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Abstract

To this date there is hardly any specific industry guideline for selecting representative samples for
special core analysis (SCAL) tests. No one can deny the importance of SCAL data in the
development of appropriate reservoir engineering models. This paper describes some of the
effective criteria and tests required for the selection of representative samples for use in SCAL
tests. The proposed technique is essential to insure tat high quality core plugs are chosen to
represent appropriate flow compartments or facies within the reservoir. The absence of a
petrophysical input in the selection of SCAL plugs can result in SCAL data being NOT
representative of the reservoir or its flow compartments. Often, visua inspection and sometimes,
computerized tomography (CT) images are the only techniques used for assessing and selecting
native state core plugs for SCAL studies. Although it is possible to measure the effective brine
permeahility (Ky), there is no routine method for determining the porosity (f ) of the SCAL plugs
without compromising their wettability. Some of the existing selection criteria involve using the
conventional core analysisdata (k and f ) on ‘sister plugs as a genera indicator of the properties
of the SCAL samples. However, the uncertainties surrounding the extent of heterogeneity as
well as the exact depth of the plugs make it difficult to ascertain plugs as representative of a
particular flow compartment. The proposed technique identifies intervals with similar
porosity/permeahility relationships. It uses a combination of wireline logs, gamma scan,
guantitative CT and preserved state brine permeability data to calculate appropriate depth-shifted
reservoir quality index (RQI) and flow zone indicator (FZI) data, which are then used to select
representative plug samples from each reservoir compartment.

Introduction

Coring is a very expensive operation. The main goa of coring is to retrieve core samples from
the well in order to get maximum amount of information about the reservoir. Core samples
collected provide very important petrophysical, petrographic, paleontological, sedimentological,
and diagenetic information. From a petrophysical point-of-view, the whole core and plug
samples typically undergo the following tests: CT-scan, gamma-scan, conventiona tests, specia
core analysis (SCAL) tests, rock mechanics and other specia tests. The data are combined to get
information on heterogeneity; depth-shift between core and log data; whole core and plug
porosity and permeability; porosity-permesbility relationship; fluid content (Dean Stark),
Reservoir Quality Index RQI); Flow Zone Indicator FZI), wettability, relative permeability,
capillary pressure, stress-strain relationship, compressibility, etc. The petrophysical data
generated this way play very important roles in reservoir characterization and modeling, log
calibration, reservoir simulation, and overall field production and development planning.



Among all the petrophysical tests, the SCAL tests which include wettability, capillary pressure,
relative permeability and capillary pressure determination are very important and time-
consuming. A reservoir condition relative permeability test can sometimes run for severd
months when mimicking the actual flow mechanisms taking place in the field. So, it is very
important to design these tests properly and in particular to select the samples that ensure
meaningful results. In short, the samples must be * representative samples,” which can capture the
overal variability within the reservoir in a more scientific way. Unfortunately, the most
important aspect of all SCAL procedures, the sample selection is one of the least talked about
subjects. According to Corbett et al. [2001], the API’s RP40 (Recommended Practices for Core
Analysis) makes very little reference to sampling and similarly, textbooks on Petrophysics do not
have sections on sampling. They [Corbett et a., 2001] made a good review of some of the
satistical, petrophysical and geologica issues for sampling and proposed a series of
considerations. This has led to the development of a method using Hydraulic Unitsin ardatively
simple clastic reservoir [Mohammed and Corbett, 2002].

In this paper some issues related to sample selection criteria, with special focus on carbonate
reservoirs will be discussed. A large data set of conventional, whole core, and special core
analyses on a wel in an Upper Jurassic carbonate reservoir was used to characterize
‘representative samples’ for special core analysistests.

Reservoir Quality Index and Flow Zone I ndicator

Core porosity and permeability measurements are extremely important for proper selection of
flow zones within a particular reservoir. Stiles [1949], Testerman [1962], and Nelson [1994] are
among researchers who worked extensively on porosity, permeability and reservoir zonation
issues using synergistic information that can be obtained from routine core analysis data and
elements of reservoir layering techniques.

The method proposed by Amaefule et a. [1993] is frequently used for characterizing flow zones
having ssmilar hydraulic properties. The method uses a modified version of the Carman-Kozeny
equation and the mean hydraulic radius concept. The method is widely applied on scales from
the pore level through the inter-well level. Amaefule et a. [1993], defined three terms that are
convenient for use with conventional core analysis data. These are the reservoir quality index
(RQI), The normalized porosity (NPI), and the flow zone indicator (FZI). They are defined by:
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Where,

RQI = Reservoir quality index (mm),

K = Permeability (md), and

f = Porosity (fraction).



According to Tiab and Donaldson [1996], samples with the same FZI values have similar pore
throat size, and thus constitute a flow unit. FZI is typically calculated using conventional core
analysis derived porosity and permeability data on the so-called ‘sister-plugs’ but that information
may not apply to the wettability-preserved actual SCAL plugs. Although it is not so difficult to
get the brine permeability data for a SCAL plug, it is amost impossible to determine its porosity
without compromising the wettablility state of the sample. CT provides a solution to this problem
by alowing the calculation of porosity vaues without taking the samples out of the brine.

CT-Scanning

Until the early 80's special core analysis samples were chosen using visual inspection. The
introduction of Computerized Tomography (CT) in petrophysical analysis revolutionized the
sample selection process as it became possible to look at the ‘inside of the core plugs and to
select ‘good’ plugs before using them in long-duration SCAL tests, thus reducing rates of failure.
CT isavery powerful tool for detailed characterization and fluid flow visualization for evaluating
reservoir rocks in a non-destructive manner. During scanning, the X-ray source and detectors
move around the object to cover the entire 360 degrees at each scan location to make a‘dlice’ of
attenuation data. At high Xray energies, the attenuation becomes mainly a function of the
electron dendity of the materias present in the object being scanned. CT number, the parameter
measured by all medical-based CT-scanners, is a relative scale of attenuation coefficients (uses
the value of -1000 for air and O for water). For a properly calibrated artifact-free system, the CT
number varies linearly with the bulk density of arock [Vinegar and Wellington, 1987]. By using
appropriate brine and grain density data, very accurate porosity values can be obtained for every
dice of awettability-preserved SCAL sample [Siddiqui, 2000].

Reservoir Zonation Using Cumulative RQI

The combination of f and k data in terms of reservoir quality index (RQI) provides a convenient
starting point to address the differences between samples and between reservoir zones. If the
total productivity of awell is assumed to be a linear combination of individual flow zones, then a
smple summation and normalization of permeability, RQI, or FZI starting at the bottom of the
well provides a convenient comparison with the normalized cumulative plot of an open-hole flow
meter test. In such a plot consistent zones are characterized by straight lines with the slope of the
line indicating the overal reservoir quality within a particular depth interval. The lower the dope
the better the reservoir quality. In general these lines will coincide with Testerman’s [1962]
layers [Funk et al., 1999]. The equation used for calculating Normalized Cumulative RQI
(NCRQI), in this paper is as follows.
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By plotting NCRQI versus depth it is possible to divide the reservoir into several zones by
observing changes in the dope. Consistent RQI zones are characterized by straight lines with
dope of the line indicating the overall reservoir quality within a particular depth interval. The
smaller the dope, the better the reservoir quaity. Typically this type of zonation technique works
better in carbonate reservoirs where the typical RQI vs. NPI values [Amaefule et a., 1993] don't
line up properly along parallel straight lines.

Heter ogeneity Classification

In reservoir characterization heterogeneity specifically applies to the variability that affects flow
[Jensen et d., 1997]. One of the commonly used techniques for measuring the static
heterogenetties is the Lorenz (sometimes known as the Stile's) Plot, which gives the Lorenz
Coefficient, L.. The technique involves ordering the product of permeability and the
representative thickness kh) in the descending order aong with the corresponding porosiy-
representative thickness product (f h) for a well (or wells). The normalized cumulative values of
kh, which aso known as the fraction of total flow capacity (between 0 and 1) are then plotted
against the normalized cumulative values of f h, which is also known as the fraction of the tota
volume (between 0 and 1). The L. is calculated by comparing the area under the curve above a
45° line between (0,0 and 1,1) and 0.5. L. can theoretically vary between O and 1, with 1
representing the highest degree of heterogeneity. Details of the procedure for calculating L. can
be found in the literature [Craig, 1971; Jensen et al., 1997].

The coefficient of variation, C, is another measure of heterogeneity. It is a dimensionless
measure of sample variability or dispersion [Jensen et ., 1997], and is given by,
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where, the numerator is the sample standard deviation and the denominator is the sample mean.
C, is being increasingly applied in geologica and engineering studies as an assessment of
permesbility heterogeneity (Saner and Sahin, 1999). For data from different populations, the
mean and standard deviation often tend to change together such that C, stays relatively constant.
Any large changes in C, between two samples indicate a dramatic difference in the populations
associated with those samples [Jensen et d., 1997].

Results

For this study, awell from an Upper Jurassic carbonate reservoir was chosen on which extensive
log, and core data were available. The core tubes were gamma-scanned first, from which it was
found that the core depths needed to be shifted down by 6.5 ft for the entire cored length to match
with the log depths.  Then the entire cored section was plugged thoroughly to collect about 375
SCAL plugs, which were kept preserved in brine, and about 180 other plugs, which were leached
and dried for conventional core analysis tests.

Brine permeability was run on most of the SCAL plugs under the wettability- preserved condition.
The 375 SCAL samples were then CT-scanned (full coverage, about 9 dices per plug) and the
raw data were transferred to a SUN workstation for generating statistical data (typically, mean,
standard deviation, minimum and maximum CT number) on circular regions-of-interest



representing the core materials. Then appropriate conversion equations were applied to obtain
porosity data for each dice of a plug and their average was recorded. The depth-shifted core data
were then compared with the logs, which showed a very good agreement between these two
independent sets of data (see Figure 1).

Using the CT-derived porosity and brine permeability data on the SCAL plugs, the RQI, NPI, FZI
and NCRQI values were calculated. Figure 2 shows the NCRQI values plotted as a function of
depth for the SCAL plugs as well as the more continuous conventiona core anaysis generated
NCRQI vs. depth data. By closely observing these two sets of data, a total of eight zones were
identified within the cored section, each with a different $ope, as shown by the solid line
segments. For reference, the cumulative production data from a PLT test are also shown and it
shows trends similar to what was seen by Funk et al. [1999]. Figure 2 aso shows demarcations
(dotted horizontal lines) based on original geological facies data.

The SCAL plugs were then subjected to screening based on various heterogeneity and related
criteria. Typicaly plugs with large inter-dlice and intra-dlice heterogeneities are eliminated from
SCAL tests. Figure 3 shows one example each of inter-dice and inter-dlice heterogeneities. The
image on the left contains an anhydrite nodule in the last three dices, rendering it unsuitable for
SCAL tests. The image on the right shows a case of intra-dice heterogeneities where each dice
looks alike but there is a large variation of CT numbers within each dice. For eiminating the
plugs with inter-dice variations the ratio between the maximum and minimum CT numbers
within each plug was caculated and plugs having a ratio of 1.09 or more were discarded. For
eliminating the samples with intra-dice variations the plugs with average of the C, of CT
numbers for each dlice (standard deviation divided by mean) above 0.08 were eliminated as
heterogeneous. Additionally, plugs having a porosity of 5% or less were also eliminated and a
final list of 134 plugs was created that were suitable for SCAL studies.

Figure 4 is the classic RQI versus FZI plot [Amaefule et al., 1993] for the suitable plugs, which
are also classified according to the zone using different symbols. It also shows six diagona lines,
each pair of which representing arange of FZI values. Upon close examination atotal of five bin
sizes were chosen to group the core plugs into different FZI ranges. Theseare 0to 1 inclusive, 1
to 2 inclusive, 2 to 3 inclusive, 3 to 4 inclusive, and greater than 4. Table 1 shows the SCAL
plugs listed according to these FZI bin sizes aswell as the zones identified previoudy. In order to
make a representative composite core plug for say Zone 1, one can have severa choices of FZI
ranges. Once an FZI range is selected, one composite plug for each zone should be sufficient for
conducting representative SCAL tests. It is also possible to mix plugs with different FZI values
but within the same zone in order to get an idea about the overal variations possible within the
zone. It may be noted that in this particular case Zones 6 and 8 have the steepest slope and they
contribute almost nothing to the production. Therefore testing samples from these two zones can
be avoided.

The use of the so-called sister plugs is common in making inferences about the behavior of the
plugs used for SCAL tests because of unavailability of some critical data such as porosity and
permeability. It was found that while porosity data didn’'t vary so much for the short distance
(typicaly within one foot between the SCAL and the corresponding ‘sister’ conventiona plug
sample), the permeability varied sometimes by one or two orders of magnitude. Thisis evident in
Figure 5, where the Lorenz plots are generated for the SCAL and conventiona core anaysis
plugs on which permeability datawere available. Results showed a large difference between the



two Lorenz coefficient values, with the coefficient for the SCAL plugs having a value of 0.57
compared to the coefficient for conventional plugs having avalue of 0.72. Although some of the
difference may be due to the sampling or experimental bias, one should be careful in using sister
plug data in serious calculations especially when permeabilities and overall heterogeneities are
concerned.

Conclusions
1. A st of guidelines has been established to select the ‘representative’ core plug samples
for special core analysis tests based on a combination of reservoir zonation, heterogeneity
analysis and application of RQI and FZI-based techniques.

2. This research finds CT-scanning to be an extremely useful tool for quantifying
heterogeneities within small plugs.

3. Samples picked up from a zone based on the normalized cumulative RQI based technique
demonstrated here have a better chance of representing that zone than samples picked up
at random from the entire cored section.

4. Using the properties of the sister plugs, especialy for permeability and heterogeneity,
may lead to strange results.
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Figure 1: CT-derived SCAL plug porosity data compared against the logs show a
very good agreement between the two independently derived sets of data.
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Figure 2: Normalized Cumulative RQI vs. depth for the SCAL and conventional
core analysis plugs showing the existence of eight distinct zones within the cored
section (shown by solid line segments). The cumulative production data and the
geological zone markers (dotted horizontal lines) are also shown for reference.
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Figure 3: CT-Scan slices showing case of inter-slice heterogeneity (left image), and ee X
intra-slice heterogeneity (right image). The image on the left shows the presence of x
a distinct anhydrite nodule in the last three slices, making it unsuitable for SCAL v,
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relatively small channels available for flow and therefore unsuitable for SCAL tests.
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Figure 4: RQI versus NPI plot for the small subset of plugs suitable for SCAL tests
after eliminating the heterogeneous or low-porosity plugs. The diagonal lines
correspondto six FZI values.
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Table 1: Thefinal grouping of the SCAL plugs according to various FZI bin sizesand zones

FZI Range: Oto 1

Plug
No.
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