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Laboratory Measurement of Relative Permeability of Immiscible Fluids in Sand
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1. Introduction

Relative permeability is the important parameter
controlling the immiscible displacement of multiphase
fluids flow in porous medium. Fig. 1 shows a typical
relative permeability curve of oil and water in sandstone
reported by Aziz and SettariV. As the wetting fluid
desaturation, Sy, (usually water) increases, the relative
permeability of oil, kr, gradually decreases with the
saturation of oil, and inversely the relative permeability of
water gradually increases. Irreducible water saturation, Swi,
and residual oil saturation, Ser, are also important
parameter controlling displacement.
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Relative permeabilities of oils (Kerosene and Heavy
oil) and water in sand were measured in the laboratory by
Steady-State (SS) method. As a result of the experiment,
irreducible water saturation, Sw;, residual oil saturation, S,
and relative permeability curves for Kerosene and Heavy
oil were determined successfully.

2. Outline of the Experiment

Experimental apparatus depicted in Fig. 2 was used in
the experiment. Standard sand (Toyoura sand) of the
particle diameter D =0.105 ~ 0.425mm Wwas packed in the
column with a constant density and it was initially
saturated by water (displaced fluid). Double tubing pumps
were connected at the bottom of the column from which
displacing fluids (oil) were pumped into the saturated sand
with different pumping rates (e.g. qw : qo = 6 : 4). The pore
liquid displaced by pumping was collected at the top of the
column with fraction collectors (2cc test tube) until
fraction ratio of oil and water reaches to the pumping ratio
(steady state). The pressure gauge was installed at the
bottom of the column to measure pumping pressure.
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Fig. 2 Experimental apparatus.

3. Method for Determining Relative Permeability

Fig. 2 shows a schematic diagram of displacement of
pore water by oil. Because there exists immobile water
(absorbed water) in soil pore, oil displaces only mobile
water with velocity v, together with mobile water velocity
vy through the effective porosity (ne).
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Fig. 3 Displacement mechanism.

The void ratio e and porosity n of soil can be calculated by
soil mechanics as
ecPs_q =t 1)@
i 1+e

where p, is dry density of soil and pg is the density of
soil particle. Letting void volume V, as the unit pore
volume 1V,, oil and water flow through effective pore
volume ne V,, and letting fractional discharge of water as

Keywords: Relative permeability, Two-phase flow, Immiscible displacement, Petroleum reservoir

Address:

Zip Code 259-1292 Kitakaname 4-1-1, Hiratsuka, Kanagawa,

Phone: 07021-77-6964



Vwm
fwd = V_ (3)

d
(vwm is the volume of water collected by test tube and v,
is the volume of liquid (2.0cc)) at discharge site.
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Fig. 4 Change of fractional discharge of pore water and oil.

Fig. 4 illustrates the change of fus and fog with the
change of pore volume vy; (a) displacement of pore water

by oil only, g, = gr and g, = 0, (b) qu = g, = 97/,
(g7 isthe total pumping rate). Since soil pore was initially
saturated by water, the fractional discharge at outlet fuq is
1 until some pore volume. After that some amount of oil is
discharged so that fwg decrease and fog increase. When
water discharge is ceased, only the oil is discharged (fos=
1). Therefore, the slashed area of Fig. 4 (a) indicates
mobile pore water displaced by oil and the degree of
saturation of oil, So, can be computed the slashed area/ vp.
Fig. 4 (b) illustrates the case of the pumping ratio of qw =
Jo = 0.5. When fractional discharge, fog and fug, reach to
the fractional rate of pumping, f, and fu, the oil saturation
in pore can be computed by the same way. The slashed area
of Fig.4 (a) is less than the total pore volume, vy, and the
remaining volume this is means the immobile waters

Swi :1_IOP fwd dvp (4)

(irreducible water saturation, Swi) shows in Fig. 3. This is
mathematically expressed as;
By changing the pumping rate of oil and water, we can
evaluate the average degree of saturation, S, and Sy, at
steady state. The relative permeability of oil and water, kro
and krw, are computed from Darcy’s law as

®) 6)
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where k is the intrinsic permeability of the medium (k
=1.0x 1077 cm?), A is the cross-sectional area of sand
column, u, and u, are the dynamic viscosities of oil
and water respectively. From Egs. (5) and (6), ki and kw
can be calculated by

:qoﬂo/P k qW'uW/E
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here the pressure gradients are the same because the fluid
pressure of mixed fluid, P is measured at the inlet of soil
column (P is the pressure measured by pressure gauge as
show in Fig. 1). The physical properties of oil and water
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are listed in Table 1.
Table 1 Physical properties of oils and water.

Properties Kerosene Heavy oil Water
Density
g 0.795 0.837 1.00
p( /cm3)
Dynamic
Viscosity 0.00242 0.0167 0.001
u(Pa xs)

If soil is initially saturated by oil and displaced by water,
relative permeabilities and irreducible oil saturation and
residual water saturation are obtained by the same way.

4. Results and Discussion
Table 2 shows relative permeabilities obtained from
the steady-state experiments.

Table. 2 Relative permeability for displacing water
Heavy oil Kerosene
Sw krw kroh Sw krw krok
0.10 0.00 1.00 0.16 0.00 1.00
0.18 0.00 0.68 0.25 0.00 0.64
024 | 000 | 049 | 032 | 0.01 | 0.43
033 | 002 | 028 | 037 | 0.01 | 0.32
041 | 004 | 015 | 052 | 0.06 | 0.09
051 | 010 | 005 | 061 | 0.13 | 0.03
0.63 0.21 0.01 0.66 0.17 0.01
0.69 0.29 0.00 0.71 0.23 0.00
0.79 0.46 0.00 0.82 0.40 0.00

Swi =0.10, Sor=0.24 Swi = 0.16, Sor = 0.18
S, S,
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Fig. 5 Relative permeability curves Fig. 6 Relative permeability curves
for displacing water by kerosene.  for displacing water by heavy oil.
Fig. 5 and Fig. 6 illustrate the relative permeability
curves drawn using the data of Table 2. It is seen from the
figures, relative permeability of water, krw, gradually
decreases with desaturation of water and inversely, relative
permeability of oil, ke, rapidly increases.
The residual oil saturations, Sr, are the same for two oils,
but irreducible water saturations, swi, of heavy oil is smaller
than that of kerosene.
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