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The growing demand for energy provides an incentive to pursue unconventional 

resources. Among these resources, tight gas and shale gas reservoirs have gained 

significant momentum because recent advances in technology allowed us to produce 

them at an economical rate. More importantly, they seem likely to contain a significant 

volume of hydrocarbon. 

There are, however, many questions concerning hydrocarbon production from 

these unconventional resources. For instance, in tight gas sandstone, we observe a 

significant variability in the producibilities of wells in the same field. The heterogeneity 

is even present in a single well with changes in depth. It is not clear what controls this 

heterogeneity.  

In shale gas, the pore connectivity inside the void space is not well explored and 

hence, a representative pore model is not available. Further, the effects of an adsorbed 

layer of gas and gas slippage on shale permeability are poorly understood. These effects 

play a crucial role in assigning a realistic permeability for shale in-situ from a laboratory 

measurement. In the laboratory, in contrast to in-situ, the core sample lacks the adsorbed 

layer because the permeability measurements are typically conducted at small pore 
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pressures. Moreover, the gas slippages in laboratory and in-situ conditions are not 

identical. The present study seeks to investigate these discrepancies. 

 Drainage and imbibition are sensitive to pore connectivity and unconventional gas 

transport is strongly affected by the connectivity. Hence, there is a strong interest in 

modeling mercury intrusion capillary pressure (MICP) test because it provides valuable 

information regarding the pore connectivity. In tight gas sandstone, the main objective of 

this research is to find a relationship between the estimated ultimate recovery (EUR) and 

the petrophysical properties measured by drainage/imbibition tests (mercury intrusion, 

withdrawal, and porous plate) and by resistivity analyses. As a measure of gas likely to 

be trapped in the matrix during production—and hence a proxy for EUR—we use the 

ratio of residual mercury saturation after mercury withdrawal (Sgr) to initial mercury 

saturation (Sgi), which is the saturation at the start of withdrawal. Crucially, a multiscale 

pore-level model is required to explain mercury intrusion capillary pressure 

measurements in these rocks.  

 The multiscale model comprises a conventional network model and a tree-like 

pore structure (an acyclic network) that mimic the intergranular (macroporosity) and 

intragranular (microporosity) void spaces, respectively. Applying the multiscale model to 

porous plate data, we classify the pore spaces of rocks into macro-dominant, 

intermediate, and micro-dominant. These classes have progressively less 

drainage/imbibition hysteresis, which leads to the prediction that significantly more 

hydrocarbon is recoverable from microporosity than macroporosity. Available field data 

(production logs) corroborate the higher producibility of the microporosity. The recovery 

of hydrocarbon from micro-dominant pore structure is superior despite its inferior initial 

production (IP). Thus, a reservoir or a region in which the fraction of microporosity 

varies spatially may show only a weak correlation between IP and EUR.  

In shale gas, we analyze the pore structure of the matrix using mercury intrusion 

data to provide a more realistic model of pore connectivity. In the present study, we 

propose two pore models: dead-end pores and Nooks and Crannies. In the first model, the 

void space consists of many dead-end pores with circular pore throats. The second model 
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supposes that the void space contains pore throats with large aspect ratios that are 

connected through the rock. We analyze both the scanning electron microscope (SEM) 

images of the shale and the effect of confining stress on the pore size distribution 

obtained from the mercury intrusion test to decide which pore model is representative of 

the in-situ condition. We conclude that the dead-end pores model is more representative. 

 In addition, we study the effects of adsorbed layers of CH4 and of gas slippage in 

pore walls on the flow behavior in individual conduits of simple geometry and in 

networks of such conduits. The network is based on the SEM image and drainage 

experiment in shale. To represent the effect of adsorbed gas, the effective size of each 

throat in the network depends on the pressure. The hydraulic conductance of each throat 

is determined based on the Knudsen number (Kn) criterion. The results indicate that 

laboratory measurements made with N2 at ambient temperature and 5-MPa pressure, 

which is typical for the transient pulse decay method, overestimate the gas permeability 

in the early life of production by a factor of 4. This ratio increases if the measurement is 

run at ambient conditions because the low pressure enhances the slippage and reduces the 

thickness of the adsorbed layer. Moreover, the permeability increases nonlinearly as the 

in-situ pressure decreases during production. This effect contributes to mitigating the 

decline in production rates of shale gas wells. Laboratory data available in the literature 

for methane permeability at pressures below 7 MPa agree with model predictions of the 

effect of pressure.  
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Chapter 1:  Introduction 

1.1. Problem statement 

Tight gas and shale gas reservoirs are thought to contain a significant fraction of 

energy (Polczer, 2009), yet the physics of flow through the matrices of these 

unconventional resources are not well understood. This is mainly because of the 

complexity of the pore connectivity in tight gas sandstone. In shale gas, this becomes 

even more challenging because the transport properties of a single nanoscale throat—the 

typical pore throat size in shale (Nelson, 2009)—are still a matter of active research.  

In many conventional rocks, a significant range of saturation corresponds to a 

narrow range of capillary pressure during drainage. For instance, the wetting phase 

saturation (Sw), defined by Sw = 1 – SHg, decreases 0.7 (from Sw = 0.9 to Sw = 0.2) when 

the capillary pressure increases from 0.7 to 2.1 MPa in a carbonate sample, as shown in 

Figure 1.1 (Al-Sayari, 2009). This is shown by the gray box on Figure 1.1. The capillary 

pressure is within 50 percent of a threshold pressure in percolation (Berkowitz and 

Balberg, 1993). The threshold pressure is 1.4 MPa in this sample.  

When percolation occurs, a large number of throats with capillary entry pressures 

smaller than the threshold pressure are accessed. These throats are not invaded at a lower 

pressure because access to them is only by way of narrower throats. The existence of a 

plateau-like trend in drainage curve, when capillary pressure versus wetting phase 

saturation is plotted in a linear scale, is an indicator of this phenomenon (see Figure 1.1). 

The conventional models, such as sphere packing (Behseresht and Bryant, 2009), are 

capable of capturing this plateau-like trend in the drainage curve when the results are 

plotted on a linear scale. 
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Figure 1.1: Drainage results of carbonate sandstone (Al-Sayari, 2009) obtained from 

mercury intrusion test. The gray box shows the decrease in the wetting 
phase saturation (Sw) from Sw = 0.9 to Sw = 0.2 when the capillary pressure 
increases from 0.7 to 2.1 MPa. This range of capillary spans 0.7 MPa from 
1.4 MPa which is the threshold pressure of this sample. The wetting phase 
saturation here is defined by Sw = 1 – SHg. We observe a plateau-like trend of 
capillary pressure with wetting phase saturation in drainage when it is 
plotted on a linear scale. 

 

In tight gas sandstones, however, the change in wetting saturation during mercury 

intrusion is rarely as large as the conventional sample we observe in Figure 1.2. That is, 

we do not see the plateau-like trend in drainage experiments, even when capillary 

pressure is plotted on a logarithmic scale. Thus, the conventional models, such as sphere 

packing (Mousavi, 2010), cannot capture the two-phase displacement of tight gas 

sandstones. 
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Figure 1.2:   Mercury intrusion capillary pressures of confined Western tight gas 
sandstones versus wetting phase saturation (Sw), where Sw = 1 – SHg. The 
capillary pressure shows that there is no plateau-like trend similar to what 
we observe in Figure 1.1. There is only a slight percolation which is shown 
by the gray boxes. Thus, the conventional models such as sphere packing 
cannot capture this trend (Mousavi, 2010). 

In shale reservoirs, there are two fundamental challenges in the physics of gas 

flow through the matrix. First, the extremely narrow size of the pore throats prevents us 

from using continuum models. Second, gas desorption takes places during the production, 

which alters the pore structure. 

The pore throat size of shale is on the order of a nanometer (see Nelson, 2009), 

whereas those of conventional reservoirs are rarely less than microns. Figure 1.3 shows a 

scanning electron microscope (SEM) image of a shale sample (Wang and Reed, 2009). 

This means that the conventional models, such as sphere packing, used for studying 

transport in conventional rocks, in which pore throats are a hundred to a thousand times 
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larger, cannot be employed directly. This is because, in extremely narrow throats, 

molecule-wall collisions are more dominant than molecule-molecule collisions. Thus, the 

interactions of molecule-wall must be modeled to predict the flow properties, which is the 

case for shale. However, the conventional models are designed to capture molecule-

molecule collisions, and thus cannot be adopted directly. 

Further, most of the void space is inside the organic-rich region of Barnett shale 

(Loucks et al., 2008; Wang and Reed, 2009), as depicted in Figure 1.3, and that is where 

gas desorption takes place. The adsorbed layer of gas becomes thinner during production, 

and hence the pore throat area open to flow expands. This leads us to a new family of 

pore structures in which the resistance against the flow is a strong function of pressure. 

Such a pore model has not been developed. 

 

Figure 1.3: A scanning electron microscope image of a Barnett shale sample (courtesy 
of Wang and Reed, 2009).  
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1.2. Objectives 

This dissertation examines the petrophysical properties of tight gas and shale gas 

reservoirs to understand how hydrocarbon flow takes place through the matrices of these 

unconventional resources. To this end, this study adopts the pore-scale modeling 

approach and discusses the implications of such modeling for production. For dealing 

with tight gas and with shale gas, respectively, the main objectives of the present study 

are the following: 

a) To develop a new pore structure model to capture two-phase displacements in 

tight gas sandstone. This entails appropriate representations of the microporosity and 

macroporosity to mimic the flow through each and their interactions.  

b) To analyze the pore connectivity of gas shale and compare it with the void 

space of conventional reservoirs. Further, we evaluate the effects of an adsorbed layer of 

gas and of gas slippage on the single-phase gas permeability.  

  
1.3. Hypotheses tested in this research 

The conventional network models, such as sphere packing and regular lattice, 

allowed many researchers to analyze flow properties through a matrix of unconsolidated 

sandstone (Behseresht et al., 2009; and Rodriguez, 2010). The network modeling 

approach divides the void space into pores interacting with each other by the pore throats. 

We adopt the term “conventional” here for the regular lattice and sphere packing-based 

models because the positions of the pores are assigned either from the pattern of regular 

lattice or from sphere packing. The pore throat size is then obtained from the positions of 

the grains in the sphere packing-based approach, and in the regular lattice, the pore throat 

size is assigned randomly from mercury intrusion capillary pressure mesuremeant data. In 

the present study, we hypothesize that the network modeling approach can capture the 
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transport properties of tight gas sandstones and of gas shale if the positions of the pores 

are assigned appropriately and if their characteristics sizes are determined correctly. 

In tight gas sandstone, our hypothesis is that the natures of the intergranular and 

intragranular voids are different both in terms of the characteristic size of the pore throats 

and the spatial distribution (topology) of the pore throats. We term “intergranular” and 

“intragranular” voids as “macroporosity” and “microporosity”, respectively, and use 

them interchangeably. This means that this is a topological criterion and not a size 

criterion. Thus, we propose a multiscale network model to capture the transport 

properties of this unconventional resource. The multiscale model comprises a 

conventional network model and a tree-like pore structure (an acyclic network) that 

mimic the intergranular (macroporosity) and intragranular (microporosity) void spaces, 

respectively.  

The present study tests the proposed multiscale model by comparing the predicted 

results of the model with the petrophysical measurements. We compare the imbibition 

data obtained from mercury withdrawal as well as drainage results from the porous plate 

experiment. We also test the actual production data because our model has major 

implications for producibility. The model classifies the producing intervals into macro-

dominant, intermediate, and micro-dominant, and predicts that the hydrocarbon recovery 

improves progressively in these intervals. This classification is based on the fraction of 

connected microporosity to total porosity, meaning that the micro-dominant interval has 

the largest fraction of connected microporosity. To test the hydrocarbon recovery 

prediction, we use field data (production logs) taken at different times in a single well. 

In shale gas, our hypothesis is that the void space of the un-fractured matrix 

consists largely of dead-end pores. Hence, we propose a tree-like pore model in which 

many pores with circular pore throats are connected to a branching point. This is similar 
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to the tree-like pore model proposed for the microporosity of the tight gas sandstone. This 

part of our research aims to provide a more representative model for pore connectivity.  

We test the pore connectivity model by SEM images of shales to determine 

whether the pore connectivity model, in which each pore is connected to three or fewer 

pores, is consistent with the image analyses available in the literature. We also analyze 

the effects of confining stress on the drainage results obtained from mercury intrusion test 

and on the pore throat geometry. The image analysis reveals whether the circular pore 

throats we adopt for the dead-end pores model remain open under confined conditions, 

which is representative of in-situ stress boundary conditions. 

In addition, we study the effects of adsorbed layer of methane and gas slippage on 

the pore walls.  We hypothesize that an adapted network model can be used to analyze 

the single-phase gas flow properties at in-situ conditions. Both the adsorbed layer and 

slippage are present at in-situ conditions. This model is based on SEM images of shale 

samples and a pore size distribution obtained from the mercury intrusion test. It further 

accounts for the effects of an adsorbed layer and slippage depending on the gas pressure. 

The thickness of the adsorbed layer increases with the gas pressure whereas the slippage 

decreases with an increase in the gas pressure. 

The present study also tests the adapted network model predictions against 

laboratory measurements available for low pressures (< 8 MPa). At those pressures, gas 

slippage plays a more important role, and thus the laboratory results yield a partial 

validation of the model. 
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Chapter 2: Literature review 

The present study consists of two major sections, the first deals with tight gas 

reservoirs and the second with shale gas reservoirs. The following literature review 

covers studies related to each of these topics.  
 

2.1. Tight gas sandstone 

In tight gas sandstone, the objective of this study is to understand the pore 

structure in terms of the characteristic size of the throat and connectivity. In-depth 

understanding of the pore structure is crucial because it allows us to predict the ultimate 

recovery. The prediction of hydrocarbon recovery from the understanding of the pore 

structure arises here and not in the conventional rocks because there are two types of 

porosities, i.e. microporosity and macroporosity, interacting with each other unlike the 

conventional rocks. Possible differences in the pore structures of the porosities makes it 

possible for them to behave differently in terms of recovery and thus, it is possible for 

producing intervals of a well, which could have different fractions of these porosities, to 

produce differently. Therefore, we will mainly focus on the petrophysical models of the 

pore structure both analytical and empirical. 

We begin with a definition of tight gas sandstone. Tight gas sandstone is generally 

considered a formation with low permeability. The US government provided a more 

precise definition by indicating that its single-phase permeability is less than 0.1 microD 

(Holditch, 2006). Some researchers, however, disagreed and proposed alternative 

definitions. For instance, Holditch (2006) stated that a formation is tight gas if it is 

producible at an economic rate only after hydraulic fracturing. Later, Nelson (2009) 

recommended another criterion. He claimed that hydrocarbon is not stored under the 

buoyancy force in these formations and that this should be adopted as a distinguishing 
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criterion. Despite the differences in the definitions, they have the commonality of not 

using porosity as a screening factor. This tells us that the resistance of the formation 

against the flow is the main concern and is probably is the reason why many researchers 

studied the flow behavior of tight gas sandstones. 

Many studies have been undertaken to model the fluid flow through these 

reservoirs. The importance of these studies becomes more obvious considering the fact 

that these reservoirs behave differently from the conventional reservoirs in several 

respects (Masters, 1979; Masters, 1984; Law and Dickenson, 1985; Spencer, 1985, 1989; 

Surdam, 1997). One characteristic of these unconventional reservoirs is that producibility 

can vary widely from well to well. Another characteristic is that water production rates 

strongly affect the economics of gas production but are difficult to predict. The amount of 

fluid recovered after the hydraulic fracturing operation is also an important consideration 

(Bazin et al., 2010; and Bahrami et al., 2011). 

The influence of confining stress on the porosity and single-phase permeability 

were also studied (Ostensen, 1983; Luffel et al., 1991; Byrnes and Castle, 2000; Jones 

and Owens, 1980). It was reported that the porosity change with loading is negligible 

whereas the permeability decreases notably (Jones and Owens, 1980). It was further 

stated that the permeability reduction is more notable for lower permeability rocks (Jones 

and Owens, 1980). Considering the significant decrease of permeability with loading, it 

was concluded that the flow occurs mainly through sheet-like cracks and consequently, 

the crack closure was modeled (Cluff and Webb, 2009). Further, two-phase flow 

characteristics were explored (Shanley et al., 2004).  Analyzing the relative permeability 

data available in the literature, Shanley et al. (2004) argued that over a wide range of 

wetting phase saturation, gas does not flow. In addition, the influence of diagenesis on 

flow properties was investigated (Mousavi and Bryant, 2008, Lee et al., 2010, and Olson 
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et al., 2010). In other research, it was indicated that the pore connectivity is a dominant 

parameter in the fluid flow (Mousavi and Bryant, 2009). 

The macroscopic flow properties of sedimentary rocks depend on their 

microscopic structure (i.e., grain scale geometry) and on conductive fractures within the 

rock. To better understand this dependence, many researchers have investigated pore 

structures of conventional sandstones, and recently those techniques have been extended 

to tight gas sandstones (Nelson, 2009). Hayes (1991) showed that the porosity evolution 

stages can be indicated from the vitrinite reflectance, (Ro). The stages are destruction of 

primary porosity, dissolution porosity, and destruction of porosity by cementation and 

compaction.  

Many conventional models, such as Corey-Brook (1966), cannot capture the two-

phase flow properties of tight gas sandstone. This is because the conventional models 

were proposed for the pore structures of conventional rocks, which differ from the pore 

structure of tight gas sandstone. Therefore, to create an appropriate model, we need to 

understand the pore structure of tight gas sandstone and its differences from conventional 

rocks. This entails analyzing the fluid flow from a fundamental level, that is, at the pore-

scale. The pore-scale approach accounts for the interactions of the pores, which are 

connected in a network pattern. 
 
2.2. Theoretical approaches (network modeling) 

Network modeling is a theoretical approach that mimics the void space by 

building a network of pores connected to each other. The interaction of the connected 

pores is through the pore throat. This approach implements the interactions of pores 

inside the rock and allows us to estimate flow properties such as permeability. 
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2.2.1. Bundle-of-tubes model 

Purcell (1949) proposed the bundle-of-tubes model for a void space in a porous 

medium. This means that the parallel tubes can model the macroscopic transport 

properties. The main goal of this approach was to relate the mercury intrusion experiment 

(drainage) to single-phase permeability. A schematic illustration of the model 

representing a three-dimensional representation of a rock is shown in Figure 2.1.  

 

 

                            (a)                                                                  (b) 

 
Figure 2.1:   The bundle-of-tubes model depicted in (b) simplifies the three-dimensional 

pore model of a rock shown in (a). The simplified representation of the void 
space contains many parallel tubes with a circular cross section. See the plan 
and side views in (b). 

The main notion here is that the void space accessed at each capillary pressure has 

a characteristic size that controls the permeability. The characteristic size is relevant to 

the size of the tube because this model presumes the void space contains parallel tubes. 

The characteristic size of the tube is determined from mercury intrusion capillary 

pressure (MICP) data using the Young-Laplace equation. With this notion, Purcell (1949) 

related the drainage measurement to single-phase permeability: 
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where γ  is the interfacial tension of the mercury, ϕ is the porosity of the sample, Sw is the 

wetting phase saturation, and F is the lithology factor. The lithology factor is a matching 

parameter which is calculated for each type of pore structure after fitting the above 

relation to a number of samples. 

The main advantage of the bundle-of-tubes model is its simplicity. In addition, it 

incorporates the idea of pore size distribution into the pore model. However, it fails to 

provide a realistic image of the rock, as it ignores the pore connectivity. In reality, pores 

are not arranged in a pattern similar to tubes. 

 
2.2.2. Interconnected tubes model 

Because pores are interconnected, the bundle-of-tubes model is not representative 

of the void space. With that in mind, Fatt (1956) proposed that the pores are 

interconnected in a regular lattice pattern. Figure 2.2 shows a two-dimensional regular 

square lattice model as an example. 

 
Figure 2.2: A two-dimensional regular square lattice model was proposed by Fatt 

(1956). This model includes interconnectivity of the pores and is capable of 
capturing residual nonwetting phase saturation during drainage and 
imbibition. 
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This model accounts for the interconnectivity of the pores. The interconnectivity 

permits us to capture the residual wetting phase saturations both in drainage and 

imbibition. We are aware that the wetting phase remains in the void space in the form of 

residual phase and hence, this model is more representative of the pore space of the 

conventional rocks such as unconsolidated sandstone. 

 

2.2.3. Network extraction from rock image 

The rock image indicates positions of the pores and thus, we can extract the 

network model directly (Oren et al., 2002). Because this is a direct extraction of the 

network model from the void space without considering a pattern a priori similar to the 

Bundle-of-tubes and regular lattice model, we consider this a semi-analytical approach. 

The resolution of the images must be comparable to the characteristic size of pore throats 

to let us derive detailed information of the void space. Because of the resolution issue, 

this approach faces challenges for tight gas and shale gas. The void spaces of these 

unconventional reservoirs contain extremely narrow throats, which could be on the order 

of nanometers for shale (Sakhaee-Pour and Bryant, 2012). 

 

2.2.4. Sphere packing as a pore space model 

We could consider a packing of spheres as an approximate model of the 

unconsolidated sandstone in which the spheres represent the grains and the empty space 

between them the void space. With that notion, Bryant et al. (1993) developed a 

physically representative network model using the actual measured data of 8000 bearing 

balls (Finney, 1970). Using the representative model, researchers also examined the 

effects of grain sedimentation, compaction, and diagenesis on the transport properties 

(Bryant et al., 1993; Oren et al., 1998). 

A random sphere packing was also created with computer generated codes 

(Thane, 2006) by implementing a cooperative rearrangement method (Cargill, 1984). 

This is similar to actual sphere packing (Finney, 1970) because the spheres represent the 

grains. Unlike the actual packing, however, the computer code can impose periodic 
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boundary conditions at the packing edges. This eliminates edge effects, which further 

improves the representation of the void space. The elimination of the edge effects allows 

us to use a finite size model and yet analyze the flow behavior in an infinitely extended 

porous medium (Behseresht et al., 2009). An example of a random sphere packing is 

shown in Figure 2.3 (courtesy of Rodriguez, 2010). 

 
Figure 2.3: An example of a random sphere packing that is used as an approximate 

model for the void space of unconsolidated sandstone. The generated 
packing contains 1000 spheres of a radius of 1 in which a periodic boundary 
condition is imposed (courtesy of Rodriguez, 2010). 

 
2.2.5. Pore throat resistance against flow  

The detailed information of the positions of the grains, either from the actual 

packing (Finney, 1970) or the computer code (Thane, 2006), allows thorough extraction 

of the geometry of the empty space. The empty space is to represent the void space and 

hence, we can use it to build a network of pores connected to each other. We can then 

obtain the resistance of each pore throat against the flow from the extracted empty space.  

The resistance of pore throat in a three-dimensional space is determined by the 

Delaunay Tessellation technique (Gladkikh and Bryant, 2006). The Tessellation is a 

computational geometric structure that splits the space into convex polygonal regions. 

The splitting is implemented by grouping every four nearest spheres together. An 
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example of a grouped four spheres is shown in Figure 2.4 in which pore throats are at the 

surfaces of tetrahedron. The resistance of each pore throat is calculated based on the 

opening area available at the surface.   

 
Figure 2.4: Delaunay cell formed by four neighboring spheres. The point W indicates the 

center of the gap. The point X indicates the center of the pore body. The 
plane defined by points UVT identifies one of the four pore throats 
(courtesy of Mousavi, 2010). 

 
2.2.6. Extension of the sphere packing model for tight gas sandstone  

The outstanding success of the sphere packing model in explaining the flow 

properties of unconsolidated sandstones (Bryant et al., 1993; Oren et al., 1998) provided 

an incentive to test them for tight gas sandstone. This is because they were found to be 

representative of the intergranular void space that constitutes the porosity of 

unconsolidated sandstone. Hence, Mousavi and Bryant (2007) used the sphere packing 

model to study the effects of compaction and cementation on the intergranular void space 

of tight gas sandstone. They implemented the compaction by considering soft and hard 

grains that penetrate each other. Then, they grew the sizes of the grains for the 

cementation. 

This approach is successful when it is of interest to better understand the 
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intergranular void space. However, this is not always the case especially for tight gas 

sandstone in which a significant fraction of the porosity is intragranular. The 

intragranular void is inside the grain, whereas the intergranular void is between the 

grains. With that in mind, Mousavi (2010) tested whether the drainage results of the tight 

gas sandstone could be captured by the sphere packing model, and proved that the 

intergranular model alone is not capable of modeling two-phase displacement. 

 

2.3. Empirical approaches 

Empirical approaches aim to capture a correlation between petrophysical 

properties. For instance, many correlations were proposed to map the capillary pressure 

measurement to single-phase permeability (Swanson, 1981; Thomeer, 1983). As an 

example of such, we review the Swanson (1981) method and its extensions to tight gas 

sandstone. 

 

2.3.1. Swanson method 

Swanson (1981) proposed a correlation to estimate single-phase permeability 

from the mercury intrusion test (drainage). This is useful because it allows approximation 

of the permeability from small pieces of a rock such as portions of sidewalls or drilling 

cuttings.  

To propose the correlation, Swanson (1981) defined effective bulk saturation (Sb) 

on the drainage curve obtained from the mercury intrusion experiment. The effective 

saturation corresponds to a capillary pressure (Pc) at which pores effectively interconnect 

the void space and thus, they control the flow behavior. The effective saturation is a 

saturation at which the slope of tangent to the Pc-Sw curve in a log-log plot is –1. 

Knowing the effective bulk saturation (Sb) and its corresponding capillary pressure (Pc), 

Swanson predicted the permeability as follows: 
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where the coefficients 431 and 2.109 are empirical and calculated after fitting the above 

relationship to 24 clean sandstones. 

As an example, we show the procedure for a 15-bar ceramic sample here. The 15- 

bar is an indicator of the characteristic sizes of the pore throats of the sample. It shows 

that the air starts to invade the saturated sample and push the moisture out when its 

relative pressure is 15-bar. This capillary pressure is often considered an entry pressure in 

petroleum engineering terminology.  

To find the effective bulk saturation and its corresponding capillary pressure from 

the Swanson method, we plot the capillary pressure versus the mercury (nonwetting 

phase) saturation in a log-log plot (Figure 2.5). We then draw a tangent line to the curve 

where the slope is –1. The mercury saturation at the described point is 0.56 of the 

saturation unit, which means that the bulk saturation is 0.18 of the saturation unit, since 

the porosity of the sample is 0.32 (Sb = φ SHg = 0.32×0.56 = 0.18). Note that the effective 

bulk saturation is calculated with respect to the bulk volume and not the void space and 

that is why we implement the porosity here. The capillary pressure at this point is 2160 

psi. Using these values, the Swanson method predicts that the single-phase permeability 

is 18 microD. 
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Figure 2.5: Illustration of the Swanson (1981) method for a 15-bar ceramic sample. The 
effective bulk saturation (Sb) and its capillary pressure correspond to the 
point where the slope of curve in the log-log demonstration is –1. 

2.3.2. Extensions of the empirical model for tight gas sandstone 

Comisky et al. (2007) published a thorough review of the empirical models 

extended capture correlations between the petrophysical properties of tight gas 

sandstones. For completeness, we mention two correlations that are based on Swanson 

(1981). 

Walls and Amaefule (1985) proposed a new correlation for tight gas sandstones 

whose permeabilities are smaller than 0.01 microD. They mapped the mercury intrusion 

data (drainage) to the single-phase permeabilities. The laboratory measurements were run 

under net effective stresses between 3000–4000 psi. They re-evaluated the Swanson 

coefficients as follows: 
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Later, Kamath (1992) provided another correlation for tight gas sandstone when the 

permeability is smaller than 1 microD. The new correlation is expressed in below: 
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While these types of correlation provide a quick tool for permeability estimation, 

they do not provide insights into the pore structure. More importantly, the estimation is 

not reliable for a specific sample unless it is in the pool of data. 

 

2.4. Shale gas reservoirs 

Shale has provoked a great deal of research recently owing to the considerable 

volume of natural gas stored in these resources (Polczer, 2009). The natural gas produced 

from these reservoirs is called shale gas, and is envisaged to provide a substantial 

fraction of US gas production, perhaps as much as half by 2020, according to some 

reports (Polczer, 2009). 

Shale and mudrock are sometimes used interchangeably; strictly speaking, 

however, they are different in appearance despite their similarities in composition. 

Mudrock lacks fissility (Blatt and Tracy, 1996), unlike shale. This means that mudrock 

does not separate along thin laminae or parallel layers that are less than 1 cm thick. 
 

2.4.1. Scanning electron microscope (SEM) images  

Understanding the void space of shale gas presents major challenges. For 

instance, the characteristic size of the pore throat is on the order of nanometers. This 

extremely narrow throat size prevents us from using continuum models to analyze the 

fluid flow behavior, an aspect discussed in greater detail in the final chapter of the present 

study. Moreover, the void space changes during production because of gas desorption 

taking place inside the organic-rich region.  



 20 

With the major challenges of the shale in mind, we begin with the images of the 

shales because they help us to clarify the complexities of pore structure. Figure 2.6 shows 

scanning electron microscope (SEM) images of different shales. We observe that the pore 

size is on the order of nanometers. Further, there is a notable difference in the wettability 

of the pores and they are not all the same. In the Barnett shale, most pores are inside the 

organic-rich region, meaning that they are gas wet while in some other samples, such as 

Fayetteville, pores reside in the non-organic-rich region. The organic-rich region is 

shown with dark gray color in this image. 
 

 

Figure 2.6:  Scanning electron microscope images of shale samples (courtesy of Curtis et 
al., 2010). The pore size is on the order of nanometers. We also observe that 
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pores are inside the organic-rich region in some shales, such as Barnett. The 
organic-rich region is shown with gray color. The pores in the images are 
shown by black color. 

We should be careful when we interpret these images as they are obtained without 

confining stress, and thus many crack-like pores may be closed under confined 

conditions, which is more representative of in-situ boundary conditions.  
 

2.4.2. Pore connectivity of shale from laboratory measurements 

We cannot deduce significant information regarding the pore connectivity of the 

shale from SEM images because they are limited to a very small region of the rock. 

Consequently, researchers made other laboratory measurements, such as the mercury 

intrusion capillary test (Heath et al., 2011) and adsorption/desorption (Adesida et al., 

2011). These tests give us valuable insights not only into the pore connectivity but also 

the pore size distribution. 

Figure 2.7 shows mercury intrusion results of Kirtland and Tuscaloosa shale 

samples (Heath et al., 2011). The “After closure” condition indicated on the plots is 

relevant to the confined boundary condition, which mimics the loading at in-situ 

condition. We observe that the capillary entry pressure is almost equal to 30–80MPa after 

closure. This tells us that a significant fraction of the pore throats have characteristic sizes 

smaller than 10 nm. We also observe that the capillary pressure increases almost linearly 

with mercury saturation (nonwetting phase). This trend of capillary pressure vs. mercury 

saturation sheds light on the pore connectivity of the shale, as we will discuss later in this 

study.  
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                                  (a)                                                                 (b) 
Figure 2.7:   Mercury intrusion capillary pressures of (a) Kirtland and (b) Tuscaloosa 

shales (courtesy of Heath et al., 2011). The “After closure” refers to 
confined boundary condition which is representative of in-situ boundary 
conditions.  

Also, Adesida et al., (2011) derived the pore size distribution of shale sample 

using the adsorption/desorption experiment. Their measurements further confirm that 

most pores have characteristic sizes smaller than 10 nm. 

 
2.4.3. Modification of petrophysical properties for shale 

To provide a meaningful parameter that describes the petrophysical properties of 

shale, many researchers revisited the commonly adopted definitions. For instance, 

Sondergeld et al. (2010) re-evaluated the logs for shale to provide meaningful values for 

its petrophysical properties.  

Some of the challenges we encounter in studying shale stem from gas desorption, 

which is absent in conventional reservoirs. Gas desorption is crucial in shale because it 

forms a significant fraction of stored hydrocarbon volume stored. To address this, 

Ambrose et al. (2010) investigated the effect of adsorbed gas on the porosity and 

provided a new model. Passey et al. (2010) also analyzed this issue and recommended 
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that we express the hydrocarbon storage in the form of bulk volume of gas. This 

definition does not require any porosity evaluation. 
 
2.5. Permeability measurements 

We measure the permeability of each formation to model hydrocarbon flow 

through the reservoir. Similarly, this was undertaken for shale gas reservoirs to 

understand the flow behavior. Therefore, we review the measurement techniques 

available in the literature and indicate whether they are used for shale. 
 
2.5.1. Constant head 

The constant head approach applies a constant pressure difference to a core 

sample to measure the permeability. This test uses the steady-state flow rate to determine 

the permeability. Although this method is widely adopted for high-permeability rocks, it 

is not used for the shale. This is because shale permeability is on the order of nanoD (10-9 

Darcy) and thus, this method entails a great deal of time to reach a constant flow rate. 
 

2.5.2. Transient pulse decay (TPD) 

Brace et al. (1968) developed the transient pulse decay (TPD) method for low-

permeability rocks. This measurement technique is widely used to measure the single-

phase gas phase permeability of shale (Billiotte et al., 2008). In this approach, a core 

sample, which is usually in lab condition and filled with air and/or remaing gas from the 

reservoir, is connected to two reservoirs that are held at an equal constant pressure 

initially. Then, the upstream pressure is elevated by imposing a pulse pressure increase to 

the upstream reservoir. Consequently, the difference between the pressures of core ends 

decays over time. The rate of decay over time is used to estimate the permeability. 
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Brace et al. (1968) indicated that the difference between the pressures of upstream 

and downstream decays exponentially. Thus, the normalized decline in the pressure 

difference was expressed as follows: 
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where oP∆ refers to the initial pressure difference after imposing the pulse increase in the 

pressure and ∆P(t) shows how this difference changes with time. a includes pertinent 

parameters of the experiment and allows us to estimate the gas permeability as follows: 
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where kg is the gas permeability, µ  viscosity of the gas, β the compressibility factor, A 

cross section area of the sample, L length of the core, Vup the upstream reservoir volume, 

and Vdown the downstream reservoir volume. Two times are measured to fit the 

exponential curve to the experimental (see Equation (2.5)). These times are when the 

ratio of the pressure differences (=∆P(t)/∆Po) is equal to 0.95 and 0.50. 

Jones et al. (1997) proposed a faster transient pulse decay method to accelerate 

the measurement. Unlike the TPD, the late-time response of the decay in the pressure 

difference is analyzed here. The hypothesis is that the late response is not significantly 

affected by the initial pressure distribution. Hence, the uniform initial pressure condition 

is not required here and thus, we can conduct the test faster.  

 
2.5.3. Crushed rock method  

Luffel et al. (1993) used TPD for the permeability measurement of crushed rocks 

to accelerate the process. They crushed the samples that were saturated with in-situ water 

saturation and placed them inside a small cell. Then, they connected the small cell to a 
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chamber containing a higher pressure gas. The pressure difference between the small cell 

and chamber decays with time. The rate of decay is used to predict the permeability. 

Initially, gas invades the void space between the chips and this causes a sudden 

pressure drop. Later, the rate of pressure drop decreases as gas starts to invade the pore 

space of the rocks. The later pressure drop is used for the permeability estimation. 

Many laboratories use this technique because the data measurement is not time 

consuming. However, the interpretation of the data is not straightforward and entails 

some assumptions. For instance, this method assumes that all the crushed rocks are 

cylindrical chips and also that they have the same size. Then, a simulator model is used to 

capture the pressure drop and from that model the permeability is extracted. This method 

cannot apply confining stress to the rock samples, which could play a crucial role. This is 

because the crushed rocks are in irregular shapes. These assumptions raise concerns 

about the reliability of the reported permeability. 
 
2.5.4. Oscillating pulse technique 

Suri et al. (1997) predicted the rock permeability by analyzing the pore pressure 

reaction of a sample to an oscillating pressure. The core sample was initially kept under a 

known uniform pore pressure. Then, the upstream pressure of the sample was changed 

with constant amplitude and frequency. The phase lag and amplitude ratio of the 

downstream pore pressure to upstream pore pressure were used to estimate the 

permeability. 

Shale permeability has not been measured using this technique and thus, the 

performance of this technique is not clear. 
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2.5.5. CT-based method  

Dvorkin et al. (2003) used a three-dimensional computerized tomography (CT) 

image of a shale sample to investigate flow properties. They extracted a network model 

of the sample from the CT image. Using the model, they studied the resistance of the 

sample against the flow. 

This approach permits researchers to acquire detailed information of the void 

space. However, we should be aware that the images are acquired without confining 

stress. This means some pores for which the detailed information is obtained may not be 

present under confined boundary conditions. The confined boundary condition is more 

representative of the in-situ stress condition. 
 

2.6. Theoretical modeling of the flow through shale 

The void space contains many pore throats with different characteristic sizes and 

spatial locations. The overall interactions of these throats govern the resistance of the 

formation against the flow and thus, we need to have a thorough understanding of the 

physics of the flow through each throat to be able to predict the overall outcome of their 

interactions. Therefore, we first review the physics of the flow through a single narrow 

throat, whose characteristic size is similar to the characteristic size of the shale throat. 

Then, we review studies undertaken at larger scales.  

The number of studies examining flow through the matrix of shale is limited. 

There have been more studies at large scales, as we will see subsequently. 
  

2.6.1. Physics of flow through a single throat 

The physics of gas flow through a nanoscale throat is of interest to us because the 

characteristic size of the pore throat inside the shale is on the order nanometers (Sakhaee-
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Pour and Bryant, 2012). The flow studies at this scale were largely devoted to the straight 

tube because of the complexity of the problem. For example, Roy et al. (2003) performed 

a finite element analysis (FEA) to estimate the mass flow rate through nanoscale pores. 

Later, Zhou et al. (2006) modeled the gas flow rate for the Couette problem using the 

Lattice Boltzmann method.  

The physics of the problem is even more challenging when interactions of the 

nanoscale tubes occur. This is the case if we want to represent the void space of the shale 

because the void space is a network of throats connected to each other. To avoid this 

challenge, some analyses were performed to model flow through shale by assuming that 

the porous medium acts similar to a single tube. In these analyses, the void space is 

simplified to a single-sized tube. For instance, Michel et al. (2011) investigated the 

effects of accounting for the non-ideality of flowing gas on transport properties. They 

modified the mean free-path of the gas to evaluate the slippage. In addition, Fathi et al. 

(2011) modeled the flow behavior by adopting a single tube. They studied the 

interactions of gas molecules with the pore walls of kerogen. 

 
2.6.2. Physics of flow through a network of nanoscale throats 

The void space is a network of pore throats connected to each other. Therefore, it 

is of interest to model the flow behavior by accounting for the interactions of the throats. 

It is instructive to know how the conventional pore models predict the flow behavior for 

shale samples. With that in mind, the Carman-Kozeny model was used to predict the 

liquid permeability for shale (Yang and Aplin, 2007; Mallon and Swarbrick, 2008). The 

Carman-Kozeny model assumes that the void space is made of conduits with circular 

cross-sections.  

 



 28 

2.7. Statistics-based simulation of the reservoir  

The physics of the flow through shale is very complicated and thus, it has become 

tempting for researchers to develop more statistics-based approaches. These approaches, 

indeed, require a large pool of actual production data. For instance, Xiao et al. (2011) 

proposed a combined physics-based and data-driven reservoir simulator. They corrected 

the results of the simulator that were based on the physics of the problem when there was 

a significant deviation from the actual data. This trend of favoring statistics over the 

physics of the problem was further extended. Strickland et al. (2011) attempted to predict 

the ultimate recovery solely by analyzing the production rate. This was implemented by 

the correction of the Arps’ decline curve. 
 

2.8. Implementation of the adsorbed layer 

Most of the void space is inside the organic-rich region of the Barnett shale 

(Figure 1.3), and that is where gas desorption takes place. Recently, attempts have been 

made to study the influence of gas desorption on the flow behavior. Cipolla et al. (2010) 

modeled a fractured shale gas reservoir that incorporated the influence of gas desorption. 

They concluded that gas desorption does not play an important in the cumulative 

production. Later, Shabro et al. (2011) incorporated gas desorption into the mass 

conservation equation to model single-phase gas flow through the sphere packing method 

(Bryant et al., 1993). They assumed that the sphere packing was representative of the 

shale reservoir and predicted the gas production. Leahy-Dios et al. (2011) also studied the 

shale gas reservoir to better understand the importance of adsorbed gas. They presented a 

new model to capture multi-component sorptions from pure component data. The model 

was implemented in the form of the Extended Langmuir Isotherm in the unstructured grid 

reservoir simulator (Beckner et al., 2001).  
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2.9. Summary of Chapters 

Chapter 3 analyzes the petrophysical properties of the tight gas sandstone 

measured in the laboratory. The laboratory measurements include mercury intrusion and 

withdrawal capillary pressures, porous plates experiment, and resistivity parameters. We 

indicate which laboratory measurements cannot be modeled by the conventional models 

such as sphere packing. Consequently, we propose our mutliscale model to capture the 

experimental data. Analyzing the mercury  intrusion/withdrawal and porous plate results, 

this chapter classifies the pore structures of the tight gas sandstones into micro-dominant, 

intermediate, and macro-dominant. This classification shows the fraction of connected 

microporosity to total porosity in which the micro-dominant has the largest fraction of the 

connected microporosity. 

Chapter 4 provides a major implication for the pore structure classification 

introduced in the preceding chapter. The major implication of the pore structure 

classification is the prediction of the ultimate gas recovery. For this purpose, we take the 

fraction of mercury saturation recovered after withdrawal to mercury saturation at the 

start of withdrawal as an approximation for the gas recovery. We then present the 

recovery results for the micro-dominant, intermediate, and macro-dominant pore 

structures. Analyzing the approximated recoveries of the pore structures, we show that 

the predicted recovery enhances with an increase in the fraction of connected 

microporosity to total porosity in the void space. 

Chapter 5 investigates gas production from a Western US tight gas reservoir 

which was obtained from the production logging tool (PLT). The PLT shows neither gas 

production nor its decline rate is uniform with depth. Here, we test the notion of superior 

recovery from an interval with the micro-dominant pore structure. We present the results 
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per unit thickness of the interval for the comparison of the total production. The thickness 

of the producing interval is determined from logging. We will show that the production 

from an interval with a larger fraction of microporosity occurs with a slower rate because 

of lower permeability but its cumulative production is larger owing to its superior 

recovery.  

 Chapter 6 analyzes the pore structure of the shale. Similar to the study of the tight 

gas sandstone, we begin with the investigation of the mercury intrusion experiment 

(drainage) as they provide valuable insights into the topology of the void space. 

Consequently, we propose two pore structure models that are capable of capturing the 

mercury intrusion capillary pressure test. Using the proposed models, we predict the 

single-phase permeability and compare the predicted results with the existing data. Later, 

we test if our understanding of the pore structure is consistent with the scanning electron 

microscope (SEM) images available in the literature.  

Chapter 7 investigates the effects of adsorbed layers of methane and of gas 

slippage at pore walls on the flow behavior in individual conduits of simple geometry and 

in networks of such conduits. The combined effects of adsorption and slip depend 

strongly on pressure and on conduit diameter. The results indicate that laboratory 

measurements made with N2 at ambient temperature and 5-MPa pressure, which is typical 

for transient pulse decay method, overestimate the gas permeability at early life of 

production by a factor of 4. Moreover, the permeability increases nonlinearly as the in-

situ pressure decreases during production. This effect contributes to mitigating the 

decline in production rate of shale gas wells.  

Chapter 8 presents the concluding remarks and future work recommendations of 

this dissertation. 
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Chapter 3: Model for petrophysical properties of tight gas sandstone  

3.1. Introduction  

We are to analyze the laboratory measurements of tight gas sandstones such as 

mercury intrusion (drainage), withdrawal (imbibition), porous plate, and resistivity 

parameters. For this purpose, we develop a multiscale model to capture variation of the 

mercury intrusion capillary pressure (MICP) vs. wetting phase saturation. The model 

comprises a conventional network model and a tree-like pore structure (an acyclic 

network) that mimic the intergranular (macroporosity) and intragranular (microporosity) 

void spaces, respectively. Using the developed model, we explain why the capillary 

pressure increases almost exponentially with mercury saturation at high pressures. 

Implications of this model are supported by other laboratory measurements that are 

mercury withdrawal, porous plate, and resistivity parameters.  

Applying the multiscale model to porous plate data, we classify the pore spaces of 

rocks into macro-dominant, intermediate and micro-dominant. These classes have 

progressively less drainage/imbibition hysteresis, which leads to the prediction that 

significantly more hydrocarbon is recoverable from microporosity than macroporosity. 
 

3.2. Mercury intrusion capillary pressure of tight gas sandstone 

In many conventional rocks, a significant range of saturation corresponds to a 

narrow range of capillary pressure during drainage. For instance, the wetting phase 

saturation (Sw), defined by Sw = 1 – SHg, decreases 0.7 (from Sw = 0.9 to Sw = 0.2) when 

the capillary pressure increases from 0.7 to 2.1 MPa in a carbonate sample shown in Fig. 

1(a) (Al-Sayari, 2009). The capillary pressure is within 50 percent of a threshold pressure 

in percolation (Berkowitz and Balberg, 1993). The threshold pressure is 1.4 MPa in the 

carbonate sample. Figure 3.1(b) provides another percolation example in which the 



 32 

wetting phase saturation decreases notably when the mercury capillary pressure goes up 

from 0.3 to 0.9 atm (±50 percent of the threshold of 0.6 atm), (Purcell, 1949). When 

percolation occurs, a large number of throats with capillary entry pressures smaller than 

the threshold pressure are accessed. These throats are not invaded at a lower pressure 

because access to them is only by way of narrower throats. In other words, the spatial 

distribution of the throats on an interconnected network is the reason for the percolation 

phenomenon. The existence of plateau-like trend in drainage curve, when capillary 

pressure versus wetting phase saturation plotted in a linear scale, is an indicator of this 

phenomenon (see both examples in Figure 3.1).   
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(a) 

 
(b)  

 
Figure 3.1: Drainage results of (a) carbonate (Al-Sayari, 2009) and (b) sandstone 

(Purcell, 1949) core samples obtained from mercury intrusion test. The 
wetting phase saturation is determined by Sw = 1 – SHg. (a) The mercury 
percolates at 1.4 MPa as the wetting phase saturation decreases from 0.9 to 
0.2 (shown with gray box) when the pressure is within 50 percent with 1.4 
MPa (0.7 < Pc < 2.1 MPa). (b) The percolation in a sandstone sample takes 
place at 0.6 atm during mercury intrusion. The plateau-like trend of capillary 
pressure with wetting phase saturation in drainage curve is an indicator of 
percolation. 
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In tight gas sandstones, the change in saturation during mercury intrusion is rarely 

as large as 0.7 over a correspondingly small range of capillary pressure. That is, we do 

not see the plateau-like trend in drainage experiments, even when capillary pressure is 

plotted on a logarithmic scale. Typical examples of such are shown in Figure 3.2 (see the 

gray boxes, which span a ±50% range of the threshold pressure). The wetting phase 

saturation of core #2 decreases 0.3 saturation units, from 0.85 to 0.55, when the capillary 

pressure is within 50 percent of 600 psi. For core #3 the decrease of wetting phase 

saturation is even smaller, from 0.85 to 0.6, for a similar range of capillary pressure. We 

say that the nonwetting phase “slightly percolates” in these conditions. More precisely, 

we will argue that percolation is occurring but only within a sub-network of void space in 

the rock, which corresponds to macro-dominated intergranular pores. 

 

Figure 3.2: Mercury intrusion capillary pressures of confined Western tight gas 
sandstones versus wetting phase saturation (Sw), where Sw = 1 – SHg. The 
capillary pressure shows that partial percolations (gray boxes) take place in 
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cores #2 and 3. The change in saturation over a small range of capillary 
pressure is small compared to the conventional sample in Figure 3.1. Note 
the logarithmic scale on the Pc axis. 

The drainage data of tight gas sandstone show that percolation does not happen 

over a wide range of saturation (Figure 3.2). It slightly percolates at moderate pressures. 

Then, the variation of the capillary pressure with saturation is exponential at high 

pressures (greater than 1000 psia), that is, approximately linear on the semi-log plot of 

Figure 3.2. This portion of the MICP corresponds to invading the microporosity region 

which is the intragranular void space. Figure 3.3(a) (Eichhubl, 2010) illustrates inter- and 

intragranular void spaces of a Western tight gas sandstone sample. From now on, we use 

macroporosity for intergranular void space and microporosity for intragranular void space 

interchangeably. 

Alternative explanations for the absence of percolation are unlikely to apply to 

these samples. For example, percolation becomes less apparent in the MICP 

measurements if an operator does not give the test enough time to equilibrate. That 

situation is not applicable here because we are informed that enough time was given to 

the mercury at each capillary pressure. Samples with large surface area to volume ratios, 

such as irregular cuttings, can show exhibit less pronounced percolation behavior, but all 

the samples examined in this work were conventional plugs. Further, similar non-

percolating results are available for tight gas sandstones reported by othe researchers 

(Cluff and Webb, 2009).  

The mercury intrusion capillary pressure measurements from lab also depend on 

the size of a sample (Larson and Morrow, 1981; Liu et al., 1993). The percolation takes 

place at a larger capillary pressure for larger samples while for smaller samples, the 

surface effects become a crucial player (Mason and Mellor, 1995). Hence, Mason and 
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Mellor (1995) specified the size of a sample and later operators have adopted those 

specifications to report representative results for in-situ conditions. This tells us that the 

absence of percolation we observe here is not a because of size effect. 

Understanding two-phase displacement is crucial in estimating the recoverability 

and its spatial variation. However, any conventional network model will exhibit 

percolation during drainage, and it will fail to account for drainage curves for which the 

pressure increase becomes almost exponential over a wide range of mercury saturation 

(Mousavi, 2010). We emphasize that the failure occurs regardless of how we assign the 

pore size distribution to the model (Mousavi 2010). The void space of the non-

percolating domain constitutes almost half of the porosity as shown in Figure 3.3 and we 

cannot simply ignore it. Therefore, it is valuable to develop a model for capturing the 

capillary pressure variation over the wide range wetting phase saturation, and not only the 

percolating part. 
 
3.2.1. Multiscale model of void space of tight gas sandstone 

To model a two-phase displacement process in tight gas sandstones, we develop a 

multiscale network model which mimics both macro- and microporosity. For the large 

scale of the model, we use the conventional network representing the macroporosity, and 

for the small scale, we propose a tree-like pore structure. The notion of tree-like pore 

structure is introduced here for the first time in the context of tight gas sandstones and has 

major implications in producibility. The multiscale model is depicted in Figure 3.3(b) in 

which the conventional network model is shown with black lines and tree-like pore 

model, magnified in Figure 3.3(c), with gray circles. 
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                  (a)                                                (b)                                                           (c) 
  
Figure 3.3: (a) Scanning electron microscope (SEM) image of a Western tight gas 

sandstone (left image from Eichhubl, 2010; scale bar at lower right = 100 
micrometers). The characteristic throat sizes of the intergranular void space 
(macroporosity) are larger than the intragranular void space (microporosity). 
(b) Multiscale network model in which lines designate the intergranular void 
space and shaded circles the intragranular region. (c) Schematic of the tree-
like pore structures that comprise the microporosity.  

Depending on the fraction of macroporosity connected to total porosity, we 

classify the pore spaces of rocks into macro-dominant, intermediate, and micro-dominant. 

The schematic illustration of the corresponding multiscale model is shown in Figure 3.4. 

The macro-dominant pore structure has microporosity scattered upon a connected 

network of conventional intergranular voids. The intermediate pore family has 

widespread microporosity, but conventional intergranular voids also exist. Some are 

connected, but many are isolated between regions of microporosity. In the micro-

dominant, the conventional voids are scattered and the connected paths in void space are 

Intragranular void space 

Intergranular void space 
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through microporosity. The classification indicates when the macroporosity is connected 

and when microporosity interferes. Thus, we expect the macro-dominant pore structure 

behaves more like conventional network. To clarify the difference between these models, 

we will explore the mercury intrusion into macro- and micro-dominant pore structures 

later. 

 

                    (a)                                              (b)                                          (c) 

Figure 3.4:   Multiscale network models of tight gas sandstone are classified based on the 
fraction of connected macro-porosity to total porosity. Black lines and 
wheels with green spokes represent macro-porosity and micro-porosity, 
respectively. (a) Macro-dominant pore space: there is widely connected 
network of conventional intergranular voids and the microporosity is 
scattered, (b) Intermediate pore space: an incomplete network of 
intergranular voids exists but elsewhere intergranular voids are isolated by 
patches of microporosity, and (c) Micro-dominant pore space: most of the 
voids consist of regions of micro-porosity, occasionally connected by an 
intergranular void.  

3.2.1. Predicted MICP curves for multiscale model of void space of tight gas 
sandstone 

First, we recall how mercury intrusion takes place in a conventional network 

model (see Figure 3.5). This is for the sake of completeness and more importantly, it also 

allows us to compare this model with tree-like pore structure. There exist numerous 

cycles in the network of throats; that is, starting from a pore, one or more paths lead back 

to that pore without retracing any segment of the path. An example of a cycle is depicted 
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with green arrows in (a) in Figure 3.5. Cycles in the network mean that mercury can 

arrive at a pore through many different paths.  

We illustrate the invasion of conventional model in four steps that are at different 

capillary pressures. The network at the start of invasion (Pc = 0), without mercury, is 

shown with dashed black lines (see (a) in Figure 3.5). The line thickness represents the 

throat size. As the capillary pressure increases, mercury invades from left and right sides 

of the network. Invaded pore are accessible are depicted with red lines. Only few throats 

are occupied at a small capillary pressure, see (b) in Figure 3.5 where Pc = P1 > 0. 

Mercury cannot occupy some throats that have small entry pressure because they are not 

(yet) accessible. There are 8 such throats and one of them is indicated by the arrow in (b) 

of Figure 3.5. The invasion continues as the capillary pressure increases further, see (c) in 

Figure 3.4 for which Pc = P2 > P1. Percolation occurs at this capillary pressure as the 

mercury invades a large number of throats. The throats that are not accessed at the 

previous step are invaded at this pressure. The spatial distribution of the pore throats is 

the reason for this phenomenon. The last step of the mercury intrusion is shown in (d) 

where all the throats are invaded at a sufficiently large Pc.  
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                 (a)                                 (b)                                (c)                             (d) 

Figure 3.5: Mercury intrusion of a conventional network model in which line thickness 
represents the pore throat diameter. Mercury is shown with red color. There 
exist cycles in the conventional model which is empty initially as shown by 
green arrows in (a). (a) Start of mercury intrusion in which the mercury 
saturation in the model is zero and Pc = 0. (b) Nonwetting phase invades the 
wide throats at low capillary pressure, indicated by the one dashed line 
substituted with red full line, (Pc = P1 > 0). Eight throats with small critical 
entry pressures are not invaded as they are not accessible to mercury. The 
surrounding throats with large entry pressures prevent mercury to reach the 
wide throats. (c) The invasion continues as the capillary pressure increases 
(Pc = P2 > P1). Percolation takes place in this step because a large number of 
throats are occupied. (d) This is the end of invasion as the capillary pressure 
is maximum (Pc = Pmax) and mercury occupies all the throats. 

We adopt the tree-like pore structure for the microporosity region which is the 

small scale of the multiscale model. The throats of tree-like pore structure have unique 

spatial distribution; there is no cycle in the tree-like model, in contrast to the conventional 

network where cycles are ubiquitous. That is, any path leaving a pore in the tree-like 

structure cannot return to that pore except by retracing each step. The absence of cycles 

means that mercury can arrive at any pore only by a single path. Further, there are 

multiplying branches with ever smaller throats and volume. Thus, the narrower throats 

are accessible only from the wider throats. These features prevent percolation from 
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occurring during mercury intrusion. Instead, a small increase in capillary pressure always 

causes a small change in saturation. As discussed below, the scaling of branch volume 

with branch radius leads to power law relationship between capillary pressure and 

saturation of the form m
Hgc SP )(~ . The mercury intrusion of the tree-like pore structure is 

depicted in four steps in Figure 3.6. 

 
                (a)                                (b)                               (c)                                (d) 
 
Figure 3.6: Mercury intrusion of tree-like pore model is illustrated where the 

nonwetting phase is shown by red color and its absence by dashed line. As 
in Figure 3.5, the width of each line segment is proportional to the width of 
the corresponding pore throat. (a) is the start of invasion (Pc = 0). (b) The 
widest throats are invaded at (Pc = P1 > 0). (c) The invasion continues as the 
narrower throats are invaded at a larger capillary pressure (Pc = P2 > P1). (d) 
This is the end of mercury intrusion (Pc= Pmax). The multiplying branches 
with ever smaller throats without cycle in the network gives power-law 
variation of capillary pressure with mercury saturation. 

The drainage curve for a tree-like pore structure can be easily modeled. For this 

purpose, throat size, throat length, and the number of pore throats at each branch (n) 

should be specified.  We do not attempt to create explicit trees with actual values of n but 

present the results in terms of branching number. The branching number is the ratio 

ni+1/ni of number of branches at two successive capillary pressures Pc,i+1 and Pc,i. In this 

study, our primary concern is the key qualitative behavior, namely, imbibition is a 

reversible process in tree-like pore structures which we will see later in the withdrawal 

discussion. To represent a given MICP experiment, the throat size of branches invaded at 
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the i th capillary pressure is determined using Young-Laplace equation, cii Pr /cos2 θσ= , 

and we assume that the throat length decreases by a factor of 2 at each branching level. 

The drainage results of tree-like models for three branching numbers are shown in Figure 

3.7. We observe that the tree-like model leads to an exponential trend of capillary 

pressure with phase saturation when the branching number is defined appropriately, 

which is equal to 4.4 in this example.  

 
Figure 3.7: Drainage curves of tree-like pore structures (cf. Figure 3.6) with different 

branching numbers which is the number of branches at each node of the 
tree. The capillary pressure increases exponentially with mercury saturation 
if the branching number is between 4 and 5. The wetting phase saturation is 
Sw = 1 − SHg.  

Let us analyze mercury intrusion into tight gas sandstones using multiscale 

network by implementing both the conventional and tree-like models. We use the macro-

dominant and micro-dominant pore structures defined earlier in Figure 3.4. We show 

their drainages in four steps in Figure 3.8, where panel (a) corresponds to macro-

dominant and panel (b) to micro-dominant. The variation of the capillary pressures (Pc) 
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versus wetting phase saturation (Sw) is also provided for the pore structures in Figure 3.8 

(c). The mercury starts to invade the accessible wide throats first as they require low 

capillary pressures; see (a1) and (b1) in Figure 3.8. There is no significant decrease in the 

wetting phase saturation at this step for both pore structures as there are not many wide 

throats accessible from the boundary; see points (a1) and (b1) in Figure 3.8(c). Additional 

throats are invaded as we increase the capillary pressure, Figure 3.8(a2) and (b2). In the 

macro-dominant model Figure 3.8(a2), a significant number of throats are invaded at this 

pressure resulting in a percolation in the fraction of conventional network connected to 

outside. This leads to “partial percolation” in the multiscale model as the conventional 

network constitutes only a fraction of the void space of multiscale model. In the micro-

dominant model Figure 3.8(b2), we do not observe a notable invasion at this pressure 

because the tree-like structures of very small pores mainly makes up the void space and 

the capillary pressure of the mercury is not sufficient to invade them. Thus, the wetting 

phase saturation is much smaller for the macro-dominant model (point a2 in Figure 3.(c)) 

than for the micro-dominant model (point (b2) in Figure 3.8(c)). Panels (a3) and (b3) 

correspond to a larger capillary pressure at which mercury can enter the small pores in 

the tree-like pore structure and conventional throats that are accessible from 

microporosity. The latter throats are relatively rare in both models, so the capillary 

pressure increases exponentially with mercury saturation which is the main feature of 

tree-like pore model. Note the trend of change in Pc versus Sw at this step, points (a3) and 

(b3) in Figure 3.8(c). Panels (a4) and (b4) illustrate the last step of drainage where all the 

throats are invaded. Therefore, the drainage curve of the multiscale model is more similar 

to that of a conventional network model, with partial percolation (points a1→→→→a2→→→→a3→→→→a4 

in Figure 3.8c) rather than full percolation, or more similar to that of a tree-like pore 



 44 

structure (path b1→→→→b2→→→→b3→→→→b4 in Figure 3.8c), depending on the fraction of macro-

porosity and its connectivity.  

 

               (a1)                              (a2)                                (a3)                               (a4)  

  

                (b1)                             (b2)                              (b3)                        (b4)  

 

(c)  

Figure 3.8: Multiscale models of macro-dominant (a1)-(a4) and micro-dominant (b1)-
(b4) pore structures in mercury intrusion; corresponding drainage curves are 
paths a1→→→→a4 and b1→→→→b4 in (c). (a1) and (b1) are relevant to small capillary 
pressure (Pc = P1) with small invasion. (a2) and (b2) refer to invasion at a 
larger capillary pressure (Pc = P2 > P1) where partial percolation occurs in 
the macro-dominant pore model (a2). The mercury intrusion of the micro-
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dominant pore structure is still negligible at this pressure (see (b2)) as the 
void space is mainly through tree-like model. (a3) and (b3) indicate the 
drainage at a larger pressure (Pc =P3 >P2) where the tree-like models are 
occupied. (a4) and (b4) are the end of drainage (Pc = Pmax) as the void space 
is thoroughly saturated with mercury. (c) depicts the variation of capillary 
pressure (Pc) with wetting phase saturation (Sw) for macro- and micro-
dominant pore structures. The Pc-Sw curves of macro- and micro-dominant 
are provided according to the stages of invasion shown in (a1)-(a4) and 
(b1)-(b4), respectively. 

 
3.2.2. Comparison with observed MICP curves 

With the drainage illustrations of the multiscale models in mind, we now turn to 

the drainage data of tight gas sandstones shown in Figure 3.2. The wetting phase 

saturations, Sw = 1 – SHg, of core #2 decrease 0.3, from 0.85 to 0.55, and core #3 

decreases 0.25, from 0.85 to 0.6, over a small range of capillary pressures. This is the 

partial percolation which can be captured by the macro-dominant multiscale model. The 

saturation change in this interval is thus interpreted as a measure of connected macro-

porosity. The fraction of the connected macro-porosity is larger in the corresponding 

network of core #2 than in core #3. Thus, the MICP curve determines the proportion of 

conventional to tree-like model. We also see the drainage results of cores #1 and 4 in 

which the partial percolation does not occur. The micro-dominant multiscale model is 

appropriate for this condition as the capillary pressure increase with the wetting phase 

saturation is semi-logarithmic for the entire range, which is characteristic of tree-like pore 

model. 
 
3.3. Mercury withdrawal of tight gas sandstone  

3.3.1. Predicted mercury withdrawal from multiscale model 

We illustrate how withdrawal of mercury from a conventional network model 

leaves some mercury behind as a residual phase in the intergranular void space. The same 
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phenomenon will occur within the connected intergranular voids portion of the multiscale 

model. Then, we describe mercury withdrawal from tree-like pore structure that 

constitutes the small scale of our model. Importantly, no hysteresis and therefore, no 

residual phase trapping occurs in the tree-like structure. Finally, by implementing the 

multiscale model, we indicate how it captures the mercury withdrawal from the tight gas 

sandstone. 

We elaborate how imbibition takes place in the conventional network model here.  

This allows us to better understand the difference exists between this model and tree-like 

pore structure which we explore subsequently. First, consider the conventional network 

model of an intergranular void space which is initially filled with mercury, Figure 3.9(a). 

The thickness of each line is adjusted to show the corresponding throat size. In this 

model, red full lines designate the mercury and black dashed lines the absence of 

mercury. As mercury withdrawal begins, the smallest pores are emptied first, 

accompanied by withdrawal of mercury from the narrowest throats attached to those 

pores as their entry pressures are largest. This is indicated in Figure 3.9(b), where black 

dashed lines replace some of the red full lines. Then, as mercury pressure is decreased 

more, larger pores and wider throats attached to those pores are emptied (see Figure 

3.9(c)). Figure 3.9(d) is to represent the nonwetting phase distribution when the capillary 

pressure is lowered to zero which is the last we consider here. The withdrawal of the 

mercury from any pore requires that the pore be part of the mercury phase connected to 

the exit (here, the left and right sides of the network). That is, we cannot withdraw the 

nonwetting phase if there is no path connecting it to the outside. Figure 3.9(d) exhibits 

this condition where the nonwetting phase (red full lines) is no longer connected to the 

outside; throats with nonwetting phase are surrounded by the wetting phase (black dashed 

line). As a result, this fraction of the nonwetting phase stays in the void space as residual, 
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regardless of how much the mercury pressure is decreased. The ratio of the void space of 

the network containing nonwetting phase (red full lines) to the entire void space in part 

(d) of Figure 3.9 is the residual nonwetting phase saturation (Snwr). The network model 

holds the nonwetting phase as residual because of the spatial distribution of sizes of the 

throats and, more fundamentally, the lattice-like structure of the network. The lattice 

guarantees many alternate paths from any given throat to the outside. Thus, it is often 

possible to withdraw mercury from a small pore in the interior of the network and thereby 

disconnect mercury in a larger adjacent pore. A series of such disconnections leads to the 

complete isolation of volumes of mercury.  

 
 
           (a)                            (b)                           (c)                          (d) 
 
Figure 3. 9: Mercury (red color) cannot be completely withdrawn from a conventional 

network because it becomes disconnected. Line thickness indicates pore 
throat diameter and dashed line the absence of the nonwetting phase. (a) 
Start of imbibition in which the void space is fully saturated with 
nonwetting phase. (b) Nonwetting phase leaves the smaller pores by way of 
narrow throats (dashed lines) as the capillary pressure decrease. The 
nonwetting phase withdrawal continues as we lower the capillary pressure 
shown in (c). (d) End of imbibition in which the nonwetting phase remains 
in the void space as residual because there is no connected path of the 
nonwetting phase to the outside through which it can be displaced. The 
spatial distribution of the pore throats and the topology of a network are the 
reasons for the phenomenon. 

Now, we analyze the mercury withdrawal from tree-like pore structure. See 

Figure 3.10 in which the mercury is shown by red full line and its absence by dashed 

black line. The thickness of the line of the network is intended to represent the throat size. 
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Suppose that the void space is initially saturated with the nonwetting phase (see Figure 

3.10(a)). Then, mercury withdraws first from the narrowest throats as the capillary 

pressure is decreased. Some red full lines are replaced by dashed black lines to indicate 

this in Figure 3.10. Progressively wider throats are evacuated as the capillary pressure 

decreases. Because smaller throats are only accessed from wider throats, the nonwetting 

phase remains connected in all steps ((a)-(d) of Figure 3.10). This is possible only 

because the tree-like structure contains no cycles. This behavior differs qualitatively from 

the conventional model of Figure 3.9. Consequently, we can withdraw all the nonwetting 

phase from the pore space. That is, the mercury intrusion and withdrawal is completely 

reversible in the tree-like void space. The reversibility of the nonwetting phase 

withdrawal is favorable for gas production as the hydrocarbon can be completely 

recovered from this type of porosity, even as aqueous phase imbibes into the pore space. 
 

 
                 (a)                              (b)                                (c)                                (d) 
 
Figure 3.10: The mercury withdrawal from tree-like pore space is shown in three steps. 

The red color denotes the nonwetting phase and the dashed black line 
represents an absence of nonwetting phase, similar to Figure 3.9. (a) 
illustrates fully saturated pore model at the start of mercury withdrawal (Pc = 
Pmax). (b) The narrowest throats are evacuated as the capillary pressure is 
reduced (Pc = P1 < Pcmax). (c) The withdrawal continues as capillary 
pressure decreases (P2 < P1). (d) This is the end of mercury withdrawal (P3 

= 0) at which the non-wetting phase is completely withdrawn. The topology 
of the tree (it has no cycles) and the ordering of the throat sizes ensures that 
nonwetting phase in all steps is connected to the exit. Thus, unlike the 
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network shown in Figure 3.9, the withdrawal from tree-like pore structure 
does not leave a residual phase.  

 

The conventional network model exhibits percolation in drainage (Figure 3.5) and 

residual mercury saturation in imbibition (Figure 3.9). We have further learned that the 

tree-like pore structure exhibits gradual (no percolation) and reversible mercury 

intrusion/withdrawal (Figure 3.6 and Figure 3.10).  Implementing these concepts, we now 

analyze the mercury withdrawal from the multiscale network model. The macro-

dominant and micro-dominant models are analyzed in Figure 3.11. We previously 

explored the mercury intrusions of these models in Figure 3.8. Figure 3.11(a1) and (b1) 

are the start of mercury withdrawal in which the models are fully saturated with 

nonwetting phase (Pc = Pmax). See Figure 3.11(c) in which points (a1) and (b1) show the 

start of imbibition for macro- and micro-dominant pore structures, respectively. The 

mercury leaves the tree-like pore structure as we lower the capillary pressure, Figure 

3.11(a2) and (b2). In this step, mercury is withdrawn only from the pores of tree-like 

model as their characteristic sizes are smaller (compare (a2) with (a1) and (b2) with 

(b1)). The increase in the wetting phase saturation is smaller for the macro-dominant than 

for the micro-dominant pore structures because the tree-like structures makes up a 

smaller fraction of porosity in the former; compare points (a2) and (b2) in Figure 3.11(c). 

Figure 3.11(a3) and (b3) show the situation at still lower capillary pressure where the 

tree-like pore structure is emptied of mercury. Here, the mercury occupying the 

conventional network that is accessible only through the tree-like model becomes 

disconnected. At the end of this step, we begin to withdraw the mercury from the fraction 

of the conventional network model accessible to the outside. Note the trend of Pc versus 

Sw in macro- and micro-dominant pore structures. Figure 3.11(a4) and (b4) show the end 
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of imbibition with zero capillary pressure in which the mercury remains as a residual 

phase in the connected network portion of the pore space, while the mercury is fully 

withdrawn from the tree-like pore model. Therefore, the residual nonwetting phase is 

much smaller in the micro-dominant pore structure, Figure 3.11(b4), as the corresponding 

network is mainly composed of tree-like pore model, compared to the macro-dominant 

pore structure, Figure 3.11(a4). 
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              (a1)                             (a2)                               (a3)                             (a4)  

 
                (b1)                             (b2)                              (b3)                          (b4)  

 

(c) 
 
Figure 3.11: Mercury withdrawal from macro-dominant (a1)-(a4) and micro-dominant 

(b1)-(b4) multiscale models. Corresponding imbibition curves a1→→→→a4 and 
b1→→→→b4 in (c). (a1) and (b1) are fully saturated with mercury (Pc = Pmax). 
(a2) and (b2) depict the models at a lower capillary pressure (Pc = P3 < 
Pmax). Mercury leaves the smallest pores of tree-like models by withdrawing 
through the smallest pore throats. (a3) and (b3) are relevant to a lower 
capillary pressure (Pc = P2 < P3) where mercury withdrawal continues; in 
(a3) the nonwetting phase of the conventional network of pore throats that is 
accessible only from the tree-like pore model becomes disconnected. No 
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such disconnection occurs in (b3). (a4) illustrates the residual mercury phase 
at zero capillary pressure which remains in the conventional model while 
(b4) shows that all mercury is withdrawn at zero capillary pressure. (c) 
shows decrease of the capillary pressure with wetting phase saturation for 
the macro- and micro-dominant pore models. This plot distinguishes the 
imbibition results based on the pore structures, which is usually taken into 
account in reporting the imbibition results (Lake, 2010). 

  

3.3.2. Observed mercury withdrawal in samples 

In light of the preceding models, consider the mercury intrusion/withdrawal 

measurements under confining stress shown for two Western tight gas sandstones in 

Figure 3.12. We assume that the effect of disjoing pressure is negligible (Derjaguin and 

Churaev, 1974). During intrusion, the capillary pressure of the sample with a larger entry 

pressure increases almost exponentially with mercury saturation and there is no 

percolation. Then, the capillary pressure of the sample decreases almost exponentially 

with mercury saturation during withdrawal, almost reversing the path following during 

intrusion. These are the characteristic features of the tree-like pore structure. The slight 

irreversibility at the end of the intrusion/withdrawal cycle is because of a small amount of 

intergranular void space that is accessible only through the intragranular void space; cf. 

Figure 3.11(b4). In other words, a small fraction of the void space in this sample is 

embedded in a conventional network of voids which is accessible only from tree-like 

pore structure. The cumulative disconnection of mercury in these voids results in the final 

residual saturation of about Snwr = 0.10. Therefore, a micro-dominant multiscale network 

model, with a large fraction of void space embedded in the tree-like pore structure, 

represents the void space in this sample.  
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In contrast, tight gas sandstone samples that are not dominated by microporosity 

show strong hysteresis during mercury withdrawal and very large residual saturations. 

The sample with a smaller entry capillary pressure in Figure 3.12 is an example of such. 
 

 
 

Figure 3.12: Mercury intrusion and withdrawal data on samples of two Western tight gas 
sandstones held under confining stress. The capillary pressure increases 
exponentially with mercury saturation during intrusion for both samples. 
The withdrawal is almost reversible for the sample with a larger entry 
pressure (filled symbols) until the mercury saturation (1 – Sw) reaches 0.10. 
The reversible intrusion/withdrawal over a large range of mercury saturation 
is indicative of void space dominated by microporosity. In contrast, strong 
hysteresis for the sample with a smaller entry pressure (open symbols) 
reveals that the macroporosity mainly constitutes the void space in that 
sample. 

3.4. Porous plate experiment and its relation with mercury intrusion 

This section examines our understanding of the pore structure which is based on 

the multiscale model. We first predict the drainage results of tight gas sandstone obtained 
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from mercury intrusion and porous plate experiments on a consistent set of samples. 

Then, we contrast our prediction with the measured data. 
 
3.4.1. Predicted porous plate experiment from multiscale model 

In the porous plate, air is invaded into a sample fully saturated with brine. Air is 

the nonwetting phase for tight gas sandstone and brine is wetting. Thus, this experiment 

is drainage. We predict the drainage results here from the multiscale model. 

First, we suppose that there is no clay swelling occurring during the porous plate 

experiment. Consider the displacement of brine by gas within the tree-like pore structure 

of the microporosity. The microporosity is filled with water at the start of porous plate 

test as depicted in Figure 3.13(a). As drainage begins, gas displaces brine from the 

relatively large throat that connects the tree-like structure to the exit, Figure 3.13(b). 

However, gas cannot invade the microporous void space, no matter how large the 

capillary pressure is, as the brine has no way out. The gas also cannot compress the brine 

inside the pore space enough to enable significant saturation changes. Therefore, the pore 

structure of the tree-like model predicts that a significant faction of void space is not 

accessible in the porous plate, simply because the brine is trapped in the microporosity. 

 

(a)                                       (b) 

Figure 3.13: (a) Schematic illustration of the tree-like pore structure which is initially 
saturated with brine and connected to a larger pore (thick line) also contains 
brine. (b) Gas drains the large throat (red) but cannot invade the tree-like 
void space as brine has no way out.  
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The trapped phase phenomenon in the porous plate experiments does not occur in 

the mercury intrusion test because the sample is initially evacuated. Therefore, the 

capillary pressure of the nonwetting phase only needs to be large enough to exceed the 

capillary entry pressure of the throat. There is no resident fluid that must be displaced 

from the void space. 

Now, we assume that a notable clay swelling takes place in the microporosity 

region. If this is the case, the void space embedded in the microporosity is available 

during mercury intrusion but is no longer available in the porous plate experiment. The 

clays swell and occupy the adjacent void space and hence, the porosity existing in the 

tree-like fraction of the multi-scale model vanishes. This provides another reason for the 

samples having larger wetting phase saturations in porous plate than in mercury intrusion 

tests at similar scaled capillary pressures. Therefore, the multiscale model predicts 

significantly larger wetting phase saturation in the porous plate experiment. 

 
3.4.3. Observed porous plate experiment  

We now turn to the comparison of drainage results obtained from porous plate 

experiment and mercury intrusion. This is to test the prediction of multiscale model. For 

this purpose, we analyze the drainage data in the form of scaled capillary pressure. The 

scaled pressure presentation eliminates the difference in interfacial tensions (gas/water 

versus Hg/Hg vapor) and allows us to compare the accessible void space controlled by 

the same set of throats in both experiments. The scaled capillary pressure after assuming 

equilibrium is calculated as: 

cos
c

cs

P
P

γ θ
=  (3.1)  
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where csP is the scaled capillary pressure, cP  the capillary pressure obtained from 

laboratory measurements, γ interfacial tension, and θ  the contact angle. The interfacial 

tension of air-brine is equal to 72 
cm

dynes
 and for mercury-mercury vapor, it is 487 

cm

dynes
. The contact angles of air-brine and air-mercury are 0 and 140 degrees, 

respectively. Knowing the capillary pressures from laboratory measurements, we 

determine the scaled pressures. 

The drainage curves of mercury injection and porous plate for a set of samples of 

a Western tight gas sandstone are shown in Figure 3.14 in the scaled form. The wetting 

phase saturation in mercury intrusion is evaluated from mercury saturation, Sw = 1 – SHg, 

and in the porous plate, it is brine saturation. We observe a significant decrease in the 

invaded void space of the porous plate compared to mercury intrusion. The average 

difference in drainage endpoints is almost 0.4 saturation units between the two sets of 

experiments.  The difference is because of brine being trapped in the samples and/or clay 

swelling. This corroborates our understanding from the pore structure of tight gas 

sandstone which is based on multiscale model. 
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(a) 

 
(b) 

Figure 3.14: Drainage curves for a set of samples of a Western tight gas sandstone 
measured by (a) mercury intrusion and (b) porous plate. The capillary 
pressures are scaled by interfacial tension and contact angle using Equation 
(3.1). The average wetting phase saturation at the maximum scaled pressure 
is 0.35 saturation units smaller for the porous plate than for mercury 
intrusion. This is because of the brine trapped in the tree-like microporosity. 
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3.4.4. Pore structure classification based on porous plate experiment 

Here, the pore structure of tight gas sandstones is categorized by comparing the 

drainage results. We categorize the porosities of the core samples into macro-dominant, 

intermediate, and micro-dominant depending on the wetting phase saturation, which is 

brine saturation, at the maximum scaled capillary pressure. These terms are used to 

indicate the fraction of porosities only relative to each other. So the term macro-dominant 

means that the fraction of macroporosity in that pore structure is greater than in the other 

groups. We do not mean that the void space is made up macroporosity similar to 

conventional rocks. In this classification, we also consider the trend of capillary pressure 

variation with wetting phase saturation.  

The void space is macro-dominant if the partial percolation takes place at low 

capillary pressure. Figure 3.15(a) depicts examples of such. On the other hand, the 

invasion is negligible if the void space is mainly microporosity (see (c) in Figure 3.15). 

Other pore structures are considered intermediate in which the partial percolation does 

not occur but the wetting phase saturation at the largest capillary pressure is comparable 

with macro-dominant pore structure (Figure 3.15(b)). For instance, the final wetting 

phase saturations of intermediate pore structures are in the range of 0.4 to 0.65 while for 

macro-dominant they are 0.4 to 0.6.  Implementing the pore structure classification to 15 

samples, we find that 4 are macro-dominant, 8 are intermediate, and 3 are micro-

dominant. 
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(a) 

 
(b) 

 
 
 

Figure 3.15 

  

Partial percolation of 
macro-dominant pore 

structure 
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(c) 

Figure 3.15: The void space of tight gas sandstone is classified based on the porous plate 
experiment. (a) is the macro-dominant void space in which the partial 
percolation (gray box) and large irreducible brine saturations are obvious, 
(b) the intermediate structure showing no percolation but large irreducible 
saturations, and (c) the micro-dominant pore structure without notable 
invasion. Core samples are labeled as in Figure. 3.13. 

3.5. Absolute gas permeability and its relation with pore structure classification 

In this section, we examine the correlation of absolute gas permeability and pore 

structure. This is to examine whether the fraction of microporosity determined from 

porous plate data is reflected in the absolute permeability. We expect the permeability 

decreases as the microporosity fraction increases.  

We compare the average gas permeability values of the pore structures. The 

average (logarithmic mean) permeabilities of the samples in macro-dominant, 

intermediate, and micro-dominant pore structures are respectively, 8.0, 4.7 and 2.5 

microD. This shows that the characteristic throat sizes of macro-dominant pore structure 

are the largest. So the connected void space, compared to other samples, is more through 

the macroporosity. We also note that the micro-dominant pore structure has the lowest 
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permeability indicating the largest fraction of microporosity in this pore structure. Hence, 

the average permeability values are consistent with our pore structure classification in 

indicating the fraction of microporosity.  

To summarize the development thus far, we have described a multiscale model 

that captures characteristic features of the mercury intrusion capillary pressure test. The 

model allows us to explain features of the mercury withdrawal as well. Implementing this 

model, we explained why a significant fraction of void space is not accessible to the 

invading nonwetting phase in the porous plate, compared to mercury intrusion. Then, we 

classified the pore structures of the rocks into macro-dominant, intermediate, and micro-

dominant. This classification is supported by the average absolute gas permeability 

values. We next use this approach to estimate the ultimate recovery of tight gas sandstone 

and validate it via analyzing production data. 
 
3.6. Resistivity analysis 

In this section, we examine whether the resistivity parameters are correlated with 

the pore structure. If a resistivity signature can be identified, it could be used to 

categorize logged intervals in terms of the pore space structures. This section is only to 

examine whether the pore structures are classified based on the resistivity parameters. Of 

course, we do not mean that all the resistivity parameters obtained from lab 

measurements provide meaningful values for tight gas sandstones similar to conventional 

rocks. 

 
3.6.1. Cementation exponent 

The formation factor indicates the resistivity of a fully brine-saturated sample 

against electrical current. It depends on the conductivity of saturated throats and 



 62 

conductive grains, if the latter exist. The formation factor is commonly treated as a power 

law in porosity:  

m

a
F

ϕ
=  

)3.2( 

a is a constant and m the cementation exponent. Here, the constant a is taken to be unity, 

and the cementation exponent is obtained from the laboratory measurements of F and φ.  

We present the cementation exponent data of the pore structures in Table 3.1. The 

average value (arithmetic mean) of the cementation exponent is large for macro-dominant 

and intermediate pore structures and small for micro-dominant; the cementation exponent 

decreases with the fraction of connected microporosity. Thus, the cementation exponent 

data, similar to the absolute gas permeability values, are correlatable with the pore 

structures determined from drainage experiments. The value near 2 for the macro-

dominant and intermediate is consistent with values for conventional networks.  The 

smaller values of m for the micro-dominant samples are consistent with the fact that m = 

1 for the bundle-of-tubes model of pore space, which in terms of conduction is analogous 

to the tree-like pore structure.  
 

Table 3.1:     The average (arithmetic mean), minimum, and maximum of the cementation 
exponents of Western tight gas sandstone samples. The pore structures were 
determined from the porous plate results provided in Figure 3.15. 

 Macro-dominant Intermediate Micro-dominant 

Average 1.80 1.79 1.48 

Min 1.70 1.56  1.45  

Max 1.89 1.85 1.51 
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3.6.2. Resistivity index 

The resistivity index is the ratio of the resistivity of the partially brine-saturated 

core to its fully saturated condition. The resistivity index is commonly parameterized 

with brine saturation as: 

n
wS

RI
1=  

(3.3) 

where RI  is the resistivity index, Sw the wetting phase saturation, and n the saturation 

exponent. The saturation exponents for the same set of samples classified by pore 

structure are listed in Table 3.2. The saturation exponent follows a monotonic trend based 

on the pore structure classification. It decreases as the fraction of microporosity increases, 

with micro-dominant having the lowest average value, showing that the pore 

classification is also capable of ordering the electrical resistivity parameters of the rocks.  
 

Table 3.2:    The average (arithmetic mean), minimum, and maximum of saturation 
exponents of 15 samples of Western tight gas sandstone. Samples are 
classified as macro-dominant, intermediate, and micro-dominant pore 
structure based on Figure 3.15.  

 Macro-dominant Intermediate Micro-dominant 

Average 1.58 1.50 1.32 

Min 1.40 1.38  1.28  

Max 1.66 1.61 1.41 

 

The analyses of cementation exponent and resistivity index show that pore 

structures are classified according to these parameters. As we will see in the subsequent 

section, this pore classification has major implication in terms of producibility. Analysis 
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of resistivity logs could therefore be useful in assessing the pore structure, though such 

analysis is beyond the scope of this paper.   
 

3.7. Conclusions 

We have analyzed the pore structure of the tight gas sandstone. To this end, we 

have developed a multiscale model to analyze macroporosity (primarily intergranular 

void space) and microporosity (primarily intragranular void space) and their interactions. 

The multiscale model embraces conventional network model and tree-like pore structure 

to mimic the intergranular and intragranular void spaces, respectively. The tree-like pore 

structure is proposed in this study for the first time. 

We have adopted the multiscale model to analyze the laboratory measurements 

such as mercury intrusion (drainage), withdrawal (imbibition), porous plate, and 

resistivity parameters. Applying the multiscale model to porous plate data of drainage 

experiment, we have classified the porosities of rocks into macro-dominant (large 

macroporosity fraction), intermediate (combination of macro and microporosity), and 

micro-dominant (large microporosity fraction). Each class has different imbibition 

behavior and hence different expected gas recoveries. This is has major implications in 

terms of predicting ultimate recovery from the reservoir. We will quantify the estimated 

ultimate recovery (EUR) of the tight gas reservoir in the subsequent chapter using the 

mercury intrusion/withdrawal data. 
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Chapter 4: Estimation of ultimate recovery for tight gas sandstone 

4.1. Introduction 

We are to see the main implication of the multiscale model which we originally 

developed to explain the mercury intrusion capillary pressure (MICP) measurements of 

the tight gas sandstone. The main implication is to indicate how pore structure 

classification introduced from the notion of multiscale model along with mercury 

intrusion/withdrawal allows us to predict the ultimate recovery. 

We use the residual mercury saturation of the mercury withdrawal test (Sgr) to 

evaluate producibility of each pore structure. We use the ratio of residual mercury 

saturation after mercury withdrawal (Sgr) to initial mercury saturation (Sgi), which is the 

saturation at the start of withdrawal, as a measure of gas likely to be trapped in the matrix 

during production and hence a proxy for estimated ultimate recovery (EUR). This is the 

EUR considering the capillary effects only from the matrix of a tight gas sandstone. We 

first calculate the recovery of the pore structure using mercury intrusion/withdrawal tests. 

Then, we evaluate the recovery from different initial gas saturations by investigating 

measurements of cyclic mercury intrusion/withdrawal. 

 
4.2. Methodology 

4.2.1. Estimation of ultimate recovery from residual mercury saturation after 

withdrawal 

We estimate the ultimate recovery of pore structures from residual mercury 

saturation (Snwr) of intrusion/withdrawal test. The variation of residual mercury saturation 

with absolute gas permeability of the core samples is illustrated in Figure 4.1. Because 

the porous plate data were not measured for these samples, the demarcation of Snwr for 

each category is made by distributing pore types to have the same population distribution 

as observed in the porous plate samples (see Figure 3.15). In this demarcation, the 
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populations with the largest residual mercury saturations correspond to macro-dominant, 

medium residual saturations represent intermediate, and the smallest residual saturation 

tally with micro-dominant pore structures. Examples of mercury intrusion/withdrawal 

results for the pore structures are provided in Figure 4.2. In the porous plate pore 

structure classification implemented for 15 samples, 3 are in micro-dominant group, 8 in 

intermediate, and 4 in macro-dominant. Hence, from the 35 samples for which we have 

the mercury withdrawal results the populations of macro-dominant, intermediate, and 

micro-dominant are 9, 19, and 7, respectively. Using this population criterion, we draw 

lines between the pore types on Figure 4.1. The coincidence of the lines with “round 

numbers” on the y-axis is not deliberate.  

 
Figure 4.1: Variation of residual mercury saturation (Snwr) with absolute gas 

permeability for samples of Western tight gas sandstone. Macro-dominant 
has the largest fraction of connected intergranular void space resulting in the 
largest Snwr. From 35 core samples, 9 are macro-dominant, 19 intermediate, 

Micro-dominant 

Macro-dominant 

Intermediate  
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and 7 micro-dominant. The frequency distribution of pore structures is 
adopted from the porous plate samples.  

We use mercury intrusion/withdrawal results for estimating gas recovery. We take 

residual nonwetting phase saturation at the end of mercury withdrawal (Snwr) as an 

estimate of the residual gas saturation (Sgr). This is reliable when the initial nonwetting 

saturation (Snwi) of the test is close to initial gas saturation (Sgi). The recoverable fraction 

of nonwetting phase depends on both pore structure and initial nonwetting phase 

saturation. The recoverable fraction of the nonwetting phase is the complementary part of 

the ratio of Snwr to Snwi (i.e., recoverable fraction = 1 –
nwi

nwr

S

S  ). We will generalize this 

approach to partial cyclic intrusion/withdrawals in the subsequent section.  

We illustrate the procedure for micro-dominant, intermediate, and macro-

dominant pore structures. The results of mercury intrusion/withdrawal for the three 

samples are shown in Figure 4.2. The nonwetting phase saturation of the micro-dominant 

pore structure is 77% at the start of withdrawal. We take this as Sgi. Then, we take the 

nonwetting phase saturation at the end of withdrawal to be Sgr which is 21% for the 

micro-dominant sample. Hence, the fraction of residual to initial nonwetting phase 

saturations is 0.21/0.77 = 0.27. This indicates the fraction of original nonwetting phase 

that is irrecoverable. Hence, 73% (= 100% – 27%) of the initial gas saturation is 

recoverable when the initial gas saturation is 77%. For the intermediate pore structure, 

the nonwetting phase saturations at the start and end of imbibition are, respectively, 77% 

and 30%. This implies that 39% of the initial nonwetting phase is irrecoverable, so 61% 

of the original nonwetting phase is producible. The macro-dominant pore structure shows 

that its nonwetting phase saturation at the start and end of drainage and imbibition equal 

87% and 50%, respectively. Therefore, 57% of the injected mercury is not producible. 

This shows that 43% (= 100% – 57%) of the initial nonwetting phase is recoverable.  
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We implement the same procedure for all samples in each pore structure shown in 

Figure 4.1 to evaluate recovery and average the values for each pore structure. The results 

are listed in Table 4.1 in the rows showing “Hg withdrawal” test. These recoveries can be 

regarded as the maximum feasible ultimate recovery. The underlying assumptions are 

that (i) the initial gas saturation in the field is no greater than the drainage endpoint 

saturation of mercury and (ii) that the only factor affecting recovery is the residual gas 

saturation in the matrix. Smaller recoveries could occur in practice for technical as well 

as economic reasons, and these other factors could mitigate the predicted difference in 

recovery from each pore type.  

 
Figure 4.2: Examples of mercury intrusion/withdrawal data for Western tight gas 

sandstone samples that correspond to different pore structures. In each pore 
structure, the capillary pressure is larger during intrusion for a given non-
wetting phase saturation. The macro-dominant pore structure yields the 
largest residual mercury saturation as it has the largest fraction of connected 
intergranular void space. The gas permeabilities of macro-dominant, 
intermediate, and micro-dominant samples are equal to 11.6, 4.8, and 2.3 
microdarcy, respectively. The ratio of the residual mercury saturation at the 
end of withdrawal to the saturation at the start of withdrawal indicates the 
fraction not recoverable, and the complementary part is recoverable. The 

recoverable fraction is thus equal to 
nwi

nwr

S

S−1 . 
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The capillary pressure was increased to a maximum of 5 kpsi in the tests shown in 

Figure 4.2. This is sufficient to establish similar endpoint saturations of mercury (0.8 to 

0.85) in most of the samples. Hence, the differences in recoverability are due to the pore 

type. 

 

Table 4.1: Estimated ultimate recovery (EUR) for different pore structures with large 
initial gas saturations. The recoverable fraction is approximated by 
computing the ratio of residual mercury saturation at the end of withdrawal 
(imbibition), Snwr, to initial mercury saturation at the end of intrusion 
(drainage), Snwi. The recoverable percent is the fraction of initial gas 
saturation that is producible if Sgi were equal to Snwi. 

Pore structure Sgi (%) Sgr (%) Recoverable % 

Macro-dominant 85 47 45 

Intermediate 83 33  60  

Micro-dominant 81 14 83 
 

Table 4.1 presents the recovery in terms of the fraction of initial gas saturation 

recoverable and not the producible gas saturation itself. For instance, in macro-dominant 

pore structure, 45% of the initial gas saturation which is 85% is producible. So the 

recoverable gas saturation is 38%. Crucially, the laboratory measurements of mercury 

withdrawal indicate that the producible fraction of stored gas is different for different 

pore structures. The micro-dominant pore structure has the largest recovery (= 83%) of 

large initial nonwetting phase saturations.  
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4.2.2. Estimating ultimate recovery from cyclic mercury intrusion and withdrawal 

In this section, we generalize the preceding section’s approach to partial cyclic 

intrusion/withdrawal. This enables an estimate of recoverable fraction from smaller initial 

gas saturations in each pore type. We suppose that the fraction of mercury saturation 

recovered in each cycle provides an estimate of the fraction of gas can be recovered from 

the pore type involved in that cycle. For this purpose, we use cyclic mercury 

intrusion/withdrawal data reported by Cluff and Webb (2009). The analysis of these data 

is restricted to the core samples whose gas permeabilities are less than 10 microD. This is 

a legitimate range of permeability for non-fractured tight gas sandstones considering our 

laboratory measurements as indicated in Figure 4.1. In the cyclic drainage/imbibition, the 

capillary pressure is increased up to different values at the drainage endpoint of each 

cycle. A schematic of cyclic intrusion/withdrawal is shown in Figure 4.3(following Cluff 

and Webb, 2009). For this k = 5 microD sample, the capillary pressure was increased up 

to 0.75, 2, and 10 kPsia at the drainage endpoint of the three measured cycles. These 

capillary pressures are sufficient for the invasion of throats with characteristic sizes of 

0.30, 0.11, and 0.02 micrometers. The measured cycles are indicated with red arrows in 

panels (a), (c) and (e) of Figure 4.3. Two other cycles are indicated in panels (b) and (d). 

The basis for using these cycles is that had a measurement of the indicated cycle been 

made, the residual saturation would have been the same as the value observed in the 

actual cycle. This is reasonable considering the drainage curve in each cycle continues 

smoothly from the drainage curve of the preceding cycle. 

We classified the pore structures by analyzing their drainage results obtained from 

porous plate. Therefore, the recoverability of each pore structure can be assessed for 

different initial gas saturations if we consider the drainage/imbibition cycles of the 

corresponding throats in mercury intrusion/withdrawal test. Hence, we use the first and 
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combination of first and second cycles to analyze the recoverability of macro-dominant 

pore family ((a) and (b) in Figure 4.3). For the intermediate pore structure, we employ 

second cycle and combination of second and third cycles ((c) and (d) in Figure 4.3), and 

for the micro-dominant pore structure, in which the void space is primarily 

microporosity, we adopt the last cycle ((e) in Figure 4.3). Noting that the drainage portion 

rejoins the previous drainage curve, we assume the nonwetting phase configuration at the 

end of any portion of the drainage is unaffected by preceding imbibition loops.  

 
Figure 4.3: An example of cyclic mercury intrusion and withdrawal (Cluff and Webb, 

2009) from which we estimate the ultimate recovery of different gas 



 72 

saturations in different pore types in tight gas sandstones. The mercury 
withdrawal tests were continued up to zero capillary pressure and not 
negative values. Individual cycles indicated as sequence of red arrows. The 
first (a) and combination of first and second cycles (b) are to estimate the 
recovery for macro-dominant pore structure. Second cycle (c) and 
combination of second and third cycles (d) re used for intermediate pore 
structure. The last cycle (e) is for the micro-dominant pore structure. 

 

For the sake of clarity, we elaborate the procedure for the macro-dominant pore 

structure ((a) in Figure 4.3). The wetting phase saturations, Sw = 1 – SHg, at the end of first 

drainage and imbibition cycle are 74% and 78%, respectively in Figure 4.3(a). This 

means that the nonwetting phase saturations for these conditions are 26% and 22%, 

respectively. Therefore, the produced nonwetting phase saturation is 4%, and 

consequently the recovery is 15% (= 
%26

%4
) of the initial saturation (26%) established 

during drainage. This estimation implements only the first cycle and is appropriate for 

low nonwetting phase saturations of macro-dominant pore structure.  

For larger nonwetting saturations in macro-dominant pore structure, we use the 

combination of first and second cycles ((b) in Figure 4.3). The wetting phase saturations 

at the end of second drainage and imbibition cycle are 39% and 54%, respectively. So the 

nonwetting phase saturations at the end of drainage and imbibition are 61% and 46%, 

respectively. Hence, the recovered nonwetting phase saturation is 15%. This implies that 

29% (= 
%61

%15
) of the nonwetting phase is producible if the initial nonwetting phase 

saturation is 61%. 

After implementing the above approach for 9 samples, we average (arithmetic 

mean) the initial nonwetting phase saturations and their recoverable fractions for each 

pore structure to determine the ultimate recovery. The results are listed in Table 4.2. We 
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observe that the recovery% improves as the fraction of microporosity increases and that 

the micro-dominant pore structure has the largest recovery%. This is because of increase 

in the fraction of tree-like microporosity.  
 

Table 4.2:    The recoverable fraction is determined from partial cyclic mercury 
intrusion/withdrawal data (Cluff and Webb, 2009). This is a generalization 
of the intrusion/withdrawal approach implemented in the preceding section. 
The fraction of recovered mercury in different cycles, unlike the previous 
approach which was for a single withdrawal from drainage endpoint, is 
adopted to approximate the producible fraction of gas. 

Pore structure Sgi (%) Sgr (%) Recoverable (%) 

Macro-dominant 30 26 14 

Macro-dominant 59 44 25 

Intermediate 34 19 44 

Intermediate 58 31 46 

Micro-dominant 40 13 68 

 

Comparing the recoverable fractions (Tables 4.1-2) of each pore structure at 

different initial saturations, we realize that the recovery also improves as the initial 

nonwetting phase saturation increases for each pore structure. This is familiar from 

“initial-residual” curves in conventional rocks. The behavior of tight gas sandstones in 

this regard is amplified by the influence of microporosity. A larger nonwetting phase 

saturation is attained at a larger capillary pressure which leads to more invasion of 

narrower throats that are in tree-like pore microporosity. We also know that the tree-like 

pore structure has a better producibility. Thus, we interpret that the better recoverability 
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of pore structure at larger saturation is because of more invasion of tree-like 

microporosity. 

It is of interest to know how much of the gas in place is producible and for that 

reason, we present the producible gas saturation (Sg,p) versus initial gas saturation (Sgi) for 

different pore structures (Figure 4.4). We use the predicted ultimate recoveries addressed 

in Tables 4.1-2. The producible gas saturation is determined by multiplying the initial gas 

saturation (Sgi) and the recoverable fraction. For instance, when the initial gas saturation 

of macro-dominant pore structure is 30%, the recovery fraction is 14% (first row of Table 

4.2) and hence, the producible gas saturation is 4% (= 14% ×  30%). This plot indicates 

an estimate for the gas recovery from the reservoir if one type of pore structure 

constitutes the void space. This plots also provides an upper and lower limits of 

producible gas saturation (upper limit is for micro-dominant and lower limit is for macro-

dominant), as we know that the void space in a reservoir is a mixture of macro- and 

micro-porosity. Figure 4.4 implies that a gas saturation profile that is uniform with depth 

at the beginning of production will evolve to a highly variable profile if the pore types are 

distributed non-uniformly with depth. Large residual saturations will remain in zones 

dominated by macroporosity, while production will continue from zones dominated by 

microporosity until much smaller residual saturations are established. 
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Figure 4.4: The producible gas saturation (Sg,p) versus initial gas saturation (Sgi) for 

different pore structure that is based on recoveries listed in Tables 4.1-2. 
This provides an estimate for the EUR from a tight gas reservoir if the one 
type of pore structure constitutes all the void space in the reservoir. 
Consequently, it provides lower and upper limits of gas production if the 
void space is a mixture pore types. Previously, Lake (2010) indicated the 
effect of having different rock types on the producible gas saturation; 
however, we address the effect of having different porosities in tight gas 
sandstone here for the first time. 

4.3. Conclusions 

We estimated the ultimate recovery (EUR) of tight gas sandstone using mercury 

intrusion/withdrawal data. The ultimate recovery is predicted to be between 14% to 83% 

of the initial hydrocarbon saturation depending on the ratio of microporosity to total 

porosity and initial gas saturation. This is an estimate for the recovery from the matrix of 

tight gas reservoir. The recovery increases as the fraction of tree-like microporosity 

increases and also improves with an increase in initial hydrocarbon saturation. 

It is of interest to determine whether the predicted trend is consistent with the 

actual production data. Hence, we will analyze the correlation between the pore structure 

and the producibility in the subsequent chapter. The pore structure will be determined 
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from the laboratory measurements wherever it is available or production rates. The 

production data are from the production logging tool (PLT).  
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Chapter 5: Production data of tight gas sandstone and its correlation 
with pore types 

5.1. Introduction 

We now seek to validate the multiscale model developed. While direct 

measurements of gas production from core samples of each rock type are not available, 

field production data (a repeated PLT) and logs of the producing interval are available. 

The validation test is thus qualitative: are the data inconsistent with expectations based on 

the abundance of microporosity? Inconsistency would lead us to reject the hypothesis that 

microporosity correlates with greater producibility; consistency provides some support 

for the hypothesis, but there are not yet sufficient data to quantify the influence of other 

factors on the production data.  

The essence of the test is that the larger recoverable fraction expected from 

microporosity-dominated intervals should result in a slower decline in the production rate 

from that interval. This predicted effect must be deconvolved from another first order 

effect: the initial production rate of micro-dominant pore structure is smaller compared to 

other pore structures because of its typically smaller permeability. The decline in 

production rate would thus be slower in absolute terms (i.e. time on production), even if 

the recoverable fraction were the same. Table 5.1 lists our expectations of recovery, 

decline rate, and initial production rate for each pore structure type.  
 

Table 5.1: The multiscale model predicts the pore structures behave differently in terms 
of initial production rate, decline rate, and the recovery.  

Pore structure Recovery fraction Decline rate Initial rate 

Macro-dominant Small Fast Large 

Intermediate Small to moderate Moderate Moderate 

Micro-dominant Large Slow Small 
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The porosity type is not the only factor affecting the producibility. In practice, 

many other parameters are involved that eventually control the ultimate recovery. For 

instance, we could enhance the producibility by fracturing and re-fracturing the 

formation. The effects those parameters are not studied here and here we only focus on 

the influence of pore type on ultimate recovery, in effect assuming that all other factors 

are the same from one well to the next. 

First, we investigate the gas production data of a well obtained from production 

logging tool (PLT) analysis along with the residual mercury saturation (Snwr) for core 

plugs from a portion of the logged interval. The objective is to determine whether the 

decline in the production rate decreases with an increase in the fraction of microporosity 

of the void space, which is inferred from the residual mercury saturation. Because little 

mercury data are available, we also conduct a secondary test: we indicate where the pore 

structure is slightly micro-dominant or macro-dominant according to absolute gas 

permeability and then study the relation of decline in the production rates to the fraction 

of microporosity. This test is less rigorous because although large permeability is 

associated with macroporosity-dominated rocks, small permeabilities are observed in all 

three rock types, Figure 4.1. Finally, we explore the production data over a larger interval 

of the well to see how the estimated ultimate recovery (EUR) is related to initial 

production rate (IP) in tight gas sandstone. 
 
5.2. Correlation of decline ratio with residual nonwetting phase saturation 

Here, we indicate whether the fraction of microporosity increases in the producing 

interval by taking into account the residual mercury saturation (Snwr) at the end of a 

mercury intrusion/withdrawal measurement as indicated in the preceding chapter. Smaller 
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residual nonwetting phase saturation corresponds to larger fraction of microporosity in 

the void space. 

We use the gas production rate profile in a well completed in a long interval of a 

Western US tight gas sandstone determined by PLT analysis. Figure 5.1 shows the 

normalized production data at relative depths in the well at two different times three 

months apart. The normalized rates are determined from normalizing the gas entry rates 

obtained form PLTs to a reference value so that the normalized rates remain smaller than 

or equal to unity. The relative depth indicates the depth from a baseline in the well. We 

observe variability both in the initial production rates and in their declines. All the layers 

with large gas rates declined during the three months between PLT. Some of the layers 

with smaller rate declined little or not at all.  

We use the gas production rate profile in a well completed in a long interval of a 

Western US tight gas sandstone determined by PLT analysis. Figure 5.1 shows the 

production data at different depths at two different times three months apart. Neither the 

production rates versus depth nor their decreases are uniform. All the layers with large 

gas rates declined during the three months between PLT. Some of the layers with smaller 

rate declined little or not at all.  
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Figure 5.1: Normalized gas production rates of a Western tight gas reservoir logged 

versus relative depth. The relative depth is measured from a baseline in the 
well. The actual rates are obtained from two production logging tool (PLT) 
analyses taken three months apart. 

 

To normalize the differences between the two PLTs, we define a decline ratio (Ri) 

as follows:  
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where )(, tq mgsc  is the gas production rate of layer m of the reservoir at time t. All the 

production rates studied here are from a layer of reservoir and not the entire well and 

hence, we drop the subscript m hereafter. The decline ratio determines the ratio of decline 

in the production and not the decline in the production itself. It allows us to see whether 

the decline in the production is significant compared to the start-of-analysis rate. A 

smaller decline ratio means that the rate is less lowered by production.  

Now, we explore the correlation of residual nonwetting phase saturation (Snwr) 

and the decline ratio (Ri) in the production. Snwr is the mercury saturation obtained from 
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withdrawal test (see section 4.1). The fraction of the microporosity to total porosity of 

each interval is decided from Snwr, in which the low values correspond to slightly micro-

dominant pore structure and high values to slightly macro-dominant. Core data are 

available only from a subset of the logged interval in Figure 5.1.  

We have limited core measurements over the producing interval to decide the 

pore structure of the layer for which we have two PLTs. More importantly, the core 

measurements show heterogeneity at their scale which is below the PLT scale. Thus, we 

assign the pore structure of the producing interval based on trend of change in the core 

measurements. The pore structures of the producing intervals are taken to be slightly 

micro-dominant, intermediate, and slightly macro-dominant whereas the closest core 

measurements could be micro-dominant, intermediate or macro-dominant. For instance, 

at the relative depth of 145 ft the core sample is macro-dominant and we consider the 

producing interval as slightly macro-dominant from the trend of change in the core 

measurements (see Figure 5.2(a)). This is because we infer the pore structure of the 

interval from core measurements which is representative of a smaller scale than the PLT 

scale. We use the same approach in determining the pore structure from permeability 

measurements in the subsequent section (see Figure 5.3). 

The comparison of the variation of decline ratio (Ri) and residual mercury 

saturation (Snwr) indicates some correlation, Figure 5.2. Both increase with relative depth 

from 115 ft to 155 ft and decrease from 155 ft to 185 ft. There is a moderate decline ratio 

of 0.42 at 115 ft and large decline ratio of 0.6 at 155 ft, both of which are consistent with 

our model prediction for intermediate and slightly macro-dominant pore structures, 

respectively. However, the decline is small at 185 ft which is not what our model predicts 

if we assign the pore structure based on the closest core measurement available at the 

relative depth of 175 ft. 
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                                         (a)                           (b) 
Figure 5.2: There is a correlation between the fraction of microporosity in the void space 

predicted from (a) residual nonwetting saturation (Snwr) and (b) decline ratio 
(Ri). The residual nonwetting phase saturation is obtained from mercury 
withdrawal (section 4.1) and the decline ratio is evaluated by comparing the 
gas production rates with three months difference using Equation (5.1). The 
comparison of the decline ratio and residual nonwetting phase saturation is 
limited to the intervals for which the core data are available and not for the 
entire well shown in Figure 5.1. The relative depth here is defined similar to 
Figure 5.1 and thus, we explore the top interval of the well shown in Figure 
5.1. 

 
5.3. Correlation of decline ratio with absolute gas permeability 

In this section, we estimate the pore structures from absolute gas permeability and 

consequently, the correlation of pore structures with decline ratio (Ri). In average, the 
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slightly macro-dominant pore structure has the low, intermediate pore structure the 

average, and slightly macro-dominant pore structure the high permeabilities. 

The decline ratios of the production rate along with the pore structures determined 

from absolute permeability are presented in Figure 5.3. The gas production rates indicate 

moderate decline ratio at the relative of depth 115, large decline ratio at 155, and small 

decline ratio at 185. This trend is in agreement with the pore structures, where we expect 

the slightly micro-dominant exhibit the low decline ratio, intermediate the average, and 

the slightly macro-dominant the highest decline ratio. Therefore, the well production 

rates are strongly correlated with the pore structures obtained from absolute permeability 

and hence, the notion of lower decline rate, listed in Table 5.1, is supported by the actual 

production data. 

 
(a) (b) 

Figure 5.3: Variations of the (a) absolute gas permeability and (b) decline ratio (Ri) with 
relative depth for the same tight gas reservoir as Figure 5.2. The comparison 
of the decline ratio and permeability is only for an interval whose core data 
are available and not for the entire well. The fraction of microporosity to 
total porosity, which is indicated by slightly micro-dominant, intermediate, 
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and slightly macro-dominant, is assigned based on permeabilities, cf. Fig. 
16. We observe a strong correlation between pore structure assigned from 
permeability and decline ratio. There are moderate decline at the relative 
depth of 115 ft, large decline at 155 ft, and small decline at 185 ft in both 
permeability and decline ratio. The relative depth here is defined similar to 
Figure 5.1 and thus, we explore the top interval of the well shown in Figure 
5.1. 

 

It might be argued that the lower decline ratio of the formation in the slightly 

micro-dominant interval is primarily because of smaller permeability and not larger 

recovery. To analyze this, we explore the cumulative production of a gas reservoir per 

unit thickness of the producing interval. For this purpose, we use the tank model (Walsh 

and Lake, 2003) to represent individual layers in this well; thus, we assume negligible 

vertical communication. The production rate of a gas reservoir is calculated as: 
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where qgsci is the initial gas production, qgsc gas production rate at time t, z 

compressibility factor of the gas, Vp reservoir pore volume, wiS  the average initial water 

saturation, and pi reservoir initial pressure. Since we want to implement the effect of pore 

type on residual gas saturation, the (1–wiS ) term should be replaced by (1–wiS – grS ). 

Thus, we consider Vp(1– wiS – grS ) as a recoverable pore volume. Other parameters are 

not of interest here as we want to distinguish the influences of permeability and 

producible pore volume on the decline ratio. As a result, we use the following equation 

after assuming other parameters being constant: 
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where qgsci is proportional to permeability, and consequently β is proportional to 

permeability and inversely proportional to recoverable pore volume.  

We suppose that the reservoir consists of three layers, based on the prior analyses 

in Figures 5.2-3, with equal initial gas saturation and with no cross flow (Figure 5.4). If 

two values of production rates (qgsc) from each layer are measured at different times, then 

the coefficients qgsci and β can be determined for each layer. The actual gas entry rates of 

the well for which the normalized rates are shown in Figure 5.4 are measured by PLTs 

after 124 and 225 days of production. Using the actual rates, we determine the 

corresponding values of qgsci and β for each layer. The pore structure of each producing 

layer was assigned from the core laboratory measurements that we analyzed earlier 

(Figures. 5.2-3). 

 

Figure 5.4: Two normalized production rates (first rate is red circle and second is blue 
square) of the layers of tight gas reservoirs obtained from production 
logging tool (PLT) after 124 and 225 days from start of production. The 
relative depth and normalized rate are defined similar to Figure 5.1. We 
suppose that there is no cross flow between layers and thus, we predict the 
cumulative gas production behavior of each layer using Equation (5.3). The 
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determination of pore structure is based on analysis of core laboratory 
measurements (cf, Figures. 5.2-3). 

 
Now, for the sake of comparison between the producibilities of the reservoir layers with 

different pore structures, we turn to the analysis of cumulative production by the use qgsci 

and β  of the three layers. We integrate Equation (5.3) over time and to get rid of the 

effect of thickness, we compare the results per unit thickness of each layer. The thickness 

of each layer is determined from the log. 

Figure 5.5 plots the normalized cumulative gas production per unit thickness of 

each layer. The cumulative productions are normalized to a reference value so that they 

remain smaller than or equal to unity. The cumulative production of the slightly macro-

dominant interval is the largest at early life of production which is because of its superior 

permeability and at a later time, it becomes the smallest resulting from an inferior 

producibility. The difference in the cumulative production is because of residual gas 

saturation; the slightly micro-dominant interval has the best producibility and macro-

dominant the worst, see Table 5.1. 
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Figure 5.5: Normalized cumulative gas productions of the three layers of the tight gas 

reservoir shown in Figure 5.4. The early cumulative production of the 
slightly macro-dominant interval is the largest because of its permeability. 
Then, it becomes smaller than other layers at a later time resulting from an 
inferior producibility. The slightly micro-dominant interval has the best 
recovery despite its low initial production (IP). The normalization used here 
only scales the results linearly. 

Figure 5.5 is a quantitative illustration of the behavior described in Table 5.1. 

Different pore types in tight gas sandstones can overprint the usual correlation between 

large initial production (IP) and large EUR. Each category yields a different producibility 

at a different pace, and as a result, the ultimate recovery of the tight gas varies depending 

on the distribution of the pore types. In other words, IP alone will not predict EUR unless 

only one pore type is present. 

 
5.4. Estimated ultimate recovery (EUR) for the producing interval and the well 
using tank model 

The core measurements data are not available over the entire depth of the well, as 

it is often the case in practice. This prevents us from assigning the pore structure over the 
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entire well. Therefore, we examine the correlations of the tank model parameters with the 

estimated ultimate recovery (EUR). First, we explore the dependency of EUR on initial 

production (IP) as it is often used in conventional reservoirs. Then, we use β of the tank 

model in a scaled form to explore its performance in screening the EUR. 

We present the results in the normalized form and not the actual value. This 

allows the use of what we learn from this research for other tight gas formations if the 

thickness of producing interval and initial pressure are not similar to the well investigated 

here. This, of course, depends on the presence of two-scale porosities interacting with 

each other similar to here. 

Initial production (IP) is often adopted for EUR in conventional reservoirs. We 

test this approach here with the use of tank model; we determine qgsci and β for all the 

producing intervals. The production rates which we use for tank model are from the PLTs 

whose normalized values are shown in Figure 5.1. 

The tank model is derived on the basis of constant pore volume (see Eq. 5) and 

this means no cross-flow between the layers if we use the model for a specific interval 

with known producing thickness. However, there are shifts in the production rates of 

some layers which is presumably because of flow from adjacent intervals. An increase in 

the production rate from a given layer yields a negative β (see Equations (5.2) and (5.3)) 

if the tank model is used. Hence, we do not analyze a reservoir layer whose β is negative. 

We also suppose that the tank model can capture the entire well and thus, predict the gas 

production based on that. The coefficients of tank model for the entire well are found to 

be positive. 

Figure 5.6 shows variation of the normalized predicted cumulative gas production 

per unit thickness, which can be considered normalized EUR per unit thickness, with 

normalized IP which is for unit thickness of the interval. To predict the cumulative gas 
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production, we integrate Equation (5.3) over time for a unit thickness. We observe that 

EUR (predicted from pore type and repeat PLTs) does not correlate with IP. This 

observation agrees with our analysis of core measurements earlier in which we showed 

that EUR has to be estimated from two-phase displacement and not from permeability, 

especially for tight gas sandstones. Our pore structure analysis reveals that there is a 

significant scatter in the recovery despite having almost similar permeability (Figure 4.1). 

Therefore, the lack of dependency of EUR on IP is because of the pore structure. 

Regarding the position of the “entire well” datum, we should note that it depends strongly 

on the overall fraction of microporosity. This means that the entire well could have a 

small IP and still have large EUR, larger even than the one shown. 
 

 
Figure 5.6: The normalized ultimate gas production predicted from Equation (5.3) is not 

a function of normalized initial production (IP). This means that unlike 
conventional reservoirs, initial production rate alone does not control the 
ultimate recovery in tight gas reservoirs. The ultimate gas production and 
initial production (IP) are normalized after dividing them to the thickness of 
the producing interval so that the normalized parameters are smaller than or 
equal to unity. This normalization only scales the plotted results linearly. 
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The ultimate gas production is calculated with integrating tank model over 
time. The coefficients of tank model are determined from two PLT logs for 
which the normalized production rates are shown in Figure (5.1). 

 

Now, we are to use a scaled parameter of the tank model for the analysis of EUR. 

Equations (5.2) and (5.3) reveal that β is equal to 
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the residual gas saturation (Sgr). Assuming that the initial gas pressure (pi) is almost the 

same in the layers, we deduce that the variation of β is because of recoverable pore 

volume (Vp(1- wiS - grS )) and initial production rate (qgsci). Moreover, the pore volume is 

proportional to the thickness of producing layer. Thus, to compare the ultimate recoveries 

of the layers, we form a scaled parameter as follows: 
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Our expectation is that the normalized EUR of the producing layer per unit 

thickness increases with decreasing the scaled parameter ( sβ ) because of the dependency 

of sβ  on Sgr. sβ  decreases with decreasing Sgr (Equation (5.3)) and we expect intervals 

with lower sβ  to be more micro-dominant. To test this, we plot the variation of the 

normalized EUR with sβ (Figure 5.7). We observe that an increase in sβ lowers the EUR 

and this indicates that the proposed parameter can be used to screen the layers according 

to their EURs. More importantly, intervals with large EUR have low sβ . These layers 

with low sβ  are expected to be micro-dominant based on how we define sβ  in Equation 

(5.3). 
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Figure 5.7: The normalized expected ultimate gas production per unit thickness of the 

layer decreases with an increase in sβ (=
gsciq

h β×
). This indicates that sβ can 

be employed for EUR instead of initial production (IP) which was used in 
Figure (5.6). Further, large EUR occurs at low sβ  which is expected to 

correspond to micro-dominant interval based on Equation (5.3). The 
ultimate production here is normalized here similar to Figure 5.6. 

 

5.5. Conclusions  

We have used field data (repeat PLT logs) to test our multiscale model. For this, 

we classified the pore structure using laboratory measurements like permeability and 

mercury withdrawal. We observe that the production rate of macro-dominant interval is 

larger initially but goes below micro-dominant more quickly. The larger initial 

production rate is because of larger permeability and more loss in the production (larger 

decline ratio) is a consequence of inferior recovery. This means that the available field 

data are encouraging and they should be tested as larger sets of data become available. 

We extrapolated the production rates of the layers of the tight gas reservoir 

obtained from PLT and integrated over time to compare the cumulative production. The 

projected cumulative production per unit thickness indicates that the hydrocarbon 



 92 

recovery of the micro-dominant interval is the largest, and this agrees with our hypothesis 

of having better producibility with an increase in the microporosity fraction. Knowing 

that micro-dominant pore space has the lowest initial production (IP) in the well, we 

conclude that initial production (IP) alone is not an appropriate tool to probe EUR. This 

highlights the importance of having a better understanding from pore structure of 

unconventional rocks which could be true for shale gas reservoirs as well. 

We are aware of the importance of the in-depth understanding of the pore 

structure after investigating the pore structure of the tight gas sandstone in the first part of 

this dissertation (chapters 3-5). We have been able to predict the hydrocarbon recovery 

from the study of the pore structure. With that in mind, we will turn to the analysis of the 

pore structure of the shale gas in the second part of this dissertation. We will take 

advantage of our understanding from the study of the tight gas sandstones. 
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Chapter 6: Pore structure of shale 

 
6.1. Introduction 

This chapter investigates the pore structure of un-fractured shale to better 

understand hydrocarbon flow through this type of unconventional resource. We adopt a 

pore-scale modeling approach which means that we account for the interactions of pores 

to predict the flow behavior. 

Similar to the study of tight gas sandstones in the previous chapters, we begin 

with investigation of the mercury intrusion (drainage) measurements because it provides 

valuable insights into not only the pore size distribution but also the topology of the void 

space. We also check if our understanding of the pore structure is consistent with  

scanning electron microscope (SEM) images of the shales.  

 
6.2. Mercury intrusion capillary pressure (MICP) 

We learned from the study of tight gas sandstones that the capillary pressure 

measurements are essential to understanding of the pore structure of a void space. Thus, 

we analyze mercury intrusion results of a shale sample in this chapter. 

Figure 6.1 shows mercury intrusion capillary pressure (MICP) results of a Barnett 

shale sample. The capillary pressure (Pc) here is the mercury pressure during injection 

and wetting phase saturation (Sw) is determined from the mercury saturation, Sw = 1 – SHg. 

We observe that no percolation take places; there is no plateau in the Pc-Sw curve. There 

is not even a slight percolation unlike some tight gas sandstones (see Figure 3.3). This 

absence of slight percolation has a major implication in terms of the pore structure model. 

We discuss this subsequently when we propose new pore structure for un-fractured shale.  
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Figure 6.1: Mercury intrusion capillary pressures (MICP) of a Barnett shale sample 

versus wetting phase saturation (Sw), where Sw = 1 – SHg. The drainage 
results show that no percolation (invasion of large fraction of pore space 
after small increase in capillary pressure) takes place (courtesy of Sakhaee-
Pour and Bryant, 2012). 

 
6.3. Pore structure models for shale  

We propose two pore structure models for the shale. We elaborate the pore throat 

geometry and connectivity of the pores that are the main features of the each model. 

The pore throat is the narrowest part of the void space connecting two 

neighboring pores. It is crucial to analyze the pore throat geometry because it controls the 

resistance of flow path between the pores. Thus, we classify the pore throats here and 

study the implications of each throat on the pore structure characterization. Our pore 

structure characterization allows us to predict the single-phase permeability of the 

formation from MICP. We classify the pore throats based on their aspect ratios; the pore 

throats are either circular (aspect ratio = 1) or slit (large aspect ratio). Examples of such 
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throat geometries are shown in Figure 6.2. The large-aspect-ratio throats are indicated 

with blue color. 

 

 
 
Figure 6.2: Scanning electron microscope (SEM) images of shales (courtesy of Curtis et 

al., 2010). We classify the pore throats into circular and slit based on their 
aspect ratios. The microcrack-like throats are indicated with blue color. 

 

Pore connectivity explores interactions of pores from a larger scale than the pore 

throat. The pore connectivity is concerned with the connectivity of one pore to all its 

adjacent pores while the pore throat is related to only two adjacent pores. The pore 
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connectivity is presented in the form of coordination number (z). By investigating the 

coordination numbers of the pores, we will be able to have an idea about the connectivity 

of the pores across the sample. This means that we are interested in knowing about not 

only the pores within one throat distance but also how they form a connected network 

through the rock. The connected network through the rock is required for the 

hydrocarbon to flow. 

 The coordination number (z) of each pore shows the number of pore throats 

connecting that pore to the adjacent pores.  As an example, pores with coordination 

numbers equal to 2 and 3 are depicted in Figure 6.3.  

 

 

                                                    (a)                                        (b) 
Figure 6.3: Pore structure models for which the coordination numbers (z) of the middle 

pores are equal to 2 and 3 in (a) and (b), respectively.   

 

To elaborate the effect of coordination number (z) on the connected network of 

the pores, we review three hypothetical cases here. First, we assume that the coordination 

number of the pores, except the inlet and outlet, is equal to 2. In this case, the bundle-of-

tubes model (Purcell, 1949) is representative of the void space (see Figure 6.4). We 

elaborated this model in the literature review in chapter 2. The second case is when the 

coordination number of the pore is equal to 1. This shows that each pore connects to only 

one neighboring pore which is relevant to the tree-like pore model. We will face this in 
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many pores of the shale. The last clarifying example is when the coordination number is 

equal to zero. This indicates that the pore is not connected to any other place and thus, 

this coordination number denotes isolated pores. 

 

 

 

                                    (a)                                                            (b) 
Figure 6.4: The bundle-of-tubes model (Purcell, 1949) shown in (b) is representative of 

the void space model shown in (a). This is because the coordination number 
(z) of the pores is equal to 2 except for the inlet and outlet pores.  

 
6.3.1. Tree-like model 

We observe that no percolation takes place during the mercury intrusion capillary 

pressure measurements (Figure 6.1); more importantly, there is not even a slight 

percolation unlike tight gas sandstone (Mousavi, 2010). This means that the conventional 

pore model with high pore connectivity, such as the network defined by a grain packing 

(Bryant et al., 1993) or any regular lattice, is not representative of the void space.  

We learned from the study of tight gas sandstone that the tree-like pore model is 

capable of capturing non-percolating trend of capillary pressure vs. wetting phase 
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saturation. Thus, we suppose here that the void space of shale mostly includes the tree-

like pores as shown in Figure 6.5. 

 

 
 
Figure 6.5:  The plan and side views of the pore model we propose for the matrix of the 

shale. No percolation takes place in the mercury intrusion test (Figure 6.1) 
and thus, we conclude that the void space mainly includes tree-like pores. 
The tree-like pore model allows us to capture the non-percolating trend of 
capillary pressure with wetting phase saturation as we learned from the 
study of tight gas sandstone. 

We briefly elaborate the tree-like pore model here for the sake of completeness. 

This model was thoroughly clarified in the tight gas sandstone part of this dissertation 

(see chapter 3). In the tree-like pore model, there are multiplying branches with ever 

smaller throats and volume and this means that the narrower throats are accessible only 

from the wider throats (Figure 6.6). Further, by definition, there is no cycle in this model. 

That is, for any two pores, there is one and only one path of throats that connect those 
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pores. These features prevent percolation from occurring during mercury intrusion. Any 

increase in the capillary pressure during intrusion will invade the pore throats that are 

accessible only from the pore throats that are larger from them. Figure 6.6 shows a 

schematic of the tree-like pore model at three capillary pressures in which mercury is 

indicated with red color.  

 

       (a)                                              (b)                                            (c) 
Figure 6.6:   Schematic illustration of the mercury intrusion into tree-like pore model in 

which line thickness represents the pore throat diameter. The non-
percolating increase in the capillary pressure is to invade the narrower 
throats that are accessible from wider throats (see (a), (b), and (c)). Mercury 
is shown with red color. 

 

 We also assume that each pore throat is circular in cross section in tree-like pore 

model. This is for computational convenience, though we note that the nanopores 

observed in kerogen within gas shales commonly exhibit a circular section (Ambrose et 

al., 2010). 
 
 
6.3.2. Nooks and crannies (NC) model 

An alternative pore model that yields non-percolating drainage curves during 

MICP can be built from large-aspect-ratio throats. This leads us to the proposition of 
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another pore model (see Figure 6.7). This approach assumes that the pore throats are 

mostly connected through the rock similar to the bundle-of-tubes model (Purcell, 1949) 

but the pore throat geometry is microcrack-like. We term this model nooks and crannies 

(NC) because of the existing similarity between the pore throat geometry and nooks and 

crannies (see plan view in Figure 6.7). 

 

 
Figure 6.7:   Nooks and crannies (NC) model for the matrix of the shale which contains 

large-aspect-ratio throats. This model is similar to the bundle-of-tubes 
model (Purcell, 1949) in terms of pore connectivity across the sample as 
demonstrated in the plan view. However, the pore throat geometry of this 
model is microcrack-like unlike the bundle-of-tubes model which takes 
circular tubes as the representative throat geometry. 

 

Figure 6.8 shows how large-aspect-ratio throat behaves during mercury intrusion. 

The central portion of the throat is widest and hence, the mercury meniscus will enter that 

part first. Once invaded, as indicated in Figure 6.8(a), subsequent increases in the 

capillary pressure steadily move the meniscus into the corners of the throat, Figure 6.8(b). 

This yields an ever increasing, non-percolating capillary pressure curve. This reveals that, 
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unlike the tree-like pores model, the increase in the capillary pressure is not to invade a 

previously unoccupied, smaller pore body but to occupy a larger fraction of the void 

space in an already invaded pore, which is at the corners. These large-aspect-ratio throats 

must be connected in series to form bundles, and the central portion of each bundle must 

have nearly constant cross section; otherwise the drainage curve would exhibit 

percolation. 

 

 

                         (a)                                                           (b) 
Figure 6.8:   Mercury intrusion into a large-aspect-ratio throat which is adopted in the 

nooks and crannies (NC) model. The non-percolating increase in mercury 
saturation after an increase in the capillary pressure is to occupy the corners. 
Compare (a) and (b) in which the mercury is shown with red color. 

 
6.3.3. Evidence of the models in SEM images 

We take a look at the SEM images of shales to examine the presence of the throat 

geometries we proposed. We observe both the circular and microcrack-like throats that 

are shown with dashed and solid lines in Figure 6.9, respectively. This suggests that both 

models could be adopted. We will, however, evaluate both models further. For this 

purpose, we will study the effect of confining stress on the features evident in the SEM 

images, and upon MICP data available in the literature. That analysis suggests that the 

microcrack-like throats are probably closed under in-situ stress conditions (see 6.6. Image 

analysis of shale). Thus, the tree-like pore model is representative of in-situ condition.  
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Figure 6.9:   Scanning electron microscope (SEM) image of a shale sample shows that 

both the circular- and microcrack-like throats are present (courtesy of Heath 
et al., 2011). The circular- and microcrack-like throats are, respectively, 
indicated by dashed and solid curves.  

 
6.4. Characteristic throat length of the nooks and crannies (NC) model 

We are to show the characteristic lengths of the NC throats from MICP data 

shown in Figure 6.1. We first suppose that the microcrack-like throats are mono-size. 

This is a limiting case. In reality, pore throats include a distribution of sizes which we 

will discuss later. 



 103 

Here, we analyze the NC model with mono-size throats. The main objective is to 

predict the characteristic length of the throats that allows us to capture MICP data shown 

in Figure 6.1. We model the large-aspect-ratio throat (Figure 6.10(a)) by a telescopic 

geometry (Figure 6.10(b)) and predict its corresponding length. Then, we check if the 

microcrack-like throat with the predicted length is available in the SEM images. If such a 

throat does not exist, we conclude that the NC model is not representative of the void 

space. 

 

 

                       (a)                                                               (b) 
Figure 6.10: Microcrack-like throat shown in (a) is simplified to a telescopic rectangular 

geometry (b).  We will use the telescopic throat geometry to analyze the 
flow properties.  

 

Figure 6.10 shows telescopic rectangular throat geometry (series of rectangular 

sections of increasing aspect ratio transverse to axis of throat) that we take to assess the 

plausibility of the NC model. The smaller dimension of the i th rectangle is denoted by ai, 

and the larger by bi.  To determine the width (ai) of each rectangle (one of the rectangles 

forming the telescopic shape) invaded at a given capillary pressure, we use the Young-

Laplace equation (
i

c a
P

θσ cos2= ). We then determine a lower limit of the length of the 

rectangle (bi) by assuming (bi = ai). We know that the length of each rectangle is not 

smaller than the width and that is why the assumed length (bi = ai) provides a lower limit.   

We presume that the mono-size pore throats (many telescopic throats similar to 

Figure 6.10(b)) that are extended through the rock can capture the MICP data. We also 

presume that the total pore volume is proportional to the total cross section area of the 
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rectangles because the microcrack-like throats are extended through the rocks. This 

means that the incremental increase in the wetting phase saturation at each capillary 

pressure (∆Swi) is proportional to the total cross section areas of the pore throats invaded 

at that capillary pressure. Meanwhile, we are aware that the total cross section area of the 

throats is proportional to the cross section area of one throat because we adopt a mono-

size model here. Hence, the incremental increase in the wetting phase saturation is related 

to the cross section area of one rectangular throat as follows: 

iiwi baS ~∆  (6.1) 

We first determine the characteristic widths of the pore throats invaded at the 

entry pressure (a1) and larger capillary pressures (ai) using the Young-Laplace equation. 

We then employ Equation (6.1) to compute the characteristic lengths of the pore throats 

at larger capillary pressures (bi) based on the characteristic length of the pore throat at the 

entry pressure (b1). Knowing the incremental increase in the wetting phase saturation 

from MICP data at the entry pressure (∆Sw1) and at larger capillary pressures (∆Swi), we 

express the characteristic dimensions of each throat relative to those invaded at entry 

pressure as follows: 

1

1 1

i wi

i w

b a S

b a S

∆=
∆

 (6.2) 

This relationship expresses the ratio of the throat length at larger capillary pressure (bi) to 

the throat length at entry pressure (b1). This tells us that the determination of bi also 

entails b1 to be known which we take it to be equal to the width of the throat invaded at 

the entry pressure (a1). This gives us a lower limit for the length since the throat is 

rectangular. 

Here, we obtain the entire length of the telescopic throat which is to represent the 

microcrack-like throat (Figure 6.10). The entire length of the telescopic throat is equal to 
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the summation of the lengths of rectangles. We use the MICP data shown in Figure 6.1 

for which the entry pressure is equal to 4836 psi. This says that the characteristic width of 

the widest throat (a1) equals to 22 nm. The narrowest parts of the throats were invaded 

about 60 kpsia, corresponding to ai  = 2 nm.   

Using the above approach, we estimate the entire length of the telescopic throat. 

The capillary pressure (Pc), change in the wetting phase saturation at that pressure (∆Swi), 

characteristic height of each rectangle (ai), and the characteristic length of each rectangle 

(bi/ai) are listed in Table 6.1. We determine the entire length of the telescopic rectangle 

by calculating the summation of lengths of the rectangles (bi). The entire length of the 

telescopic rectangle is found to be 29.5 micrometers.  

 
Table 6.2:    Characteristic sizes of the rectangles forming the telescopic pore throat 

geometry are determined from the MICP data shown in Figure 6.1. Pc refers 
to capillary pressure during mercury intrusion, ∆Swi change in the wetting 
phase saturation at the measured capillary pressure, ai characteristic width of 
the rectangle, and bi characteristic length of the rectangle. The entire length 
of the telescopic throat is found to be equal to 29.5 micrometers which is the 
summation of the lengths of the rectangles (bi) listed. 

  

i Pc (psi) ∆Swi 
ai 

(micrometers) 
bi 

(micrometers) 
1 4837 0.005 0.022 0.022 
2 5367 0.005 0.020 0.024 
3 5832 0.005 0.018 0.027 
4 6339 0.005 0.017 0.029 
5 6891 0.005 0.016 0.031 
6 7490 0.005 0.014 0.034 
7 8139 0.005 0.013 0.037 
8 8845 0.011 0.012 0.081 
9 9614 0.011 0.011 0.088 
10 10449 0.005 0.010 0.048 
11 11355 0.011 0.009 0.103 
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Table 6.2 

 
12 12340 0.011 0.009 0.112 
13 13408 0.011 0.008 0.122 
14 14575 0.011 0.007 0.133 
15 15838 0.016 0.007 0.216 
16 17215 0.016 0.006 0.235 
17 18710 0.016 0.006 0.256 
18 20331 0.016 0.005 0.278 
19 22099 0.027 0.005 0.501 
20 24017 0.032 0.004 0.656 
21 26102 0.043 0.004 0.949 
22 28369 0.048 0.004 1.167 
23 30831 0.059 0.003 1.550 
24 33505 0.106 0.003 3.039 
25 36413 0.122 0.003 3.791 
26 39573 0.090 0.003 3.061 
27 43009 0.074 0.003 2.723 
28 46742 0.069 0.002 2.748 
29 50797 0.059 0.002 2.547 
30 55207 0.053 0.002 2.493 
31 59991 0.048 0.002 2.431 

 

Now, we turn to the SEM images of the shales available in the literature to see 

whether a 30-micrometer microcrack-like throat exists (see Figure 6.11). We observe that 

the images do not show such a long microcrack. Hence, the NC model with a mono-size 

pore size distribution is not realistic. 
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Figure 6.11: Scanning electron microscope (SEM) images of shales (courtesy of Heath et 

al., 2011). We do not observe a 30-micrometer microcrack and thus, MICP 
curves typical of such shales, such as Figure 6.1, do not support the notion 
of the NC model with mono-size throats. 

It might be possible to capture the MICP data by implementation of a distribution 

of throat sizes but yet keeping the notion of large-aspect-ratio throat geometry. This 

scenario is very unlikely to occur at in-situ condition with confinement as we indicate 

subsequently from analysis of the shale images.  

 
6.5. Effects of confining stress on the throat size 

We investigate the effect of confining stress on the MICP experiment to better 

understand the pore structure of the shale. For confined and unconfined samples, we 

compare the capillary pressures at the same wetting phase saturation. This is to determine 

whether the size of the pore throat depends on the confinement and also which pore 
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throat geometries are more probable to be closed at in-situ condition. The in-situ 

condition here refers to the confined boundary condition. 

Figure 6.12 shows mercury intrusion capillary pressures (MICP) of Kirtland and 

Tuscaloosa shale samples with and without confinement. We observe that the invasion is 

delayed to larger capillary pressures in the presence of confining stress. This is more 

obvious at low capillary pressures which correspond to throats with large characteristic 

sizes. This tells us that some throats with large characteristic sizes are closed at in-situ 

stress condition. With this observation in mind, we will analyze the SEM images of the 

shales (Figures 6.13-14) to decide whether the microcrack- or circular-like throats are 

more probable to be closed at in-situ condition.  

 

 

                                (a)                                                             (b) 
Figure 6.12: Mercury intrusion capillary pressures (MICP) of (a) Kirtland and (b) 

Tuscaloosa shales (courtesy of Heath et al., 2011). The results show that the 
invasion of the void space occurs at a large capillary pressure if the in-situ 
stress condition is enforced. This imparts that some throats are closed at in-
situ stress condition. The in-situ condition is represented by the confined test 
which is indicated by “After closure”.  
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6.6. Image analysis of shale  

We are to explore SEM images of shales to see whether the microcrack-like 

throats have any orientation preference. This is to examine whether they are created 

because of unloading during the extraction.  

Figure 6.13 shows the SEM images of the Eagle Ford and Barnett shales in which 

the up direction is not clear. Therefore, we are not able to indicate whether the 

microcrack-like throats are created because of unloading. However, we observe that the 

large-aspect-ratio throats have preferential orientation. Most of them are oriented from 

SW to NE direction in Figure 6.13(a) and from west to east in Figure 6.13(b). We 

conclude that these throats are not randomly oriented and have a preferential alignment. 

Our prediction is that they are created in the direction of maximum unloading. To assess 

this conclusion, we subsequently analyze the SEM images of shales for which the up 

direction is known. 
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(a) 

 

(b) 
Figure 6.13: Scanning election microscope (SEM) images of (a) Eagle Ford and (b) 

Barnett shale samples. The Eagle Ford image is from Curtis et al., (2010) 
and the Barnett image from Sondergeld et al., (2010). The up direction of 
the reservoir is not clear here and thus, we are not fully sure if the 
microcrack-like throats are a result of unloading.  
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Now, we turn to the analysis of the shale images for which the up direction of the 

reservoirs is known. Figure 6.14 shows the SEM images (Heath et al., 2011) for which 

the up direction of the reservoirs is either top or bottom of the images. This means that 

we lower the confining stress in the up direction of the images the most. We observe that 

most of the microcrack-throats, which are highlighted with blue color, are perpendicular 

to that direction. The extension of the microcrack-like throats being perpendicular to the 

up direction of the reservoirs leads us to the conclusion that they are induced because of 

unloading and thus, they are closed at in-situ stress condition. 

 

 
Figure 6.14: Scanning electron microscope (SEM) images of shales for which the up 

direction of the reservoirs is either top or bottom of the images (courtesy of 
Heath et al., 2011). This means that we have maximum stress decrease in 
the up direction of the images. We observe that most of the microcrack-like 
throats, indicated with blue color, are perpendicular to the up direction of 
the reservoirs. This shows that the unloading is the main reason for the 
creation of these large-aspect-ratio throats and thus, they are most probably 
closed at in-situ condition.  
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Our interpretation of the microcrack-like throats being perpendicular to the 

maximum load decrease is that they are induced because of load removal. Hence, they are 

more likely to be closed at in-situ boundary condition. This indicates that the tree-like 

pore model is more representative of the void space as the pore throats are circular and 

not microcrack-like. 

 
6.6.1. Coordination number (z) of the shale  

Both of our models suppose that the coordination number (z) of the pore is 3, 2, or 

1. While this is clear for the NC model, it may not seem apparent for the tree-like pores. 

In the tree-like model, the characteristic lengths of the throats should be defined 

appropriately so that the coordination number remains smaller than or equal to 3. We will 

explain this in detail later. The coordination number of each pore shows the number of 

neighboring pores that are directly connected to that pore. It might be argued that the 

pores might have a larger coordination number and thus, our model has no advantage 

over a conventional pore model such as sphere packing (Bryant et al., 1993) in terms of 

representing the pore connectivity. The coordination number of the pore could be as large 

as 4 or 5 in a conventional pore model such as sphere packing. To investigate the pore 

connectivity of the shale, we analyze the image analysis results available in the literature 

(Dewers et al., 2012). 
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Figure 6.15: The relative frequency of the coordination number (z) of a Haynesville shale 
sample shows that the coordination number is mostly smaller than or equal 
to 3 (courtesy of Dewers et al., 2012). This corroborates our models by 
indicating that most pores have small coordination numbers (z). 

 

Dewers et al., (2012) showed that the coordination number of a Haynesville shale 

sample is usually smaller than or equal to 3 (Figure 6.15). This indicates that our models 

provide a realistic representation of the void space in terms of pore connectivity. In the 

tree-like pore model, the coordination number is smaller than or equal to 3 under certain 

circumstances and in the NC model it is smaller than or equal to 2. We will elaborate the 

circumstances required for the tree-like model to have coordination number smaller than 

or equal to 3 later in the permeability estimation from MICP data. 

We should emphasize here that the image analysis results are obtained without 

confinement and thus, we expect some pore throats vanish at in-situ condition. This says 

that the coordination number of the pores tend to be smaller than the results provided in 

Figure 6.15. 

 
6.7. Permeability estimation from MICP 

We estimate the single-phase permeability of the shale from MICP data. For this 

purpose, we first use the bundle-of-tubes model (Purcell, 1949) from the conventional 
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modeling approaches. Then, we employ the NC and tree-like pore models. This is to 

determine whether the predicted permeability is on the order of 10-100 nD, which is 

accepted for the matrix of the un-fractured shale (Sakhaee-Pour and Bryant, 2012). 
 

6.7.1. Purcell method 

We adopt the Purcell (1949) model here in which the void space is assumed to 

behave similar to the bundle-of-tubes. This means that the tubes can be taken to model 

the macroscopic transport properties of the porous medium such as permeability. We 

elaborated this model in chapter 2. 

The bundle-of-tubes model assumes that the characteristic size of the pore throat 

invaded at the measured mercury pressure controls the flow behavior. The characteristic 

size the pore throat is determined assuming that the pore throat geometry is circular. We 

determine the permeability for the shale sample whose MICP is shown in Figure 6.1 after 

assuming that Purcell’s lithology factor (F) is unity.  

Table 6.2 shows the permeability estimation from the bundle-of-tubes model. 

Table 6.2 shows the permeability estimation in which Pc represents the capillary pressure, 

∆Swi the incremental change in the wetting phase saturation at the given pressure, di 

characteristic size of the throat, and (∆Swidi
2/32) the conductance of the throat. The 

sample permeability is obtained after determining the summation of the last column 

which is equal to 3.44 microD and implementing porosity of the sample which is equal to 

4.64%. The single-phase permeability of the shale is found to be 160 nD.  This 

calculation ignores the effects of non-continuum flow at high Knudsen numbers (Kn > 

10-3) and of adsorbed layer of methane molecules on walls of pores in kerogen (Sakhaee-

Pour and Bryant, 2012). The adapted network modeling approach predicts that the 
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permeability decreases by a factor of about 4 if we account for both effects (Sakhaee-

Pour and Bryant, 2012). 
 

Table 6.3:     Permeability estimation using the bundle-of-tubes model is indicated here. 
Here, Pc denotes the capillary pressure during mercury intrusion, ∆Swi 

change in the wetting phase at the measured capillary pressure, di 
characteristic diameter of the tube. The estimated permeability is obtained 
after obtaining the summation of the last column and including the porosity 

effect (= ∑ ∆
i

wi
i S

d

32

2

φ ). 

i Pc (psi) ∆Swi 
di 

(micrometers) ∆Swi di
2/32 

1 4837 0.005 0.044 323.27294 
2 5367 0.005 0.040 261.98305 
3 5832 0.005 0.037 222.66622 
4 6339 0.005 0.034 188.77826 
5 6891 0.005 0.031 159.74069 
6 7490 0.005 0.029 135.01496 
7 8139 0.005 0.026 114.10239 
8 8845 0.011 0.024 193.08843 
9 9614 0.011 0.022 163.84309 
10 10449 0.005 0.020 69.17553 
11 11355 0.011 0.019 117.50000 
12 12340 0.011 0.017 99.49801 
13 13408 0.011 0.016 84.04588 
14 14575 0.011 0.015 70.86436 
15 15838 0.016 0.014 90.88265 
16 17215 0.016 0.012 76.67553 
17 18710 0.016 0.011 64.80718 
18 20331 0.016 0.011 54.97839 
19 22099 0.027 0.010 78.19980 
20 24017 0.032 0.009 78.99934 
21 26102 0.043 0.008 89.41489 
22 28369 0.048 0.008 84.15060 
23 30831 0.059 0.007 87.05286 
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Table 6.3 

24 33505 0.106 0.006 136.17021 
25 36413 0.122 0.006 133.08344 
26 39573 0.090 0.005 82.40027 
27 43009 0.074 0.005 58.17819 
28 46742 0.069 0.005 45.72473 
29 50797 0.059 0.004 32.25399 
30 55207 0.053 0.004 25.28258 
31 59991 0.048 0.004 19.38830 

 

 
6.7.2. Nooks and crannies (NC) model 

We adopt the NC model here to predict the single-phase permeability. This 

method supposes that the void space includes microcrack-like throats extended through 

the rock. This is similar to the bundle-of-tubes model, in terms of connectivity, because it 

assumes that the parallel tubes can model the transport properties of the void space. 

However, unlike the bundle-of-tubes model, this model assumes that the pore throat 

geometry is rectangular. The single-phase permeability using the NC model can be 

expressed as follows: 

∑ ∆=
i

wi
i S

a
Fk

12

2

φ    
(6.3) 

where ai is the characteristic height of the pore throat and other parameters are similar to 

bundle-of-tubes model we elaborated in the literature review.  
 We assume that the lithology factor (F) is equal to unity here similar to our 

analysis in the bundle-of-tubes model for the sake of comparison. The NC model predicts 

that the permeability is equal to 106 nD for the shale sample whose MICP data are shown 

in Figure 6.1.  
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6.7.3. Tree-like model 

By definition, the tree-like pore model cannot sustain steady-state flow. However, 

we can analyze transient pattern flow relatively simply in this model. A transient flow 

pattern can be induced in the void space by transient pulse decay (TPD) method which is 

often used to measure the gas permeability of the shale. In this method, gas is injected 

into a sample to elevate the pore pressure to a known value. Then, the sample is 

connected to a reservoir with constant volume which is at a lower pressure. Therefore, 

there is a pressure difference between the sample and the reservoir which decays as gas 

leaves the sample. The rate of decay with time is used to determine the permeability in 

this approach.  

Figure 6.16 shows the pressure distribution in the void space from the tree-like 

pore model perspective. The pore pressure is a maximum value (Pmax) initially 

everywhere (see Figure 6.16(a)) and it decreases along the throats when we start to 

evacuate the sample (Figure 6.16(b)) from the pore at the 3 o’clock position (one of the 

largest throats). Using the pressure distribution shown in Figure 6.16(c) which is based 

on the flow path from a larger pressure to a lower pressure, we estimate the permeability 

subsequently.  
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(a) 

 

 
(b) 

Figure 6.16: (a) illustrates the tree-like pore model at the start of transient pulse decay 
method (t = t0) in which the pore pressure is uniform and equal to Pmax. (b) 
The pore pressure distribution (Pmax ≥  P1 ≥  P2 ≥  P3 ≥  Poutlet) and flow 
pattern are shown after we start to evacuate the sample ((t > t0). The flow 
direction is indicated by arrows.  
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Following the flow path from a larger pressure to a smaller pressure, we 

determine the permeability. The conductance of pore throat, its porosity, and spatial 

distribution of the throats control the permeability. Here, the permeability is calculated 

using an equi-pressure plot. The equi-pressure plot is an equivalent demonstration of the 

pressure distribution in the network model in which pore throats with an identical 

characteristic size between equal pressures are lumped to an equivalent tube. The 

permeability of the equivalent tube is estimated as follows: 

ktube = 
8

2rφ
 

(6.4) 

where ktube is the permeability of the equivalent tube, φ  porosity of the shale sample, and 

r the characteristic size of the pore throats for which we estimate from the MICP data. 

For the permeability estimation, we also need to specify the length and cross 

section area of the equivalent tube. We suppose that the length of the equivalent tube is 

equal to the length of the pore throats accessed at the measured capillary pressure in 

MICP. The pore throats with similar characteristic size have the same length in the tree-

like pore model and thus, we assign a single length to the equivalent tubes. In addition, 

we assume that the length of the widest throats is equal to the length of the sample (= L1). 

The subscript refers to the measured capillary pressures so Pc1 is the entry pressure. 

Further, the pore throats invaded at larger capillary pressures have smaller lengths. The 

throat lengths are assumed to decrease by a factor of 2 at each measured capillary (L1 = 

2L2 = 22L3 = …). 

We show a schematic of the tree-like pore model which contains pore throats with 

three characteristic sizes. We clarify the permeability estimation for this model. The equi-

potential plot shows that the equivalent tubes are arranged in a mixture of series and 

parallel pattern. The equivalent tubes 3 and 2 with lengths equal to L1/4 are between Pmax 
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and P3. These tubes form a parallel pattern and thus, we first obtain their outcome which 

is effective tube 3 (see Te3 in Figure 6.17(b)). Te3 is in series with the rest of equivalent 

tube 2 which is between P3 and P2. Hence, we determine their outcome which is effective 

tube 2 (Te2). Te2 then forms a parallel structure to the remainder of the plot and thus, 

same procedure should be followed to determine the effective permeability of the model. 

This is a loop-like procedure which should be adopted based on the number equivalent 

tubes. We will use this approach to estimate the permeability from the actual MICP data.  

 

(a) 

 

(b) 
Figure 6.17: (a) Tree-like pore model with three characteristic throat sizes. Flow pattern 

indicates the pressure distribution during transient pulse decay (TPD). (b) is 
the equi-potential plot of the tree-like pore model with three equivalent 
tubes. In the equi-potential plot, the equivalent tubes are used to represent 
the pore throats with similar lengths, cross section area, and pressure drop as 
they are numbered. 
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The conductance of the equivalent tube is proportional to its permeability and 

total cross section area (~ ktube×Atube] i). We calculate the permeability from the 

characteristic size of the throats. However, the cross section area of the tube (Atube] i) is a 

strong function of the incremental pore volume invaded at each capillary pressure 

(Atube×Ltube] I = Vp×∆Swi). This indicates that the cross section area of the tube is 

dependent on its length because the incremental pore volume is known from the MICP 

data. Thus, the predicted permeability of the tree-like pore model is a function of tube 

lengths and hence, it depends on the branching ratio (Ltube] i/Ltube] i+1). The tree-like pore 

models with branching ratios equal to 2 and 1.1 are shown in Figure 6.18 for clarity. 

 

(a) 

 

 

(b) 
Figure 6.18: Tree-like pore models with branching ratios equal to 2 and 1.1 are shown in 

(a) and (b), respectively. The branching ratio is the ratio of the lengths of the 
throats accessed at two subsequent capillary pressures. The tree-like pore 
model assumes that a wider throat is longer. 
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To fully specify the tree-like pore model that mimics the shale pore structure, we 

calculate the number of pore throats accessed at each capillary pressure. This is to capture 

the MICP data shown in Figure 6.1. The number of the widest throats (d1 = 44 nm) 

required could be determined from knowing the cross section area of the core sample, the 

sample porosity (4.64%), and increase in the wetting phase saturation at the entry 

pressure (∆Sw1 = 0.005). The characteristic length of the widest throat has also to be 

known, which we supposed earlier that it is equal to the length of the core samples. We 

present the number of throats (ni) required at each capillary in a ratio form (ni+1/ni), in 

which the subscript i refers to the steps of capillary pressures as clarified see Table 6.2. 

The results are presented with respect to the wetting phase saturation, which is taken 

from Figure 6.1, and for different branching ratios. This calculation indicates that our 

tree-like pore model is capable of capturing non-percolating MICP the shale. 

 

 
Figure 6.19: The number of throats of the tree-like pore model is determined to capture 

the MICP data shown in Figure 6.1. The number of pore throats required at 
each capillary pressure in the tree-like pore model (ni) is presented in a ratio 
form (=ni+1/ni). The subscript i is clarified in Table 6.1.  
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Now, we analyze the coordination number (z) of the tree-like pore model. This is 

to determine whether the tree-like pore model yields a reasonable range of the 

coordination number (z) if the branching ratio is defined appropriately. The image 

analysis shows that the average of the coordination number is smaller than or equal to 3 

(cf, Figure 6.15). To examine this, we average the coordination numbers obtained from 

the preceding analysis. Figure 6.20 indicates that the average of the coordination numbers 

value is close to 3 for small branching ratios. This means that the tree-like pore model 

with small branching ratio is representative of the void space and it is consistent with the 

image analysis results (cf. Figure 6.15). 

 

 
Figure 6.20: The average of the coordination numbers (z) of the tree-like pore model vs. 

branching ratio.  

We implement the permeability determination approach described in Figure 6.17 

for the MICP data shown in Figure 6.1. The estimated permeability vs. branching ratio is 

shown in Figure 6.21. The results indicate that the permeability of the model is between 

15-27 nD which is in the acceptable range (~ 10-100 nD) for the un-fractured shale in the 

laboratory condition (Sakhaee-Pour and Bryant, 2012). This permeability is smaller at the 
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in-situ condition even by a factor of 4 because of the combined effects of the adsorbed 

layer of gas and gas slippage on the pore walls (Sakhaee-Pour and Bryant, 2012). 

 

 
Figure 6.21: Variation of the permeability with branching ratio obtained from the tree-

like pore model. The predicted permeability is between 15-27 nD which is 
in acceptable range for the matrix of the un-fractured shale (Sakhaee-Pour 
and Bryant, 2012). The branching ratio is clarified in Figure 6.18. 

 
6.8. Conclusions 

It is of great interest to have a better understanding of the pore structure of the 

shale in contrast to the conventional rocks such as unconsolidated sandstones that can be 

modeled by the sphere packing. With that in mind, we analyzed the mercury intrusion 

capillary pressure (MICP) data of the shale and proposed two pore structure models, i.e. 

tree-like model and nooks and crannies (NC). The proposed models adopt different pore 

throat geometries and connectivities. The void space of the tree-like structure takes 

circular tubes to model the pore throats that are connected in an acyclic pattern. In the 

tree-like model, there are multiplying branches with ever smaller throats. On the other 
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hand, the NC model assumes that the void space comprises microcrack-like (large-aspect-

ratio) throats that are connected through the rock similar to the bundle-of-tubes model. 

We took both models to predict the single-phase gas permeability without 

slippage and without adsorbed layer of gas from the MICP data. The NC model predicts 

that the permeability is 106 nD whereas for the tree-like pore model it is between 15-27 

nD. These are both in the acceptable range of permeability (< 100 nD, Sakhaee-Pour and 

Bryant, 2012). We, however, judged that the NC model is not representative of the shale 

void space because the microcrack-like throats are more probably closed at in-situ 

condition in the presence of a confining stress. Hence, we deduce that the pore 

connectivity of the shale is more similar to the tree-like structure. 
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Chapter 7: Effects of adsorbed layer and slippage on the gas 
permeability of shale 

7.1. Introduction 

This chapter analyzes the dependency of the in-situ shale matrix permeability on 

the reservoir pressure. In this regard, we implement the effect of adsorbed layer in simple 

conduit geometries as a function of gas pressure. Subsequently, we adopt non-continuum 

flow models to account for non-zero slip velocity in the conduits. The presence of an 

adsorbed layer of gas molecules has a geometric implication (it reduces the cross section 

available for transport) and an influence on microscale boundary condition (slippage of 

gas being transported through the pore). Here, we examine a macroscopic consequence of 

these phenomena, namely the effect on the permeability of the rock to gas, by 

implementing these phenomena in a network model of the void space. The effects of 

adsorption and slippage depend on the size of the conduit, and though a network is not a 

literal model of shale pore space, it does serve as a convenient vehicle for examining the 

effect of a distribution of pore sizes. The results have implications for interpreting 

measurements of shale permeability to gas at laboratory conditions and for interpreting 

flow rates from production wells over time.  

We refer to lab and field conditions extensively in here and for the sake of clarity, 

we define them here. The temperature is equal to 300 K and 360 K at the lab and field 

conditions, respectively. The pressure at the lab condition is presumed to be 5 MPa which 

is a common pressure for permeability measurement using transient pulse decay (TPD) 

(Billiotte et al., 2008). The gas permeability of shale at this condition is on the order of 10 

nD (Billiotte et al., 2008). We assume the thickness of adsorbed layer is negligible at lab 

condition. This is a plausible assumption as the ratio of no-slip hydraulic conductance 

without adsorbed layer to no-slip hydraulic conductance with adsorbed layer at 5 MPa is 
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close to unity regardless of throat size, as we will show later in Figure 7.4. For estimating 

the gas conductance and permeability, we further suppose the gases at the lab and in-situ 

conditions are, respectively, N2 and CH4. For convenience, we use the terms “liquid 

conductance” and “liquid permeability” to refer to hydraulic conductance computed with 

a continuum model and no-slip boundary condition at pore walls. We use the terms “gas 

conductance” and “gas permeability” to refer to the conductance when slippage is taken 

into account. Both “gas” and “liquid” conductance can be computed when an adsorbed 

layer is present. We denote the gas and liquid permeabilities at the lab condition by kg,lab 

and kl,lab, respectively. The pressure varies at the field condition controlling the thickness 

of the adsorbed layer. The pressure also affects the Knudsen number (Kn) and the 

slippage. For the field condition, the gas and liquid permeabilities are represented by kg,in-

situ and kl,in-situ, respectively. 

 
7.2. Gas flow regimes 

Knudsen number (Kn ) (Knudsen, 1909) is used to differentiate flow regimes in 

conduits at micro- and nanoscale. This non-dimensional parameter is defined as:  

Λ
= λ

Kn  (7.1) 

where λ denotes the mean free-path length of gas molecule and Λ the characteristic 

length of the channel. The flow regime changes from continuum model to discrete 

particles as Kn increases. Substituting the mean free path yields the following relation 

(Roy et al., 2003): 

2
Kn

RT

π µ
ρ

= ×
Λ

 
(7.2) 

where µ is the gas viscosity, ρ the density, T the prevailing temperature, and R  the 

specific gas constant. The specific gas constant is the ratio of universal gas constant, R, to 

the molar mass, m. On the other hand, the length scale Λ equals the diameter and aperture 
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height in circular tube and slit, respectively. For N2 and CH4 at the range of temperatures 

(300 K to 360 K) and pressures (5 MPa to 28 MPa) of interest here, the range of values of 

λ is 0.3 to 2.2 nm.  For pore sizes Λ in the range 3 nm to 30 nm, we thus encounter values 

of Kn in the range of 10−2 to 100.  

 
7.2.1. Continuum regime 

The flow regime is categorized based on Kn as summarized in Table 7.4 (Roy et 

al., 2003). This table indicates the Navier-Stokes equations with no-slip boundary 

condition are appropriate only for small Kn (Kn < 10-3). In other words, the classical 

continuum model assumptions (momentum transfer via bulk phase viscosity, fluid 

velocity matches solid velocity at walls) cannot always provide accurate results. 

 

Table 7.4: Fluid flow regimes defined by ranges of Knudsen number (Kn). 

Kn 0-10-3 10-3-10-1 10-1-101 >101 

Flow regime Continuum Slip Transition Free-molecular  

 

Here, we indicate how Knudsen (1909) classified the flow regimes as listed in 

Table 7.4. We elaborate how the ratio of the mean free-path length of gas molecule (a) to 

the characteristic size of the conduit (d) changes. For this purpose, we show the number 

of gas molecules inside a constant-size conduit at different gas pressures (P1 < P2 < P3 < 

P4). The number of gas molecules inside a conduit decreases (less dense population of the 

gas molecules) as we lower the gas pressure. Lowering the gas pressure also increases the 

mean free-path of the gas molecules (a). Compare the number of gas molecules in Figure 

7.1(i). The increase in the mean free-path results in a higher Kn as the characteristic size 

of the conduit (d) is assumed to be constant. It is more appropriate to adopt a continuum 

model for a more dense population of the gas molecules. With that in mind, Knudsen 
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defined Kn as a distinguishing parameter for selecting flow models. He stated that the 

continuum flow models are legitimate for low Knudsen number flows, corresponding to a 

more dense population of the gas molecules, and other non-continuum models should be 

taken at higher Kn. 
 

 

 
                                                        (i)                                   (ii) 
Figure 7.1: (i) shows the mean free-path of the gas molecules (a) at different gas 

pressures (P1 < P2 < P3 < P4) . The gas molecules are shown by red dots. The 
mean free-path of the gas molecules increases at lower pressures and this 
leads to a higher Kn for a constant size conduit (d). (ii) indicates the 
corresponding flow regimes for the assumed gas pressures. 

 

 

7.2.2. Slip-flow regime 

The ratio of molecule-wall to molecule-molecule collisions increases as Kn 

increases However, the molecule-molecule interaction is still dominant in the slip-flow 

regime. Therefore, Navier-Stokes equations were suggested (Karniadakis et al., 2005) to 

remain valid for this domain (10−3 < Kn < 10−1). A first-order slip boundary condition 

was applied to include the effect of molecule-wall collisions (Roy et al., 2003). After 
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implementing the tangential momentum coefficient as shown in Appendix, the gas 

permeability can be estimated as: 
)1( 1Knkk lg α+=  (7.3) 

where kl is the permeability of the conduit to liquid (when the no-slip boundary condition 

applies), kg the gas permeability of the conduit, and α1 the permeability enhancement. 

The liquid permeability is assumed constant (i.e. independent of pressure) and estimated 

based on the characteristic length size of throat from conventional theory. The coefficient 

α1 depends on the geometry of conduit. It is about 5 for circular cross sections (see 

Equation A.9).   

The slip flow regime can also be simulated using dusty gas model (DGM) (Mason 

and Malinauskas, 1983). This model adopts a linear combination of gas transport 

mechanisms to predict the overall flow rate. It was mainly based on the empirical 

observation (Graham, 1876) and the theoretical explanation was proposed later (Mason 

and Malinauskas, 1983). The total mass flux of single-size conduit is calculated as: 

=∇−∇−=+= nDpn
k

JJJ Kn
l

Knvisctotal µ
 ( )l

Kn

k p
p D

RTµ
∇− +  

(7.4) 

where p∇  is the pressure gradient and DKn the Knudsen diffusivity coefficient. This 

relation can also be written in terms of gas permeability as shown in below:  

RT

ppk

RT
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)(  
(7.5) 

 

where kg is the single phase gas permeability. Substituting the Knudsen diffusivity 

coefficient and implementing ideal gas assumption yield the gas permeability relative to 

the no-slip permeability in terms of Knudsen number as follows: 

Kn
pk

D

k

k

l

Kn

l

g
11)1( λµ

+=+=  
(7.6) 

where λ1 is the permeability enhancement equal to 13.58 for circular cross section as 

clarified in Appendix. This relation indicates that the first-order models (Equation (7.3)) 
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and DGM (Equation (7.8)) suggest similar trend for the gas permeability, i.e. a linear 

function of Knudsen number.  

Equation (7.6) is the analog of Klinkenberg’s correction (Klinkenberg, 1941) for a 

single conduit. In the Klinkenberg’s correction, the permeability to gas is evaluated at 

several pressures for a core sample instead of a single conduit. For steady flow 

experiments, the pressure is replaced by the average of inlet and outlet pressures across 

the core. The term  
l

Kn

k

D µ
 is determined empirically as the slope of the measured gas 

permeabilities plotted against reciprocal pressure.  

While the first-order slip model and DGM indicate a qualitatively similar trend 

for the gas permeability, the rate of change with Knudsen number is different. The high 

Knudsen number is attained by decreasing the throat size in the first-order slip model. In 

this case, molecule-molecule collisions are not necessarily infrequent, rather, they are less 

frequent than molecule-wall collisions. On the other hand, the low density of the gas is 

the reason for the slippage in DGM. Note that reductions in both the throat size and the 

density increase the Knudsen number (see Equation (7.2)). Consequently, the 

permeability enhancements are obtained by measuring the flow rates. The in situ 

condition for gas shale corresponds to large gas density (~ 100 kg/m3). The Knudsen 

number in this situation is large because shale conduits are very small. Thus, in this 

study, we use the first-order slip model in the range 10−3 < Kn < 10−1.  
 
7.2.3. Transition regime 

The physics of the transition flow regime is complicated and most models are to 

predict the computational results of the Monte Carlo simulations (Karniadakis et al., 

2005). The proposed models implement different shear stress laws in the Navier-Stokes 

equations. The higher order gradients of the velocity are implemented in the proposed 
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models and the velocity profile is subject to higher order boundary conditions. To capture 

the flow rate, the corresponding mass flow rate for a circular tube was proposed as 

(Karniadakis et al., 2005): 

P
R

Kn

Kn
KnKnM ∇
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(7.7) 

where M& is the mass flux and ρ the average density. The coefficients are obtained by 

fitting the equation to the Monte Carlo simulation results. We can express the gas 

permeability by dividing the mass flow rate to no-slip condition. Therefore, the ratio of 

gas permeability to no-slip permeability can be expressed as: 
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(7.8) 

This indicates the nonlinearity of permeability increase with Kn. For the sake of 

convenience, we develop a polynomial form for the permeability enhancement for 0.1 < 

Kn < 0.8, which lies within the range of interest for shale gas reservoirs. A second order 

polynomial works well: 

21633.04576.58453.0 KnKn
k

k

l

g ++=   
 

(7.9) 

where the coefficients are calculated using the nonlinear regression model (Mendenhall  

et al., 1989) and the coefficient of regression is found 0.99. Note that the above equation 

is valid only for transition flow regime. Also, the gas permeability is no longer a linear 

function of Kn. This reveals that the Klinkenberg’s correction cannot be employed for 

higher Knudsen number flow regimes. 

We use gas permeability term “kg” (Equations (7.3), (7.6), and (7.9)) to express 

flow rate with respect to no-slip viscous Stokes model that is usually denoted by “kl”. 

Thus, we adopt the gas permeability expression only to present the results in a familiar 

form for the petroleum industry and “kl” is only representative of the “continuum model”.  
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7.2.4. Free-molecular regime 

For completeness, we include the free-molecular regime, which is relevant for gas 

phase transport at ambient conditions. The mass flow rate of free-molecular regime was 

modeled by Knudsen (1909). This model implements flux due to a density gradient of the 

molecules as follows: 

iknKn nDJ ∇−=  

 

(7.10) 

where JKn is the mass flux of component i, Dkn the Knudsen diffusivity coefficient, 

and∇ni the density gradient. Unlike ordinary diffusion, only one component is considered 

to predict the flow rate in this mechanism. This model requires Knudsen diffusivity 

which is usually measured experimentally (Reinecke and Sleep, 2002). It was analytically 

derived only for a long tube with a constant circular cross section area (Roy et al., 2003) 

as follows: 
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(7.11) 

where d is the tube diameter, m the molar mass, T the ambient temperature, R the 

universal gas constant which is equal to 8.314 in SI units, and v the average velocity of 

molecules. 
 

7.3. Adsorbed layer 

The effect of adsorbed gas is neglected in modeling flow through conventional 

rock. This is reasonable because the occupied volume is negligible compared to the total 

void space in conventional rocks. However, the adsorbed volume of CH4 is crucial in 

shale as the throats are often smaller than ten nanometers and much of the void space is 

in the organic material, for which CH4 has a large affinity. While molecular adsorption 
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can occur on any surface, the adsorbed layer of interest here is on the organic material. 

This layer diminishes in thickness as the pressure decreases. 

We analyze the effect of adsorbed layer on the single throat conductance. The 

ratio of the throat conductance without adsorbed layer to that of in-situ condition (gas 

adsorbed at in-situ temperature and pressure) is evaluated. The conductance without the 

adsorbed layer is computed by assuming a liquid phase is flowing. The purpose of this 

calculation is simply to isolate the geometric effect of the adsorbed layer. We assume the 

thickness of adsorbed layer is 0.7 nm at 28 MPa (Ambrose et al., 2010) and decreases 

linearly with reducing pressure. We further suppose the cross sectional area of the throat 

is circular considering the scanning electron microscope (SEM) images (Cipolla et al., 

2010; Karniadakis et al., 2005). For the calculation of “liquid” (i.e. no-slip) flow, we 

assume the conductance of the circular tube depends on the fourth power of characteristic 

size, in agreement with Stokes flow of a Newtonian fluid. The influence of adsorbed 

layer is important for the throat sizes smaller than 50 nm which constitute a significant 

fraction of shale pores. For a typical shale sample, the characteristic throat size of 6 nm 

corresponds to the largest fraction of conduits as shown in Figure 7.2. 
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Figure 7.2: Pore size distribution of a Barnett shale sample obtained from mercury 

intrusion capillary pressure (MICP). 

 

The adsorbed layer of CH4 on pore walls significantly reduces cross-section in 

pores smaller than 10 nm, as illustrated in the cross section of circular tubes in Figure 7.3. 

The pore throat at lab condition is reduced by the adsorbed layer that is indicated by 

green color. The thickness of adsorbed layer is assumed to be 0.7 nm which is 

representative of in-situ condition at 28 MPa here. We observe that the change in the 

cross-section area is significant and, thus, it has to be taken into account if we want to 

have a better understanding of in-situ condition.  
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Figure 7.3:  Change in the cross section area of the pore throats smaller than 10 nm is 

shown here. The adsorbed layer is shown with green color and assumed to 
be 0.7 nm which is representative of 28 MPa. The decrease in the cross-
section area is notable because the pore throats are extremely narrow. 

We build our pore space model based on the SEM images of shale and the 

drainage experiment. Some images of Barnett shale available in the literature are shown 

in Figure 7.4. The high resolution images indicate many throats exist in organic materials. 

The affinity of gas molecules for organic materials means that these throats constitute the 

void space which is altered by desorption. It has been argued that the fluid flow in 

organic materials is mainly single gas phase (Wang and Reed, 2009). Therefore, we 

propose a network model for gas permeability that includes only voids within organic 

matter.  

 
7.4. Analysis of single cylindrical conduit 

We analyze the conductance of a single-sized throat to study the effects of 

adsorbed layer and slippage. Then, we build a network model to examine these effects 

when the connected throats exhibit a distribution of sizes. Although the network does not 

explicitly represent the arrangement of voids in a shale, it does yield a first-order estimate 

of difference in the gas flow behavior through the shale at different conditions, e.g. high 

pressure (early in life of a well) versus low pressure (after substantial gas production) or 

field condition versus lab condition. We take into account the effects of adsorbed layer 
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and slippage on the conductance of each throat in the network. Consequently, we develop 

a characteristic plot mapping the measurements taken at typical lab conditions to the in-

situ conductance of each throat. 

Before considering the network, we investigate the effects of adsorbed layer and 

flow slippage on the conductance of a single throat. In this regard, we consider pore size 

distribution (inferred from mercury porosimetry) and SEM of the Barnett shale sample 

shown in Figures 7.2 and 4, respectively. We assume the void space is a network of 

cylindrical throats.  
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Figure 7.4: Scanning electron microscope (SEM) images of Barnett shale (Wang and 

Reed, 2009; 2008; Ambrose et al., 2010). 
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We begin by analyzing the effect of adsorbed layer on the liquid conductance of a 

single-sized throat. The goal is simply to quantify the geometric effect of reducing the 

throat size as the thickness of the adsorbed layer increases. Thus, slip is ignored; the 

calculations assume no slip on the adsorbed layer. The role of pressure in this analysis is 

merely to change the thickness of the layer. The results are presented in terms of the ratio 

of throat conductance without adsorbed layer to the conductance with adsorbed layer (see 

Figure 7.5). We observe that the adsorbed layer is crucial in estimating the conductance 

(with a no-slip boundary condition), especially at larger pressures and in smaller pore 

throats in the ranges of interest. The ratio of liquid conductances is larger at smaller 

throat sizes because the layer thickness, which is constant at a given pressure, occupies a 

greater fraction of the cross-section in smaller throats. 

 
Figure 7.5: Effect of adsorbed CH4 layer(s) on hydraulic conductance of a single 

cylindrical conduit. The ratio of “liquid” conductance without adsorbed 
layer (k(Kn=0)) to “liquid” conductance with adsorbed layer (kads) increases 
as pressure increases and as conduit diameter decreases. Liquid conductance 
refers to single phase laminar flow with no-slip boundary. Thickness of 
adsorbed layer is proportional to pressure.  
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Next, we explore the importance of slippage on the gas conductance. To this aim, 

we calculate the ratio of gas to liquid conductances. The conductances are computed 

assuming that no adsorbed layer exists. The only effect of pressure is thus to change Kn 

and hence the degree of slip. The temperature is fixed at 300 K. As before, the liquid 

conductance is computed with no-slip boundary condition to serve as a reference value. 

The ratio of gas to liquid conductances is shown in Figure 7.6. The calculation reveals the 

slippage plays an important role in smaller throat sizes and at lower pressures. For 

instance, the gas conductance of a 6 nm throat, which has the largest fraction of throat 

sizes in Figure 7.2, is larger than the liquid conductance by a factor of 1.5 at P = 20 MPa. 

This ratio increases nonlinearly with decrease of pressure revealing that the slippage 

becomes more important at late production.  
 

 
Figure 7.6: Effect of slip at pore walls on hydraulic conductance of a single cylindrical 

conduit. The ratio of gas conductance with slippage (Kn evaluated at 300 K 
and at pressure as per legend) to liquid conductance without slippage, 
k(Kn=0). Both conductances assume no adsorbed layer is present. The value 
of Knudsen number changes with pressure.  
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Now, we consider the combination of the competing effects of the adsorbed layer 

and slippage on the gas conductance. The adsorbed layer reduces the conductance by 

reducing the cross sectional area. Slippage enhances the conductance by facilitating the 

molecule movements at the throat surface. Both effects depend on pressure. To analyze 

this competition, we calculate the ratio of gas conductance with adsorbed layer to liquid 

conductance without adsorbed layer. As above, the liquid conductance is calculated with 

no-slip boundary condition to serve as a reference value. The gas conductance is obtained 

by computing slip flow within the open cross-section of the throat remaining after 

implementing the adsorbed layer at the specified pressure. The temperature is held 

constant at 360 K. Figure 7.7 shows qualitatively different trends, depending on pressure. 

At large pressures, the ratio of gas conductance at in-situ conditions to the corresponding 

no-slip conductance increases as the pore size increases. At small pressures, the ratio 

decreases as the pore size increases.  
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Figure 7.7: Combined effects of adsorbed layer and slip on hydraulic conductance of a 

single cylindrical conduit. The ratio of gas conductance, kin-situ, with 
adsorbed layer and slippage (in-situ condition of 360 K and P as per legend) 
to liquid conductance, k(Kn=0), without adsorbed layer and without 
slippage. This behavior is relevant to evolution of permeability during 
production.   

This calculation helps us understand which effect governs the flow behavior at 

different stages of production. The comparison between gas and liquid conductances is to 

analyze the gas conductance variation versus a reference value. It compares the gas 

conductance (360 K, various P) which is representative of reservoir condition to liquid 

conductance, the reference value evaluated in the absence of an adsorbed layer and 

ignoring slip. The analysis shows the adsorbed layer dominates the flow behavior at high 

pressure (P = 28 MPa in Figure 7.7) regardless of the throat size. That is, the gas 

conductance is smaller than the reference conductance for all throat sizes because the 

adsorbed layer significantly reduces the cross-section for gas flow. The influence is 
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greater for smaller throats. However, the slippage has the primary effect at small 

pressures (P = 10 MPa or P = 5 MPa). That is, the gas conductance is greater than the 

reference conductance for all throats, with the effect being greater in narrower throats. 

The implication of Figure 7.7 is that the adsorbed layer should be taken into account for 

modeling gas transport during early production while the influence of slippage is 

dominant during later production.  

Finally, we compare the gas conductances at lab and in-situ conditions for the 

single tube study. This is useful for estimating gas permeability in field from laboratory 

measurement. The adsorbed layer is presumed negligible at lab condition as the pressure 

(5 MPa) is low; the curve for the corresponding pressure in Figure 7.5 shows that the 

correction is less than 25% for all throat sizes. The thickness of adsorbed layer varies at 

in-situ condition depending on the pressure. Note that the slippage occurs in both 

conditions. We calculate the gas conductance at lab condition (T = 300 K) from the liquid 

conductance accounting for slippage at lab pressure in the relevant flow regime (Knudsen 

number criterion evaluated at 300 K and 5 MPa) by means of Equation (7.2), (7.3) or 

(7.9). For the in-situ condition, we compute the cross sectional area open to flow 

depending on the thickness of adsorbed layer. The gas conductance is computed from the 

liquid conductance at the field pressure after implementing the slippage. Figure 7.8 shows 

that the gas conductance at laboratory condition is notably higher than the in-situ 

condition at larger pressures. This is because of the lack of adsorbed layer and the 

enhancement of slippage at laboratory condition vs. in-situ condition. Clearly, the 

laboratory measurements should be corrected for any flow modeling at the field 

condition. Considering the importance of this issue, below we will analyze the laboratory 

measurements using network modeling and propose a correction. 
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Figure 7.8: The ratio of gas conductance, klab, without adsorbed layer and with slippage 

(lab condition 300 K and 5 MPa) to gas conductance, kin-situ, with adsorbed 
layer and slippage (field condition 360 K and pressure as per legend) 
increases as pressure increases and as cylindrical throat size decreases. 
These curves are relevant to estimating field permeability from laboratory 
measurements. 

Liquid permeability is also of interest in shale, either for the problem of water 

production or for the challenge of “tight oil” production. To estimate liquid permeability 

at field condition from the gas permeability measured at laboratory condition, we 

calculate the ratio of gas to liquid conductances of a single cylindrical conduit. As above, 

the adsorbed layer at lab condition is negligible because of the low pressure. Therefore, 

the gas conductance at the laboratory condition is computed from the liquid conductance 

by implementing the slippage at the laboratory pressure and temperature (5 MPa, 300 K). 

For the liquid conductance at the in-situ condition, we calculate the throat area not 

obstructed by the thickness of adsorbed layer. The thickness of adsorbed layer depends 



 145 

on pressure. We ignore the swelling effect for the in-situ condition which may reduce the 

hydraulic conductance. This may occur because of the presence of the water in the 

formation which is not available to the same amount at the laboratory condition. The ratio 

of gas to liquid conductances at lab and field conditions is shown in Figure 7.9. The 

results reveal the gas permeability obtained at lab condition is significantly larger than 

the liquid permeability at in-situ condition. The ratio of permeabilities estimated here is 

larger than the preceding analysis (Figure 7.8) since the liquid does not slip at lab 

condition. In reality, the ratio of gas to liquid conductances may be even greater than in 

Figure7.9 since the hydraulic conductance of throat decreases because of possible 

swelling clays present in the formation.  

 
Figure 7.9: For a single cylindrical tube, a lab measurement of gas permeability greatly 

overestimates the permeability to liquid in the reservoir, as shown by the 
ratio of gas conductance, klab, with slippage and without adsorbed layer (lab 
condition of 300 K, 5 MPa) to liquid conductance, kads, without slippage and 
with adsorbed layer (field condition 360 K, P as in legend). Pressure 
determines thickness of the adsorbed layer. 
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7.5. Analysis of network of cylindrical conduits of distributed sizes 

We employ a regular square lattice network (Bennett et al., 1962) to model the 

gas flow through organic materials in shale. We adopt the pore size distribution from the 

drainage experiment shown in Figure 7.2. We also assume the width of network 

(transverse to the direction of flow) and throat length are, respectively, 17 nm and 50 nm.  

The model width is chosen so that the network model yields a desired porosity. Here, 17 

nm is the value which results in the desired porosity of 10%. The small width means that 

the network corresponds to a thin 2D slice through the organic material oriented along the 

axes of the circular holes. That is, we consider flow perpendicular to the plane of the 

images in Figure 7.4. The objective is not to represent the actual connectivity of the 

voids, but to capture the influence of adsorbed layers and slip in a connected collection of 

throat sizes. When the throat sizes are distributed randomly on the network, the gas 

permeability of the network is 93 nD at lab condition (i.e. without adsorbed layer; the 

calculation accounts only for slip in each throat, using Equations (7.9) and (7.3) (high 

Knudsen flow models) to relate flow in each throat to pressure gradient along that throat). 

The network permeability is a plausible overestimate of the measured value as the 

network represents only the organic portion of the shale. The organic matter accounts for 

10% of the core volume, so prorating the network contribution accordingly would yield 

an estimate of 9 nD which is typical for the shale (Billiotte et al., 2008).  

A schematic of the network model is shown in Figure 7.10. The schematic 

indicates that the overall interactions of the throats, connected to each other in the 

network, control the flow properties. In the network model, we account for both the 

effects of adsorbed layer and gas slippage of the pore throat to predict the dependency of 

the flow properties on the pressure.  
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Figure 7.10: A schematic of the network model built based on mercury intrusion capillary 
pressure. This indicates we take into account both the effects of adsorbed 
layer (shown by green color) and slippage (shown by red arrows relative to 
blue arrows) for each pore throat. 

 
7.5.1. Effect of laboratory conditions vs. field conditions on gas permeability 

First, we evaluate the gas permeability at in-situ conditions by considering the 

influence of adsorbed layer on flow through each conduit in the network. To compute the 

gas conductance at in-situ condition, we calculate the liquid conductance with no-slip 

boundary condition based on the cross sectional area depending on the thickness of 

adsorbed layer. The gas conductance of each throat is then computed from the liquid 

conductance.  

The ratio of network permeabilities at lab to in-situ conditions is presented in 

Figure 7.11. The results show that the measurements made at the lab condition would 

overestimate the permeability by a factor of 4 at P = 28 MPa, i.e. at the start of 

production. This factor is almost equal to the ratio of lab to in-situ permeabilities for a 

single tube of 6 nm (cf. Figure 7.8), which has the largest fraction of pore throat sizes as 

deduced from mercury intrusion data shown in Figure 7.2. This means that the throats 

whose characteristic sizes constitute the largest population dominate the flow behavior. 
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The overestimation would be even larger if the prediction were based on lab 

measurements at ambient pressure and temperature. This is because of enhancement in 

slippage occurring at low pressures. The ratio reaches unity at a slightly larger pressure 

than 5 MPa because the field temperature (360 K) is greater than the lab temperature (300 

K) and because the gas for the lab measurement is N2 and not CH4. The difference in 

temperatures makes Kn slightly larger at the lab condition, but for a given pressure, 

temperature, and throat size, the properties of N2 yield smaller Kn than for CH4. Thus, 

smaller slippage occurs for N2 than CH4 because of smaller Kn, resulting in a smaller 

permeability. Thus, the gas permeability of the network model exposed to CH4 at a 

slightly larger pressure than 5 MPa at field condition equals the N2 permeability at the lab 

condition.  

The ratio of lab to in-situ permeabilities decreases as the pressure decreases. This 

is because of the opposing effects of adsorbed layer and slippage at different pressures. 

To provide a quick tool for estimating the in-situ permeability from the lab measurement, 

we fit a curve to the results in Figure 7.11. The nonlinear regression model indicates the 

coefficient of regression is 0.99. Therefore, the in-situ gas permeability can be estimated 

from lab measurement using the following equation: 

0.783 + 0.0898 + 0.001 2

,

, PP
k

k

situing

labg =
−

 (7.12) 

where kg,in-situ is the gas permeability at in-situ condition, kg,lab the gas permeability at lab 

condition (300 K, 5 MPa), and P gas pressure in MPa. 
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Figure 7.11: The ratio of gas permeability with slippage and without adsorbed layer (lab 
condition: T = 300 K, P = 5 MPa) to gas permeability with adsorbed layer 
and slippage (field condition: T = 360 K, P from x-axis) obtained from 
network of cylindrical throats having size distribution from Figure 7.2. 

 

We should be aware of the differences between the Klinkenberg’s correction and 

what we proposed here in Figure 7.11. In the Klinkenberg, the correction only accounts 

for the slip flow regime. However, we adopt both slip and transition models as they are 

appropriate flow regimes arise in nanoscale throats. Further, we have taken into account 

the effect of the adsorbed layer of gas on the gas permeability which was not included in 

the Klinkenberg’s correction. 

7.5.2. Effect of field conditions during production on gas permeability 

Finally, we investigate the effect of declining field pressure on the gas 

permeability using the network model. In this regard, we calculate the ratio of the field 

permeability at low pressures (kg2,in-situ) to its value at the start of production (kg1,in-situ). 
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The initial field pressure is presumed to be 28 MPa. We take into account the effect of 

adsorbed layer depending on the pressure. In addition, we account for the effect of 

pressure on slippage. The ratio of the gas permeabilities are presented in Figure 7.12. The 

network modeling suggests that the shale permeability at the start of production is 

significantly smaller than during late production. The adsorbed layer is the reason for this 

effect. Furthermore, the dependency of the permeability on the pressure is nonlinear. 

Hence, the gas permeability of shale is highly dependent on the pressure unlike the 

conventional reservoir. This has major implications in reservoir simulations and ultimate 

recovery estimation models. 

 
Figure 7.12: The ratio of gas permeability at pressures P2 below initial reservoir pressure, 

, to gas permeability at initial pressure (P = 28MPa), , 
increases as production continues and pressure declines accordingly. The 
ratio is calculated from network of cylindrical throats having size 
distribution shown in Figure 7.2. 
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The significant permeability increase over the production life provides an 

explanation for the “long tail” behavior which is usually observed in shale gas reservoirs 

(Baihly et al., 2010). The long-tail production refers to the field data in which the 

production rate drops significantly at early times and lasts at low rate for a long period. 

An alternative explanation for the long tail behavior familiar from conventional 

reservoirs is that the reservoir is heterogeneous. Layered formations can give sustained 

lower rates late in the life of a well (Walsh and Lake, 2003). Determining whether such 

heterogeneity exists in shale gas reservoirs is beyond the scope of this work.   
 

7.6. Validation against laboratory data 

Figures 7.11 and 7.12 summarize the main implications of the theory. Figure 7.11 

estimates gas permeability at the in-situ condition from the laboratory measurement and 

Figure 7.12 predicts the enhancement of the gas permeability during production. Two sets 

of experiments are required to validate these implications. The first set needs comparison 

of the measurements with N2 at laboratory condition and CH4 at reservoir condition. For 

the second set, we have to analyze the dependency of rock resistance against gas flow on 

the pore pressure when the moving fluid is methane. The test with methane should be run 

at the reservoir temperature and pressures to represent the in-situ conditions. Our model 

predicts that the effect of the adsorbed layer becomes more important as the organic 

content of shale increases. The organic-rich region has more tendencies to adsorb 

methane to its pore wall and this has to be considered when choosing the core samples. 

Data across the range of conditions of Figures 7.11-12 for rocks with different 

organic content are not currently available. However, measurements of CH4 transport 

reported on a particular shale at pressures below 7 MPa (Letham, 2011) let us partially 

test the effect of slippage. The experimental data were measured with methane for a 
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sample whose permeability at 5 MPa and 300 K is 390 nD. The effective stress was kept 

constant in the laboratory measurements (Letham, 2011), that is, the confining stress was 

lowered to yield the same effective stress at a lower pore pressure. The porosity of the 

laboratory sample was reported to be 13%. The porosity of our original sample is 10%, 

which is slightly different from the laboratory sample. To compensate for these 

differences, we increase the pore throat sizes of our original network model, whose 
permeability is 9 nD at 5MPa and 300 K, by a factor of 6.58 ( 58.6

9
390 = ). We also 

increase the width of the network by a factor of 43.3 (=6.582) to keep the porosity of the 

network model unaffected by the change in the pore size distribution. Using the modified 

model, we compute gas permeabilities for a range of small pressures (between 1 and 6 

MPa) and 300 K. Since the effective stress was kept constant during laboratory 

measurements, we do not change the modified pore throat size distribution with pore 

pressure. (In the field effective stress increases with reservoir depletion, and the effect on 

pore throat size distribution, which is not included in the model presented here, would 

diminish the slippage effect in Figure 7.13). Figure 7.13 plots these gas permeabilities 

normalized by the nominal liquid permeability at laboratory condition.  Similar to every 

calculation done for the laboratory condition through this study, the gas flow here is with 

slippage and without adsorbed layer and the liquid flow is without slippage and without 

adsorbed layer. However, unlike the laboratory condition we defined in which pressure is 

5 MPa, we change the pressure to investigate its influence on gas permeability, which is 

because of slippage. The liquid permeability for the laboratory data is 390 nD estimated 

by extrapolating the measured gas permeability to large pressure.  Figure 7.13 shows that 

the model slightly underestimates the normalized gas permeability, the maximum 

difference with laboratory measurement being only 6%. This indicates that the slippage 



 153 

model provides a good estimate for the effect of pressure on gas permeability at moderate 

pressures.  

 

 

Figure 7.13: The ratio of gas permeability without adsorbed layer and with slippage (k-
lab(P, T=300 K)) to the liquid permeability without adsorbed layer and 
without slippage (k(Kn=0)) is obtained from a network of conduits and 
compared with the laboratory measurements (Letham, 2011). The effective 
stress is constant and hence, the pore pressure change does not affect pore 
throat size distribution. Gas permeability increases with lowering pressure 
because of slippage unlike the liquid permeability which is constant. The 
flowing gas is methane.  

 
7.7. Conclusions 

Pore throats of shale are mostly narrower than 10 nm and are inside organic 

material on which CH4 adsorbs. As a result, the gas permeability of these rocks is 

significantly affected by adsorbed gas and by slip of flowing gas on the pore walls (or on 

layers of molecules adsorbed on the walls). The adsorbed layer does not play an 
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important role in conventional rocks as the pore throats are much wider, nor is the gas 

volume desorbed from the organic material significant in conventional reservoirs. To 

better understand gas flow behavior through shale, we evaluated these effects in 

individual conduits of cylindrical cross-section and in simple networks of such conduits. 

The effect of adsorbed layer was treated as purely geometric: the cross-section open to 

flow was reduced by the thickness of the adsorbed layer, which was assumed to vary 

linearly with pressure. The effect of slip was accounted for by applying the model 

appropriate to the flow regime, according to Knudsen number (Kn). The latter depends on 

pressure, temperature, and conduit diameter. For the slip flow regime, the first-order slip 

model was judged more suitable than the dusty-gas model for the shale gas application.   

At large pressures such as typical initial shale gas reservoir pressures, the effect of 

the adsorbed layer dominates the effect of slip on gas phase permeability. Slip dominates 

at smaller pressures typical of those after longer periods of production. Consequently, the 

reservoir matrix permeability is predicted to increase significantly over the life of a well, 

by a factor of 4.5, as production continues and pressure declines. The models predict that 

the typical conditions for laboratory measurements of permeability cause those values to 

overestimate field permeability by as much as a factor of 4. The model results are 

captured in simple analytical expressions that allow convenient estimation of these 

effects.  

For complete validation of the proposed model, laboratory measurements at 

elevated pressures, in the order of 28 MPa, and reservoir temperature made with CH4 are 

needed. Experimental data at such conditions, for which the adsorbed layer is expected to 

have the dominant effect, are not available. Comparing model predictions with the 

laboratory data at lower pressures (< 7MPa) and constant effective stress permits 

evaluating the importance of slippage. When normalized by the nominal absolute 
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permeability of the network (i.e. the value when both slip and adsorbed layers are 

negligible), the predicted trend agrees well with the measurements. The maximum 

difference between the predicted normalized gas permeability and measured value is 6%. 

This means that our adapted network model provides a reasonable basis for 

understanding the effect of gas pressure on matrix permeability of shale gas reservoir. 
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Chapter 8: Concluding remarks and future works recommendations 

8.1. Concluding remarks 

8.1.1. Tight gas sandstone 

The objective of this study in tight gas sandstone was to develop a new pore 

structure model to capture the two-phase displacements, notably mercury 

invasion/withdrawal (as obtained in conventional mercury intrusion capillary pressure 

measurement in evacuated samples, followed by mercury withdrawal), and gas drainage 

of brine (as obtained in conventional porous plate experiments of initially brine-saturated 

samples). 

We have analyzed the laboratory measurements of mercury intrusion (drainage), 

withdrawal (imbibition), porous plate on a set of 15 samples of tight gas sandstones from 

the Western US. For this purpose, we have developed a multiscale model to analyze 

macroporosity (intergranular void space) and microporosity (intragranular void space) 

and their interactions. The multiscale model embraces conventional network model and 

tree-like pore structure to mimic the intergranular and intragranular void spaces, 

respectively. The tree-like pore structure is proposed in this study for the first time. 

The porous plate data of the drainage experiment prove to exhibit a strong 

signature of the amount of intergranular voids in a sample. Applying the multiscale 

model to such data enables a classification of the void space of rocks into macro-

dominant (large macroporosity fraction), intermediate (combination of macro and 

microporosity), and micro-dominant (large microporosity fraction). Each class has 

different imbibition behavior and hence different expected gas recoveries. Similarly, the 

mercury withdrawal test shows different results for each pore type identified by the 

porous plate test, and hence, it independently confirms the existence of different 
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connectivities of void spaces. Using mercury withdrawal data along with our pore 

structure classification allows estimating the characteristic residual saturation for each 

structure. For a set of 35 samples of tight gas sandstones from the Western US and 9 from 

other places (Cluff and Webb, 2009), the ultimate recovery is estimated to be between 

14% to 83% of the initial hydrocarbon saturation depending on the ratio of microporosity 

to total porosity and initial gas saturation. The recovery increases as the fraction of tree-

like microporosity increases and also improves with an increase in initial hydrocarbon 

saturation. The classification also predicts different electrical resistivity responses for the 

classified pore structures that are consistent with the measured results. For the set of 15 

samples from Western US, the averages (arithmetic mean) of the cementation exponents 

of the macro-dominant, intermediate, and micro-dominant are 1.8, 1.79, and 1.48, 

respectively. For these samples, the averages (arithmetic mean) of the saturation 

exponents of the macro-dominant, intermediate, and micro-dominant are 1.58, 1.50, and 

1.32, respectively. 

We have used field data (repeat PLT logs on a single well in a tight gas 

sandstone) to test our multiscale model. For this, we classified the pore structure using 

laboratory measurements like permeability and mercury withdrawal. We observe that the 

production rate per unit thickness of the macro-dominant interval is the largest initially 

but it becomes the smallest at a later time during the production because it has the fastest 

reduction rate in the production. The largest initial production rate is because of the 

largest permeability typical of macro-dominant rock, the fastest reduction in the 

production rate (largest decline ratio) is a consequence of inferior recovery (largest 

residual saturation) from macro-dominant rock. This means that the available field data 

are consistent with the model prediction, and this method of classifying tight gas 

sandstones by pore type should be tested as larger sets of data become available. 
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We extrapolated the production rates of the layers of the tight gas reservoir 

obtained from PLT using the tank model and integrated over time to compare the 

cumulative production of each layer. The projected cumulative production per unit 

thickness indicates that the hydrocarbon recovery of the micro-dominant interval is the 

largest, and this agrees with our hypothesis of having better producibility with in increase 

in the microporosity fraction. Knowing that micro-dominant pore space typically has 

smallest permeability of the three pore types and therefore that micro-dominant intervals 

tend to have the lowest initial production (IP) rates within a well, we conclude that initial 

production (IP) alone is not an appropriate tool for estimating EUR. This highlights the 

importance of having a better understanding from pore structure of unconventional rocks 

which could be true for shale gas reservoirs as well. 
 
8.1.2. Shale gas 

The main goal of this dissertation with regard to the properties of gas shale was to 

analyze the pore connectivity. We also sought to evaluate the effects of the adsorbed 

layer of gas and of gas slippage on the single-phase gas permeability.  

To analyze the pore connectivity, we studied the mercury intrusion capillary 

pressure (MICP) data of the shale and proposed two pore structure models, i.e. tree-like 

model and nooks and crannies (NC). The proposed models adopt different pore throat 

geometries and connectivities. The void space of the tree-like structure takes circular 

tubes to model the pore throats that are connected in an acyclic pattern. In the tree-like 

model, there are multiplying branches with ever smaller throats. On the other hand, the 

NC model assumes that the void space comprises microcrack-like (large-aspect-ratio) 

throats that are connected through the rock similar to the bundle-of-tubes model. 
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We used both connectivity models to predict the single-phase gas permeability 

without slippage and without adsorbed layer of gas from the MICP data. The NC model 

predicts that the permeability is 106 nD whereas for the tree-like pore model it is between 

15-27 nD. These are both in the acceptable range of permeability (< 100 nD, Sakhaee-

Pour and Bryant, 2012).  

The NC model requires extremely large-aspect-ratio throats to capture the MICP 

data. The throat length is approximately 30 micron for a 22-nm wide microcrack-like 

throat if we assume that the throat size is mono-size. However, it is very unlikely that 

such a large-aspect ratio throat remains open at in-situ condition in the presence of a 

confining stress. Thus, we judged that the NC model is not representative of the shale 

void space and the pore connectivity of the shale is more similar to the tree-like structure. 

To better understand the effects of adsorbed layer of gas and of gas slippage on 

the shale permeability, we first evaluated these effects in individual conduits of 

cylindrical cross-section and in simple networks of such conduits. The effect of adsorbed 

layer was treated as purely geometric: the cross-section open to flow was reduced by the 

thickness of the adsorbed layer, which was assumed to vary linearly with pressure. The 

effect of slip was accounted for by applying the model appropriate to the flow regime, 

according to Knudsen number (Kn). The latter depends on pressure, temperature, and 

conduit diameter. For the slip flow regime, the first-order slip model was judged more 

suitable than the dusty-gas model for the shale gas application.   

At large pressures such as typical initial shale gas reservoir pressures, the effect of 

the adsorbed layer dominates the effect of slip on gas phase permeability. Slip dominates 

at smaller pressures typical of those after longer periods of production. Adsorbed layer 

reduces the conductance of the shale pore throat by a factor of (1.1–7.2) while its 

slippage enhances the conductance by a factor of (1.2–2.9). Implementing both effects, 
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our adapted network model predicts that the matrix permeability increases significantly 

over the life of a well, by a factor of 4.5 for a Barnett shale sample, as production 

continues and pressure declines. The adapted network model is built based on the pore 

size distribution obtained from MICP data of the Barnett shale sample. The model also 

predicts that the typical conditions for laboratory measurements of permeability cause 

those values to overestimate field permeability by as much as a factor of 4. The model 

results are captured in simple analytical expressions that allow convenient estimation of 

these effects.  

For complete validation of the proposed model, laboratory measurements at 

elevated pressures, in the order of 28 MPa, and reservoir temperature made with CH4 are 

needed. Experimental data at such conditions, for which the adsorbed layer is expected to 

have the dominant effect, are not available. Comparing model predictions with laboratory 

data reported in literature at lower pressures (< 7MPa) and constant effective stress 

permits evaluating the importance of slippage. When normalized by the nominal absolute 

permeability of the network (i.e. the value when both slip and adsorbed layers are 

negligible), the predicted trend agrees well with the measurements. The maximum 

difference between the predicted normalized gas permeability and measured value is 6%. 

This means that our adapted network model provides a reasonable basis for 

understanding the effect of gas pressure on matrix permeability of shale gas reservoir. 
 

8.2. Future work recommendations 

8.2.1. Tight gas sandstone 

The gas production data of a Western US reservoir were available from 

production logging tool (PLT) logs at two different times. To further test the notion of 

pore structure classification and its implication on the ultimate recovery, we propose that 
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the operators consider acquiring more production data at later times of productions. This 

allows further assessments of the performance of the tight gas reservoir. 

We assigned the pore structure of the producing interval in this dissertation from 

the core measurements. In practice, these measurements are not always available. Thus, 

the next step is to assign the pore structure of the producing interval from other logging 

tools like resistivity logs. The measurements are obtained more often in practice. 
 
 
8.2.2. Shale gas 

We learned a lot regarding the pore structure of the tight gas sandstone by 

analyzing the porous plate results. However, such experiments using samples of gas shale 

are not available in the literature. Thus, we propose that researchers obtain those data for 

further investigations of the shale pore structure. 

We proposed the adapted network modeling approach to predict the effects of 

adsorbed layer of gas and gas slippage at the pore walls on the single-phase gas 

permeability. Those effects are highly dependent on the gas pressure. However, the gas 

permeability measurements at elevated pore pressures (~ 4000 psi) are not currently 

available. Hence, the next step would be to acquire the permeability measurements at 

those elevated pore pressures and compare the results with what the adapted network 

modeling approach predicts. 

We analyzed the gas flow behavior assuming that the flow is single-phase.  

However, in reality, shale reservoirs produce a significant volume of water. Therefore, 

the subsequent step is to study the two-phase flow properties of shale gas reservoirs. This 

entails both theoretical and experimental studies. 
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We interpreted the topology of the shale void space from MICP measurements. 

The capillary pressure increases up to 60000 psi in these measurements to invade the pore 

throats that are smaller than 10 nm, which is a typical range for the shale (Sakhaee-Pour 

and Bryant, 2012). This large capillary pressure could alter the pore structure and hence, 

the interpreted topology might not be representative of an intact rock. Hence, we 

recommend that the researchers analyze other pore size distribution measurements such 

as adsorption/desorption and contrast the results with MICP data.  

We observed many microcrack-like pore throats in the SEM images of the shale. 

These throats are more probably closed at in-situ condition in the presence of a confining 

stress. Hence, it would be valuable to measure and analyze the mercury intrusion and 

withdrawal capillary pressures of confined shale samples. This analysis will help us to 

know pore throats with which characteristic sizes are open under the confined boundary 

condition and hence, we will interpret the existing SEM images more intelligibly. The 

SEM images are obtained without confining stress and they likely show some throats that 

are probably closed at in-situ condition. The study of the confined shale samples will also 

allow us to gain a better understanding of the connected network of the pores at the in-

situ condition. 
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Appendix A: Non-continuum flow models for slip flow regime 

A.1. First order slip model 

The velocity profile in the slip flow regime for a cylindrical conduit is obtained by 

adding a correction term to the solution of the Navier-Stokes equation after applying 

Newtonian fluid assumption with no-slip boundary condition (Roy et al., 2003): 

correctionslipnos uuu += −  (A.1) 

where us is the velocity profile in the slip flow regime, uno-slip the no-slip velocity of the 

Newtonian fluid, and ucorrection the correction term to implement the effect of slippage. 

The correction term is constant independent of location. The slip velocity profile can also 

be expressed in a non-dimensional form as: 

correctionslipnos UUU += −  (A.2) 

where the non-dimensional no-slip velocity is defined as follows: 

22 1)(1 x
R

r
U slipno −=−=−  

(A.3) 

where R is the radius of tube, r distance from the center tube, and x the normalized radial 

distance from the center of tube which is equal to unity at the wall. To include the effect 

of molecule-wall collisions, the first order slip boundary condition is imposed as 

(Karniadakis et al., 2003): 
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(A.4) 

where n is outward (unit) vector which is normal to the tube wall and σv the tangential 

momentum accommodation coefficient. The tangential momentum accommodation is 

calculated by measuring the gas flow rate at the slip flow regime and is close to 0.9 

(Karniadakis et al., 2003). 
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The first order slip boundary condition is applied to derive the non-dimensional 

velocity profile (see Equation (A.2)) (Karniadakis  et al., 2003): 
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(A.5) 

The minus sign is because of the direction of the normal vector. The correction term is 

constant and thus its gradient vanishes. Therefore, Equation (A.4) simplifies to: 
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Thus, we can express the non-dimensional velocity profile based on Equations (A.2) and 

(A.3) as written in below (Karniadakis et al., 2003): 
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To cast this profile in terms of permeability, we obtain the flow rate as: 
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where Q is the flow rate, vσ a characteristic flow rate, and Q the non-dimensional flow 

rate. The first term in the RHS represents the no-slip flow rate and the second term is the 

enhancement because of slippage. Therefore, the effect of slip on permeability can be 

readily measured by dividing Q (Kn) by Q (Kn=0): 
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Here, kg is the permeability of the conduit to gas phase, and kl is the permeability of the 

same conduit when the no-slip boundary condition applies. The latter condition usually 

holds when a liquid fills the conduit, hence the choice of subscript “l”. After 

implementing σv = 0.9, we obtain the enhancement of apparent permeability, called  in 

chapter 7 text (cf. Equation (7.3)), to be equal to 5. 

 
A.2. Dusty gas model (DGM) in terms of Knudsen number 

The apparent permeability of the conduit based on dusty gas model (DGM) is 

calculated as: 
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(A.10) 

The second term on the RHS can be simplified after substituting the Knudsen diffusivity 

coefficient in terms of pertinent parameter using Eq. (A.11). We also use the Hagen-

Poiseuille model for permeability term as follows: 
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Here, we implement the ideal gas assumption ( TRT
m

R
P ρρ == ) to express the pressure in 

terms of density which yields the results in terms of Kn:  
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