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1. Reservoir Characterization
2. Klinkenberg
3. Flow Zone Indicator, FZ1
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1. Reservoir Quality Indicator, RQI
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1. Stratigraphic Modified Lorenz Plot, SMLP
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1. Reservoir Quality Indicator, RQI
2. Pore to Matrix Ratio, PMR

oo 5l oo (lsl5 g Jsls a5 ol
O log—ed (] (g 8 Dt A S

S o b et ie by o >lg f i) gy o
o Lo ye et cmpe ol (n it g S
P A Sl s Pl o Ladiged oo
tr’L’)} &._9-‘9 ) ’/\?BY‘FSLU.?- &._9-19 ) ofe Y
)‘ | Sy (pnd g,«_afa u_.i:L.A A_.wb‘snv
O—izmed sl y S ladol B8 55560 s, 4
Gye) hgy 5o ead Al Ol i o po molie
F b, amlgay be o (VIF) jlobe o i
=SSy U sloasly o) ool 1P Jsos) ail oo
Ladiges camd a5 ol lis ailng g, 5l eolaul
50 il ged Ol i B IS lad el i 5l b
0o MQA)U_HJUgA_:fa u_».iaL..A g)"’?) Q_"
Ol 8 by 99 4
(YIN) (esSs Lo oS —olad o Lo ya5 o SowaisS
r2oliie 09 4 &S (SiokisS end by e
od—uS J S Lol Jalse aLox 5l > lad

adb s Gt oS jo Jhw o> )b

3‘) Sy oS )_’QLM

iy 1y Loyl ol ' e LS el 48
e CtS el a Sl an a g L oS e
ol Gite el adaly 10 09 >0 sla jl)b
B sLdd s Slrogad Glos oo bl o
3 e ey e 05y S0 Jlse 51,
o=l e adls Gl e Se e ll
(S glo il )l Lgs a8 05800 Jool> s
T oS ple ay B slalad co s g gl



ot 5 W&
V5 amiao AFer g5 5 55T AT+ oyled gy Ao
$HVS aziuo NFee 65 9,51 Yo o, VM/*' R 95

&l
[1]. TanikawaW, Shimamoto T (2006) Klinkenberg effect for gas permeability and its comparison to water
permeability for porous sedimentary rocks, Hydrology and Earth System Sciences, 3: 1315-1338.
[2]. Klinkenberg L J (1940) The permeability of porous media to liquids and gases, API Drilling and Production
Practice, 200-213.
[3]. Ahmad T, Ghasemi S, Daneshfar M )2010) Reservoir Engineering handbook, 4th Ed. Tehran: Gahankatab,
2010.
[4]. Konert G, Afifi A M, Al-Hajri A, Droste H (2001) Paleozoic stratigraphy and hydrocarbon habitat of the
Arabian Plate, AAPG, Memoir 74, Chapter 24.
[5]. Sharland P, Archer R, Casey D, Davies R, Hall S, Heward A, Horbury A, Simmons M (2001) A proposed
sequence stratigraphy for the Phanerozoic succession of the Arabian Plate: Mesozoic and Cenozoic sequences,
Special Publication, 2: Bahrain, GeoArabia, 371.
[6]. Mohammadi-Dehcheshmehi S, Adabi M H, Hejazi S H (2013) Depositional facies and geochemistry of the
Kangan Formation in the South Pars Field, Persian Gulf (Iran), Springer-Verlag Berlin Heidelberg, 297-307.
[7]. Ghazban F (2007) Petroleum geology of the Persian Gulf, Joint publication, Tehran University Press and
National Iranian Oil Company, Tehran.
[8]. Ghorbani M (2019) Lithostratigraphy of Iran. Springer, Berlin.
[9] Rahimpour Bonab H, Asadi-Eskandar A, Sonei R (2009) Controls of Permian-Triassic boundary over reservoir
characteristics of South Pars Gas Field, Persian Gulf Geological journal,44, 3: 341-364.
[10]. Tavakoli V (2015). Chemostratigraphy of the permian—triassic strata of the offshore Persian Gulf, Iran. In
Chemostratigraphy, 373-393, Elsevier.

ki gy oS gl 555 5 i s WIS 5 IS sl (5990 aalllas il S (Sie slawilo o
NF-F Olsas V-4V (YA

.[12] Tavakoli V (2018) Geological core analysis, Application to Reservoir Characterization, SpringerBriefs in

Petroleum Geoscience and Engineering; 99.

Glaaly S 5556 5 (s, slondase dao )l ) () OFAN) 8 —5ld e play o) o s, Y]
FAV-Y ¥ AF o Lo cyme pode & s oo, l8 mds o Yo aislw oYL

[14]. Nazemi M, Tavakoli V, Rahimpour-Bonab, Hosseini M, Sharifi-Yazd (2018) The effect of carbonate

reservoir heterogeneity on Archies exponents (a and m), an example from Kangan and Dalan gas formations in

the central Persian Gulf, Journal of Natural Gas Science and Engineering, 59: 297-308.

[15]. Insalaco E, Virgone A, Courme B, Gaillot J, Kamali M, Moallemi A, Monibi S (2006) Upper dalan member

and kangan formation between the Zagros Mountains and offshore Fars, Iran, depositional system, biostratigraphy

and stratigraphic architecture, GeoArabia, 11, 2: 75-176.

[16]. Cantrell D L, Hagerty R M (2003) Reservoir rock classification, Arab-D reservoir, Ghawar field, Saudi

Arabia, GroArabia, 8: 3.

[17]. Winland H D (1972) Oil accumulation in response to pore size changes, Weyburn Field, Saskatchewan.

Amoco Production Research Report, F72-G-25.

[18]. Abbaszadeh M, Fujii H, Fujimoto F (1996) Permeability prediction by hydraulic flow units-theory and

applications, SPE Formation Evaluation, 11, 4: 263-271.

[19]. Ebanks W x J )1987) The flow unit concept-an integrated approach to reservoir description for engineering

projects, AAPG Annual Convention 71, Los Angeles, California, 551-556.

[20]. Amaefule J O, Altunbay M, Tiab D, Kersey D. G, Keelan D K (1993) Enhanced reservoir description: using

core and log data to identify hydraulic (flow) units and predict permeability in uncored intervals/wells, SPE

26436.

[21]. Svirsky D, Ryazanov A, Pankov M, Corbett P, Posysoev A (2004) Hydrolic flow units resolve reservoir

descripton challenges in a Siberian oil field, SPE 87056.

[22]. Gomes J S, Ribeiro M T, Strohmenger C J, Negahban S, Kalam M Z (2008) Carbonate reservoir rock

typing, The link between geology and SCAL, SPE 118284.

[23]. Gunter G W, Finneran J] M, Hartmann D J, Miller J D (1997) Early determination of reservoir flow units

using an integrated petrophysical method, SPE 38679.

[24]. Rahimpour-Bonab H, Enayati-Bidgoli A H, Navidtalab A, Mehrabi H (2014) Appraisal of intra reservoir

barriers in the Permo-Triassic successions of the Central Persian Gulf, Offshore Iran, Geologica Acta, 12: 87-107.



Petroleum Research

Petroleum Research, 2021(December-January), Vol. 31, No. 120, 13-15
DOI:10.22078/PR.2021.4406.3003

Calculation of Klinkenberg Correction
Coeflicient and the Effect of Rock typing on
its Results, Kangan and Dalan Formations in
the Central Part of the Persian Gulf

Bahare Ghamati, Vahid Tavakoli* and Hossain Rahimpour-Bonab

School of Geology, College of Science, University of Tehran, Iran

vtavakoli@ut.ac.ir
DOI:10.22078/PR.2021.4406.3003

Received: March/04/2021

Introduction

Reservoir characterization is one of the vital tasks in
reservoir exploration and field development. In this
regard, permeability determination is very important
and also more difficult to measure, compared to other
reservoir properties. Common methods of determining
permeability are measuring absolute air and liquid
permeability at core full saturation. In core laboratories,
gases, especially dry air, are used to measure absolute
permeability due to convenience, time and very low
cost, the possibility of measuring in a very wide range
of permeabilities, high operating speed, neutrality of
the gas and low sensitivity to temperature changes.
Due to the differences in the physical and chemical
properties of gas and liquid, the absolute permeability
of these two fluids is different which has a great effect
on the evaluation and production of oil and gas from
reservoirs. Therefore, the corrected Klinkenberg
permeability, which is equivalent to liquid permeability
[17], is used in reservoir studies. Klinkenberg, in 1940,
discovered that the values of air permeability are
different from those of liquid permeability, and that the
former is always larger than the latter [2]. He assumed
that the velocity of liquid fluids at the surface of the
grains is zero and the velocity of the gases is limited.
In other words, the gases sliding on the surface of
the grain. It is also found out that in a given porous
medium, the calculated permeability decreases by
increasing mean pressure. The average pressure is
obtained by adding two upstream and downstream

Accepted: August/19/2021

pressures, divided by two [3]. Determining the
permeability of a liquid such as water or oil requires
saturating the rock sample with proper fluid and
is a time consuming process. Also, in most cases,
preparation of formation fluid is a difficult process.
In addition, the rock may react with an artificial fluid
(for example, salt water). The combination of these
factors indicates the need for corrected permeability
measurements of Klinkenberg (liquid equivalent)
on rock samples. The geological and petrophysical
properties of the samples in carbonate reservoirs are
very different due to high heterogeneity. Therefore,
dividing the reservoir samples into homogeneous units
causes more similarity in terms of Klinkenberg effect
on permeability of the rocks. Despite the importance
of such classifications, there is no standard and
accepted way to determine these rock types to reduce
heterogeneity of the rocks. In this study, the effect of
Klinkenberg correction on the samples of Kangan and
Dalan formations in the central part of the Persian
Gulf is investigated. Due to the heterogeneity of the
studied reservoir, rock types were identified. Then, the
coefficient of variation (CV) parameter was calculated
between the slopes of pressure-permeability fitted
lines. Three different methods of determining the rock
types including Winland, flow zone indicator (FZI)
and Lorenz were examined. The CV of the slopes of
the samples in each rock types was compared with
other rock types to determine the best method for
evaluating the heterogeneity for testing and calculating
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the Kleinkenberg correction in this heterogeneous
reservoir.

Materials and Methods

The data of this study are provided from a well
located in the central part of the Persian Gulf. A
total of 1245 porosity and permeability data were
obtained from routine core analysis. From these
samples, permeabilities of 111 plugs were measured
at 4 different pressures. Results were used to plot
the pressure (1/p) versus permeability diagram and
calculating the fluid equivalent permeability. Then, the
slopes of the lines and the CV of these slopes were
calculated in each rock type, in order to find out the
dispersion of the samples. Determination of rock types
by Winland, flow zone indicator and Lorenz method is
based on porosity and permeability data.

Results and Discussions

First, absolute gas permeability was measured for 111
samples at 4 different pressures. Then, the permeability
diagram in terms of 1/p was drawn for the mentioned
samples. A line was fitted between gas permeability
and pressure, and its coefficient of determination (R?)
was calculated (Fig.1). The slope of the line (c) was
obtained using statistical relationships for each sample.
The CV was calculated for the slopes in each rock type
(Table 1). In the meantime, 5 out-of-range samples
were removed. Also, in order to find the dispersion,
standard deviation and mean of the samples were
calculated to determine the CV for each rock type.
The relationship between permeability and pressure

in the Klinkenberg equation is a function of absolute
permeability, i.e., the permeability of the rock for
a single phase that completely saturates the porous
medium, the type of gas used to measure permeability
such as air and the average radius of pores. The
observed relationship between gas permeability and
pressure to obtain equivalent liquid permeability
and line slope for all samples indicates a very low
R2 (0.003) due to high heterogeneity in the studied
formations. It has also a semi-logarithmic distribution
with KI= aKgasb equation. From the calculated slope of
the samples, it is understood that the high slopes are
related to the samples with high absolute permeability
and the samples with smaller pore radius. Rock types
were determined in the studied formations to reduce the
reservoir heterogeneity and improve the permeability-
pressure correlations, but the values of the CV in
all three methods (Lorenz, Winland and flow zone
indicator) are still low. Determination of rock types
using flow zone indicator method showed that the slope
of the sample is a function of permeability, porosity
and matrix without applying specific coefficients in
the flow zone indicator equation. In this method, the
average R? shows higher values compared with two
other methods of Winland and Lorenz.

Finally, liquid permeabilities of the samples were
calculated using the average slope of the lines in each
rock type. Results were plotted versus the laboratory
measured data. High R? value (0.77) as well as low
y-intercept and optimum value of the slope (0.79), all
indicate the high performance of the method.

Table 1 Minimum, average and maximum values of gas permeability in the studied well.

Statistical parameter Minimum Average Maximum
Gas permeability 0.007 9.22 247.21
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,Q- 1.00 ks
= k4
of)
M el | &EET | | Power (K1)
Power (k2)
001 [ & B | A . Power (k3)
Power (k4)
0.00
0 0.0001  0.0002  0.0003  0.0004  0.0005

1/Pm(atm)
Fig.1 Diagram of variations in gas permeability and mean pressure for all samples and parameters for determining the liquid
equivalent permeability with the Klinkenberg equation (KI, C).

Using the Kleinkenberg equation, without direct
instrumental measurements, the equivalent liquid
permeability of the samples cannot be obtained only
by using a constant coefficient. Class 5 of the FZI and
flow unit 3 of the Lorenz method have lower CV, more
similarity of slopes and slip coefficient compared with

all other rock types and units. The results show that
determination of rock types by the used methods had
little effect on improving the results of this experiment
(determination of the Kleinkenberg correction factor).
Porosity, permeability and matrix are the most effective
parameters in creating a strong correlation between



E Petroleum Research, 2021(December-January), Vol. 31, No. 120

permeability and pressure. The samples with high
slope values are mainly related to the high absolute
permeability and smaller pore radius. Results indicate
that determining the fluid equivalent permeability
requires testing on a large number of samples.
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