respectively. Should ablation 
continue at these rates, without operator intervention the remaining thickness of a 3 metre 
deep foundation may be penetrated in approximately 9 days and 2 days, respectively. In 
practice, as the ablation rate falls with decreasing decay power levels, these projections are 
lower estimates, and particularly in the wet case, complete penetration may not occur at all. 

The cumulative gas generation rates for CO and hydrogen, shown in Figures 2 and 3 
respectively, are similar in the two cases with the dry case producing slightly more 
flammable gases than the wet. This is consistent with the higher ablation rates due to 
slightly higher core melt temperatures. 

The layer of water cover removes heat from the molten core pool and from the hot gases 
generated by the core-concrete interaction. The cumulative generation of steam from the 
concrete and the overlying pool is shown in Figure 4, for the wet and dry cases. The 
generation of copious amounts of steam has potential to cause containment overpressure, 
yet may also prevent hydrogen burning by steam blanketing. The containment pressure 
analysis is discussed in (iii), below. 
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(ü) Late Core Disassembly 

The late core disassembly case was modelled as a relocation of the molten core onto the 
reactor vault, 48 hours after reactor shutdown. Due to the prolonged length of time for 
fission product decay ablation rates are much lower, typically 15mm/hr for the case without 
water cover and 20 hours after start of core concrete interaction. At this time the molten 
core has eroded approximately 0.5m of concrete from the basemat. Axial ablation rates 
with water cover will be much lower than this, such that basemat integrity will be sustained 
for a considerable, probably indefinite, period without mitigating actions. 

Similarly, gas and steam generation rates and their consequential challenge to containment 
will also be much reduced. 

(iii) Containment Integrity 

The pressurisation effects of the steam and gases produced from the reactions with concrete 
on the containment boundary were considered using an in-house computer code CREM 
(Containment REsponse Model). The code was developed to analyse the thermal-
hydraulic response of CANDU reactor containments to discharges of mass and energy 
during postulated severe accidents and for various containment states. 

The primary outputs from CREM are: 

(a) the transient pressures and temperatures in each compartment of the 
containment, so that the integrity of the containment envelope during a given 
accident can be assessed, and, 

(b) the instantaneous fluid flow in each flow path, either between containment 
compartments or between the compartments and atmosphere, so that the 
influx, accumulation and outflow of radioactive materials (particularly ex-
vessel releases) can be assessed. 

The code also includes calculation of the rate of steam condensation onto containment wall 
surface, and also via other containment heat sinks. It also models the behaviour of non-
condensible gases as required for the cases considered in this paper. 

The containment analysis presented here represents the containment state which poses the 
highest challenge to containment integrity due to overpressure, that of assumed complete 
isolation of all of the pressure relief paths to the vacuum building. 

mmnmsmmsm 



Overpressure transients for the early core disassembly case with a "wet" core-concrete 
reaction is shown on Figure 5. These curves show that the vault coolers represent an 
important feature of long term containment integrity and act to suppress the overpressure 
caused by core-concrete reactions. It can be seen that the pressure reached is less than 
twice the design pressure indicating that containment integrity is likely to be maintained 
following a severe accident of the type postulated here. 

For the Loss of All Pumped Heat Sinks accident, the rate of inventory boil off from the 
various water sources is calculated not to lead to a significant rise in containment pressure 
with or without the vault coolers operation. The additional steam from a water-covered 
molten core is also lower than the early core disassembly case, and no challenge to 
containment is expected due to late overpressure. 

AREAS FOR DEVELOPMENT 

In the course of the study, several assumptions were necessary to reflect the CANDU 
reactor geometry. For future studies of core-concrete interaction at CANDU plants the 
following areas are identified for improvement: 

(i) The behaviour of the molten core in a trench rather than 'crucible' geometry, 
should be addressed. Development of a dynamic corium flow module is 
recommended. 

(ii) The high proportion of zirconium in CANDU reactors, compared to PWRs, 
requires further consideration. The chemical heat liberated from large 
quantities of unoxidised zirconium in the initial melt can significantly affect 
the ablation rate, particularly in the early stages of core-concrete reactions. 
The CORCON phase diagrams for Zr - Fe mixtures may need to be revised 
for the high Zr mixes. 

(iii) Dynamic addition of hot core material onto a wet or dry containment 
configuration may change the predicted behaviour. A slow addition of corium 
may lead to an inherently coolable geometry with minimal core-concrete 
interaction. 

(iv) Coding changes to the CORCON database to reflect CANDU conditions : 
heavy water properties, CANDU reactor fission product decay heat profile (ie 
to lower burn-up, rating). 

CONCLUSIONS 

As part of a scoping study to examine the relative consequences of postulated severe 
accidents in a multi-unit CANDU station, the response to core-concrete interactions has 
been estimated, for situations with and without a covering water pool. It is found that 
containment pressurisation, even for a case involving early core disassembly, unavailability 
of the vacuum building, and no mitigating operator actions, is unlikely to lead to a serious 
challenge to containment integrity over the 48 hour time frame considered here. 
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TABLE 1 

Initial Conditions of Molten Core 

Species Mass (kg) 

uo 2 108000 

Zr0 2 2700 

FeO 2200 

- Zr 24500 

Fe 19400 

Time after reactor shutdown 45 Mins (Early dissassembly) 
48 hours (late dissassembly) 
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