9943

FRACTURE GEOMETRY AND RELATIVE PERMEABILITIES:
APPLICATION TO MULTIPHASE FLOW THROUGH COAL

J. P. Morris, Purdue University
L. J. Pyrak-Nolte, Purdue University
N. J. Giordano, Purdue University
Jiangtao Cheng, Purdue University
John Tran, University of Notre Dame
Andrew Lumsdaine, University of Notre Dame

ABSTRACT

A numerical investigation of the multiphase flow properties of coal was performed to identify possible
relationships among fracture network geometry, relative permeability, and absolute permeability. A stratified
percolation algorithm was used to generate individual fractures with spatially correlated and uncorrelated
aperture distributions. These fractures were arranged on a cubic lattice to produce a network of intersecting
fractures to approximate coal cleats. The relative permeabilities of the resuitant fracture network were
determined using an efficient network flow model. Statistical flow properties of the fracture networks were
obtained by examining the results of a number of realizations from each fracture network configuration.
No simple relationship between relative permeability and the bulk properties of the coal cleat network was
found. However, in general, networks of uncorrelated fractures were observed to have lower non-wetting
saturations at cross-over than correlated fractures. Simulated fracture networks containing fractures with a
range of average apertures were observed to most closely approximate experimentally determined values
of relative permeability of coal cores. These results indicate that an estimate of the variation in average
fracture aperture may provide indications of relative parmeability behavior.

INTRODUCTION

The potential methane yield from a coalbed reservoir depands upon many competing factors. For exam-
ple, high water production rates can be an economic barrier to gas resource exploitation. Natural fractures
(cleats) ars the conduits for fluid transport within these reservoirs. Accurate gas-water relative permeability
data for coal cleats are crucial for reliably assessing the davelopment potential of these gas reservoirs.
Three methods can be used to determine this critical reservoir property: (1) wellbore pressure transient
testing; (2) laboratory drill core testing; and (3) theoretical three-dimensional (3-D) multiphase flow simu-
lation modeling. Unfortunately, wellbore test data do not provide a unique determination of permeability
properties, and laboratory test methods lack accuracy and precision [1]. Controlled three-dimensional nu-
merical studies of multiphase flow through fracture networks provide an alternative method for determining
the relationship between relative permeability and fracture network geometry. While numerical simulations
offer precise estimates of flow properties, many computational techniques require detailed knowledge of
the aperture distribution within each fracture and the precise locations of intersections within the fracture
network.

This paper presents relative permeability saturation behavior obtained using a network model optimized
for solution of flow through interconnected fractures. The method is sufficiently fast that large numbers of
fracture network realizations can be simulated and population statistics performed. In this way, insight into
the effects of macroscopic geometrical properties (fracture density, fracture orientation, number of fracture
sets) for a large number of realizations with chosen characteristics can be investigated. Both averaged
values and confidence intervals based on Monte Carlo simulation, are readily generated for absolute per-
meabllity, the capillary pressure - saturation relationship, and relative permeability.

Single phase flow through fracture networks has been studied extensively for both two- and three-
dimensional representations of fracture networks assuming a constant aperture within each fracture. For
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example, L.ong and Witherspoon[2] investigated the relationship between fracture interconnectivity and net-
work permeability using a two-dimensional model. Three-dimensional networks have been modeled using
arrangements of disk shaped discontinuities[3]. Tsang et al.[4] employed a system of one-dimensional
channels to model transport through the preferred flow paths of a fractured medium. Nordqvist et ai.[5) em-
ployed a three-dimensional variable-aperture fracture network model to investigate the relationship between
fracture transmissivity and tracer trangport. Their method integrated resuits from a llbrary of single fracture
permeabilities to estimate the properties of the three-dimenslonal network. Nordgvist et al,[5] found that
the transport properties of the network depended strongly upon the variability of the fracture transmissivity.
Relatively little work has been done investigating the relative parmeability of fully three-dimensional fracture
networks containing realistic aperture distributions within each fracture. Our technique is built around a
versatile fracture description language which allows families of fractures to be designated in terms of their
statistical atiributes.

NUMERICAL GENERATION OF FRACTURE GEOMETRY

Numerically generated fractures were used to explore the effect of the size and spatial distributions
of apertures in the two-dimensional fractures on the relative permeability of a three-dimensional fracture
network. Simulated fractures were generated with both correlated (long-range) and uncorrelated (short-
range) spatial aperture distributions. Each fracture was represented by a 300 by 300 array of apertures
where each element of the array represents a single aperture. These fractures were inserted into a cubic
- lattice to produce a network of fractures.

Uncorrelated fractures were generated by taking an initlally zero aperture fracture and randomly placing
smalt squares {points) of fixed aperture within the array. Figure 1a contains a representative image of
a spatially uncorrelated fracture generated using this method. This image represents a fracture with a
random distrlbution of apertures that is spatially uncorrelated i.e., the spatial correlation is on the order of
the point size.

The spatially correlated aperture distributions were based on a hierarchical construction of the fracture
aperture distribution known as stratified percolation {8, 7, 8]. The stratified percolation method for gener-
ating synthetic two-dimensicnal fractures is performed by a recursive algorithm that defines a selt-similar
cascade, Classical random continuum percolation is applied on successively smaller scales (tiers). Several
{n) randomly positioned, equi-sized squares are chosen within the fracture array (the first tier). Within each
sub-square (the second tier), n smailer squares are chosen. The sub-squares are reduced in linear size
by a constant scale factor from the previous tier square size. This recursive process is continued until the
final tier is reached. At this stage, small squares (points} of fixed aperture are placed at the origin of each
sub-square of the final tier. The aperture of the fracture at a given location is taken to be proportionai to the
number of flnal points accumulated there. This approach leads to long-range spatial correlations because
regions of non-zero aperture can only occur within squares selected on tiers throughout the hierarchy. Fig-
ures 1b and ¢ show correlated fractures generated using this method with 5 tiers. Fractures b and ¢ differ
only in the initia! seed used by the random number generator.

The fractures were placed on a cubic lattice to produce a fracture network resembling that of coal cleats.
For example, Figure 2a shows a cubic volume containing three fractures (two perpendicular to the x-axis
and one perpendicular to the y-axis). If the network is generated a second time with different seed values,
a substantially different aperture network is produced {Figure 2b).

COMPUTATIONAL FLOW MODEL

The multiphase flow properties of the void space generated by the system of intersecting fractures was
investigated using a network model. Network methods have been used extensively to study both single
and multiphase flow through two- and three-dimensional pore-spaces (see [3] for a review). One attraction
of network models is that they approximate fluid behavior at the pore scale, rather than assuming fleld-
scale constitutive relationships. Network flow models are fast and are flexible, and can accommodate
progressively more complicated fluid properties.

Though originally used for single phase flow, the flexible nature of the network permits extensions to
include mutticomponent behavior. Quasi-static network models, for example, have been successfully ap-
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