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ABSTRACT

This paper presents the results of laboratory measurements of relative permeability for
two phase flow in partially saturated samples of unconsolidated sands. Relative
permeabilities for tap water and air, de-aired water and nitrogen were measured using
a steady - state technique. Three different sand samples (fine sand, heterogeneous
sand and coarse sand) were tested.

1. INTRODUCTION

Much research has been carricd out in order to solve problems dealing with the
movement or migration of fluids through porous, permeable media. Many researchers
have studied the nature of fluid flow and its relationship to their own problems.

Fluid flow through porous, permeable material is a complex transport process. The
flow of incompressible single phase fluids through permeable media is governed by
Darcy's law which is valid for laminar flow of fluids. A measure of the capacity of a
permeable material to transmit fluids is given by a transport coefficient - the
permeability of the medium. In Darcy's equation for single phase flow this transport
coefficient is called the specific permeability. However, if the permeable medium
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contains more than one fluid, an effective permeability to each fluid phase must be
defined, where the effective permeability of a permeable medium is a measure of the
ability of the material to conduct one fluid phase of a multiphase fluid system. In the
case of a multiphase fluid system existing in the medium, the ability of each fluid to
flow is reduced by the presence of the other fluids in the system. The effective
permeability for all fluid phases is less than the specific permeability for single phase
flow.

Another important property governing multiphase flow through porous media is the
‘relative permeability’ which is defined as the ratio of the effective permeability of the
porous medium to the specific ( absolute ) permeability of the material. The relative
permeability is a function of the system of the two or more fluids and the porous
material and is used to describe quantitatively the simultancous flow of multifluid
phases through a porous medium. The relative permeability is dependent upon the
fluid saturation levels, because part of the pore space in the porous medium is
occupied by one fluid of the multiphase fluid system, so that flow of another fluid is
impeded and reduced.

A number of measurcment techniques for the determination of relative permeability of
porous media have been developed and are described in the literature. Generally, two
kinds of laboratory measurement techniques are used to determine relative

permeability:

a) Steady state methods; a fixed ratio of two phases is driven simultaneously at
constant rate and pressure through the medium until saturation and differential pressure
along the sample become constant,

b) Unsteady - state methods; the quickest laboratory methods in which a gas
phase only is injected into the sample, and saturation equilibrium is not attained. This
technique involves displacing in - situ fluids by injection of the gas phase.

The steady state method has been used to determine the relative permeability of
unconsolidated materials to gas and water in this research. Different grain sizes of
sands were chosen as a porous medium and the relative permeability determined. Air
and nitrogen were used as gas phases, water and de-aired water for liquid phases.

Reproduced from best available copy



Mine Water and the Environment | © International Mine Water Association 2006 | www.IMWA.info

13

2. HISTORICAL BACKGROUND

In 1856, Henry Darcy investigated the flow of water through horizontal filter beds by
conducting a series of experiments, and determined that the rate of flow of water
through a sand column could be described by the following equation :

dh

Q=K A—41~ (1)

where Q is the rate of flow of water, K is the coefficient of permeability, A is the cross
- sectional area of the sand column and ( dh / dL ) is the hydraulic gradient. Darcy's
law is valid for the test sample when 100 % saturated with water.

Figure 1. A Typical Example of Relative Permeability Curves [14]

Theoretical aspects and measurement techniques relating to the relative permeability of
sedimentary rocks were investigated in the early 1900's [ 1, 2, 3, 4, 5 ]. These first
investigations were in connection the petroleum industry and were concerned with
reservoir rocks and their permeability properties because the relative permeability of
the reservoir rock to the each of the fluids flowing through porous rock is important in
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the prediction of reservoir behaviour. In the 1930's Muskat and Botset [ 2, 3, 4 ]
investigated the characteristics of the flow of gases through unconsolidated and
consolidated porous materials for petroleum reservoir characterisation. Later, Wyckoff
and Leverett [ 5, 6 ] described the flow of gas - liquid mixtures through
unconsolidated sands and determined that the relative permeability curves generally
have an " S " shape ( Fig.1 ). Richardson, Hafford and other investigators { 7, 8, 9,
10, 11 ] undertook further experimental studies and developed some laboratory
measurement techniques for the flow of two fluids through reservoir rocks.

In recent years there has been considerable interest in permeability testing of materials
found in the vicinity of waste disposal sites and the results of research relating to the
relative permeability measurement for the study of the migration of typical
contaminants have been published [ 12 ].

3. THEORETICAL DEFINITION OF RELATIVE PERMEABILITY

Darcy's law modified for single phase flow of incompressible fluids other than water
can be expressed as :

v=4 k(&) (2)

k
B

where v is the velocity of fluid flow, W is the viscosity of the fluid, and q is the
volumetric flow rate. Muskat et al ( 1937 ), on the assumption that Darcy's law is
valid for each flowing fluid when the fluids are a gas and a liquid, showed that the
volumetric flow rate q can be written as :

_kkeg A AP,
Qg = wo L (3)
g
=kknAAP] (4)
m L

where the subscript g refers to the gas phase, 1 to the liquid phase and AP denotes
values of the pressure drop along the porous medium in the various fluid phases. The

Reproduced from best available copy



Mine Water and the Environment | © International Mine Water Association 2006 | www.IMWA.info

15

value kkrg is the effective permeability of the medium to gas with liquid phase present
in the medium, and kkp is the effective permeability of the medium to the liquid
phase. According to these equations, each of the fluid phases is similar to a
homogeneous system where the rate of flow is proportional to the differential pressure
and effective permeabilities and inversely proportional to the viscosity of the fluid
phases. The terms krg and kp, are called the relative permeability and are given by

k

kg =% (5)
k

kn="f (6)

Effective and corresponding relative permeabilities are functions of the system of
fluids present in the porous medium and the properties of porous media itself, e.g.
porosity. Porosity and viscosity are variables that can easily be measured directly or be
estimated indirectly. Effective and relative permeability define the flow characteristics
of the porous medium when saturated with an immiscible fluid phase. Thus, the
relative permeability of a porous medium depends on the saturation, so that
measurements of relative permeability require accurate saturation determination [ 13 ].
The saturation of the one fluid is given by :

=V, (7)
where S is the saturation, Vg is the volume of fluid and Vp is the total pore volume.
Saturation is a term used to describe the relative volumes of fluids in a porous medium;

the total saturation value for two fluids is equal to 1 when saturation is changing with
time. Saturation and permeability are both effected by the porosity of materials.

4. EXPERIMENTAL TECHNIQUE

Steady - state methods for determining relative permeabilities have the widest
application, resulting from the simplicity of the mathematical analysis, based on
Darcy's law, and the fact that saturation can be measured directly. The steady - state
methods give reliable relative permeability data for two or three fluids which are
injected simultaneously at constant rates and pressure. Because of these reasons, a
steady - state technique was utilized in this research. A standardized procedure consists
of determining the following ;

1. The rate of flow of liquid;
2. The rate of flow of gas;
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3. The pressure gradient;
4. Liquid saturation of the sample.

The rate of flow of fluids ( liquid and gas ) was determined using flowmeters and the
differential pressure along the porous test material was measured by pressure gauges
connected across the sample holder. Saturation levels of materials can be measured by
several methods. In this project, saturation was calculated by weighing the test sample
before the test and after the system had reached steady condition. Saturation values are
independent of fluid densites [ 14 ].

5. EXPERIMENTAL PROCEDURE

The procedure for the measurement of relative permeability consisted of injection, at a
steady rate, of a mixture of gas and liquid into a vertical column of unconsolidated
sand. Effective permeability and liquid ( water ) saturation were determined after
steady conditions had been reached.

The schematic diagram of the test apparatus is shown in figure 2. The sample holder,
which is known as a permeameter cell, was first filled with air - free water.
Subsequently, the cell was filled with a known weight of the selected grain size of
sand, which was saturated with water, through a funnel filled with water. Each part of
the sand volume was carefully tamped by a rod. The water, which was deaerated, was
passed downward through the sand column to dissolve any trapped air in the sand
pack. The porosity of the sand column was determined from the known volume of the
cell, the weight of the test sample and its specific gravity. The laboratory procedure
commenced by applying one fluid phase ( water ) to the sample and adjusting the flow
rate of this phase through the sample until a determined pressure was obtained. The
determination and adjustment of the flow rates of each of the fluids was made by
flowmeters, regulators and pressure gauges connected to the permeameter cell.
Injection of a second phase, which was gas, started at a low rate and flow of the first
phase was reduced slightly. This procedure maintained the differential pressure across
the system at a constant level. After the system reached an equilibrium condition, the
two flow rates and pressure differential were recorded and the percentage saturation of
each fluid phase within the sample was determined by weighing. The differential
pressure along the sample was measured by pressure gauges connected across the cell.
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After the first readings, the rate of flow of the first phase was decreased slightly and
the flow rate of gas was increased simultaneously to maintain the pressure differential
across the sample at its previous value. When the system reached a constant level,
flow rates and pressure differential were recorded.

The relative permeability tests were conducted on various grain sizes of sands ranging
from silt size to coarse size. Different grain sizes of sand, which were chosen as a
porous medium, were mixed at a definite percentage by weight. The experiments were
conducted on three different mesh sands; 100-200 mesh sand, (porosity 40 percent ),
heterogeneous sands, ( porosity 33 percent ) and 7 - 20 mesh sand, (porosity 35

percent ).

6. RESULTS AND DISCUSSION

Relative permeability measurements for unconsolidated sands were made at various
rates of flow, degrees of saturation and pressures. Air and tap water were first utilized
as multiphase fluids,and secondly, nitrogen and de - aired water were used for the
same test sample. In each experiment the flow was continued at a constant rate until the
pressure differential along the sand column became constant, at which time a series of
reading were taken and the relative permeability value to each phase calculated. Results
of the two experimental series were plotted in graphs. These graphs are shown in
figures 3 - 8. Experimental results have been plotted using percent saturation of the
sand versus relative permeability values. It is seen that the curves for gas and liquid
phases have different shapes.The shape of the water relative permeability curve
indicates that the relative permeability to water is sharply decreasing when there is a
small reduction in water saturation. This rapid decline is due to occupation of the larger
pores or flow paths by the gas phase. The gas phase in a porous system flows through
the larger pores, and the presence of the éas in the medium interferes considerably
with the flow of fluid. These curves also indicate that the relative permeability of the
gas phase approaches unity whereas that for the liquid phase it is restricted. The value
of the gas phase relative permeability is also greater than the liquid phase relative
permeability at the same saturation. These, again, mean that the liquid phase occupies
the smaller pores and has little influence on the flow of the gas phase.

Pore structure and pore - size distribution affect the relative permeability of the
permeable media.The graphs show that the endpoint of the liquid phase curves
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Figure 3. Relative Permeability - Saturation Relation for 100 - 200 Mesh Sand
Using Air and Tap Water ( Porosity 40 % )
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Figure 4. Relative Permeability - Saturation Relation for Heterogeneous Sand
Using Air and Tap Water ( Porosity 33 % )
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Figure 5. Relative Permeability - Saturation Relation for 7 - 20 Mesh Sand
Using Air and Tap Water ( Porosity 35 % )

Reproduced from best available copy



Mine Water and the Environment | © International Mine Water Association 2006 | www.IMWA.info

22

1.0

krg : nicrogen

08
07 F

06

Relative Permeability

03[
0z2rfF

olr

0.0 i [P | 1 N
0 10 20 30 40 S50 60 70 8 9% 100

Water Saturation %

Figure 6. Relative Permeability - Saturation Relation for 100 - 200 Mesh Sand
Using Nitrogen and De-aired Water ( porosity 40 % )
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Figure 7. Relative Permeability - Saturation Relation for Heterogeneous Sand
Using Nitrogen and De-aired Water ( Porosity 33 % )
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Figure 8. Relative Permeability - Saturation Relation for 7 - 20 Mesh Sand
Using Nitrogen and De-aired Water ( Porosity 35 % )
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decrease, corresponding to an increment in saturation of the gas phase, as the
proportion of the large pores increases.

7. CONCLUSION

The two phase flow of gases and liquids is becoming an increasingly important area of
study in the context of the movement of contaminants in near - surface unconsolidated
sediments. Computer - modelling techniques are being developed for the study of such
problems but the behaviour of fluids in permeable media is strongly dependent on the
values of permeability assigned.

In this research, the two - phase flow of a variety of combinations of liquids and gases
is being investigated in order to provide data for modelling studies. An experimental
technique has been developed for the measurement of relative permeability under
steady - state dynamic conditions. In this paper the results of initial investigations are
presented.
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