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Introduction

Studying the reservoir properties of carbonate
formations is crucial because of their high complexity
and being a major part of the world’s hydrocarbon
reserves. Carbonate reservoir rocks are naturally
heterogeneous at different scales due to their generation
processes, complex history of diagenesis, and tectonic
fractures [1-9]. Therefore, in order to assess the
reservoir quality of carbonate rocks, it is necessary
to classify them into distinct groups and thoroughly
investigate their properties within these groups [10,
11]. This approach allows for a more detailed and
targeted analysis of the reservoir characteristics,
enhancing our understanding of their quality and
behavior. Carbonate rock types play a crucial role in
understanding petrophysical properties by establishing
correlations with geological features. This correlation
is essential for accurately representing the distribution
of reservoir properties, including permeability and
water saturation, within a reservoir model [12].

The pore system analysis includes the study of the type,
size, and distribution of pores, which directly affects
the petrophysical properties. Pore system studies and
rock classification based on its results can be a solution
to investigate the reservoir quality of carbonate rocks,
which is a topic that has drawn significant attention in
recent researches [5, 7, 13, 14].Winland presented an
equation for the relationship between porosity (¢) and
permeability (Kair) with pore throat size by studying
the results of MICP of 300 sandstone and carbonate
samples in the Spindle field [ 15]. Moreover, the highest
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correlation in throat radius with 35 % saturation in the
test was found by him. Kolodzie extended the Winland
method [16]. Pittman proposed the modified Winland
method for determining flow units and modified the
coefficients of the Winland equation [17]. Tavakoli
et al. in 2018 modified the Winland equation values
for Winland rock types based on the throat radius
laboratory results [ 18]. The present study investigated
the Winland classification in high-diversity carbonate
rocks. In addition, by examining static properties, the
study also analyzed dynamic properties, such as pore
characteristics and fluid flow parameters. Investigating
the type of reservoir behavior and production quality
in this classification, as well as analyzing different
areas of the porosity-permeability curve, will be one
of the goals of this research.

Materials and Methods

The core samples were obtained from various
carbonate layers of the southwestern regions of Iran,
including Ilam, Sarvak, and Fahlyian formations
from three wells. These carbonate samples with high
textural diversity and pore systems were classified.

In addition to texture and pore type studies, Winland
rock typing were determined and studied. Porosity and
permeability data of 779 samples three boreholes were
used in the Winland classification. The porosity of
cleaned dry plug samples was measured by helium gas
expansion into the sample holder and using Boyle’s
law. Absolute permeability to air (Kair) was also
measured by a steady state gas permeameter system



and calculated using Darcy’s law for gases. In the pore
facies studies, the results of capillary pressure tests of
109 samples by mercury injection method from these
wells have been used. Apart from identifying the pore
facies, the experiment findings, which include throat
radius and bimodal pore sizes, have been utilized to
analyze the pore properties of all the classifications.
Furthermore, to study fluid flow parameters in
different groups, 45 samples were subjected to relative
permeability experiments.

Winland presented an equation to relate porosity and
permeability of rock samples to a specific throat radius
[15]:

1,,=0.732+0.588logk ;. -0.864log ¢ (D
According to the above relationship, each sample
with known porosity (¢) and permeability (k_ air)
has a throat radius at the equivalent 35% of mercury
saturation. Therefore, the Winland throat radius of the
studied samples was calculated using the laboratory
data of porosity and permeability.

Results and Discussion

Prior to analyzing the distribution of porosity and
permeability as well as texture changes in different
classifications, the effect of texture and type of pores
on all samples was investigated. The results showed
that texture changes do not create a special separation
in the porosity-permeability curve and the position
of the data in the porosity-permeability curve for
different texture groups of wackestone, packstone, and
grainstone has no special trend, and the data have a
high overlap. Regarding the effect of the type of pores
on the relationship between porosity and permeability,
similar to the texture, there is no special separation
between different groups of pore types.

To employ the Winland throat radius as a classification
criterion, a comparison was made between the
laboratory-derived throat radius values at 35 %
saturation and the values calculated using the Winland
relationship. Taking into account the potential for
laboratory mistakes in measuring throat radius,
porosity, and permeability, as well as the wide variety
of carbonate rocks, positive findings have arisen from
comparing Winland’s throat radius with the laboratory
measurements.

Based on the parameter distribution and the boundaries
specified by [19], 5 groups were separated under the
title of Winland rock type, which they include groups
with a throat radius of nanopore, micropore, mesopore,
macropore, and megapore.

The results show some irregularities including texture,
type of pores, and fluid and electrical flow parameters
in different groups of Winland, which it caused changes
in the boundaries of the Winland rock typing. Indeed,
the classification with the new boundaries aimed to
achieve certain desirable results, including limiting
the impact of bimodal porosity within the megapore
group and establishing a more orderly relationship

Petroleum Research, 2024(April-May), Vol. 34, No. 134

between texture, pore type, fluid flow, and electric flow
parameters with group numbers.

The results of texture distribution in all classifications
show that the data accumulation is almost in the center
of the curve. This indicates that the frequency of
wackestone texture declines as the group number rises
and then rises again after reaching the middle groups.
Conversely, packstone and grainstone frequencies
indicate a rise at the beginning. Then, from the middle
groups onwards, they show a decline. Therefore, in
terms of texture, the concentration of grain-supported
is in the middle groups. However, the comparison of
the pore type with the changes in rock types shows
that with the increase in the number of rock types,
the changes in the pore type act as a rhythm and are
different from the process of texture changes in the
groups.

In the classifications, the increase in the radius of the
throat is associated with an increase in the number
of the group. In the upper group numbers, bimodal
porosity has a significant presence, which it causes a
significant increase in the throat radius of the upper
group numbers. By increasing the number of groups,
reservoir properties improve, which it is associated
with improvement in pore properties.

As previously stated, the reservoir properties and
pore properties improve with the increase in group
number. The analysis of fluid flow parameters does not
follow this pattern and indicates different outcomes.
In the middle groups, the recovery factor value rises
while the irreducible water saturation value goes
down. It is accompanied by the lowest coefficient
of the relative permeability ratio (b) which it shows
a high homogeneity in the fluid distribution in these
intermediate groups. Studies have shown that the
relative permeability ratio of oil to water (Kro/Krw)
has an important effect on oil recovery [20-21]. A low
relative permeability ratio indicates more homogeneity,
which it has been shown in various studies to have
a positive effect on homogeneity by increasing the
recovery factor [22-25].

These findings indicate that enhancements in reservoir
properties may not necessarily result in enhancements
in production. To analyze the production quality, two
irreducible water saturation parameters and recovery
factor were used, and of course, the effects of these
two are also visible in the coefficients of the relative
permeability ratio. A rock with the highest recovery
factor and the lowest irreducible water saturation
will have better production quality. Therefore, the
ratio coefficient (recovery factor to irreducible water
saturation) was used as a criterion. Unlike the reservoir
and pore properties, production properties including
recovery factor, irreducible water saturation, and
relative permeability ratio coefficient show that the
intermediate groups have more favorable production
properties that go along with the type of texture. In
contrast, the pore type is associated with reservoir
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properties.

Conclusions

» In the porosity-permeability plot, there was no distinct
separation based on porosity type and texture. Each
texture and pore type were observed across all regions
of the diagram. However, through the classification
process, an improvement in the dispersion of pore type
and texture data within the porosity-permeability plot
was achieved.

* Winland rock typing was modified by changing
the boundaries between its different groups, which it
shows favorable results in terms of texture distribution
and pore type. In terms of pore properties, there is a
good relationship between the number of groups and
the average throat radius in the modified Winland
method.

* Analyzing different classifications based on lithology,
pore properties and fluid flow indicated that reservoir
quality is not always associated with improved
production. Unlike the reservoir and pore properties,
production properties including recovery factor,
irreducible water saturation and relative permeability
ratio coefficient are higher in intermediate groups
which go along with the grain-dominated texture. In
this study, the parameter of the ratio of recovery factor
to irreducible water saturation was proposed as a
parameter for assessing production quality.
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