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1. A capacity for storage (requires void spaces within the rock) 

2. Transmissibility to the fluid (requires that there should be continuity of 

those void spaces) 

Two  Essential Characteristics for a 

Commercial Reservoir of Hydrocarbons 

Porosity: The porosity of a rock is a measure of 

the storage capacity (pore volume) that is capable 

of holding fluids.  



Porosity increases as the range of particle 

size decreases. 



1. Total or absolute porosity: total porosity is the ratio of all the pore spaces in a 
rock to the bulk volume of the rock. 

 

2. Effective porosity: effective porosity is the ratio of interconnected void spaces to 
the bulk volume. 

 

• Only the effective porosity contains fluids that can be produced from wells. 

 

• For granular materials such as sandstone, the effective porosity may approach 
the total porosity, however, for shales and for highly cemented or vugular rocks 
such as some limestones, large variations may exist between effective and total 
porosity. 

Classification of Porosity According to Its 
Measurement (Engineering) 



Classification of Porosity According to Its Origin 

1. Primary or original porosity is developed during deposition of the sediment. 
 
– intergranular or interparticle porosity, which occurs between the grains of a 

sediment (more typical of sandstones) 
 
 
 

 
 
 

 
– intragranular or intraparticle porosity, this actually occurs within the sediment 

grains themselves 
 
 

Throat passages 

Effective porosity in these 

reservoirs is equivalent to 

total porosity. 



Classification of Porosity According to Its Origin 

2. Secondary porosity:  Secondary porosity is porosity formed within a reservoir 
after deposition. 

–  Secondary porosity is caused by the action  of the formation fluids or 
tectonic forces on the rock matrix after deposition. 

 
– These changes in the original pore spaces may be created by ground 

stresses, water movement, or various types of geological activities after the 
original sediments were deposited. 
 

– Fracturing or formation of solution cavities often will increase the original 
porosity of the rock. 





Specific surface area (specific surface): The total internal surface area 

obtained in a unit volume (or unit mass) of the rock. 

 

Rocks containing smaller and flatter or irregular shaped grains will have 

larger specific  surface compared rocks containing large and well rounded 

grains. 

 

Specific surface area is an important property of the rock that has a direct 

influence on many reservoir processes. For example, the amount of wetting 

fluid that is held immobile in the form of a thin wetting layer would increase with 

increasing specific surface area.  

Specific Surface Area  





Pore Size Distribution 

•Individual pores in a reservoir rock vary considerably in their sizes. The degree 

of size variation is described by pore size distribution. It is often useful to know 

the fraction of pore space represented by pore of various size ranges. To some 

extent, pore  size distribution is related to grain size distribution. A rock 

containing uniform grain size would naturally possess a narrow pore size 

distribution.  

Probability Distribution Function 



Pore Geometry 

The geometrical shape of the pores and the degree to which various pores are 

interconnected has significant influence on multiphase flow behavior. The pore 

geometry is one of the important factors influencing fluid flow in porous media. 

Types of clay-mineral occurrences and pore geometry. After Neasham, 1977; courtesy SPE. 



The hydraulic radius is not  half the hydraulic diameter as the name may suggest. 

http://en.wikipedia.org/wiki/Hydraulic_diameter


Porosity is a statistical quantity which depends on the magnitude of the 

total volume taken into consideration. 

Representative Control Volume for  Porosity 

Measurement 



•If the selected volume is too small (e.g.: VT = 10-9m3) the calculated porosity can 

deviate greatly from the true value, therefore the volume VT should be large 

enough in order to obtain the statistical average of porosity. 

 

•On the other side if the volume is too large the porosity may deviate from the real 

value due to the influence of heterogeneity. 



The porosities of petroleum reservoirs range from 5% 

to 40% but most frequently are between 10% and 20%. 



Rock Compressibility 

•The pressure difference between overburden and internal pore pressure is 

referred to as the effective overburden pressure. During pressure depletion 

operations, the internal pore pressure decreases and, therefore, the effective 

overburden pressure increases. This increase causes the following effects: 

• The bulk volume of the reservoir rock is reduced. 

• Sand grains within the pore spaces expand. 



Isothermal Compressibility 
• General Definition 

– The relative volume change of matter per unit pressure change under conditions of 
constant temperature 

• Usually, petroleum reservoirs can be considered isothermal (an exception: 
thermal stimulation) 

• Increasing pressure causes volume of material to decrease (compression) - e.g. 
reservoir fluids 

• Decreasing pressure causes volume of material to increase (expansion) - e.g. 
reservoir fluids 
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C:  Coefficient of Isothermal Compressibility 

ALWAYS positive value; oilfield units: 1/psia 

V:  Volume;oilfield units: ft3 

p:  Pressure exerted on material ; oilfield units: psia 

•Negative sign in equation determined by V/p term, to force the coefficient 

C to be positive 

•Volume is a function of pressure only (temperature is constant, and amount 

of material is constant) 



Subsidence and Bulk Compressibility 

 Process of subsidence 

 Bulk volume decreases as fluids are produced 

 Area is constant 

 Formation thickness decreases (causing subsidence of strata above) 

 Porosity:   = Vp/Vb = 1-(Vm/Vb);  where   Vb=Vp+Vm 

 Net compaction pressure:  pm = po - p 

 Overburden (po) is constant  dpm= -dp 

 As net compaction pressure  increases 

 Bulk volume decreases;  Cb = -1/Vb (Vb/pm)  

 Pore volume decreases;  Cf= -1/Vp (Vp/pm) 

 Matrix volume decreases;  Cm= -1/Vm (Vm/pm) 

 Substituting from definitions above 

 Cb = (-1/Vb) [(Vp/pm) + (Vm/pm) ] 

 Cb = (-1/Vb) [(- Cf Vp) + ( - Cm Vm)] 

 Cb = Cf + (1-)Cm;   usually Cm << Cf 







 Saturation is defined as that fraction, or percent, of the pore 
volume occupied by a particular fluid (oil, gas, or water). This 
property is expressed mathematically by the following relationship: 

 

– Equations:  So=Vo/Vp,  Sw=Vw/Vp,  Sg=Vg/Vp 

 

– Applying the above mathematical concept of saturation to each 
reservoir fluid gives. The saturation of each individual phase ranges 
between zero to 100 percent. 

 

 

– These fluid volumes are measured under specific conditions of 
pressure and temperature (e.g. reservoir, or laboratory) 

• reservoir conditions are often noted as “in situ” 

 

– By definition, the sum of the saturations is 100%, therefore 

Sg + So + Sw = 1.0 

Saturation 



• Definition:  

–The permeability of a rock is a measure of how easily a fluid may flow 
through the pore channels in a rock. It depends on the size, shape, tortuosity 
and number of the pore channels in the porous medium. 

 

–Absolute permeability is the permeability of the porous medium if a single 
fluid is flowing. Effective permeability is the permeability of a fluid if another 
fluid is present. Relative permeability is the effective permeability divided by 
the absolute permeability. 

Permeability 



Units of Permeability 



Generalised Form of Darcy’s Law 

• The purpose of the gravitational term is to cancel out the pressure gradient for a 
column of fluid in equilibrium. Then, the fluid velocity will be zero, as it should be in 
equilibrium. 

u –  Darcy velocity, cm/s 
q –  fluid flow rate, cm3/s 
A –  cross-sectional area, cm2 
k –   permeability, D 
µ -   viscosity, cp 
 -   density, cp 
g –   gravity, cm/s2 

dp/dl –  pressure gradient, 
atm/cm   
dz –  elevation, cm 

61.0133 10

q k dp ρg dz
u

A μ d d

 
    

 





• Permeability has direct analogies with thermal conductivity, electrical 
conductivity and diffusivity, and is defined similarly by a transport 
equation 

i.e. a rate of transfer is proportional to a potential gradient. 



The Klinkenberg Effect 

•Klinkenberg (1941) discovered that permeability measurements made with air as 

the flowing fluid showed different results from permeability measurements made 

with a liquid as the flowing fluid.  

 

•The permeability of a core sample measured by flowing air is always greater than 

the permeability obtained when a liquid is the flowing fluid.  

 

•Klinkenberg postulated, on the basis of his laboratory experiments, that liquids 

had a zero velocity at the sand grain surface, while gases exhibited some finite 

velocity at the sand grain surface. In other words, the gases exhibited slippage at 
the sand grain surface.  
 

•This slippage resulted in a higher flow  rate for the gas at a given pressure 

differential.  

 

•Klinkenberg also found that for a given porous medium as the mean pressure 

increased the calculated permeability decreased. 





The magnitude of the Klinkenberg effect varies with the core permeability 

and the type of the gas used in the experiment as shown in Figures 4-22 and  

4-23. 

Klinkenberg suggested that the slope is a function of the following factors: 

• Absolute permeability k, i.e., permeability of medium to a single phase 

completely filling the pores of the medium kL. 

• Type of the gas used in measuring the permeability, e.g., air. 

• Average radius of the rock capillaries. 



Permeability Reduction Due to Clay Swelling 



Non-Darcy Flow - High Flow Rates 

• In the field, gas wells exhibit non-Darcy flow at high flow rates 

• At high flow velocity, inertial effects and turbulence become 
important, and cause non-Darcy flow 
– inertial effect 



Non-Darcy Flow - Turbulence 

• Recalling Darcy’s equation for gas flow, (zg )=Constant 

 

 

 

 

 

• For laboratory flow experiments we can assume T=Tsc and z=1 

 

 

 

 

 

• For Darcy flow, plotting (qg,sc psc)/A vs. (p1
2-p2

2)/(2L) results in straight line. 

• line passes through origin [when qg,sc =0, then (p1
2-p2

2)=0] 

• slope = k/ g  

• behavior departs from straight line under turbulent flow conditions (high flow 
velocity) 
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Non-Darcy Flow - Turbulence 

Slope = 
k 
 

0 

0 (p1
2- p2

2) 

2 L 

q psc 

A 

Darcy  

flow 

Non-Darcy 

flow 



Non-Darcy Flow - Forchheimer Equation 

• Forchheimer proposed a flow equation to account for the non-
linear effect of turbulence by adding a second order term 

 

 

 

 
– Note that unit corrections factors would be required for non-coherent unit 

systems. 

– As flow rate decreases, we approach Darcy’s Law (2nd order term 
approaches zero) 
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Controls on Permeability and the Range of 
Permeability Values in Nature 

Intuitively, it is clear that permeability will depend on porosity; the higher the 

porosity the higher the permeability. However, permeability also depends upon 

the connectivity of the pore spaces, in order that a pathway for fluid flow is 

possible. The connectivity of the pores depends upon many factors including the 

size and shape of grains, the grain size distribution, and other factors such as the 

operation of capillary forces that depend upon the wetting properties of the rock. 

However, we can make some generalizations if all other factors are held 

constant: 

 

 
 The higher the porosity, the higher the permeability. 
The smaller the grains, the smaller the pores and pore throats, the lower the 
permeability. 
The smaller the grain size, the larger the exposed surface area to the flowing fluid, 
which leads to larger friction between the fluid and the rock, and hence lower 
permeability. 



Reservoir Permeability Classification 



PoroPerm Relationships 

The permeability of the sandstone is extremely well controlled by the porosity 



PoroPerm Relationships 
the carbonate has a more diffuse cloud indicating that porosity has an influence, 

but there are other major factors controlling the permeability. 



PoroPerm Relationships 



Poroperm Cross-plots and the Influence 

of Grain Size 
smaller grain sizes produce smaller pores, and rather more importantly, smaller 

pore throats, which constrain the fluid flow more than larger grains which 

produce larger pore throats. 



It is important to distinguish between mass flow and filtration: In the 

case of mass flow all particles in the field of flow are in motion, 

whereas in the case of filtration, only a portion of the mass particles 

flows and the remaining part forms the flooded framework. 

Filtration Velocity 

The velocity of filtration is defined as a fluid volume q  flowing through 

the surface A of a porous medium within unit time: 

Displacement Velocity 

If a fluid at a velocity of u = 1 [m/day] is injected into a porous medium with a 

porosity of 0.1, a specific fluid particle will be transported within a distance of 

10 [m] in one day. 

flux velocity 

Darcy velocity 

superficial velocity 

interstitial velocity 



Conceptualization of Flow In a Porous Medium 

 

Physical model Conceptual model 
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For a single tube Poiseuille’s law for viscous (Laminar) flow is given by: 

 

       (1) 

Written in terms of flow rate: 

 

       (2) 

 For a single tube we have: 

 

       (3) 
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As we consider a bundle of tube in parallel, the total flow rate is given by: 

 

                       (4) 

 Substituting Equation (3) in Equation (4) gives: 

 

                   (5) 

Defining: 

 

        (6) 

This gives: 

 

        (7) 



At least in principal Equation (7) describes the analogy of flow in porous media 

as modeled by a bundle of tubes. Obviously, a porous medium is not generally 

thought of as a bundle of tubes, but rather as a collection of interconnected 

tortuous paths through which fluid flows through a pressure gradient. We will 

use Equation (7) as our starting point and the “C” constant of proportionality will 

become known as “permeability”.   
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Permeability (Carman-Kozeny Equation) 

Conceptual model of porous medium -- capillary tube bundle. 



The Hagen-Poiseuille equation can be derived for flow of a Newtonian fluid 

in a single tube or radius R and length Lt: 

In steady laminar flow, the velocity distribution across the tube is parabolic. 

The average velocity is given by: 

 

Since we know that in a true porous medium the tubes are not straight, we 

need to define a representative volume (REV) over which we can define 

the representative length and flow velocity. The time taken for the fluid to 

pass through the tortuous path will be the same as the time to pass 

through the REV: 



Notice the distinction between the flux velocity, u = q/A, also known as the 

Darcy velocity or the superficial velocity, and the interstitial velocity, v = 
u/Ф, which is the speed at which the fluid actually moves in the pore 

space. The interstitial velocity is the speed at which a tracer front would 

move in the medium. 

Combining with Darcy’s Law: 

 

The tortuousity,ς, is a variable that defines the “straightness” of the 

flow paths. A straight tube has a tortuousity of 1, whereas common 

porous materials have tortuousity values between 2 and 5. 



Tortuousity can be determined experimentally from resistivity measurements. 

In an actual porous medium, the radius of the “tubes” is not going to be 

uniform. We can define the hydraulic radius for a noncircular tube as: 

 

This definition differs from that in Lake, who leaves out the 2. With the 

definition of Eq. (1.7), the hydraulic radius of a cylindrical tube would be R, 

the radius of the tube – which makes more sense. 

Since a porous medium is not really made up of actual tubes, we can 

define the hydraulic radius instead as: 

 

where av is the specific surface area, the surface area of the pore space 

per unit volume of solid. 



Specific surface area is an intrinsic property of the porous medium. 

Substituting in Eq. (1.6): 

For a porous medium made up of uniform spheres of radius R (diameter Dp): 

 

This is what is known as the Carman-Kozeny equation and defines the 

Carman-Kozeny permeability. 

The Carman-Kozeny equation provides good estimates of the 

permeability of packs of uniform spheres,for real porous media it reveals 

the dependence on pore size (Dp), tortuosity ( ) and of packing (through 

porosity ). 



Permeability Relationships 
The complexity of the relationship between permeability and pore geometry has 

resulted in much research. No fundamental law linking the two has been found. 

Instead, we have a plethora of empirical approximations for calculating 

permeability 



Permeability Relationships 


