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We explore the impact of thermally induced desorption on permeability evolution in shale at constant pore
pressure. Permeability loss due to thermal expansion of mineral aggregates competes with permeability
enhancement due to thermal desorption and shrinkage with increasing temperature. In experiments using core
plugs of Marcellus shale, permeability increases 20% from 296 to 322 K for a pre-fractured sample and 11% from
304 to 334 K for an intact sample. Dynamic bulk modulus decreases from 14.6 to 11.8 GPa when permeability
increases from 2.8 to 3.1-10 72! m?, suggesting that pore volume is expanding due to desorption. We develop a
model for thermal-sorptive permeability enhancement that accounts for pore evolution due to overprinted but
competitive thermal and sorptive strains. A scaling factor between 0 and 1 is included to account for the
volumetric boundary condition ranging from free boundary expansion to fixed bulk volume. The change in
fracture aperture is directly impacted by fracture density. While permeability evolution in shales is generally
characterized by a “U” shaped behavior with increasing pore pressure, our model shows that thermally induced
permeability evolution at constant pore pressure is characterized as an inverted “U”. This is due to permeability
enhancement at temperatures close to the reference temperature and permeability loss at higher temperatures.
We attribute this to larger changes in adsorbed volume at lower temperatures competing with linear thermal
strain that then outpaces desorption at higher temperatures. Both thermal and sorptive strains are modulated by
the mineral distribution within the shale. Discretized images of mineral distribution suggest that there may be a
larger local permeability enhancement than predicted by bulk strain measurements alone, due to the concen-
tration of porosity near sorptive components. Our results include a novel analysis of permeability evolution due
to desorption at constant pore pressure.

1. Introduction

Shale is a sedimentary rock composed primarily of clays, silicates,
carbonates, and organic matter [54]. Shale is typified by low perme-
ability which can be 10-100 times lower in the bedding-perpendicular
direction than in the bedding-parallel direction [4,27,39]. This perme-
ability anisotropy is due to the concentration of porosity between clay-
mineral laminae parallel to bedding [55,19]. Flow paths parallel to
bedding are characterized as macropores and long microfractures that
create a preferential flow network through the shale [38,24]; Yan et al.,
2015; [13]. In between laminae, fluid transport originates in nanopores
and is driven by diffusion [21,22,8]. Both parallel- and perpendicular-
to-bedding, storage and flow occur predominantly in the kerogen and
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clay components [53,12]. Imaging of kerogen in shales shows a
spongelike network of nanopores that create high surface area for
sorptive storage [23]. This arrangement leads to nanoscale diffusion out
of the kerogen into micro-fissures and bedding-parallel fractures during
fluid flow [59,15,35].

While it remains challenging to image nanopores, the pore volume of
the preferential flow network is sufficiently large that it is readily
imaged using numerous techniques [18,11,17]. In all cases, imaging
techniques reveal planar microfractures and macropores separating
laminae. Because gas flow in shale originates in nanopores and within
laminae along clay platelet boundaries, permeability models must ac-
count for the diffusion-driven flow that occurs in these spaces [6,5]. As
the gas approaches the bedding-parallel flow paths, fluid transport
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begins to transition to the Darcian flow regime. This necessitates dual
permeability models that can couple Fickian and Darcian flow when
considering field-scale response [30]. In the laboratory, however, shale
permeability is generally measured individually in either bedding-
parallel or -perpendicular directions using pressure pulse tests (Brace,
1968). As a result, measurements taken in the bedding-parallel direction
are measuring the permeability of the system of planar microfractures
and macropores that make up the preferential flow network.

The large aperture of flow paths in the preferential flow network
allows for use of the cubic law to model permeability [58,1,20].
Permeability evolution in fractured, sorptive media is typically cast as
an ensemble response to evolving strains [34,57,47], and these strains
are often competitive with each other [36,50]. For example, thermally
induced permeability evolution in coals is modeled as an ensemble
response to thermal and sorptive strains and dependent on applied
boundary conditions [42]. While there are several differences between
shale and coal—namely the %TOC, the nature of the flow paths, and the
distribution of minerals—shale should have a similar response.

Thermal strain causes minerals to expand with increasing tempera-
ture with expansion coefficients of the composite mineral aggregates of
the order of ~ 107°/K [43]. Shales experience traditional thermal
expansion in the range 300-400 K typical of reservoirs [16] but at ~
470 K they begin to collapse as kerogen undergoes pyrolysis and illitic
clays experience a reduction in spacing between platelets (Weaver and
Pollard, 1973). Thermal expansion of shales comprising multi-mineralic
aggregates is lower than that of its individual mineral components [43]
as pores and cracks reduce skeletal stiffness and reduce aggregate
thermal expansion coefficient to be less than that of the weighted
average of its mineral composition [10]. The difference is due to mineral
expansion being distributed partly to bulk volume expansion and partly
to pore closure, indicating that thermal strain reduces permeability. The
magnitude of permeability loss depends on the percentage of mineral
expansion that contributes to pore volume reduction. Thermal strain
significantly reduces permeability for constant volume reservoirs [41] —
one end member behavior for the spectrum of boundary conditions.
However, increasing temperature also causes desorption in sorptive
rocks that can both lead to permeability enhancement [46,31] or
permeability loss [51] depending on the comparative influence of the
competitive thermal and sorptive strains.

Adsorption in clays and organic matter causes sorptive swelling,
leading to volume expansion measured as sorptive strain [28]. Sorptive
storage accounts for most of the gas in place in organic-rich shales [37].
Sorptive swelling also constricts flow paths internally, which causes
permeability loss with increasing adsorption [33]. In this regard, sorp-
tive swelling is similar to thermal expansion. The most common way to
increase the amount of adsorbed gas is to increase the pore pressure.
Adsorption in shales typically follows a Langmuir adsorption model
which is typified by large incremental increases in fractional coverage of
adsorption sites at low pressures progressing to smaller incremental
increases in fractional coverage of adsorption sites at high pressures. The
adsorbed volume at 100% monolayer coverage is known as the Lang-
muir volume. The sorptive strain increases linearly with fractional
coverage [44], with the maximum strain called the Langmuir strain.

The large increase in sorptive strain at low pore pressures causes
permeability loss [26]. As increasing pore pressure begins to cause less
additional fractional coverage, poromechanical expansion begins to
outpace sorptive permeability loss. This permeability loss, followed by
permeability recovery and enhancement in shales and coals, is typified
by a “U” shaped change in permeability with increasing pore pressure
[57]. When the sorptive permeability loss is isolated from poro-
mechanical expansion, it is shown to have a Langmuir signature [50].
Desorption of methane typically increases permeability in shales as
sorptive swelling is reduced [32]. Desorption induced permeability
enhancement occurs during nonsorptive gas flooding in shales as the
partial pressure of the methane is reduced at constant temperature [50].
However, the Langmuir isotherm model predicts that desorption also
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occurs with increasing temperature at constant pore pressure. This leads
to counterintuitive mechanical behavior in sorptive rocks with
increasing temperature. Rock stiffness in shales tends to decrease upon
heating and increase upon cooling [9,64]. Laboratory tests on European
black shales show that rock stiffness decreases with increasing temper-
ature in single stage uniaxial compression tests [45]. Increasing tem-
perature leads to a softening of coals, indicated by a decrease in bulk
modulus [25]. Pore closure causes the dynamic bulk modulus to increase
as the shale becomes stiffer due to decreased porosity [48]. The effects of
temperature on mechanical property evolution and permeability evo-
lution of shales are areas of continuing research.

To address these unknowns, we explore the relationship between
sorptive strain and thermal strain in shale at constant pore pressure.
Both strains are dependent on mineral distribution, which we charac-
terize through imaging techniques. We measure permeability evolution
with changing temperature for samples of Marcellus shale while
recording changes in dynamic bulk modulus. We build a model for
permeability evolution as a function of evolving thermal and sorptive
strains. The impact of fracture density, boundary constraint and
competitive swelling are explored.

2. Characterization techniques

To inform model development we first characterize a sample of
Marcellus shale using scanning electron microscopy (SEM) with light
elemental analysis to understand mineral property distribution. Then we
perform experiments with varying pore pressure and temperature to
observe changing internal pore structure via gas permeability mea-
surements. We perform experiments on both a pre-fractured core plug
and an intact sample containing no large fractures. Fig. 1 shows the
characterization workflow, with anticipated results including perme-
ability enhancement due to gas desorption in competition with perme-
ability reduction due to mineral expansion with increasing temperature.

2.1. Imaging techniques

We prepare samples of Marcellus shale cored perpendicular to
(across) bedding using ion milling parallel to bedding. We load the core
into a scanning electron microscope (SEM) with light elemental analysis
capabilities. Fig. 2a shows a backscatter image approximately 0.2x0.2
mm with dark areas of organic matter visible in the center. Framboidal
pyrite is visible as small, bright dots throughout the image. Other min-
erals typically found in the Marcellus shale include illite, smectite, sili-
cates and calcite. We use light elemental analysis to identify pixels
containing predominantly carbon, oxygen, silicon, calcium, aluminum,
and other elements found in minerals common to shales. The elemental
maps are imported as 800x1040 arrays of pixels into MATLAB to identify
grain boundaries. While grain interiors are straightforward to identify,
digitizing the edges is more challenging. After delineating appropriate
boundaries using changing mineralogy, we refine the edge identification
manually. Future work to fully automate image discretization is plan-
ned. Once grains are identified, mineralogy is assigned based on the
elemental maps. Fig. 2b shows calcite, quartz, and organic matter in a
clay matrix. We ignore pyrite. By area, the image is 47.7% clays, 5.63%
organic matter, 35.08% carbonates, and 11.58% silicates. XRD analysis
shows the broader interval is 38.2% clays, 1.0% organic matter, 34%
carbonates, and 19.9% silicates, suggesting good agreement between
these methods.

We further enhance the digital image by assigning coefficients of
thermal expansion. We use generally accepted coefficients of thermal
expansion for illite, quartz, calcite, and kerogen, which range from 2 to
10-107%/K [43]. Fig. 2c shows the distribution of thermal expansion
coefficients. Additionally, we assign sorptive affinity to each mineral in
Fig. 2d. We note that the organic matter has the highest affinity to
adsorption. Clays are weakly sorptive, but also make up a larger percent
of the area of the image. Silicates and carbonates are non-sorptive.



B. Schwartz and D. Elsworth Fuel 302 (2021) 121178

(a) SEM

(e) image of
heater

(g) Thermal resp , fracture cle

Fig. 1. Model Illustration. Samples are characterized using imaging techniques (a). The impact of evolving thermal and sorptive strains (b-c) are measured with
experimental techniques (d-e) to inform thermal-sorptive model development. Changes in permeability are due to microfracture closure/expansion (f-h). Colors in (f-
h) correspond to Fig. 2.
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Fig. 2. SEM image showing rock fabric via backscattered electrons (a), digitized grain boundaries and mineral distribution (b) and thermal expansion (c) and sorptive
affinity (d) maps.

2.2. Experimental techniques contrasting fractured and un-fractured core plugs into a triaxial vessel
which is placed within a furnace (Fig. 1). After applying a hydrostatic
Using the same interval of the Marcellus shale, we separately load external stress of 24 MPa, we allow each core plug to compact over
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several days. Once the core plug stops deforming, as measured within
+/- 0.1 pm by a linear variable displacement transducer (LVDT), we
serially inject sorptive then nonsorptive gas species while measuring
permeability evolution with changing pore pressure. After a set of
permeability measurements is taken for methane and helium over a
range of pore pressures, we increase the furnace temperature and repeat
the permeability measurements. Overall, pore pressures are varied from
1 to 8 MPa and temperature is varied from 296 to 335 K. To minimize the
effects of free gas expansion, we plot each set of measurements at con-
stant pore pressure. This isolates the sorptive strain by minimizing the
strain caused by the free gas. As the experiments are held at constant
stress, the slight expansion of gas due to the ~ 10 K increase in tem-
perature is allowed to dissipate and should also have minimal contri-
bution to strain measurements. Temperature is allowed to equilibrate to
the next set point overnight and held constant during measurements,
reducing measurement uncertainty due to ambient fluctuations. Pres-
sure pulse tests calculate permeability by measuring the slope of the
pressure decay as described in Brace (1968), but the R? value of the slope
can be low in permeability measurements with shale. All pressure decay
measurements in our experiments have R? values greater than 0.95,
indicated a goodness of fit that minimizes permeability measurement
uncertainty.

2.2.1. Permeability through a fracture of known dimensions

To establish permeability evolution in shale fractures with a known
initial aperture and fracture spacing, we fracture a core plug 19 mm in
diameter. Fig. 3 shows an image of the core plug face overexposed to
emphasize the fracture. The fracture geometry is not planar. We measure
permeability enhancement with increasing temperature using both
methane and helium. The initial permeability is 6.7-107'8 m2. The
diameter of the core plug and the initial permeability can be used to
solve for initial fracture aperture:

b, = V12ks (€D)]

where k is the initial permeability and s is the diameter of the core plug.
Since the diameter of the core plug is 0.019 m, the initial aperture is
1.15 pm and the ratio of fracture spacing to fracture aperture s/b is
~16,500.

After measuring initial permeability, we vary temperature and pore
pressure to create isobars of permeability evolution with changing
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Fig. 3. An overexposed image of fractured core plug. The plug is 19 mm
in diameter.
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temperature. We normalize permeability as k/ko where kg is the first
permeability measurement and plot results in Fig. 4. For methane,
Fig. 4a shows permeability enhancement with increasing temperature
for all isobars due to desorption within clays and organic matter and
thermal expansion of the bridging asperities. Fig. 4b shows helium
permeability enhancement due to thermal expansion along the
nonplanar fracture geometry. Permeability evolution is shown for three
different isobars at 1 MPa, 2 MPa, and 3 MPa. The permeability
enhancement for methane is larger than the permeability enhancement
for helium, suggesting desorption along clays and organic matter.

2.2.2. Permeability through an intact sample

After measuring methane permeability of a pre-fractured sample, we
repeat the experiment with an intact sample. We concurrently measure
dynamic bulk modulus during permeability measurements using
piezoelectric transducers (PZTs). Initial permeability of the intact sam-
ple is 2.8 nanodarcies, or 2.8-10~2! m2. From 305 to 335 K, permeability
increases approximately 11%. Fig. 5a shows permeability enhancement
with increasing temperature, suggesting that pore dilation from ther-
mally induced desorption has a larger local effect than pore closure from
mineral expansion. Fig. 5b shows that as permeability decreases, mea-
surements of dynamic bulk modulus increase. Dynamic bulk modulus
decreases from approximately 14.6-11.8 GPa while permeability in-
creases from approximately 2.8-3.1-1072! m?. This is consistent with
the rock becoming softer as pores dilate. Dynamic bulk modulus de-
creases with increasing temperature as pores dilate from additional
desorption.

3. Theory

Next, we present a novel analysis of isobaric sorptive behavior by
extracting the change in fractional coverage of sorption sites with
changing temperature for various Langmuir isobars. Then, we develop a
model to predict permeability evolution with increasing temperature
that accounts for thermal expansion and sorptive shrinkage. Lastly, we
apply the model to permeability enhancement observed in shale due to
thermally induced desorption in laboratory experiments. Table 1 sum-
marizes the nomenclature used for model development.

3.1. Isobaric desorption

In the Langmuir adsorption model, adsorption is cast as a function of
increasing pore pressure at constant temperature. These Langmuir iso-
therms are illustrated in Fig. 6a as increasing fractional coverage of
available adsorption sites. When derived from a kinetic framework, the
Langmuir equation for fractional coverage may be defined as [14]:

_bP
T 140bP

@

where 0 is the fractional coverage and P is pressure. The affinity constant
b is in units of Pa~! and is

b = b e?/*" 3)

where b, is the affinity constant at infinite temperature, Q is the heat of
adsorption, R is the universal gas constant, and T is temperature. The
value of b, can be extrapolated from laboratory data, and is equal to

a

b= —
ka, \/2ZMRT

4

where o is a sticking (attachment) coefficient, k4, is the rate constant for
desorption at infinite temperature, and M is the molecular weight of the
gas. For a given gas and solid, the only variable in Eq. (4) is T, such that
b, varies with T-1/2 as:
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Fig. 5. Permeability enhancement with increasing temperature (a). Permeability decreasing with increasing dynamic bulk modulus (b), consistent with increasing

rock stiffness due to pore closure.

Table 1

Nomenclature.
Symbol Description Units
b Langmuir affinity constant MPa™!
by Initial fracture aperture m
k Permeability m?
s Pore spacing m
Kdco Rate constant for desorption -
A Boundary expansion factor -
R Universal gas constant J-K T.mol™?
P Pore pressure MPa
Py Langmuir pressure MPa
Q Heat of adsorption J-mol ™!
T Temperature K
M Molecular weight g/mol
a Sticking coefficient -
A Coefficient of thermal expansion K!
7 Fractional coverage -/-
€ Strain _
@ Porosity %

1

T -2

boo = booo | 5

(2) ®

Sorptive strain is linear with fractional coverage [44]. With the

maximum strain occurring at 100% coverage, sorptive strain is defined
as

P

L 6
PP 6)

E =

where ¢ is the Langmuir strain at 100% coverage of sorption sites and Py,
is the Langmuir pressure. Py, corresponds to 50% fractional coverage and
is readily estimated from laboratory data. The Langmuir strain ¢ is
typically estimated by curve fitting. Fig. 6b shows standard isotherms for
sorptive strain. A comparison of Egs. (2) and (6) shows that P; equals 1/
b. For a given ¢, the sorptive strain can be cast as a function of varying
pressure and temperature:

b e?/FTP

— ____ 7
SL] +b°°eQ/RTP ( )

Es

While Fig. 6a shows fractional coverage isotherms with varying
pressure, Fig. 6¢ shows fractional coverage isobars with varying tem-
perature. The region from 290 to 400 K is highlighted to show how
fractional coverage changes with varying temperature at typical reser-
voir conditions. Q is a constant that can be measured in the laboratory. A
typical value of Q for shale is 17 kJ/mol [29,7,62], which we use here.
Fig. 6d shows sorptive strain isobars as a function of changing temper-
ature when ¢y is 51074,

3.2. Thermal-sorptive permeability evolution

Permeability evolution is the result of evolving strains that impact
the pore space. As a function of changing fracture aperture, permeability
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for sorptive strain (b). Isobars for changing fractional coverage, with behavior in the temperature region typical of reservoirs highlighted (c). Isobars for sorptive

strain with varying temperature (d).

evolution can be normalized as

k (1 N Ab)3
ko bo

where kg is the initial permeability, by is the initial fracture aperture, and
Ab is the change in fracture aperture. Eq. (8) can be applied to represent
multiple fracture sets where Darcy’s law applies, and we use it here to
model permeability evolution of the microfractures and macropores that
make up the preferential flow network through the shale.

Fig. 6d shows that increasing temperature causes desorption that
relaxes the sorptive strain. Desorption opens pore space as sorptive
swelling is reduced [28]. Therefore, the change in fracture aperture due
to desorption is

(8

Ab, = AsAe,,0 < A < 1 ©)
where s is the spacing between fractures while A represents the
boundary condition and ranges from 0 for free expansion to 1 for fixed
bulk volume. The temperature at the beginning of desorption de-
termines Aegs. Fig. 7a shows desorption-driven strain for three pore
pressures from a starting temperature of 300 K. The impact of thermal
expansion on fracture aperture will depend on whether the boundary
condition allows the shale to undergo free expansion, partial expansion,
or is fully constrained and with no expansion:

Aby = —A(sAey,) 10$)

where &, is the thermal strain. The negative sign indicates that mineral
expansion should reduce pore volume. The thermal strain is

Aey = oy AT an

where a4, is the coefficient of thermal expansion. Thermal expansion can
be approximated as linear for shales in the 300-400 K range. For shale, a
typical value for ay is 2105 k! [43], and we use this value in our
study. We note that an arithmetic average of the mineral distribution by
area %, as shown in in Fig. 2c, gives a coefficient of thermal expansion of
45107 KL

Egs. (9-10) show that the sorptive strain and thermal strain are
mutually competitive and thus the net response of the shale volume will
depend on the sum of these two strains. Fig. 7b shows sorptive, thermal,
and net strain from 300 to 340 K for three pore pressures. The thermal
strain at constant temperature is identical for all three isobars, as the
coefficient of thermal expansion is independent of pore pressure.
Combining Egs. (9-11), the net change in aperture is

Ab = As(Ag, — Aey,) 12)

Fig. 7c shows the net change in aperture from 300 to 340 K for three
pore pressures. For the 1 MPa isobar, the net aperture change is nega-
tive. For the 5 MPa isobar, the net aperture change is positive and has an
inverted “U” shape as thermal strain overtakes sorptive strain. The 9
MPa isobar reflects a neutral response, where the sorptive strain and
thermal strain essentially cancel each other out. Incorporating net
aperture change in Eq. (8) with permeability evolution gives
13

3
S
1+A— — Ag,
k() < + bt) (AE.\ 51/1) )

Fig. 7d shows permeability evolution from 300 to 340 K for three
isobars. The permeability evolution follows the net aperture curves, with
permeability enhancement following an inverted “U” shape due to
permeability loss from thermal strain at higher temperatures. The iso-
lated thermal permeability response in Fig. 7d is independent from pore
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The sorptive, thermal, and net permeability evolution from 300 to 340 K.

pressure, suggesting that the permeability evolution will be positive or
negative depending on the magnitude of the thermally induced
desorption compared to the thermal strain.

Eq. (13) can be expanded using Eq. (5), Eq. (7) and Eq. (11) to
explicitly cast isobars of permeability evolution in terms of changing
temperatures:

(14)

— &0 — ag AT

where Ag; has been separated into the sorptive strain at a given P, T and
the initial sorptive strain es. As b, varies with T~1/2 for a given gas and
solid, it is sufficient to measure or estimate the initial value b, and vary
it accordingly.

3.3. Thermal-sorptive permeability model validation

We apply Eq. (14) to laboratory observations of permeability evo-
lution in shales with varying temperature. There are several constants in
Eq. (14) that should be measured in the laboratory or estimated from
reported magnitudes. We estimate the heat of adsorption Q to be 17 kJ/
mol, the Langmuir strain ¢ to be 5.107%, the coefficient of thermal
expansion ag, to be 2:107°, and the Langmuir pressure Py to be 6 MPa at
300 K [7,30,56,43]. With these values, we are able to isolate by, to be
1.83-10~* Mpa! using Eq. (3) as:

1 1 1
ri= it = (5,) (cm)

(15)

We apply Eq. (14) to our experiments on the intact sample of Mar-
cellus shale (MS1) and on the sample of Marcellus shale with a fracture
of known dimensions (MS2). Fig. 8 shows all measurements that are
conducted at a constant pore pressure of 6 MPa. Because data for MS1 is
gathered at 6 MPa pore pressure, we include the four permeability
measurements for MS2 that are also at 6 MPa pore pressure for com-
parison. For MS1, Eq. (14) fits the data when A = 0.10 and s/b = 1,600.
For MS2, s/b was measured to be 16,500. Eq. (14) fits the data when A =
0.06. Fig. 8 shows the curves from Eq. (14) fit to both datasets. In both
cases, permeability increases with increased thermally induced
desorption. The fit data for MS1 show a rebound towards permeability

1.25
e MS1:6 MPa
1.20 E
e MS2: 6 MPa
Eq. Fit
1.15 |- s
<
=
1.10 |- s
.
. .
L4
1.05 °
1.00
290 300 310 320 330 340

Temperature (K)

Fig. 8. Curve fits for Eq. (14) for a sample of intact Marcellus shale (MS1) and a
sample of Marcellus shale with a fracture of known dimensions (MS2).
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loss at ~ 335 K as thermal strain begins to outpace incremental
desorption.

4. Discussion

We discuss the role of boundary conditions in determining the
impact of the thermal strain and the role of mineral distribution in
determining the difference between local and global strain. The role of
fracture density is explored. The competition between sorptive and
thermal strain is largest within the range of temperatures that typically
exist within reservoirs. We explore the relationship between these
strains and their impact on permeability evolution.

4.1. Boundary expansion

Eq. (14) accounts for the complete range of boundary conditions
through application of the variable A. When A is equal to 1, the
boundary is fixed such that any increase in grain volume decreases pore
volume by the same amount. The Carman-Kozeny equation relates
changes in permeability to changes in pore volume [3]. When porosity is
low, the Carman-Kozeny equation is approximated as:

k 17 3
—~ ). 1
ko (€”o> e

Eq. (16) suggests that permeability decreases with grain volume
expansion at constant bulk volume due to decreased pore volume.

At the opposite extreme of the spectrum, an unrestrained boundary
that allows for free bulk volume expansion should result in a negligible
impact on fracture aperture. In this case, thermal expansion of minerals
results in an increased bulk volume instead of a decreased pore volume.
When A is between 0 and 1, the thermal expansion partially expands the
bulk volume and partially reduces the pore volume. Fig. 9 shows the
impact of boundary expansion when varying A between 0 (free-expan-
sion) and 1 (fully-constrained) at constant pore pressures of 1 MPa
(Fig. 9a), 5 MPa (Fig. 9b), and 9 MPa (Fig. 9c).

While Eq. (9) and Eq. (10) assume that the volume expansion is
determined by the boundary—by having the same A in both equation-
s—it may not be reflective of how sorptive strain is distributed. Sorptive
swelling in shales is not uniform within the matrix, which can cause a
localized permeability response [61]. The %TOC in coals is generally
between 50 and 80%, and the sorptive strain in coals is 1072, Shales
typically have a lower %TOC—on the order of 1%-10%. However, for
pore spaces concentrated near organic matter, the change in aperture
caused by local swelling may be better modeled with a sorptive strain of
1072 In addition, shales are typically of lower fracture porosity and
initial permeability, thus a relatively smaller change in strain can result
in a relatively larger change in permeability [26]. Also, while clays are
only slightly sorptive compared to organic matter, they also make up a
larger volume percent of the shale. Flow paths have been shown to be
concentrated in clays and organic matter in shales [52], which suggests
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that the local effect of desorption should be further studied.

4.2. Fracture density

Fractures that are spaced far apart have to accommodate more of the
strain than when fractures are spaced close together [49]. In Eq. (12),
the thermal strain and sorptive strain both change fracture aperture
proportional to fracture spacing s. The pore deformation caused by
either strain will be proportional to s-¢ and in the case that A =1, Ab =
s-¢ [2]. In Eq. (14), the change in aperture is proportional to s/b. The
reciprocal of s/b is b/s, indicating the innate control of the proportion-
ality of aperture to fracture density. For a given strain, a shale with a
high fracture density will experience less change in permeability than a
shale with low fracture density. Fig. 10 shows that fracture spacing in-
fluences permeability evolution in the same way that boundary expan-
sion does. The main difference is that A ranges from O to 1, whereas s/b
can be large. In MS2, s/b was 16,500. In MS1, s/b was approximately
1,600. This is consistent with other measurements for s/b in intact
samples of Marcellus shale [49,50].

Eq. (14) is developed in such a way that A and s/b are both prefactors
that act on the strain terms in the same way. While A and s/b are
different physical characteristics of the system, they have the same
scaling effect on permeability evolution. We note that both should be
further constrained based on the needs of a particular project. In our
case, we were able to measure s/b directly for MS1, reducing the un-
certainty of our selection of A. We note that the A value for MS2 was
similar to the A value for MS1, suggesting that A may be approximately
0.10 +/- 0.05 for shale systems described in this work. Similar methods
can be used to minimize the uncertainty surrounding s/b. We note that
s/b will vary spatially within a reservoir, and will vary based on the
bedding direction that permeability is being measured in.

While fracture density can be simplified using b/s for our model
input, we note that the development of porosity—especially in organic
matter—is a complex process governed by pores on multiple scales.
Organic pores in shale typically cannot be observed using SEM because
they are smaller than 2 nm. However, macropores and microfissures
found throughout clay material in shales are readily imaged using SEM.
This interplay between a highly dense network of organic pores feeding
into a sparse network of microfissures during transport is an area of
ongoing research. We recommend that any practitioner needing to ac-
count for the impacts of nanoscale storage in organic matter include a
separate fracture density term for this set of flow paths, use a field
equation coupling Fickian and Darcian flow, and separating the model
into directional flow and bedding-dependent permeability as appro-
priate to the specific case.

4.3. Sorptive and thermal strain

The competition between the sorptive and thermal strain creates a
net change in permeability with an inverted “U” signature. Importantly,
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Fig. 9. The role of bulk volume expansion in determining permeability evolution due to thermal and sorptive strains. For free expansion (A = 0), permeability
evolution is negligible. For fixed bulk volume (A = 1), permeability evolution is a function of competing thermal and sorptive strains.
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Fig. 10. The role of fracture spacing in determining permeability evolution at constant pore pressure for 1 MPa (a), 5 MPa (b), and 9 MPa (c).

the strains in Eq. (14) represent changes in strain from a reference
temperature—in this case 300 K. While thermal strain is linear with AT
in the 300-400 K range, the sorptive strain must be further constrained
by the reference temperature. We do this by tracking Ae; with AT and Tp.
Thermal expansion in shales becomes nonlinear as temperature ap-
proaches 500 K. However, for small excursions in temperature and at
temperatures typical of reservoirs, the thermal strain is linear. Fig. 11
shows changes in permeability evolution resulting from changing the
coefficient of thermal expansion. For lower values of ay, permeability
experiences a larger enhancement.

Sorptive strains in shale are typically on the order of 10~%, Maximum
sorptive capacity has been shown to decrease with temperature [60],
suggesting that the maximum sorptive strain &, could also change.
Fig. 12 shows how sorptive capacity of a shale influences its perme-
ability evolution relative to the thermal strain. For the 1 MPa isobar, the
10~* Langmuir strain is insufficient to overcome the permeability loss
due to mineral expansion. Referring to Fig. 6c, this is due to the majority
of the thermally-induced desorption occurring at temperatures lower
than 300 K at a pore pressure of 1 MPa. Fig. 12(b-c) show that the
permeability enhancement for the 5 MPa and 9 MPa isobars can be
substantial. The largest Langmuir strain considered in Fig. 12 is 1073,
which is an order of magnitude larger than bulk sorptive strains typically
measured in shales. However, it may be that a sorptive strain of 10~ is
too small to model fracture expansion caused by shrinkage of clays and
organic matter immediately surrounding fractures and micro-fissures. In
such a case, the local effect of fracture expansion due to reduced
swelling may be better modeled with a sorptive strain of 1072
Compared to the coefficient of thermal expansion for organic matter of
1075, the local effect of a 10~ relaxation of the sorptive strain could
lead to substantial permeability enhancement. This observation is
consistent with the notion of an internal strain that impacts pore dilation
and is proportional to the volumetric swelling strain in shales [40].

Fig. 13 shows three regions on a normalized permeability vs. tem-
perature plot that compares thermal to sorptive strains. In general, the
change in sorptive strain is larger than thermal strain at lower temper-
atures but smaller at higher temperatures. Fig. 6 and Fig. 7a show that

desorption at higher temperature flattens out much like Langmuir iso-
therms do at higher pressure. For a standard isobar generated by Eq.
(14), normalized permeability would begin in the top region of Fig. 13
where desorption outpaces thermal expansion. Once the two strains
approach similar values, the permeability curve would rebound. As
linear thermal expansion begins to outpace incremental desorption with
increased temperature, permeability will decrease.

The net permeability response depends on which strain is larger:
thermal or sorptive. Therefore, a ratio of changing sorptive strain to
changing thermal strain can be developed:

Agg
R=-2
Agy,

a7

When R is greater than 1, permeability increases and when R is less
than 1, permeability decreases. Normalized permeability is plotted
against temperature for various isobars in Fig. 14a. For pore pressures
less than 1 MPa, permeability monotonically decreases as there is
insufficient incremental desorption to overcome permeability loss from
mineral expansion. Pore pressures between 1 and 2 MPa return an
inverted “U” shaped permeability evolution indicative of early perme-
ability enhancement from desorption being finally outpaced by perme-
ability loss from mineral expansion at higher temperatures. Pore
pressures greater than 2 MPa show monotonically increasing perme-
ability as the fractional coverage of sorption sites changes by a sub-
stantial margin within the temperature range of the plot. At higher
temperatures, however, permeability will begin to decrease as there is
no meaningful change in incremental sorptive strain to overcome
permeability loss from continued linear expansion of the mineral matter.

Fig. 14b shows the same permeability isobars plotted vs. the R values
from Eq. (17) for each data point. When R is less than 1, permeability
decreases. When R equals 1, permeability does not change. When R is
greater than 1, permeability in enhanced. As R becomes much smaller or
much greater than 1, the magnitude of permeability fluctuation becomes
large. Eq. (17) can be expanded to highlight that for a given gas and
solid, R changes due to changing temperature and changing fractional
coverage:
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Fig. 11. The role of the coefficient of thermal expansion on permeability evolution at constant pore pressure isobars of 1 MPa (a), 5 MPa (b), and 9 MPa (c). As o,
becomes smaller, the permeability enhancement due to desorption becomes the dominant strain.
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e, A0
R=11"2 (18)
ga,;, AT
where ¢ and ay, are constants that condition the magnitude of R but do
not cause R to change.

5. Conclusions

Permeability evolution at constant pore pressure and varying tem-
perature can be represented then modeled as the net response to two
competing strains. Sorptive strain is competitive with thermal strain,
where desorption causes permeability enhancement and thermal
expansion of the mineral aggregate causes permeability loss. Both
strains are distributed between boundary expansion of the bulk volume
and reduction of pore volume and conditioned by the associated con-
ditions of boundary constraint. The change in fracture aperture is
directly impacted by fracture density.

Both thermal and sorptive strains are modulated by the mineral
distribution within the shale. These minerals have different coefficients
of thermal expansion and different sorptive capacities. Whereas clays
are only slightly sorptive compared to the organic matter, clays also
make up a much larger volume percent of the shale and thus are
important in their contribution to overall strain. Silicates and carbonates
are nonsorptive. Organic matter and clays also have higher coefficients
of thermal expansion compared to silicates and carbonates. This may
indicate a partitioned, localized permeability response within clays and
organic matter experiencing thermal and sorptive strains.

Thermally induced desorption at constant pore pressure can be
modeled using the Langmuir adsorption model. Compared to the “U”
shape of permeability curves for sorptive rocks with increasing pore
pressure, our model for permeability evolution has an inverted “U”
shape with increasing temperature. Permeability enhancement at

1.10 T

(b)
e 05MPa 1.75 MPa
e 075MPa 2.0 MPa
e 1.0MPa 2.5 MPa
1.05 ® 125MPa 3.0 MPa
e 15MPa
o
=< 1.00
X2
0.95
0.90 -
0.0 0.5 1.0 1.5 20
R =& /em

Fig. 14. Permeability evolution for various isobars. (a) shows the transition from increasing permeability to decreasing permeability as isobars of pore pressure

change. (b) shows the impact of R on the magnitude of permeability evolution.
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temperatures close to the initial reservoir temperature are eventually
outpaced by permeability loss at higher temperatures. This is due to
thermal strain being linear from 300 to 400 K whereas the increment of
sorptive strain diminishes as temperature continues to increase. When
the sorptive strain is much larger than the thermal strain, as captured by
the ratio between them being much greater than one (R>1), the
permeability of the shale will increase significantly. In addition, the
ratio between the sorptive strain and the thermal strain can be used to
predict the magnitude and sign of permeability evolution. As either the
thermal strain or sorptive strain becomes much larger than the other,
permeability fluctuation becomes large.

There may be local desorption which has a larger impact than the
bulk sorptive strain suggests. Quantifying the net system response of
adsorption on different minerals can be estimated using bulk measure-
ments as we do here. To quantify the local influence of mineral distri-
bution on the sorptive strain would require micromechanical modeling,
which we suggest as a future study to build from this work. We also
recommend further study into the distribution of the sorptive strain and
its impact on nearby flow channels.
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