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ABSTRACT

We simulate magnetization decay in porous media using a random walk method. Simple
sand pack systems were initially studied before actual porous and heterogeneous
carbonates were investigated. Topologically equivalent sand pack networks were extracted
from micro-CT images using a maximal ball algorithm. The simulated magnetization
decay and 7, distribution in the images and networks were successfully compared with
experimental data. The algorithm used in the simulations of NMR response in networks
was validated using a tuned Berea network that reproduced experimental capillary pressure
data in Bentheimer sandstone. The simulated magnetization decay and 7, distribution of
this tuned network is shown to be in good agreement with experimental measurements.
Significant differences were observed between the simulated magnetization decays of the
micro-CT image and extracted network of carbonates. The coincidence between simulated
and experimental magnetization decays and 7, distributions improved when networks are
generated from capillary pressure data.

INTRODUCTION

Rock flow properties are usually predicted using a 3D representation of the rock
microstructure, which is commonly obtained from X-ray computed tomography (micro-
CT) at resolutions of a few microns (Hazlett, 1995; Arns et al., 2004). In carbonate rocks
however, because of the bimodal pore size distributions (micro-pores and macro-pores),
with micro pores having sizes in sub-micron range, micro-CT resolutions of a few microns
cannot capture the features of these micro pores. In order to overcome this limitation,
multiple point statistics had been used to reconstruct 3D images of carbonates from 2D thin
section images (Okabe and Blunt, 2004; Okabe and Blunt, 2005). Predictions of transport
properties such as permeability, formation factor, relative permeability and capillary
pressures have been made on networks extracted from these reconstructed 3D images of
carbonates using a maximal ball algorithm (Al-Kharusi and Blunt, 2007). An alternative to
generating networks without an underlying microstructure is by tuning the properties of a
known network to generate simulated capillary pressures that reproduces the measured
data, (\Valvatne and Blunt, 2004).
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In this work, we obtained a micro-CT image of a carbonate and used a maximal ball
algorithm (Silin et al., 2003; Silin and Patzek, 2006; Al-Kharusi and Blunt, 2007; Dong,
2007) to extract a network of pores and throats. We simulated magnetization decay in the
image and network using a random walk method, (Ramakrishnan et al., 1999; @ren et al.,
2002), these decays were inverted into 7, distributions by a curvature-smoothing
regularization method (Chen et al., 1999; Toumelin, 2002). We observed significant
differences in the simulated magnetization decays of the image and network, inferring that
the network is not identical both in the geometry of the network elements and topology to
the micro-CT image. To overcome this problem, we generated networks that reproduce the
mercury injection capillary pressure data of the carbonates studied in this work. An
important parameter in the simulation of NMR response is surface relaxivity; the values
used in our simulations are within the range measured previously for carbonates.
Simulation results of the magnetization decays and 7, distributions of the resulting
networks were compared with experimental measurements.

SIMULATION OF NMR RESPONSE

NMR response is simulated in the 3D images and networks by the random walk method
(Ramakrishnan et al., 1999; @ren et al., 2002). This method simulates the Brownian
motion of a diffusing particle called the walker. Initially the walkers are placed randomly
in the 3D pore space, at each time step they diffuse from their current position
[x(r), ¥(z), 2(¢)] to a new position [x(z + Az), y(r + At), z(¢ + Ar)] on the surface of a sphere

with radius s, centered on their initial positions. The time step A¢ is given by:

2
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where D is the diffusion coefficient of the fluid, the new position after each time step is
given by:

At 1)

x(t + At) = x(t) + ssingcos@ )
Wt +At) = y(¢)+ssingsing 3)
2t + At) = z(t) + s cos ¢ (4)

the angles 6 and ¢ are randomly selected in the range(03o9§27z). If the walker
encounters a solid surface, it is killed with a finite killing probability, 5 (Bergman et al.,
1995):
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where p is surface relaxivity. If the walker survives, it simply bounces off the solid
surface and returns to its previous position and time is advanced by the time step given in
equation (1). When a walker in a micro-CT image diffuses out of the entire image, a new
walker is placed in a randomly selected pore voxel on the opposite face of the image

thereby leading to a conservation of the total number of walkers in the image at any given
time. For walkers in networks, inter pore diffusion (pore-to-throat and throat-to-pore) was
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accounted for, as such walkers in an element always diffuse into connected elements when
their z-coordinates are negative or greater than the length of the element, except for
isolated pores where all the walkers decay within the pore. The life time distribution of the
walkers is the magnetization decay which is inverted into 7> distribution by using the
curvature-smoothing regularization method (Chen et al., 1999; Toumelin, 2002).

RESULTSAND DISCUSSION

NMR simulations were performed on 3D images and extracted networks of sand packs
(cores LVV60B and F42B) and networks generated from the experimental capillary pressure
measurements of Bentheimer sandstone, Edward limestone (cores MB03 & MB11), and
carbonates C22 and C32. Each core used in the study, with corresponding experimental
and predicted porosities and permeabilities are listed in Table 1. The brine used to saturate
the cores for the NMR experiments have densities and viscosities in the range (1005 -
1050) kg/m® and (1.04 — 1.09)x10° Pa.s respectively.

Experimental Network Simulations
Rock CorelD Porosity | Permeability Porosity Permeability
Description [%] [mD] [%] [mD]
Sand packs | DV60B [ 37.0£0.2 | (3222 0.3)x10° | 36.8 29.0x10°
P F42B  |354+13 |(42.0+4.0)x10° |33.3 48.0x10°
Bentheimer | - 23.0+x04 1,410 + 28 23.0 950
Edwards MBO03 143+02 |53%0.2 14.2 0.2
Limestone MB11 124 +£0.2 56+0.2 12.4 2.21
Carbonate  |-CL 14.8° 72.0° 14.8 167.0
Rock C22 275+02 |6.6%0.2 27.5 0.03
C32 29.6+0.2 |7.7+0.2 29.6 0.01

“ Value determined from micro-CT image

Table 1. Experimental and computed rock properties

Sand Packs

Two quartz sands (Leavenseat sand [LV60B], WBB Minerals, UK and Ottawa unground
silica [F42B], US Silica Company) were used for the NMR measurements and micro CT
imaging. The micro-CT imaging was performed on small sand pack samples of diameter
0.65 cm and 4 cm in length. The micro-CT imaging was performed on a commercial XMT
unit (Phoenix—X-ray Systems and Services GmbH), and are shown in Figure 1.Analysis of
the resultant image confirms that the sand packs had similar porosities as the plugs used in
the NMR experiments. Central cubic sections of voxel sizes 338° and 300° cropped from
the micro CT images of Leavenseat and Ottawa sand packs respectively, were used for the
simulations. In the NMR measurements, the sands were packed in cylindrical thermo-
plastic sleeve of diameter 3.81 cm and 10 cm in length, these packs were then saturated
with brine of viscosity 1.04x10 Pas and density 1035 kg/m®. The measurements were
performed using a MARAN2 bench top spectrometer (Resonance Instruments) at a
temperature of 308K operating at 2 MHz.
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Figure 1. 2-D micro-CT image of the two quartz sand types used (a) Ottawa unground silica (F42B) with
resolution 10 um and (b) Leavenseat sand (L\VV60B) with resolution 8.85 pm

The Carr-Purcell-Meiboom-Gill (CPMG) sequence was used for 7> measurements with an
inter-echo spacing of 200ps. A surface relaxivity value of 41x10°® m/s was used in the
simulations to match the experimental NMR measurements of both sand packs shown in
Figures 2 and 3. This value is higher than reported surface relaxivity for silica sands
(Hinedi et al., 1997) which is in the range of 2.89 to 3.06 um/s.
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Figure 2a: Comparison of the experimental
magnetization decay of LV60B with the micro CT
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1 -
F428 " Experimental
2z Micro CT Simulation
2 Network Simulation
=y
£
<
201+
N F
=
£
o
z
0.01 : :
0 1000 2000 3000
Time (ms)

Figure 3a: Comparison of the experimental
magnetization decay of F42B with the micro
CT image and extracted network simulations.
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These earlier reported values were obtained using nitrogen absorption method, which
probes the surface area at a much higher resolution, resulting in a larger measured surface
area per unit volume and lower surface relaxivity. In our work however, the surface area
was determined at the resolution of the micro-CT image (~10um), resulting in a lower
surface area and consequently higher surface relaxivity. The simulated magnetization
decays and T distributions of the micro-CT image and network shown in Figures 2 and 3
are somewhat similar. Although, the 7> distribution of the network is narrower than the
micro-CT, which implies that some features of full ranges of pore sizes and shapes are lost
in the extraction algorithm.

Bentheimer Sandstone

Simulated NMR results were compared with the experimental NMR data of Bentheimer
sandstone to further validate the algorithm used in simulating NMR response in networks.
Unlike the sand packs, where a network was extracted from a micro-CT image, the
Bentheimer network was generated from a tuned Berea network. A Berea network of
12,349 pores and 26,146 throats with an average coordination number of 4.2 extracted
from reconstructed Berea sandstone (Lerdahl et al., 2000) was tuned to match the mercury
injection capillary pressure data of Bentheimer sandstone as shown in Figure 4. The
underlying assumption of this tuning method is that higher order topological information,
are important and less specific to a given system than are properties such as pore size
distribution. By preserving the rank order of the individual network elements, topological
information are maintained, (Valvatne and Blunt, 2004) thereby resolving the problem of
non-uniqueness as noted by Vogel (2000). Relative permeabilities of an intergranular
carbonate had been predicted from a network obtained by tuning Berea network elements’
properties, these predictions had been successfully compared with experimental results
(Valvatne and Blunt, 2004). Simulation of NMR response on the networks obtained using
this method is similar to the networks obtained from the maximal ball network extraction
algorithm.

The measured capillary pressure data in pore throat radii and the fraction of pore space
occupied by the invading fluid is used as input into the tuning algorithm. The initial
network elements are assigned pore sizes (radii) based on the radii distribution from the
measured capillary pressure data. This tuned network is then used to generate a capillary
pressure curve which is compared with the measured capillary pressure data. If no
satisfactory match is obtained, the network elements’ radii are tuned until the best possible
match with the experimental capillary pressure data is obtained. The topological
information of the initial Berea network (number of network elements, relative pore
locations and connection numbers) are maintained in the tuned network. Pore and throat
volumes of the initial Berea network elements were adjusted by a constant factor to obtain
the porosity of the experimental data. The surface areas (which are dependent on shape
factors) of the tuned network are retained from the initial network. The initial Berea
network has a porosity of 18.3% and permeability of 2670mD. The tuned network was
then used for the simulation of NMR response which was compared with experimental
measurements.
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Figure 4: Comparison of the experimental capillary pressure data of the Bentheimer sandstone with simulation results of
the tuned Berea network

A Bentheimer sandstone plug of diameter 3.73cm and length 6.01cm fully saturated with
brine was used for the NMR measurements. The computed and measured porosities and
permeabilities are shown in Table 1. The surface relaxivity used in the simulation was
9.3um/s, a value obtained for Bentheimer sandstones (Liaw et. al, 1996). Thin-section
analysis of the Bentheimer sandstone used for the determination of this surface relaxivity
indicates the presence of abundant primary intergranular pores and less abundant
secondary pores. The simulated magnetization decay is consistent with experimental values
as shown in Figure 5a. The inverted 7, distributions shown in Figure 5b are similar,
indicating that the network fully captured the pore size distribution and topology of the
Bentheimer sandstone. These results validate the algorithm used for the simulation of
magnetization decay in networks.
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Figure 5a: Comparison of magnetization decays of Figure 5b: The inverted T, distributions from
the experimental data of Bentheimer sandstone the magnetization decays of Bentheimer
with simulation results of the tuned network. sandstone shown in Figure 5a.

Carbonate Rock Type: C1

Carbonate C1 is a typical calcrete or lithified paleosol, enclosing carbonate clastic detritus
Analysis of its thin-section images suggests it probably developed as a weathering rind of
limestones during exposure (uplift or sea-level drop). The porosity of its micro CT image
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shown in Figure 6 is 14.8% while its resolution is 5.345um. This carbonate has highly
heterogeneous pore structure with poorly connected pores as shown in Figure 6.

Figure 6: (a) 2D section of the micro-CT image of carbonate C1. (b & c) 2D images of the cropped section from the
image in (a); simulations were performed on the 3D cropped section (the dark areas are the pore spaces and the white
represent grains).

A network of 3,574 pores and 4,198 throats with an average coordination number of 2.3
was extracted from the cropped central cubic section of the micro-CT image using the
maximal ball algorithm. This relatively low coordination number is as a result of a large
number of poorly connected pores seen in Figure 6. A surface relaxivity of 5um/s, which is
a typical value for carbonates, was used in the simulations. The simulated magnetization of
the network decays faster than that of the micro-CT image as shown in Figure 7a. This
could be explained by the poorly connected pores and low average coordination number of
the network. These results show that network did not fully capture both the geometries of
the pores and the topology of the micro-CT image, thereby necessitating the need for
alternative methods of generating networks for carbonates.
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Figure 7a: Comparison of the magnetization Figure 7b: Comparison ot the inverted T,
decays of the micro CT image of carbonate C1 distributions of the magnetization decays of
and the extracted network. carbonate C1 shown in Figure 7a.

EdwardsLimestone

Experimental NMR measurements and mercury injection capillary pressure curves were
generated on two Edward limestone cores, MB03 and MB11. Core plugs diameter and
length was 3.81cm and 6cm, respectively. The computed and measured porosities and
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permeabilities are shown in Table 1. The properties of the Berea network were tuned to
obtain the best possible match with the limestone mercury injection capillary pressure data
of the plugs as shown in Figures 8 and 9.
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Figure 8: Comparison of the measured capillary Figure 9: Comparison ot the measured capillary

pressure curve of MBO03 with simulation results of pressure curve of MB11 with simulation results

the tuned network. of the tuned network.

The resulting tuned networks were then used for the simulations of NMR response which
were compared with experimental measurements in Figures 10 and 11. The surface
relaxivities used in the simulations were selected to match the experimental data, surface
relaxivity values of 3um/s and 4.5um/s were used for MB03 and MB11 simulations
respectively. These values are within the range for carbonates, usually between 1um/s and
10um/s (Chang et al., 1997; Ramakrishnan et al., 1999).
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Figure 10a: Comparison of magnetization Figure 10b: The inverted T, distributions from
decays of the experimental data of MB03 with the magnetization decays of MBO03 shown in
simulation results of the tuned network. Figure 10a.

Although surface relaxivity values were selected to match experimental data, the
magnetization decays faster in the network than experimental observations at late times,
shown in Figures 10a and 11a. Similar trends were observed in the 7, distributions shown
in Figures 10b and 11b, although the 7’ distributions of the networks seem to be wider than
the experimental data.
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Figure 11a: Comparison of magnetization decays Figure 11b: The inverted T, distributions from
of the experimental data of MB11 with simulation the magnetization decays of MB11 shown in
results of the tuned network. Figure 11a.

Carbonates: C22 & C32

NMR and mercury injection capillary pressure measurements were also performed on two
homogeneous carbonate reservoir core samples (C22 and C32) from a producing field in
the Middle East. Core plug diameter and length was 3.81cm and 10cm, respectively for
both cores during NMR measurements. The computed and measured porosities and
permeabilities are shown in Table 1. A similar approach to the Edward limestone was
selected, where the properties of the Berea network were tuned to match the mercury
injection capillary pressure data, shown in Figures 12 and 13.
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Figure 12: Comparison of the measured Figure 13: Comparison of the measured capillary
capillary pressure curve of carbonate C22 with pressure curve of carbonate C32 with simulation
simulation results. results.

The surface relaxivities used in the simulation were also selected to match the experimental
data, surface relaxivity values of 2.8um/s and 2.1pm/s were used for C22 and C32
networks respectively. The normalized magnetization decays of the networks and
experimental data of both samples are consistent as shown in Figures 14a and 15a. The
magnetization of the limestone (MB03 and MB11) and carbonates (C22 and C32) decay in
the fast diffusion limit, i.e. (pr/D <<1). This ratio ranges from 6x10™ to 4.5x10° where r is
determined as the average radius of the network elements, hence surface relaxation
dominates.
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Figure 14a: Comparison ot magnetization decays Figure 14b: The inverted T, distributions from
of the experimental data of C22 with simulation the magnetization decays of C22 shown in
results of the tuned network. Figure 14a.

The relaxation rate is controlled by the surface area to volume ratio of the network
elements. Thus, the differences observed between the experimental and the simulated
magnetization decays and 7, distributions limestone (MB03 and MB11) and carbonates
(C22 and C32) are attributed to geometrical effects (pore sizes and surface areas) inferring
that the tuned network did not fully capture the pore sizes and surface areas of the actual
porous medium.
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Figure 15a: Comparison of magnetization decays of Figure 15b: The inverted T, distributions
the experimental data of C32 with simulation results from the magnetization decays of C32 shown
of the tuned network. in Figure 15a.

CONCLUSIONS

In this work, we have been able to successfully compare magnetization decays and 7,
distributions of brine in networks extracted using the maximal ball method (Silin and
Patzek, 2006; Al-Kharusi and Blunt, 2007; Dong, 2007) and micro CT images of sand
packs within a good degree of accuracy. The experimental 7, distribution of the sand packs
and those of the micro-CT images are wider than the 7 distribution of the networks which
is attributable to the fact that some fine details of the pore structure were lost during
network extraction. For the Bentheimer sandstone, predicted permeability and 7>
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distribution of the tuned network are similar inferring that the network is identical both in
geometry (pore sizes and surface areas) and topology to the real rock. However for
carbonates, tuning elements’ properties of a known network to match experimental
capillary pressure resulted in differences in the comparison of the predicted permeability
and 7> distributions with experimental data. The differences observed in the experimental
and the simulated 7 distributions is more likely to be attributed to geometrical effects
(pore sizes and surface areas) than topological differences since the walkers diffuse in fast
diffusion limits which is governed by the surface area to volume ratio of the network
elements. While the differences observed in the experimental and predicted permeabilities
are as a result of both geometrical effects and topology. For carbonates, the tuning
algorithm (Valvatne and Blunt, 2004) requires additional information about the pore space
such as surface areas and pore sizes. As such, we believe that by combining this algorithm
with other independent sources of information such as synchrotron micro CT images will
further assist in obtaining better networks. This work highlights some of the challenges
involved in obtaining networks that are geometrically and topologically identical to
carbonates.
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