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Abstract

Knowledge of electrical resistivity for reservoir rocks is crucial for a number of
reservoir engineering tasks such as the determination of oil-in-place and the cal-
ibration of resistivity logs. Those properties can now be predicted by numerical
calculations directly on micro-CT images taken from rock fragments typically hav-
ing a bulk volume of 100mm?®. The experimental data used to validate those pre-
dictions are obtained on conventional cores having bulk volumes of the order of
10,000mm?®. A better validation of micro-CT technique would be to use the same
core size for both imaging and flow experiment. Experimental data for electrical
resistivity measurements using micropore membrane and centrifuge desaturation
techniques are presented for cores having bulk volumes from 10.000mm?® down
to 100mm?®. Both 2 - and j - electrode techniques -were applied to measure the
resistivity index. Simple fluids like brine and air were used for clear wettabil-
ity. Homogeneous sandstone cores (Berea and Bentheim) and a carbonate core
(Mount Gambier) were used in the experiments. The results demonstrate that
reliable experimental data of resistivity index can be obtained for the small cores
of homogeneous porous rocks at sensitized frequency. Such data are of iimmense
interest for validating the predictive value of network models based on micro-CT
imaging of rock fragments with bulk volumes as small as 100 mmS3.
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1. Introduction on laboratory measurements made on few core
samples, which are then used to calibrate well
logs and to obtain multiphase How transport
properties. Few core samples from selected
zones in the reservoir may not be adequate to

About 50% of discovered oil remains unre-
covered from the reservoir, and with the in-
crease in demand for crude oil as well as de-
pleting world oil reserves, there is a global con-
cern on the limited mumber of consumption
years left. Detailed characterization of virgin
oil fields and proper planning of enhanced oil
recovery (EOR) process on the producing field
are the hope to keep up with these demands.
Hydrocarbon reservoir characterization relies

represent real structure of a reservoir because-
reservoirs are never homogenous. Thus multi-
phase transport properties obtained from few
core Eilllll)ll('.bi may illtl'D(lll('l“ a1l enoruous er-
ror in field scale simulations and production
forecasts.
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Recent advances in imaging technology now
wake it possible to routinely image rock mi-
crostructure in 3D at the pore scale. Coupling
this with an ability to computationally predict
petrophysical and multiphase flow properties
directly on the 3D digitised tomographic im-
ages or on equivalent networks (digital core
rechnology) results in a powerful tool to inter-
pret conventionally measured core data and to
extend the range of available data by exam-
ming rock fragments which cannot be tested
by conventional means (sidewall cores, drill

uttings and unconsolidated or poorly consol-

wated rocks). A number of studies[1-3] sug-
zest that computations of permeability, for-
mation factor and mercury injection capillary
pressure on digitised image of a small rock
fragment cut from a core plug are consistent
with laboratory measurements performed on
thersame plug even though the computations
aid measurements are performed at signifi-
cantly different scales.

Micro-CT imaging is currently limited to
small sample sizes; pore scale imaging on most
materials requires resolutions of 3-5 microns,
and image size is limited to approximately
2000 cubedthis limits the sample sizes for
maging studies to Hum-10mm which is sig-
mificantly smaller than conventional core plug
Moreover, computational times usu-
ally limit the computational domain used to a
smaller sub-set of the imaged volune. Con-
ventional laboratory measurements, on- the
sther hand, are carried on core plugs and com-
posite cores at scales several orders of mag-
aitude larger than that for the image based
‘omputations.

scale,

Effect of sample sizes on multiphase trans-
port properties has been reported for capillary
pressure[d| and spoutancons imbibitions mea-
surements(5]. These were investigated by per-
forming laboratory measurements at a mun-
ser of different scales from the core plug scale
down to a scale closer to that imaged using
micro-CT. The investigation was limited to
rocks that are usually considered to be ho-
wogeneous or model rock types. These are
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the rock types normally used to validate im-
age based calculations of a wide range of rock,
properties.

Electrical resistivity is a physical quantity
that measures how strougly a material op-
poses the flow of electric cirrent.  Archies
second equation[6] describes the resistivity
changds cansed by Lhydrocarbou saturation.
Resistivity index, I, was defined as the ratio
of the measured resistivity of the rock, R, to
its vesistivity when fully saturated with wa-
ter, R,. He proposed that 7 is controlled by
the reciprocal of the fractional water satura-
tion, S, to a power of n, which is known as
saturation expoueut (Egs. 1 and 2).

. (R
= (R,) (1)

=% = g (2)

R, rr
A log-log plot of I versus S,. is usually as-
sumed to be lincar yield a slope of —n where
n is generally assumed to be equal to 2.

Various researchers have applied electrical
resistivity in different arcas of multiphase flow
in porous media especially in the oil and
gas industry. These areas include: the es-
timation of the saturation of connate wa-
ter and oil-in-place of oil hearing rocks[611];
the calibration of the well logs[12]; classifying
a hydrocarbon-bearing reservoir rock[9]; cal-
ibrating /validating Archic cquation for car-
bonate rocks[810,1315]; the evaluation and
characterization of wettability of a reservoir
at in-situ conditions by studying the dielec-
tric spectra at various frequencies[14,16-17];
modeling hydrocarbon displacement by water
spontaneous imbibition and/or water injec-
tion with combined resistivity - saturation and
capillary pressure - saturation functions[11]:
laboratory study of saturation variation in
partially saturated rocks[6,8-10,14]; determi-
nation of height of the transition zone (oil or
gas water contact)[8-10] ete.

Network models, in which the pore-space of
a porous rock is represented by a network of

1
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Figure 1: Schematic of Pe-RI Equipment.

'E?"ﬂﬂetted pores and tln‘oats, have gr{-\.at

'ﬁ‘emst.lwty meamuements chﬂu

_'A great deal of research has been done
Ito assess the influence of operating condi-
tions, fluids and rock properties on electri-
mal properties of a porous rock. Various
factors that affect the electrical resistivity
of rocks fully and partially saturated with
‘reservoir fluids include confining pressurc|18-
PﬁZ],xWettabmty[QS 24], pore structure[25,26].
‘mi ‘microporosity[27-32], frequency[33,34], desat-
bti:ratxbh technique[35] and electrode polariza-
ion[15].  Detailed reviews of these factors
ve been reported in the literature[36]. How-
.ever, none of the literature reported the effect
Lof sample size and electrode spacing with cf-
'.fec of frequency on electrical resistivity mea-
(surement. This is of paramount-importance
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in obtaining a realistic experimental data for
network model validation. Thus, a clear need
exists to check the effect of size and electrode
spacing on electrical resistivity measurements.

2. Experimental Approach

2.1. Laboratory Apparatus

The electrical resistivity measurements
were performed using the ErgoTech. Mkd
Modular Pe/RI system (Fig. 1 shows the
schematics).  This equipment was designed
for both drainage capillary pressure and elec-
trical resistivity measurements. The elec-
trical resistivity can be measured by both
2- and 4-electrode techniques.  In this ex-
periment, the desaturation is achieved by
porous plate displacement for A-samples and
Centrifuge desaturation technique under con-
trolled environment for B-samples (Fig. 2).
The schematic flow diagram for A-samples as
shown in Fig. 1; current enters from the top
of the sample (4) and leaves the sample via
the bottom electrode (6) that is in contact
with the porous diaphragm. Electrodes (2)
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Figure 2: Schematic of the Downscaled Rock Samn-

i)]l?h‘.

and (3) weasure the current drop along the
two electrodes which is translated divectly to
electrical resistance on the LCR weter (10).
The LCR-meter 42638 with 0. 1milliohs pre-
cision, manufactured by Agilent ¢an operate
at frequency range of 100Hz to 120 IKHz., B-
samples were measured using a typical Wheat-
stone Bridge set up as shown in Fig. 3 and
desaturation achieved by centrituging at dif-
ferent angular velocity. The same LCR-meter
©was used for the experiments for consistency.
The premises at which the testing takes place
were kept at a constant temperature of 22°C
S0 as to avoid any influence of temperature
o1 resistance measurement variation. Also to
avoid any influence from temperature varia-
tion on gas pressure, viscosity and surface ten-

sion of the fluids used. For the A-samples ex-'

periments, the total Huid expelled towards the
graduating tubes after equilibrium was used
to calculate the water saturations of the sam-
ple at any particular point while a precision
scale with an accuracy of 0.1mg was used to
weigh the samples at different desaturation
point using centrifuge machine.

2.2. Porous Media

Three model core samples namely, Berea
and Bentheimer sandstones and Mount Gan-
bier carbonates were used for the experiments.
Their dimensions are tabulated in Table-1.
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Table 1: Cores dimensions used in electrical vesistivity

experinients.
Sumplcs A 1B
Thuron 1. L=2000u. D=5

i, L, D=20. 2
20 Gnnn,. D=20 T
AT L, D=24 000

Tent i
_Aownt Ganlvier [

i, D=laan

L=25 Hunn, D=0 00

b g

2.3. Fluids .

Brine (2% by weight NaCl) and air were
used as the wetting aud the nou-wetting
phases, respectively. The density and viscos-
ity of brine were measured to he 1.066 g/cin®
and 1.0 ¢p while 0.00129 g/cm? and 0.0185
cp were used for the density and viscosity of
air, respectively. The surface tension for the
brine-air system was reported to be 72 mN/m
[37]. The selection of brine concentration was
based on the water sensitivity analysis car-
ried out by Mohan et al[38]. Berea sandstone,
a reference sandstone in the ol and gas in-

- dustries, contains dispersed clays, which con-

stitute approximately 8% by weight of the
sandstone, and no swelling clays. The rela-
tive weight in percentages of the clay min-
crals in Berca sandstone are 71% Kaolinite,
14% of Clilorite, and 15% of 1llite/Mica. Ben-
theimer sandstone is also of importance in oil
and gas industries because it is casy to model
and study due to its high permeability, high
porosity and low clay content. 1t contains 4-
6% clay by weight, in which Kaolinite is about
90% and Cherts 10%. Mount Gambier is a
good model carbonate that was discovered not
long ago. This particular carbonate sample
is important because of its high permeability
and porosity, thus, it makes it casicr to model
and represent the micropores easily.

2.4. Core Preparation

The core samples used in all the experi-
ments were drilled using one-inch coring bit,
After coring, the samples are cut to vari-
ous lengths using Buehler high precision saw.
Brine (0.4% NaCl by weight) was used as the
drilling fluid to reduce the reactivity of the
clay if water had been used [38]. The samples
are then dried in humidified oven at 90°C for
24 hours. After drying, the sandstones were
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Figure 4: RI-S,, for Berea Sandstone,

increase in the saturation exponent n at low
water saturation shed more light on the mi-
crostructural properties of rocks. It is difficult
to determine representative pore structure or
shape in the laboratory during the resistivity
measureinent. Although the numerical inves-
tigatiom conducted by Suman and Knight[25]
using network model shiows an insignificant ef-
fect when the porous media is strongly water-
wet. This is not in agreement with the obser-
vation from Arns et al.[26] studies on Berea
ugtwork. Arns et al.[26] reported that as the
saturation exponent increases as the percent-
age of circular shapes increases which means
that there was films discontinuity as the circu-
lar pores increases. Microstructurally, it can
be assumed that there are more circular pores
that cause discontinuity in current flow path

at low water saturation, thus increasing the -

resistance of the rock.

Fig. 5 shows the RI-S,, for Bentheim sand-
stone at frequency range 0.1 to 100 kHz. As
can be seen from the figure, at S, range 0.1 to
1.0 a straight line was observed for frequency
range (.1 to 10 KHz, but at S, below 0.1, the
n values reduces which is in contrast with the
observation from Berea sandstone where the
values of n increased. In terms of microstruc-
tural properties of Bentheim, the pores are
likely to have more of angular-shaped pores
that favour continuity of thin film of water at
low S,,.

Fig. 6 shows the RI-S,, data obtained from
Mount Gambier carbonate plots. At S, range

INYSERIAN JOURNAL OF TECHNOLOGY
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Figuwre 5: RI-S,, for Bentheim Sandstone.

of 0.25 to 1.0, the RI-S, relationship fol-
lows straight line paths as predicted by Archie
cquation[6]. But at water saturation below
0.25, the RI-S,, curve deviated downwardly.
This observation for a carbonate reservoir is
usually triggered by presence of micropores.
The relative volume of micropores is a major
factor controlling S, and the corresponding
resistance. This is due to their intricate pore
geometry, giving rise to complex resistivity in-
dex curves and it is difficult to describe by
a simple Archie law. The non-Archie behav-
ior of carbonate rocks at low water saturation
have been investigated by many researchers
experimentally[27-32]. According to the ex-
periments conducted by Dixon and Marek|[28],
the micropores remain water-filled and con-
tinue to provide electrically-conductive net-
works as S, decreases. Most laboratory ex-
periments on RI-S,, studies are conducted at
a desaturation pressure less than capillary en-
try pressure for micropores, thus the microp-
ores still retain the water in its pores until the
entry pressure is exceeded.

From Figs. 4-6, it could be seen that at
frequency from 0.1 kHz to 10 kHz and wa-
ter saturation from 0.25 to 1.0, all the experi-
mental data from this study were not affected
by frequency. But at frequency of 100 kHz,
the resistivity index deviated from the nor-
mal straight line at water saturation range of
0.4 to 0.65 for all the rocks used in this study.
Garrouch and Sharma[34] have reported this
effect, that at high frequency n tends to de-
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with an increase in frequency. The re-
from frequency test guided us in choosing
ight frequency to investigate the effect of
and clectrode spacing on RI-S,, relation-

Effects of Size and Electrode
Spacing

lectrical resistivity measurements were
med on A-samples using the porous
o desaturation technique and B-samples
the centrifuge desaturation technique
alfthe model samples, Centrifuge desat-
wion techniques were used for A- and B-
les because the porous plate technique
d not be used for B -samples effectively
& to its smaller diameter. The centrifuge de-
uration technique was calibrated with the
rous plate data for A-samples. After the ex-
iments on A-samples, the centrifuge tech-
me was extended to B-samples. Electrode-
iwcing in B-samples was then varied from
m to 15mm. All data were taken at 1.0
z. The resistivity index and correspond-
¢ water saturations obtained are plotted for
rea, Bentheim and Mount Gambier rocks in
1. 7-9 for both porous plate and centrifuge
saturation techniques.
The resistivity index (RI) - water satura-
n (S, ) data obtained from A-samples using
th porous plate and centrifuge desaturation
thniques for all samples are all in agreement
th each other, which shows that centrifuge-
saturation technique can be used for experi-
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ments with small sized samples. Table 2 shows
the calculated saturation exponents for all the
samples used in this study.

Results from B-sample for Berea sandstone
at 15mm-electrode spacing agrees with the
data obtained from A-sample using both tech-
niques, but the saturation exponents calcu-
lated from 10mm- and 5mme-electrode spac-
ing were higher than 15mme-electrode spac-
ing. The same observation was made on
Bentheim sandstone Table 2. Only Smm-
clectrode spacing in Mount Gambier carbon-
ates that the saturation exponent is higher
and the 10mmn-electrode spacing agrees with
other data. High saturation exponents in
these rocks are attributed to interference in
magnetic field due to close distance in the
potential electrodes. This may also be at-
tributed to poor connectivity of the portion
of Mt. Gambia rock used. Carbonate rocks
are difficult to characterize due to their mi-
cropores. The results for the sandstones
are as reported in the literature for capillary
pressure and spontaneous imbibition measure-
ments[4,5].

4. Conclusions

A detailed literature review has shown that
experiments at the micro-CT scale is still lack-
ing. Experimental results show that com-
monly used homogeneous rock types such as
Berea and Bentheimn sandstones and Mount
Gambier carbonate can be considered to be
sufficiently homogeneous from the current
micro-CT scale to the conventional core scale.
Hence, experimental data taken from these
rocks of conventional core plug scale can be
used to calibrate micro-CT based network
models for two phase flow properties. Once
validated, the micro-CT imaging technique
can provide the opportunity to use small rock
fragments from cores, sidewall cores and re-
covered drill cuttings to make realistic predic-
tions for two-phase flow properties using net-
work modelling.

NIGERIAN JOURNAL OF TECHNOLOGY

The frequency used in laboratory meas
ment of clectrical resistivity should not
ceed 10kHz. The measurement of electri
resistivity index on small core samples I
ing similar scales as micro-CT imaging can
made accurately in the laboratory. Howes
the electrode spacing as low as b and ¢
samples diameters S is still challenging

5. Recommendations

[t has been proven that counnonly u
outcrop rock types such as Berea and E
theim sandstones and Mount Gambier
bonate can be cousidered to be sufficiently
mogeneous from the micro-CT imaging s
to conventional core plug scale. This re
needs to be compared with micro-CT ba
predictions.

The experimental data from this stud:
limited to outcrop samples, and hence, furt
investigation is required for reservoir ro
Especially, core analysis of carbonate re
voirs is a big challenge to tackle.
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