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ABSTRACT 

The METIS code, developed at the ENSMP is a 2D finite element radio
nuclide transport and groundwater flow model based on the hypothesis 
of an equivalent porous medium with an explicit description of the 
main fractures. It is integrated in the global risk assessment code 
MELODIE for nuclear waste repositories in geological formations. 

The participation of the METIS code to the HYDROCOIN exercise is of 
prime importance for its development and its incorporation in the 
performance assessment procedure in France. 

Results from HYDROCOIN cases show that the code can handle correctly 
fractured media, high permeability contrast formations and buoyancy 
effects, k 3D version of the code has been developed for carrying 
comparisons of field experiments and groundwater flow models in 
HYDROCOIN level 2. 

In order to carry out the exercise, several pre and post-processing 
programs were developed and integrated in a conversational module. 
They include : contour plots, velocity field representations, interpo
lations, particule tracking routines and uncertainty and sensitivity 
analysis modules. 

1 INTRODUCTION 

The CEAr/IPSN J5 currently developing computer models for the safety 

evaluation of future nuclear waste disposal 3ites in granite, clay or 

bedded salt host rock formations. These models are integrated in the 

global risk assessment code MELODIE [l] which provides the adequate 

environment for the performance assessments procedure. In this 

structure, the METIS code which has been developed by the ENSMP is the 

basic model for groundwater flow and radionuclide transport in the 

geosphere. 
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Quality insurance of the individual models is performed by comparison 
of results to analytical solutions, inter-comparison of codes, 
comparisons to experiments when available and "exercises" on specific 
sites. 
Examples of such work are carried out by the CEA/IRDI (Institut de 
Recherche et de Développement Industriel) for the validation of the 
source term model, and by the IPSN through the PAGIS exercise [2] for 
modelling of granitic formations. 
It has been recognized that much benefit could be gained by performing 
these programs at an international level. The large number of codes 
for intercomparison, the confrontation of individual strategies and 
situations in different countries, the large data-base available, the 
presence of many experts offer a broader scope for verification and 
validation exercises and increase the general confidence about the 
models. 
HYDROCOIN is one approach to verification and validation at the 
international level in the field of groundwater flow and the results 
from the participation of the METIS code to this exercise has met a 
large part of the issues which were intended. 
The proposed cases for verification were tackled partly by the 
developer (ENSMP), partly by the user (IPSN), which allowed both teams 
to appreciate the possibilities of the METIS code and make a 
comparison to other codes available at the international level. 
Several options which were :iot available in METIS at the beginning of 
HYDROCOIN are now operating satisfactorily and new developments are 
being initiated because they were judged important from HYDROCOIN 
experience. 
Pre and post-processors have, in particular, been extensively 
developed and are now part of the MELODIE stucture. 
The results from the ENSMP and IPSN calculations are very 
satisfactorily as compared to analytical solutions or results obtained 
from other codes. 
The strict validation aspect of the exercise as approached in level 2 
has revealed the difficulty to give appropriate answers in this field. 
The validation exercises seem to Judge more the skill of the user than 
the capabilities of the code and the incomplete and scarce data-bases 
tend to make then look like calibration exercises. This was 

.../... 
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nevertheless the occasion to develop the code TRISEC which is a 3D 
version of the METIS code. This code will allow to gain experience in 
calibrating modela and will be applied to the site characterization 
for an optimized use of local models. 
HYDROCOIN is just one step toward model validation and it is important 
to stress some important issues which were left aside in this exercise 
because of the lack of time. 
These different aspects will be discussed here. 

2 DEVELOPMENTS OF METIS RELATED TO HYDROCOIN 

2.1 Introduction 

METIS was developed to calculate groundwater flow and radionuclide 
transfer in equivalent porous medium. 
It is a 2D finite element code using the Galerkin formulation for 3 
and 4 node elements. The discretization in time uses the 
CranK-Nicholson scheme. Groundwater flow is solved in term of 
hydraulic heads. Velocity components are calculated at the four Gauss 
points from bilinear interpolation. Several modifications of the METIS 
code were implemented as a result of its participation to HYDROCOIN. 

2.2 Fractures as linear elements 

The first application of the METIS code to waste management was to 
model granitic formations. These formations are characterized by 
microfractures, which are represented inside each grid element by an 
effective porosity and a permeability tensor, and larger fractures, 
which are represented by individual elongated elements. The 
introduction of elements at a completely different scale produces 
numerical errors, in finite element codes, which can be alleviated by 
special grid designs where the change in element size is very 
progressive. HYDROCOIN level 2 case 2 was a perfect test in this 
respect. 
In order to improve the quality of the calculation without using a 
large number of elements it was decided to represent fractures by 

.../... 
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linear elements with their own characteristics. This would allow to 
consider independantly the fractures and the matrix. Important 
improvements were obtained. 

2.3 Buoyancy effects 

There is a need to consider buoyancy effects close to a repository of 
high level wastes where large thermal loadings are being dissipated. 
HYDROCOIN level 1 case H considers this effect and METIS was modified 
to tackle the case. A heat transfer module which used the standard 
METIS finite element scheme and a special module for groundwater flow 
calculation with hydraulic pressures instead of hydraulic heads were 
developed. No special difficulties appeared in tackling the case 
except for the increased numerical precision which was necessary in 
the pressure calculation. A consistant velocity formulation had to be 
used for high hydraulic conductivity contrasts to be modelled. 

2.1* High solute concentration effects 

Density variation due to high salt contents in aquifers around a 
repository in a salt formation should be considered. The effects can 
be taken into account, as a first approach, in a similar fashion as 
the buoyancy effects where the water density depends now on salt 
concentration. However, in this case, the non linearity of the problem 
is amplified since the salt transport is very much dependant on 
groundwater flow. This coupling was not considered and verified as 
negligible in the heat transfer case. 
The corresponding HYDROCOIN case b would have been tackled with METIS 
if enough time was available. The discussions about that case, the 
problems encountered by the teams and the conclusions which were drawn 
will be taken into account when the IPSN tackle the problem. 

2.5 Input data modifications 

The intensive use of the code has led to several modifications in the 
input data requirements. The compatibility of the code to the grid 
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generator was insured and the introduction of parameter values was 
simplified. 

2.6 The 3D version of the METIS code 

It appeared necessary, in order to validate a groundwater flow model 
by corparison to experiments, to develop a 3D version of the METIS 
code (TRISEC). This code was used to solve level 2 cases 3 and H. This 
code will later be devoted to the choice of the most appropriate 2D 
representation of sites and the determination of their boundary 
conditions. 

3 PRE-/AND POST PROCESSORS 

3.1 Grid generation 

The only automatic grid generator available in METIS provides 
rectangular grids. Several grid generators developed by the CEA/DEMT 
were tested. The final choice, GIBI, is a conversational system which 
can generate a grid in 2 ou 3 dimensions using a specific language 
with definition of objects and operators. 
Each step of the grid generation can be visualized at any desired 
scale. The bandwidth is optimized. The output data give the coordinate 
of each node, the numbering of the nodes of each element and the nodes 
of each object which has been defined. An interface allows then to 
construct the list of elements of each zone where parameters have a 
constant value. This is then filed in the METIS input data. 
An exemple of grid generation is shown in figure 1. 

3.2 Data interpolation 

Several routines were developed in order to generate continuously 
varying input data or to interpolate between calculated values for 
representing varying parameters in space or time. The corresponding 
graphic display was developed with conversational access. 

.../... 
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3.3 Velocity charts 

A routine for representing velocities on the 20 grid was developed. 
Velocities are represented as arrows which direction is consistant 
with the scale on both axis. The length of the arrow is proportional 
to the velocity, or the logarithm of the velocity, depending on its 
total range of variation in the domain. The different scales in x and 
y are taken into account in the calculation of the length of the 
arrow. 

3.4 Contour plots 

An automatic contour plot generator was developed by the ENSMP and was 
made conversational. 

3.5 Particle tracking 

A particule tracking routine was developed by the ENSMP. It cannot yet 
be used when fractures are figured as linear segments, in time 
dependant calculations or in 3 dimensions. The uncertainty in the 
calculation is related to the determination of the velocity which is 
considered as uniform on each element. 

4. VERIFICATION AND VALIDATION OF METIS THROUGH HYDROCOIN 

4.1 Verification (level 1) 

1.1.1 Transient flow through a borehole : case 1 [3] 

This case is typical of a simple fractured formation at a small 
scale (figure 2). 
The comparison of the analytical solution and the code result is 
satisfactory (figure 3). The maximum difference in relative error is 
3,5$ for the coarsest grid and 1,25$ for the ;iner grid. The grid mesh 
being adequately discretized, very little difference can be seen 

« • • / • • • 
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between the use of the rectangular elements and linear elements. The 
comparison of results with other project teams is shown in figure '<*. 

4.1.2 Steady state flow in a rook mass intersected by permeable 
fractured zones : case 2 

This case was tackled by tht ENSMP [3] and the CEA/IPSN [«]. 
The main conclusion from this case is the importance to consider 
linear segments instead of rectangular elements for fractures. With 
the medium mesh (figure 5) the maximum relative error in hydraulic 
head is equal to 4% of the total head variation with rectangular 
elements and 0,6)1 with linear elements. With the finest mesh 
(figure 6) the corresponding values are 1,2% and 0,3%. 
It was also concluded that the use of quadratic elements by some 
project teams increases the precision by a large extent for the 
coarsest grids. 
The results obtained by the different project teams are compared in 
figure 7 and 8. 
Particule trajectories given by METIS are satisfactory considering the 
sophistication of some particule tracking algorithms. 

1.1.3 Transient thermal convection in a saturated permeable medium : 
case 4 [5 ]. 

This case simulates the influence of the heat released by the waste on 
the flow pattern in the host rook. The geometry is simple enough for 
the case to be solved by an analytical solution. 
Comparison with the METIS results shows that the maximum relative 
error for the temperature increases from 0,1$ at 40 years simulation 
to 12% at 10 000 years. The corresponding relative errors in the 
pressure increase are between 1% and 10% depending on the distance to 
the repository and the date. 
An example of comparison with other project teams results is shown in 
figure 9. 
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4.1.4 Steady state flow in a regional aquifer : case 6 [6] 

The aim of this exercise was to model the flow in a regional 
groundwater system with rock layers of highly contrasting 
permeability, typical of bedded salt sites (figure 10). 
A problem brought by the IPSN was related to the boundary conditions 
specified as a recharge in the system. It appears that, for saturated 
media, heads boundary conditions are much easier to deal with, 
otherwise unphysical hydraulic heads may be obtained if permeabilities 
are not adapted. 
The case was quasi bi-dimensional and considered as such by the IP£N. 
The large permeability contrast and the aspect ratio of the domain 
created some oscillatory behaviour for the velocities close to 
permeability gradients (figure 11). The hydraulic head variations and 
the particule trajectories were nevertheless very close to other 
project teams results (figures 12 and 13). 

4.1.5 Saturated 2D flow through a shallow land disposal facility in 
argillaceous media case 7 [7] 

Ai for case 6, but on a smaller scale, this case is characterized by 
strong permeability contrasts, although in the host rock the 
permeability variation is continuous. Some grid refinement had to be 
introduced to describe the flow, near the empty pit, on the right end 
side, figure 14. 
Comparison of vertical velocities and trajectories to those of other 
project teams shows very satisfactory results even though some codes 
use much more sophisticated procedures (figures 15 and 16). 

4.2 Validation (level ?) 

Three cases have been tackled on level 2 by the ENSMP : the thermal 
convection and conduction around a field heat tranfer experiment, 
(case 1) [fl], the simulation of a small groundwater flow system in 
fractured rock at Chalk River (case 3) [9] and the simulation of a 
large scale aquifer in low permeability media (case 4) [10]. There was 
no particular numerical difficulties in modelling cases 1 and 3. As 
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for case U, the large scale of the site and the coarse discretization 
in the vertical direction prevented to fit the strong vertical 
gradients with sufficient precision. Better accuracy would have been 
obtained is solving the groundwater flow directly in term of 
velocities. 
In any case, not enough information was available on this site as for 
the degree of saturation of the rock, the vertical variations in 
permeability and the flow at the discharges. 
General conclusions drawn from tackling cases 3 and 4 are that the 
data base is insufficient to insure that the set of permeabilities 
which has been selected is the correct one. The lack of sc.sitivity of 
the permeability value to the measurement fitting implies large uncer
tainty on the particle travel time. Increase confidence would have 
required more interaction between the modeller and the field experi
mentalist. 

4.3 Sensitivity and uncertainty analysis (level 3) 

Several tools have been integrated in the MELODIE structure in order 
to perform sensitivity and uncertainty analysis on consequence calcu
lations. They are based on statistical sampling techniques and have 
been applied to specific studies [2, 1l]. 
It is intended to use these techniques on one of the level 3 cases. 

5 NEED FOR FURTHER WORK IN GROUNDWATER FLOW MODELS VALIDATION 

As described here, the achievements of HYDROCOIN for the French party 
were extremely valuable. Nevertheless, HYDROCOIN is Just one step in 
confidence building and we may stress some points which, due to the 
lack of time, may have been overlooked. 
Too much confidence may be built in the results from level 1 with 
saturated, uniform density groundwater flow cases. In c'jr opinion, 
site evaluation will require to model more complex sites where the 
codes we are using may not perform as well. It wculd have been 
interesting to compare the quality of the techniques which have been 
used in more challenging situations. 

•••/••• 
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Unsaturated or variable density cases were unfortunately too easy, 
like case 4 or too difficult, like cases 3 and 5. 
The equations describing permanent groundwater flow in equivalent 
saturated porous medium with explicit fracture representation are 
correct and need not to be validated. The numerical transposition of 
tiiese equations should nonetheless be verified. The issue to be 
addressed is the validation of the description of the hydrology of a 
specific site which can only be resolved case by case. Just some 
general methodology may be agreed upon at the international level. The 
variation of long term variations in flow due to fracture opening or 
melting of permafrost, for instance, have yet to be performed. 

6 CONCLUSION 

The role of HYDROCOIN for the improvements of the METIS code has been 
of prime importance and the confidence level about this code has been 
increased at the national level and at the international level. 
Nevertheless more experimental as well as theoretical work will be 
required in order to prove its adequacy to the sites it is intended to 
model. 
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Figure 1 : Example of automatic grid generation with GIBI 
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Figure 2 : Schematic diagram of the test problem for HYDBOCOIN 
level 1 - case 1 
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Figure 5 Figure 6 

Medium grid and fine grid for level 1 case 2 
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Figure 7 : Cooparison of METIS results to other project teams results 
for hydraulic heads at 200 m depth 
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Figure 8 : Coaparison of METIS results to other project teams 
results for particule trajectories 
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Figure 12 : Comparison of METIS results to other project 
teams results for hydraulic head distribution 
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Figure 13 : Comparison or METIS results to other teams 
results for particule trajectories 



Figure 1M : Darcy velocity chart for level 1 case 7 
obtained with the METIS code 
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Figure 15 : Coaparison of METIS results to other 
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