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Background

Figure 1: Estimated permeabilities for shales A, B and C under 25, 50, 100, 
150, 200, 250, and 300 ˚C.

Permeability is defined as the ability of the rock sample to conduct fluids through it as 
shown in Figure 1. Depending upon whether liquid or gas is flowing through the core, different 
permeability values have been observed in the laboratory [6]. Liquids which do not react with 
the rock grain material yield equivalent liquid permeability; whereas with gases, the observed 
permeability value (Kg) varies linearly with reciprocal of mean pressure. At significantly high 

Crimson Publishers
Wings to the Research

Research Article

*Corresponding author: Talal Al-Bazali, 
Department of Petroleum Engineering, 
College of Engineering and Petroleum, 
Kuwait University, Kuwait

Submission:   February 01, 2023
Published:   February 20, 2023

Volume 18 - Issue 3

How to cite this article: Sarah Alenezi 
and Talal Al-Bazali*. Experimental and 
Mathematical Modelling of Thermal Effects 
on Shale’s Permeability. Res Dev Material 
Sci. 18(3). RDMS. 000938. 2023. 
DOI: 10.31031/RDMS.2023.18.000938

Copyright@ Talal Al-Bazali*. This article is 
distributed under the terms of the Creative 
Commons Attribution 4.0 International 
License, which permits unrestricted use 
and redistribution provided that the 
original author and source are credited.

ISSN: 2576-8840

Research & Development in Material science 2090

Abstract
Pressure transmission tests and mathematical modelling were conducted to determine shale’s permea-
bility under various temperatures (25 ˚C up to 300 ˚C). Results showed that for shales A, the permeability 
decreased as temperature increased from 25 ˚C to 100 ˚C and it increased thereafter (above 100 ˚C). As 
for shale B, the permeability decreased as temperature rose from 25 ˚C to 150 ˚C and then it increased as 
temperature progressed beyond 150 ˚C [1]. The behaviour of permeability of shale C was totally different 
as it increased for all temperatures. We believe that, among other factors, clay sites activation and pore 
dilation could, for most of the part, explain the behaviour of shale permeability for shales A, B & C under 
high temperatures. We think that extreme heat might activate clay sites and cause their detachment from 
shale surfaces. This thermal detachment of the clay platelets is demonstrated as a thermal swelling. Clay 
platelet detachment caused swelling that could narrow pore throats and bodies, decreasing the amount 
of void space in the network of pores. In addition, we believe that high temperature could enhance the 
size of pore throat of the shale which might cause an increase in its permeability. This process is referred 
to in the literature as ‘’pore dilation’’ [2-5]. Data also suggests that the amount of shale’s moisture be-
tween the grains is diminished by the application of heat. A reduction in water activity of all shales as 
temperature risen from 25 ˚C to 300 ˚C was observed. 

http://dx.doi.org/10.31031/RDMS.2023.18.000938
https://crimsonpublishers.com/rdms/index.php
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pressures Kg tends to be equivalent to the liquid permeability value. 
There are three classifications of permeability as absolute, effective 
and relative permeabilities. Absolute permeability, also called 
equivalent liquid permeability, is measured when the core sample 
is 100% saturated with a single fluid type [7,8]. When two or more 
fluids saturate the core, permeability of each fluid, in this case, is 
called effective permeability with respect to that fluid. The ratio of 
effective permeability of any phase to the absolute permeability of 
the core is called relative permeability.

Permeability is one of the fundamental petrophysical properties 
in formation evaluation and is usually distributed non-uniformly 
throughout the reservoir. It is used to describe the reservoir capacity 
to transmit hydrocarbons through it, frequently evaluated from 
well log and well test data [9]. However, in case of heterogeneous 
formations, well log and well test data do not provide a satisfactory 
value of formation permeability, so in such cases it is better to use 
Kozeny Carman model to characterize permeability. Generally 
speaking, porosity and permeability exhibit a linear relationship. 
However, a highly porous rock always guarantee that it will 
also exhibit high permeability [10]. The connectivity of pores is 
necessary to have a good permeability. It is very possible that a rock 

is highly porous, but the pores are isolated and not interconnected 
resulting in an impermeable rock. Pores radii distribution has a 
very significant effect on permeability.

Theoretical calculations show that the larger the pore radius, 
the larger the apparent permeability. Moreover, the apparent 
permeability increases with an increase in the width of pore size 
distribution. A permeable material has a greater number of larger, 
well-connected pores, whereas an impermeable material has fewer, 
smaller pores that are poorly connected [11-13]. Empirically, it has 
been observed, in most of the cases, that permeability is proportional 
to square of pore throat size. Therefore, the largest connected 
pore throats dominate the permeability of rock. A general trend of 
increasing permeability with porosity can be expected as shown in 
Figure 2, but there are various other factors such as grain shape and 
size, packing, compaction, pore radius, pore structure etc., which 
influence the relationship between porosity and permeability. Core 
samples with fairly low porosity and significantly high permeability 
exists such as Oolid grain stone formations. On the other hand, core 
samples with very low permeability and significantly high porosity 
values are also seen, such as North Sea Chalkes and California 
dolomites [14].

Figure 2:Changes in water content for shales A, B and C at different temperatures.

Moreover, permeability has directional characteristics depending 
upon the flow direction. Accordingly, the value of permeability may 
differ with flow direction. Porosity however is a non-directional 
petrophysical property of sedimentary rocks. Therefore, though 
correlations between porosity and permeability exist, they are 
strongly dependent upon pore structure [15]. Though two different 
core samples may have the same porosity but due to differences 
in their pore structure they can exhibit different permeabilities. 
Both pore body and pore throats, as shown in Figure 3, constitute 

porous volume in a core sample, but they cause different levels of 
permeability. It has been experimentally shown that pore body 
constitutes 99.31% of total porosity but determines only 0.31% 
of total permeability; whereas pore throats contribute 0.69% of 
total porosity, but controls 99.69% of total permeability (Marrow & 
MA, 1973). So effectively we can say that having the same porosity 
guarantee the same permeability as both porosity and pore 
structure determine permeability [16]. 
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Figure 3: The impact of temperature on the water activity of shales A, B and C. 

Prior work

Wein Brandt et al. (1975) studied the temperature effects on 
absolute and relative permeability of sandstone samples. Dynamic 
displacement experiments were conducted on small cores under 
increasing temperature conditions [17]. Fractional flow of oil 
and water and ∆p across the sample were noted down at various 
temperatures. Imbibition relative permeabilities were measured 
for five samples of Boise sandstone at lab temperature and 175 
°F. The fluids used were water and mineral oil [18]. The effect of 
temperature on absolute permeability was investigated for six Boise 
sandstone and two Berea sandstone samples. It was observed that 
S_wir increased and S_or decreased with increasing temperature. 
Kro increased for all Sw below the ambient temperature and 
absolute permeability decreased with temperature increase.

Lo HY [19] studied the effect of temperature on oil-water 
relative permeabilities in both oil and water sands. Equipment for 
measuring oil and water flow rates under steady state condition 
was used at various temperatures, then using that data relative 
permeabilities of oil and water were calculated. Consolidated porous 
Teflon and Berea sandstone cores were used in the experiment with 
three oil types; Kaydol, Protol and tetradecane. Their viscosities at 
lab temperature were recorded as 130, 68 and 2cp, respectively. 
Measurements were taken at lab temperature and at 200 °F for 
Teflon, whereas at 300 °F for sandstone. Similar observations 
were made in both water-wet and oil-wet systems. With increasing 
temperature, relative permeability to oil was higher and residual 
oil saturation was lower. Also, at higher temperatures, it appeared 
that the rate of increase in relative permeability to water with 
increasing water saturation increased. Moreover, these effects were 
larger in systems with Kaydol and Protol than with tetradecane. It 
has been also established that changes in viscosity ratio(uo/uw) 
with temperature is a significant factor that influences relative 
permeability curves [20-23]. 

SJ Torabzadey (1984) investigated the impact of temperature 
and interfacial tension on consolidated and relative water/oil 
permeabilities. In this experimental measurements of relative 
permeability for high- and low-tension systems were made at a 
variety of temperatures between 22 °C and 175 °C. Equipment used 
in the experiment was conceived and built to measure the relative 
permeabilities of water and oil at high pressures and temperatures. 
The results of this study used to estimate and performance of 
enhanced oil recovery techniques that take into account the 
addition of chemicals to with hot waterfloods or as steam flood 
additives. Chang et al. (1999) studied the effects of temperature on 
capillary pressure properties of rocks. A specific equipment was 
designed to measure oil-brine capillary pressure of sand cores at 
various brine saturations for temperature ranging up to 325 °F. 
A refined mineral oil and 0.58% sodium chloride brine solutions 
were used the two sandstone and one limestone sample’s drainage 
and imbibition capillary pressures were tested at different brine 
saturations and temperatures of 175 °F, 250 °F and 300 °F, using a 
base pressure of 325psig [24].

The findings from the experiment confirmed when the 
temperature rises, there is less hysteresis between the drainage 
and imbibition curves and more irreducible water saturation 
in sandstones. Also, t was noted that during a sequence run 
of dropping temperatures, the irreducible water saturation at 
elevated temperatures appeared to be larger than it had been 
during the sequence runs of increasing temperatures in the prior. 
Though their significant changes in irreducible water saturation 
for limestone core with increasing temperatures. Muqeem (1995) 
studied the temperature influence on three-phase water-oil-gas 
relative permeabilities of unconsolidated sands. The measurements 
of flow rate and pressure drop across core samples were taken after 
steady state flow condition was established. Tests were conducted 
on Ottawa sand saturated with clean mineral oil, 1% NaCl solution 
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and nitrogen gas. The results showed that relative permeabilities 
have no significant temperature dependence three-phase water 
relative permeability was a function of brine saturation alone. 
Three-phase gas relative permeability was always lower than the 
three phase values. Oil relative permeability seemed to vary with 
the saturations of the other fluids as well.

Materials and Methods
Shale properties

Three different shales (A, B and C) were used in this study. 
In order to guarantee data quality and reproducibility, several 
samples were carefully cut from each shale core (A, B and C) and 

used in this study. Proper care was taken during the handling 
and preparation of the samples to minimize shale exposure and 
interaction with the atmosphere (air). The exposure of shales to 
air could lead to changes in shale properties, especially the native 
water activity (Chenevert and Amanullah, 1997). It is important 
to mention that all shale samples were saturated with a simulated 
pore fluid (NaCl solution of 0.98 water activity). The mineralogical 
properties of shales A, B and C are shown in Table 1. Also, the 
average petrophysical properties of these shales are shown in 
Table 2. Detailed description of the experimental procedures used 
to obtain the mineralogical and petrophysical properties of shales 
A, B and C can be found elsewhere (Al-Bazali, 2005).

Table 1: Mineralogical properties of shales A, B and C.

X-Ray  Diffraction Shale (A) % by Weight Shale (B) % by Weight Shale © % by Weight

Quartz 17.5 15.2 51

Feldspar 6.2 4.1 12

Calcite 3.2 1.7 3

Dolomite 7.5 1.8 1

Pyrite 2.7 1.4 2

Siderite 1.6 1.5 0

Chlorite 3.9 3.5 10

Kaolinite 7.09 6.8 14

Illite 11.2 7.49 44

Total Clay 61.3 74.3 31

Table 2: The petrophysical & chemical properties.

Property Water Content 
(%) Water Activity Porosity (%) Permeability (nD) CEC, ml. 

eq/100gm
Burial Depth 

(feet)

Shale (A) 6.5 0.92 7.9 1.3 17.9 15,890

Shale (B) 10.09 0.96 12.8 3.7 24.7 8,310

Shale (C) 9.88 0.85 11.6 0.45 24.5 16,815

Experimental procedure

Pressure transmission tests were conducted to estimate shale 
permeability. To measure shale permeability, osmotic flow across 
the shale sample needs to be eliminated; therefore, a simulated 
pore fluid upstream and downstream of the shale is flowed [25]. 
Under such conditions and in the absence of electrical and thermal 
gradients, the only flow that occurs will be due to a hydraulic potential 
gradient. Knowing the pressure differential across the shale sample 
as a function of time, pore fluid viscosity, shale geometry and flow 
rate (volume of pore fluid entering the downstream chamber), shale 
permeability using a transient pressure model can be calculated. A 
schematic of the experimental set for the pressure transmission. In 
this test, a shale sample is placed inside the main cell. The main 
cell was placed inside an oven for temperature control purposes. 
A simulated pore fluid was flowed across the shale sample at a 
constant pressure. A back pressure regulator is used to stabilize the 
upstream pressure at a desired value [26].

Before starting the flow across the shale, the downstream 
chamber is filled with a simulated pore fluid and pressurized to 
50psi. It is important to mention that the initial upstream pressure 
is always higher than the downstream pressure so that flow occurs 
across the shale owing to the hydraulic potential. The pressure 
builds up in the downstream chamber is measured, using a pressure 
transducer, over time. The test is terminated 20 hours after the 
downstream pressure matches the upstream pressure [27]. The 
downstream pressure change as a function of time is recorded 
and used to estimate shale permeability using a pressure transient 
model which is explained in section 3.3. A sample of the pressure 
versus time graph that is used to estimate shale permeability is 
shown in Figure 2. Using the oven, the test temperature was changed 
from 25 ˚C to 300 ˚C in increments of 50 ˚C in order to investigate 
the impact of temperature of the permeability of shale. A detailed 
description of the pressure transmission test and model can be 
found elsewhere (AL-Bazali, 2005 and van Oort, 2003). Estimated 
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shales A, B & C permeabilities using our developed transient model are shown in Table 3.

Table 3: Estimated shales A, B and C permeabilities used our developed transient model.

Temperature (˚C) (Shale A) k (nD) (Shale B) k (nD) (Shale C) k (nD)

25 1.3 3.7 0.45

50 1.19 3.33 0.46

100 1.07 3.12 0.44

150 1.15 2.95 0.51

200 1.21 3.17 0.6

250 1.3 3.41 0.63

300 1.41 3.67 0.71

Mathematical model description

 The diffusivity equation, in low permeability rocks, is used to 
describe our system. A full description of the mathematical model 
can be found in AL-Bazali TM [28].

The following procedure is adopted in order to estimate the 
permeability of the shale sample:

i. Pressurize the downstream chamber to a desired value.

ii. Allow the downstream pressure to stabilize and let this 
pressure be Po. The downstream pressure should equal the 
shale’s pore pressure.

iii. Set the oven temperature at the desired value. To start 
with, the oven temperature was set to 25 ˚C.

iv. Start the flow of the upstream fluid on top of the shale at a 
constant pressure (Pm).

v. Record the downstream pressure build up with time 
(P(L,t)).

vi. Plot ln ( )( ) ( ), /m m oP P L T P P − −   versus time.

vii. Determine the slope of the line (𝛌).

viii. Calculate shale permeability as follows:  ( )( )/k CVL Aλµ= −

ix. Change the oven temperature to a new value and repeat 
the test. In our experiment, we tested all shales (A, B & C) at 25, 
50, 100, 150, 200, 250 & 300 ˚C.

Discussion
Clay sites activation

Clay swelling is a well-known phenomenon in shale interactions 
with salt solutions. It is approved that upon shale’s contact with 
water, clay swelling takes place due to water movement into shale, 
particularly when the shale’s chemical potential is less than the 
chemical potential of water (Ewy, 2017; Hale et al, 1992 & AL-
Bazali, 2011). It has also been proposed by many researchers 
that heat could also produce hydrational and expansive swelling 
in shales (Ghassemi & Diek, 2002; Oja et al. 2015; Mirabbasi et al. 
2020). The mechanism that generates swelling stresses in shales 

at high temperatures is still under examination [29]. I believe that 
high temperature could energize active swelling clays and produce 
a transition of inactive clays to active swelling clays. Hansen et 
al. (2012) argued that a clay, at room temperature, is passive and 
non-swelling, experiences a swelling transition as temperature 
increases as shown in Figure 2. The swelling of clay could narrow 
the passage ways between pores, also as pore throat narrowing. 
The narrowing of pore throats due to shale swelling, especially if 
the shale is confined and not allowed to expand, would eventually 
reduce the average pore throat radii and thus causes a reduction in 
shale’s permeability as per equation 4.1. The permeability of shales 
A and B, as depicted in Figure 1 have decreased up to a certain 
temperature and this could be a direct result of shale swelling 
promoted by thermal activation of clay sites. Inactive clay sites 
could thermally be transformed into active clay sites and be capable 
of producing clay swelling as argued above [30]. The swelling of clay 
occupies the available void space in pore throats and pore bodies 
resulting in an overall reduction of open pore space through which 
fluids can flow. Therefore, the permeability which measures the 
ability of shale to conduct fluids through it will be reduced in direct 
proportion to the loss of pore volume caused by shale swelling.

Pore dilation

It is claimed that pore throat size could be changed by heat 
through a phenomenon called pore dilation (Zhang et al. [31] and 
Oleas et al. 2010) as shown in Figure 3. According to equation 
4.1, shale’s permeability is directly proportional to the pore 
throat radius squared. High temperature could have changed the 
mechanical structure, pore throat size and distribution of shale. 
Consequently, high temperature could have enhanced the size 
of the pore throat of shale which may have caused an increase in 
its permeability. It can be evidently realized from Figure 1 that 
the permeabilities of all shales have increased when temperature 
increased dramatically. This may be caused by an increase in 
shale pore size ‘’pore dilation’’ which could have increased shale’s 
permeability. It is also noticeable that the permeability of shale 
B has increased relatively more than that of shales A and C. This 
could be related to the inner shale’s fabric and mineralogical make 
up. According to Table 1, shale B has more clay content and less 
quartz and feldspar content than shales A and C which made shale 



Res Dev Material Sci          Copyright © Talal Al-Bazali

RDMS.000938. 18(3).2023 2095

B more susceptible to pore dilation than shales A and C. Unlike clay 
minerals, quartz and feldspar minerals are mechanically stable at 
high temperature and maintain their rigidity.

Water content

The amount of shale’s moisture between the grains is 
diminished by the application of heat. In addition, the application of 
heat on shale introduces air into the pores network between grains 
which may develop a water-air interface between the grains with a 
curvature radius (r) as shown in Figure 4. If the amount of moisture 
between grains is further reduced by heat, water will retreat 
deeper into the pore throats between the grains and the curvature 
of the air-water interface will increase, leading to a decrease in the 
curvature radii and a decrease in pore water pressure (Forsans & 
Schmitt, 1994). The reduction in curvature radii and decrease in 
pore water pressure in the pores network enhances the capillary 
entry pressure of shale which may have further complications on 
shale’s permeability. Figure 5 shows shales A, B & C water content 
(%) changes as temperature increased from 25 ˚C to 300 ˚C.

Water activity

Figure 1 shows the impact of temperature on the water activity 
of shales A, B & C. Initially, water activity of shales A, B & C was 
0.92, 0.96 & 0.85 respectively. Figure 2 indicates a clear reduction 
in water activity of all shales as temperature increased from 25 
˚C to 300 ˚C. More notably, the rate of decrease in shale’s water 
activity was higher for temperatures between 25 ˚C to 200 ˚C. As 
the amount of moisture between the grains is reduced by heat, 
the pore fluid becomes more saturated with the ions that make up 
the pore fluid. In other words, more water evaporates due to high 
temperature leaving behind a more concentrated pore fluid since 
the temperature at which ions evaporate is much higher than 300 
˚C. Therefore, as the pore fluid becomes more saturated with ions 
and less saturated with water, the water activity of the pore fluid 
should drop since water activity is sensitive to ionic concentration. 
It is proven experimentally, that the addition of ions to solutions 
reduces the water activity of the solution.

Relationship between permeability, porosity and pore 
size

Permeability measures the connectivity between pore spaces. If 
the pore spaces are highly connected, this will promote permeability 
as it creates conductive paths for the fluid to move. Regarding shale 
and its mineralogical compositions, the presence of clay minerals 
has a great effect on permeability. If the total amount of clay 
increases, this means that the water activity through pore spaces 
will increase due to the increase in the ion concentration and 
directly the permeability will increase and vice versa. So, sample B 
shows a greater permeability with higher water activity than other 
samples in Table 2. As the permeability is directly proportional to 
radius of pore spaces and porosity, the porosity will exhibit higher 
values in samples with higher amount of clay with higher water 

activity. The shale porosity not only representing the volume of 
pores between the rock but also the total porosity representing the 
pores around and through clay particles. Sample A and C does not 
show porosity-permeability direct relationship. This could be due 
to differences at their pore throat radii and clay content.

Relationship between interfacial tension and shale 
permeability

Interfacial tension represents the force per unit length on the 
surface between two immiscible fluids. Increasing the interfacial 
tension will decrease the permeability as the fluid becomes more 
wet to the rock and resists its movement. The interfacial tension 
depends on the radius of pore throat, the density of the fluid and 
the wetting angle. Increasing the radius will decrease the interfacial 
tension and vice versa. As it is easy for the fluid to move through 
larger pore spaces than wide pore spaces. So, the resistance of 
movement is less in larger pore spaces. The temperature also affects 
the interfacial tension. Increasing the temperature will decrease 
the interfacial tension and in turn will increase the permeability. 
This is also linked to the effect of pore dilation to permeability. If the 
temperature increases to a higher value, the permeability exhibits 
higher values due to the effect of larger pore throats and reduction 
in interfacial tension. Shales are primarily water wet formation 
whereas oil, natural gases or CO2 etc. are non-wetting fluids with 
respect to shale. The interfacial tension between the shale pore 
fluid and non-wetting fluid CO2 influences the flow of CO2 through 
the shale samples. The flow of non-wetting fluid CO2 through the 
water wet shale gets difficult with Increasing Interfacial Tension 
(IFT), therefore we can say that permeability relative to CO2 will be 
reduced with increasing IFT.

Conclusion
Temperature has a great effect on the permeability of shale as it 

affects the size of pore throat. Pore dilation is a key factor to measure 
the turning point of permeability increase due to temperature 
increase. Water activity and reactivity plays an important role in 
permeability change with temperature change. A summary is 
presented below:

a. The rate of decrease in shale’s water activity was higher 
for temperatures between 25 ˚C to 200 ˚C.

b. As the amount of moisture between the grains is reduced 
by heat, the pore fluid becomes more saturated with the ions 
that make up the pore fluid.

c. Sample B shows a greater permeability with higher 
water activity rather than other samples As the permeability 
is directly proportional to radius of pore spaces and porosity, 
the porosity will exhibit higher values in samples with higher 
amount of clay with higher water activity.

d. The addition of ions to solutions reduces the water activity 
of the solution.
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e. Interfacial tension decreases with increasing temperature 
and that can be attributed to the weakening of intermolecular 
forces at the two immiscible fluids interface.

f. It is noticeable that there is clear reduction in water 
activity of all shales as temperature increased from 25 ˚C to 300 
˚C.
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