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Abstract
The article describes the correlation be-
tween capillary pressure and relative per-
meability in porous rocks. The Darcy equa-
tion for single phase flow and the physics of
capillary pressure are shortly described us-
ing the concept of the hydraulic radius. Sep-
arating two phase flow in a porous medium
into a Darcy component and into a capillary
pressure component leads to an equation for
the relative permabilities.
Examples are given for relative permea-
bilities in surfactant flooding, the change in
wettability and dependence of relative
permeabilities on pressure or flow velocity.

Introduction
The description of the flow of liquids and
gases in porous rocks is the basis of all calcu-
lations in reservoir engineering. The flow of
fluids in porous rocks is described in the pe-
troleum industry by empirically derived
laws and equations, as the Darcy equation
for the general flow description and the con-
cept of relative permeabilities for multi
phase flow. All these correlations serve well
for the purposes needed in the industry.
If enhanced oil recovery methods like
surfactant and polymer flooding are consid-
ered, these concepts come to their limits.
There is a need to describe and predict the
change in relative permeabilities and resid-
ual oil saturation due to changes in surface
tension, wetting properties or mobility.
It is clear and known since the early times of
reservoir engineering that these quantities
are influenced by capillary pressure [1]. In
this article the simple relationship between
capillary pressure and relative permeability
is described. Some examples are given for
the illustration of this relationship and how it
can be used to predict these properties for
cases of low interfacial tension between oil
and water.

2 Single Phase Flow in Porous
Media
2.1 Hagen-Poiseuille and the Darcy
equation
The flow in porous media is laminar in all
flow regimes. The flow rate is directly pro-
portional to the pressure difference applied.
This can be expressed by Hagen-Poiseuille’s
law [2] as it is valid for flow in tubes.
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q is the flow rate, r the radius of the pipe, l the
pipe length, µ the viscosity of the flowing
medium and ∆p is the pressure difference
between the two ends of the pipe.
For the flow in porous media the Darcy
equation is used to express the relation be-
tween flow rate and pressure.
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In the Darcy equation A is the total cross sec-
tion of the porous medium and the propor-
tionality factor k is called permeability. It is
obvious that both equations are equivalent.
For pipes with a radius r in Equation (1) the
cross sectional area A of such a tube is πr2.
Equation (1) can then be written as
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and the permeability factor k becomes
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In the Darcy equation the cross sectional
area is the total area and not only the effec-
tive area of the open pores. Therefore this
area has to be multiplied by porosity and we
get
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for a porous medium, where r is the pore ra-
dius.
If we consider a porous matrix with a poros-
ity of 30% and pores of 10 µm diameter or
5 µm radius having the geometry of tubes it
will have a permeability of
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2.2 The concept of the hydraulic
radius
Porous media do not have pores of well de-
fined geometry and uniform radii. For the
description of the pore geometry, the defini-
tion of the hydraulic radius rH or hydraulic
diameter dH is useful. The hydraulic radius is
defined by the ratio of the volume of a pore
to its surface as
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where VF is the volume occupied by the fluid
and SV the inner surface of the porous body.
For a pipe e. g. the hydraulic radius would be
equal to the radius of the pipe, as shown be-
low.
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KOZENY (1927) and CARMAN (1937,
1938) derived an equation to calculate the
permeability of well sorted sands (Equation
(7)).
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Where k0 is a shape factor of the sand grains,
T is the tortuosity factor and S0 is the specific
surface of the porous body. The tortuosity T
is the relation between the geometric length
of a porous medium l and the length of the
shortest way through the pores lΘ. The
tortuosity factor is defined as
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The shape factor for a sand is app. 2, which
applies for most porous media being sedi-
ments of grains like unconsolidated sands.
From the Kozeny-Carman equation the spe-
cific surface of a porous medium can be cal-
culated as:
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The specific surface is defined as the ratio of
the inner surface SV to the bulk volume VB:
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Using this definition the hydraulic radius
can be expressed as:
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V is the total volume. If we insert S0 from the
Kozeny-Carman equation we get
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The hydraulic radius of a porous medium
then becomes:

r
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As mentioned above the shape factor for
sand grains is about 2 and lies between 2 and
5 for consolidated sands. Combining the
shape factor with the tortuosity factor we get
8 for the term “4k0T” for idealized porous
media and about 32 for consolidated sand-
stones. The concept of the hydraulic radius
is e. g. used for the normalization of capil-
lary pressure curves in the Leverett J-func-
tion, where the radius in the capillary pres-
sure (Equation (15)) is substituted by the hy-
draulic radius.

3 Flow of several phases
3.1 Capillary pressure
The wetting properties and the interfacial
tension determine the capillary pressure.
Capillary pressure is simply the phenome-
non of a liquid, which is wetting a solid, be-
ing sucked into small capillaries, whereas a
non-wetting phase is repelled. This is illus-
trated in Figure 1.
Oil and water form different, immiscible
phases. If we have e. g. an oil droplet in the
water phase, this drop will form an ideal
sphere. The droplet is kept together by a sur-
face energy. The most stable state of the
droplet is that with the minimum surface en-
ergy, which is obtained by the form of a
globe.
The surface energy ES is proportional to the
surface A

E AS = ⋅σ (12)

The constant σ is the specific surface energy
or surface tension. The unit is
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An older unit, still being used, is dynes/cm,
which is equal to mN/m.
The surface or interfacial tension of a liquid
droplet causes a pressure inside the drop.
This pressure can be calculated by Equation
(13) derived by LAPLACE and YOUNG [8].
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p is the pressure in the drop or in general be-
low the curved surface and R is the radius of
curvature.
If a liquid is in contact with a solid surface it
will either wet this surface or not. The
strength of the wetting properties of a liquid
on a particular solid surface is characterized
by the wetting angle. The definition of the
wetting or contact angle is shown in Figure
2.
If we “force” a liquid into a small capillary it
will form a curved surface in this capillary,
as also here the surface energy will mini-
mize. The wettability will spread the liquid a
little on the surface. The radius of curvature
of a virtual droplet, which we have pressed
or which is being sucked into a capillary, is
therefore larger than the radius of the capil-
lary. This radius of curvature can be ex-
pressed by the wetting angle and the capil-
lary radius as shown in Figure 3.
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If we insert (14) into the Laplace-Young
equation (13) we get

p
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for the capillary pressure.

3.2 Mobility and relative permeability
If more then one phase are flowing in a po-
rous rock the fraction of flow by each phase
should be related to its saturation and its vis-
cosity. Each phase is given a mobility M,
which is the ratio of its permeability ki and its
viscosity µi.
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The phase permeability ki can be expressed

by the absolute permeability of the porous
medium and a relative permeability to the
phase kri.
If several phases are flowing, the sum of all
flow rates qi equals the total flow rate qt and
the sum of the fractional flow rates fi is 1.
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The fractional flow of a phase is
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As qi is proportional to its mobility M
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The flow rate of each phase should be related
to its saturation. If no capillary forces or any
other interaction between the phases are
present the flow rate of a phase can be writ-
ten as
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The relative permeability is

k Sri i≡ (22)

If capillary effects are present, which is the
case in oil and gas production, the flow of a
phase is either supported or reduced by the
capillary forces. If a saturation change in a

Fig. 1 Simplified illustration of capillary pressure, a wetting phase rises in
a capillary, whereas the non-wetting phase is depressed

Fig. 2 Definition of the wetting angle, left: non-wetting, right: wetting fluid

Fig. 3 Illustration of capillary pressure and wet-
ting angle



porous rock is
caused by a flow of
fluids the pressure
drop caused by
capillarity is propor-
tional to the phase
saturation and the
capillary pressure
caused by it.
To illustrate this, we
can make a thought
experiment as shown
in Figure 4 assuming
a rock piece having a
uniform saturation
of a wetting and a non-wetting phase. For the
Darcy case alone the flow would be accord-
ing to Equation (21). If we imagine that the
saturated core plug is submerged in one of
the phases its saturated with, e. g. the
non-wetting phase having a pressure p2, a
flow would start, caused by the capillary
forces in the core plug. The pressure inside
the core that causes this flow is proportional
to the flowing phase saturation times the
capillary pressure plus the surrounding
pressure p2. The pressure analogue to p1 in
Equation (21), that causes the flow is:

p S p pi ci1 2= ⋅ + (23)

Using this “virtual” pressure in the Darcy
equation (21) we get
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The total flow rate of a phase (the index i ei-
ther denotes the wetting or the non-wetting
phase) considering a pressure drop and flow
from capillary pressure then is:
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Where the capillary pressure is a function of
the saturation pci = pci(Si).
The flow of the non-wetting phase is in-
creased by capillary forces, whereas the
flow of the wetting phase, which is held in
the pores by capillary forces, is reduced. The
sign before the capillary pressure term
should be negative for the wetting and posi-
tive for the non-wetting phase.
The relative permeability to a phase can be
written as:
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Finding an expression for relative
permeabilities as in Equation (28) is not sur-

prising, as it is known from empirical de-
rived correlations that relative permeabil-
ities can be expressed by a power law of the
phase saturation, in most cases to a power of
2 [3]. It is also not surprising, that relative
permeabilities correlate to capillary pres-
sure, but it is remarkable that the relative
permeability depends on the pressure gradi-
ent. On the other side this is evident as this
behaviour of pore filling is used e. g. to mea-
sure capillary pressure curves.
Bringing together the pressure drop in the
reservoir with capillary pressure is not obvi-
ous initially. The pressure drop to be used in
these calculations should have a physical
meaning. It can e. g. be the pressure differ-
ence between two grid blocks in a numerical
reservoir simulation model and should be
chosen within reasonable bounds.

3.3 Critical or residual saturations
Phase saturations that are bound or trapped
in the reservoir due to other forces than
capillarity are not considered here. It is ob-
served that some phases need to have a par-
ticular saturation before they start flowing.
It is obvious that a phase starts flowing at a
saturation when the pressure drop is larger
than the capillary pressure. This occurs at
saturations when pci/∆p becomes smaller or
equal to 1 or

1 0− >
p

p
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The term (1– pci/∆p ) leads to negative satu-
rations in Equation (28), when the pressure

drop ∆p is smaller than the capillary pres-
sure pci and thus makes the relative permea-
bility zero or less. So the critical saturation
can be calculated from Equation (29) and the
equation for the relative permeability be-
comes
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For a non-wetting phase a meaningful root of
Equation (29) occurs when –pci/∆p is equal
to 1 at a non zero saturation. This is only the
case if capillary pressure becomes negative
and means, that the phase is partially wet-
ting. There is no other situation where the
relative permeability of the non-wetting
phase is zero. This is logical as the non-wet-
ting phase is repelled from the porous me-
dium and therefore is always movable.
Nevertheless a residual saturation for the
non-wetting phase is also observed. This can
be explained by a mechanism where the
non-wetting fluid is trapped at pore throats
filled with the wetting phase, so that the cap-
illary pressure of the wetting phase has to be
overcome (Fig. 5). This means that the resid-
ual saturation of the non-wetting phase is of
the same magnitude as that of the wetting
phase. It may even be higher as the space be-
fore a pore throat may be larger than that of
the pore throat itself.
This relation can be described by the
tortuosity of the porous medium. Tortuosity
T is the relation between the geometric
length of a porous medium l and the length
of the shortest way through the pores lΘ.

S T SrN rW= ⋅ (31)

where N denotes non-wetting and W wetting.

4 Examples
4.1 Pressure regime and typical
relative permeabilities in petroleum
reservoirs
In Figure 6 typical relative permeabilities as
used for the description of the flow of oil and
water in sandstone are shown. The data set is
the result of a history matching process in
numerical reservoir simulation.
For the examples that follow it is essential to
have an overview of the pressures and pres-
sure gradients that occur during flow in an
oil reservoir and the regimes of the capillary
pressures. In Table 1 for a variety of reser-
voir rocks the average pore radii and capil-
lary pressures are given. In Table 2 the pres-
sure gradients that may occur in a realistic
production scenario are calculated. Both the
capillary pressures and the pressure gradi-
ents lie in the same order of magnitude. In a
poor reservoir having small permeabilities
the pressure drop in the reservoir during pro-
duction is higher than in good permeable
and porous sand. The same applies for the
capillary pressure.
If we look at an oil reservoir having a perme-
ability of 100 mD with a thickness of 10 m
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Fig. 4 Thought experiment. Dividing flow into a “Darcy” component and
into a “Capillarity” component

Fig. 5 Oil droplets “trapped” at a water wet pore
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and an oil viscosity of 1 mPas and produce
this reservoir at a rate of 100 m3/d, which is a
typical rate for such reservoirs, we obtain a
pressure gradient of app. 0.06 bar/m at a dis-
tance of 50 m from the well.
The average capillary pressure of a water
wet sandstone would be about 0.13 bar as
shown in Table 1. So the pressure gradient in
the reservoir is not high enough to establish a
pressure that can overcome the average cap-
illary pressure. Only a part of the pore vol-
ume, having larger pores and lower capillary
pressure can be drained. More detailed ex-
amples are described below.

4.2 Capillary pressure
Capillary pressure curves are usually mea-
sured by injecting mercury into the dry sam-
ple of the porous medium. A wide range of
pressures are usually applied and the mer-
cury saturation is measured by simply
weighing the core plug. A typical capillary
pressure curve is shown in Figure 7.
The pore size distribution of the sandstone
sample can be calculated from the capillary
pressure curve by using Equation (15). In
Figure 8 the pore size distribution is shown
in conventional fractions for the pore radius.
These fractions are also given in Table 3.
The maximum pore radius lies between 2.5

and 4 µm and the av-
erage pore radius is
1.36 µm. This pore
radius is taken as the
hydraulic radius,
which is responsible
for flow. For the cal-
culation of the per-
meability using
Equation (11) a
value of k0T ~ 8 is
used.
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⋅ ⋅
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32
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This is close to the measured value of
10.3 mD.
The mercury capillary pressure curve shown
in Figure 7 is used to calculate an oil water
capillary pressure curve. This curve is
shown in Figure 9. For the calculation of this
oil/water capillary curve an interfacial ten-
sion of 25 mN/m and a wetting angle of 80°
are taken.
The relative permeabilities in the examples
below are all calculated using this capillary
pressure curve, or derivatives calculated
from the pore size distribution with different
interfacial tensions or wetting angles. For
the calculation of the relative permeabilities

Fig. 6 Typical set of oil/water relative permeabilities and fractional flow
curve of water (scaled to 1, zero critical saturations)

Fig. 7 Mercury capillary pressure curve for a sandstone having a porosity
of 19.07% and a permeability (measured with air) of 10.3 mD

Fig. 8 Pore size distribution of a sand stone sample

Table 1 Average capillary pressure of porous media

Interfacial tension oil/water 25 mN/m
Contact angle 45 degrees

Permeability Porosity Pore radius Capillary pressure
mD % µm bar

0.1 8 0.100 2.55
1 10 0.283 0.90
10 15 0.730 0.35
100 20 2.000 0.13
1 000 25 5.657 0.05
10 000 30 16.330 0.02

Table 2 Pressure gradient in a reservoir around a well

Flow rate 100 m
3
/d

Thickness 10 m
Viscosity 1 mPas
Well radius 0.1 m

10 mD 100 mD 1000 mD
Distance, m Pressure, bar/m

0.5 59.305 5.931 0.593
1 25.541 2.554 0.255
2 12.771 1.277 0.128
5 5.627 0.563 0.056
7 3.100 0.310 0.031
10 2.190 0.219 0.022
20 1.277 0.128 0.013
50 0.563 0.056 0.006
100 0.255 0.026 0.003
200 0.128 0.013 0.001

Table 3 Pore radius distribution of sandstone
sample

Pore radius interval Frequency
µm %

4 0.37

2.5 30.11

1.6 25.96

1 11.69

0.63 3.65

0.4 5.59

0.25 6.10

0.16 3.28

0.1 2.49

0.063 2.02

0.04 8.75



the capillary pressure is taken from these
curves at a particular water saturation. This
pressure is inserted into Equation (30). For
the saturation in Equation (30) either the wa-
ter saturation or oil saturation are used and
the sign for the capillary pressure is taken as
negative for the wetting phase (water) and
positive for the non-wetting phase (oil).

4.3 Water wet rock – influence of
pressure
For a water wet rock, with porosity and per-
meability as above (19%, 10 mD) relative
permeabilities are calculated using Equation
(30). The results are shown in Figure 10.
All calculated relative permeabilities are
normalized to 1 for the maximum relative
permeability to oil.
The smallest capillary pressure for the above
example is 0.008 bar. At a pressure of
0.05 bar a critical water saturation of 0.28 is
calculated. The residual oil saturation is al-
most 0.3 using a tortuosity factor of 1.25.
This is reduced by increasing the pressure to
about 0.1 bar to a critical water saturation of
0.2 and a residual oil saturation of 0.25. At a
pressure of 0.2 bar the irreducible water sat-
uration is 0.12 and the residual oil saturation
is 0.18.

An increase in pressure drop in a reservoir or
core flood is achieved by increasing the flow
rate. An increase of oil recovery by applying
higher rates has been observed in the labora-
tory. Also the use of chemicals such as poly-
mers or surfactants for foam in WAG pro-
cesses tends to increase the pressure drop
and the oil recovery.
Regarding this mechanism the increase of
oil recovery from EOR methods where the
viscosity of the driving medium in increased
as in polymer flooding should not only come
from an improvement of sweep efficiency.
These methods should also be able to reduce
the residual oil saturation.

4.4 Wetting angle
The influence of a changing wettability for a
water wet rock is shown in Figure 11 for wet-
ting angles of 60 (strongly water wet), 80
(intermediate water wet) and 87 (almost
neutral) degrees. A strongly water wet rock
shows a higher critical water saturation than
a more oil wet rock. A change in wettability
may influence the oil recovery significantly.
Such processes are micellar flooding or also
the so called LoSal process, where the use of
fresh water instead of brine for flooding may

change the rock surface and thus the
wettability.
Whether such high changes in wettability
can be achieved in a reservoir shall not be
discussed here. The above example shall
only demonstrate the effect of such changes.
Change in the wetting angle will change the
capillary pressure and thus the relative
permeabilities and critical fluid saturations.
Methods like alkaline flooding or even sim-
ply switching from salt water injection to
fresh water may have considerable effects.

4.5 Interfacial tension
The influence of interfacial tension is shown
in Figure 12. The decrease of interfacial ten-
sion moves the relative permeabilities into
the direction of miscible curves and reduces
critical saturations.
This behaviour is a typical change in relative
permeabilities in surfactant flooding as it is
proposed by using the capillary number to
calculate increase in oil recovery.
The results from the calculation proposed
here show how the increase in oil recovery is
obtained by surfactant flooding. In
surfactant flooding a chemical, which re-
duces the interfacial tension between oil and
water, is added to the flood water displacing
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Fig. 10 Relative permeabilities for a water wet rock, pressure 0.05, 0.1 and
0.2 bar (σ = 25 mN/m, Θ = 80°)

Fig. 12 Influence of interfacial tension on relative permeabilities 25 mN/m ,
10 mN/m, 0.5 mN/m (Θ = 80°, ∆p = 0.2 bar)

Fig. 11 Dependence of relative permeabilities an on wetting angle. 60°,
80°and 87° (σ = 25 mN/m, ∆p = 0.2 bar)

Fig. 9 Calculated oil/water capillary pressure, interfacial tension 25 mN/m,
wetting angle 80 °
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the oil. In the ideal case oil and water be-
come one phase and we obtain the idealized
relative permeabilities, which are equal to
the phase saturation. Though in this case we
cannot distinguish any longer between the
water and oil phase by definition this picture
is used and we can correlate the relative
permeabilities to a water and oil component.
The characteristics as shown in Figure 12 are
the same as used in numerical reservoir sim-
ulation, where the relative permeabilities are
adjusted in the same way, using measured
data and the capillary number (32).

N
v

c
D=

µ
σ (32)

In Figure 13 the residual oil and water satu-
rations are shown as a function of the capil-
lary number. These data come from different
experimental measurements (LAKE [9]).

4.6 Mixed Wettability
It may occur or even be the general case, that
a rock is not purely water or oil wet but of
mixed wettability. In Figure 14 a capillary
pressure curve, calculated from the above
Mercury capillary pressure measurement,
by assuming that 70 % of the pores is water
wet and 30 % is oil wet, is shown. The con-
tact angle for the water wet portion was cho-
sen 80° the one for the oil wet portion was
140°, which leads to the negative capillary
pressures for water as shown in Figure 15.
The interfacial tension is 25 mN/m.

In the case of mixed
wettability the resid-
ual oil saturation is
considerably lower
as if the rock were
water wet as shown
in Figure 15. The in-
tersection of the rel-
ative permeability
curves is shifted to
the right side, as ob-
served in laboratory
measurements.

5 Calculation procedure
The relative permeabilities can be calculated
in a spreadsheet. The capillary pressure
curve should be given. In the calculation ex-
ample shown in Appendix A , the capillary
pressure curve shown in Figure 14 for mixed
wettability is used. In the header of the
spreadsheet the parameters used for the cal-
culation of this capillary pressure curve, as
well as interfacial tension and the pressure
difference are given.
First the irreducible or critical water satura-
tion is calculated. This should be the value,
when 1–p/∆p becomes zero. In the example
a saturation value close to this value is taken.
When doing this correctly an interpolated
value should be taken. For the residual oil
saturation the critical water saturation times
the tortuosity factor is used. The critical oil
saturation that can be calculated in this case
with mixed wettability is also marked in col-
umn E.
In columns F and G the respective saturation
minus the critical saturations are calculated.
These values are used to calculate the rela-
tive permeabilities in columns H and I ac-
cording to Equation (30).
In column J the water saturation is copied for
charting in the spreadsheet. The normalized
relative permeabilities are shown in col-
umns K and L. The curves are normalized to
the maximum value calculated for the oil rel-
ative permeability. As we are dealing with

relative values this normalization is useful
and permissible.
A chart of the calculated values is given at
the bottom of Appendix A. The relative
permeabilities for water above the residual
oil saturation are irrelevant and are only
shown for completeness. Note that some
rows are hidden in the spreadsheet.

6 Conclusions
The Darcy equation as used in reservoir en-
gineering is not an empirical equation as it is
often addressed in literature, but can be de-
rived exactly from Hagen-Poiseuilles law.
Relative permeabilities to a phase in porous
media depend on the saturation of the phase,
the capillary pressure and the pressure drop
during flow. An equation could be derived to
calculate relative permeabilities from capil-
lary pressure curves.
The validity of this equation is shown in dif-
ferent examples. The examples shown com-
ply with observations made in laboratory ex-
periments or observed in the field. It is e. g.
possible to describe the effect from change
in interfacial tension, wetting angle or flood
velocity.
Even though the pressure drop in a reservoir
may not be calculated exactly, the method
derived here is usable to predict the depend-
ency of relative permeabilities on parame-
ters such as the wetting angle and interfacial
tension and is in agreement with observa-
tions.

Symbols and units:
Symbols are used as in the petroleum industry, units

are SI units.

q flow rate, m3/s

r radius, m

R radius, m

p pressure, Pa, bar

l length, m

k permeability, m2,

Darcy (1 D = 0.986923.10–12 m2)

A cross section, m2

V Volume, m3

S surface, m2
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Fig. 13 Residual saturations as a function of capillary number [9]

Fig. 15 Relative permeabilities for water wet and mixed wettability
(σ = 25 mN/m, ∆p = 0.05 bar ,Θw = 80°, Θo = 140°)

Fig. 14 Capillary pressure curve derived from the Hg-capillary curve in
Figure 7 for mixed wettability. The fraction of water wet pores is 0.7



SV inner surface, m2

S0 specific surface, m–1

rH hydraulic radius, m

f fractional flow

T tortuosity factor

k0 shape factor, Kozeny-Carman

µ viscosity, Pa s

Φ porosity

Θ wetting angle

σ surface tension, N/m

Indices
i phase index, wetting or non-wetting

o oil

w water

c,C capillary

D Darcy

t total

r relative

N non-wetting

W wetting

P pore, porous

F fluid

B bulk, for bulk volume of a porous body

φ related to porosity
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Appendix A: Example Calculation Spreadsheet
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