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METHODOLOGIE RAPIDE ET EFFICACE POUR
CONVERTIR LES IMAGES DE RESERVOIR FRACTURE
EN MODELE A DOUBLE POROSITE

La caractérisation et la simulation dynamique des réservoirs
naturellement fracturés ont bénéficié d'avancées importantes ces
dernieres années. Toutefois, I'ingénieur réservoir reste confronté a
la difficulté de parameétrer le modele équivalent a double porosité
utilisé pour représenter de tels réservoirs. En particulier, les
perméabilites de fracture équivalentes et les dimensions du bloc
matriciel équivalent ne peuvent pas étre facilement déduites de
I'observation des images complexes de réseaux naturels de
fractures. Cet article décrit une technique nouvelle et systématique
pour calculer ces parametres équivalents. Les résultats de sa mise
en ceuvre au moyen d'un logiciel spécifique demontrent sa validité
et son efficacité pour I'etude de cas de champ. Un tenseur des
permeabilités de fracture équivalentes est déduit de calculs
d'ecoulements stationnaires et monophasiques dans le réseau réel
de fractures, ce dernier étant assimilé a un réseau 3D de
résistances et soumis a des conditions aux limites spécifiques. Les
dimensions du bloc équivalent dans chaque couche sont obtenues
rapidement par identification d'une fonction géométrique
représentative d'un déplacement capillaire. La méthodologie a été
validée par comparaison avec des simulations a maillage fin
realisees au moyen d'un simulateur de réservoir conventionnel.
Puis, une image complexe d'affleurements d'une formation de gres
a été traitée a titre de démonstration. L'outil innovant associée a
cette méthodologie donne la possibilité a l'ingénieur réservoir de
construire un modele a double porosité qui reproduit de fagon plus
fidele le comportement hydraulique du milieu réel fracturé.

A RAPID AND EFFICIENT METHODOLOGY
TO CONVERT FRACTURED RESERVOIR IMAGES
INTO A DUAL-POROSITY MODEL

Both characterization and dynamic simulation of naturally-fractured
reservoirs have benefited from major advances in recent years.
However, the reservoir engineer is still faced with the difficulty of
parameterizing the dual-porosity model used to represent such
reservoirs. In particular, the equivalent fracture permeabilities and
the equivalent matrix block dimensions of such a model cannot be
easily derived from observation of the complex images of natural
fracture networks. This paper describes a novel and systematic
methodology to compute these equivalent parameters. The results
of its implementation with specially-designed software demonstrate
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its validity and efficiency in dealing with field situations. A tensor of
equivalent fracture permeability is derived from single-phase
steady-state flow computations on the actual fracture network
using a 3D resistor network method and specific boundary
conditions. The equivalent block dimensions in each layer are
derived from the rapid identification of a geometrical function based
on capillary imbibition. The methodology was validated against
fine-grid reference simulations with a conventional reservoir
simulator. Then, a complex outcrop image of a sandstone
formation was processed for demonstration purposes. This
innovative tool enables the reservoir engineer to build a dual-
porosity model which best fits the hydraulic behavior of the actual
fractured medium.

METODOLOGIA RAPIDA Y EFICAZ PARA CONVERTIR
LAS IMAGENES DE YACIMIENTOS FRACTURADOS EN
MODELO DE DOBLE POROSIDAD

La caracterizacion y la simulacion dinamica de los yacimientos
naturalmente fracturados han aprovechado las ventajas derivadas
de los importantes adelantos que han surgido durante estos
Ultimos ahos. No obstante, el ingeniero de yacimientos sigue
estando acuciado por la dificultad consistente en parametrar el
modelo equivalente de doble porosidad utilizado para representar
este género de yacimientos. Basicamente, las permeabilidades de
fractura equivalentes y las dimensiones del bloque matricial no se
pueden deducir facilmente de la observacion de las imagenes
complejas de redes naturales de fracturas. Se describe en el
presente articulo una técnica, nueva y sistematica, para calcular
estos parametros equivalentes. Los resultados de su
implementacion por medio de un software especifico demuestran
su validez y su eficacia para el estudio de casos de campo. Un
tensor de las permeabilidades de fractura se deduce de calculos
de flujos estacionarios y monofasicos en la red real de fracturas
asimiladas a una red 3D de resistencia y sometido a condiciones
limites especificas. Las dimensiones del bloque equivalente en
cada estrato se obtienen rapidamente por identificacion de una
funcion geomeétrica representativa de un desplazamiento capilar.
La metodologia se ha validado por comparacion con las
simulaciones de mallado fino, realizadas por medio de un
simulador de yacimiento convencional. A continuacion, se ha
procesado a titulo de demostracion una imagen compleja de
afloramientos de una formacion de arenisca. La herramienta
innovadora asociada a esta metodologia proporciona la posibilidad
al ingeniero de yacimiento de construir un modelo de doble
porosidad que reproduce de forma mas exacta el comportamiento
hidraulico del medio real fracturado.

INTRODUCTION

Modeling naturally-fractured reservoirs remains a
difficult reservoir engineering task, although a great deal
of effort has recently been made to better characterize
the geometry and distribution of fractures within the
reservoir and to increase the capabilities of dual-porosity
simulators. Actually, the 3D images of fracture networks
derived from field fracturing data integration and
stochastic modeling are most often too complex to be
used as direct input for a reservoir simulator. Typical
horizontal and vertical dimensions of a reservoir
simulator cell are respectively of about several hundreds
and tens of meters due to limitations in the size of field-
scale numerical models. Within such cells, the centi-
metric to decametric fractures behave like an equivalent
medium, that is, the flow properties of the small-scale
fracture network are representative at cell scale and can
be described by a permeability tensor [1]. However,
faults crossing the reservoir cannot be incorporated into
the equivaent fracture medium defined at cell scae but
have to be discretized individualy.

In the early sixties, Warren and Root [2] introduced
an approach to simulate flows within fractured
reservoirs modeled as the superposition of two
equivalent fracture and matrix media. This equivalent
model consists of an array of parallelepiped matrix
blocks limited by a set of uniform orthogona fractures
(Fig. 1). Fracture flows are computed within the fracture
grid, matrix-fracture transfers are computed at each grid
block position, and block-to-block exchanges are also
accounted for in the dual-permeability option of

Actual fracture network Equivalent dual-porosity model

(a, b, c) = equivalent matrix block
dimensions

(k,, k., k,) = equivalent fracture
permeabilities

Figure 1

Conventional Warren and Root representation of a fractured
reservoir.
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such simulators. The Warren and Root representation of
fractured reservoirs is used in most industria
simulators. It minimizes computation requirements for
field-scale smulation, however, it does not account for
flow distribution at scales below that of homoge-
nization.

The first difficulty encountered in the use of the
Warren and Root equivalent model is to find equivalent
fracture permeabilities and equivalent parallelepiped
blocks with which to simulate the reservoir flow
dynamics.

A methodology is presented in this paper to compute
equivaent permeabilities and equivalent blocks from 3D
geological images of the fracture network. First, a
general format has been defined for processing the 3D
images of any fracture characterization model. The
methodology itself includes the determination of an
equivalent fracture permeability tensor and of an
equivaent block section for any layer or stack of layers.
It has been validated against reference solutions
provided by finely-discretized models. And findly, its
implementation with specially-developed software is
demonstrated for a naturally-fractured outcrop rock
volume.

Before detailing our methodology, it is worthwhile
to carry out a quick literature review of existing
approaches. All published works concern the deter-
mination of equivalent permeabilities. No systematic
method is reported for determining equivalent block
dimensions.

The approaches detailed [3-7] differ in the flow
geometry, the role of the matrix medium, the technique
of discretization of the fracture network and the method
used for computing flows in fractures. Long et al. [3],
Cacas et al. [4] and Massonnat et al. [5] developed 3D
flow models. Lough et al. [6] developed a 2D fracture
flow model including the contribution of 3D matrix
flows and based on the boundary element method.

The matrix permeability is taken into account in
Massonnat's, Odling's[7] and Lough's models.

The technique used for representing and discretizing
the fracture network is probably the main feature that
distinguishes each of those models. Discrete fracture
models are found in [3, 4, 6]. Long built a 3D model
with discs representing fractures and nodes at disc
intersections. Cacas developed a similar model but
placed nodes at the centers of discs to minimize the
number of nodes. Lough developed a 2D fracture flow
model with a numerical technique that takes into

account 3D matrix flows without having to discretize
matrix blocks. The 2D model developed by Odling is
close to the discrete models, however fractures are
discretized as the linear elements of a fine square grid
superposed on the actual 2D network. Massonnat used
a fine regular 3D grid to discretize both fracture and
matrix media, with an average permeability of fracture
and matrix media assigned to the cells crossed by one
fracture. Such a method involves a very high number of
cells and cannot be applied to large highly-fractured
media

All discrete models are used to compute steady-state
flows on the basis of the resistor network approach, i.e.
mass-balance equations written at each node, and of
pressure or flow conditions imposed on the boundaries.
Fracture flows are formulated using Poiseuille's law in
all models except for Long's model involving analytical
fracture flow equations.

1 THE METHODOLOGY

The starting point for our study is a 3D fractured
reservoir image representing a naturally-fractured rock
volume that is provided by any fracture characterization
software. The equivalent model for this image is
determined in the framework of the dual-porosity
concept. Therefore, the fracture network aone is taken
into account to compute equivalent fracture permeabil-
ities, since fracture flows and matrix flows are
computed within two distinct grids in a dual-poraosity
simulator. Fractures are assumed to be vertical or, more
precisely, orthogonal to bed limits, which is acceptable
for many reservoirs. Hence, the matrix medium is
continuous along the vertical direction and only the
dimensions of the horizontal section of an equivalent
block need to be determined.

1.1 Image Format

The parallelepiped 3D image is discretized
vertically as a list of layers. Each layer contains a
certain number of fracture plane eements denoted by
rectangles (Fig. 2). Each rectangle is defined by a
fracture set number, an origin, azimuth and dip,
dimensions, neighboring rectangles, and by a fracture
aperture or a conductivity. The conductivity is defined
as the product of the intrinsic fracture permeability and
of the aperture e of the fracture represented by parallel
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Fracture element
(rectangle) in layer 1

y Fracture limit

iy

Figure 2

Format used to represent fractures.

—t

Rectangle in layer 3 defined by:

Bet number,0 L
Position, azimuth and dip (0, i, j)
LExtension in layer |-, 1+0

DAperture (or conductivity)

INeighbouring rectangles in layers 2 and 4

walls. Poiseuille's law may be used to express the
intrinsic fracture permeability and conductivity respec-
tively as /12 and €%/12.

This general format makes it possible to process 3D
images of any characterization model with our
methodology and software.

1.2 Equivalent Permeabilities

They are derived from incompressible steady-state
flows computed on the actual 3D fracture network. For
each direction x, y, z, the flow rate resulting from a
given pressure drop Ap applied between the two
opposite faces of the parallelepiped network is
computed with fixed lateral boundary conditions.

Either a zero-flow-rate condition or a linearly-
varying pressure condition is applied on the lateral
limits, as shown in Figure 3. The flow rate solution is
unique and leads, through the use of Darcy's law, to a
direct determination of the equivalent permeability in
the direction considered. The steps and algorithms
involved are described hereefter.

First, the network is discretized as nodes placed at
rectangle intersections. A mass-balance equation is
written for each nodei connected to n nodesj:

Z q; =0 )
=

Using Darcy's law, each flow rate is expressed as a
function of node pressures p; and p, and transmissivity
T;; between the two nodesi and j:

=T (@ -p) @

The transmissivity between two nodes is computed
as a function of fluid viscosity and of the dimensions
and conductivity of the fracture element linking them.

The first equation can be rewritten as:

3T,p - 3T p =0 ©

=1 j=a

1st type of boundary conditions:
impermeable lateral limits

2nd type of boundary conditions:
linearly-varying pressure on lateral
limits

Apy
LX
0
V,
Apy ¥ 0 d
VX
y l 0
L. l
Apy
Figure 3

The two kinds of boundary conditions for computing equivalent
fracture permesbilities.
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If node i is aso connected with a limit at a fixed
known pressure pg, the previous equation becomes:

ST T B - 5Tp=T 4
E;u iBHDi 2T R =R (4)

i iB
For the total number of nodes N discretizing the
fracture network, this leads to a system of N equations
with N pressures as unknowns. The resulting system of
equations leads to a symmetric positive definite
coefficient matrix which is solved with a conjugate
gradient method. The flow rate is then derived from
Equation (2) for each couple of nodes as well as the
total flow rate through the fracture network in the
direction of flow considered. A Darcy fluid velocity vis
determined on the scde of the entire fractured medium
as the ratio between the total flow rate and the cross-
section area of the fractured medium. The equivalent
permeability is finally calculated by applying Darcy's
law between the upstream and downstream faces of the
3D volume. If lateral faces are impermeable, a single
equivaent permeability can be determined for each flow
direction, such as, for instance, in the x direction:

Mv L
k =k = —2X*X (5)
XX X Ap
If linearly-varying pressures are imposed on lateral
faces, then flow rates can be computed in transverse
directions. One can then derive the extra-diagonal terms
of an equivalent permesbility tensor, such as, for instance:
v L
kK = My (6)
xy Ap
Considering that the direction orthogonal to bedding
planes is generaly the direction of least permeability,
mixed conditions may be imposed to determine the
following partial permeability tensor:

k k ol
O ¥ 0
k k 00O (7)

Xy yy
@) 0 k_

These mixed conditions consist of imposing a zero
flow rate on dl laterd limits for vertica flows, and azero
flow rate on horizontal limits and a pressure varying
linearly on vertical laterd limits for horizontal flows. The
partial permeability tensor derived is sufficient to

determine the main directions of flow in the bedding
planes with the associated equivaent permesbilities.

1.3 Equivalent Block

Following the assumption of vertical fractures, the
problem addressed is that of determining the square or
rectangular section of an equivaent matrix block for
each layer or group of layers having similar fracturing
features. To this end, a simple and rapid procedure
based on the water-oil capillary imbibition mechanism
and denoted as the geometrical method has been
developed. The matrix medium is assumed to have
constant petrophysical properties throughout the
bedding plane. Capillary imbibition of a matrix block
involves countercurrent flows of water and oil [8] with
a gradua advance of a smaoothly-tilted front from the
boundaries to the center of the block. The geometrical
method is a simplified representation of this flow
mechanism, based on the two following assumptions:

— piston-type invasion of the matrix medium by
displacing fluid;

— adistance X of the front from block boundaries chan-
ging with time t according to a function which isinde-
pendent of block shape for a given rock-fluid system.
Because of the piston-type flow assumption, the

matrix oil recovery R can be expressed as the

normalized area A, i.e. as the ratio between invaded and
total cross-section areas of the block. In addition, with
the bi-univocal relationship between t and X, one
replaces the recovery as a function of time, R(t), by the
normalized area as a function of distance, A(X). Finaly,

the geometrical method, schematized in Figure 4,

determines the dimensions a and b of an equivalent

block section through a procedure minimizing the
difference between the two normalized area versus
distance functions referring respectively to the layer,

A(X), and to the equivalent square or rectangle, Aeq(X).

A(X) is computed using a rapid, patented procedure for

image processing. Aeq(X) isasecond-order polynomial:

2
A (X):%+%—(2X) ®
ed a b ab

Normalized area versus distance curves are discretized
with a constant normalized area step to give the same
weight to any volume of ail recovered independently of
thetime a which it is produced. The geometrical method
can be applied to a stack of layers with similar
petrophysical properties of the matrix medium. For such
a case, the normalized area versus distance function is a
thickness-weighted sum of the normalized area versus

distance functionsthat refer to the congtitutive layers.
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Actual fractured medium

pw = CICIEIE
==V SCICIE

Equivalent medium

DISTANCE functions

a
\ Normalized AREA -[[I

Minimization of 5
F= z [Ai 'Aeqi]
]

|

a and b =[horizontal dimensions
[bf the equivalent block

Figure4
The geometrical method.

1.4 Implementation

Software has been developed to apply the
methodology described above to geological images of
naturally-fractured media. This software can process the
images given by any characterization model as long as
the format described above is respected. Among the
capabilities of the software, we must mention the
possibility to delimit in area and verticdly sub-volumes
within the 3D fractured medium, making it possible to
determine whether the equivalent parameters are
representative. The image definition can also be modified
and optimized in order to be able to process large images
with a sufficient definition of blocks. Equivaent fracture
permesabilities are computed with either zero-flow-rate
lateral conditions or mixed conditions as described
above. Equivaent blocks are determined for each layer
and for any pre-defined stack of layers.

2 VALIDATION

The previous methods have been validated for
fracture networks of limited complexity and for blocks
of various shapes.

2.1 Equivalent Permeabilities

Reference solutions are computed on fine regular
grids discretizing 3D fracture networks containing a
limited number of orthogonal fractures oriented along
the x, y and z axis. Grid refinement has to be sufficient
to avoid the presence of several fracturesin a given cell
or of disconnected fractures in two contiguous cells.
Thus, the permeability input value for each cell of the
fine-grid model is the permeability equivalent to matrix
and fracture media if one fracture crosses the cell in the
direction considered, and zero in the other situations.
Validation was performed for different networks with
increasing numbers of fractures and connectivity. Three
networks were studied, with respectively 3, 10 and 20
fractures. The conductivity was arbitrarily set to
1 mD-m for al fractures. Equivalent permeabilities
were computed with the zero-flow-rate |lateral boundary
condition because this is the only kind of condition
available in the conventional flow simulator used to
compute fine-grid reference solutions.

The first medium was as simple as possible to be able
to find analytical flow solutions. It consists of a cube
with a lateral size of 5 m, and divided into five layers.
As shown in Figure 5, the three fractures have variable
horizontal lengths and are present either in afew layers,
or in al of them, making it possible to obtain a 3D flow
geometry in the vertical direction. Only nine nodes
are required to represent this network with our
methodology. To obtain reference values of equivalent
permesbility, this simple network was discretized with a
regular grid of 125 cubic cdls, with respectively 25, 15
and 9 cellsto represent fractures F1, F2 and F3.

The solutions obtained with the fine-grid model
and with the method developed are compared in
Table 1. Analytical solutions of the equivalent
permeabilities in the x and y directions could also be
calculated since flows were 2D, consisting of either
parallel or in-series flow paths, in these directions.
The x and y equivalent permeabilities obtained with
the published method are in excellent agreement both
with the analytical solutions and with the fine-grid
results. This was expected as, in 2D conditions, the
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flow problem can be solved exactly with a resistor
network approach. A slight difference, of 5%, is
obtained in the z direction between the fine grid
solution and the method developed. This difference
results from the 3D flow geometry and the minimum
discretization of fracture planes used in our
methodology. Actually, in 3D flow conditions, such a
discretization does not account for the detailed
distribution of fluids in the vicinity of fracture
intersections.

Figure5

Simple fracture network used to validate equivalent fracture
permeabilities.

The two other fracture sets were more complex and
differed in the number and connectivity of fractures.
The same validation approach was followed and led to
the same conclusions as before. In addition, the
difference in the vertical equivalent permeability values
mentioned before was found to decrease when the
density and connectivity of fractures increase. The
situations where the vertical permeability inaccuracy
becomes significant concern media with a small
number of large and poorly-connected fractures, that is,
situations for which the dual-porosity concept
underlying our methodology is not applicable.

TABLE1

Validation of equivalent permeabilities

Solution (n:KD) (r:é)) (ml?)) k/k, k) \s/ ke I(y
Thiswork (*) 0.120 0.227 0.267 1.89 1.62
Fine grid (**) 0119 | 0224 | 0.255 1.88 1.56
Analytica 0.120 0.226 - 1.88

(*)- ()
difference (%) <1 +1 +5 <1 +4

2.2 Main Flow Directions

As extra-diagona terms of equivalent permeability
cannot be determined with conventional flow
simulators, the procedure for determining the principal
flow directions in the layers of a fractured medium was
validated indirectly using two networks having exactly
the same fracturing features but with different fracture
orientations. The two main fracture sets were oriented
along the x and y axes in the first network and —-30° and
60° from the x axis in the second one. Complex fracture
networks could be used since no reference fine-grid
solution was computed for this validation step. A nearly
diagonal equivalent permeability tensor was obtained
for the first network with principal flow directions
oriented at 89° and 2° from the x axis. The tensor of the
second network was no more diagonal and its principal
flow directions were a 57° and —31° from the x axis.
These two sets of results are consistent with each other
and with the orientation of the two fracture sets in both
images.

2.3 Equivalent Blocks

Reference solutions were validated for single blocks
of various shapes, U-shaped, triangular and comb-
shaped blocks. These blocks are shown in Figure 6 with
the square or rectangular equivalent block section in
gray determined with the geometrical method. The
vaidation of equivaent block dimensions was based on
a comparison of the simulated water-oil imbibition
recovery curves referring to the 2D finely-discretized
real block model and to the equivalent rectangular or
square block determined by the geometrical method.
Imbibition was simulated with matrix porosity and
permeability equal to 0.30 and 1 mD, and with water and
oil viscosities respectively equal to 0.35 and 0.43 cp.
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. Triangular
Symmetrical
block
U-shaped block . .
Dissymmetrical
U-shaped block
Equivalent
rectangular block
| | 3.0m
o
‘ Comb-shaped 10 feet
block
A
Fracture
Figure 6

Single blocks used to validate the geometrical method.
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Figure 7

Water-oil imbibition in the comb-shaped block and in the
equivalent rectangle.

Relative permeability and capillary pressure data are
givenin Table 2.

TABLE2

Water-oil relative permeabilities
and capillary pressures

Relative Relaive Capillary

Water permesbility permesbility pressure
saturation to water to ail (bar)
0.20 0 0.80 2.30
0.25 0.0003 0.68 110
0.30 0.002 0.57 0.80
035 0.005 047 0.57
0.40 0.010 0.37 0.37
0.45 0.018 0.28 0.25
0.50 0.028 0.20 0.17
055 0.041 0.13 011
0.60 0.057 0.072 0.06
0.65 0.077 0.025 0.03

0.70 0.100 0 0

The comb-shaped block is a rectangular block of
7.6m (25 feet) per 4.6 m (15 feet) surrounded by
fractures and including several fractures initiated at
block outer boundary and ending in the heart of the
block. The geometrical method determined an
equivalent rectangular block of 6.5 by 2.1 m. Figure 7
shows the very good consistency of the two recovery
curves computed for the real block and for the

equivaent rectangle. The reference matrix oil recovery
by water imbibition in the comb-shaped block was
computed with a model of 1500 cells with very thin
fracture cells and a nine-point scheme. Looking in
further detail, it may be observed that the two curves
are exactly superimposed during the first two weeks of
block imbibition and slightly diverge later on. This
variation results from the assumptions underlying the
geometrical method. During the first 10-20 days, the
flow behavior isinfinite-acting, therefore the imbibition
curve referring to the equivalent block solution
determined under the piston-type assumption does not
differ from the exact solution. Afterwards, the two
recovery curves differ slightly because the effect of
limited block size on the exact imbibition solution
becomes sensitive. Nevertheless, the difference
observed can be neglected if compared to other sources
of uncertainty in reservoir engineering.

The geometrical method was also validated for a
distribution of square, triangular and U-shaped blocks
as shown in Figure 8. The reference imbibition solution
for this distribution was computed as the sum of the
imbibition recoveries of the constitutive blocks. The
geometrical method provided two equivalent block
solutions, either arectangle or asquare. Again, Figure 9
shows that both solutions give imbibition recovery
curves which are very close to the exact solution of the
distribution of blocks.
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Equivalentd |
square block O
u]
3.0m
10 feet
Figure 8

Distribution of sguare, triangular and U-shaped blocks.
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Figure 9

Water-oil imbibition in the distribution of blocks and in the
equivalent square or rectangular block.

In conclusion, despite simplifying assumptions, the
geometrical method provides equivalent block solutions
which are reliable in terms of multiphase flow behavior.

3 APPLICATION

For demonstration purposes, the same procedures
were extensively applied to a large fractured rock
volume generated with our in-house stochastic fracture
simulator. The geologica information underlying this
3D demonstration image is derived from an outcrop
study of a fractured Devonian sandstone outcropping in
South Morocco. Fracture characterization of this
formation revealed two main fracture sets, regional
systematic joints and fold-related joints, both of which
are associated with compressive tectonic events. Other
sets related to later tectonic events were aso identified.
The 3D image, shown in Figure 10, has x, y and z
dimensions equal to 100 m, 100 m and 16.6 m, is made
up of 9 layers, and involves only the two main fracture
sets referred to above. The first fracture set, oriented
along the x axis, corresponds to regional systematic
joints and includes about 200 fractures with a
horizontal extension of 30 to 40 m. The second set,
orthogonal to the previous one, is made up of fold-
related joints, among which we can distinguish one
subset of some 20 fractures crossing all layers and

extending over the whole domain, and another subset of
more than 1000 small fractures. The whole fracture
network is input into our software as 7120 rectangles,
i.e. fracture plane elements, with 460 rectangles
representing the first set, and 180 and 6480 rectangles
representing the two subsets of the second set.

Equivalent parameters were computed on centered
sub-volumes with areas increasing from 5 m x 5 m to
100 m x 100 m. Thus, the representativeness threshold
for either equivalent parameter could be determined.
The mixed boundary conditions described above were
applied to determine the main horizontal flow
directions. The conductivity was assumed equal to
1 mD-m for al fractures of both sets. The
discretization of the whole fracture network involves
90 600 nodes. It is important to realize that the regular
gridding of such a fractured medium would have
required several million cells.

3.1 Equivalent Permeabilities

Results along the three axes are shown in Figure 11
as a function of sub-volume dimension. The equivalent
permeability along the y axis is about four times the
permeability along the x axis which is consistent with
the much higher fracture density observed in the
y direction. The principal horizontal flow directions are
shown in Figure 12. For all sub-volumes, the minimum
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Equivalent fracture permeability (mD)

Figure 10

3D view of the demonstration image.
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and maximum horizontal flow directions are oriented
respectively along the x and y axes as expected, the
results differing by less than £5° from one sub-volume
to another. Consequently, the equivalent permeabilities
along these principal directions do not significantly
differ from those aong the x and y axes. The variation
of the horizontal permesbility anisotropy ratio, ky/kX ,

and of the vertical to horizontal permeability ratio,
k,/ \/“kxky, is shown in Figure 13. Whereas the
permeability anisotropy is significant within layer
planes, the vertical to horizontal permeability
anisotropy is very small, probably due to the
predominant role played by the subset of fractures

3.2 Equivalent Blocks

The horizontal dimensions of the equivalent blocks
of each layer for the whole area studied are given in
Table 3 and schematized in Figure 14. Square
equivalent blocks were found for each layer. Equivalent
block size is more or less in proportion to layer
thickness, which is consistent with the correlation
between fracture density and layer thickness that was
taken into account for fracture generation.

TABLE 3

Equivalent blocks in the demonstration image

crossing the entire 3D domain in both the y and z Lver Thickness Equivalent block size
directions. ¥ (m) (m)
The variation of equivalent permeability values as a . ” .
function of sub-volume size (Fig. 11) reveals results 5 18 4‘3
that vary significantly for horizontal dimensions of 3 58 86
subvolume lower than 50 m, and less so beyond. This 4 13 33
lateral dimension of 50 m is an order of magnitude of 5 27 5.7
the threshold scale for equivalent permeability to be 6 08 23
representative, which is usually denoted as the 7 0.3 0.8
Representative Elementary Volume (REV). g 8‘2 ig
1t09 166 5.2
8
---O--- Horizontal anisotropy 1 —_
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Equivalent fracture permeability anisotropy in the demon-
stration image. Variation with sub-volume size.

Equivaent blocks in the different layers of the demonstration
image.
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The variation of the equivalent block dimension as a
function of sub-volume size is shown in Figure 15 for
layers 3 and 7, and for the nine layers together. Layers 3
and 7 are respectively the thickest and least fractured
layer, and the thinnest and most fractured layer, as
illustrated by Figures 16 and 17. The equivalent block
dimension of layer 7 is between 0.73 and 0.92 m,
whatever the sub-volume considered. In this highly-
fractured layer, small equivalent blocks are found and
solutions are representative even for avery small latera
sub-volume size, down to 15 m. On the contrary, in
layer 3, the equivalent block dimension increases from
3 to 8 m when the sub-volume lateral dimension
increases in the range of 5 to 60 m. Beyond 60 m, the
equivalent block solutions remain between 8.1 and
9.0 m. For al layers taken together, the variation of
solutions as a function of sub-volume dimensions is
attenuated but remains sensitive for sub-volume
horizontal dimensions lower than 60 m. The genera
trend we observed is that the representative area for
determining the equivalent block of a given layer
decreases when the density and interconnection of
fractures increase, that is, when the size of equivalent
blocks decreases.
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Figure 15

Equivalent blocks in the demonstration image. Variation with
sub-volume size.

In conclusion, representative solutions for equivalent
permeabilities and equivalent blocks are found for
similar minimum areas of the fractured volume.
However, a separate determination of the REV's for
these two parameters is recommended in the genera
case, because these two REV's are not directly related
and depend on fracture attributes.

The high performance of our methodology in terms
of computation times must also be underlined. With an
Ultra-Spark 1-140 Sun workstation, the computation of
the equivalent permeability tensor for the previous
complete 3D network, involving 90 600 nodes, requires
only 7 minutes of CPU time. The determination of an
equivalent block is still more rapid. For instance, the
image of a geologica layer discretized with 5 million
pixelsis processed in 10 to 15 seconds of CPU time.

4 RECOMMENDATIONS FOR
DUAL-POROSITY MODELING

The methodology presented here and the
corresponding software have been designed for
fractured reservoir engineering. Within this framework,
the following recommendations can be made. First, a
careful geologica analysis of fracture attributes should
be made to delineate reservoir areas with homogeneous
fracturing criteria.

The different scales of fracturing also have to be
identified. For instance, large faults which obvioudly
cannot be homogenized within a limited reservoir area
will not be included in the equivalent model but
represented in a discrete way.

For each zone, a study of representativeness must be
made both for equivalent fracture permeability and
equivalent block size.

Equivalent parameters computed on severa
representative images of each area will then constitute
the cell input of the dual-porosity reservoir model. As
for the choice of boundary conditions for equivalent
permeability computations, the zero-flow-rate lateral
condition should be used because the extra-diagonal
terms of the fracture permeability tensor are not taken
into account in most simulators. However, additional
computations with mixed boundary conditions should
be performed to determine the main horizontal flow
directions within the reservoir. If these directions are
relatively constant throughout the reservoir, then the
reservoir grid may be oriented accordingly.
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Figure 16

Top view of layer 3 in the
demonstration image.
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Figure 17

Top view of layer 7 in the
demonstration image.
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For complex reservoirs, with continuously-changing
fracture attributes, systematic computations of
equivalent parameters may have to be performed on
images equally distributed over the entire reservoir.

On an intermediate scal e between fractures and large
faults, sub-seismic faults remain a difficult issue
because their dimensions are of the order of magnitude
of reservoir grid blocks, which precludes treating them
as part of the fracture network used to define the
equivaent fracture medium at grid block scale. Nor can
they be represented as discrete objects, because of the
stochastic approach used to model them. Different
stochastic readlizations may actually look equivalent at
reservoir scale but may lead to contrasting flow
predictions on the scale of a few cells especidly in the
presence of wells. Therefore, the solution for dealing
with subseismic faults might be to constrain their
stochastic modeling by using other information derived
from wells, for instance. Thus, a discrete representation
of these faults could be achieved, at least in those
reservoir locations where their effect on flow is dragtic,
especialy in the vicinity of wells. Far from wellbores, it
might be possible to integrate them into an equivaent
fracture medium defined on a scale larger than cell size.

Another limitation concerns low-density fracture
networks. The use of an equivaent fracture medium is
not adapted to smulate flows through poorly-connected
fractures. First, a scale of representativeness of flow
properties is difficult to find near the percolation
threshold of a fracture network. Second, if fractures are
actually disconnected, a single medium representation
should be used with eguivalent permesabilities taking
into account both matrix and fracture flow contributions.

Finaly, one must recall the necessity of modeling the
capillary continuity of the matrix medium in reservoirs
with fractures sub-orthogonal to layer limits. To this
end, the use of a dua-porosity dual-permeability model
is recommended, with a proper vertical discretization
that simulates vertical multiphase equilibrium with
sufficient accuracy.

CONCLUSION

A rapid and reliable methodology has been designed
and implemented to determine systematically the
equivalent parameters of dual-porosity models from
geological images. This approach and the corre-
sponding software can be applied to large geological

sections, on the order of magnitude of reservoir grid
blocks. The accuracy of solutions is quite satisfactory
for reservoir engineering applications.

This tool contributes to the integration of disciplines
by facilitating the systematic use of fracture
characterization data in the downstream activities of
reservoir exploitation.

Further developments of this methodology are
planned. They include an extension to complex fracture
networks with various dips, the integration of dynamic
information on the reservoir such as well tests and the
development of correlations between fracturing
atributes and equivalent parameters.

NOMENCLATURE

normalized cross-section area of block(s)
equivalent block dimensions

fracture aperture

equivalent fracture permesbility

flow length

pressure

flow rate

oil recovery from matrix block(s)

time

transmissivity

fluid velocity

distance of water-ail front from block limits
fluid dynamic viscosity.

(op

TX< A" JgoaoT X0 >

SUBSCRIPTS

i,j  nodesof the discretized fracture network
B  boundary of the 3D fractured volume
x,y,Z directions of flow.
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