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ABSTRACT 
A method is described to determine the relative permeability curves, capillary pressure 
curve and longitudinal dispersion coefficient of disturbed soils by monitoring multi-point 
measurements of the electrical resistance during transient immiscible and miscible 
displacement experiments. The electrical measurements are employed to calculate the 
transient response of the average water saturation over various segments of the soil, and 
solute concentration breakthrough curve at various axial positions of the soil. The 
experimental datasets are introduced into numerical codes of inverse modeling of the 
two-phase flow and advection-dispersion equations to estimate the relative permeability 
curves, the capillary pressure curve, and the longitudinal dispersion coefficient. 
 
INTRODUCTION 
The capillary pressure and relative permeability curves may be determined by performing 
either steady-state experiments with the simultaneous flow of both fluids through the 
porous medium [1] or transient experiments of the displacement of the one fluid by the 
other [2]. Albeit accurate, the steady-state methods are expensive and time-consuming. 
The transient experiments are fast and the two-phase flow coefficients are estimated 
implicitly by using the macroscopic two-phase flow equations, with history matching of 
the transient evolution of the pressure drop and spatial distribution of the fluid saturation 
[3,4]. The hydrodynamic dispersion coefficients are commonly estimated from datasets 
of miscible displacement experiments by fitting analytic or numerical solutions of the 
advection-dispersion equation to the transient variation of the solute concentration [4-6].   

In the present work, immiscible and miscible displacement experiments are performed on 
disturbed soil columns, and the electrical resistances measured between vertical ring 
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electrodes and horizontal rod electrodes are converted to transient responses of water 
saturation and solute concentration. Numerical codes of inverse modeling of the two-
phase flow and advection-dispersion equations are employed to estimate the capillary 
pressure curve, the relative permeability curves, and the longitudinal dispersion 
coefficient. 
 
METHODS AND MATERIALS 
The porous medium consists of sieved sand with grain size distribution in the range 125-
250 mµ , porosity =ε 0.4, and permeability =k 35.8 Da [7]. The experimental apparatus 
(Fig.1a) includes a PTFE holder equipped with two end electrodes and intermediate ring 
electrodes (Fig.1b), a hand-made multi-point conductivity meter, a syringe pump, a 
weight balance, a differential pressure transducer, and a pressure indicator. Two PTFE 
holders were used: a large one with length 30=L  cm and diameter 5=D  cm, and a 
small one with 7.13=L  cm and 3=D  cm.  

During an immiscible displacement experiment, the oil phase (n-dodecane) is injected 
steadily at a constant and relatively low influx rate (q=0.1 ml/min) until steady-state 
conditions are established. Afterwards, the flow rate increases (q=0.5 ml/min) and the 
electrical resistance across the various sand segments (Fig.1b), effluent weight, and total 
pressure drop are monitored until a new steady-state is reached.  

During a miscible displacement experiment, the sand is filled with a low NaCl 
concentration ( =iC 17.1 mol/m3) solution, whereas a high NaCl concentration 
( =0C 68.4 mol/m3) solution is injected at a constant flow rate upwards. The transient 
response of the electrical resistance between each pair of the rod electrodes (Fig.1c) is 
measured and then is transformed to the solute concentration breakthrough curve by 
using the corresponding calibration curve.  
    
RESULTS AND DISCUSSION 
Immiscible displacement experiments 

The capillary pressure and relative permeability curves were estimated from vertical 
displacement experiments performed on the small sand column at capillary number 

=Ca 6.2x10-8 and =Ca 3.1x10-7. The transient response of the total pressure drop across 
the column (Fig.2a) increases abruptly as the displacing oil phase penetrates in the porous 
medium and the capillary resistance is added in the viscous pressure drop. As the pore 
size distribution is narrow, and the viscosity ratio is not far from unity ( =κ 1.42) , the 
pre-breakthrough ( )tP∆  remains almost constant, whereas the post-breakthrough ( )tP∆  
falls sharply and remains constant up to the moment that the flow rate increases and 

( )tP∆  increases again (Fig.2a). The capillary number is low, the density difference is 
negative ( wo ρρ − <0), and subsequently the displacement is governed by capillary 
fingering at the pore network-scale but it is a stable frontal drive at the macroscopic scale 
of the column [7]. The electrical resistance is measured in three cumulative segments of 
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the column (1-2, 1-3, 1-4 in Fig.1a) whereas the corresponding water saturation is 
calculated easily from the volume injected and the weight of the effluents. From the 
measurements of the resistivity index and water saturation in each cumulative segment, 
the parameters of the following relationship are estimated with non-linear fitting 

( )[ ] 1
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−+= l

w
m

wR SaaSI         
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where the exponent m  is dominant over high and intermediate water saturations with 
heterogeneous fluid distribution along the sand column, and the exponent l  is dominant 
over low water saturations with the fluid distribution tending to be homogenized [7]. 
From the measured cumulative resistivity index curves of the segments 1-2, 1-3, 1-4,  the 
total pore volume of each segment,  ijV , and simple mass balances of the form 

( ) 132332122131 /VVSVSS pwpww −−− +=       (2) 
we get the water saturation ( 433221 ,, −−− www SSS ) of each differential segment of the 
column (Fig.2b).  
The steady-state axial water saturation distribution along the sand column is not uniform 
but increases in the deeper layers of the column (Fig.2b). This is due to the capillary end 
effect which is associated with the discontinuity of the capillary pressure at the outlet of 
the porous medium and affects significantly the estimated relative permeabilities [8,9]. 

The unsteady two-phase flow in porous media is described by a mixed system of PDE 
and algebraic equations which is solved numerically along with the adequate initial and 
boundary conditions [3,4]. The ( ) ( ) ( )wcwrowrw SPSkSk ,,  are so selected that the 
numerically calculated responses of  ( )tP∆  and ( )tS jwi−  fit to the corresponding 
experimental measurements (Figs.2a,b). The inverse modeling was done by using the 
Baeysian estimator and Gregplus PDE solver of Athena Visual Studio 10.0 [3,4] and 
preliminary results are shown in Fig.3a,b. The width of the ( )wc SP  is small in agreement 
with the narrow pore size distribution of the sand (Fig.3a). The ( )wrw Sk  and ( )wro Sk  are 
non-linear and quasi-linear function of wS , respectively (Fig.3b), in qualitative 
agreement with analogous results obtained from experiments performed on planar porous 
media [3].  

During an immiscible displacement at a finite flow rate, the fluid saturation varies 
respectably across a fractal frontal region [3,4]. The ( )wc SP , ( )wrw Sk  and ( )wro Sk  
depend on the spatial distribution of the two phases within this region as a result of the 
interactions of the pore structure, viscous forces and buoyancy forces. In a drainage 
experiment performed at low Ca  values, the thickness of the frontal region, dominated 
by capillary fingering, is quite wide compared to the sample length [3]. In this 3-D case, 
the density difference 0<−=∆ wρρρ ο , and buoyancy forces stabilize the displacement 
front [7]. An analogous stabilization of the displacement front in a planar (2-D) porous 
medium (glass-etched pore network) is described in [3] where an axial gradient of the 
capillary pressure caused by the viscous forces results in ( )wrw Sk  and ( )wro Sk  which 
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are increasing functions of Ca . Subsequently, the  ( )wrw Sk  and ( )wro Sk  of the 
sandpack are expected to be decreasing functions of the Bond number, B, defined by 

( )θγρ cos2〉〉〈〈∆=Β gtz Drg  ( =zg vertical component of gravity vector, =〉〈 tr mean 
throat radius, =〉〈 gD mean grain diameter, =γ  interfacial tension, =θ contact angle) [7]. 
On the other hand, the sensitivity of ( )wc SP , ( )wrw Sk  and ( )wro Sk  to Ca  may be weak 
for 3-D media compared to 2-D ones, because of the coexistence of two phases across the 
porous medium (bi-continua) over a wide range of fluid saturations. The classical 
invasion percolation model is unable to explain the fluid distribution across the porous 
medium as well as the variation of rorwc kkP ,,  with CaB, . Instead, a gradient 
percolation model could be used to predict such a behavior [3]. The long-term objective 
of the present work is to combine fundamental knowledge of the 2-phase flow in porous 
media, such as the gradient percolation theory, with the conventional macroscopic 
approach in order to quantify the effects of capillary number and Bond number on 

rorwc kkP ,,  of soils.  

Miscible displacement experiments 
The longitudinal dispersion coefficient was estimated from miscible displacement 
experiments performed on the large sand column at low values of the Peclet number 
(Pe=0.5-25) defined  by 

mgp DDuPe 〉〈= 0    
 (3) 

where )(0 AQu p ε=  is the pore velocity, 〉〈 gD =200 mµ , and mD  is NaCl-H2O bulk 

diffusion coefficient ( 9106.1 −= xDm  m2/s). The solute concentration breakthrough 
curves measured at three distances from the column inlet are shown in Fig.4. The 
transient response of the solute concentration at distance x   from the column inlet is 
described by the analytic solution of the one-dimensional advection-dispersion equation 
[4-6]. With the aid of the Athena Visual Studio 10.0, experimental breakthrough curves 
were fitted with this analytic solution to estimate simultaneously, the pore velocity, 0pu   
and longitudinal dispersion coefficient, LD . Although, almost identical and reliable 
“average” values of 0pu  were estimated from the three breakthrough solute concentration 
curves, the LD  values were overestimated (Fig.4). The solution is injected in the porous 
medium through a hole of the end electrode (Fig.1a,b). The continuity equation coupled 
with Darcy equation was solved analytically in a cylindrical homogeneous porous 
medium, where a uniform flow velocity profile is implied over a small circular area 
around the axis of the cylinder.  It was found that the flow field becomes fully developed 
at a short distance from the column inlet, which means that the assumption of 1-D flow of 
constant velocity throughout the porous medium was not far from reality. The 
overestimated DL value (Fig.4) might be attributed to the deviation of the solute 
concentration field from the uniform profile at the column inlet, and the necessity of 
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using the 1-D advection / 2-D dispersion equation with a solute flux boundary condition, 
including the transverse dispersion coefficient, DT, to describe the solute-transfer in the 
soil. 
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Figure 1. (a) Setup for performing immiscible displacement on the small resistivity cell; the displacement 
is downwards. (b) Schematic diagram of the large resistivity cell. (c) Overview of rod electrodes.  
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Figure 2. (a) Transient response of the pressure drop across the small sand column. (b) Transient response 

of the water saturation for the column segments 1-2, 2-3, 3-4. 
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Figure 3. (a) Estimated capillary pressure curve. (b) Estimated water and oil relative permeability 
curves. 

 
Figure 4. Experimentally measured vs. numerically predicted solute concentration breakthrough 
curves.    
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