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Abstract

As the petroleum industry strives to make more accurate estimation of in-place amount of reservoir
fluid and predict their recoverability/ recovery ratio by use of computer simulation, liquid permeability
data is of non-negligible importance for both sandstone and carbonate reservoir. The liquid permea-
bility of a reservoirrock could be determined either by a direct core sample analysis in the laboratory
or estimated by using a correlation, which connects air permeability to liquid permeability. Given that
the industry already has a large amount of air permeability data, the correlation approach for deter-
mining liquid permeability is less capital intensive since it eliminates the need for expensive laboratory
procedures that would otherwise have been involved in determining this value. In this work, we tested
the validity of two previously proposed conversion formulae (equation 2 and 4) on a set data acquired
from the Niger Delta sandstone reservoir in Nigeria and some carbonate reservoirs in the Middle East
While equation 2 proves very effective in converting the Niger Delta sandstone reservoir’s air perme-
ability data to liquid permeability at various intervals and varied pressure with a maximum absolute
average error of 9.65%, equation 4 is ineffective in doing same, giving a minimum average error of
153.7%. Applied to data from carbonate reservoir, equation 2 also became ineffective. In this case,
giving a minimum average error value of 69.2%. The results are furtherindication that carbonate and
sandstone reservoirs differ significantly in their nature and thus properties; and therefore, behave
differently when subjected to same conditions; in this case conversion formulae of air permeability to
liquid permeability.
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1. Introduction

The most common types of reservoir rocks are the sedimentary rocks. Sedimentary rocks
are made up of sediments that have been compacted closely by natural forces. Reservoir
sedimentary rocks are classified into sandstones and carbonates (limestone and dolomite).
There are different types of sandstone reservoir rocks such as river sandstones, dune sand-
stones, shoreline sandstones, and delta sandstones. But of primary importance is the dela
sandstone which is the type of sandstone located in the Niger delta region of Nigeria, where
rock samples were studied and data acquired for this article.

The Niger delta sandstone, which is one of the largest oils producing delta sandstones in
the world with an approximate 34.5 billion barrels of recoverable oil, and 94 trillion feet® of
natural gas [*!, was formed by a periodic deposition of sediments from rivers (Niger and Be-
nue) flowing into the Atlantic Ocean and wave erosion. The fact that wave erosion shapes the
delta makes the Niger delta a destructive type. Theriver being rich in organic sediments flows
into the Atlantic Ocean and deposits its organic content at the bottom of the ocean which gets
covered in mud and overtime forms black shale which is a source rock where oil and gas can
be formed. The formed oil and gas over time find their ways to the overlying sedimentary
rocks and get trapped by the rock cap.
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In the determination of the productivity and economic viability of reservoir rock, one of the
major characteristics takeninto consideration is its ability to allow fluid transmission through
it: a phenomenon termed permeability, which is represented by the letter “"K.” Without suffi-
cient formation permeability, oil and gas production, secondary and tertiary recovery, and
carbon sequestration are impossible 31, To determine the value of this property, core samples
are taken to the laboratory for analysis.

For an oil reservoir, of course, it is most desirable that the permeability of the reservoir to
oil (Koi) is deter-mined to a high degree of accuracy. However, in some cases, a correlation
approach becomes an important, if not the only method for estimating Koi especially during
simulation or modeling of the reservoirrock.

If a reliable formula is established for converting air to liquid permeability, the need for
expensive experimental procedures for determining liquid permeability during core sample
testing will not be necessary. This also will be of great value during side tracking for enhanced
recovery in mature fields where liquid permeability data may not be available, saving time on
reservoir re-evaluation before side-tracking. This approach cuts down on drilling time and
resources, which is of great economic importanceto drilling contractors.

Up to this point several attempts have been made in converting between gas and liquid
permeability. In this article, core sample data froma sandstone reservoir located in Delta State
of the Niger delta region mentioned above shall be used to test the validity of conversion
formulae put forward in previous articles.
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Fig.1. Present day and ancient shorelines of the Niger River Delta, Nigeria (modified from Burke, 1972) [2]

2. Overview of permeability and air to liquid permeabiity conversion formulae

With the discovery of crude oil and the increased use of its products as a primary source of
energy for humanity came the need for detailed understanding of reservoir petrophysical prop-
erties such as porosity, permeability, relative permeability, capillarity, and saturation. Methods
of measuring these properties in the laboratory have been developed with yet a constant
attempt at improving on existing methods for enhanced accuracy.

The fundamental law of fluid motion in porous media is Darcy’s law. The mathematical
expression developed by Darcy in 1956 states that the velocity of a homogeneous fluid in a
porous medium is proportional to the pressure gradient and inversely proportional to the fluid
viscosity. For a horizontal linear system, this relationship is:

—1__ka
v_A_ u dx (1)
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where: v is the apparent velocity in centimeters per second and is equal to g/A, where q is
the volumetric flow rate in cubic centimeters per second, and A is the total cross-sectional
area of the rockin square centimeters.

In other words, A includes the area of the rock material as well as the area of the pore
channels. The fluid viscosity, [, is expressed in centipoise units, and the pressure gradient,
dp/dx, is in atmospheres per centimeter, taken in the same direction as v and q. The
proportionality constant, k, is the permeability of the rock expressed in Darcy units 41,

With increasing demand on the industry and a need to cut costs of data acquisition and
improve reservoir fluid production efficiency, attempts have been made in the past to estinate
permeability from porosity data. However, it has been proven that a direct proportionality
does not always exist between porosity and permeability since a sample may have large pores
which are either totally unconnected or have little interconnectivity thereby giving rise to low
permeability.

By definition, any fluid can be used to measure absolute permeability. In practice, absolute
permeability is measured by flowing air through a core sample that has been completely dried
51, However, in laboratory conditions, replacing air with brine or oil in the experiment we get
permeability to brine and permeability to oil respectively.

These forms of permeability vary both in the degree of difficulty and cost of measurement
as well as their values; permeability to air, being the least capital intensive. In as much as
permeability to air does give an idea of the reservoir rocks’ permeability to liquid, depending
totally on its value fails to provide a perfect prediction of reservoir fluid productivity especially
if the liquid is to be produced from the reservoir. This is partly due to the fact that adhesion
forces between air and reservoir vary significantly to that between reservoir fluid and the
reservoir rock. At low rates, air permeability will be higher than brine permeability. This is
because gas does not adhere to the pore walls as the liquid does, and the slippage of gases
along the pore walls gives rise to an apparent dependence of permeability on pressure. This
is called the Klinkenberg effect, and it is especially important in low - permeability rocks €1,

This, therefore, increases the need for a more accurate and cheaper method of either meas-
uring or estimating the permeability of the reservoir to the liquid expected to be produced
from it. In an attempt to solve this problem, a number of researchers have studied the possi-
bility of deriving a formula which, when given the reservoir permeability to air, can estimate
the reservoir's permeability to liquid with great accuracy.

In his study Macary 71, working on sandstone reservoirs from different parts of the world,
applied equation (2) for estimating permeability to brine and equation (3) for permeability to
oil of a sandstone reservoir from permeability to air with an average error value of 19.21%.
Log Korine=1.0488 Log Kair — 0.7222; R? = 0.85; (2)

Log Koi = 1.0913 Log Kair - 0.4946; R> = 0.95; (3)

Another researcher Al-Sudani et al. 8], in his study on reservoir samples, from different oil

fields around the Middle East, applied equation (4).

K= Ak % (4)

where Ka and K, are the air and liquid permeabilities respectively in milidarcy (md). (A =
0.73) for air permeability values less than unity, and (A = 1.002) for air permeability values
greater than unity 81, With this formula, the average absolute error was 4.16%. Further in-
vestigation into the nature of the reservoirs reveals that they are mostly carbonate reservoirs.
This, however, was not clearly stated in work; giving an impression of general applicability.

As expected, the above formulae vary greatly given that carbonate and sandstone reser-
voirs differin their composition and structure: fromtheir chemical components to their phys-
ical characteristics. Table 1 below summarizes the differences between these reservoir rock types.

The two major differences between carbonate and sandstone reservoirs can be summarized as
follows:

1. the site of sediment production,
2. the greater chemical activity of carbonate minerals [°-191,
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Carbonate reservoirs which hold more than 60% of the world’s oil are of immeasurable
importance to theoil and gas industry and studying their productivity and permeability should
take their porosity into account. This is because unlike sandstone reservoirs, carbonate res-
ervoirs have varied forms of porosity. These include:

1. connected porosity existing between carbonate grains

2. vugs which are unconnected pores resulting from dissolution of calcite by water during
diagenesis

3. fracture porosity which is caused by stress after deposition [*1,

Table 1. Comparison of carbonate and sandstone reservoirs

Reservoirtype Main mineral Site of sediment Wettability Effect of diagenesis Chemical activity
composition deposition of mineral
Carbonate Calcite (CaCO;) authochthonous Oil wet/mixed Reduces porosity Highly active
wet
Sandstone Sand (SiOy) allochthonous Water wet Hardly noticeable Comparatively in-
active

3. Data acquisition and methodology

The set of data used for calculations in this article includes air permeability, porosity, depth,
and pressure. In acquiring data for this article, we examined core samples (Figures 3.-5.) from
three different wells in the Niger Delta region of Nigeria, namely: Freemanl, Freeman 2ST1,
and Freeman 3ST1. The samples were taken at different depths, and air permeability and
porosity measurements were carried out at different pressures.

As to Freemanl well the core samples were taken from the interval 8100ft to 8111ft and
measurements were carried out at 1000psi. The resulting air permeability data fluctuate from
8160md to 4590md. At 3000psifrominterval 8100ft to 8111ft measured air permeability data
fluctuate between 7200md to 3280md. At 4500psi from interval 8100ft to 8111ft measured
air permeability data fluctuate between 6640md to 2480md.

As to Freeman-2ST1 well the core samples were taken from the interval 9351ft to 9363ft
and measurements were carried out at 1000psi. The resulting air permeability data fluctuate
from 6280md to 1540md. At 3000psi from interval 9351ft to 9363ft measured air permeability
data fluctuate between 4010md to 955md. At 4500psi from interval 9351ft to 9363ft meas-
ured air permeability data fluctuate between 3640md to 741md.
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Fig.3. Core sample from FREEMAN 1 (8100-8111 ft). Fig.4. Core sample from FREEMAN 2 ST1 (9346-
9361 ft)
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Fig.5. Core sample from FREEMAN 3ST1 (9361-9376 ft).

In addition to this, core sample data were taken from areas within the Middle East as stated
by Al-Sudani et al. 71,

As to Freeman-3ST1 well the core samples were taken from the interval 9363ft to 9557ft
and measurements were carried out at 1000psi. The resulting air permeability data fluctuate
from 9610md to 321md. At 3000psi from interval 9363ft to 9557ft measured air permeability
data fluctuate between 5610md to 226md. At 4500psi from interval 9363ft to 9557ft meas-
ured air permeability data fluctuate between 4760md to 139md.

We applied the conversion formulae by Macary 71 (equation 2) and (equation 4) by Al-
Sudani et al. 8! to our data.

4. Results and discussion

Refer to appendix for tables and graphs.

The tables 2 to 10 show the result of applying equation 2 to core sample data fromwells in
the sandstone reservoir of the Niger delta region of Nigeria. Tables 11 to 13 show the results
of applying equation 4 to the same reservoir, while table 14 and 15 show the results of apply-
ing equation 2 to data from carbonate reservoirs fromlocations within the Middle East.

The maximum average absolute percentage error for a chosen interval on the sandstone
reservoirs from table 2 to 10 is 9.65%. This is obtained from Freeman 2ST1 at a pressure of
3000 psi. On the other hand, tables 11 to 13 show a minimum average absolute error of
153.7%; a very significant deviation reflecting the inapplicability of equation 4 to sandstone
reservoirs. Tables 14 and 15 show a minimum average error of 69.2%.

The average absolute error observed when applying equation 2 to data from Freeman1 and
freeman3st well decreases with an increase in the pressure of liquid permeability measure-
ment from 1000psi to 4500psi. However, on applying equation 2 to data from Freeman2stl,
the average absolute errorincreases with increasing pressure.

On each of the intervals examined under fixed pressure of measurement, the change in
absolute error values does not follow a particular trend with increasing depth.

The above suggests that the accuracy of equation 2 for converting air to liquid permeability
is affected by the depth from which the core sample was taken and the pressure at which
laboratory liquid permeability data is conducted. Theinconsistency in the pattern of their ef-
fects suggests the possibility of another factor (s) that affect the accuracy of the equation 2.
The large error values encountered when equation 2 is applied to carbonate reservoirs suggest
that the accuracy of the equation is affected by the chemical composition of the core sample.

In addition to the above, thelarge errors seen when equation 2 and equation 4 are applied
to carbonate and sandstone reservoirs respectively underscores the difference between car-
bonates and sandstone reservoirs. None of the two equations can be universally applied to
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both sandstones and carbonate reservoirs. However, when applied independently to the sand-
stone reservoirs of Nigeria, equation 2 shows a high accuracy and extends its applicability
beyond the areas on which it was first applied by Macary 71,

5. Limitations

While the data pool is not large enough to represent the entire reservoir structure of the
Niger Delta region of Nigeria, by applying the formula at varying intervals and different pres-
sure conditions, we have tried to accommodate varying reservoir conditions.

Bearing in mind that the main reservoir rock of the Niger Delta is the Agbada formation, it
is reasonable to assume that the calculations fairly represent the applicability of this formula
for converting air to liquid permeability in the Niger Delta. This work has calculated liquid
permeability to brine and has made no attempt at calculating liquid permeability to oil. Though
the formula for the later calculation is stated in work, laboratory data is not available to us,
and we, therefore, cannot estimate errors.

6. Recommendations

To further solidify the veracity of this formula, more data from other sandstone reservoirs
from around the world should be tested. In addition to this, further research should be carried
out to understand the relationship between porosity and the accuracy of the formula and find
the possible air permeability range for which the formula is most accurate. These recommen-
dations are made on the following observations:

In Freemanl well, the highest percentage error was 8.20% at a porosity of 32.5 and air
permeability of 4160 milli Darcy at a pressure of 3000 psi while the lowest was -5.117% at a
pressure of 3000 psi, permeability of 4760 mD and porosity of 31.1 such trends are visible
throughout the entire tables.

With shale content likely not playing a significant role in the accuracy of the formula be-
cause of brine, the chances are that the formula has limitations to either porosity, pressure or
air permeability values. These factors may act independently or in combination to affect the
accuracy of the formula.

7. Conclusions

1. Equation 2 which was initially proven to be effective in Nubia “C"” reservoir extends its
validity and consistency to sandstone reservoir of the Niger Delta region of Nigeria under
varying pressure conditions and reservoir depths.

2. Application of equation 4 to sandstone reservoir of the Niger delta region of Nigeria, showed
a considerably large error margin in comparison to its application in some Iraqgi and Egyp-
tian oil fields with predominantly carbonate reservoir rocks.

3. Application of equation 2 to data fromthe Iragi and Egyptian oil fields proves to be ineffec-
tive for conversion of air permeability to liquid permeability.

4. The above observations suggest that due to the varying nature of sandstone and carbonate
reservoirs, a formula developed for converting air permeability to liquid permeability in
carbonate reservoirs cannot be applied effectively for the same conversion in sandstone
reservoirs and vice-versa.

5. This method of estimating liquid permeability from core sample air permeability data which
has been proven effective in a good number of oil fields goes a long way to save cost and
time. This is valuable for the development of new oil fields and revitalization of mature
fields.
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