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• The essential rock properties in 
reservoir simulation are those that 
govern the rock’s storage capacity and 
spatial distribution; its ability to 
conduct fluids; and its spatial and 
directional distributions
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Porosity

• Porosity is a measure of a 
rock’s storage capacity. 

• In reservoir simulation, we 
are primarily interested in 
interconnected pore space ( 
effective porosity ). 

• Effective porosity is a 
dimensionless quantity, 
defined as the ratio of 
interconnected pore volume 
to the bulk volume. 
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• In the flow equations used in 
reservoir simulation, porosity appears 
as one of the parameters that scales 
the volume of fluids present in the 
reservoir at any time. 

• During production, this volume is 
depleted, and reservoir pressure 
drops. The higher the reservoir’s 
porosity, the less this pressure 
decline will be over time 
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• There are reservoirs in which 
porosity changes with pressure, 
and so appears in the equation as a 
function of pressure rather than 
as a constant value. 
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Permeability

• Absolute permeability is a measure of a 
rock’s ability to transmit fluid. 
Permeability is analogous to conductivity in 
heat flow. 

• A higher permeability reservoir experiences 
less pressure drop than a corresponding low 
permeability reservoir. 



12/26/2017 Dr. Helmy Sayyouh 9

• The permeability of a medium is a 
strong function of the local pore 
size and a weak function of the 
grain size distribution.
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Carmen-Kozeny Equation

• K = φ³ Dp² / 72 ζ (1- φ) ²

• Where:
• Dp = the particle diameter
• ζ    = the tortuosity = Lt / L

This equation illustrates important feature: 

Permeability is a strong function of pore or particle size Dp and 
packing through porosity. 



12/26/2017 Dr. Helmy Sayyouh 11

• Similar to porosity, the permeability of 
a reservoir could be a function of 
pressure.

• Permeability is a key parameter
controlling the propagation of transients 
created by conditions imposed at the 
well. 

• It does not determine ultimate 
recovery, but rather the rate of this 
recovery.
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• An equivalent permeable media shear 
rate may be defined as:

• γ   = 4q/A√8kφ

• The shear rate given by this 
equation is useful in correlating and
predicting the rheological properties 
of non-Newtonian fluids in 
permeable media flow.
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Homogeneous vs. heterogeneous 
systems

• Homogeneous systems feature uniform spatial 
distribution, while heterogeneous systems exhibit 
non-uniform distribution. 
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Isotropic and anisotropic 
systems

• A reservoir exhibits isotropic property 
distribution if that property has the same 
value regardless of the direction in which 
we measure it.

• If a property’s value does vary with 
direction, then the reservoir is anisotropic
with respect to that property. 
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• One should be careful to note that only 
those properties that are not volume-
based can exhibit directional 
dependency. 

• Porosity, for example, is a volume-based 
property by definition. 
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• Figure 

• shows all 
possible 
permutations of 
isotropic, 
anisotropic, 
homogeneous 
and 
heterogeneous 
systems for 
two-dimensional 
cases.
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• The existing anisotropy determines 
the orientation of a coordinate 
system’s principal axes. 

• In most applications, reservoir 
simulators employ orthogonal
coordinate systems, where all the 
axes are mutually perpendicular. 



12/26/2017 Dr. Helmy Sayyouh 18

• It is imperative to 
align the axes 
with the principal 
flow directions.
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Reservoir Fluid Properties

• Fluid properties, like rock properties, 
significantly affect fluid flow dynamics in 
porous media. 

• Unlike rock properties, however, fluid 
properties exhibit significant pressure 
dependency. 

• It is often necessary in reservoir simulation to 
estimate these properties using correlations 
and/or equations of state. 
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Gas properties

• The properties of interest in the gas 
flow equation are:

• Density appears in the gravity term, and 
it is often neglected. 

• The compressibility factor introduces an 
important non-linearity, in that it 
appears in the formation volume factor. 

• Gas viscosity is also strongly dependent 
on pressure, and needs to be calculated 
as pressure varies spatially. 
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The equations and correlations necessary 
for determining gas properties 
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Oil properties

• Oil properties that appear in the governing 
flow equations for the oil phase are density, 
compressibility, formation volume factor, 
viscosity and solubility of gas in oil. 

• In the absence of gas, these oil properties 
can be treated as constants, because the 
compressibility of gas-free oil is very small
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• A recent review of the available 
correlations has been provided by 
McCain.

• Modern equations of state to calculate 
these properties can be used. 
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• If pressure is available, there will be 
no free gas (undersaturated 
reservoirs).

• If pressure is not sufficient some of 
the gas will exist in the free state 
(saturated reservoirs). 

• A typical simulation calculation may 
traverse saturated and undersaturated 
conditions. 

• Most reservoir simulators implement 
variable bubble-point algorithms to 
handle these situations 
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• Figure shows the qualitative variation of 
several of these properties.



12/26/2017 Dr. Helmy Sayyouh 26

Water properties

• McCain provides correlations for estimating 
such water properties as density, 
compressibility, formation volume factor, 
viscosity and gas solubility. 

• Since gas solubility in water is very small
compared to oil, for most practical cases, we 
assume constant values for these properties.
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Reservoir Rock/Fluid Interactions

• Reservoir fluid flow is governed by 
complex interactions between the fluids 
and the reservoir rock. 

• To appropriately describe the 
simultaneous flow of two or more fluids 
in a porous medium requires a good 
understanding of both the fluid-fluid and 
rock-fluid interactions. 
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Wettability

• When two immiscible fluids co-exist in the same 
pore space, one preferentially adheres to the 
rock surface.

• This phenomenon is known as wetting, and the 
fluid that is preferentially attracted is referred 
to as having a higher wettability index.

• The parameter which determines the wettability 
index is called adhesion tension, and it is directly 
related to interfacial tension. 
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Oil Oil

WaterWater

Strongly Water Wet Strongly Oil Wet
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Amott test 

• wettability is determined by the amount of oil 
or water imbibed in a core sample compared to 
the same values when flooded. 

• Amott wettability values range from +1 for 
complete water wetting to -1 for complete oil 
wetting.
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U.S.Bureau of Mines test

• wettability index W is the logarithm of 
the ratio of the areas under Pc curves 
in both imbibitions and drainage 
processes. 

• This index can range between -1.5 and 
+1
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Contact angle test

• can be measured 
directly on polished 
surfaces. 

• Ranges are from 0 to 
75º for water wet, 
from 105 to 180º for 
oil wet, and from 75 to 
105º for intermediate 
wettability.
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• Most sandstone reservoirs tend to 
be water wet or intermediate wet, 
where as most carbonate reservoirs
tend to be intermediate wet or oil 
wet.
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Wettability class       Water wet        Intermediate wet        Oil wet

Sandstone reservoirs    25                     12                         23
Carbonate reservoirs     4                     18                          28
Total                      29                    30                          51
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• Interfacial tension is a 
measure of the 
surface energy per 
unit area of the 
interface between two 
immiscible fluids.

• Examples of such 
interfaces include the 
junction between 
water and crude oil 
and the junction 
between oil and gas.
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Relative permeability

• Although relative permeability is not a 
fundamental property of fluid dynamics, it is 
the accepted quantitative parameter used in 
reservoir engineering. 

• Relative permeability appears 
prominently in the flow equations used 
in reservoir simulation.
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• We therefore refer to 
it as two-phase 
relative permeability.

• If a third phase is 
present, then each 
fluid has its own 
relative permeability, 
which differs from the 
corresponding two-
phase relative 
permeability



12/26/2017 Dr. Helmy Sayyouh 38

• Darcy's law may be integrated over a 
finite distance Δx to give

Vj   =   - λj ΔΦj/Δx

• Where:
• λj is the mobility of phase j.
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• This mobility is the constant of 
proportionality between 

• the flux of Vj and 

• the potential difference 

• ΔΦj = Δ (Pj-ρjgD). 
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• Mobility can be decomposed into 

• a rock property, the absolute 
permeability, 

• a fluid property, the viscosity, and 
• the rock-fluid property, the relative 

permeability

• λj =  K (Krj/μj)
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• The relative permeability is a strong 
function of the fluid saturation of phase 
Sj. 

• Relative mobility can be defined as
• λrj   = Krj/μj
• and the phase permeability
• Kj = K Krj
• Kj is a tensorial property in three 

dimensions.
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• The total relative mobility, λrt, is the 
summation of the phases mobility's and is a 
measure of the resistance of the medium to 
multi-phase flow. 

• Plots of λrt versus saturation frequently show a 
minimum, meaning it is more difficult to flow 
multiple phases through a medium than any one 
of the phases alone.
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• The trapped water saturation is 
the irreducible water saturation.

• It is not the connate water 
saturation, which is the water 
saturation in a reservoir before any 
water is injected.
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• The end point relative permeability's 
are

• the constant relative permeability of 
a phase at the other phase's 
residual saturation.
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• The end points are 
measures of wettability.

• The wetting phase 
endpoint relative 
permeability will be 
smaller than the 
nonwetting phase 
endpoint.  

• Other view the crossover 
saturation of the relative 
permeability's as a more 
appropriate indicator of 
wettability.
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• Three-phase relative 
permeability is often 
shown on ternary 
diagrams, with isoperms 
displayed at various 
saturation combinations. 

• Leverett and Lewis 
(1941) were one of the 
first to use this 
representation. 

• Figure shows a typical 
relative permeability 
curve for a three-phase 
oil/gas/water system.



12/26/2017 Dr. Helmy Sayyouh 47

• Successful simulation of a 
multiphase system hinges on 
adequate relative permeability 
information. 

• Several models are available 
(Honapour, et al. 1986).

• The simulation engineer must 
determine which model is 
appropriate. 
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some common relative permeability models.
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Capillary pressure

• The water in the capillary tube rises above the 
water level in a container to a height that 
depends on the capillary size. 

• The adhesion force allows water to rise up in 
the capillary tube while gravity opposes it.

• The water rises until there is a balance 
between these two opposing forces. 

• The differential force between adhesion and 
gravity is the capillary force.
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Capillary pressure is the most basic rock-fluid 
characteristic in multiphase flow.
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• Capillary pressure is 
important in porous 
media flow 
description because 
of the saturation 
distribution in the 
capillary-like pore 
spaces. 

If the phases and the 
interface are not flowing, a 
higher pressure is required in 
the nonwetting phase than in 
the wetting phase to keep the 
interface from moving. 
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Actual capillary pressure curves exhibit a 
sense of hystersis, which can tell us much 

about the permeable medium.
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• Leverett proposed a non-dimensional 
form of the drainage capillary 
pressure curve that should be 
independent of the pore size:

• J (Snw)   =   Pc√k/φ /   δcosθ
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Residual Phase Saturation
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• The mechanism for residual phase 
saturation may be illustrated 
through two simplified models:
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The pore doublet model

• This model assumes well-
developed Poiseuille flow 
occurs in each path of the 
doublet and the presence of 
the interface does not 
affect flow.

• When the wetting-
nonwetting interface reaches 
the outflow end of the 
doublet in either path, it 
traps the residual fluid.

The interface of the small-radius path will reach the 
outflow end before the large-radius path, and the 
nonwetting phase will be trapped in the large-radius 
path.
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Snap-off Model

• The snap-off 
model assumes a 
single-flow path of 
variable cross-
sectional area
through which is 
flowing a 
nonwetting phase.

For certain values of the potential gradient and pore 
geometry, the potential gradient in wetting phase across 
the path segment can be less than the capillary pressure 
gradient across the same segment.
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• The external force is now insufficient to 
compel the nonwetting to enter the next 
pore constriction. 

• The nonwetting phase then snaps off 
into globules that are localized in the 
pore bodies of the flow path.
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• The condition for reinitializing the flow 
of any trapped globule is

• ΔΦw + ΔρgΔL sinά    >=   ΔPc

• Where:
• ΔL is the globule size and ά is the angle 

between the globule's major axis and 
the horizontal axis.



12/26/2017 Dr. Helmy Sayyouh 63

Capillary Desaturation Curve (CDC)

• Typically these curves are plots of 
percent residual saturation for the 
non-wetting or wetting phases on 
the y axis versus a capillary 
number on a logarithmic x axis.
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• The capillary number
Nc is a dimensionless 
ratio of viscous to 
capillary forces and 
can be written as:

Nc = Vμ/δcosθ    or   
=   kΔP/ δcosθ
=   φ/C (jcosθa -

cosθr/√2ζ) ²
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Procedure for CDC Estimation:

1. Pick a point on the IR 
curve corresponding to 
the maximum initial
nonwetting saturation. 

• This point is the 
nonwetting saturation 
corresponding to what 
would be trapped if the 
displacement were to 
take place at zero 
capillary number, that is, 
spontaneous imbibitions of 
only the wetting phase.
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2.  Pick another point on 
the IR curve at lower 
nonwetting saturation.

• The trapped nonwetting 
saturation is the 
difference between the 
nonwetting saturation 
here and in step 1. 

• The capillary pressure in 
the globules just 
mobilized corresponds to 
a point on the j-function 
curve where the 
nonwetting saturation on 
this curve is equal to the 
nonwetting saturation on 
the IR curve.
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3.  Insert the j-value from 
this procedure into 
capillary number equation 
to obtain the Nc 
corresponding to the 
residual nonwetting phase 
saturation. 

• The tortuosity, ζ, may be 
obtained from the 
medium's formation 
resistivity factor, the 
constant C is equal to 20 
a suggested, and the 
advancing, θa, and 
receding, θr, angles come 
from the correlation of 
Morrow.

Nc  =φ/C (jcosθa - cosθr/√2ζ) 
²



12/26/2017 Dr. Helmy Sayyouh 68

These steps generate
one point on the 

nonwetting phase 
CDC curve.

4. Repeat step 2 
with another 
nonwetting phase 
saturation to 
generate a 
continuous curve.


