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ABSTRACT

The experimental measurement of permeability on small samples with rough surfaces
under high confining pressure is subject to significant errors caused by boundary effects.
These include the performance of various sleeve materials as well as core damage
through coring and uneven compaction across the sample. Thus, under these conditions it
is difficult to accurately measure permeability as function of applied stresses/strains. In
this work we use samples of Bentheimer and Castlegate sandstone as well as Mt Gambier
limestone and a sucrosic dolomite. Plugs with diameters between 5mm and 7mm are cut
and placed into a purpose-built tri-axial cell on a micro-CT rotation stage. The plugs are
surrounded radially by a sleeve separating confining fluid from the samples and axially
by fluid distribution heads made of steel which also supply the axial load. We consider
hydrostatic confinement and acquire images as well as measure permeability first at low
confining pressure, then at high confining pressure, and again at low confining pressure
(unloaded).

Using the high-resolution images taken at different confining pressures we calculate
permeability numerically on the samples at full plug scale using a lattice Boltzmann
method. We include the sleeve boundary in the calculation, which was segmented out
separately to allow matching exactly the experimental boundary conditions. The resulting
velocity fields are used to locally calculate the fluxes in different regions of interest. We
consider partitions of the pore space based on topological distance (pores) and geometric
distance with regard to the sleeve boundary. This allows calculating intrinsic permeability
as function of sleeve distance to characterize the radial dependency of permeability
across the core.

We observe clear fluid bypassing at the sleeve-sample interface for all samples. For the
less consolidated samples (e.g. Castlegate sandstone), core damage at the outer rim is also
evident, since the radial dependency shows first a maximum at the sleeve boundary, but
then a minimum before stabilizing at larger sleeve distances. This is likely due to
compaction either from drilling the sample or from flattening the sleeve-core interface at
higher confining pressures.
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The numerical approach integrated with experiment allows deriving permeability-
deformation relationships without boundary effects through the development of
corrections for experimental measurements. Thus, a quantitative high-resolution analysis
of deformation mechanisms impacting on permeability is feasible with this combined
approach by numerically eliminating experimental errors.

INTRODUCTION

The measurement of permeability on small rock samples compared to an intrinsic length
scale of the samples is an important problem and poses several challenges, in particular if
also considering the influence of stress boundary conditions on permeability. Common
practice is to use cylindrical samples and apply either a pressure drop across the sample
or inject with a constant flow rate. Provided the flow is in the laminar regime, Darcy’s
law is then employed to calculate the absolute permeability of the rock by considering
measurements at several flow rates. To ensure that no flow bypasses the rock sample, a
sleeve is usually used to seal the sample and prevent communication between permeating
and confining fluid. There are few works, which consider the effect of sleeve type with
confining pressure and rock texture on permeability measurements. Stewart and
Unalmiser [1] found that there could be a considerable error in measuring the porosity of
sandstones due to the imperfect sealing at the boundary of rock and sleeve. Profice et al.
[2] pointed out the difficulty of measuring the permeability of tight sandstones or shale
gas reservoir rocks due to the narrow and poorly percolating pore network of such rocks.
Lenormand et al. [3] measured the permeability of small rock samples utilizing a variety
of methods and mentioned problems arising from the leakage of gas from the space
between rock and the surrounding silicon tube used to make the measurements. They
suggested adding a heat shrinkable layer to tighten up the annulus space minimizing the
error associated with leakage. McPhee and Arthur [4] considered conventionally-derived
Klinkenberg parameters and factors that affect the permeability measurements like sleeve
material, net effective stress, transducer error etc. over a wide range of permeabilities.
According to them, the sleeve pressure for the "ambient” condition measurement of the
permeability of rocks is not a standardized value, but can vary from 150 psi up to 800 psi.
For low permeability of the rock and/or high fluid viscosity high pore pressures may
develop in the rock, resulting in a reduced effective confining pressure and possibly
poorer conformance of the sleeve with the rock sample. The lack of universal agreement
on a standard confining pressure combined with the different sleeve materials used for
permeability measurements complicates comparisons between measurements made in
different laboratories.

In recent years there is increasing interest in the pore scale features of reservoir rocks, as
many transport properties are controlled by features on the micron scale. Over the last
decade, micro Xray-CT methods have been established as a viable choice for the
numerical derivation of permeability [5-7]. However, small cores are typically required
and this should increase the effects of the choice of sleeve materials, if the size of the
boundary region of the sample in terms of a characteristic length scale of the sample is
significant. This is an important consideration if a direct comparison of numerical
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simulation and experiment is desired. This direct comparison is more important if
heterogeneous rock samples are considered, since one can otherwise for each technique
choose a sample size (and resolution), which is still at a representative elementary
volume (REV), but minimizes experimental (large sample) or numerical (high resolution)
error. Furthermore, if a direct comparison is possible, numerical techniques can be used
to avoid some of the systematic experimental problems while also enabling the study of
the effects of deformations mechanisms on permeability at the pore scale.

In this work we consider the effect of sleeve conformance on permeability measurements
for four rock samples, Bentheimer and Castlegate sandstone, Mt Gambier limestone, and
a sucrosic dolomite, under hydrostatic stress conditions. Physical measurements of
permeability are coupled with Lattice-Boltzmann computations of permeability for pre-
and post-stress conditions. To assess the contribution of different regions within the
sample to the total flux, we introduce sample partitions based on distance to the sleeve
boundary using either direct geometric distance or a pore-based topological criterion.

METHODS

In the following we describe the techniques required for analyzing the local contribution
of fluxes to the total flux through the sample. We first characterize the samples, followed
by a short description of the experimental setup, and the permeability calculation and
analysis of the resulting velocity fields using topological and geometric partitions.

Sample Characterization

In this study we consider a sample each of Bentheimer and Castlegate sandstone, Mt
Gambier limestone, and a sucrosic dolomite. Bentheimer sandstone is a clean clastic rock,
the mineral phase of our plug (plug porosity 24%, diameter 6mm) consisting of 98.5%
quartz and 1.5% kaolinite according to XRD analysis. XRD measurements on Castlegate
(plug porosity 19%, diameter 7mm) returned 74% quartz, 17% feldspar, 7% kaolinite,
and 2% calcite and magnesium. Mt. Gambier limestone is a monomineralic
heterogeneous rock (plug porosity 54%, diameter 6 mm). Finally, the sucrosic dolomite is
a relatively homogeneous carbonate sample with feature sizes of the order of the two
sandstones, exhibiting grains with high angularity (plug porosity 17.5%, diameter 5 mm).
The length to diameter ratio of all samples was about 2. Cross-sections of the tomograms
of the samples are depicted in Figure 1.

Experimental Procedure

We utilize the high-resolution ANU/UNSW micro Xray-CT facility in Canberra [8]. The
system has recently been equipped with a specialized high-pressure tri-axial cell made of
Beryllium. A purpose build rotary joint enables connecting flow lines and application of
axial load, while at the same time permitting indefinite rotation (see Figure 2). The
samples were wrapped into a heat-shrinkable transparent fluoropolymer sleeve with
maximum operating temperature of 150°C and shrink ratio of 2:1. The tensile strength
was given by the manufacturer as 24.1MPa with secant Young modulus of 172MPa. The
thickness of the sleeve prior to heat-shrink is approximately 0.3mm. Each sample is
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placed into the pressure cell and loaded hydrostatically to initial stress conditions of 200
psi effective confining pressure. After a stress equilibration time of 1h a high-level
vacuum is applied, followed by brine saturation and permeability measurement using a
0.5M brine solution (0.3M sodium chloride, 0.2M sodium iodide). A high-resolution
tomogram is then acquired in this stress state. The resulting raw tomograms, which
include the sleeve boundaries, were then subjected to standard image processing steps
using the in-house software “mango”, described in more detail in [9]. The top row of
Figure 3 depicts cross-sections of the segmented samples including the sleeve boundaries
at low confining pressure.

Permeability Calculation

The calculation of permeability from micro Xray-CT images can conveniently be carried
out by making use of the natural discretisation of the sample into cubic voxels. We apply
the D3Q19 model of the lattice Boltzmann approach [10-12,5,6] with periodic boundary
conditions in the flow direction, adding a 30 voxel thick free fluid layer to make the core
plugs periodic. Side boundary conditions are given naturally by the imaged sleeve. Full
plug simulations were carried out using our MPI-parallel implementation (“morphy”)
with Cartesian decomposition on 512 to 1024 cores and check-pointing set to 3h intervals.
Cuts through sections of some of the resulting velocity fields are given in Figure 4 using
“Drishti” for the visualization of the vector fields [13,14].

Local Flux Analysis

The LBK algorithm is deriving the solution of the Navier-Stokes equation for an
incompressible fluid. Thus, one can derive the local contribution to the flux of the fluid
through any voxel by a local analysis of the velocity field or the contribution of a region
by considering a voxel subset. We use two different order fields to carry out such an
analysis. Our interest is in quantifying the influence of the sleeve boundary on the flux.
The distance to the sleeve boundary is expressed topologically by calculating the distance
from the sleeve boundary as the number of pores to cross. The alternative geometric
method is to simply use the Euclidean distance to the sleeve boundary. Defining
equidistant intervals on the Euclidean distance map by introducing a shell thickness AR,
we derive an order variable from the Euclidean distance map allowing for significant
statistics (see Figure 5).

Rather than calculating the permeability and average velocity for the full field of view,
we can now calculate the contribution of each region to the total flux by defining the
permeability k; of a region i given by Darcy’s law:

—ki(V
(v, = (Vp)

where p is the dynamic viscosity, v the velocity in a voxel, p the pressure, and ()
indicates a volume average, e.g. [12]. Here we consider the average of the z-component
of the velocity only, which is in the direction of the applied body force.
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RESULTS

We present in Figure 6 the regional flux contribution to the absolute permeability of the
considered samples using the Euclidean distance to the sleeve boundary as partitioning
field for open (sleeve) and closed (epoxy-filled) boundary side conditions. For all four
samples there is a large spike in flux close to the sleeve boundary for open boundary
conditions, which is reduced to 0 when the boundary is epoxy filled. Comparing also to
Figure 7 the boundary region extends over about (70 voxel distance to sleeve or 0.44mm,
boundary region 24% of sample volume) for Bentheimer sandstone, (100 voxel, 0.64mm,
33% of sample) for Castlegate sandstone, (100-180 voxel, 0.34mm-0.61mm, 21%-37%
of sample) for Mt Gambier limestone, and (160 voxel, 0.86mm, 57% of sample) for the
sucrosic dolomite. Nevertheless, the quasi-radial profile of permeability across the
sample shows that the permeability recovers to a stable value for all samples when using
Euclidean distance to describe the radial profile. For Bentheimer this plateau is relatively
flat, while for Mt Gambier and the sucrosic dolomite significant fluctuations remain,
indicating larger heterogeneity. The radial profile using topological distance shows an
eventual trend towards zero at large topological distance for the heterogeneous samples.
This can be explained by the presence of pore-throat correlations and the crossing of a
series of small pores, as a series of large pores maps to small topological distances.

We further calculate the permeability ratio calculated with open and closed boundary
conditions for the four samples; Bentheimer: 3.0D/2.0D = 1.5, Castlegate: 4.29D/0.28D =
15 (1), Mt. Gambier: 7.9D/3.7D = 2.1, and sucrosic dolomite: 0.91D/0.69D = 1.3.

For Castlegate sandstone there appears to be an extended damaged zone at initial stress
conditions illustrated by the downward drop of permeability along the quasi-radial profile
before an almost linear upwards trend reaches a plateau relatively deep into the sample.
This damage could be the result of the plug coring procedure, as Castlegate is poorly
consolidated and the coring process might rip out grains, while pushing others into the
rock. Figure 8 depicts Castlegate sandstone pre- and post-loading conditions (after
loading hydrostatically to 1700 psi). The eminent trend has been removed by the loading
cycle. This indicates a reorientation/homogenization of the sample through the applied
stress conditions, which will be the focus of a forthcoming paper.

CONCLUSIONS

The extent of boundary effects for absolute permeability measurements on the considered
small samples is large and needs to be taken into account, e.g. in upscaling procedures by
selecting sub-volumes away from boundaries during high-resolution rock-typing or by
including the sleeve effect to compare with experiments. A separation of boundary
effects and rock-specific representative fluid flow is possible using micro-CT imaging.
Well-defined numerical permeabilities can be derived at sample scale by filling the sleeve
cavity numerically. This is important for high-pressure work, as the sample does not need
to be filled with epoxy from the sides, which might change the outcome of an analysis of
deformation effects on permeability in tri-axial test.
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Figure 1: Cross-sections of the raw tomograms of the samples used in this study (@: plug
diameter, & resolution). [a] Bentheimer sandstone (@=7mm, & =6.28um), [b] Castlegate
sandstone (@=7mm, ¢ =6.43um), [c] Mt Gambier limestone (@=6mm, & =3.39um), [d]
sucrosic dolomite (@=5mm, & =5.4 um). All tomograms are acquired with field of view
of 2048 voxels including sleeve boundary and pressure cell.
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4
Figure 2: Micro Xray-CT imaging setup with mounted tri-axial cell. 1: End shaft and
rotary joint, 2: Beryllium cell, 3: confining pressure port, 4: rotation stage, 5: CCD
camera, 6: shutter, 7: Xray source.

mm

Figure 3: Cross-sections through the segmented images of this study under ambient
conditions (pre-deformation). From left to right: Bentheimer sandstone, Castlegate
sandstone, Mt Gambier limestone, sucrosic dolomite. Top: segmentation with original
sleeve boundary. Bottom: The open pore space on the boundary has been filled using a
topological criterion by filling all pores touching the sleeve.
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Figure 4: Visualisation of subsections of the velocity fields: [a] Bentheimer sandstone, [b]
Castlegate sandstone, [c] Mt. Gambier limestone, and [d] sucrosic Dolomite.

Figure 5: Illustration of topological and geometric partitions with relation to the sleeve
boundary for Bentheimer sandstone (colours are used to highlight different pores). Left:
pore partitioning, middle: Euclidean distance, right: thresholding of the Euclidean
distance maps to define shells of thickness AR.
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Figure 6: Regional analysis of the flux fields using geometrical shells based on the
Euclidean distance map. [a] Bentheimer sandstone, [b] Castlegate sandstone, [c] Mt.
Gambier limestone, [d] sucrosic dolomite. Each plot shows the results of two simulations
for the full imaged core, comparing flux fields under experimental boundary conditions
using the imaged sleeve (“open boundary”) with the closed boundary conditions
(“epoxy”) realized by topologically closing the outermost pores (see Figure 3). Large
sub-volumes of the samples (20%-50%) are affected by boundary effects, but unaffected
regions are clearly observed.
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Figure 7: Regional analysis of the flux fields using topological shells based on the pore
partitioning. The topological distance is defined with regard to the number of pores
crossed counting from the sleeve boundary. Pores of topological distance one directly
contact the sleeve. [a] Bentheimer sandstone, [b] Castlegate sandstone, [c] Mt Gambier
limestone, [d] sucrosic dolomite. Each plot shows the results of two simulations for the
full imaged core, comparing flux fields under experimental boundary conditions using the
imaged sleeve (“open boundary”) with the closed boundary conditions (“epoxy’’) realized
by topologically closing the outermost pores (see Figure 3).
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Figure 8: Regional analysis of the flux fields for Castlegate Sandstone using geometric
shells based on the Euclidean distance map. Left: Pre-loading conditions, Right: post-
loading conditions. From top to bottom: slabs 1,3, and 5: cylindrical cross-sections of 300
voxel thickness.



