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ABSTRACT

A detailed [abor atory sudy wascarried out toinvestigatethecontr olsand differ encesbetween Klinkenber g-
corrected gasand liquid per meability. For thisreason outcrop coresampleswer ecollected from Kirthar
fold belt of lower Indusbasin, the plugswer ehorizontally taken, in cylindrical shapehaving dimension
of 3.5-5.32cm length and with maximum of 3.2 cm diameter. The sampleporosity measurementswere
performed using calculationsfrom grain volumeand bulk volumemethod. For the pur poseof comparison,
dippagefreegasper meability testsusing nitr ogen gaswasmeasur ed and liquid per meability of samples
was measured using brine (NaCl) of different compositions. The data obtained showed that liquid
permeability waslower by an order of magnitudethan the per meability of samplesmeasur ed with gas.
However, thegasper meability corrected for Klinkenber g effectsshowed difference of half an order of
magnitudewhen compared with liquid per meability. Hencethedifferencesin liquid per meability and gas
per meability could bedescribed by other mechanism of particlesmaobilization and dissolution and pore
blocking phenomena. M oreover, theobtained dataof gasand liquid per meability wasthen used todevelop
per meability estimation correlations. Theresultssuggeststhat thereisscatter in themeasur ed values
and predicted valuesof gasand liquid per meability data, which meansthat such correationsshould not
beused wher eaccur ateliquid per meability valuesof tight sandstonesar eneeded. Per meability predicted
usingtheexisting correlationsdeveloped based on gasper meability datalead to an over estimation of
per meability alsotheflow ratesmight beover predicted within such low per meability reservoirs.
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INTRODUCTION

he permeability is the main property of any
reservoir rock, which controlsthefluid flow and
isan essential parameter for modeling reservoir
production behavior. Permeability to liquid either brine
or distilled water are generally not present for most of the

reservoirs; asit isdifficult to obtain becauseit takesalot
of time to reach stabilized flow rates and pressure
differentials[1-2]. Hence; if liquid permeability is needed
for input into reservoir modeling, the reservoir engineers
generally obtain this by making equivalent to slippage
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corrected gas permeability values of routine core analysis
[3-4]. However, gas permeability measured in laboratory
always show higher value than absolute liquid
permeability for the same sample [3-5]. Many of the
previous studies have reported correl ations between gas
permeability and liquid permeability which were
performed on sandstones samples [5-6]. The main
difference in the pore system of samples between
sandstones and other reservoirs could be the pores itself
and pore; throat internal structure [2-5,7-8]. For
sandstone, high to medium porosity has spherical internal
pore structure with high to medium aspect ratio (pore
body to throat size ratio). It is also reported that the
sampleswith less clay minerals, clay contentshave higher
permeability, in which poreswith low aspect ratioiif filled
with sand grains, and are not completely spherical, also
lead tolow permeability [7-9].

The objective of this study wasto develop correlationin
between gas and liquid permeability values based on the
data obtained in laboratory for the tight rocks of Kirthar
fold belt area Sindh Pakistan. The core samplesinfact are
the ground reality in understanding and exploitation of
hydrocarbon resources [9-11]. The petro physical
properties and geological attributes of rocks encompass
the operator to realize the production potential of a
reservoir and map out the best scenariosfor optimal field
development. Moreover; theauthors[11-12] reported that
the influence of confining stress related to permeability
of few tight sand samples was also studied.The
permeability stress sensitivity results for these samples
will be useful for providing a sound basis of the Kirthar
fold tight gas potential development [13-14].

Thetight gas potential of Pakistan tight gas reservoirsis
very challenging technically and commercially [10]. Hence,
for this reason it is essential to perform detailed petro
physical analysis and to produce gas from such low
permeability reservoirs at commercial rates. Gas

production from tight gas reservoirs ranges from 2
MM scfd to few thousand cubic feet [10,13]. Hence it is
essential to hydraulically fracture these reservoirs and it
is the most critical technique in tight-reservoirs
development [14-15]. The many of the low permeability
reservoirsproductivity isbeing raised to thelevel of their
commercial production rate by hydraulic fracturing. “A
gasreservoir estimated value of average permeability if it
islessthan 0.1md [16-17] with initial wellhead absolute
flow potential (flow at atmospheric pressure at the well
head) of less than or equal to 5 MMscfd” [15-18].

Due to sufficient availability of unconventional gas
resources, no resource assessment for tight gasand other
non-conventional resource has been carried out in
Pakistan. However, the situation is changing due to
growing energy deficit [9-10,16-19]. Gasisthe dominant
component of conventional energy supply of the country,
whichisprojected to declinefrom 4 BCFD in 2008to0 1.6
BCFD in 2022 giving riseto deficit of 7.2 BCFD, whichis
almost twicethe current production level. Thisdemand is
not expected to be met by the conventional gas plays,
and has necessitated the need to look for non-
conventional indigenous gas resources such astight gas.
This study aims to investigate permeability of tight gas
sands so that the marginally profitable reservoirs
productivity can accurately be assessed, so that the
uncertainties can be decreased in commercial extraction

of these readily available gasresources[15,19-20].

Gas in excess of 40TCF (Trillion Cubic Feet) might be
lying un-tapped in the TGR (Tight Gas Reservoirs) of
Pakistan based on exploration activities carried out in the
mature basins of Pakistan and is expected that there might
be substantial risein gasresources . Based onthedrilling
and preliminary assessment of the industry, there are
substantial tight gas reservoirs in the existing plays of
Pakistan, summarizedin Table 1[16,20-21].

Mehran University Research Journal of Engineering & Technology, Volume 36, No. 4, October, 2017 [p-ISSN: 0254-7821, e-ISSN: 2413-7219]

958



Comparison of Klinkenberg-Corrected Gas and Liquid Permeability in Kirthar Fold Belt Tight Gas Sands

The purpose of this study was to assess the extent of
variations in between gas and liquid permeability, that
might exists either dueto the gas dippage effectsor could
be due to other reason such as physiochemical reactions
with water asaporefluid. Moreover, the other aimwasto
develop acorrelation by which aliquid permeability could
be estimated from gas permeability values. To attain these
objectives the permeability of samples collected from
Kirthar fold belt outcrop were obtained, initially the
permeability was measured using dry gas (nitrogen gas)
and then the sampl eswere flooded with brines of different
concentrations, finally the permeability measured using
demineralized water. Asthe nitrogen gasis non-reactive
does not reacts with the samples grain surfaces and is
chemically non-reactive compared with demineralized
water (distilled water). The measured liquid and gas
permeability corrected for slippage effects was then
compared each other [10-21].

2. GEOLOGICAL SETTINGS

The samplescollection locationis specified with Fig. 1 of
Kirthar Fold Belt and is located in (West Pakistan Fold
Belt) [10]. Thisimpartsagood formation (outcrop) andis
realized to have good potential of hydrocarbon reserves
aswell as having good trapping mechanism [10,21-22].
Kirthar Fold Belt, the Pab Formation ispart of sedimentary
succession. Thethick marinesiliciclastic pab formations
of Kirthar fold rangesfrom 50-450m. These mostly consist
of sandstone of inter bedded with marl and mudstones.
The sandstone is yellow, grey light brown and greenish,
which is medium to coarse gained moderate well sorted,

TABLE 1. EXISTING TIGHT GASPOTENTIAL WITHIN
THE PAKISTAN [19]

Basin Block Prospects | Reservoir | GIIP (bcf)
Middle Indus 8 11 7 15000
Sulaimen Foldbelt 4 7 19000
Kirther Foldbelt 7 8 2 7300
Total 19 26 9 41300

well rounded to sub rounded. Marl is very thin-bedded
light grey andislaminated finely. Mudstoneisbio-turbated
and is brownish reported two depositional systems. One
is shallow marine and other one is fluviodeltaic to deep
marineturbidites. Therewerethreefacieswererecognized
as transitional proximal to distal settings, as the deep
shelf facies and shore face associations in the North
depositional system [20,23-24].

3. EXPERIMENTAL PROCEDURE

) The plugsweretaken horizontally to the bedding
section of samples obtained, near Kirthar fold
belt outcrop in district Dadu Sindh, Pakistan.
About 3.5-5.90 cm length and with maximum
diameter of 2.8 cm cylindrical shapeplug samples
weretaken.

@ After plugging the samples were cleaned in a
Soxhlet extractor for removal of any of the
contaminated fluids and residues. The samples

were then placed into oven for about 48 hours
for drying purposes.
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FIG. 1. THE STUDY AREA REPRESENTED IN THIS MAP
[19]
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€) The measurementswere performed using helium
gas as a pore fluid for gas permeability
measurement and (NaCl) brine of 5%.

@ The porosity measurements were performed by
calculations, from GV (Grain Volume) and BV
(Bulk Volume). The BV, was determined by
measuring the sample diameter and length with
caliper as well as weighing the water saturated
sample while immersing into water using
Archimedes principle. GVsof sampleplugswere
obtained using a helium porosimeter. However;
the BV calculations were performed using the
digital Vernier caliper by determining the
dimensions of the samples. Around the three
measurements of lengths and diameters were
taken for accuracy and minimization of error in
calculated values.

The porosity was determined using following Equation

(D:

b= BV -GV "

"By @
Where ¢ is porosity in percentage or in fractions, BVand
GV.

D For brine permesbility measurements (NaCl) brine
solutions of 5%was prepared in the laboratory.
These brines were prepared based on reported
formationweters. Thebrine solutionswerefiltered
by using 0.40 mm filter paper and the brinewere
degassed in a vacuum apparatus for removing
theair prior to usefor permesability measurement.
Viscosity of the brine samples was measured
separately using the Rolling ball viscometer. For
each core samples the steady state permeability
was obtained using four flow rates, calculations
were followed by the application of Darcy’s
equation. The steady state gas permeability

experimental setupisshowninFig. 2; few samples
of very low permeability were measured with
pul se decay experimental setup of Corelab. The
pulse decay experimental set-up outline is also
presented in Fig. 3. The permeability was
calculated using following Equation (1):

__2uLQ,P,
R @
Where i istheviscosity of the fluid flows across sample;
L isthelength of the samplesin centimeters, Qistheflow
ratein cc/sec, Pisthe pressurein atm and A isthe cross-
sectional areaof samplein cm?,

Theliquid permeability was measured using brine of NaCl,
experimentswere performed by flowing brine of 5% NaCl

H sl . k l 1] ;.-?::._'—a:.;-,-\ Q
P, P,
_ KA(P,—P,)
= IJ‘L

FIG. 2. DIAGRAM SHOWS THE STEADY STATE GAS
PERMEABILITY SETUP

fill 2

Vv, V;
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shutoff valve

Hydrostatic confining pressure

FIG. 3. PULSE-DECAY APPARATUS FOR UNSTEADY-STATE
PERMEABILITY MEASUREMENT TO GAS [31]
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across the samples. The pressure drop at each flow rate
was recorded. A graph between pressure drop across
samples versus flow rate was developed for each core
plug to make sure that intersect at zero (Fig. 4).The
permeability measurements were performed at ambient
temperature, and viscosity was cal culated at the measured
temperature. Following Equation (3) was used for liquid
permeability calculations:

_ Qi
"= A(P1-P2) ®

Where Q is the flow in cc/sec, A is the cross-sectional
areaof the samplein cm?, pistheviscosity of sampleand
P1 and P2 are the upstream and downstream pressure in
am.

4. RESULTSAND DISCUSSION

In this study permeability measurements were made on
samples supplied from Kirthar fold belt tight gas sands,
with results presented in Table 2. Porosity-permeability
results as a cross-plot are shown in Fig. 5. Presenting a
typel and Il rock facies. In addition to one of the sample
permeability was circled as outlier. Thissample could be
fractured however, it is recommended to perform micro
scanning using electronic microscope by preparing thin
sections.
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FIG.. 4. A TYPICAL PRESSURE DROP VERSUS FLOW RATE
FOR ONE OF THE SAMPLE

Fig. 6 providesthe resultsfrom permeability measured at
different net confining stresses. The experimentsinitially
performed at lower confining stress of 500 psi and
gradually increased to high confining stress upto 2500
psi. The geometric mean of the permeability to gas is
0.209mDarcy and for brine permeability is0.080mDarcy
(Table2).

TABLE 2. BASIC PETROPHYSICAL PROPERTIES OF
KIRTHAR FOLD BELT SAMPLES

Sample Kg (D) Kb KgKb
KT1 1.02 0.89 0.36
KT2 5.43 256 2.27
KT3 3.66 1.60 2.29
KT4 6.89 5.04 1.37
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FIG. 5. PERMEABILITY VERSUS POROSITY RELATION FOR
ALL SAMPLES STUDIED
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FIG. 6. GAS AND LIQUID PERMEABILITY DATA OF
KIRTHAR FOLD BELT SINDH PAKISTAN
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Moreover; slippage-corrected gas permeability and liquid
permeability data were plotted on alog-og plot and a
power regression was employed to establish acorrelation
(Fig. 6).The results showed a difference of half an order
magnitude and the brine permeability was5-10 timesless
than gas when measured on the same core plug. The
plotted datareveal ed adirect proportionality relationship
(Fig. 6). Slippage corrected gas permeability plotted
against liquid had shown that the gas permeability ishigh
compared to liquid permeability. The sampleswith lower
permeability values have shown more reduction when
measured with liquid permeability compared to gas
permeability. The other possible reason could be the
sample dimensions. If length of the core sampleisless
than the diameter of samplesthenit will disobey Darcy’s
assumption [23-26]. Such differences in permeability
values provide the relative control of fluid flow within
tight sand reservoirs. The dissimilarity observed in
permeability of sandstones using different pore fluids
could bethe physiochemical reactions between water and
clay mineralogy .It was assumed that the presence of
clay mineralogy could be the reason of reduced liquid
permeability, asit can result in formation of layer of clay
bound water on the grain surfaces of samples. The low
permeability sampleswould be more affected by layer of
clay bound water, as clay swelling occur, which resultsin
lessening of size of the pore throat resulting in reduced
area for flow of fluid, consequently reduction in
permesbility [25,27-30].

Based on the gas and permeability dataacorrelation was
established Equation (4) to predict liquid permeability.
Thefitted results are also shownin Fig. 6.

K, . =0.479K4(R2=0.92) @

liquid

4.1 Validation of theDerived Correlation

The correlationswere validated based on the data of core
samplesmeasured in the laboratory. Various samplesfrom
the Lower Indusbasin of Kirthar fold belt formation were
used for the development of the correlation.

The relation of brine and gas permeability of tight gas
sands developed is shown in Fig. 4. Utilizing the
permeability data from both gas and liquid a general
equation was derived (Equation (4)), which shows the
relation between two measurements i.e. the gas
permeability and brine permeability (Fig. 6).

4.2 Overburden Stress Influence on

Permeability

The measured permeability of tight gas samplesfrom all
plugs was plotted against net confining stress and is
shown in Fig. 7. In this plot, 'y’ axes correspond to the
permeability measured at 2500 psi confining pressureand
the ‘X’ axes is permeability which is measured at net
confining pressure of 500psi. It can be seen from the data
plottedin Fig. 7 that thereisagreater degree of permesbility
reduction with low permesability coresthan sampleshaving
high permeability. In core samples with initial absolute
gas permeability lessthan <0.1mDarcy, the permeability
in those samples significantly decreased at high net
confining pressure of 2500psi. This behavior could be
compared with other tight gas formations, which exhibit
permeability, lower than 0.1 mDarcy. The reduction in
permeability observed in present study is also similar to
that of the [26-30]. Thetrend line black colored on Fig. 8
isthe power law fit of the data points on thelog-log plot,
which also shows that the permeability with less than
1mD ismore sensitiveto confining stress. However; there
isamoderate impact on brine permeability reduction was
observed compared to the gas permeability of the samples
studied. Reduction in permeability dueto stressincrease
isreportedin Fig. 7. Thereductionin permeability intight
gas samplesfrom Kirthar fold belt cannot be generalized
for al types of low permeability reservoirs, as every
reservoir will let fluid flow differently based on their
composition and mineral contents as well depositional
environment. By increased confining stress, the
permeability of these samples showed reduction
particularly for sampleshaving very low absoluteinitially
permeability. More work is required to provide reasons
for reduction in permeability due to stressincrease.
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S. CONCLUSION

Thegasand liquid permeability of samplescollected from
Kirthar fold belt conducted using different pore fluids
(e.0. NaCl brines of different composition and distilled
water). The results were compared and the following
conclusionswere drawn:

0] Gas permeability is higher than brine
permeability’sgas permeability valuesare around
5-10 times those values measured by distilled
water.

(i) There was around half an order of magnitude
difference in gas and brine permeability of the
samplesstudied from Kirthar fold belt sands. The
permeability measured with brine was lower,
particularly for those samples, which have less
than 0.1mDarcy permesbility.

(iii) The equation derived for liquid permeability

estimation, and the validity was tested utilizing

the existing data sets of the measured
permeability that were availablein our database,

it was found that there was 0.50% error which
seemsto be negligible.

(iv) Permeability of samples measured showed
sensitivity to stress; the less permeable samples
were more sensitive to stress particularly those
sampleswhich were having lessthan 0.1 mDarcy
absolute permeability. For further stress
sengitivity analysisit isrecommended to run more
permeability experiments on several different

samples at different stress conditions.
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