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Scope of work 5
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Figure 1.1Characteristic volume scales (left) and corresponding time scales
(right) encountered in computational earth sciences (after Patzek [32]).
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6 Introduction
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Figure 1.2Overall work flow diagram adopted in this thesis.
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Simulation model 23

extremely difficult and expensive and even impractical to measure for the full

range of possible saturation paths that may occur in three-phase flow. Three-

phase behavior is therefore almost always estimated from two-phase data on

the basis of empirical models, such as, that by Stone [54]. Numerical

simulations of the experiments have proved to be an excellent tool to interpret

the experimental data and to produce reliable and fit-for-purpose results [21-

24]. In this technique, the core flood experiments are simulated consecutively

by changing input relative permeability and capillary pressure data until a

reasonable match is obtained between the experimental production profiles

(and/or other profiles, e.g., saturation) and the simulated ones. Usually, the

input data are generated using empirical correlations honoring the key

parameters, such as, the end-point values. We adopted this technique to

improve the quality of two-phase (oil-water) relative permeability curves

(Paper 2) and to interpret hysteresis (Paper 1) of the Ekofisk chalk samples.

The oil and water production profiles were used as the history matching

parameters. The procedures have been discussed thoroughly in Paper 2 and

elsewhere [23-24]. Only a brief description will be given here.

3.1 Simulation model

For simulation of core flood experiments, a one-dimensional black-oil

simulation model was developed through dividing the core sample into 100

equal grid blocks. The circular cross-section of the cylindrical core was

converted into equivalent square cross-section. The inlet and outlet blocks

were further refined to account for the capillary end-effects [22] (see Fig. 3.1).

The inlet and outlet pipes of the core holder were simulated as the injection

and production wells, respectively. The pipes were connected to the core

sample via two dummy blocks added at the two ends. The length of the

dummy block was equal to the adjacent refined core block. The dummy blocks

can be considered as fluid banks having porosity 1.0, zero capillary pressure
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24 Simulation of core flood experiments

and very high permeability. Therefore, they are treated as separate region in

the simulation model.

Figure 3.1Core flood simulation model.

3.2 Model equations

In excess of core dimensions and equilibration data, relative permeability and

capillary pressure functions are important input parameters for reservoir

simulation. The initial functions of relative permeability were generated using

the modified Corey exponent representation incorporating oil and water end-

point relative permeability values [22, 24]:
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Pore space characterization 43

(a) (b)

Fig. 5.1 (a) Microstructure of a 3D chalk sample reconstructed using the
hybrid GRF/SA technique. A subvolume of 1283 voxels is shown. The pore space
is shown opaque with ends in black. The solid is transparent. (b) An example
skeleton of the pore space.

Assuming that the pores are cubic and that the throats have a square cross-

section, the pore volume and throat area distributions were converted to

equivalent pore and throat sizes using the following relationships,

3/1
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The pore- and throat-size distributions of the two reconstructed samples

obtained from 3D characterization are compared with the respective

distributions from mercury porosimetry in Fig. 5.2. The range of pore and

throat sizes found in the reconstructed chalk samples agrees well with the

range of pore and throat sizes estimated from mercury porosimetry. However,

the overall match is poor.  Also, the mean throat and pore radii of the

reconstructed samples (0.18 and 0.31 µm, respectively) differ considerably

with those estimated from mercury porosimetry (0.27 and 0.73 µm,
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44 Pore space characterization and network modeling

respectively). Some differences are expected because mercury porosimetry in

reality does not provide accurate pore or throat size distributions, rather

provides mercury volume distributions as a function of applied pressure. The

cumulative distribution of pore volume by pore throat size is obtained from the

intrusion data. Similarly, the retraction data provide an estimate of the

cumulative distribution of pore volume by pore size. As such, they are volume

weighted.  It is also understood that these estimates are compromised by pore

space accessibility limitations - large pores are not invaded at the pressure

corresponding to their size if they are shielded by smaller pores and, for the

case of retraction data, permanent trapping of mercury [87].

Fig. 5.2Comparison of the pore and throat size distributions between mercury
porosimetry and 3D characterization.

The coordination number distributions of the two reconstructed samples

are shown in Fig. 5.3. The samples have slightly different coordination

number distributions and average values of the distributions (4.8 for GRF

while 5.1 for hybrid GRF/SA). The average coordination numbers are much

higher than that obtained by Bekri et al. [1] for similar chalk (approximately

3.2). This discrepancy is probably due to limitations of the characterization

methodology employed in the previous study. There are few pores having

coordination number as high as 28. The 3D characterization of the

reconstructed chalk (GRF case) estimated 2264 pores and 7916 throats in a
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Network modeling 45

sample of 35x35x35 µm3. As expected, the pore/throat size distributions and

coordination number distributions of the two samples differ only slightly.

Fig. 5.3Comparison of the coordination number distributions between the two
reconstructed samples.

5.2 Network modeling

Permeability, formation factor and mercury-air capillary pressure of the

reconstructed 3D sample [Fig. 5.1(a)] were computed using an equivalent

network model. Permeability and formation factor were also predicted using

the reconstructed microstructure itself. The computed properties were

compared with the experimental values. The computation techniques and

results are described briefly in this section.

5.2.1 Equivalent network modeling approach

The equivalent network model of chalk pore structure was constructed based

on bond-correlated site percolation concept detailed by Ioannidis and Chatzis

[57, 87]. Construction of an equivalent model has been described in details in

Paper 3. Briefly, a regular cubic lattice model is constructed as follows: (1)

select number of lattice nodes (cubic pores). Each node is connected to six

neighboring nodes through volumeless throats; (2) use site percolation to
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46 Pore space characterization and network modeling
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remove nodes and associated throats until the desired average coordination

number is achieved; (3) assign pore sizes randomly from the known pore

volume distribution. A bias is introduced on the assignment so that larger

pores preferentially occupy sites of greater coordination number; (4) assign

throat sizes following a bond-correlated site percolation scheme, whereby

larger throats are assigned to bonds connecting larger pores; (5) adjust node-

to-node distance (lattice constant lc) to obtain the required porosity; and finally

(6) adjust specific surface area by a fractal "decoration" of the pores. The

transformation of an irregular porous medium into a fractal-decorated cubic

network model is sketched in Fig. 5.4.

Fig. 5.4Construction of a network model; (a) real porous medium; (b)
equivalent network model; (c) fractal decoration to match specific surface area.

Computation of absolute permeability (k) and formation factor (F) is based on

an electric analogue-linear network concept detailed by Ioannidis and Chatzis

[57, 87]. Absolute permeability is calculated from Darcy’s equation,

PÄA

QLì
k = [5.3]

where, L and A are the model length and flow area, respectively, and Q is the

volumetric flow rate at an applied pressure differential ∆P. µ is the viscosity

of the fluid flowing through the model. Electric conductivity (and hence F)
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M.T. Tweheyo, M.S. Talukdar, O. Torsæter and Y. Vafaeinezhad

3

two ends. The length of the dummy block is equal to the adjacent core block, which is 1/15L.
These blocks can be considered as fluid banks having porosity 1.0, zero capillary pressure
and very high permeability. Therefore, they are treated as separate region in the simulation
model.

Fig. 1Simulation model of the core.            Fig. 2Water-oil capillary pressure  (core CH38).

Since the experiments were conducted at atmospheric pressure, the simulation model was
equilibrated at atmospheric pressure referenced at the centre of the core. Both injection and
production wells were controlled by bottom hole pressures and set at pressures such that
pressure difference between wells equals the differential pressure used in the injection
experiments. Diameter of the wells was taken to be 0.16 cm (diameter of the inlet/outlet
pipes). Separate saturation tables were used for drainage and imbibition cycles.

Capillary pressure and relative permeability: In excess of core dimensions and equilibration
data, relative permeability and capillary pressure functions are important input parameters for
reservoir simulation. It should be mentioned that the oil-water capillary curve for our chalk
samples has three separate parts (see Fig. 2 for sample CH38). Primary drainage and forced
imbibition parts were obtained from centrifuge measurements. In the centrifuge, many
measurement points are possible by stepping up the speed at small increments and hence
smooth curves.  Spontaneous imbibition is obtained in one step by decreasing the capillary
pressure from the maximum positive value to zero immediately after primary drainage. The
spontaneous imbibition curve was modelled from initial water saturation (Swi) and water
saturation after spontaneous imbibition (Sw,Pc0) using Eq. 1 [8].
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The pore size distribution index (λ) characterises the range of the pore sizes in a rock and
was determined using Eq. 2 proposed by Brooks and Corey [9].
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where, 

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


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SS
S  is the effective water saturation. The calculated pore size distribution

indices for the three samples are listed in Table 1.
The initial functions of relative permeability were generated using the modified Corey

exponent representation incorporating oil and water end-point relative permeability values [1,
5]:
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where, 
ë

ë32
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+
=  and 

ë

ë2
no

+
=  for water-wet cases. While end-point relative permeability

values define the extent of the relative permeability curves, nw and no define their curvatures.
The end-point values used in these equations were those obtained from experiments. During
core flood experiments the fluid phase productions were recorded at regular intervals. The
water and oil production data during drainage and imbibition are the history matching
parameters. Starting from an educated guess λ (and hence nw and no) was gradually changed
in order to match the production profiles. The relative permeability curves corresponding to
the history-matched λ is the representative smooth curves that cover important range of water
saturation. The history-matched λ values are compared with experimental values (Eq. 2) in
Table 1. The simulated values correspond very well with the experimental values. The
history-matched production profiles and the corresponding relative permeability curves for
sample CH38 are shown in Figs. 3 and 4 respectively. Similar or better match in production
profiles and relative permeability curves was obtained for other samples and are not shown.

Fig. 3Experimental and simulated production profiles (core CH38); (a) drainage, (b) imbibition.
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Fig. 7Target and simulated (2563 voxels sample) autocorrelation functions in 
x-direction. Empty circles represent target autocorrelation function, broken and 
solid lines represent autocorrelation functions of the GRF-generated (Case 4) 
and hybrid GRF/SA-generated (Case 5) media, respectively. Similar results were 
obtained in other directions and hence are not shown. 
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It is interesting to note how other measures of the morphology of the chalk 
microstructure, not imposed as constraints on the reconstruction process, are 
reproduced in the models.  Application of the SA method provided a better 
match between the chord distribution functions of the target image and the 
reconstructed sample.  Figure 10 shows solid- and pore-phase chord 
distribution functions along the x-direction for the target image and the two 
reconstructed samples (Cases 4 and 5).  Similar results were obtained in other 
directions and are not shown. 
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reconstructed samples (Cases 4 and 5).  Similar results were obtained in other 
directions and are not shown. 
  
  
  
  
  
  
  
  
  
  
  
  
  (a) a) (b) (b) 
  
Fig. 8Reconstruction of 2563 voxels sample; (a) a section through GRF-
generated (Case 4) image, (b) a section through hybrid GRF/SA-generated (Case 
5) image. Pores are in black. 

Fig. 8Reconstruction of 2563 voxels sample; (a) a section through GRF-
generated (Case 4) image, (b) a section through hybrid GRF/SA-generated (Case 
5) image. Pores are in black. 
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Fig. 9Microstructure of the reconstructed 3D chalk sample (Case 5). A 
subvolume of 1503 voxels has been shown. The pore space is shown opaque with 
ends in black. The solid is transparent. 
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 (a) (b) 
 
Fig. 10Chord distribution functions of the reconstructed sample (2563 voxels) 
in x-direction; (a) solid phase, (b) void phase. Empty circles represent target 
chord distribution, broken and solid lines represent chord distributions of the 
GRF-generated (Case 4) and hybrid GRF/SA-generated (Case 5) media, 
respectively. 
 

5. Network modeling for petrophysical property estimation 
 
5. 1 Characterization of the reconstructed media 
 
The stochastic reconstruction techniques do not impose any connectivity 
constraints.  Therefore, the reconstructed media may contain clusters of 
isolated pore and solid voxels.  These isolated clusters contribute to the 
correlation functions and their removal by filtering results in deviations from 
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The mean throat and pore radii of the reconstructed medium (Case 4) 
obtained from 3D characterization are 0.182 and 0.31 µm, respectively. These 
values are somewhat lower than those obtained from mercury porosimetry 
data (0.27 and 0.73 µm, respectively).  The mean throat radius of the 
reconstructed medium (Case 5) is 0.184. Samples reconstructed in Case 4 and 
5 have slightly different coordination number distributions (see Fig. 13) and 
average values of the distributions (4.8 for Case 4 while 5.1 for Case 5).  The 
average coordination numbers are much higher than that obtained by Bekri et 
al. (2000) for similar chalk (approximately 3.2).  This discrepancy is probably 
due to limitations of the characterization methodology employed in the 
previous study.  There are few pores having coordination number as high as 
28. The 3D characterization of the reconstructed chalk (Case 4) estimated 
2264 pores and 7916 necks in a sample of 35x35x35 µm3. 
 
 

0

0.1

0.2

0.3

0.4

0.5

0.6

1 3 5 7 9 11 13 15 17 19 21 23 25 27
Coordination Number

Fr
eq

ue
nc

y

3D characterization (Case 4)

3D characterization (Case 5)

 
 
 
 
 
 
 
 
 
 
 
Fig. 13Coordination number distributions of the reconstructed media (Case 4 
and 5) obtained from 3D characterization. 
 

5. 2 Network model 
 

In order to estimate petrophysical properties, an equivalent network model 
of chalk pore structure was constructed based on bond-correlated site 
percolation concepts detailed by Ioannidis and Chatzis (1993a, 1993b).  The 
network model is constructed from input on porosity, average coordination 
number, pore- and throat-size distributions, specific surface area and shape of 
pores and throats.  Its distinguishing features are explained below. 

The network model is an approximation of the irregular 3D microstructure 
shown in Fig. 9.  An irregular porous medium [see Fig. 14(a)] is represented 
by a network of cubes (pores) occupying the sites of a regular cubic lattice.  
The cubic pores are interconnected through volumeless throats of rectangular 
cross-section  (see Fig. 14(b)).  Prior to assignment of sizes to the sites and 
bonds of the lattice, site percolation is used to remove sites and associated 
bonds until the desired average coordination number is achieved.  Next, pore 
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sizes are randomly assigned to the lattice size from the known pore volume 
distribution.  In agreement with detailed studies of the geometry of 
stochastically reconstructed porous media (Ioannidis and Chatzis, 2000), a 
bias is introduced on the assignment of pore sizes so that larger pores 
preferentially occupy sites of greater coordination number.  Assignment of 
throat sizes follows the bond-correlated site percolation scheme, whereby 
larger throats are assigned to bonds connecting larger pores.  This introduces 
short-range spatial correlation of pore throat sizes and is also in agreement 
with detailed studies of the geometry of stochastically reconstructed porous 
media (Liang et al., 2000a).  The node-to-node distance or lattice constant (lc) 
is adjusted to obtain the required porosity.  Note that the network model 
matches the average coordination number accurately, but not the coordination 
number distribution. 

In the construction of the network model, it is realized that the shape of 
actual pores is in fact irregular (see Ioannidis and Chatzis, 2000). Thus, 
although the measured pore volume distribution is precisely matched in the 
network model, the model is actually smoother than the medium it is taken to 
represent (i.e., the specific surface area of the network model is smaller).  For 
the sample under study the specific surface area of the equivalent network is 
0.9 µm-1, by comparison to 1.3 µm-1 for the reconstructed medium and 4.75 
µm-1 for the real sample (MIP result).  Realistic simulation of immiscible 
displacement using the network model requires at least an approximate 
account of late pore filling (i.e. filling of the crevices and pore surface 
roughness).  Several possibilities exist and the one considered here is based on 
a fractal "decoration" of the pores.  A fractal decoration (see Fig. 14(c)) is 
assigned to the pore cross-section in order to match the model specific surface 
area (Sm) with the one measured by mercury porosimetry (Sf).  It is shown 
(Lowell and Shields, 1991) that the number of levels of fractal decoration (nf) 
required to match this specific surface area can be expressed by,  

 


















=

3
4log

S
S

log
n m

f

f            [15] 

 
Addition of fractal decoration increases the model pore volume.  As a 

result, it is necessary to adjust the equivalent pore radii (Eq. 13).  The volume 
adjustment necessary may be calculated as follows: 
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where Vf is the volume of each pore after nf levels of fractal decoration. 
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(a)
(b)

Fig. 10�Microstructure of the reconstructed 3D chalk samples (1503 voxels); (a)
void-phase two-point probability function with periodic boundary conditions
(Case 8), (b) combination of void-phase  two-point probability function and
lineal path function both without periodic boundary conditions (Case 9). The
pore space is shown opaque with ends in black. The solid is transparent.

Fig. 11�Local percolation probabilities of the 3D reconstructed samples (Cases
8 and 9). The probabilities denote fraction of the measurement cells that
percolate in i (i=x, y, z) direction. Local percolation probabilities in y-direction
are similar to those in z-direction and hence not shown.

Local porosity distributions of the reconstructed samples are shown in Fig.
12.  Due to lack of a 3D target medium, the local porosity distributions
obtained from 2D target images is included in Fig. 12 for comparison purpose.
These results (also the results from respective 2D cases) show that addition of
void-phase lineal path function together with void-phase two-point probability
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function does not necessarily improve the local porosity
distributions.  Further investigation of the geometric and transport properties
of the reconstructed chalk pore networks is necessary and will be reported in a
forthcoming communication (Talukdar et al., 2001b).

Fig. 12�Local porosity distributions of the 3D reconstructed samples (Cases 8
and 9) and comparison to the 2D target images (at cell side lengths of 1.2 �m (9
pixels) and 6.1 �m (45 pixels)).

5. Conclusions

Stochastic reconstruction of a high porosity North Sea chalk from limited
morphological information has been investigated using a simulated annealing
algorithm.  Quantitative analysis of reconstructed pore networks (2D and 3D)
in terms of various morphological parameters shows the following:

(a) The microstructure of chalk may be modeled with reasonable
accuracy using the void-phase two-point probability function
and/or void-phase lineal path function.  Void-phase two-point
probability function produces slightly better reconstruction than the
void-phase lineal path function.  It is probably due to the fact that
lineal path function does not contain morphological information for
length scales larger than the maximum cluster size in the system.
On the other hand, two-point probability function provides short-
range information about different clusters.

(b) A combination of void-phase two-point probability function and
lineal path function results in slight improvement over what is
achieved by using the void-phase two-point probability function as
the only constraint, but at an expense of higher computational cost.

(c) For large sample size, use of periodic boundary condition is not
crucial.  However, for small sample size, the correlation functions
are to be
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surface contacted by oil during primary drainage become oil-wet by the
deposition of asphaltenes. This physical scenario for wettability changes at the
pore level has been incorporated in several network models, e.g., [19-20, 23-
25, 43] and has shown to have significant impact on oil recovery, capillary
pressure, relative permeability and resistivity index.

Despite significant share of world’s petroleum reside in chalk (carbonate)
reservoirs, surprisingly, this rock type has received little attention from
network modeling researchers. With the exception of Bekri et al. [49] and Xu
et al. [50] network modeling techniques have been previously used in the
study of sandstone reservoirs. While Bekri et al. have demonstrated the
feasibility of this approach for predicting absolute permeability, formation
factor and drainage air-mercury capillary pressure of homogeneous chalks, Xu
et al. have used this tool to improve the analysis of core-flood experiments in
heterogeneous (vugular) chalks. These authors neither used realistic
description of the pore space geometry and topology nor all aspects of pore-
level displacement phenomena e.g., corner flow, wettability alteration,
trapping, etc. Clearly, there are enormous scopes to extent predictive
capabilities of a network model for chalk through incorporating all the above
aspects. Development of such a model has been pursued in this study in light
of recent advances in this area [19, 25, 43, 51-52].

2. Pore network

Direct flow simulations on the complex and chaotic pore space of chalk as
obtained from a stochastic reconstruction, e.g., using a simulated annealing
technique (see Fig. 1 for an example) either by numerically solving the
Navier-Stokes equation [53] or by applying a Lattice Boltzmann simulation
[54] is computationally very expensive. It is convenient to construct an
equivalent pore network that captures essential features of the pore space and
yet simple to deal with mathematically and numerically. Before transformation
of the reconstructed pore space into equivalent pore network, the essential task
is the topological and geometrical characterization of the reconstructed
sample. The characterization technique must calculate the following: (1)
location, length, average cross-sectional area and corresponding perimeter
length of each pore-body within the sample; (2) number of connected pore-
bodies and their locations to each pore-body; (3) length, average cross-
sectional area and corresponding perimeter length of all pore-throats
connected to each of the pore-bodies; and (4) list of boundary pore-bodies and
pore-throats. Characterization of the reconstructed sample is not within the
scope of this study and will not be discussed further. For future work on this
topic, the readers are referred to Liang et al. [55], Bakke and Øren [41] and the
public domain software and literature by Lindquist [56].
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4

Fig. 1�Microstructure of a reconstructed 3D chalk sample (1503 voxels) using a
simulated annealing technique. The pore space is shown opaque with ends in
black. The solid is transparent.

After having the aforementioned pore space characterization data known,
the next step is to construct an equivalent pore network model. An important
aspect of real pore network is the angular corners that retain wetting fluid and
allow two or more fluids to flow simultaneously through the same pore. Use of
cylindrical pores nullifies that possibility. Therefore, pore shapes other than
cylindrical is recommended. We adopt the procedure by Øren et al. [43] and
Patzek [51]. Here, the irregular pore space (pore-body and pore-throat) is
converted to translationally symmetric pore channels of triangular shapes.
However, the triangular pore geometry is variable and is dictated by the so-
called shape factor G and the inscribed circle radius r of the pore space under
consideration. The shape factor is defined by [57],

� �21213

1i
i

2 ββcotβtanβtan
4
1

βcot4

1
P2
r

P
AG �����

�
�

[1]

where, A is the pore cross-sectional area, P is the corresponding perimeter
length and �i (i=1, 2, 3) are the corner half-angles (0 � �1 � �2 � �3 � �/2). The
shape factor ranges from zero for a slit-shaped pore to 0.048 for an equilateral
triangular pore. Therefore, depending on its value,  the triangular pore
geometry may take different shapes, two of which are shown in Fig. 2.
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