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Permeability estimation in shale formations on the
basis of desorption data and radial gas flow model

The paper presents a method for estimating the permeability of the shale rock based on the results of desorption and
using a radial flow model in calculations. In this model, the volumetric flow rate is a function of both the pore size
distribution (various flow mechanisms) and of the organic matter content. The tests confirmed the validity of the
assumptions. Deviations from the correlation between permeability and TOC content, are the result of anomalous
water saturation. The permeability estimation method for large sections of the core significantly reduces the fluctu-
ations caused by the presence of local range microfractures.
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Estymacja przepuszczalnosci skat formacji tupkowych na podstawie wynikéw desorpcii
I przy zatozeniu radialnego modelu przeptywu gazu

Przedstawiono metode¢ szacowania przepuszczalnosci skat lupkowych na podstawie wynikow desorpcji oraz wyko-
rzystanie jej do obliczen modelu radialnego. W modelu tym wielko$¢ objgtosciowego strumienia przepltywu bedzie
funkcja zarowno rozktadu parametrow przestrzeni porowej (rézne mechanizmy przeptywu), jak i zawartosci substancji
organicznej. Przeprowadzone badania potwierdzity zasadno$¢ przyjetych zatozen. Odstgpstwa od krzywej korelacyjnej
przepuszczalnos$¢ — zawarto$¢ TOC sa efektem anomalnych nasycen woda. Metoda estymacji przepuszczalnosci dla
duzych odcinkow rdzenia w sposob zdecydowany zmniejsza fluktuacje spowodowane obecnoscia mikroszczelin

o lokalnym zasiggu.

Stowa kluczowe: przepuszczalnos¢, tupki, desorpcja.

Introduction

Rock permeability is a key input parameter associated with
the characterization of hydrocarbon reservoirs, forecasting
production, determination of the boreholes’ grid, or designing
hydraulic fracturing treatments [15]. This parameter is particu-
larly important in the case of unconventional hydrocarbons
reservoirs in shale formations. Although, in the first stage of
a shale gas reservoir’s life mainly the system of cracks and
fractures, that originate due to hydraulic fracturing, determine
the inflow to the well, it is the rock matrix permeability that
has a crucial impact on long-term reservoir production, and
hence on its profitability.

Contrary to conventional reservoir rocks, the mineral
composition of shale rocks contains large amounts of clay
minerals and that of organic matter, in which a significant

porosity exists. Moreover, most of the pores are in the nano-
meter range [11, 17], in which gas can be accumulated as
sorbed gas as well as free gas and flow mechanism changes:
deviations from Darcy flow and the effect of sorption on
permeability in shales are observed.

The Knudsen number (K,) is the indicator of flow regime
in the pore space [7, 8, 18]. The variability analysis of this
parameter (Fig. 1) shows that the greatest deviations from
Darcy’s law occur at low pore pressures and small pore diam-
eters, and therefore they cannot be neglected in the analysis
of flow in shale formation.

Permeability to gas is one of the most difficult properties
to quantify when characterizing shales, which can range from
micro to nano Darcy. There are many methods to determine
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the permeability of shale rocks. The method of permeability
measurement on crushed samples using pulse-decay technique
(the Gas Research Institute (GRI) method) [6, 9] is one of
most frequently used methods. However, the crushed perme-
ability method does not take into account effective stress and
that measurement is carried out in conditions where K, > 1.
These issues are considered to be the most serious drawbacks
of this method which results in significant measurement
inaccuracies [9]. Moreover, the equations for obtaining per-
meabilities assumes Darcy flow and do not account for slip
flow, transition flow and diffusion effects. Under reservoir
conditions pore pressures and the pore sizes are too large for
pure Knudsen flow and rather transition between Knudsen
and Poiscuille flows occurs. Therefore, the contribution of
diffusion flow to total flow is so important when permeability
measurements are conducted under laboratory conditions.
Permeability measurements of rock samples, performed
both in a steady and non-steady state, allow a more precise
simulation of reservoir conditions (thermobaric conditions,
K, <1). However, these methods require good quality cores,
from which it would be possible to prepare plugs 2.54 cm
in diameter and approx. 4 cm long, which in case of brittle
and laminated/fissile rocks is difficult to achieve. Moreover,
this is a point-type measurement, and therefore to estimate
permeability distribution in the well an appropriate number
of measurements is necessary, and hence an appropriate
amount of the drill cores.

Taking into account above-mentioned considerations, the
question arises of whether we are able to estimate the shale per-
meability having a limited amount of consolidated drill cores.

When hydrodynamic tests have not been performed in
a well, permeability might be estimated based on a canister
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Fig. 1. Flow mechanisms versus pore diameters,
pore pressure and Knudsen number [2, 8, 14]

desorption test performed on a drill core. These measurements
are the basic empirical method to determine the gas content
and composition. Properly planned and carried out desorption
tests also allow us to significantly enrich our knowledge of
the reservoir and to provide necessary link between labora-
tory results and production data [3].

This paper analyses the results of drill core desorption
tests from Ordovician and Silurian shale formations of the
Baltic basin, performed by Company Geokrak Sp. z o.0.
The performed tests provided grounds for estimating the
permeability of shale formation assuming one-dimensional
radial flow model.

Measurement of Desorbed Gas Volume

Drill cores are often desorbed on site to evaluate the total
gas content of target gas shale reservoirs which consists
of desorbed gas, lost gas (gas released from the core since
the coring start till placing the core in a tight canister),
and residual gas (gas released from ground samples of
desorbed core at the reservoir temperature). The free gas
is determined from the difference between the desorbed
and adsorbed gas (based on the Langmuir isotherm) [10].
The desorption data often provides the only information
available for quantitative assessment of permeability and
diffusivity in shales.

Once cores are retrieved from a well they are immediately
put into specially designed canisters at reservoir temperature
to desorb gas at nearly constant ambient pressure. The cu-
mulative volume of desorbed gas is measured, by means of
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a volumeter, at specified time intervals. This kind of procedure
guarantees reliable results.

In this study 37 rock samples from the Pomeranian basin
have been analysed, including 17 Sylurians’ and 10 Ordovi-
cians’. The average TOC content for Sylurian (Wenlock)
samples was 0.84%, for Sylurian (Llandovery) — 1.74% and
for Ordovician — 3.25%.

Fig. 2 presents examples of cumulative pore size distribu-
tion curves for selected samples. The pore distribution for
Lower Sylurian (Fig. 2b) and Ordovician (Fig. 2¢) formations
shows a much more developed pore space in the range below
100 nm than samples from Wenlock formation (Fig. 2a).

Gas adsorbs mainly on the surface of the smallest pores,
and therefore both the traces of sorption curves and the pore
volumes’ correlate with the organic matter content (TOC) [13].



However, in most of the Shale formations high TOC value
means large micropores’ share in total porosity, and high
rock sorption capacity, in the case of analysed sample such
trend was not observed. Relatively low TOC content (up to
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1% Fig. 2) does not affect the total porosity. It means that
the great part of micropores is in the clays minerals and their
composition as well as water saturation will affect the most
sorption capacity of Pomeranian shales.
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Fig. 2. Examples of cumulative pore size distribution
curves for selected samples: a) Wenlockian,
b) Llandoverian, ¢) Ordovician

Permeability estimation of Shale Rocks — Assumptions and Used Models

Both pore space parameters and the organic matter con-
tent and its degree of metamorphosis have a significant im-
pact on the shale rocks permeability. Because of the relati-
vely small average organic matter content in the analysed
samples, to estimate permeability a number of simplifica-
tions were made, which in the case of samples with higher
TOC content can result in underestimation of permeability
results [1, 8, 16].

Figure 3 presents a simplified scheme of gas transport
mechanism in shale rock formations. It assumes a flow, cau-
sed by a pressure gradient, of free gas from pores existing
in the rock matrix to fractures (fracture porosity) and then
to the well. It is assumed that diffusion, exists mainly in the
smallest pores and because of time factor, has a negligible
share in the gas flow stream. The desorption process occurs
when the pore pressure is reduced and adsorbed gas mole-
cules can move and diffuse to the pore spaces from the mi-
nerals’ surface and from the organic matter. Then the desor-
bed gas becomes a free gas and is subject to the same flow
mechanisms as the gas accumulated in the primary porosi-
ty of the given rock.

Another simplification exists in the application of a one
dimensional radial model, which assumes steady horizontal
flow (Fig. 4), then the volumetric stream of gas flow (Q) may
be determined from Darcy’s equation [5, 20]:

0- 2;zkh!P2 - P02) (0

B ln[RJ
r
where:

O — volumetric flow rate [m’s™],

k — permeability [m?],

h — thickness of reservoir rock [m],

P,— pressure on the borehole wall [Pa],

P — pressure on the deposit contour [Pa],

1 — gas viscosity [Pa-s],

R —radius of the reservoir rock (deposit) contour [m],
r —borehole radius [m].

Darcy’s law itself does not contain sufficient information
to solve transient flow (i.e. time-dependent). In order to de-
velop a complete governing equation that applies to transient
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problem a mathematical expression of the principle of mass
conservation should be derived.

Taking into account, that gas transport in shale rock may
be due to either diffusion and/or Darcy’s flow and gas de-
sorption data, where the length of the drill core is sufficiently
larger than its diameter and its gas is desorbed in relatively
small pressure changes, gas transport through the core may
be described by the material balance equation:

P _ k RLIpEY
o pe,(p+1-9K,) r’ = @

with boundary (BC) and initial (IC) conditions of:

op
BCl: 5 =0atr=0;,BC2;p=p.atr=R,
v

and IC:p=p,for0<r<R,att=0

where:

p. — pseudo pressure at ambient pressure and reservoir tem-
perature [Pa],

P, — initial gas pseudo pressure in drill core,

K — apparent transport coefficient [m*s™],

K,— partial derivative of adsorbate density with respect to
gas density,

¢, — gas compressibility [Pa’'],

¢ —porosity,

r —displacement [m],

p —density of the desorbed gas from core which should re-
main constant [mol m™].

The mass fraction F, of cumulative gas desorbed from
the drill core relative to total gas to be desorbed with time
can theoretically be given as:

i 1 2., 2
Fpy=1-4) —e¢ " 3
n=1 é:
where &, is n" root of Bassel equation.

Theoretically, early time and late time data should give
a similar permeability for homogenous reservoir rocks. How-
ever, early-time data is likely of poorer quality and does not
reflect in the appropriate way heterogeneous dual porosity
rocks. Late time data provide more accurate information and
enable us to find an approximate solution of equation (3) as:

2

In(l— F,)= ln[(;in _ 1;521 ‘ )

1

where ¢, is 1" root of Bassel function, j,(¢) = 0, and is equal
to 2.404834. Therefore, if the late-time desorption is plotted
versus time, a straight line is obtained, with the slope s, and
permeability k can be determined as [4, 12]:
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To estimate permeability, the total flow rate of desorbed
gas was taken as the total volumetric flow rate and perme-
abilities for individual fragments of the drill core were recalcu-
lated. The presented way of indirect permeability estimation,
introduces to Darcy’s law a correction related to different flow
mechanisms in shale rocks (desorption, diffusion, slip flow).
To verify estimated permeabilities based on the available
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Fig. 4. Scheme of radial filtration towards the borehole:
O — total volumetric flow rate, Q,,, — volumetric flow rate
of desorbed gas, O, — volumetric flow rate of free gas,
0,,y— volumetric flow rate of diffused gas; other
symbols acc. to formula (1)
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technique on a permeameter (PDP-250 CoreLab"). The mea-
surement procedure was described in detail in paper [19].

core material (plugs 2.54 cm in diameter and approx. 4 cm long)
for 7 samples permeability was measured using Pulse-Decay

Results and Discussion

Permeability values a) Permeability [mD] b) TOC [%]

for shale rocks, estimated 0 1 2 3 4 5 6 o 1 2 3 4 5 6 7 8

based on data from core de-
sorption tests, range from
0.06 to 4.79 uD. These val-
ues are close to the perme-
ability values for the shales
presented in the literature,
which vary from a few doz-
en to a few hundred nD [7].
The results presented
in Fig. 5 show permeabil-
ity changes with the depth
and with the organic matter
content. In general, perme-
ability is strongly correlated v
with the organic matter con-
tent, and therefore with the

WENLOCK
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Depth [m]
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Depth [m]
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total gas content (Fig. 6). ORDOVICIAN
This dependence is indirect-
ly linked to sorption phe-
nomena. It is important to

note that desorption being

ORDOVICIAN

Fig. 5. Profile of a) permeability and b) organic matter content in analysed rocks

independent phenomenon has a completely different response 6

to pressure — with declining pressure the contribution of de- 5

sorbed gas will vary and during exploration will affect the é‘_ ¢ .

decline trend accordingly. Therefore, production life cycle of :> 4 * * o

shale gas reservoir depends on formation sorption capacity. 3 3 S

Deviation from strongly positive TOC and permeability cor- g P

relation may be noticed for three samples from Ordovician E 1

formations, containing 7.24, 1.05 and 4.32 wt.% of organic

matter. This discrepancy results from the specific structure of 0 . ) . ) .

these rocks characterized by low open porosity, where in the
sample containing 7.24 and 1.05 wt.% of TOC the reservoir
water occupies more than 75% and 98% of the pore space
volume, respectively (Table 1).

TOC [%]

Fig. 6. Correlation between rock matrix permeability of shale
formations and organic matter content (R* = 0.63).
Numbers 1, 2, 3 refer to samples specified in Table 1

Table 1. Petrophysical parameters of samples differing from the trend

1

7.24 1.87 1.49 >75% 0.06 0.21
2 432 8.28 3.62 8% 1.96 4.78
1.05 6.31 3.19 > 98% 0.49 0.29
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Verification of Estimated Permeabilities

To verify the accuracy of estimated permeability values
for samples for which the core material was available, perme-
ability was measured using the pulse decay method. Measured
permeability ranged from 0.03 to 0.29 uD for samples without
microfractures, and from 14.35 to 102.75 uD for samples
with stated fractures.

Both estimated and measured permeability values for
selected samples of shale rocks have values of the same
order of magnitude. Differences between the measured and
estimated values may be related to the high heterogeneity
of shale rocks, and also to the fact that during lab tests res-
ervoir conditions were not maintained (measurements were
performed at room temperature).

The issue of appropriate sample preparation for tests is also
important. Overestimated values of rock matrix permeability
from the range of 0.1+0.01 mD are caused by natural micro-
fractures or induced fractures at the stage of plug preparation
(coring, drying) or during the relief of confining stress which
occurs when the core is brought to the surface.

In turn, permeability results obtained from a canister de-
sorption may be affected by underestimation of gas volume.
Depending on the time required to collect drill cores certain
gases may be selectively lost from macroscopic fractures and
open pores, and only gas in the micropores may be preserved
when the core is sealed in a canister. Therefore, permeability

determined from desorption test data may reflect, in the most
accurate way the intact matrix. Moreover, for heterogeneous
or dual porosity rocks the early pressure change is caused by
the penetration of gas into or through the larger pores. Con-
sequently, the early time data may result in overestimation
of permeability (characterization on macropores) which may
be more significant for adsorptive rocks where the majority
of the gas is stored in the micropores.

The obtained results show the decisive influence of mi-
crofractures on the permeability of plug samples. For large
core sections and for the adopted method of permeability
estimation this effect is negligible. If the fractures are natural,
their low density, small width and small range also affect the
estimation. This effect is moderate and provide additional
information about the possibilities of gas transport through
such rocks.

The permeability estimated from desorption data is aver-
aged for large, full-dimension drilling core, and therefore the
obtained values are a rough parameters estimation of specific
separation. It allows us to relate these data more easily to well
tests and upscale the results from the laboratory to reservoir
scale. In turn, the studies performed on plug type samples
allow the separation of the variability scale of studied rocks,
estimating permeability minima and maxima, and characteris-
ing various types of pore space.

Summary

This paper presents a method for shale rock permeability
estimation based on desorption studies and assuming a radial
model of gas inflow. This approach enables the estimation of
permeability at reservoir conditions (pressure, temperature),
and also enable to upscale the results, being a link between
point-type laboratory tests, well tests and reservoir data.

The results of shale rocks permeability, estimated based on
data from desorption studies, range from 0.06 to 4.79 uD. The
presented relationships confirm strong correlations between
matrix permeability and organic matter content, and hence
the total gas content.

Comparing results obtained from calculations using a ra-
dial model and values obtained from measurements on plug
type samples, it is possible to state:

* main advantage of permeability determined from on-site
desorption tests over other methods is that the gas involved
in the test is real natural gas that occurs in the reservoir,
instead of helium, nitrogen or pure methane,

* the results of measurement on small plug type samples are
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dominated by the existence of microfractures. The assess-

ment of whether the fracture is natural or induced during

the process of sample preparation is the basic difficulty,

* plug type samples without fractures will be dominated in
consolidated rocks, which will result in lower values of
permeability for such rocks than the estimation calculated
for a large drilling core section,

* an additional effect of permeability estimations using
radial flow model is marginalisation of microfractures’
(ofa 1 cm —a few cm range) influence on the final result,

* however, permeability determined from desorption test
data may reflect, in the most accurate way to intact matrix,
proper estimation of lost gas may allow to obtain adequate
estimation of dual porosity system.

Summing up, calculations using the radial model allow
the estimation of average permeability values for a specific
zone. In turn, studies on small cores allow the measurement
of the variability scale and the separation of characteristic
types of pore space.
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