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Determination of Darcy permeability and retention capacity for two-phase 

(non-reactive) flow

Determination du coefficient de permeabilite et de la capacite de retention d’un ecoulement 

en double phase

W. F.Van Impe, H. Peiffer, P.Menge & A. De Weert- Laboratory o f S oil M echanics, G hent University, Belgium

ABSTRACT : Two-phase and three-phase flows in porous media are complex processes where the permeability is an important pa

rameter. Other factors, as there are type of soil, degree of saturation and porosity, influence this process. In this study the measure

ment of permeability and retention capacity for Molsand using an adapted permeameter with diesel as permeant fluid are discussed.

RESUME : L’ecoulement de liquides en double et triple phase dans un milieu poreux est un processus complexe ou le coefficient de 

permeabilite joue un role important. D ’autres facteurs, tel que le type de sol, le degre de saturation et la porosite influencent ce pro

cessus d ’ecoulement. Cet article a pour sujet la determination du coefficient de permeabilite ainsi que la determination de la capacite 

de retention pour le sable de Mol, au moyen d ’un appareil de permeabilite adapte. Les deux phases sont I’eau et le gasoil.

1 INTRODUCTION

In industrial countries, numerous storage tanks for oils are 

possible sources for pollution of soils and ground water aqui

fers. The number of buried oil tanks in Belgium is estimated to 

be well over 0.5 million. Major accidental oil spills may occur 

when handling petroleum products. The consequences have to 

be predicted and evaluated. Remedial works are to be chosen ; 

their result and effect on restoring the environment also has te 

be predicted and evaluated. The tools available are investiga

tions and recordings in situ, but also numerical models based 

on the available data about the geological, hydrological and 

geotechnical conditions become increasingly important.

Soil characteristics such as soil type and layering, water 

content and degree of saturation, porosity and permeability are 

all of importance when predicting the spreading of a polluting 

liquid.

Insoluble contaminated substances can, due to a leak in a 

storage tank or a calamity during transport, penetrate in the 

unsaturated zone of the natural soil.

When the residual saturation degree is exceeded, these sub

stances can, depending on the retention capacity of the soil and 

the spilled amount of product, reach the capillary zone above 

the water table. Contaminants lighter than water will remain on 

top of the groundwater or capillary zone. Oils heavier than 

water will penetrate further into the soil and the groundwater.

The presence of two or several phases in a porous medium, 

introduce a complex flow situation. This is a situation well 

known from petroleum and reservoir technology. In the present 

paper the experimental investigation is limited to the hydraulic 

conductivity (permeability) for diesel, of Molsand.

This LNAPL (light non-aqueous phase liquid) is a pollutant 

often encoutered in large- and small scale soil and groundwater 

pollution cases. The liquid forms a floating layer on the 

groundwater table. In order to study the penetration of this 

liquid into the non-saturated soil, the formation of the floating 

layer and the effect of remedial works such as pumping off and 

soil washing, basic parameters have to be defined. These basic 

parameters are permeability of the soil for the penetrating 

product and soil retention capacity when the product is pumped 

off and/or flushed with water or other products. This paper 

only describes the test-setup to define the hydraulic conducti

vity (permeability) and the soils’ retention capacity when 

flushed with water.

2 TWO-PHASE FLOW

The Darcy’s equation defines the relation between velocity and 

gradient when a given fluid flows through a given soil, the 

“Darcy-permeability-coefficient” . It is linked to the soil 

skeleton structure and the properties of the fluid, such as den

sity and viscosity. If the soil is fully saturated, the “absolute 

hydraulic conductivity (permeability)'' is expressed as :

L i

K = k . (1)
P g

where

K =  absolute permeability (m2) 

k =  the “Darcy-permeability-coefficient” (m/s)

|i =  fluid dynamic viscosity (Pa . s) 

p = fluid density (kg/m ) 

g = gravity constant (m/s2)

If there are two immiscible fluids in a soil pore-system, the 

fluids will occupy a given pore volume each. The relation be

tween respective volumes differs, but in a saturated soil the 

sum equals a degree of saturation of one. If the two fluids are 

forced to flow through the soil simultaneously, each fluid 

flows according to its own effective permeability. The effective 

permeability depends on the wetting ability of the fluid towards 

soil particles, pore-size-distribution, degree of saturation of 

each of the fluids and the absolute permeability.

The situation discussed in this paper is related to a spill of 

oil penetrating a soil. The oil is the non-wetting fluid, while 

the water present in the soil is the wetting fluid. The respective 

effective permeabilities are Knw and Kw. The sum of the effec

tive permeabilities is always less than the absolute permeabil

ity. A given soil volume is considered fully saturated by the 

two fluids, oil and water. Respective degrees of saturation are 

designated Snw and Sw. So :

S„w = 1 - Sw (2)
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F ig u r e  1 . E f f e c t iv e  p e r m e a b i l i t y  f o r  o i l  a n d  w a t e r  as  a  f u n c t io n  

o f  w a t e r  s a tu r a t io n

Effective permeabilities and their relations to respective 

fluid saturation are usually presented as in Fig. 1.

3 RETENTION CAPACITY

The retention capacity o f the soil, R, is defined as :

R = ^  (1/m3) (3)

where

V0 =  volume contaminating fluid (1) remaining in the consi

dered Vs

Vs = volume contaminated soil (m3)

The retention capacity is a threshold value. For lower values 

of V0 the contaminating fluid will not be moved by gravity any 

more, assuming that the fluid doesn’t react chemically with the 

soil particles.

4 MATERIAL DESCRIPTION

This study includes laboratory investigations to evaluate the 

Darcy-permeability for oil and water and the retention capacity 

in the porous medium of Molsand ;

- starting from an oil saturated sample followed by a water 

flushing expulsion of the oil

- starting from a water saturated sample followed by an ex

pulsion of water by oil flushing, followed by the expulsion 

of the oil during water flushing.

a Soil

The soil used was Molsand. The mean diameter d50 and the 

active diameter d10 are 0.168 mm respectively 0.128 mm. The

uniformity degree —J— is equal to 0.68.
V<W 

Other characteristics:

- minimum pore volume n^,, =  36.92 %

- maximum pore volume nm l =  47,48 %

characteristic properties

- density at 18° C : 0.83 g/cm3

- dynamic viscosity at 18° C : 3.5

(/iw =  10‘3 Pa . s =  dynamic viscosity of water)

5. PERMEAMETER MEASUREMENTS

Cylindrical samples were built in using the undercompaction 

method : the total height (241,2 mm) was divided in 5 layers. 

After uniformely spreading the sand for each layer it was 

tamped tightly. The relative density for the samples was be

tween 50 and 60 %. Saturation was assured by upward directed 

flow of water applying a vacuum pressure on top of the sample 

(vacuum extraction).

The samples were built in in a fixed wall permeameter. The 

permeameter setup is shown in fig. 2. Sample size was 113,75 

mm diameter and 241,2 mm high. To avoid the influence of 

the permeability of the porous stones on the measured perme

ability of the soil, and in order to gain precision on the meas

urement of the permeability, two pressure transducers at 

wellknown interdistance were used : one on top beneath the 

upper porous stone and one above the lower porous stone.

The equipment allows variation in pore pressure. The test is 

a constant-head test. The main advantages of a constant head 

test are : (1) the simplicity of calculation of hydraulic conduc

tivity and (2) the maintenance of constant water pressure in the 

test specimen. The constant head was maintained adjusting the 

air pressure above the water column. The head may also be 

varied. This was useful in order to accelerate the flow of oil. 

For the oil, the head was taken around 1.5. The flow of the 

diesel out of a large reservoir was achieved by gravity. The 

(very slowly) varying gradients were measured as a function of 

time. For each gradient the corresponding effective permeabil

ity was calculated. The retention capacity was calculated as the 

ratio of the total amount of oil that remained in the soil after 

testing to the total volume of the sample.
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Lower pressure transducer

Height = 241.2 mm 
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Volume sample = 2467.0 cm5

Weight apparatus = 3189.0 g

b Fluid

The non-water contaminating fluid considered is diesel with

Figure 2. Setup permeameter test
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Figure 3. Darcy permeability for oil and water as a function 

of head
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Figure 4. Typical result permeameter

6 TEST RESULTS

The Darcy permeability of water for Molsand is about 1 .1 .10"4 

m/s (fig. 3) (laminar flow). This leads to an absolute perme

ability K =  9.2 . 10'12 m2. The Darcy permeability of the die

sel used is about 1 . 10'5 m/s. (fig. 3). This leads to an abso

lute permeability K =  4.3 . 10"1 m2. The (small) difference 

between the two values for the absolute permeability can be 

explained by the accuracy of the measurements. The retention 

capacity of Molsand for diesel could experimentally be deter

mined and resulted in 38 1/m3. This is in good agreement with 

the available references in literature (40 1/m3 for silty sand). A 

typical result for such two-phase permeameter test result is 

presented in figure 4. The relative density for this test was 59 

%. One can observe that when the flushing fluid is changed 

from water to oil, also a small amount of water remains in the 

sample (22 1/m3 for this test).

7 CONCLUSIONS

In this article a new test setup for the measurement of the ef

fective permeability was discussed. The flow gradient is de

rived directly from the measurements of fluid pressures on top

and at the bottom of the sample. Out of the measurements

could be seen that for diesel, with a Darcy-permeability of 

1.10"5 m/s, the retention capacity of Molsand was 38 1/m .
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