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Absolute permeability: is the permeability of a porous medium saturated with a 

single fluid (e.g. Sw=1). 

Except for gases at low pressure , the permeability of rock is a property of the rock 

and not the fluid that flows through it.  

Commonly, reservoirs contain 2 or 3 fluids 

•Water-oil systems 

•Oil-gas systems 

•Water-gas systems 

•Three phase systems (water, oil, and gas) 

To evaluate multiphase systems, we  must consider the effective and relative 

permeability 

Relative Permeability 
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Oil Test Water Test 

As the historical review showed, all efforts were made to extend the validity of 

the Darcy-law to multiphase filtration. If this is possible, then the following 

formulas may be set up: 
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•Effective permeability: is a measure of the conductance of a  porous medium for 

one fluid phase when the medium is saturated with more than one fluid. 

•Effective permeabilities:    (ko,  kg,  kw) 
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•Relative Permeability is the ratio of the effective permeability of a fluid at a given 

saturation to some base permeability. 
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•The flowing water –oil ratio at reservoir conditions depends on viscosity ratio and 

relative permeability ratio; i.e. , at MOBILITY RATIO.  
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•At 70% water saturation and 30% oil saturation, the water is flowing at 14.9 times 

the oil rate. 



Typical Curves for Oil-water Relative 

Permeability at a Water-wetted System 

The end point saturations determine the movable saturation range and is directly 

related to amount of recoverable oil. 



Drainage curves are important for: 

• solution gas drive (since oil and water are 

generally wetting relative to gas), 

• for gravity drainage (gas displaces drained oil), 

• gas injection processes, 

• oil or gas displacing water (in tertiary recovery 

processes). 

Imbibition curves are relevant to: 

• waterflood calculations, 

• water influx, 

• oil displacing gas (e.g. oil moving into a gas cap). 

Importance of Drainage and Imbibition Relative 

Permeability 



Oil-brine relative Permeability Theory 

•It should be remembered that in water-wet systems capillary forces assist water 

to enter pores, whereas in the oil wet case they tend to prevent water entering 

pores. 

 

•Many reservoir systems fall between the two extremes, which does nothing to 

make laboratory water-flood data easier to interpret. However, a knowledge of the 

two extreme cases allows misinterpretation of intermediate data to be minimised. 

 

•Consideration must be given to flow rates. Close to the well bore, advance rates 

will be high, further away, rates can be very low. This can be modelled in 

laboratory tests; but in the case of oil wet systems, there is a tendency for low 

recoveries to be predicted due to end effects, i.e. retention of wetting phase at test 

plug outlet face. 



Water Wet Systems 

•Consider a water-wet pore system at Swi (generally 15 to 30%) some distance 

from well bore such that flow rates are low, typically advancing at 1 ft/day. This is 

equivalent to about 4 cc/hr in a typical laboratory waterflood. The following 

sequence in the next slides occurs as water migrates into the rock: 

•If floods are carried out at too high a flow rate on water-wet cores the trapping 

mechanisms present in the reservoir are not allowed to occur. Instead of 

entering small pores preferentially by capillary forces, the water flows at a 

relatively higher velocity through larger pores, thus tending to bypass ‘groups’ of 

smaller pores containing oil. The Sor value obtained may then differ from the 

true reservoir situation. 



Initially at Swi, water is the wetting phase and will 

not flow. Kro = 1 and Krw = 0. 

Water migrates in a piston like fashion, tending to 

displace most of the oil ahead of it. 



As water saturation increases oil flow tends to 

cease abruptly, and Sor is reached 

Dramatically increasing the water flow rate (bump) has 

very little effect on oil production or Krw. This is 

because capillary forces provide most of the energy 

required for displacement of the oil. 



Oil Wet Systems 

Capillary pressure considerations indicate that 

an applied pressure differential will be required 

before water will enter the largest pore. 

Water flows through the largest flow channels first, 

Kro falls and Krw rises rapidly. 



After large volumes of water have flowed through the 

system, Sor is reached. This equilibrium is attained 

slowly giving the characteristic prolonged slow 

production of oil after early water breakthrough. 



Typical Two-phase Flow Behavior 



Point 1 

Point 1 on the wetting phase relative permeability shows that a small saturation of 

the non-wetting phase will drastically reduce the relative permeability of the wetting 

phase. The reason for this is that the non-wetting phase occupies the larger pore 

spaces, and it is in these large pore spaces that flow occurs with the least difficulty. 



Point 2 

Point 2 on the non-wetting phase relative permeability curve shows that the non-

wetting phase begins to flow at the relatively low saturation of the non-wetting phase. 

The saturation of the oil at this point is called critical oil saturation Soc. 



Point 3 

Point 3 on the wetting phase relative permeability curve shows that the wetting 

phase will cease to flow at a relatively large saturation. This is because the wetting 

phase preferentially occupies the smaller pore spaces, where capillary forces are 

the greatest. The saturation of the water at this point is referred to as the irreducible 

water saturation Swir 



Point 4 

Point 4 on the non-wetting phase relative 

permeability curve shows that, at the 

lower saturations of the wetting phase, 

changes in the wetting phase saturation 

have only a small effect on the 

magnitude of the non-wetting phase 

relative permeability curve. The reason 

for the phenomenon at Point 4 is that at 

the low saturations the wetting phase 

fluid occupies the small pore spaces 

which do not contribute materially to 

flow, and therefore changing the 

saturation in these small pore spaces 

has a relatively small effect on the flow 

of the non-wetting phase. 



The sum of the relative permeabilities for all phases is almost always less than 

unity because of interference among phases sharing flow channels. There are a 

number o f reasons for this interference.  

 

1.  The part of the pore channels available for flow of a fluid may be 

reduced in size by the other fluids  present in the rock.  

 

2.  The immobilized droplets of one fluid may completely plug some 

constrictions in a pore channel through which another fluid would 

otherwise flow. 

 

3.  Some pore channels may become effectively plugged by adverse 

capillary forces if the pressure gradient is too low to push an interface 

through a constriction.   

 

4.  The trapping of a group of globules that are clustered together and 

cannot be moved, since the grain configuration allows fluid to flow 

around the trapped globules without developing a pressure gradient 

sufficient to move them.  

Kro+Krw < 1 



Land Trapping Model 

The Land model (1968) is the most widely used empirical trapping model. Most 

relative permeability models that incorporate hysteresis (Jerauld 1997a; Killough 

1976;Larsen and Skauge 1998; Lenhard and Parker 1987; Blunt 2000; Lenhard 

and Oostrom 1998) are based on it. It was developed to predict trapped gas 

saturation as a function of the initial gas saturation based on published 

experimental data from water-wet sandstone cores (Holmgren and Morse 1951; 

Kyte et al. 1956; Dardaganian 1957). 

The complex physics of multiphase flow in porous media are usually modeled at the 

field scale using Darcy-type formulations. The key descriptors of such models are 

the relative permeabilities to each of the flowing phases. It is well known that, 

whenever the fluid saturations undergo a cyclic process, relative permeabilities 

display hysteresis effects. 



Land trapping parameter (C)  is dependent on the type of rock and fluids. 



The amount of gas that is trapped in the region that has been flooded by water 

encroachment can be estimated by defining the following characteristic reservoir 

parameters : 



• Fluid saturations  

• Geometry of the pore spaces and pore size distribution 

• Wettability  

• Fluid saturation history (i.e., imbibition or drainage) 

Factors Affecting Relative Permeabilities 



At low saturations of the fluid that preferentially tends to wet the grains of a rock, 

the wetting phase forms doughnut-shape rings around the grain contact points. 

These are called pendular  rings. The rings do not communicate with each other 

and pressure cannot be transmitted from one pendular ring to another. 

Sometimes such a distribution may occupy an appreciable fraction of the pore 

space. The amount depends upon the nature and shape of individual grains, 

distribution, as well as degree and type of cementation 

Effect of Saturation on Kr 

Above the critical wetting-phase saturation, the wetting phase is mobile through a 

tortuous path under a pressure differential and as the wetting-phase saturation 

increases, the wetting phase relative permeability increasesas well. The wetting-

phases saturation distribution in this region is called funicular and up to a point, 

the relative permeability to the wetting phase is less than the relative permeability 

to the non-wetting phase due to the adhesion force between the solid surface and 

wetting fluid, and the greater tortuosity of the flow path for the wetting phase. The 

non-wetting phase moves through the larger pores within this range of saturation, 

but as the saturation of the wetting phase further increases, the non-wetting 

phase breaks down and forms a discontinuous phase at the critical non-wetting 

phase saturation. This is called an insular state of non-wetting-phase saturation. 



The effect of Pore Structure 
A. Rocks with large pores and correspondingly small specific surface areas have 

low irreducible water saturations. Therefore, for such rocks, end point relative 

permeabilities are high and a large saturation change may occur during two 

phase flow. 

B. With small pores have larger specific surface areas and larger irreducible 

water saturations. As a result, the end point relative permeabilities are lower 

and the saturation range for two phase flow is smaller than in rocks with large 

pores. 

C. Rocks having some relatively large pores connected by small pores have a 

large surface area, resulting in high irreducible water saturation and relative 

permeability behavior that is similar to rocks with small pores only. 

A B C 





Effect of Wettability on Kr 

•  Water flows more freely 

• Higher residual oil saturation 



The effect of Saturation History 

● The imbibition non-wetting phase relative permeability curve is generally lower 

than the drainage curve at the same saturations. 

● The imbibition wetting phase relative permeability curve is slightly greater than 

the drainage curve. 



The effect of Interfacial Tension 



Mathematical Models of Relative Permeability 

1. Capillaric Models: Capillary models ignore the interconnected nature of the 

capillaries and, therefore can not give a realistic description of two-phase flow 

phenomena. 

 

2. Statistical Models: The statistical models, unless they take into account and 

make use of the interconnectedness of the pores, can not be more successful 

than the capillaric models.  

 

3. Emperical Models: In order to bring the results of capillaric and statistical 

models inline with reality, empiricism had to be resorted to. At the present, the 

practically useful mathematical models of two-phase flow in porous media are 

basically empirical. 

 

4. Network Models: Network models, however; have the best potential for 

understanding and quantitative description of two-phase flow phenomena in 

porous media, both because they take into account the interconnectedness of 

pore structure and because microscopic flow mechanisms are considered in 

them. 

 



Calculate Relative Permeability Curve from 
Capillary Pressure Curve 

Basic Theory: 

By Poiseuille’s Law, the flow rate in single capillary: 

Volume of a single pore 

Definition of capillary pressure 



If the porous medium is conceived to be comprised of n capillary tubes of unequal 

diameter, the total flow rate is given by: 

in addition: Vi = VP I 

In actual rock ,from Darcy’s law 

Then: 



 Vpi = φ ALSi 

Introducing lithology factor 

Method as follows： 

Plot capillary pressure curve (Pc ~ Sw), and draw 1/ PC
2 ~ Sw  curve，obtain 

integral area of this curve and can calculate the relative permeability of rock. 



Calculation of Effective Permeability and 
Relative Permeability: 



Drainage Relative Permeability  
Burdine’s Theory 

Burdine’s theory : Kr=f(Pc) 

•based on hydraulic radius concepts  

•based on a capillary tube bundle model 

Using capillary tubes as a model for the pores, the Carman-Kozeny theory 

gives us, for each tube: 



















Relative permeability ratio 

•This quantity lends itself more readily to analysis and 

to the correlation of flow performances than does 

relative permeability itself.  

•The relative permeability ratio expresses the ability of 

a reservoir to permit flow of one fluid as related to its 

ability to permit flow of another fluid under the same 

circumstances. 

•The two most useful permeability ratios are: 

• krg/kro the relative permeability to gas with 

respect to that to oil  

• krw/kro the relative permeability to water with 

respect to that to oil, 
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Relative Permeability Measurement Methods 

Steady State Method 

In the steady state method, two fluids are injected simultaneously at a fixed ratio 

until the produced ratio is equal to the injected ratio. Core saturations have to be 

measured at each equilibrium and new fluid ratio is applied. This is repeated until 

the relative permeabilities are determined. Most tests are started with the core 

sample saturated with 100% wetting phase, and the test is then a desaturation 

test (drainage). 

Unsteady State Method 

The procedure for performing an unsteady state test is relatively simple and fast 

First the core is saturated with 100% water and then the sample is desaturated by 

injecting oil until no more production of water is obtained. Water production is 

recorded and Swi calculated. Effective oil permeability is then measured at Swi. Oil 

is displaced by a predetermined constant rate of water, oil permeability and 

pressure drop across the core will be recorded. Alternatively, oil is displaced by 

keeping the differential pressure across the core constant with varying rate of fluid 

flow. With the recording of cumulative water injection, pressure drop and produced 

oil volume, it is possible to calculate relative permeabilities by theory developed by 

Welge (1952) 











Definition: Before wetting phase flows to out surface, the capillary pressure is 

active for wetting fluid driving nonwetting fluids. But the capillary pressure is a 

resistance for wetting fluids to flow out when it moves to outlet surface. As a 

result ,the saturation of wetting phase near the outlet face is greater than the 

normal distribution, this phenomenon is called end effect.  

Capillary End Effect 



Eliminating method 

1) Increase flow rate to reduce influence area of end effects; 

 

2) Increase the experiment core length to reduce the ratio of the end effect 

length to the core total length;  

 

3) Three-segment core method. 



The capillary end effect can be analyzed based on the flow equations: 



Three phase systems 

Since we now have three phases flowing, we need to define the relative 

permeabilities and capillary pressures anew. Although the following functional 

relationship not always are valid in practice, we will here use the conventional 

definitions for a completely water wet system with no contact between gas and 

water phases. Thus, the parameters below are functions only of the saturations 

indicated: 

Except for the relative permeability to oil, kro, these parameters may be 

measured in two-phase measurements since they depend on one saturation 

only. In the discussion of three-phase relative permeability to oil, kro, we will start 

with typical two-phase oil-water and oil-gas relationships: 
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The two oil relative permeability curves are two phase curves. However, as 

indicated above, in a three-phase flow situation, the oil relative permeability would 

be a function of both water and gas saturations. Plotting it in a triangular diagram, 

so that each saturation is represented by one of the sides, we can define an area 

of mobile oil limited by the system's maximum and minimum saturations (which not 

necessarily are constants). Inside this area, iso- kro curves may be drawn, as 

illustrated below: 



Stone’s method 1 and 2 are probability based models.  Both methods are based on the 

channel flow theory, which states that in any flow channel there is at most only one mobile 

fluid.  As a consequence, the wetting phase is located in the small pores and the nonwetting 

phase in the large pores, and the intermediate phase occupies the pores in between.  Thus 

at equal water saturations the fluid distributions will be identical in a water-oil system and in 

a water-oil-gas system, as long as the direction of change of water saturation is the same in 

both.  This implies that water relative permeability and water-oil capillary pressure in the 

three-phase system are functions of water saturations alone.  Also, they vary the same way 

in the three-phase system as in the two-phase water oil system.  The gas phase relative 

permeability and gas oil capillary pressure are the same functions of gas saturation in the 

three-phase system as in the two-phase gas oil system. 

These two models require two sets of two-phase data: water oil displacement and gas 

oil displacement.  Hysteresis can be taken into consideration by using the appropriate two-

phase data.   

Theory and Assumptions Used in Stone’s Models 

In principle, kro may be measured in the laboratory. However, due to the 

experimental complexity of  three-phase experiments, we most of the time construct 

it from two phase oil-water krow and two phase oil-gas krog . 

The so-called Stone-models may be used for construction of three-phase relative permeability 

curves. 



Stone's model 1 

Stone's model 2 

Please note that the above formulas assume that end point relative permeabilities are 1. If 

this is not the case, the relative permeability formula must be modified accordingly. 

It does not require the estimation of Sor , as it attempts to estimate it implicitly by its formulation. 

Assumption: 


