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ABSTRACT 

The JERICHO code has been developed in order to study the thermodynamic 
behaviour inside the reactor containment building for the complete spectrum 
of accident sequences likely to occur in such a reactor, including models 
for the various mass and energy transfer phenomena, for water spray, for 
hydrogen and carbon monoxide flammability limits and combustion, as well as 
for containment venting. 

Sensitivity analyses have been performed on a severe accident sequence, 
(namely, small LOCA with failure of the emergency core cooling and contain
ment spray systems), involving core melting and subsequent concrete contain
ment basemat erosion. The effect of various models, such as mass and energy 
transfer to the structures, has been studied. The influence of the concrete 
composition, of the fission product deposition and of the thermal degrada
tion of the reactor cavity concrete walls on long term thermodynamic beha
viour has also been investigated. 

RESUME 

Le code de calcul JERICHO a été développé afin de pouvoir étudier l 'évolu
tion thermodynamique dans l 'enceinte d'un réacteur nucléaire pour l'ensemble 
du spectre des séquences accidentelles susceptibles de s'y produire. I l com
porte en par t i cu l ie r des modèles pour les divers phénomènes de t ransfer t de 
masse et d 'énergie, pour l 'aspersion de l ' encein te , pour les l imites d ' in -
flammabilité et la combustion de l'hydrogène et du monoxyde de carbone a ins i 
que pour un éventuel éventage de l ' enceinte . 

Des études de sens ib i l i t é ont été menées sur une séquence accidentelle sé
vère, (pet i te brèche sur le c i rcui t primaire, avec défaillance de l ' i n j e c 
tion de sécurité et de l 'aspersion de l ' ence in te ) , incluant la fusion du 
coeur et son interaction avec le radier en béton de l ' ence in te . L'effet de 
différents modèles physiques, t e l que le t ransfer t de masse et d'énergie aux 
s t ructures , a été étudié. De même, l ' influence de la nature du béton, du 
dépôt des produits de fission ainsi que de la dégradation thermique des 
parois en béton du puits de cuve sur l 'évolution thermodynamique I long 
terme a été examinée. 
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I - INTRODUCTION 

During the past several years, much work has been accomplished, in the field 
of the nuclear reactor safety, concerning the evaluation of hypothetical 
severe accidents on pressurized water reactors. These accidents Involve 
core degradation and important fission product release from the fuel. The 
radiological consequences of such accidents are mainly linked to the resi
dence time of the fission product in the reactor containment building (RCB). 
Indeed, fission product deposition, by settling on the floor and diffusion 
on the walls of the RCB, will reduce the amount of radioactive material 
which will be released to the environment when the containment fails. 

Consequently, it is important to determine the mechanical behaviour of the 
RCB during the accident and the thermal-hydraulic conditions (especially, 
atmosphere moisture) in the RCB which influence the fission product beha
viour. The JERICHO computer code has been developed in order to provide the 
thermal-hydraulics in the containment : gas pressure, gas and wall tempera
tures, atmosphere moisture, atmosphere composition and leakage rate. 

II - DESCRIPTION OF THE JERICHO COMPUTER CODE [2] 

The objective of the JERICHO code being to analyze accidents evolution over 
several days, it was necessary to write a computer code with a rather simple 
modelization and a sophisticated numerical treatment. 

The containment volume is modelized in one compartment with two phases : 
gaseous atmosphere and sump water- Both phases are assumed to be homoge
neous, in pressure equilibrium, but in thermal non-equilibrium. 

Containment atmosphere can be composed of oxygen, nitrogen, steam, hydrogen, 
carbon dioxide and carbon monoxide. The main physical phenomena are des
cribed below (also^see Figure 1). 

II.1 - Mass and energy sources 

The JERIChO code provides the thermal-hydraulic conditions in the reactor 
containment building from the onset of the accident through the stages of 
blowdown, core heat-up, boiloff, core meltdown, pressure vessel bottom head 
failure and interaction of the molten debris with the concrete containment 
bas etna t. 

The energy and mass flowrates of the different gaseous species (H2O, H2, 
COo. CO) entering the containment are evaluated : 

- by the RELAP 4 Mod 6 (blowdown) [3], 
- by a modified version of the BOIL 2 code (core heat-up, boiloff and core 
meltdown) [4], 

- by the INTER code [5] and from published data related to fuel debris-
concrete interaction [6], [7]. 

In case of diphasic flow at the primary circuit break, several options can 
be used to divide it up into gaseous and liquid phases : the fluid can be 
divided by assuming its temperature to be equal to the boiling temperature, 
the saturation temperature or the gas temperature. The objectives of these 
different assumptions are to modelize the local conditions near the primary 
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circuit break (in particular, low air content) and, also, the droplet eva
poration from the break to the sump water. 

In order to respect long-term energy balance, the following energy sources 
are taken into account : 

- decay heat associated with fission products released into the containment. 
This energy, initially released in the gaseous phase, can be progressively 
transferred into the sump water in order to simulate the fission product 
deposition, 

- energy radiated by the corium surface during the corium-concrete inter
action phase, 

- energy released from hydrogen and carbon monoxide burning. 

11.2 - Mass and heat transfer between atmosphere and sump water 

Figure 2 (left side) shows the mass and energy transfer between water, steam 
and non-condensible gases. At the surface of the sump water, convection 
occurs in thermal non-equilibrium and condensation if the liquid temperature 
is lower than the saturation temperature or evaporation in the opposite 
case. Steam condensation in the bulk gaseous phase and sump water boiling 
are also considered. 

11.3 - Heat transfer between atmosphere and structures 

Heat and mass exchanges, between atmosphere and structures, occur by con
vection and condensation if the structure temperature Is lower than the 
saturation temperature (Figure 2 - right side). In the JERICHO code, the 
condensation film is not model!zed as a distinct system : the condensed 
water is assumed to reach the sump water Instantaneously at the film tempe
rature, taken to be equal to the structure temperature due to the important 
impediment to the thermal transfer at the boundary between the atmosphere 
and the condensation film. Therefore,this modelization does not take Into 
account the film evaporation that occurs if the film temperature is higher 
than the saturation temperature. 

The thermal exchange coefficient used is the UCHIDA correlation (natural 
convection and condensation) [8]. In the case of blowdown, the TAGAMI corre
lation (forced convection and condensation) can be called upon [9]. The 
condensation rate to the structures Is assessed either by assuming that an 
arbitrary fraction of the energy transferred to the structures results from 
the condensation, or by using a correlation based on the analogy of the mass 
transfer with the heat transfer (which expresses the resistance of the steam 
diffusion through the non-condensible gases) [10]. 

The condensation rate w, per area unit, is the following : 

w [°steara 'gas' steam' " ^steam ' structure, p
t o t ai)I 

with K =• D ^ 



A 

- 3 -

where D steam diffusion coefficient (through air) 
h thermal exchange coefficient 
k thermal conductibility of air 

11.4 - Thermal conduction in the structures 

Containment walls and internal structures are modelized as one-dimensional 
slab geometry heat sink (up to 12 slabs). 

Each structure consists of only one material. In the case of concrete struc
tures with a steel liner, a separate calculation is performed for the steel 
liner ; this makes to be possible to calculate the surface temperature and 
equivalent exchange coefficient between atmosphere and structure, resulting 
in considerable savings in computation time during transients with slow 
kinetics, in which the conduction in the concrete governs the thermal trans
fer. The outside atmosphere and the ground are treated as sources at cons
tant temperature. 

11.5 - Containment spray 

In French 900 MWe PWR's, the containment spray system works either, in 
direct phase, from the storage tank, in common with emergency core cooling 
system, or, in its recirculation phase, from the sump water. 

In the second case, the liquid passes through heat exchanger in order to eva
cuate the decay heat In the long term. The JERICHO code calculates the ener
gy transferred to the heat exchanger and the inlet temperature of the spray 
water. 

The thermal exchange between atmosphere and spray droplets is assumed such 
that the droplets are in equilibrium at the saturation temperature before 
reaching the sump water ; the respective part played by condensation and 
convection are assessed in a way similar to that used for the structures. 
In actuality, if the atmosphere is super-heated, there is competition 
between the actions of convection (which heats the droplets) and evaporation 
(which cools the droplets). These phenomena are not modelized and lead to a 
slight increase in the spray efficiency. 

11.6 - Leakage and venting 

Devices are being developed in order to avoid the above-ground containment 
failure during severe accidents leading to high overpressurization of the 
RCB. 

From the containment design pressure, venting of the RCB is designed through 
a rough filtration device in order to reduce the radioactive release to 
within the limits where it no longer constitutes a threat to the population 
and the environment. 
The gas is assumed to be expanded isenthalpic and the flowrate is calculated 
from the SAINT-VENANT law. The thermodynamic conditions corresponding to the 
working field of the filter are calculated. 

The containment leakages (natural containment leakage and containment iso
lation failure) are also modelized. 



11.7 - Hydrogen and carbon monoxide combustion 

The combustion of hydrogen and carbon monoxide becomes possible when each of 
these components exceeds a given volumetric concentration. More accurately, 
the flammability limit is determined in the ternary diagram (H2+CO, I^O+CC^, 
air) by the curve given in Figure 9, that will be discussed later on. 

Hydrogen and carbon monoxide burning is modelized in two ways : 

1) continuous burning as soon as the flammability limits are reached, 
2) storage and instantaneously burning (deflagration) at input specified 

time. 

The energy released from the chemical reaction and the mass variation of the 
different components are included in the mass and energy conservation equa
tions* 

It is also possible to calculate, at each time step, the pressure and the 
temperature which should be reached in the case of deflagration, without 
varying the conservation equations. This gives the envelope of the pressure 
peaks during the accident. 

Detonation phenomena, which are local and require a mechanical treatment, 
are not modelized in the JERICHO code. 

11.8 - Fission product behaviour 

In the JERICHO code, the 2/Y decay heat of fission products is treated as a 
homogeneous volume energy source, which varies as a function of the emission 
rate of the fission product and of the radioactive decay. It is possible to 
take into account a part of Y and 3 radiation energy as surface source on 
the structure surface. 

Besides, soluble aerosols induce steam condensation as soon as the contain
ment moisture exceeds about 0.6. These soluble aerosols can influence the 
atmosphere's thermodynamic evolution when the atmosphere is slightly super
heated. When the atmosphere is saturated or oversaturated, the condensation 
rate is not influenced by the airborne aerosol concentration. 

11.9 - Numerical treatment 

The evolution of gas components and liquid water mass and internal energy, 
as well as structure surface temperature, is governed by a system of first 
order non-linear differential equations [H]« In order to tnodelize the 
engineered safety features performance and some physical phenomena (fission 
products influence, leakage), some additional equations are considered. This 
system is solved by an ADAMS-PECE method with automatic adjustment of the 
step time and of the order of the method. 

Gas and liquid temperatures, as well as gas components partial pressures, 
are obtained by solving a system of non-linear equations with a specific 
residues method. These equations represent, in particular, mass and energy 
balances. 
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III - ACCIDENT SEQUENCE DESCRIPTION 

The accident sequence to be studied, on which the following sensibility 
study is based, is, according- to current opinion, one of the main factors 
contributing to the risk in PWR's. It is a break loss-of-coolant accident 
(2" diameter) with failure of both the emergency core cooling system and the 
containment spray system (S2CD sequence according to the Reactor Safety 
Study terminology [1]). The reactor to be considered is a French 900 MWe PWR 
unit with a large dry containment (Figure 3). The reactor building is a pre-
stressed concrete containment with an internal steel liner (steel thickness » 
8 mm, air gap • 3 mm). We present hereinafter the successive stages of the 
accident and the corresponding containment response. The timing cf the main 
events occurring throughout the accident is given in Table I. 

111.1 - Primary circuit blowdown 

The primary circuit depressurization initiates the reactor scram and the 
starting of the auxiliary steam generators feedwater supply system. Main 
pumps are stopped because of the cavitation. The primary circuit blowdown 
progresses and the core uncovery occurs at about 30 minutes. This stage has 
been computed by using the RELAP 4 Mod 6 code [3]. 

111.2 - Core heat-up and meltdown 

The core uncovery involves its heat-up, enhanced by the zircaloy cladding 
oxidation by steam, which releases large amounts of energy and of hydrogen. 
During this stage, the primary circuit depressurization continues and the 
pressure falls below the accumulators pressure threshold (4.2 MPa) : the 
accumulator water discharge temporary refloods the core. After this water is 
vaporized, the core melting process resumes : the most volatile fission pro
ducts are released by the core. This stage comes to an end with the core 
slumping in the vessel bottom head (at 195 minutes). Some water is still 
present in the bottom head and its sudden contact with the melting core 
causes its rapid vaporization. The metallic components of the core are 
supposed to be oxidized and hydrogen is again released in the containment 
building. The computer code used here is a version of the BOIL 2 code [4], 
modified in order to calculate small break and transient accidents ; more
over the decay heat and fission product release models have been markedly 
improved. 

According to a simplified evaluation, the bottom head rupture occurs after 
about one hour. This long delay is due to the low primary pressure, which 
does not cause important mechanical stresses. 

111.3 - Concrete basemat ablation 

The melting fuel and internal structures mixture (corium) falls down on the 
concrete basemat in the reactor cavity. The concrete basemat is progressive
ly eroded by a thermal degradation process : concrete is decomposed and free 
water, bound water and carbon dioxide are successively released. Water and 
carbon dioxide are partially reduced into hydrogen and carbon monoxide when 
passing through the corium metallic layer. At the same time, large amounts 
of energy are radiated by the very hot (temperature decreasing from 2000°C 
to 1500"C) upper layer of the corium. 

The concrete ablation kinetics, as well as the gas masses released into the 
containment atmosphere, are highly dependent upon the composition of the 
concrete. 



The main characteristics of a limestone and a siliceous concrete are pre
sented in Table II ; their influence upon the course of the accident will be 
discussed further on. In the case of limestone concrete, the ablation rate is 
estimated to be 30 cm/h during the first hour of Interaction, 13 cm/h there
after and 2 cm/h after the solidification of the corium metallic layer in 
contact with the concrete basemat. It is to be noted that considerable uncer
tainties still exist in the knowledge of these phenomena and so we have sim
ply adopted the approximate values currently accepted. With this hypothesis, 
the basemat rupture occurs at about 7 days (thickness of the concrete con
tainment basemat : 4.2 m ) . 

111.4 - Thermodynamic behaviour in the containment building 

The main characteristics of the containment building are presented in Table 
III and the different sources released into the containment throughout the 
accident in Table IV, among which the main sources are the two-phase water 
flow during the primary circuit depressurization and the carbon dioxide gene
rated by the concrete basemat erosion. 

The calculations presented hereafter Involve two other assumptions : the 
decay heat associated with fission products released into the containment 
building is taken into account as a volumetric source of energy in the at
mosphere ; the energy radiated by the corium surface is directly transferred 
to the atmosphere. 

The curves of pressure and average temperature of the gaseous and liquid 
phases (Figures 4 and 5) show two peaks corresponding to the primary circuit 
depressurization and to the bottom head water vaporization when the core 
slumps. These pressure peaks respectively reach 0.21 and 0.25 MPa and so are 
far lower than the containment building design pressure (0.5 MPa). During 
these first stages of the accident, the atmosphere is almost always saturated 
(Figure 6). Afterwards, the long term containment pressurization is due to 
gases, and in particular carbon dioxide (Figure 7), released during the con
crete erosion and the atmosphere progressively becomes superheated. 

With the assumptions chosen in this basic case, the pressure exceeds the 
design pressure after about 3 days and reaches 0.7 MPa after 7 days, when 
the containment basemat is supposed to be traversed through by the corium. 
Best-estimate assessments of the actual strength limits of French reactor 
containments have been previously performed [12] and have led to the follow
ing conclusions : 1) in the case of a containment with an Internal steel 
liner, the rupture occurs suddenly by fracture of prestressing cables at 
about 1.0 to 1.3 MPa ; 2) without an internal liner (double containment 
design), through-cracks occur at about 0.7 to 0.9 MPa in the concrete wall 
and behave like valves, leading to loss of integrity of the containment. In 
the accident sequence considered, it can therefore be concluded that the 
basemat rupture occurs before the above-ground containment rupture- We exa
mine later on to what extent the assumptions considered in these calculations 
can modify these conclusions. 

111.5 - Fission product release and transportation 

Fission product' release and transportation in the primary circuit and in the 
containment are not directly relevant to this study. We nevertheless shall 
further examine the influence of the fission product deposition on the con
tainment thermodynamic behaviour. A complete study of the S2CD sequence, 
corresponding to our basic case and including these aspects, has already been 
published and can be consulted [13]. 



IV - SENSITIVITY ANALYSIS 

We shall examine hereafter the effect of the main physical assumptions liable 
to influence the thermodynamic behaviour inside the containment throughout 
the accident : mass and energy transfer on the structures, two-phase flow 
separation at the break and fission products deposition. Also studied are the 
sensitivity to mass and energy released during the concrete basemat erosion, 
in particular as a function of the concrete composition and of the manner in 
which the thermal erosion of the reactor concrete walls is taken into account. 
Our attention, however, will first be given to studying the possibility and the 
effects of hydrogen and carbon monoxide combustion. 

IV.1 - Hydrogen and carbon monoxide combustion 

Let us begin by determining the stages of the accident during which hydrogen 
and carbon monoxide combustion becomes possible. We implicitly assume that 
these gases are uniformly distributed throughout the containment atmosphere. 
Figure 8 shows the volumetric concentration of the atmosphere components 
during the accident sequence. In the case of an air-steam-hydrogen ternary 
mixture, the flammability limit is given by the SHAPIRO diagram [14]. This 
diagram can be extended to an air-steam-R^-C^-CO mixture by using the 
LE CHATELIER law [15] : an equivalent hydrogen concentration is compared to a 
equivalent flammability limit, both taking into account the carbon monoxide 
concentration. Such a diagram is presented in Figure 9 : the equivalent 
flammability limits corresponding to pure hydrogen and to pure carbon mon
oxide are drawn and the evolution of the containment atmosphere throughout 
the accident is shown. The atmosphere becomes combustible after 3 hours 
(during the core uncovery stage) and becomes inert again after about 11 hours 
due to steam and the increasing amount of carbon dioxide. The hydrogen volu
metric concentration reaches a maximum of 11.3 % at about 10 hours, with the 
carbon monoxide at 6 %. Hence the average hydrogen concentration never 
reaches the detonability limit given by the SHAPIRO diagram. Nevertheless we 
must bear in mind that local hydrogen detonations due to an inhomogeneous 
distribution of the atmosphere and to particular geometric characteristics 
cannot be excluded, but this topic is not addressed by the present study. 

Figures 10 and 11 present the pressure and the gas temperature in the basic 
case (a), and the envelope of pressure and temperature (b) which could be 
reached at any instant, should the instantaneous and complete burning of 
accumulated hydrogen and carbon monoxide occur. The maximum peak présure is 
therefore about 1.4 MPa and is obtained just before the atmosphere becomes 
inert, while the maximum temperature peak (1700°C) corresponds to the maximum 
hydrogen and carbon monoxide volumetric concentrations. Such a pressure peak, 
although very unlikely, for it corresponds to the sudden and complete burning 
of the combustible gases, exceeds the ultimate strength of the containment 
building. Figures 10 and 11 also show an example of the pressure and tempera
ture peaks associated with the actual burning of hydrogen and carbon monoxide 
(supposed to occur at about 9 hours). The pressure decreases very rapidly 
after the peaks and reaches 0.5 MPa in 30 seconds. The radiative heat trans
fer between the atmosphere and the structures not being accounted for, the 
peak duration is probably more limited. Nevertheless, this problem is to be 
considered in the risk assessment, especially for containment buildings 
without an internal liner. 

IV.2 - Mass and energy transfer on structures 

The energy exchanges between the containment atmosphere and the structures 
correspond to convection and condensation phenomena if the structure surface 
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temperature is lower than the saturation temperature. Figure 12 shows the 
comparison between the gas temperature, the saturation temperature and the 
surface temperature of both a concrete and a steel structures. The atmosphere 
remains saturated until the basemat erosion stage, then it becomes progressi
vely superheated. The steel structures surface temperature is almost always 
very close to the gas temperature, while a temperature difference of 5 to 
10°C exists for the concrete structures. The condensation on these structures 
ceases shortly after the superheat appears. The condensation heat exchange 
coefficient is therefore influent only during the first stages of the acci
dent. In the long term, the thermal transfer is governed by the conduction in 
the structures and the effect of the convection heat exchange coefficient is 
accordingly very small. 

Figures 13, 14 and 15 show the pressure, temperature and the moisture atmos
phere during the course of the accident with the following assumptions on the 
mass and energy transfer : 

(a) UCHIDA and JAKOB correlations (basic case) 
(b) UCHIDA correlation increased by 20 % 
(c) JAK03 correlation increased by 50 % 
(d) condensation only (maximum mass transfer) 
(e) convection only (no mass transfer). 

A comparison of the pressure and temperature at the first peak is presented 
in the following table : . 

I Case | P ressure | Atmosphere | Sa tu ra t i on | 
I | (MPa) | temperature (°C) | temperature (°C) | 

I (a) Basic case | 0.2091 | 99.48 | 97.83 | 
I (b) UCHIDA + 20 % | 0.2058 | 98.15 | 96.95 | 
I (c) JAKOB + 50 % | 0.2068 j 98.04 j 97.27 j 
t (d) Condensation only | 0.1951 | 100.55 | 93.30 j 
I (e) Convection only | 0.2085 j 99.15 j 97.69 j 

It is to be noted that the influence of the energy transfer coefficient (b), 
even in this first stage, is quite negligible. The effect of the mass trans
fer coefficient (c,d,e) is also small, due to the fact that the atmosphere is 
almost saturated : In this case, the only difference between the condensation 
on structures and the bulk mass condensation corresponds to the cooling of 
the condensation film by the structures. In the case of superheated atmos
phere, the effect could be strong. According to the table, we see that the 
pressure peak value goes through a maximum when increasing the mass transfer 
(«••*• a •+• c-* d). The initial increase can be explained as follows : for a given 
temperature difference between the atmosphere and a structure and for a given 
energy transfer, the convection is a more effective process than the conden
sation in decreasing the atmospheric pressure [16]. However the superheat 
resulting from an high degree of condensation on structures leads to an ener
gy transfer increase, which reduces the pressure peak. 

Interpreting the effect of the previous assumptions on the mass transfer 
appears to be rather difficult and must not be generalized. Even if the in
fluence of mass and energy transfer models is small for the accident sequence 
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considered, it must be examined for sequences involving important tran
sients, corresponding to sudden depressurization (large break on the primary 
circuit or high pressure vessel rupture after core slumping). 

IV.3 - Two-phase flow separation at the break 

During the primary circuit depressurization stage, two-phase flow exits 
through the break. It is therefore necessary to make an assumption about the 
flow separation between the containment gaseous and liquid phases. Simplest 
hypotheses consist in assuming the two-phase flow to be in equilibrium at 
the boiling temperature, at the saturation temperature or at the atmosphere 
temperature. The effect of this assumption on the first pressure peak is 
presented in the following table : 

Assumption 

I 
Pressure 

(MPa) 
Atmosphere 

temperature (°C) 
Sa tu ra t i on 

temperature (°C) 

I Boi l ing temperature 
I S a t u r a t i o n temperature 
I Atmosphere temperature 

0.2091 
0.2101 
0.2104 

99.48 
98.82 

100.28 

97.83 
98.17 
98.12 

The influence appears to be quite negligible in this case. It could be also 
examined for accident sequences involving sudden depressurization. 

IV.4 - Concrete composition 

Nuclear reactors buildings are built with concrete of different composition 
according to local geological conditions. In particular, two main categories 
may be distinguished, namely, limestone concrete (CaCO^ rich and therefore 
releasing therefore large amounts of CO2) and siliceous concrete (Si02 
rich). The latter releases smaller amounts of gases, but erodes with higher 
kinetics. Table II presents the main characteristics of two typical concre
tes, corresponding to the French nuclear reactors of GRAVELINES (limestone) 
and LE BLAYAIS (siliceous). 

Figures 16 to 19 show the comparison throughout the accident between a lime
stone concrete (case a) and a siliceous one (case b). The latter leads to a 
long-term pressure reduction of about 30 %. On the other hand, considering an 
ablation rate of about 3 cm/h after the solidification of the corium metallic 
layer, the basemat rupture is supposed to occur after 5 days. The siliceous 
concrete hence favors the basemat rupture mode (£ mode) with respect to the 
above-ground containment rupture mode ( <5 mode). 

IV.5 - Fission product transportation 

In the baaic case, the decay heat associated with fission products released 
into the containment has been, as already mentioned, taken Into account as 
an energy source located in the containment atmosphere. In the actual situa
tion, fission products (except noble gases) progressively settle on struc
tures and are probably to a large extent washed down into the sump water by 
the condensation film. Therefore a calculation has been performed assuming 
that decay heat was transferred to the sump water according to an exponential 
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law ; the time constant (2.10~ s~ ) being fitted to results obtained by 
the AER0S0LS/B1 code for this sequence [13]. The results are presented on 
Figures 20 to 23 (case b). This assumption leads to a large variation in the 
long term thermodynamic behaviour : the sump water temperature exceeds the 
saturation temperature by far, inducing an intense evaporation, until it 
reaches the boiling temperature, causing a rapid drying up of the sump. This 
dramatic effect can be explained as follows : the steam generated in the sump 
mixes with an atmosphere having a high propensity to be superheated, because 
of the large amounts of energy radiated by the corium surface to the atmosphere 
(Figure 23 - case a). In spite of this considerable evaporation, the atmosphere 
is still slightly superheated : no bulk condensation can balance the evapora
tion mass transfer and the physical system tends to become one-phase (Figure 2-
case b). 

IV.6 - Thermal degradation of the reactor cavity concrete walls 

A correct estimate of the radiated energy transferred into the containment 
atmosphere is therefore obviously necessary. Now, in the actual situation, the 
radiation generated by the corium surface Is to a large extent stopped by the 
reactor cavity walls : it leads to the heat-up and the thermal degradation of 
the concrete, releasing steam and carbon dioxide. This phenomenon must hence be 
assessed in order to obain a good evaluation of the long term behaviour of the 
containment. 

A simplified model has been developed in order to assess the thermal degrada
tion of the reactor cavity concrete walls due to the energy radiated by the 
corium surface. The extent of the degradation is directly connected with the 
corium surface temperature, which is very high (̂  2200*C) at the onset of the 
corium-concrete interaction, decreases rapidly and becomes stable after about 
2 hours at about 1500'C. The corresponding ablation rate decreases from 
1.6 cm/h to 0.15 cm/h. In spite of an ablation rate lower than for the concrete 
basemat, this phenomenon largely contributes to the global mass flow rate re
leased into the containment, for the wall surface is large (140 m ) compared 
to the basemat surface (20 m ). This phenomenon does not generate combustible 
gases, for steam and carbon dioxide are not reduced. The calculation presented 
in Figures 20 to 23 (case c) has been performed assuming that all the radiated 
energy was kept in the reactor cavity. 

It appears that the superheating is considerably lower than in the base case, 
with long term temperature of about of 100-120°C and an humidity near 90 %. 
On the other hand, the pressure is slightly higher after about 4 days : the 
mass effect prevails over the temperature effect in that case. 

IV.7 - Synthesis 

We have shown that the localization of the decay heat in the sump water instead 
of in the atmosphere had a strong effect on the pressure and that this phenome
non interacted with the manner in which the energy radiated by the corium was 
taken into account. So we have performed a calculation accounting for both the 
thermal degradation of reactor cavity walls and the fission product deposition 
into the sump water. In order for results to be as realistic as possible, we 
considered the distribution of the radiated energy according to the geometric 
factor of the reactor cavity : 92 % of the radiation is absorbed by the walls, 
when 8 % goes to the containment atmosphere. The results presented in Figures 
20 to 23 (case d) show that the fission product deposition does not cause such 
a dramatic effect as in case b : the high level of evaporation of the sump 
water is balanced here by the bulk condensation of the saturated atmosphere 
(Figure 2 - case d). The physical system progressively tends to a thermal 
equilibrium between gaseous and liquid phases. 



- l i 

lt does not appear to be important to represent accurately the fission pro
ducts deposition law, because it occurs rather early in the course of the 
accident and the decay heat is in any case rapidly transferred to the sump 
water. Coupling a fission product transportation code with the JERICHO code 
is not useful in this respect. 

The containment atmosphere being almost always saturated throughout the 
accident with respect to the assumptions made above, the steam condensation 
on fission product aerosols is likewise a phenomenon that need not be 
accounted for thermalhydraulic calculations. On the other hand, it is obvious 
that the aerosols behaviour, and therefore the potential radiological conse
quences associated with the accident, is largely determined by the previous 
findings. 

In conclusion to this sensitivity analysis, the main physical parameters 
related to case d are shown on Figures 24 to 27 and compared to the actual 
strength limits of the containment. As in the basic case presented in this 
study, the basemat rupture occurs before any threat to the containment 
building exits, except in the case of hydrogen and carbon monoxide combus
tion. For the accident sequence considered (S2CD), the long-term gas pressure 
and temperature increase rates are respectively about 2.10 Pa per hour and 
0.2°C per hour, due mainly to the carbon dioxide release during the concrete 
basemat erosion (especially in case of limestone concrete). 

V - CONCLUSION 

The JERICHO code has been developed in order to study the thermodynamic beha
viour Inside the reactor containment building for the complete spectrum of 
accident sequences likely to occur on such a reactor. In particular, it is 
abl to take into account hydrogen and carbon monoxide combustion. It has 
been used to study a severe accident sequence (S2CD), involving core melting 
and subsequent containment basemat erosion. 

Sensivitity analyses performed on this accident sequence have shown that the 
effect of models of mass and energy transfer to the structures, as well as 
the assumption made on two-phase flow partition at the break, were negligible 
on the long-term thermodynamic behaviour. On the other hand, this behaviour 
appears to be very sensitive to the mass and energy flow rates released into 
the containment and to the localization of the decay heat associated with the 
fission products. It is therefore very Important to obtain a good estimation 
of the gas masses released during the concrete basemat erosion by the melting 
core and to take into account, as accurately as possible, the thermal degra
dation of the reactor cavity concrete walls by the energy radiated by the 
corium surface. 

In the near future, we intend to perform additional sensitivity analyses 
considering some others parameters (such as structure thermal conductivity or 
liner air gap thickness) and others accident sequences. Besides, an effort 
will be made in order to validate the JERICHO code by separate effects expe
riments, existing or new ones, and, as far as possible, by integral experi
ments representative of severe accidents in large containments. 
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M. BIRKHOFER - Technische Universitat Mûnchen - GARCH1NG (RFA) 
M. KELLER MAN - Gesellschaft fur Reaktorsicherheit - KOLN (RFA) 
M. LEVEN - Gesellschaft fur Reaktorsicherheit - KOLN (RFA) 
M. LAFLEUR - U.S.N.R.C. - WASHINGTON (E.U.) 
M. MINOGUE - U.S.N.R.C. - WASHINGTON (E.U.) 
M. KINCHIN - U.K.A.E.A. - Safety and Reliability Directorate - RISLEY (G.B.) 
M. HANNAFORD - Nuclear Installations Inspectorate - LIVERPOOL (G.B.) 
M. ALONSO - Junta de Energia Nuclear - MADRID (ESPAGNE) 
M. CARLBOM - Department of Safety and Technical Services - NYKOPING (SUEDE) 
M. NASCHI - Direttore Centrale délia Sicurezza Nucleare e delia Protezione Sanitaria 

ROMA (ITALIE) 
M. TANIGUCHI - MITI (JAPON) 
M. ISHIZUKA - Science & Technology Agency - Nuclear Safety Bureau (JAPON) 
M. TAMURA - Science Sc Technology Agency - Atomic Energy Bureau (JAPON) 
M. NOZAWA - JAERI - Center of Safety Research (JAPON) 

COPIE (SANS P.J.) 
M. BARRE (Attaché près de l'Ambassade de France aux Etats-Unis) 
M. CHAVARDES (Attaché près de l'Ambassade de France au Japon) 
M. WUSTNER (Attaché près de l'Ambassade de France en RFA) 

DERS Cadarache 
SES Cadarache 
SERE Cadarache 
SIES Cadarache 
SESRU Cadarache 
SRSC Valduc 
SEAREL 
IPSN/D.PR/FaR 
DPS/FaR 
DEDR Saclay 
DRNR Cadarache 
DRE Cadarache 
DER Cadarache 
DEMT Saclay 
DMECN/DIR Cadarache 
DMECN Saclay 
DTCE Grenoble 
DSMN/FaR 
Service Documentation Saclay 



IPSN/D.SN : M. ZAMMITE 

DAS/SAF : M. BRISBOIS 
M. CORNILLE 
Mme LANORE 

DAS/SAER : M. DUCO 
M. MANESSE 
M. ROUSSEAU 
M. COSTF.5 
M. EVRARD 
M. CENERINO 

DAS/SASICC : VI. DEVILLERS 

DEMT - CEN/Saclay : M. MALHERBE 

DEMT/SYST. - CEN/Saclay : M. BERTHION 
M. LHIAUBET 
M. PEPIN 
M. CARVALLO 
M. ABBAS 
M. GAUVAIS 

DERS/SEAREL - CEN/FAR : VI. REOCREUX 
M. POCHARD 

DERS/SESRU - CEN/Cadarache : M. SOPHY 
M. LUCOY 
M. CERF 

DEMG - CEN/Grenoble : M. JANVIER 


