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ABSTRACT

This paper presents comparisons for resistivity index and capillary pressure between
laboratory measurements on conventional core plugs and predictions of the image-based
techniques and network modelling.

The laboratory measurements were carried out using a combined, 4-electrode Pc/RI
apparatus based on the porous plate technique. A simple 2wt% NaCl brine-air system
was used in the experiments. The porous systems investigated include a carbonate core
from a Middle Eastern reservoir, an outcrop limestone (Mt Gambier) and outcrop
sandstone (Fontainebleau). The predictions of porosity, permeability, formation factor,
capillary pressure and resistivity index were made using the image-based techniques
and network models. The validity of the predictions was then compared with the
laboratory data.

The comparisons show that both predictive tools have a good agreement with the
laboratory data for porosity and formation factor while overestimate the laboratory
permeability. The results demonstrate that, above a water saturation of 30%, both
laboratory measurements and predictions follow the Archie behaviour. Below 30%,
however, a “non-Archie” behavior is generally observed. The image based calculations
and laboratory measurements are generally close to each other for the outcrop samples
whereas the network model shows slightly different results for the reservoir carbonate.
The pore entry radii calculated using the image-based technique and network models
show similar results only for the outcrop sandstone. The reasons for the poor
estimations are assumed to be due to poor image quality or insufficient resolution for
feature imaging and sample size or scale dependence.

INTRODUCTION

Resistivity index and capillary pressure are two key elements among others in
estimating hydrocarbon reserves. Porous plate technique is one of the methods used
commonly to obtain both petrophysical properties simultaneously, although this
technique consumes long time and requires costly special core handling.

A quick and cost effective approach is utilizing micro-CT imaging technique. It is now
possible to use micro-CT imaging of small, irregularly shaped rock samples (rock
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fragments, sidewall cores and unconsolidated rock samples) to predict both capillary
pressure and resistivity index either directly from the images or from network models
based on the micro-CT images. Although further work is needed to demonstrate that
micro-CT based predictions are comparable to laboratory measurements on
conventional core plugs, this emerging technology has the potential to overcome the
time and cost limitations associated with conventional and special core analysis
methods.

The computation of electrical properties and capillary pressure directly from micro-CT
images is a recent technique. Knackstedt et al. (2007) have calculated the electrical
resistivity index of a carbonate rock directly from images using a fast conjugate-
gradient method. A comparison of calculations has been presented with the laboratory
results obtained using the sister plugs (Padhy ez al. 2005, 2006). Values of the computed
saturation exponent on the carbonate sample were slightly smaller than that obtained
from experiments. This difference has been attributed to natural heterogeneity and
perhaps the use of a similar but not the same sample.

Resistivity index and capillary pressure can also be predicted by network modelling
which is based on micro-CT images. Arns et al. (2007) have recently compared the
image based calculation methods and the network models that use networks constructed
from the micro-CT images. Three samples, consolidated sandstone, unconsolidated
sandstone and a carbonate sample were used to match the permeability and wetting fluid
distribution of the rock. Permeability was in good agreement when the large images
used. Recently, Youssef ef al. (2008) have analysed the petrophysical properties (F and
RI-Sw) of carbonate samples which were measured in the laboratory and predicted
using the micro-CT based network modelling. They have concluded that the image
based network modelling and experimental results match perfectly for homogeneous
samples. However, for bimodal sample, good agreement between experimental and
computational results depends on the conductivity length of microporosity.

Recently, Han et al. (2009) have studied the non-Archie behaviour. They used a
centrifuge technique to obtain the electrical response for the clay-free Fontainebleau
sandstone. They simulated the results using the quasistatic capillary displacement and
minimization of the interfacial energy to distribute wetting phase in the 3D pore space.
Moreover, Kumar et al. (2009) have applied an image registration technique which
allows visualizing multiple fluid distributions within the core to understand the effect of
wettability on electrical properties of the rock. They have reported a good match
between the experimental and numerical results of the resistivity response.

This paper presents a comparison between laboratory measurements of the resistivity
index and capillary pressure and micro-CT based computations. Sister plugs of 125
mm® from Fontainebleau, Mt Gambier and a carbonate reservoir were used to obtain
micro tomographic images. Core samples of larger than 12,870 mm’® were used in the
laboratory measurements.

ROCK TYPES

Three rock types were used in this paper. The first sample is Fontainebleau Sandstone,
which is clay free quartz and well sorted homogenous sandstone. The second sample is
a highly porous and permeable quarried fossiliferous outcrop limestone from Mt.



SCA2009-A09 3/12

Gambier, Australia. It has zero microporosity. The last sample is a carbonate rock from
Middle East. Fig-1 shows small subsets of micro-CT images of the three samples.

Fig-1: Micro-CT images of (a) Fontainebleau (b) Mt. Gambier and (c) Middle Eastern Carbonate.

Table 1 gives a summary of the laboratory measured and image-based and network
modeling predicted petrophysical properties of all three samples. The data shows that
the porosity and formation factor measurements from the laboratory agree well with the
calculated results. However, we have obtained a clear overestimation of the laboratory
measured permeability from the image-based and network modeling. It is premature to
make definitive conclusions regarding the applicability of the method to estimate
permeability. However, the reasons for poor estimation could come down to a number
of possible factors such as poor image quality or insufficient resolution for feature
imaging and sample size/scale dependence. A detailed discussion on the potential
reasons is well documented in Touati et al. (2009).

Table 1. Measured and predicted petrophysical properties of the samples.

Fontainebleau Mt.Gambier Middle Eastern
Carbonate

Image Size 960° 800°
Voxel Size (um)

Experiment 16.0 51.7 20.2
Porosity (%) Image 16.0 43.9 23.2

Network 20.0 40 20.5

Experiment n/a 4.1 0.5
Permeability(D) Image 1.3 9.6 5.1

Network 1.5 12.2 7.6

Experiment 25.8 7.3 21.2
ggg‘;i}ﬁ““ Image 30.7 8.3 17.1

Network 25.8 7.3 16.9
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METHODOLOGY

Core Preparation

Before the porous plate experiment, the dry weight and dimensions of each core were
measured. The core sample was then evacuated for 12 hours and saturated using a 2%
by weight NaCl brine. The diameter of the core sample was 1 inch for Fontainebleau
and Mt. Gambier samples and 1.5 inch for the Middle Eastern carbonate. A small plug
with Smm in diameter was drilled from the top of each core sample and used for the
micro CT X-ray scans. Therefore, we note here that comparisons between the core
analysis measurements and predictions made may represent different heterogeneities.
This needs especially to be considered for the carbonate sample. Olafuyi et al. (2006)
have reported a negligible effect of the core-to-pore scaling on the capillary pressures
for homogenous outcrop sandstones.

Porous Plate Technique

In this technique, a fully brine saturated core sample is displaced with air under constant
capillary pressure by means of a semi-permeable porous plate that does not allow the
non-wetting phase to flow through. In each constant capillary pressure, brine production
from the desaturating core and electrical resistance are observed as a function of time
until no change in both data is recorded. The capillary pressure is then increased into a
new value and the above defined observation is continued. This process continues until
irreducible brine saturation is reached where there is practically no brine production.
For the cases where the core samples have low permeability, irreducible brine saturation
cannot be obtained due to the limitation on the threshold pressure of the porous plate,
which is 10 bars for brine-air system in this study. The saturations are determined from
the brine production data. When the experiment is ceased, the weight of the core sample
is measured to validate the brine saturations.

The Pc/RI experimental apparatus developed and built by Ergotech Ltd. Pty. (UK) was
used in the experiments. The volumes of the brine produced during the experiments
were collected in the burettes of an accuracy of 0.1 ml. The digital pressure transducers
of Drug Co. with 0.01 psi (0.07kPa) were used to measure capillary pressure. The
Agilent 4263B LCR meter was used to measure resistance with £0.001 ohm accuracy.
Two methods have been reported in the literature for the measurement of resistance;
‘two-electrode method’ and ‘four-electrode method’. Moss et al. (2000) observed that
the two electrode method causes polarization at the rock-electrode contact for the
frequency range of 10Hz-10kHz. Bona et al. (2008) have also studied the effect of
frequency range on both methods. They have concluded that the two-electrode method
gives more reliable results at a high frequency range (>1 kHz) while the four-electrode
method is more adequate for the low frequency range (0.1-1 kHz). Hence, we carried
out the resistivity index measurements at 1 kHz using the four-electrode method. A
sketch of the method applied to measure the combined capillary pressure and resistivity
index is depicted in Fig-2.
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Fig-2: The porous plate technique for resistivity index and capillary pressure measurement.

Acquisition of 3D X—Ray CT Images

Conventional medical CT provides not only millimetrical resolution for meter to
decimeter scale objects, but also supplies the data which is useful for the measurement
of density. However, these instruments are insufficient to examine the pore scale
structure. Therefore, a high resolution and large field X-ray p-CT facility has been
constructed to analyze the 3D structure of the rocks.

A 3D representation of a structure is formed commonly known as tomogram which is a
data set generated by a Tomography. X-rays are used to probe the specimen. An X-ray
camera records the series of radiographs at different viewing angles by rotating
specimen to generate a tomogram. This set of radiographs, projection data, is processed
with a reconstruction algorithm.

The X-ray source and detector (scintillator CCD) are located at an optimum distance to
acquire high resolution and maximal field of view (FOV) as shown in Fig-3. Pixels of
2048 at a depth of 16 bits per pixel can be recorded by the X-ray camera. The specimen
rotation stage has an angular accuracy of 0.001°. Magnifications can be adjusted
between X1.1 to over X100 by changing the position of the X-ray camera and rotation
stage. The large range of X-ray energies helps to identify the contrast between the
different phases such as water and oil in reservoir core plugs. Moreover, fine features
can be discriminated from the dense materials by the large dynamic range of the X-ray
camera. Filters are used to reduce beam hardening artifacts which are caused by
polychromatic X-rays in the tomogram.

The camera is placed to the maximum possible distance to reduce reconstruction
artifacts associated with cone beam tomography. Youssef et al. (2008) have mentioned
that increasing the pixel size reduces the noise and enhances image contrast. However,
this causes to increase image acquisition time. It takes approximately 40 hours to
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generate 2048’ voxel tomograms. The number of radiographs in a tomographic series is
roughly around 1.5 times the number of pixels across the radiograph. The Feldkamp
technique is used to reconstruct the tomographic series (Feldkamp et al., 1984).
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Fig-3 Experimental X-ray CT apparatus.

Phase Identification

Each voxel has an X-ray attenuation coefficient value which allows separating the phase
system into the pore and mineral phases. This identification of the system is easily made
for the clean sandstone because of the simple bimodal attenuation distribution.
However, it is very difficult to distinguish between the microporous and solid mineral
phases for the carbonates. Each voxel should be well-defined and labeled to analyze
tomograms successfully.

Selecting single threshold attenuation according to the bulk measurement of porosity on
the original core is the easiest way for phase identification. Undesirably, heterogeneity
of the rock and amount of peak overlap in the intensity histogram cause lack of success
in this method. Besides, micropores increase the uncertainty of single threshold
technique. Another technique, an edge based kriging segmentation algorithm introduces
two cutoff attenuation coefficients to distinguish between pore and rock regions. Lower
cutoff is an upper limit for the pores and higher cutoff is a lower limit for the grain
phase. The unknown region between these phases can be identified with the kriging
indicator. Porosity would be lower than conventional porosity measurement because of
poor image resolution.

Computational Methods

Resistivity Index

Electrical conductivity is measured directly from Micro-CT image data by using finite
element method (Garboczi & Day, 1995; Arns, 2002) which uses a variational
formulation of the linear conductivity and solves the Laplace equation by minimizing a
fast conjugate-gradient method. Along the each direction of the tomogram, formed
approximately 1000 voxels, voltage gradients are applied to calculate conductivity.
Each voxel is taken to be trilinear finite element. Boundary conditions are assumed to
be non-periodic. Water conductivity is 1, oil and solid conductivities are assumed zero
to calculate resistivity. The resistivity calculation is based on extremely wetting
condition such as strongly oil-wet or strongly water-wet because wettability affects the
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fluid distribution within the pore. For example, in the water-wet rocks, brine prefers to
locate in the small pores and to make film on the rock surface. However, oil moves to
bigger pores and brine surrounds oil blocks. When the brine is displaced with oil, brine
connection can still remain because of the brine film.

For the drainage process, pore spaces in the image are assumed to be filled fully with
water. The largest pore is displaced first with the non-wetting phase and the wetting
phase saturation is calculated after the non wetting phase invasion. This stepwise
procedure is continued until irreducible water saturation is reached. For the imbibition
experiment, the thickness of the wetting film is increased in the small pores. Man and
Jing (2002) studied in more details for different wetting scenarios and displacement
processes.

Drainage Capillary Pressure

Pore and grain phases are separated in each point of voxelated images and the largest
diameter of the sphere is defined as covering all pore phases. One assumption to be
made is that all spheres radii are greater than or equal to the equivalent pore entry
radius. Measurement of capillary pressure and non-wetting phase saturation starts with
the largest sphere because capillary pressure is very low in the large pores. While the
diameter of the pore is decreasing and capillary pressure is increasing stepwise, non-
wetting phase flows through the pore space and displacing the wetting phase. The
wetting phase saturation decreases as the displacement process continues. The
saturation of the non-wetting phase is calculated by dividing the total volume of the
invaded sphere to the total volume of pore space. A boundary condition is applied to
make a comparison with the laboratory measurement of capillary pressure and wetting
saturation. For this reason, the wetting phase is displaced only from one side of the core
like a similar condition prevailed in the laboratory measurements.

Network Representation: Methodology and Ambiguities

The construction of a network representation of pore space from the image starts with
partitioning the porous space. An Euclidean distance map is calculated after the pore
and grain phases are separated from the disconnected components and this map is
covered with the radius map to identify a potential pore centre (Sheppard et al., 2006).
Then, centres are used as seed points for a watershed partitioning (Russ 2007). Finally,
pore-bodies are merged if the junction is sufficiently wide to be judged. With this final
step, the number of pores merging can be identified. Finally, 3D network images are
constructed as seen in Fig-4. Sheppard et al. (2006) have concluded that the partition of
subvolume has still unwanted uncertainties. To illustrate this, a single pore or two
distinct pores may be separated by a throat. However, Arns et al. (2007) have
mentioned that, although pore merging causes different networks which have different
numbers of pores, pore and throat sizes and coordination numbers, this network
transport properties show reasonable results with one of the imaged rock.

Resistivity index is significantly affected by the wetting phase continuity. To understand
the wetting phase continuity, Arns et al. (2007) have used pore partitioning and
algorithm where pore has at least two connections from the neighbour pores with the
wetting phase. The coordination number is also very useful parameter to understand the
wetting phase continuity. Some throats at the wetting phase connection disappear at the
low wetting saturation because of the reduction in the coordination number.
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(a) Fontainebleau (b) Mt. Gambier (c) Carbonate reservoir

Fig-4: 3-D Network images of the samples.

RESULTS

Fontainebleau

Fig-5 shows comparisons between measurements and predictions of resistivity index
and capillary pressure for the Fontainebleau sandstone. For the water saturations of 1 to
0.5, the laboratory data as well as the image-based and network model predictions agree
very well with the Archie behaviour. Below that point, both predictions show very
different results; the image-based method yields a bending up non-Archie behaviour
whereas the network model indicates a bending down non-Archie behaviour. The
laboratory observation of resistivity index shows a non-Archie behaviour similarly to
the network model output, but it deviates from the Archie behaviour at a bit lower
saturation, i.e. 30%. It is, however, to note that it is widely accepted that clay-free clean
sandstones like Fontainebleau sandstone should follow an Archie behaviour. One can
argue that the measurements under ambient and reservoir conditions might have caused
these different observations. The laboratory data presented here, on the other hand,
agrees well with the data reported by Durand (2003) and Han et al. (2009). Both
predictive tools, however, match the laboratory data for capillary pressure with great
success as shown in Fig-5b.

= Experiment f

Archie n=2 A nr
Loty Network

i ¢y Image
107
. = x ]
= E k -
l = : Mol Do gm ]
10 = Experimenl'
L4 Network 1 0] E E
G0 Image i ]
5] Durand i
2> Han et al.
1o’ Hanetal. | 10" :
p= 0 0.5 I
Sw

Fig-5: Comparison of (a) resistivity index and (b) capillary entry radius for the Fontainebleau sample.
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Mt. Gambier

The results with the quartz-rich carbonate Mt. Gambier show a different behaviour of
resistivity index from which observed with the Fontainebleau sandstone (Fig-6a). The
image-based prediction and the laboratory data have close results, perfect Archie
behaviour especially for the saturations above 30%. But for the saturations below 30%,
the image-based predictions bend up slightly, showing a complete opposite behaviour
the laboratory data shows. The laboratory data shows a slight bending down. The
resistivity index predicted by the network model follows an Archie-type straight line
with an exponent higher than 2. Fig-6b shows a perfect match between both predictions
for capillary pressure, but a distinct difference between them and the experimental
observation.
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Fig-6: Comparison of (a) resistivity index and (b) capillary entry radius for the Mt. Gambier sample.

Middle Eastern Carbonate Reservoir

Fig-7a shows that the resistivity index of the reservoir core is predicted well using the
image-based technique. The network model yields approximately two different straight
lines with a high exponent for the high water saturations and a low exponent for the low
saturations. The threshold saturation for both straight lines is nearly 20%. Fig-7b shows
the pore entry radius versus water saturation results. Again, both prediction models
yield almost the same results while differing from the laboratory data significantly. The
reason can be the effect of pore space roughness. At the low water saturations,
microporosity effect is observed on laboratory measurement and image based
calculation.
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Fig-7: Comparison of (a) resistivity index and (b) capillary entry radius for the Middle Eastern carbonate
reservoir sample.

DISCUSSION

For the homogeneous Fontainebleau sample, capillary pressure results match well for all
methods. Only, resistivity index results of network model show different trends at low
water saturations. This can be explained by the continuity of the wetting film because of
surface roughness.

The results of the electrical properties of Mt. Gambier show similar agreement with the
image-based prediction and the experimental observation. The network model gives
quite a bit different results, which can be explained by the shape factor. The capillary
pressure calculations using the image-based and network model shows similar
behaviour. Experimental results are quite different from the calculations. The reasons
for this can be the size and boundary effects.

Network model predictions bend up at low water saturations. The shape factor and
continuity of the wetting film can be arguably considered as the reasons. The calculated
microporosity of the reservoir carbonate is approximately 17.5% of the total porosity
(3.6%+16.9%=20.5%). This amount may be relatively small for a large effect on the
petrophysical properties. The image- and network-based calculations of capillary
pressure do not match well with the laboratory results. The different sample size, sister
plug and boundary effect can be the main reasons for the mismatch.

CONCLUSIONS

The porous plate laboratory experiments as well as the micro-CT image-based and
network model predictions of capillary pressure and resistivity index on three different
porous samples (Fontainebleau sandstone, Mt. Gambier carbonate and a carbonate
reservoir) were presented. Comparisons between the laboratory data and predictions
were reported.

From the comparisons, it was concluded that, generally, the resistivity index can be
predicted using both predictive tools with some success for the water saturations above
nearly 30%. The resistivity indexes of this high saturation region mostly follow the
Archie behaviour. However, the comparisons for the water saturations below 30%
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indicate that the prediction of resistivity index success is rather poor. It seems that the
prediction capability depends on the rock type.

The experimental observation of the capillary pressure of the sandstone is predicted well
with both predictive tools. However, although both predictive methods yield almost the
same results, they differ significantly from the porous plate experimental data for both
carbonate core samples.
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