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Foreword 

Currently, radioactive waste management programmes in OECD countries cover a wide range of 
activities aiming at the gradual implementation of disposal concepts for various types of waste. 
This concerns, in particular, the institutional and regulatory framework as well as research and 
development activities. In some countries, site selection and characterisation programmes for high-
level waste disposal are at a relatively advanced stage. Several countries already have repositories 
for low-level waste in operation. Among these activities, safety issues are a common concern, 
and, therefore, enjoy a high priority in international co-operative programmes. 

INTRA VAL is an international project concerned with the use of mathematical models for 
predicting the potential transport of radioactive substances in the geosphere. Such models are used 
to help assess the long-term safety of radioactive waste disposal systems. The INTRA VAL project 
was established to evaluate the validity of these models. Results from a set of selected laboratory 
and field experiments as well as studies of occurrences of radioactive substances in nature (natural 
analogues) are compared in a systematic way with model predictions. Discrepancies between 
observations and predictions are discussed and analysed. 

Twenty-two organisations from thirteen OECD countries participate in INTRA VAL. The Swedish 
Nuclear Power Inspectorate (SKI) is the managing participant and the OECD/Nuclear Energy 
Agency, Her Majesty's Inspectorate of Pollution (HMIP/DOE), United Kingdom, and Kemakta 
Consultant Co., participate in the Project Secretariat. 

INTRA VAL finished its first phase in 1990. Phase 1 of the project comprised seventeen test 
cases, and thirteen of these have been extensively analysed. This report is one in a series of 
eleven INTRA VAL Technical Reports documenting the results and conclusions of Phase 1. In 
addition, short descriptions of the experiments behind the test cases are compiled in a separate 
Technical Report. The integrated results and overall conclusions of INTRA VAL Phase 1 are given 
in a Summary Report. 

A second phase of the INTRA VAL project was initiated in 1990. Phase 2 of the study will 
conclude the INTRAVAL project in 1994. 
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Abstract 

This report describes the findings of the project teams involved in test case 13 of INTRAVAL 
Phase 1. The test case is based on laboratory experiments dealing with flow and dispersion of 
brine in a porous medium. 

The purpose of these experiments was twofold: i) to investigate some of the relevant processes 
in brine transport in porous media, and ii) to provide sets of data to be used for (partial) 
validation of transport models. 

The experiments were carried out in a column packed with glass beads of diameter 0.40 to 0.52 
mm. Salt water was injected through nine holes at the bottom and withdrawn through nine holes 
at the top. Initially a low salt concentration was used which was then displaced with higher 
concentrated salt water. The salt mass-fraction was detected using an array of electrodes such that 
breakthrough curves were obtained at five different levels in the column. 

The report reviews a number of conceptual models and the corresponding numerical codes 
employed by different modelling teams. The experiments on one- and two-dimensional flow and 
transport were simulated by various groups. 

The question underlying the experiments, namely the applicability of Fick's laws over the whole 
range of salt concentration, could be addressed satisfactorily. All models could simulate low-
concentration experiment using a dispersivity value of 0.8 mm to 1.00 mm. However, using the 
same dispersivity value, it was not possible to simulate high-concentration experiments. These 
studies prove that the Fickian dispersion law (Scheiddeger's formulation) with a constant 
dispersivity is not valid over the whole range of concentration values. A definite conclusion on 
an appropriate conceptual model to describe dispersion over the investigated range is pending on 
the availability of additional experiments. Another question intended to be studied by the 
experiments was the validity of Darcy's law at high concentrations. Two-dimensional experiments 
were carried out for this purpose. In practice, calculations were hampered by extremely high 
demand on computer resources. Although a number of efforts were made, which qualitatively 
were satisfying, a conclusion could not be reached on this question. 
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Summary 

INTRAVAL is an international project for the validation of models for radionuclide transport in 
the geosphere. In the project a number of test cases have been formulated, based on laboratory 
and field experiments as well as natural analogues. These test cases are related to the various rock 
types which are currently being studied for disposal of radioactive waste. This report describes 
the findings of the project teams involved with test case 13 of INTRA VAL Phase 1. The test case 
is based on laboratory experiments dealing with flow and dispersion of brine in a porous medium. 

The purpose of these experiments was twofold: i) to investigate some of the relevant processes 
in brine transport in porous media, and ii) to provide sets of data to be used for (partial) 
validation of transport models. 

The experiments were considered to be relevant to the study of hydrogeological models which 
are used in safety assessments of disposal in rock-salt. 

The experimental set-up consisted of a column filled with a porous medium and connected to two 
separate circuits of 'fresh' water and salt water. The column consisted of two plexiglass plates 
spaced 1 cm apart. The column was tightly packed with glass beads of diameter 0.4 to 0.S2 mm. 
This gave a very homogeneous medium with intrinsic permeability of about 1.6-10"6 cm2 and 
porosity of about 0.40. Salt water was injected through up to nine holes at the bottom and 
withdrawn through nine holes at the top. Initially a low salt concentration was used which was 
then displaced with higher concentrated salt water. The salt mass-fraction was detected using an 
array of electrodes such that breakthrough curves were obtained at five different levels in the 
column. 

Several sets of data are available which may be used independently for model calibration and 
comparisons of predictions with observations (partial validation). The report reviews a number 
of conceptual models and the corresponding numerical codes employed by different modelling 
teams. The experiments on one- and two-dimensional flow and transport were simulated by 
various groups. 

The question underlying the experiments, namely the applicability of Pick's law over the whole 
range of salt concentration, could be addressed satisfactorily. All models could simulate low-
concentration experiment using a dispersivity value of 0.8 mm to 1.00 mm. However, using the 
same dispersivity value, it was not possible to simulate high-concentration experiments. These 
studies prove that the Fickian dispersion law (Scheiddeger's formulation) with a constant 
dispersivity is not \ alid over the whole range of concentration values. A definite conclusion on 
an appropriate conceptual model to describe dispersion over the investigated range is pending on 
the availability of additional experiments. Another question intended to be studied by the 
experiments was the validity of Dairy's law at high concentrations. Two-dimensional experiments 
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were carried out for this purpose. In practice, calculations were hampered by extremely high 
demand on computer resources. Although a number of efforts were made, which qualitatively 
were satisfying, a conclusion could not be reached on this question. 

The report ends with recommendations for additional laboratory work and field experiments on 
different spatial scales. 
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1. Introduction 

Final disposal of radioactive waste in geological formations is being considered in a number of 
countries because in that way long-term isolation from the biosphere may be obtained. An integral 
part of the safety assessment of nuclear waste disposal is the study of potential radionuclide 
transport in the geosphere. This requires a detailed understanding of the various physical and 
chemical processes which take place within geological formations. Groundwater flow and 
associated transport of radionuclides is regarded as a major mechanism for radionuclides to return 
to the biosphere. The increased understanding of these processes is reflected in further 
development of models. Models serve as a powerful tool for prediction of release of radionuclides 
from the disposal system into the geosphere, movement of water and contaminants through the 
geosphere, and calculation of doses of radioactive material reaching the biosphere. The questions 
then arise as to how good such predictions are and how much one can trust the results. Answers 
to such questions are normally sought by the validation of models. Validation can be performed 
by testing the models on their capability to simulate laboratory experiments, field experiments, 
and natural analogues. 

A candidate type of formation for emplacement of a waste repository is rock salt. Although the 
water content of rock salt is extremely low and flow of pore water is practically absent, the 
possibility is always present that inhomogeneities, which may be continuous over large distances, 
provide a pathway to the release of radionuclides. In safety assessments of disposal in salt, a 
permeable pathway is generally assumed to enable radionuclides to escape from disposal depth 
to the salt surface, which may range from about one hundred metres to more than thousand metres 
below surface. Further transport is only possible via a groundwater system. 

Groundwater in the aquifers surrounding and overlying salt formations contains a high 
concentration of salt, which often decreases sharply and reaches seawater concentrations at some 
distance away from the salt dome. This feature has to be properly accounted for in the studies of 
nuclide transport in the geosphere. Calculation of the travel times and concentration distributions 
of radionuclides must be based on a good knowledge of the groundwater flow velocity and/or 
pressure distribution, which are in turn, strongly influenced by large variations in the salt content 
of groundwater. In the vast literature on flow and transport in porous media, there is a lack of 
information on the effect of high salt concentration on groundwater movement and pollutant 
transport. Very recently, a number of works on theoretical and numerical aspects of modelling 
brine transport have been reported. Among these are the works by Leijnse (1985), Herbert et al. 
(1988), Hassanizadeh (1986 a and b, 1988), and Hassanizadeh and Leijnse (1988). Some of these 
works have concentrated on identification of appropriate processes related »o brine transport in 
soil formations, but the studies remained mainly at the theoretical level. Obviously, laboratory and 
field studies are also needed to assist with achieving our goals in model validation. 
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In view of the importance of validation of modelc used in safety assessment, the Swedish Nuclear 
Power Inspectorate took the initiative to set up an international forum to discuss the various 
approaches to validation being used in several countries. Later on, the OECD-NEA supported this 
work and contributed to the Secretariat. It soon became clear that different models are applicable 
in different rock types. Therefore, the validation efforts were directed towards the various rock 
types under consideration for final disposal. Laboratory experiments as well as field observations 
were used for this purpose. 

This report summarizes the efforts of the teams involved in modelling related to disposal in rock-
salt to validate models with the aid of laboratory experiments. 

These experiments were designed and carried out in the National Institute of Public Health and 
Environmental Protection (RIVM) of the Netherlands. They were adopted as test case 13 of the 
INTRAVAL project by the Coordinating Group of INTRAVAL. Five project teams, representing 
seven institutes, carried out simulations and participated in preparing the final report. The seven 
modelling groups are from: 
- Bundesanstalt fur Geowissenschaften und Rohstoffe (BGR), Germany, 
- GSF-Forschungszentrum fur Umwelt und Gesundheit, GmbH, Institut fur Tieflagerung (GSF), 

Germany, 
- Gesellschaft fur Reaktorsicherheit (GRS), Germany, 
- Ecole Nationale Suplrieure des Mines de Paris (ENSMP), France 
- Rijksinstituut voor Volksgezondheid en Milieuhygiene (RIVM), The Netherlands, 
- Technische Universitat Berlin (TUB), Germany, 
- Universitat Hannover (UH), Germany. 

In this report, first a brief overview of validation issues and procedure is given in Chapter 2. 
Then, test case 13 and the experiments are described in Chapter 3. In Chapter 4, a conceptual 
model of coupled flow and transport in a porous medium is outlined and basic governing 
equations are given. In Chapter S, various numerical models used by different project teams are 
described and their features and limitations are pointed out. In Chapter 6, the procedures followed 
by different project teams in evaluating the model parameters, such as dispersivity and porosity 
are described and calibration results are discussed. In Chapter 7 and 8, the validation calculations 
are outlined and results obtained by different groups are compared and discussed. In Chapter 9, 
results of sensitivity analysis to examine the effect of temporal and spatial discretizations and 
dispersion length are outlined. Finally, conclusions obtained from this study, specially in relation 
with validation issues are outlined and certain recommendations for future studies are given. 
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2. Validation Aspects 

The validation exercise reported had a somewhat limited scope. The major validation issues 
addressed in test case 13 are: 
- process identification, 
- conceptual model development, 
- mathematical model building, and 
- model calibration. 

The main issue in process identification for this test case is to investigate the effects of high salt 
concentration gradients on flow and solute transport. Based on such investigations, one has to 
provide a conceptual model mat allows for the dependence of viscosity and mass density on salt 
mass-fraction. Questions regarding the dependence of dispersivity (and permeability) on salt mass-
fraction, and die validity of Darcy's and Fick's laws are also addressed here. Furthermore, the 
numerical structure of the mathematical model is investigated with the help of this test case. 

Various authors have proposed different strategies for validation of models (see e.g. Tsang, 1987; 
Eisenberg et al. 1987). The central theme in all strategies is the comparison of model predictions 
with experimental results. The aim is to obtain insight into the working of the model under its 
operating conditions (i.e. the conditions for which the model is supposedly designed). However, 
depending on the spatial and/or temporal scale of the problem and the validation experiments, one 
may need to follow different strategies. Also different validation strategies have to be adopted tor 
cases in which experimental data are already available and no new experiments are possible, as 
opposed to cases in which the experiments are going on and/or are yet to be planned. In the 
present case, in which data are obtained from laboratory experiments already carried out, a 
simplified validation strategy, illustrated below, is selected by most modellers. 

I 1 

i J- T t T 
input -* conceptual —> numerical -* verification -» calibration —> prediction -> comparison 

model model with data 

First one has to decide which are the relevant processes by studying experimental data. 
Accordingly, a conceptual model, in the form of (differential) equations and corresponding 
boundary and initial conditions, must be developed. The conceptual models and governing 
equations considered are given in Chapter 4. These are then incorporated into a numerical model. 
A number of different numerical models are employed by various project teams and these are all 
briefly described in Chapter 5. 
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The general procedure is to calibrate the model using data from one experiment. In principle, 
then, one should be able to predict other experiments using the calibrated model. If a satisfactory 
agreement between predictions and experimental results is not obtained, one has to go back and 
revise the conceptual and the numerical models and recalibrate. If there are effects which will be 
important only at high concentration gradients, then calibration has to be based on a high 
concentration experiment as well. Finally, one should be able to simulate all experiments with a 
single set of parameters. This procedure was adopted in most modelling results reported here. 

An important issue not addressed in this work is the measure of the goodness of fit in the 
comparison of calculated and experimental results. In this study, the results were simply compared 
visually. 
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3. Test Case Description 

In this chapter, the experimental apparatus and procedures are described. For more details, one 
should consult the RTVM project team report (Hassanizadeh et al 1990). 

3.1 Experimental Set-up, Materials and Methods 

The general layout of the experimental set-up is depicted in Figure 1. A synthetic porous medium 
is placed between two parallel plates which form a nearly two-dimensional vertical column. The 
plates are made of plexiglass and have a thickness of 1? mm. They are spaced 10 mm aoart. Inner 
dimensions of the column are 60 cm (b) by 125 cm (h). The upper part of the column is open 
(see Figure 2). There is one row of inlet/outlet holes at the very bottom of the column and one 
at the top (Figure 3). Each of the holes at the bottom is served with a valve which may be 
operated independently. In principle, vertical flow both in the upward and downward directions 
is possible. There are two separate flow circuits: fresh water and salt water. Each circuit consists 
of a main reservoir, a pump, a constant-level inflow reservoir and a constant-level outflow 
reservoir. By regulating the 3-way valves, one can let the fresh water or the salt water flow 
through the column. The fluid is distributed from the 3-way valve to the holes at the bottom 
through a distribution cylinder installed immediately before the holes (Figure 1). The experiments 
are all carried out in a constant-temperature room where the average temperature was about 19°C. 
Glass beads, with diameters ranging from 0.40 to 0.S2 mm, are used to fill the column. The beads 
were placed in the column by means of a PVC pipe, with the column full with water and vibrated. 

To ensure that there was no air in the column, after having placed the glass beads in a satisfactory 
manner, the column was drained and carbon-dioxide gas was injected into the column from below. 
This gas, being heavier than air, would almost totally displace the air. This was continued until 
no air was detected coming out of the column at the top. Subsequently, the column was filled 
with water. The water easily dissolves the carbon dioxide and fills all pores. Thereafter, the 
column was kept saturated during the whole process of electrode calibration and the experiments. 

Quantities measured during various experiments are: 
- volumetric flow-rate, 
- total-head distribution, 
- salt mass-fraction of fluid entering/leaving the column, and 
- distribution of salt mass-fraction of the fluid in the column. 

The volumetric flow-rate was measured at two locations: before the inlet to the column where an 
in-line flow-meter is installed, and after the outL. from the column where water could be 
collected in a measuring glass and the filling time measured. The total head of flow was measured 
with the aid of manometers installed in two vertical rows along the two sides of the column 
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(Figure 2). Unfortunately, during experiments where there are large concentration differences, the 
manometers' representation of flow head becomes grossly inaccurate because of the variation of 
density of the column of water in the manometer tubes. However, during constant-density 
measurements, the manometer readings could be used to calculate the pressure distribution in the 
column. Then, by carrying out classical Darcian experiments, the intrinsic permeability of the 
column could be determined at different salt concentrations. Results of these measurements 
indicated a linear dependence of intrinsic permeability on salt mass-fraction. The average 
permeability of the medium for salt water with a mass fraction of 0.001 g/g is about 
1.7710'6 cm2, whereas for a salt mass-fraction of 0.23 g/g, it is about 1.35-10"* cm2. The salt 
mass-fraction of die solution outside the column was measured with a conductivity meter, and 
inside the column it could be monitored by means of 16 pairs of electrodes (Figures 2 and 3). 
Each pair consists of two electrodes facing each other and built into the plexiglass plates such that 
they do not protrude into the porous medium. Therefore, the measurement of salt mass-fraction 
does not disturb the flow-field. Each and every pair of electrodes was calibrated in-situ to obtain 
a relationship between the measured voltage difference across them and the salt mass-fraction of 
the fluid in the column. Calibration curves were obtained for the range 0.001 g/g to 0.24 g/g of 
salt mass-fraction. Reading of all electrodes simultaneously was performed automatically by 
means of a data-acquisition system. 

3-way valve 

fresh water sail water 

outflow I inflow 
res. ' 

• manometers 

• electrodes 

outflow 
res. 

ye--u—B 

salt water 
reservoir 

]i 
flowmeter 3 way valve flowmeter I 1 record. 

* a 

Figure 1. General configuration of the experimental set-up 
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3.2 Experimental Errors 

The errors associated with measurements of the salt mass-fraction and flow-rate have two parts: 
errors due to the measurements and errors associated with the calibration curves. The maximum 
total error associated with the salt mass-fract'-jns is in the range -5.0 to +3.55%. 

The errors associated with reading manometers to obtain pressure differences are ±1% for 
differences across the whole column and ±5% for differences between two adjacent manometers. 
The error associated with the flow-roe measurements is in the range ±2.5%. 

With these error estimates, the error associated with the calculation of average permeability of 
the column amounts to about ±2%, whereas the error in the value of permeability for a region 
between consecutive manometers is about ±10%. Also, recall that permeability may decrease up 
to 20% when the salt mass-fraction increases from 0.001 to 0.230. 

3.3 Displacement Experiments 

Two types of displacement experiments were carried out. These are called low-concentration-
gradient (LCG) and high-concentration-gradient (HCG) experiments as defined below. In all 
experiments, the original fluid in the column had a low salt concentration (approximately 1-3 g/1 
with mass fraction (O0 = 0.001-0.003). The measuring range of the electrodes (taking into account 
the electronics) made it impossible to start with fresh water. 

In the LCG experiments, the resident water in the column was displaced by water containing a 
slightly higher salt concentration (2-4 g/1, <a0 = 0.002-0.004). This concentration is high enough 
to enable the breakthrough curves to be measured with a high degree of accuracy. However, 
concentration variations, are so low that the effect of differences in fluid density can be neglected. 
The purpose of carrying out the low-concentration-gradient experiments was twofold: 

i) to provide experimental data to determine the porosity and dispersivity of the porous 
medium; 

ii) to provide experimental data to check the numerical code used to evaluate the 
experiments. 

In the HCG experiments, the salt concentration of the displacing fluid is high enough that the 
density differences have an effect on the displacement process. 

In all, seven displacement experiments have been carried out: four LCG's of which one was two 
dimensional, and three HCG's of which one was two-dimensional. The experiments were given 
code names consisting of 5 characters. For example, LI D01 stands for Low-concentration-gradient 
1*D experiment number 01. Similarly, H2D01 stands for High-concentration-gradient 2-D 
experiment number 01. The seven experiments and the salt mass-fractions of the resident and 
displacing solutions are listed in Table 1. 

- 17-



Table 1. Main data on the various experiments. 

Experiment code 

Salt Mass-fraction 
Residual Solution 
HO"3) 

Salt Mass-fraction 
Displacing Solution 
<10'3) 

Range of Flow-rate 

(ml/s) 

L1D01 

1.37 

288 

0.40 

L1D02 

1.75 

2.78 

0.36-

0.45 

L1D03 

2.97 

3.70 

0.20-

0.23 

L2DC1 

3.84 

4.5 

0.01-

0.05 

H1D01 

2.78 

81.03 

0.04-

0.40 

H1D02 

3.17 

235.6 

0.07-

0.6O 

H2D0I 

4.65 

176.66 

0.17-

0.23 

Detailed information about all experiments and the measured flow-rate and breakthrough curves 
at electrodes are available on floppy diskettes on request1. The electrodes are designated with 
a two-character code (see Figure 3). The first character gives the row number of the electrode and 
the second character gives the location number. In each row, there are three electrodes designated 
by L (left), C (centre), and R (right). For example, the left electrode in row 4 is designated with 
4L. In row 5, there are two centre electrodes designated with SCI and 5C2. Electrode 5R was not 
working properly and there are no data from that electrode available. Also, during some 
displacement experiments, the measurements for some electrodes seemed to be out of the range 
and they have not been included in die data set. 

1 Contact RIVM - Soil and Groundwater Research Laboratory, P.O. Box 1, 
3720 BA BILTHOVEN, The Netherlands. 
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4. Governing Equations 

4.1 Introduction 

Movement of brine in a porous medium is a coupled phenomenon. It involves dispersion of salt 
within a moving fluid. Variations in salinity correspond to variations in density which affect the 
flow. Hence the flow affects the salt dispersion and vice versa. Problems and issues related to the 
modelling of coupled flow and solute transport are discussed in detail by Hassanizadeh and 
Leijnse (1988). They point out that three main issues require special attention when constructing 
coupled flow and transport models. These are related to: 
i) the basic (governing) equations, 
ii) the boundary conditions, and 
iii) the numerical methods. 

Hassanizadeh and Leijnse discuss a few alternative conceptual models and certain boundary 
conditions generally applicable to coupled flow and transport problems. They also compare three 
different numerical methods for their computational efficiency and ability to account for 
nonlinearities. However, their conclusions remain somewhat speculative, and they point out that 
physical experiments are r* 'ired to establish the validity of proposed conceptual models and 
boundary conditions. In tii chapter, the governing equations underlying most of the models 
employed by different project teams are given. 

4.2 Governing Equations 

The basic equations describing fluid flow and solute transport in porous media are the equations 
of conservation of mass. These are (Hassanizadeh and Leijnse, 1988): 

- ^ £ • V-(pf) = 0 (I) 

_ (np(o) + V-(p(0<7) + V-/ = 0 (2) 
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where: 
n is the medium porosity, 
p is the fluid mass density, 
q is the Darcy velocity vector, 
co is the solute mass fraction, and 
/ is the solute dispersive mass flux. 

These relations must be supplemented by equations of conservation of momentum (motion). For 
creeping (or slow) isothermal flow in a porous medium, simplified forms of the equation of 
motion for a fluid and a dissolved solute are (Hassanizadeh, 1986): 

Vp-pg = *f(p,<»,q,J,T) (3) 

V/}=t ' (p , (o , fc / , :r ; (4) 

where pis the fluid pressure, g is the gravity vector, T is temperature, i? is the resistance (force) 
of the system to the fluid flow, t * is the resistance (force) of the system to the solute dispersion, 
and ft is the solute relative chemical potential, which accounts for the increase in the free energy 
of the solution as a result of the increase in die solute mass fraction (Hassanizadeh, 1986b). 
Equations (l)-(2) are physical laws and are considered to be valid for the full range of 
thermodynamic processes and for all kinds of solutes and fluids. Equations (3)-(4), on the other 
hand, contain certain conceptual simplifications and constitutive assumptions and are not 
necessarily valid for the full range of thermodynamic processes. Actually, one has to employ even 
simpler functional relationships for x? and t *, in terms of q and J, in order to render equations 
(3)-(4) amenable to mathematical analysis and suitable for practical usage. Commonly, a linear 
dependence of %f on q and x * on 7 is employed such that: 

Xf=-Bfq (5) 

x° = -R'(q)J (6) 

Substituting these relationships into equations (3) and (4), assuming that /} depends on solute 
mass-fraction GO, and multiplying by the inverse of tif and R* shows that q depends linearly on 
V/7 - pg and / depends linearly on Vco (Hassanizadeh, 1986b). The resulting expressions are 
Darcy's law and Fick's law which can be written in standard notation as: 

q = - t • [Vp - pg] (7) 
u 

J = - p D(q)V<0 (8) 

where k is the permeability tensor, D is the dispersion tensor, which is assumed to depend 
nonlinearly on q, and u is the fluid viscosity. Both p and p are known nonlinear functions of mass 
fraction. Various numerical models reported have employed different relationships for p and p. 
Typically, one may write: 
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p = pfcap) and fi = rfw). (9) 

The dispersion tensor (neglecting molecular diffusion) is given by: 

D = o^ \q\ I + (aL - OLj)q q I \q\ (10) 

where Oj- and aL are the transverse and longitudinal dispersivities, respectively, and / is the unit 
tensor. 

Also note that multiplying equation (1) by (0 and subtracting from equation (2), one obtains a 
reduced form of the salt transport equation: 

op - ^ + pa-Vco + V / = 0 ( ID 
dt 

4.3 Initial and Boundary Conditions 

The governing equations given in the previous section must be supplemented with initial and 
boundary conditions, for both mean flow and salt transport equations (equation (1) and equation 
(2) respectively). These are to be determined on the basis of the description of the (displacement) 
experiments given in Chapter 2. 

Because flow is stopped just before starting a displacement experiment the initial condition for 
flow is always a hydrostatic pressure distribution. 

P = P0
 + Pr8<L-x) at t=0 <12a) 

where p0 is the pressure at the outlet, p, is the mass density of the resident fluid and L is the total 
length of the column (L = 113.8 cm in the experiments). Because the column is open to the 
atmosphere, p0 is always equal to the atmospheric pressure. 

The initial condition for salt transport is simply given by the mass fraction of the resident fluid 
which is constant throughout the column: 

a> = a>j at r =0 (12b) 

Because the flow-rate at the inlet is measured as a function of time, an appropriate boundary 
condition for both flow and transport equations at an open inlet hole is specification of their 
corresponding mass flux: 

q = q0(t) i\x = 0 (13a) 
pqw + J = po(0oqo(t) at x = 0 (13b) 
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where q0 is the flow-velocity obtained by dividing the measured flow-rate by the total area of 
open inlet holes, and G>0 is the constant mass fraction of the displacing fluid. In the case of one-
dimensional experiments, qQ is obtained by dividing the measured flow-rate by the column cross-
sectional area. For two-dimensional experiments, at all closed inlet holes and along all horizontal 
and vertical walls the no-flux boundary conditions hold: 

q-n = 0 and Jn = 0 (13c) 

where n is the unit normal vector to the boundary. The boundary condition at the outlet (JC = L) 
for the flow-equation is simply the specified pressure: 

p = p0 at * = L (14a) 

and the boundary condition for salt transport is chosen to be: 

J = 0 ntx = L (14b) 

Strictly speaking, this condition is valid only if the salt mass-fraction at x - L remains constant. 
That is of course only the case if salt does not breakthrough at the outlet. Therefore, one could 
say that simulations based on boundary condition (14 b) are valid only up to the time that the salt 
front reaches the outlet. In our simulations, we have not looked at any point beyond x = 86 cm 
where electrodes 4L, 4R, and 4C are situated. From experimental data, it is clear that at the time 
the front leaves this point, the front has not reached the end of the column and, therefore, the 
boundary condition (14 b) remains valid for our simulations. 

An interesting point is that for one-dimensional experiments, the flow and transport equations are 
decoupled because flow-rate (thus fluid velocity) is fixed by the boundary condition. In other 
words, the solution of the transport equation will not be affected by Darcy's law. This is an 
interesting and useful characteristic of the experiment that avoids some of the complications 
normally encountered in validation of coupled flow and transport models (see Hassanizadeh, 
1990a). Unfortunately, however, due to lack of pressure data, the 1-D experiments cannot be used 
to investigate the applicability of Darcy's law in high-concentration-gradient situations. 
Investigation of the applicability of Darcy's law would be possible only by studying the 2-D 
experiments. 

4.4 Network Model 

4.4.1 General outline of the model 

Instead of the conceptual model described earlier, the GRS-team used a different approach. In 
their simulation of the experiment, the porous media is represented by a network of interconnected 
pipes in which flow and transport take place. The flow resistances of the pipes are assumed to 
vary statistically. Even if the dimensions of the pipes are somewhat larger than those of the real 
pores, the flow-field simulates a pseudo-microscopic velocity distribution within a porous 
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medium. Since dispersion has its origin in the variation of the velocities within the pores and 
among different pores, one can obtain a spreading of a tracer front (dispersion) with such a 
network model even if the transport simulation is purely advective. For example, Bear and 
Bachmat (1967), employed such a model to derive a relationship between the dispersivity and the 
porous-matrix geometry. 

4.4.2 Basic equations 

To develop the basic equation to be solved for the pressures at the nodes of the network, we start 
from the mass balance equation, i.e. 

*?£. = - V-(pf) + Np (15) 
dt 

where n is the porosity of the porous medium, 
p is the density of the water, 
q is the specific discharge, and 
N is a source term. 

In a situation where the concentration of a solute can affect the density of the water, the term on 
the left hand side of (IS) can be written as a sum of two terms: 

^!£. = ps *EL + w ^ i £ (i«> 
dt V °" dt dc dt 

where pT is the total pressure,. 
c is the concentration of solute in the water, and 
S is the storativity with respect to pressure changes. 

The first term on the right-hand side of (16) expresses the effects of pressure on the porosity and 
water density and the second term expresses the effects of solute concentration on density. 

To obtain an equation for the pressure alone it is necessary to express the specific discharge q in 
terms of the pressure. This can be achieved using Darcy's law, which for this case is most 
conveniently expressed in the form: 

q = --{VpR - (p-p0)g) (17) 
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where Jt is the permeability of the porous medium, 
u is the viscosity of the water, 
p0 is a reference density, 
£ is the acceleration due to gravity, and 
pR is the residual pressure. 

The residual pressure is related to the total pressure by: 

PR = P + <P-P0)gz. (18) 

where z is die elevation with respect to some reference datum. 

If the water density is constant pR is related to the groundwater head, h, by: 

PR = P-8-1* 0 9 ) 

Having first obtained the pressure field the velocities in the links can be calculated. These 
velocities are then used to transport the water and salt solution through the network. 

4.4.3 Dispersion in the model 

As explained in the previous subsection, the movement of the concentration distribution is purely 
advective. Consider a case in which all of the links have the same permeability value and 
specified pressure values were given at the top and bottom of a regular network. In such a case 
(in the absence of sources), the pressure would vary linearly between the two boundary values 
and the velocities in all of the links at the same angle to the pressure gradient would be equal. 
There should then be no spreading of an initially sharp concentration front. Indeed this was found 
in such a simulation. In modelling the experiments, we require the model to contain a 
representation of the physical dispersion observed in the experiments. This can be obtained by 
assigning different permeability values to each link. The different velocities in the different links 
will then give rise to a spreading of an initially sharp front. The amount of dispersion will be 
related to the degree of variability in the permeability values. It is often suggested in the water 
resources literature that the permeability of natural porous media has a log-normal distribution and 
so for convenience such a distribution is used in the study. No attempt is made to introduce a 
correlation structure into the permeability field. The permeability of each link is chosen from a 
log-normal distribution of specified mean and variance. 
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5. Description of Numerical Models 

5.1 Overview of the Codes Used 

In this chapter the various numerical models employed by different project teams are described. 
These models are BUSYB, SUTRA, METIS, METROPOL, SPRINT, SWIFT, CHET, HST3D, 
ROCKFLOW and FAST-C. 

5.2 BUSYB 

BUSYB is a research code to study dispersion in the presence of density differences and/or 
viscosity changes near freshwater/saltwater interfaces. The basic idea of the model is as follows 
(see Figure 4): 

Suppose that the domain of the experiment is represented by a network of "links" or "pipes" and 
that the flow and transport occurs dong these links. In principle this network could be 
rectangular, hexagonal or irregular. The links are connected to each other at a number of 
intersection points which we will call nodes. 

At each time-step of a numerical calculation we calculate the transport of salt solution through 
the network by carrying out the following sequence: 

1) solve for the pressures at the nodes of the network using an integrated f lite difference 
scheme, 

2) using these pressures, calculate the velocity in each link, 

3) move the salt along the link by advection using the velocities. At the nodes the flows 
coming from connected links mix. 

Once a new concentration distribution has been established it is used to calculate new values for 
the coefficients in the pressure equation and the process is repeated. 

There are three types of boundary condition one may wish to apply to a node when solving for 
the pressure: 

1) specified pressure, 
2) specified flow, and 
3) no flow. 
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The third is clearly just a special case of the second. 

For the concentration, a constant value can be specified at the nodes connected to die inlet of the 
domain. No boundary condition has to be applied to the nodes connected to the outlet of the 
domain. The concentration that arrives through the connected links simply flows out. 

The following relationships between the fluid properties and the concentration of brine are used 
in the code (Herbert, Jackson and Lever, 1988) for the density. 

P =Po 
fil (20) 
P.J 

where p0 = the freshwater density, 
ps = the density of saturated brine, 
cm = the mass fraction of saturated brine within the fluid, 

and for the viscosity: 

;, = ftji + 0.4819cm - 0.2774cm
2 + 0.7814cJ) (21) 

where ;<(J is viscosity of fresh water at normal conditions. 

Both relations compare well to the experimental values (Lever and Jackson, 1985). 

5.3 CHET 

CHET is a computer code which is being developed at the GSF to study chemical effects of 
solutes during the transport in porous media (Kiihle and Zude, 1990). The transport module of 
CHET, which is the only module used in this application, simulates solute transport taking into 
consideration transient inflow rates. It is a one-dimensional finite-difference code which at present 
uses the upwind-scheme i.e. backward-differences in space. The derivatives with respect to the 
time were calculated explicitly, that is a forward-difference scheme in time was used. Neither 
adsorption nor radioactive decay are taken into account in the version used. Only advection and 
hydrodynamic dispersion based on Scheidegger's findings are considered, and molecular diffusion 
is neglected. Thus the only parameters describing the porous medium are the longitudinal 
dispersion length and the porosity which can vary spatially. The code is supplied with an 
automatic time-stepping procedure. This procedure uses a combination of the criteria of Peclet 
and Courant. The output of the simulation model is concentration at the centre of specified blocks 
for all time steps or at specified times for all blocks. 
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5.4 FAST-C 

FAST-C is part of the FAST software package, which consists of three parts: FAST-A for flow 
modelling, FAST-B for transport modelling and FAST-C for simulation of coupled flow and 
transport in porous media. It was developed at the Technical University of Berlin and has recently 
been extended to take into account variations of hydraulic and geochemical environment in a 
saturated flow field (Holzbecher, 1990). 

All parts use the same fast solver for the linear systems. This is a conjugate gradient solver with 
a preconditioner, which is especially designed for parallel or vector computers. On the CRAY-
XMP computer, where the code is run, FAST is very effective in limiting the use of computer 
storage and execution time; this made it possible to model the 2-D case. 

FAST-C simulates transient or steady-state 2-D coupled flow and transport. It is assumed that the 
Boussinesq-assumption is valid and that changes of density due to concentration or temperature 
are linear. The stream function formulation for flow is used, discretized according to the finite-
difference method. 

FAST-C was tested on various problems of density-driven flow, like Benard problem in porous 
media, the Elder experiment, seawater intrusion and the salt-dome problem (Holzbecher, 1991). 

5.5 HST3D 

The code HST3D (".Heat and Solute Transport, 3D") has been developed by K. Kipp, USGS, 
Denver (Kipp, 1987). It is a finite-difference program for the three-dimensional simulation of heat 
and/or solute transport in saturated porous media, which is based on the common advect ion-
diffusion-dispersion equation (see Chapter 3). 

The solute transport equation is only implemented for a single solute species with possible linear-
equilibrium sorption and linear decay. The coupling of the equations is treated numerically by an 
iterative procedure within each time step where the dependent variables, pressure, temperature, 
and solute concentration (mass fraction), are calculated from the 3 equations (fluid flow, heat 
transport, and solute transport) in turn. 

For the fluid density a linear dependence on pressure, temperature and solute-mass fraction (c) 
is assumed, which in this application reduces to: 

p(/\,,T„,CJ = p„ + p„p> - <„) (22) 

0f - - ^ (23) 
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For the fluid viscosity a nonlinear dependence on temperature and solute-mass fraction is assumed 
in the code. The dependence on pressure is neglected. For a fixed temperature T0, the influence 
of solute mass fraction is given by: 

H = t*ichjc (24) 

where u{ and u0 are viscosity of saturated brine and fresh water, respectively. This is the only 
simplification made in this application. 

The boundary conditions available are: 

- specified values of pressure, temperature, and solute concentration (mass fraction) (Dirichlet 
type); 

- specified fluxes of fluid, conductive heat flux and diffusive mass flux of solute (Neumann type); 
(The default boundary condition on any boundary surface is no-flux); 

- mixed boundary conditions (Cauchy type): 
a) leakage boundary conditions: 

- leaky aquifers 
- rivers 

b) aquifer-influence-function boundary conditions. 

For the calculations of the test case only specified pressures and solute concentrations, and 
specified fluid fluxes are used. 

For further details of the HST3D code see Kipp (1987). 

5.6 METIS 

The METIS code (Modelisation de l'Ecoulement et du Transport avec Interaction en milieu 
Satur6) was developed at the Centre d'Informatique Geologique of the Ecole des Mines de Paris 
(Goblet, 1989). It simulates flow (steady-state or transient) and mass transfer in a porous medium. 
Radioactive decay, matrix diffusion and first-order kinetic sorption are taken into account. 
Coupling between flow and mass transfer through density and viscosity is possible as well. The 
equations describing these mechanisms are of the general form given in section 4.2 of Goblet 
(1989) (equations 1,11, 7, 8, 9 and 10). Flow is solved in terms of a "pseudo-head" defined as: 

h = plQjg + z (25) 
where po is a reference density. 
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Relationships for density and viscosity in SI units take the following forms: 

p = 998.23e06923w (26) 

ft = 0.001002(1 + 1.85<o - 4.1a? + 44.5a?) (27) 

Classical boundary conditions can be imposed (prescribed head or fluid flux, prescribed mass 
fraction or solute mass flux, zero mass-fraction gradient). 

The set of equations is discretized following the Galerkin formalism on 3 and 4-node elements 
with piecewise linear approximation functions. 

A finite differences temporal discretisation with a Crank-Nicholson scheme is used. For coupled 
flow, equations are solved in sequence in an iterative manner with the possibility of parameter-
stepping for high values of the mass fraction. All linear sets of equations are solved using an 
Accelerated Double Conjugate Gradient Algorithm (Joly, 1988). 

5.7 METROPOL-3 

METROPOL-3 is one of the mathematical models belonging to the numerical modelling package 
METROPOL. This package was developed at RIVM and consists of three preprocessing codes, 
four main models, and three post-processing codes. The main models are: 

METROPOL-1: for modelling steady-state flow 
METROPOL-2: for modelling transient flow 
METROPOL-3: for modelling transient coupled brine flow and salt transport 
METROPOL-4: for modelling transient solute transport 

All models are three-dimensional with heterogeneous and anisotropic parameters (where 
applicable). 

METROPOL-3 simulates coupled three-dimensional transient groundwater flow and salt transport. 
Flow and transport are described by equations (1), (2), (7) through (10), with possible non-zero 
right-hand side for equations (1) and (2) if source and/or sink terms z:i present. The following 
formulae are employed for p and ft: 

p = p„ exp(y(o + $<p-p0)) (28) 

;, = f,jl + l.85io - 4.1 at + 44.5a?) (29) 

where p0 and fi0 are the mass density and viscosity of fresh water at the reference pressure pn, 
y = 0.6923, and p" = 4.5-10"10 m2/N. 

Boundary conditions for fluid and salt equations can be selected from a number of options. The 
options for the fluid are: 1) no flux, 2) prescribed (constant or time-dependent) flux, 3) prescribed 
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(time-dependent) pressure values, and 4) a mixed-type boundary condition according to which the 
flux is related to a pressure difference on the boundary. The options for the boundary condition 
for the salt equation are: 1) no dispersive-diffusive mass flux, 2) prescribed (constant or time-
dependent) flux, 3) prescribed (time-dependent) mass fraction, and 4) a mixed-type boundary 
condition according to which the dispersive flux is related to a difference in mass fraction on the 
boundary. The primary output of the simulation model is pressure and mass fraction values at 
specified points for all time steps and also at specified times for all points. Optionally flow 
velocities and mass fractions for the fluid and the solute can be calculated. For more details about 
the METROPOL package, see Sauter et al. (1990). 

5.8 ROCKFLOW 

ROCKFLOW is a computer code developed at the "Institut fur Stromungsmechanik der 
Universitat Hannover, Germany", for computing flow and transport in inhomogeneous, 
anisotropic, porous media or in discrete fracture systems with and without consideration of porous 
blocks. 

The governing equations, (1) and (2), are both solved numerically by a finite-element method. The 
approximation for the time-dependent terms is an implicit Crank-Nicholson finite-difference 
scheme whereas in space a Bubnov-Galerkin technique is used. The modelling system consists 
of one-, two- and three-dimensional elements with (multi-)linear shape functions. These are 
isoparametric, hexahedral, or plane quadrilateral elements, or straight-line elements. 

Although the Bubnov-Galerkin process in combination with linear shape and test functions leads 
to third-order accuracy in space it is only second-order accurate in time. Applying an analysis of 
consistency as suggested by Gartner (1987) the modified scheme is third-order accurate in time 
as well. The most impressive properties of the modified scheme are the minimal oscillations and 
phase errors in advection-dominated transport simulations even for very large Peclet numbers. For 
more details about ROCKFLOW see (Zielke et al., (1986-89). 

5.9 SPRINT 

The SPRINT package is a general-purpose computer program for the numerical solution of 
mathematical models that involve mixed systems of non-linear time-dependent algebraic, ordinary 
and partial differential equations. The software is the result of joint research at Shell Research 
Limited and the School of Computer Studies at Leeds University, United Kingdom (Berzins et 
al., 1989). 

The partial differential equations solved by SPRINT may be time-dependent, but may have only 
one spatial dimension. Otherwise, the class of equations and boundary conditions handled by 
SPRINT is quite general. The user has only to write a few subroutines to describe the format of 
equations solved by SPRINT. One may select among a number of time-integration schemes and 
linear solvers to suit one's problem. For details about the SPRINT package see Berzins et al. 
(1989) and Blom and Zegeiing (1989). 

- 3 1 -



Recently, a moving-grid interface for SPRINT has been developed in the Centre for Mathematics 
and Computer Science of the Netherlands (Blom and Zegeling, 1989). With the aid of this 
interface, it is possible to move the spatial grid continuously according to the solution of the 
problem being studied. This makes SPRINT specially suitable to physical problems where a sharp 
front moves through the system. 

In the present study, SPRINT has been employed by the RIVM-team for solving equations (1) -
(11) and simulating the one-dimensional experiments. Various tests have shown that identical 

results arc obtained with METROPOL-3 and SPRINT for the same problem. The model SPRINT 
has been specially useful for checking various conceptual models describing coupled flow and 
transport in high-concentration-gradient situations. 

5.10 SUTRA 

The computer program SUTRA (Saturated-Unsaturated-TRAnsport) has been developed by 
C.Voss, USGS Reston (Voss, 1984). It simulates fluid movement and the transport of either 
energy or dissolved substances in a subsurface environment. The model employs a two-
dimensional hybrid finite-element and integrated finite-difference method to approximate the 
governing equations that describe the two interdependent processes that are simulated: 

1. fluid density-dependent saturated or unsaturated groundwater flow and either 

2a. transport of a solute in the groundwater, in which the solute may be subject to: 
equilibrium adsorption on the porous matrix, and both first-order and zero-order 
production or decay, or, 

2b. transport of thermal energy in the groundwater and the solid matrix of the aquifer. 

SUTRA provides, as the primary calculated results, fluid pressures and either solute 
concentrations or temperatures, as functions of time. 

SUTRA flow simulation may be employed for areal and cross-sectional modelling of saturated 
groundwater flow systems, and for cross-sectional modelling of unsaturated-zone flow. The spatial 
coordinate system may be either Cartesian (x,y) or radial-cylindrical (r,z). Most aquifer properties 
and flow and transport parameters may be variable in space. Sources and boundary conditions of 
fluid, solute and energy may be specified to vary with time or may be constant. The dispersion 
processes include diffusion and two types of fluid-velocity-dependent dispersion. 

Velocities, as calculated in SUTRA, are based on a special, consistent, spatial and temporal 
discretization. 

The approximate density model employed by SUTRA is a first order Taylor expansion about a 
reference density: 

p = p(co) = p„ + |E.(a> - a>„) (30) 
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p0 = reference fluid density at <o = (00 

to0 = reference solute concentration (mass of solute per mass of fluid) 

For solute transport, viscosity is taken to be constant, for example at 20°C: 

pi = LOW3 kgl(ms) (31) 
For the purpose of this INTRAVAL test case, the density and viscosity relationships given by (20) 
and (21) were also implemented (SUTRA B). 

For further details of the SUTRA code, see Voss (1984). 

5.11 SWIFT 

The computer code SWIFT (Simulator for Waste Injection Row and Transport) is the GSF 
version of the original code which was developed at Sandia (Arens, 1990). It is a fully-transient, 
three-dimensional model which solves the coupled equations for flow and transport in geologic 
media using finite-difference techniques both in time and space domains. Either centred or 
upwind-weighting schemes may be used in the spatial differencing and either centred or fully 
implicit schemes in the temporal differencing. One of the attractive features of SWIFT is the 
matrix-solution option. Eimer direct or two-line successive over-relaxation methods may be used. 
The flow equation and the transport equations are coupled linearly through the density 

P = Po + cmAP 02) 

whereas the coupling by viscosity n = /</j(c
m) is empirical. This function uR has to be defined in 

the input and is determined either by linear interpolation or by power-law interpolation, depending 
on the amount of additional data. This version of SWIFT includes a rigorous treatment of the 
second-order dispersion tensor considering also the non-diagonal terms. 
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6. Calibration 

6.1 Evaluation of Porosity 

The porosity of the medium has been evaluated based on the results of LCG experiments. 
Breakthrough curves observed using different electrodes provide the possibility to calculate the 
travel time, tr, from one electrode to the next along the column (see e.g. Figure 5). Knowing the 
distance between the two electrodes, L, the actual (pore) fluid velocity, v, can be calculated from: 

v = Utr (33) 

On the other hand, from a constant flow-rate Q, and the cross sectional area A, the bulk (Darcian) 
velocity of the fluid, may be calculated from: 

q = QIA (34) 

Finally, the porosity is given by: 

n = qlv (35) 

Following this method, and using the data from experiment L1D01, porosity values in different 
regions are calculated. One should note that the porosity values obtained for the first and last 
regions are not very reliable, because of the influence of inflow and outflow holes. First of all, 
in these regions, the flow is not one dimensional (see section 8.2), and the travelled distance is 
not actually known, except probably for the first centre electrode which lies symmetrically and 
directly above an inlet hole. The effect of two-dimensionality is therefore specially large for 
electrodes 1L and 1R. In the last region, the breakthrough of salt will be accelerated because the 
outlet holes remove the salt from the column. This results in a lower estimate of porosity. It was 
observed that the porosity varies laterally as well as in the vertical direction. Excluding the 
estimated values of porosity for the first and the last regions, it appears that the porosity varies 
slightly and has a spatial variation of about ±2.5%. Note that in the relations given above, a 
constant value of velocity is assumed. Even if the velocity varies linearly with time, the same 
procedure can still be used. However, the average velocity corresponding to the breakthrough 
times of two consecutive electrodes should be employed. 

In the general case with an inflow-rate changing with tune, porosity can be evaluated in (he 
following way. Consider a central electrode Cj (J = 1,...,5) with distance 2j from the middle inlet 
hole at the bottom of the column. At breakthrough time T. for that electrode, the volume V- of salt 
water which has already flowed into the column is given as: 
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Vj = JQ{t)dt j = l,2,..,5. (31) 

Since the inflow-rate is only given at several discrete time points, we approximate the integration 
by linear interpolation between these time points. 

Figure 5. Breakthrough curves for experiment L1D01. 

On the assumption that porosity is only a function of distance z from the inlet a different way of 
calculating V- is: 

Vj = ajn(2)dz j = 1, 2, ..., 5. 
0 

(32) 

with the average cross section of the column a - 65.4 cm . Assuming further that n is constant 
at least in each section between two rows of electrodes, one obtains: 

Vj = a)n(z)dz = a £ (z{ - ziA)n (33) 
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where nl is the (constant) value of porosity of the section between the (i-1) and the i row of 
electrodes. The 0th row of electrodes denotes the inlet at z0 = 0. One immediately gets: 

j Q{t)dt = artjizj - zH) j = 1, 2, .... 5. (34) 

which allows one to calculate n. because the value of the integral, as well as a and z.-z,-./. are 
known. 

6.2 Evaluation of Dispersivity 

The dispersivity of the medium has been evaluated based on the results of the LCG experiment 
LI D01. Note that when simulating one-dimensional experiments, only the longitudinal dispersivity 
can be evaluated and/or will be needed. The longitudinal dispersivity can be calculated using an 
analytical solution. Such an analytical solution is available for the case of one-dimensional 
conservative mass transport in a homogeneous porous medium with constant velocity (Lapidus 
and Amundsen, 1952; Bear, 1988). Because in the L1D01 experiment the flow-rate is 
approximately constant, the analytical solution may be employed. The value of the dispersivity 
coefficient was varied until the calculated analytical solution was in good agreement with the 
measured breakthrough curve. Alternatively, computer programs exist to carry out the fitting 
procedure numerically such as the one given by Parker and Van Genuchten (1984). This program 
called CXTFTT has been used to fit the data of experiments L1D01 and H1D02. The fitting has 
been done for the complete set of available measured data for each electrode. For the three 
electrodes in the middle part, the fit is satisfactory, resulting in a uniform value of cĉ  - 0.9, 0.8, 
and 0.9 mm respectively. Deviating values are obtained for the electrodes at 'he beginning and 
end of the column. This can be explained by the influence of the two-dimer nal inlet and outlet 
flow conditions at these locations. 

The evaluation of the longitudinal dispersivity has also been per' ied, in a more general way, 
by assigning various values to the dispersivity coefficient, and comparing the calculated 
breakthrough curves with the observed breakthrough curves. When the two curves (more or less) 
matched, it was assumed that the right value of dispersivity has been chosen. The average value 
of dispersivity was estimated to be about 0.9 mm ±0.1 mm. The very small value of dispersivity 
observed here is the result of a high degree of uniformity in the packing. 

63 Parameter Evaluation in the Network Model 

In the network model two parameters need to be calibrated, namely the porosity to match the 
arrival time of the centre of mass at the observation points (electrodes) and the variance of the 
permeabilities of the links, to match the spreading of the front (dispersion) at the various 
observation points. Again the low-concentration experiment L1D01 was used for this purpose. 
Since the porosity was kept constant along the flow-path, only one arrival time could be 
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calibrated. This was done for the breakthrough curve of the fourth electrode. An average porosity 
of 0.4 was evaluated. A log-normal distribution for the permeability with a mean value 
detennined by the inflow measurements was assumed. The variance in the permeability was 
changed until a good agreement between calculated and observed breakthrough curves was 
obtained. The best fit was obtained with a variance of log k of 0.2. 

6.4 Results 

In Table 2, porosities, longitudinal dispersion lengths and variance of the permeabilities 
detennined by the various working groups for the experiment L1D01 are given. In addition, in 
Figures 6-8 the measured breakthrough curves are compared to the simulated ones. The slopes 
of the curves match very well except for those of the network model at electrodes 1C and 2C. 
The reason for the discrepancy is the very coarse hexagonal grid of the network model. The 
agreement obtained between measured and calculated breakthrough curves also indicates that the 
porosity values are estimated correctly. 

Table 2. Porosities, longitudinal dispersion length and variance of 
permeability for LIDO 1 (central electrodes). 

[mm] BGR GRS GSF/UH RIVM TUB ENSMP 

porosity 
« [ ] 

0 - 5 0 
- 50 - 320 

320 - 590 
590 - 860 

0.480 
0.467 
0.381 
0.426 

0.4 
0.4 
0.4 
0.4 

0.416 
0.466 
0.380 
0.423 

0.395 
0.463 
0.369 
0.411 

0.407 
0.462 
0.375 
0.420 

0.414* 
0.456* 
0.420* 
0.422* 

860-1138 

aL[mm] 0-1138 

var(foglfc) 0-1138 

0.363 

1.0 

-

0.4 

-

0.2 

0.353 

0.8 

-

0.336 

0.9 

-

-

0.9 

-

-

1.0 

-

These values are average porosity values from the entrance to the location of the electrode. 
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7. Predictive Simulations Of One-Dimensional Experiments 

Following the procedure described in Chapter 2, different models have been employed to perform 
predictive simulation of experiments. An overview of the experiments simulated by various 
models is given in Table 3. As described in Chapter 6, the measurements from experiment L1D01 
were used to calibrate various models in order to obtain porosity and dispersivity values. Using 
these values, other LCG and HCG experiments were simulated. It appeared that the calculated and 
measured breakthrough curves for LCG-experiments are in reasonably good agreement. A slight 
shift in arrival time was observed for the L1D02 and L1D03 experiments. This could be explained 
by changes in porosity in the periods between the experiments. Such changes are probably 
brought about by alterations in the column packing as a result of pore clogging, fluid movement 
and other mechanical disturbances. 

Table 3. Simulations of 1-D experiments carried out by the different teams. 

Project 
Team 

BGR 

GRS 

GSF 

RIVM 

TUB 

UH 

ENSMP 

Code 
used 

HST3D 
SUTRA 
SUTRA1 

BUSYB3 

CHET3 

CHET13 

SWIFT 

METROPOL 
SPRINT24 

FAST3 

ROCKFLOW 

METIS 

L1D01 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

L1D02 

-

X 

X 

X 

X 

-

-

-

Simulations 

L1D03 

-

X 

X 

X 

X 

-

-

-

H1D01 

-

X 

X 

X 

X 

X 

X 

-

-

H1D02 

X 

X 

X 

X 

X 

X 

X 

X 

-

-

-

dispersion reduced 
includes the alternative dispersion model (Eq. 40) 
porosities calibrated to obtain correct arrival times 
for LID-experiments SPRINT results were identical to those obtained from METROPOL 
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Several modelling teams (GSF, GRS, and TUB) chose to remove the above-mentioned shift in 
the arrival time by modifying the porosity values. An indication of the range of variations of 
porosity throughout the column as obtained from different experiments is given in Figure 9. 

In Figures 10 through 15 calculated and measured breakthrough curves of experiments L1D02 and 
L1D03 for electrodes 2C, 3C and 4C are given. Based on these results, one may conclude that 
the conceptual model of equations (l)-(ll) is not invalid for low concentration-gradients. A 
similar conclusion can be made about the pipe-network model of GRS. This result was of course 
to be expected. The main question is whether the same conceptual model is equally valid for high 
concentration-gradients. Should the answer be positive, one would expect to obtain an acceptable 
fit between measured and calculated breakthrough curves using the same value of dispersivity 
obtained in the previous chapter. Results of simulations for the centre electrodes in experiments 
H1D01 and H1D02 are given in Figures 16 through 20. It is apparent that there is a rather large 
discrepancy between measured and calculated breakthrough curves. Note that the location of the 
centre of mass of the breakthrough curves are in fair agreement. However, there is a large 
difference in the slope of the two curves, indicating that the dispersivity (or dispersion) is not 
properly modelled. This indicates that the conceptual model characterized by Darcy's law and 
Fick's law (equations (7) and (8), respectively) are deficient in high concentration-gradients. Note 
that equations (1) and (2) give the law of mass conservation and are considered to be valid for 
all thermodynamic processes. Different groups employed different modifications to obtain better 
agreement between measured and calculated results for HCG-experiments. The results are shown 
in Figures 21 through 23. 

The modelling groups of GSF and BGR employed the same conceptual model (as given by 
equations (7) and (8)), but used a lower value of dispersivity (a = 0.25 mm) for H1D01 and 
H1D02 and obtained a good agreement. This can be justified on the ground that the dispersivity 
is not just a property of the medium, but also of the fluid. In other words, depending on the 
concentration difference across the front, one may need to adjust the value of dispersivity. A 
lower dispersion value for higher concentration differences suggests that the spreading 
mechanisms are suppressed in high concentration-gradients. This view is supported by the network 
approach of the GRS-team in which dispersion is simulated by velocity variations. These 
variations, and thus the spreading of the front, are suppressed when there are large contrasts in 
density and/or viscosity of the fluids on the two sides of the front. 

Sensitivity calculations, in which either viscosity or density was kept constant and the other one 
was varied, have shown that the effect of density on the reduction on spreading is considerably 
larger than that of viscosity. 

Using a log ^-variance of 0.20 (as used for LCG-experiments) the GRS-team obtained a good fit 
for the H1D01 experiment. However, the calculated breakthrough curves for H1D02 are steeper 
than the measured one. This is probably due to the fact that an average value of porosity is 
employed for the whole column whereas the porosity variation is known to be correlated to the 
permeability variations. 

In an attempt to account for the change in dispersivity observed in different experiments, the 
RIVM-team employed a nonlinear relationship for the dispersivity ct̂  which appears in the 
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classical formulation given by equations (1 )-(l 1). Seven different models have been tried in which 
a is taken to be a continuous function (either exponential or polynomial) of concentration or 
concentration gradient (see Hassanizadeh 1990b). However, none of these models could provide 
an acceptable fit to the data from an HCG-experiment. 

In another approach to account for nonlinear effects, the RIVM-team has chosen to modify the 
linear Fickian dispersion equation (8). That equation is obtained from (6) under the assumption 
that q and J are both small enough to justify neglecting nonlinear terms. As illustrated in Figure 
26, this assumption does not necessarily hold for HCG-experiments in which the dispersive mass 
flux is about two orders of magnitude larger than that of the LCG-experiments. Therefore, the 
Fickian type equation (8) is replaced by the following nonlinear dispersion equation. 

(1 + P /// A/ = - pD-Vco (40) 

where P is considered here to be a constant. Obviously, P needs to be determined experimentally. 
Note that if f)/// is small, i.e. for low-concentration-gradient cases, it can be neglected compared 
to 1 and the commonly-employed Fickian-type equation is recovered. 

In this study, P has been evaluated by fitting calculated breakthrough curves to the measured ones 
for the experiment H1D02. It appears that a value of P between 3.5104 to 4.0104 m2 s/kg 
provides a satisfactory fit for this experiment. Note that in this run, the values of porosity and 
dispersivity are equal to those obtained from the LlDOl experiment. Next, keeping the values of 
porosity, dispersivity, and P constant, the experiment HlDOl was simulated and again a 
satisfactory fit was obtained (Figs 21 and 25). 
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8. Study of Two-Dimensional Experiments 

8.1 L2D01 Experiment 

Experiment L2D01 was modelled by two groups. TUB used the FAST-C code for coupled flow 
and transport simulations. UH employed ROCKFLOW to model transient transport in a steady-
state flow-field. All modellers assumed that for the L2D01 experiment a symmetrical flow-pattern 
exists, because only the extreme left and right valves are open. Therefore, only the left or the 
right half of the column was modelled. 

8.1.1 TUB results 

Based on the calibrated parameters of the one-dimensional case a simulation of the L2D01 
experiment was done. In the first attempt, a vertical extension of 56 mm and a horizontal 
extension of 300 mm was simulated. This represents the lower part of the column including the 
first row of electrodes. In a second attempt, the venical extension of the simulated section was 
increased to 112 mm. It appeared that the flow-partem is governed by the upper boundary 
condition, which prescribes venical flow. The limit of this influence was checked by a model of 
the entire column. Tha' shows that at least a length of about 500 mm needs to be modelled to 
ensure that the upper boundary condition does not influence flow-calculation in the region below 
the first row of electrodes. In Figure 27, the result of simulations of the L2D01 experiment is 
given for the time when the passing of the mass centre at electrode 1C was measured in the 
experiment. 

The grid size in both vertical and horizontal directions is 1.5 mm which gives a 201 x 333 grid. 
A porosity of 0.4 is assumed everywhere in the modellH area. The mass centre of the 
breakthrough curve does not arrive at the measured time in 1C or in 2L. In the case of 1C the 
front is too slow and for electrode 2L the breakthrough curve is too fast. This result causes 
difficulties in the calibration of porosity because it is not known which electrode provides better 
data. Therefore calibration of a global porosity, taking into account the central and right or left 
electrodes is not possible. 

8.1.2 UH Results 

The system parameters are the same as in experiment L1D01 (see Table 2) except for the porosity 
and the inflow-rate. Following the remark about changes in the porosity due to flushing of the 
column between the experiments or possible mechanical interactions the porosity is adjusted to 
fit the breakthrough curves of the outer electrodes (left and right) where both breakthrough curves 
are available. The following values are employed in the simulations: 
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0.324 for z = 0 - 50 mm, 
0.421 for z = 50 - 320 mm, 
0.353 for z = 320 - 590 mm, 
0.357 for z = 590 - 860 mm, and 
0.353 for z = 860 - 1138 mm, 

The calibration is assumed to be finished when the calculation results fall in between the 
measured curves. The differences between the corresponding curves seem to indicate that there 
is a horizontal porosity variation. Recalibration of the longitudinal dispersion coefficient evaluated 
in the L1D01 experiment was not necessary. 

The transverse dispersion length is assumed to be one tenth of the longitudinal dispersion length 
ctij = 0.08 mm. Due to the very low fluid velocity the dispersion in this experiment is so small 
that the influence of molecular diffusion begins to be noticeable. Therefore, a diffusion coefficient 
of£>0=10 10 _ 2 m /s is assumed including a tortuosity of t = 0 .1 . In order to save computer time 
the inflow-rate i s not linearly interpolated. Instead a step function i s used for the inflow which 
yie lds 2 0 f low fields as a basis for the transport simulation. T h e spatial discretization i s done with 
8 8 0 two-dimensional e lements which are significantly smaller at the bottom of die system up to 
5 0 mm above this level. 

• - i so m»i i 
mil. 200 -• 
C-SOl )0t -4 
S- SOI J00 - I 

I 
I] 
14 

174 

NX= 201 NZ= 333 
L = 0.3 H = 0.4 
Rfi= 14 V = -188. 
INSTHT. SALINE KONVEKTtON 

XMRX 0 . 0 EDDIES 1 

RPN0BE0. TYP [NTRflVP 

ZE1T 0.000 SCHRITI 0.000 

1C 

I I 71 51 I I 10 

Figure 27. Streamlines (unlabelled) and concentration contours for travel time t = 18520 s of 
FAST-C for L2D01. 
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Figure 28 shows the velocity field within the column with an inflow-rate of q = 1.36610 m/s. 
This is the volumetric flow at the end of the experiment. However, the streamlines are the same 
all the time. Since there are no measured data given at the fifth row, only breakthrough curves 
for the levels 1 to 4 are compared in Figure 29. 

The measured breakthrough curves of the left and right electrodes are shown. The difference in 
the corresponding curves calculated with ROCKFLOW are even larger than in the one-
dimensional experiment. This seems to be the result of variation of porosity in the horizontal 
direction. For this reason only a rough fitting of the numerical results to the curves by modifying 
the porosity is done. Still the agreement with the measurements is quite good, even the steepness. 
Yet a slight difference in the slope can be observed in the rows 2 and 3, presumably caused by 
variations in the porosity rather than by neglecting density effects. 

The oscillations in the breakthrough curve calculated with ROCKFLOW at the first electrode are 
caused by a fairly rough resolution of the curved streamlines in the vicinity of the inlet. They 
dampen out at the next row of electrodes. Despite the oscillations the slope of the numerically 
determined curve fits the measured data very well. 

8.1.3 Discussion of results 

Modelling the 2-D experiments turned out to be quite a challenge for the codes, because 
requirements of computer resources are very high on execution time as well as storage. 

The modelling groups TUB and UH employed different approaches to tackle this problem. With 
FAST-C (used by TUB) a highly efficient solver is used on a CRAY supercomputer. In 
ROCKFLOW (employed by UH) a finite-element scheme of increased consistency is incorporated 
which allows considerably coarser time and space discretizations than the standard Bubnov-
Galerkin procedure. 

Flow patterns calculated by both groups are very similar. Streamlines (from FAST-C) and 
velocities (from ROCKFLOW) cannot be compared in detail. Calibration of porosities is done 
differently. 

The simulation results show that the effect of salinity on the flow-pattern can be neglected in the 
case of L2D01 experiment. This was clearly indicated by FAST-C simulations, where streamlines 
only change in the first time step, starting from no-flow initial conditions. In subsequent time 
steps the flow-pattern remains constant, but the value of the stream functions does not. It changes 
with variation of input velocity. The physical reason for this phenomenon is that concentration 
gradients are almost directed along the streamlines. The main exchange of salt due to density 
gradient is therefore in the direction of flow-lines. Therefore, it seems to be appropriate to model 
flow and transport decoupled in this experiment as is done by UH. 

Evaluation of porosity appears to be difficult. Neither a uniform value nor a layered distribution 
of porosity provides a satisfactory simulation of all arrival times. 

The dispersivity value estimated from L1D01 seems to be a good approximation. 
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Figure 28. Calculated velocity field for experiment L2D01 with ROCKFLOW (UH). 

8.2 The H2D01 Experiment 

The objective of these simulations by the ENSMP team is to investigate the effect of the density 
variation on the high density experiments in 2-D. For this purpose, the results of a 2-D simulation 
with coupling of flow are compared to the results of the same simulation, without coupling. The 
conditions for this simulation are close to those of experiment H2D01. 
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Figure 29. Measured breakthrough curves and simulation with ROCKFLOW for experiment 
L2D01. 

In this experiment, valves 1 to 5 are open. The whole column must now be simulated because 
there is no symmetry simplification. The (uniform) mesh spacing is therefore increased to 6 mm. 
The dispersivity value is artificially increased to 3 mm to comply with stability constraints. 
Although this prevents a direct comparison of simulation to experimental results, it allows the 
front movement to be described. 

The prescribed flow-rate is 0.18078 ml/s (average value) and an average porosity of 0.42 is used. 
The values of both longitudinal and transversal dispersivities are set equal to 3 mm. 

The results of simulations with and without density effects are compared for electrodes 2R, 3R 
and 4R in Figure 30. Figure 31 shows the mass-fraction contour lines after 10 000 s, with and 
without density effects. 

Clearly, including density effects greatly reduces concentration variations in the horizontal 
direction. This behaviour is in good qualitative agreement with the measurements, as is 
demonstrated by the concentration/time curves shown in Figure 32. It appears, therefore, that the 
model describes correctly the velocity field and the advective transport. 

The slope of the calculated curves is much less than that of the measurements. This is due partly 
to the fact that an abnormally high value of dispersivity (3 mm) was used for numerical reasons. 
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However, even allowing for this correction (which can be approximately accounted for by using 
the proportionality of the dispersivity to the squared slope of the breakthrough curve), the 
dispersive character of the measured curves is much less than that of the model. This discrepancy 
is discussed in Chapter 7. 
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Figure 31. Simulation of the 2-D, high density experiments: effect of density (normalized mass 
fraction after 10000 s). 
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9. Sensitivity Analysis 

9.1 Sensitivity to Parameter Values 

A number of additional simulations were done using different codes to investigate the effects of 
variations of flow and transport parameters, and numerical parameters and methods, on calculated 
breakthrough curves. 

It appeared that variations of permeability and viscosity had no noticeable effect on calculated 
mass fractions; this was of course to be expected in the light of the fact that the transport equation 
is effectively decoupled from Darcy's law and only depends on the boundary condition. Variation 
of dispersivity from 0.8 mm to 1.0 mm had a very small effect on the slope of the breakthrough 
curves. In other words, because breakthrough curves are rather steep, dispersivity can be 
determined with an accuracy of approximately ± 10%. In the nonlinear dispersion theory (see 
Chapter 6), variation of the coefficient p* from 3.5 104 to 4.5104 m2 s/kg has very little influence 
on the slope of the breakthrough curves calculated for experiments H1D01 and H1D02. 

For the first calculations of the experiment H1D02 with the SUTRA code, the viscosity was taken 
as constant and density varied as a linear function of mass fraction. To make the calculations 
more realistic, the SUTRA code was modified to allow viscosity and density to be nonlinear 
functions of mass fraction (see Chapter 4). As a result, slightly steeper breakthrough curves were 
calculated for the lower part of die model. However, at the level of the second row of electrodes, 
and higher, almost no difference is observed. This effect is not unexpected, because of the nature 
of the one-dimensionality of the experiments L1D01 and H1D02, and the fact that the flow-rate 
is dictated by the boundary conditions. 

9.2 Evaluation of Two-dimensional Effects in the 1-D Experiments 

Modelling groups of ENSMP and BGR studied the presence of two-dimensional effects in the 1-D 
experiments. In this section, the results by ENSMP are described. 

The modelled region is represented in Figure 33. In these experiments, all nine valves are open, 
and a vertical line equally distant from two neighbouring valves can therefore be modelled as a 
symmetry line. The mesh covers a region bounded by two such symmetry lines, and its vertical 
extension goes from the bottom to the second row of electrodes. The mesh spacing is uniformly 
equal to 1 mm. The longitudinal dispersivity is set to 1 mm. 

To assess the importance of the two-dimensional effects, the results of the two-dimensional 
simulation are compared with those of the one-dimensional simulation for two horizontal sections 
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coinciding with electrode rows 1 and 2. For each section, the concentrations at the nodes is 
plotted versus time. The horizontal distances between these nodes and the veitical line through 
the injection node are 0 mm, 18 mm and 36 mm, respectively. 

Figures 34 and 35 show the comparison. A two-dimensional effect is clearly visible on die lowest 
profile: the shape of the curve at the 1C electrode is not very different from the result of the one-
dimensional simulation, but the overall curve is shifted. Clearly, a different estimation of porosity 
will be obtained according to the model used. The difference between one-dimensional and two-
dimensional models is much smaller on the second line: the initial radial spreading of the 
concentration creates only a slight smearing of the concentration front. Similar results have been 
obtained by BGR (Schelkes and Knoop, 1992). It is concluded that two-dimensional effects will 
die away beyond electrode 2 in the 1-D experiments. 
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Figure 33. Simulation of the 1-D, low density experiments: modelled zone. 
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9.3 Sensitivity to Discretization Effects 

All SWIFT and CHET calculations were carried out using a grid length of AZ = 0.25 mm, and 
the time steps were chosen to be smaller than 0.1 s. This means that the Peclet number (Pe) and 
Courant number (Co), are smaller than 1. 

AZ = 0.25 mm Pe = AZ I aL - 03 

At £ 0.1 S CO = | U | At I AZ <, 0.1 

In particular these criteria hold even in the worst case, H1D02, where the inflow rate was largest. 

To confirm that the contributions due to numerical dispersion are negligible, the simulations were 
repeated using a grid length half as large as in the former calculations {AZ = 0.125 mm). The 
differences between the simulations are negligible, so one may be confident that numerical 
dispersion does not make any contribution to the results. In the cases where the dispersion length 
aL = 0.25 mm is used, the calculations were redone using a grid length of AZ = 0.0625 mm. 
Again no difference occurred. In the cases of refined grid lengths the time steps are again chosen 
so that the Courant number is smaller than 0.1. 

Calculations have been done with HST3D, which should give information regarding the influence 
of the different parameters that control the numerical solution procedure, considering especially 
the relation between accuracy and expenditure in the modelling. The calculations have been done 
for the conditions of the H1D02 experiment using the one-dimensional model structure. To reduce 
the requited computer time, a shortened model system was used, which covers the lower part of 
the column from the bottom up to the second row of electrodes (z = 320 mm). The results are 
given as breakthrough curves for the first row of electrodes. The parameters and important values 
like CPU time used are given in Table 4. Figure 36 gives graphically a subset of information of 
this table. As one example Figure 37 shows the influence of the choice of the time step At. 
Although the differences between the results for At =0.25 s and At = 0.5 s are slight the increase 
in numerical dispersion for longer time steps can be easily seen. On the other hand, for bigger 
time steps no instability effects (like oscillations etc.) could be observed, and the shape of the 
curves remains symmetric. The marked differences in CPU time are to be noticed. 

Comparison of all the results of this study may lead to the following conclusions, valid for the 
conditions of the system modelled in this investigation and for the considered range of the 
parameters: 
- The choice of a smaller time step seems to be more important to give accurate results than the 

choice of a small spatial grid length, provided that the stability criteria (on Pe and Co) are 
fulfilled. 

- The choice of the discretization scheme has often a bigger influence on the accuracy of the 
results than the choice of spatial grid lengths and time steps. 
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In Table 5 the CPU times obtained in the different studies are tabulated against different relevant 
parameters (i.e. machines, codes, grid lengths, time steps). In comparing these times, the different 
dimensionalities, numerical methods and solvers of the various codes should be borne in mind. 

Table 4. Parameter variations in to. and At for a shortened model system (320 mm) for the 
experiment H1D02 using the HST3D code, (dispersion length o^ = 0.25 mm, 
CPU-time used on a VAX 3200, tolerance in fractional change of density for 
iteration convergence TOLDEN = 10"3) 

Calc. 
no. 

1 

2 

3 

4 

5 

6 

7 

Grid (Nodes) 

2 * 2 *641 

2 * 2 * 1281 

2 * 2 *641 

2 * 2 * 321 

2 * 2 * 161 

2 * 2 * 641 

2 * 2 *641 

[mm] 

0.5 

0.25 

0.5 

1 

2 

0.5 

0.5 

A/[s] 

0.25 

0.5 

0.5 

0.5 

0.5 

1 

2 

Pe 

2 

1 

2 

4 

8 

2 

2 

Co 

0.11 

0.45 

0.23 

0.11 

0.06 

0.45 

0.9 

CPU time 

[h] 

27.9 

30.0 

14.9 

7.4 

3.7 

8.3 

5.3 
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Table S. CPU times in the different studies. 

Party 

BGR 

1 GRS 

QSF 

RIVM 

TUB 

UH 

Code 

SUTRA 

BUSYB 

CHET 

SWIFT 

METROPOL 

Sprint 

FAST-C 

ROCKFLOW 

Machine 

VAX 6000/210 

CONVEX C220 

Amdahl 570 

CONVEX C1-XP 

CONVEX C1-XP 

Alliant 

Cray XMP 

PC 236/33 

Experiment 

L1D01 

H1D02 

L1D01/ 1 

H1D02 2 

L1D01 

H1002 

L1D02 

L1D01 

H1D02 

L1D01 

HI 002 

L1D01 

H1D01 

L1D01 

Af[s] 

0.5 

0.5 

40 

1.25 

S0.1 

£0.1 

S0.1 

- 2 

- 2 

variable 

variable 

0.7 

0.2 

90 

f[s] 

8500 

14000 

15000 

15000 

14000 

14000 

14000 

8000 

13000 

8000 

13000 

9000 

14000 

12000 

A* [mm] 

2.0 

0.5 

9 

0.28 

0.25 

0.25 

0.25 

-0 .3 

-0 .3 

variable 

variable 

15 

2.5 

130-150 

z[mm] 

1200 

1200 

1140 

1140 

1138 

1138 

1138 

1140 

1140 

1138 

T<» 

25 h 

75 h 

33 min 

57 min 

12 min 

24 min 

40 h 

1 h 

14 h 

20 min 

2 h 13 min 

5 min 

25 min 

3 min 

1. discretization for flow 
2. discretization for transport 



P*cl«t-nun**r 
Pe=Az/oL 
Courant-number 

Co=vAt/Az 

CT=CP*J time 
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Figure 36. CPU-time used on a VAX3200 as a function of the time and space discretization for 
a shortened model system (320 mm) for the experiment H1D02 using tine HST3D 
code (see also Table 5). 

Figure 37. Breakthrough curves for a shortened model system (320 mm) for the experiment 
H1D02 using the HST3D code - effects of the variation in the time discretization. 
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10. Conclusions and Recommendations 

The experimental and measuring techniques reported here appear to be functioning fairly well 
except for pressure measurements. The experiments may be considered as well-controlled. There 
were difficulties in obtaining an absolutely homogeneous and stable packing. However, this is not 
considered to be crucial in interpreting the results. The measurement errors of the salt mass-
fraction are well-bounded and this lends confidence to the measurements. On the whole, the 
experiments provide a useful and reliable tool for partial validation of transport models. 

Modelling efforts have been concentrated on one-dimensional experiments. Because cf the 
imposed boundary conditions and the fact that no pressure data are available, it is not possible 
to investigate the validity of Darcy's law by studying one-dimensional experiments. Thus, studies 
of conceptual models have been limited to dispersion theories. 

Four different conceptual models describing dispersion mass-flux have been examined in 
numerical simulations. 
1. Pipe-network model (GRS). This model simulates the low-concentration-gradient 

experiments satisfactorily. As concentration differences between displaced and displacing 
fluid increases, the- model produces sharper fronts. A satisfactory agreement between 
calculated and measured breakthrough for the experiment H1D01 is obtained. 

2. Classical Fickian law (Scheidegger's formulation) (BGR, GSF, TUB, RIVM, UH and 
ENSMP). Models based on the classical Fickian-type equation for dispersive mass flux 
are able to simulate LCG experiments satisfactorily, with a single value of dispersivity. 
However, for both HCG experiments a smaller value of dispersivity (a factor of 4-5 lower) 
is needed to obtain an acceptable fit (BGR and GSF). 

3. Classical Fickian Law with dispersivity depending on concentration or concentration 
gradient non-linearly (RIVM). Various formulations, e.g. quadratic or exponential 
dependence of dispersivity on concentration or concentration gradient, have been 
attempted. It was not possible to obtain a satisfactory fit for any of these models. 

4. Nonlinear dispersion theory (RIVM), which is second order in the dispersive mass flux. 
This model involves two coefficients (a and J$). It was possible to simulate all LCG and 
HCG experiments with a single set of values for a and p. 

These studies prove that the Fickian dispersion law (Scheideggef's formulation) with a constant 
dispersivity is not valid over the whole range of concentration values. A definite conclusion on 
an appropriate conceptual model to describe dispersion over the investigated range is pending on 
the availability of additional experiments. 

There were difficulties in modelling the 2-D experiments because there were very high 
requirements on computer resources, arising from restrictions due to the grid-Peclet-criterion. A 
few computer simulations of L2D01 (by TUB and UH) show that it is possible to follow the same 
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procedure as in the 1-D experiments, using the conventional approach with Darcy's law and the 
Scheidegger-formulation of Fick's law. They show that after a short time flow reaches steady 
state. Porosities can be calibrated from the velocities of mass centres on die different travel paths. 
Longitudinal dispersivities can be calibrated by measured slope of breakthrough curves. The 
H2D01 experiment has only been studied qualitatively by ENSMP. It was shown that, for high 
concentration-gradients, the effect of gravity is to lead to concentrations that are almost constant 
horizontally. This is in good qualitative agreement with measurements. 

The deviations from classical conceptual models, reported in this study, have been observed at 
a laboratory scale. In safety assessment studies, the scale of interest is much larger. Therefore, 
it is important to investigate the question of validity of Darcy's law and Fickian Law of 
dispersion at the field scale. Thus, participation in Phase 2 of INTRAVAL is essential in this 
regard. 
The following recommendations are made for any future experiments: 
1. Care should be taken to obtain reliable pressure measurements in order to study the 

applicability of Darcy's law. 
2. Measures should be taken to ensure that the packing does not change in between various 

experiments. 
3. Low-concentration-gradient experiments should be done in which both resident and 

displacing concentrations are high, but with small difference in concentration. 
4. Experiments should be considered in which the column is at an angle to the vertical in 

order to study the effect of gravity. 
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O b f o r o r f t Mrtinwfoeal AtoaJc Eaonjy Afaicy (IAEA), Stata of Navada (United Statas). 

Prajact Sacrafojriatt Swedish Nidtar Pawar lospectoratt, Har Majesty's lispactarata of 
Poovnoo/Harwol LajMrojonos, KtMOkfa Caasattaajts Co* Orpjajslsonoa tar Ecoaaajk Co*oporotioa aid 
Vrwwv>p^aVHjp^ojvjp^ P^W^TJOW^BW •O^OJBOBW awHPA'IRwwa1 

topws vi I M w•pan art OVWMOW HVOK 

Ike Swedbfc Nadav Pawar hsaactarata (SM) 
lax 27106 
S-IMS2SfaddNfai(SwadM) 


