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Abstract 

The existing conventional methods to characterize reservoir storage properties face 

challenges in shale formations due to their fine grained texture, low porosity, and low 

permeability. An integrated analysis of standard core measurements, such as adsorption-

desorption isotherms and mercury intrusion capillary pressure, helps us to better 

understand these formations by determining the pore size that controls the stored volume 

and flow conductance at a larger scale.  

 

We propose a new model to distinguish and characterize the pore-body and pore-throat 

size distributions for the connected pore space of shale formations. We simultaneously 

analyze different sorption mechanisms such as multilayer adsorption and capillary 

condensation for nitrogen adsorption-desorption isotherms to determine the pore-body 

size. By accounting for the coupled processes, we predict the amount of gas adsorbed in 

the studied core samples. The model provides an explanation for the gas storage behavior 

at the core scale that can be extended to assess the formation. We also analyze mercury 

intrusion data not to validate the pore-body size obtained from nitrogen adsorption but to 

determine the pore-throat size. The integrated analysis of these measurements enables us 

to fully characterize the pore space of a shale formation. 
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Chapter 1: Introduction 

1.1. Problem Statement 

Shale plays recently became relevant in the energy market, when profitable gas 

production from these low-permeability formations turn into a reality. Particularly, in the 

U.S. large-scale production of shale gas started around 2000 in north-central Texas from 

the Barnett formation after energy companies successfully experimented with different 

hydraulic fracturing techniques. Further, Exploration and production were extended to 

additional shale plays (Fayetteville, Haynesville, Woodford, Eagle Ford, and others) in 

the country as the knowledge and ability to commercially develop the formations 

increased. By the end of July 2016 the dry gas production from shale formations in the 

U. S. reached 41.8 bcf per day. (U.S. Energy Information Administration, 2016). 

 

Understanding the storage and transport properties of shale formations is required to 

successfully develop its resources. However, determining petrophysical properties of 

interest like porosity and permeability turned out to be a challenge given that they can be 

significantly different from conventional formations. These formations exhibit significant 

low permeability and porosity that have been related to the presence of narrower pores 

and poor connectivity between them. Many studies have been conducted to analyze the 

pore structure of shale, shedding light on the complexity of its pore space. 
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1.2. Objective 

Our objective is to determine the pore-body size and the pore-throat distributions for 

different shale samples, as a mean to understand the storage capacity and the transport 

behavior in this type of formations. We characterize the pore space of a shale to determine 

the pore-body size distribution by capturing nitrogen adsorption-desorption based on the 

acyclic pore model. We also calculate the pore-throat size distribution via analyzing 

mercury intrusion capillary pressure measurements. We will compare the results to 

highlight the difference between the two sizes for shales. 

 

1.3. Hypothesis  

If we account for the adsorbed volume at pore scale using appropriated adsorption 

mechanisms (multilayer adsorption, capillary condensation, and others) based on the 

acyclic pore model, we can capture the nitrogen (N2) adsorption-desortion hysteresis and 

characterize the pore structure for shale. 
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Chapter 2: Literature Review 

2.1. Adsorption  

The term adsorption refers to the process of accumulation of fluid (adsorbate) onto a solid 

surface (adsorbent). When a solid surface is exposed to a gas, its molecules may stick to 

the surface increasing the concentration of gas in the neighboring area for a finite amount 

of time. 

 

The amount of gas adsorbed at any time is a function of the interaction between the solid 

and the gas, as well as other properties of the system The nature of the interactive forces 

between the adsorbent and the adsorbate determine whether the adsorption is physical or 

chemical. Physical adsorption or physisorption occurs when the interaction is weak and 

the process is easily reversed using heat or decreasing the pressure, and chemical 

adsorption or chemisorption occurs when the attraction between the solid and the 

molecules adsorbed is strong creating chemical bonding (Graf & Kappl, 2003). 

 

2.1.1. Adsorption in porous solids 

For porous solids, the size of the pores and the connections among them are important in 

the context of adsorption. The pore sizes are classified following the IUPAC 

(International Union of Pure and Applied Chemistry) definitions as shown in Table 1. In 

particular, for micropores and mesopores the adsorption-desorption of gas molecules is 

an important mechanism of storage, given that the pore size is comparable to the 

molecules size and the adsorbed layer thickness (Boucher, 1976).  
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Table 1. Pore size classification according to IUPAC (International Union of Pure 

and Applied Chemistry). For micropores and mesopores the amount of gas 

adsorbed is significant given that the pore size is comparable with the adsorbed 

molecules or adsorbed layer size. 

Term Pore Size Range 

Micropore Less than 2 nm 

Mesopore 2 nm -50 nm 

Macropore Greater than 50 nm 

 

The adsorption process can take place through a series of mechanisms that differ in nature 

and are dependent on the pore size and other properties of the system like pressure and 

temperature. For instance, for micropores where the size of the pore is close to the size of 

the gas molecules the adsorption forces are higher than for larger pore sizes, thus the 

adsorption process occurs at lower pressures and is considered continuous due to stronger 

interactions between the porous solid and the gas. This type of adsorption has been called 

volume filling of micropores or micropore primary filling (Dubinin, 1989). 

 

For mesopores, which are nanoporous materials typical sizes, the main adsorption 

mechanisms are: monolayer adsorption, multilayer adsorption and capillary 

condensation. Figure 1 depicts these adsorption mechanisms for a slit like pore as 

pressure increases. In (a) the gas molecules are adsorbed occupying the available sites on 

the pore surface and forming a monomolecular layer. The monolayer will attract other 

gas molecules, thus the layer adsorbed becomes several molecules thick forming a 

multilayer as shown in (b). At certain pressure, the thickness of the adsorbed layer 
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becomes close to the size of the pore and the gas molecules condensate inside it. This 

process is known as capillary condensation (Roque-Malherbe, 2007). 

 

 

 

 

 

 

 

 

Figure 1. Adsorption stages inside a pore (a) formation of a monolayer, (b) gas 

molecules get attached onto the monolayer, creating a multilayer, and (c) fluid 

condensation starts inside the pore when the thickness of the adsorbed layer is close 

to the pore size, this is known as capillary condensation (Roque-Malherbe, 2007). 

 

 

(a) 

(b) 

(c) 
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The different adsorption mechanisms can also be identified on the adsorption isotherm 

where the amount of gas adsorbed (𝑛𝑎) is plotted against the relative pressure (𝑃 𝑃𝑜⁄ ). 

Figure 2 is a sketch of the nitrogen adsorption isotherm for a single pore. An adsorbed 

layer begins to form on the walls, the slope of the curve is steep in this region as the 

molecules adhere directly onto the surface of the pore. The layer gets thicker during the 

multilayer adsorption, during this stage the amount of gas adsorbed does not increase as 

fast with increasing pressure as during the monolayer adsorption, resulting in a gentle 

slope. When the condensation pressure for the given pore size is reached and the gas 

molecules turn into a liquid like phase inside the pore, the amount adsorbed increases 

instantly and reaches a plateau-like stage (Seaton, 1994).  

 

 

Figure 2. Adsorption isotherm for a single pore, where na is the amount adsorbed 

and P/Po is the relative pressure. The isotherm Different adsorption stages or 

mechanisms can be observed in the curve. relation between each mechanism and  

From (Seaton, 1994). 

 

Monolayer Multilayer 

Condensation 
Liquid like 

𝒏
𝒂

 

𝑷 𝑷𝒐⁄  
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The thickness of the layer formed during monolayer or multilayer adsorption is an 

important parameter that can be used to calculate specific surface area of the pores and 

pore size distribution analysis (Everett et al., 1985). In 1966 De Boer et al., defined the t-

curve, which allows to calculate the thickness of the adsorbed layer as a function of the 

relative pressure. Other theoretical and empirical models have been developed to account 

for the layer adsorbed in porous solids (Halsey, 1948; Jura & Harkins, 1943). 

 

2.1.2. Amount of gas adsorbed 

The amount of gas adsorbed is a function of the equilibrium pressure of the gas at which 

adsorption takes place, the temperature, the nature of both the solid and the molecules of 

the gas adsorbed, and the surface area of the solid (Rouquerol, Rouquerol, Llewellyn, 

Maurin, & Sing, 2013). For a given gas adsorbed on a particular solid at a constant 

temperature below its critical temperature, the amount of gas adsorbed can be expressed 

as in Equation (1)  

𝑛𝑎

𝑚𝑠
= 𝑓 (

𝑃

𝑃𝑜
)

𝑇

 (1) 

where 𝑛𝑎 is the amount adsorbed, 𝑚𝑠 is the mass of solid, P is the gas pressure, 𝑃𝑜 is the 

saturation pressure at T, and T is the temperature. 

 

The quantity of gas adsorbed can be express as the mass of gas, the amount of gas 

molecules, gas moles or the volume of gas. Is common practice to use the unit STP cc/g, 

which indicates the amount of gas adsorbed, measured in cubic centimeters at standard 

temperature and pressure conditions per gram of adsorbent (solid). These units are useful 

given that the methods used to determine the adsorption isotherm experimentally mostly 
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imply the measurement of the volume of gas adsorbed for a certain amount of solid 

sample, while pressure is change (De Boer, Broekhoff, Linsen, & Meijer, 1967). 

 

2.2. Adsorption isotherms 

An adsorption isotherm is the graph of the amount of gas adsorbed versus the relation of 

the pressure of the vapor phase and its saturation pressure (𝑃 𝑃𝑜⁄ ), known as relative 

pressure. In 1985, IUPAC (International Union of Pure and Applied Chemistry) classified 

the adsorption isotherms for different gas-solid systems into six types shown in Figure 3. 

 

Type I is known as the Langmuir isotherm and it is related to the formation of one single 

layer (monolayer adsorption) in microporous solids. The curve exhibits a plateau 

(limiting value) that represents the maximum capacity of adsorption, which depends on 

the accessible micropore volume (Everett et al., 1985).  

 

Type II and III represent non-porous or macroporous adsorbents, which allow 

unrestricted formation of layers at high pressures (i.e. no plateau is observed). The main 

difference between type II and III is the fluid-wall attractive forces, which are strong for 

type II and weak for type III. Types I, II and III are all known as reversible isotherms 

given that the adsorption and desorption curves follow the same path, meaning there is 

no hysteresis when the pressure is reduced (Graf & Kappl, 2003; Rouquerol et al., 2013). 
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Figure 3. Adsorption isotherms types according to IUPAC (International Union of 

Pure and Applied Chemistry). The amount of gas adsorbed against the relative 

pressure reflects the relation between the solid (adsorbent) and the gas (adsorbate), 

as well as structural characteristics of the solid. 
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Type IV is characteristic of solids with mesopores. It exhibits a hysteresis loop (different 

paths for adsorption and desorption can be noticed), that can be explained by the effect 

of pore blockage during the emptying of the pores, or by the capillary condensation 

process. Type V also exhibits hysteresis loop and is characteristic of solids with pore sizes 

within the mesopore range. The main difference with type IV is the fluid-wall forces, 

which are strong for IV and weak for V. Finally, type VI or stepped isotherm is associated 

with layer-by-layer adsorption on uniform surfaces (Balbuenat & Gubbins, 1993; 

Rouquerol et al., 2013)  

 

2.2.1. Langmuir Isotherm 

The equation most frequently used to describe the adsorption of gas on solids is the 

Langmuir isotherm due to its simplicity even though is not appropriate for every 

adsorption mechanism. Also known as type I isotherm according to IUPAC as shown in 

Figure 3. Langmuir’s equation is based on the following main assumptions (Langmuir, 

1918): 

(a) Only a single layer of gas molecules can cover the surface  

(b) The gas behaves as an ideal gas  

(c) The adsorbed molecules do not affect the molecules on the neighboring site 

(no repulsion)  

(d) The surface has a specific number of sites where molecules can be adsorbed  
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Langmuir equated the rate of molecules being adsorbed on the surface with the rate of 

molecules leaving the adsorption sites (evaporating from the surface) to finally obtained 

Equation (2): 

𝑉 = 𝑉𝑚

𝑃

𝑃𝐿 + 𝑃
 

(2) 

where 𝑉 is the volume of gas adsorbed (𝑚3 𝑔⁄  of adsorbent), 𝑉𝑚 is the Langmuir volume 

(Volume of gas adsorbed when the entire surface is covered by a monolayer), 𝑃 

pressure(𝑁 𝑚2⁄ ), and 𝑃𝐿 is the Langmuir pressure (adsorption equilibrium constant). 

 

2.2.2. BET isotherm  

Brunauer, Emmett, & Teller (1938) derived an equation of the isotherm for multilayer 

adsorption, based on the equation developed previously by Langmuir. The main 

assumptions of their theory are: 

(a) Gas molecules can be adsorbed in layers infinitely (multilayer adsorption) 

(b) There is no interaction between layers 

(c) Langmuir equation can be applied to each layer 

(d) The energy of adsorption is the same for all the layers (heat of condensation), 

except the first one (heat of adsorption) 

 

The S-shaped isotherm equation (Equation (3) consists of two regions: the low pressure 

region that is concave to the pressure axis, and the high pressure region where the curve 

becomes convex. Given the shape obtained, the adsorption curves from Types II, IV and 

VI from IUPAC classification (see Figure 3) can be captured by the BET isotherm. 
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Furthermore, the temperature dependence for 𝑐 and 𝑣𝑚 can be described (Brunauer, 

Deming, Deming, & Teller, 1940). 

𝑣 =
𝑣𝑚𝑐𝑃

(𝑃𝑜 − 𝑃)[1 + (𝑐 − 1)(𝑃/𝑃𝑜)]
 

(3) 

where 𝑣 is the volume of gas adsorbed at pressure 𝑃, 𝑉𝑚 is the volume of gas adsorbed in 

one complete monomolecular layer (monolayer), 𝑐 is a constant dependent on the energy 

of adsorption and condensation, 𝑃 is the gas pressure and 𝑃𝑜 is the saturation pressure of 

the bulk fluid (gas). This can be rewritten in a convenient form, with the intention of 

obtaining a plot of [𝑃/𝑣(𝑃𝑜 − 𝑃)] against [1/𝑣𝑚𝑐] that gives a straight line, whose 

intercept and slope can be used to evaluate 𝑣𝑚 and 𝑐 (Brunauer et al., 1938).  

 

2.3. Hysteresis  

Adsorption in porous materials is often characterized by hysteresis when the process is 

reversed (i.e. during desorption). The behavior observed while the pressure is being 

increased differs from the behavior when it is reduced. In other words, as the vapor 

pressure decreases, desorption occurs at a pressure lower than the pressure of adsorption. 

Hysteresis can be observed in single pores as well as in pore networks (Seaton, 1994). 

 

The hysteresis loops are associated with capillary condensation, due to the difference of 

pressures between condensation and evaporation. Besides this thermodynamic 

mechanism, hysteresis also depends on the connectivity of the pores within the pore 

network, the spatial distribution and the connection with the surface. During desorption, 

vaporization can occur only from pores that have access to the vapor phase, and not from 
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pores that are surrounded by other liquid-filled pores. This is known as the pore blocking 

effect (Donohue & Aranovich, 1998; Naumov, 2009). 

 

2.3.1. Hysteresis loop types 

Hysteresis loops were classified by IUPAC in 1985 into four types as shown in Figure 4. 

Relevant characteristics of the hysteresis loop are the width of the loop which is 

temperature (shrinks as temperature increases) and pore structure dependent, and the 

lower closure point that is the pressure at which the adsorption and desorption branches 

are equal at lower pressures. The closure point is generally independent from the nature 

of the porous adsorbent but depends mostly on the nature of the fluid being adsorbed (i.e. 

the gas), for example for nitrogen at 77 K the closure point is at 𝑃/𝑃𝑜 ≈ 0.42 (Everett et 

al., 1985).  

 

In type H1 both the adsorption and desorption branch are steep at intermediate relative 

pressures, it is related to porous materials of relative uniform capillary tubes open at both 

ends. Type H2 loop is broad with long-flat plateau, the desorption branch is steep at 

intermediate relative pressures. It is associated with ink–bottle shaped pores and complex 

pore structures. For type H3 loop the adsorption branch is steep at the saturation pressure, 

the desorption branch is steep at intermediate relative pressures and does not exhibit any 

limiting adsorption at high relative pressures. It is related to open slit-shaped pores or 

plate like particles. Type H4 loops do not terminate in plateau and are also given by slit-

shaped pores, they are observed in complex materials containing both micropores and 

mesopores (Sing & Williams, 2004; Thommes, 2010). 
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Figure 4. Types of hysteresis loop according to IUPAC's classification. The 

hysteresis shape is associated with capillary condensation, the connectivity of the 

pores within the pore network, the spatial distribution and the pore connection with 

the surface. 

 

2.4. Capillary condensation 

When a fluid is confined inside pores with sizes within the mesopore range, it condenses 

at pressures lower than the saturation pressure of the bulk fluid at a given temperature. 

This phenomena is known as capillary condensation, the pressure at which condensation 

occurs is a function of the pore size, shape, and the interaction between the fluid and pore 

walls (Gubbins, Long, & Śliwinska-Bartkowiak, 2014). 
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During adsorption, multiple layers of adsorbed gas first cover the pore walls until a certain 

critical thickness is reached and the condensation occurs in the core of the pore, controlled 

by intermolecular forces in the core fluid (Boucher, 1976). The equations used to describe 

this mechanism are the Kelvin equation and the Kevin-Cohan equation. 

 

2.4.1. Kelvin equation 

The Kelvin equation gives the pores size as a function of the relation of the gas pressure 

(P) at which condensation occurs inside the pore and the saturation pressure (𝑃𝑜) of the 

bulk fluid, this is relation is called relative pressure. The Kelvin equation (Equation 4) is 

only valid for the mesopore range, where the capillary condensation phenomena is 

relevant, it does not apply to macropores or micropores (Skinner & Sambles, 1972)  

 

𝑟𝐾 =
−2𝛾 𝑉𝑚𝑜𝑙 cos 𝜃

𝑅𝑇𝑙𝑛 (
𝑃
𝑃𝑜

)
 

(4) 

 

In Equation (4) 𝑟𝐾 is the radius of the pore in which condensation occurs (m), 𝛾 is the 

surface tension of the liquid adsorbate (𝑁 𝑚⁄ ), 𝑉𝑚𝑜𝑙 is the volume occupied by 1 mole of 

condensate at T (𝑚3 𝑚𝑜𝑙⁄ ), 𝜃 is the contact angle between the liquid and the pore wall, 

R is the gas constant (8.314 J/Kmol), T is the temperature in Kelvin, P is the pressure of 

condensation inside the pore (N/m2) and 𝑃𝑜 is the saturation pressure of the bulk fluid. 

 

Capillary condensation is directly related with the hysteresis loop between the adsorption 

and desorption curves for pores wider than approximately 5 nm (mesopores). This means 
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that, as the vapor pressure decreases, desorption occurs at a pressure lower than the 

pressure of adsorption due to the difference between the capillary condensation and 

evaporation. (Rouquerol et al., 2013) 

 

2.4.2. Kelvin-Cohan equation 

Kelvin equation ignores the fact that adsorption inside the pores is not only given by 

capillary condensation. In order to account for all the fluid adsorbed by other mechanisms 

for instance multilayer adsorption, it is necessary to include the gas previously adsorbed 

on the pore walls. The Kelvin-Cohan or modified Kelvin equation is derived from the 

Kelvin equation, which is based on the effect of the curvature of the surface on vapor 

pressure, and includes the thickness of the adsorbed layer. Along with distinguishing 

between adsorption and desorption (Cohan, 1938). 

The Kelvin-Cohan equation is based on the assumption that the kelvin radius (Equation 

4) is not going to be equal to the pore radius given that some gas has already been 

adsorbed on the pore walls as shown in Figure 5. Then, the pore radius can be written as 

in Equation (5): 

𝑟𝑝 = 𝑟𝑘 − 𝑡 
(5) 

Where 𝑟𝑝 is the porous radius, 𝑟𝑘 is the kelvin radius and 𝑡 is the thickness of the adsorbed 

layer.  
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Figure 5. Relationship between the Kelvin radius and the pore radius in a cylindrical 

pore. Based on (Cohan, 1938). 

 

2.5. Pore size distribution from adsorption isotherms 

Using experimental adsorption isotherms for porous solids, it is possible to obtain the 

pores size distribution (cumulative pore volume vs. pore radius) of the samples analyzed 

based on a selected model that represents the pores structure and state. The geometrical 

structure of a single pore (unit) can be considered cylindrical, ink bottle, slit-shaped, etc. 

The pore state may vary from open pores which are communicating with an external 

surface, or closed pores with restricted access for molecules and without communication 

to the surroundings (Kaneko, 1994) 

 

The procedures to determine the pore size distribution, describe an algorithm that gives 

the volume and surface area contained in a group of pore sizes using either the adsorption 
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or desorption branch measurements. Usually, the techniques developed use nitrogen as 

the adsorbate for the isotherm measurements and are based on a cylindrical pore shape. 

Many investigators use both, multilayer adsorption and capillary condensation to describe 

the adsorption-desorption proccess. Following, a brief description of three commonly use 

the existing models: Barrett-Joyner-Halenda, Cranston-Inkley method and Modelless 

method. 

 

2.5.1. Barrett-Joyner-Halenda method 

The BJH method was developed in 1951 by Barrett, Joyner and Halenda. It estimates the 

volume and area of porous adsorbents with a wide range of pore sizes. The model is a 

system of open ended, cylindrical pores. The radii of the pores are given by the kelvin 

radius 𝑟𝑘 and the thickness of the adsorbed layer 𝑡, given by the t-curve developed by 

Schull (1948). It is based on the combined mechanisms of physical adsorption and 

capillary condensation. The pore volume and area distribution are directly computed from 

the desorption branch isotherm (Barrett, Joyner, & Halenda, 1951). 

 

2.5.2. Cranston-Inkley method 

The pore structure analysis proposed by Cranston and Inkley in 1957, can be made for 

either the adsorption or desorption branch of the isotherm. Initially, it assumes the pores 

are cylindrical and one end closed. The pore sizes are divided into groups with a given 

average radius 𝑟𝑝. All pores with radii larger than 𝑟𝑝 contained an adsorbed layer of 

thickness 𝑡 given by t-curve based on Hasley’s equation (Halsey, 1948). For the pores 
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smaller than 𝑟𝑝, the pores are filled following both the multilayer adsorption and capillary 

condensation theories (Cranston & Inkley, 1957). 

 

2.5.3. Modelless method 

It is called modelles method because it does not assume any pore shape for the pore 

structure analysis. It is based on the hysteresis of the adsorption-desorption isotherms, the 

region where both multilayer adsorption and capillary condensation can occur. The pore 

volume and the surface area distribution are determined as a function of the hydraulic 

radius (unlike other methods based on Kelvin radius). This method is only applicable for 

wide pores, to analyze the structure of micropores it is necessary to use an alternate 

method (Brunauer, Mikhail, & Bodor, 1967). 

 

2.6. Pore structure modeling for rock formations 

Accounting for the interactions and distribution of pores in the rock is very important to 

understand the flow through a formation, given that the topology of the pore space 

controls its transport properties. Pore structure modeling refers to the theoretical study 

and analysis of the rock structure at pore-scale to represent and capture the space 

characteristics (Bryant, Mellor, & Cade, 1993; Mousavi & Bryant, 2012). 

 

In general, a rock formation contains solid grains (non-void regions) and pores (void 

regions). The void space can be divided into pore-bodies and pore-throats to allow the 

analysis of interactions between the pores. The pore throat is the narrowest region of the 

pore space connecting the neighboring pores and has a dominant effect on the fluid 
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displacement (the interaction between the pores occurs through the pore throats), whereas 

the pore body is the wider region of the pore (Sakhaee-Pour & Bryant, 2015).  

 

To determine the pore-throat size distribution for the connected path of the pores at the 

core scale, we often analyze the drainage data, in which the non-wetting phase displaces 

the wetting phase. The invasion percolation suggests that the invading fluid displaces the 

resident fluid when the applied capillary pressure is larger than the critical pressure for 

the connecting throat. The critical capillary pressure is a function of the throat curvature 

that can allow us to determine the pore-throat size distribution using Young-Laplace 

relation (Kate & Gokhale, 2006; Purcell, 1949; Swanson, 1981; Washburn, 1921). 

 

On the other hand, the pore-body size governs the bulk pore volume. To evaluate pore-

body size distribution, the adsorbed volume from adsorption-desorption isotherm is 

analyzed (as described in section 2.5). Obtaining a representative pore size from the pore-

throat and the pore-body sizes analysis is very important, because it allows us to derive a 

network of the connected pores that can be used for analyzing transport properties at the 

core scale (Ovaysi, Wheeler, & Balhoff, 2014). 

 

2.6.1. Existing models 

Theoretical pore models that account for the effective pore connectivity at the core scale 

include: bundle-of-tubes, regular lattice, sphere packing, multi-type model, and acyclic 

pore model. These models represent the pore space because they can capture the transport 

properties at the core scale. Another aspect of fluid flow through porous media is the 
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linkage between core-scale and field-scale properties. Study conducted by Frooniqa 2014, 

introduced a new method that, for the first time, quantified field-scale pore connectivity 

and formation permeability using production logs. Their physics-based model makes it 

possible to estimate the sensitivity of production data to core-scale formation properties 

(Frooqnia et al., 2013; Frooqnia et al., 2016a). This approach opens a new window for 

constructing an accurate reservoir flow model, which is essential for calibration of pore- 

and core-scale reservoir properties (Frooqnia et al. 2016b). Another application is to 

quantify fracture network connectivity based on simulation and robust inversion of 

single-phase production logs (Frooqnia et al., 2011). 

 

2.6.1.1. Bundle-of-tubes 

The void space is represented in this case by parallel tubes that can capture the 

macroscopic transport properties (Figure 6). The characteristic size of the tubes is 

determined from mercury intrusion capillary pressure data using Young-Laplace relation, 

resulting in a relationship between the capillary pressure curve and the permeability of a 

porous medium. However this model does not represent the rock given that it ignores the 

pore connectivity (Purcell, 1949). 
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Figure 6. Bundle-of-tubes model used to simplify the pore structure of the rock. 

The tubes represent the void space. (a) plan view shows length of the tubes, (b) side 

view shows the radius of the pores that represent the void space. 

 

2.6.1.2. Regular lattice 

Fatt (1956), proposed a model that includes the pore connectivity that Purcell’s model 

lacks (Figure 7). It consists of a regular two-dimensional network of tubes of randomly 

distributed radii that represent the pore sizes. Capillary pressure curves can be derived 

from the network model and the pore size distributions calculated from these curves.  
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Figure 7. Two-dimensional network of tubes (regular lattice) proposed by Fatt in 

1956.  

 

2.6.1.3. Sphere packing 

The sphere-packing model assumes that spheres can represent the grains of a sedimentary 

rock, and the empty spaces between the spheres represent the void space of the porous 

medium (Figure 8). Using this model, the effects of grain sedimentation, compaction, and 

diagenesis on transport properties can be analyzed (Bryant, King, & Mellor, 1993; 

Narváez & Toledo, 2012).  
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(a) 

 

(b) 

Figure 8. Sphere packing model (a) example of a simple cubic close packing of 

uniform spheres that represent the grains (Narváez & Toledo, 2012), (b) Void space 

between two cells in the sphere packing that represents the flow path or pore space 

(Bryant, King, et al., 1993).  

 

2.6.1.4. Acyclic pore models 

The acyclic pore models main characteristic is that there is a unique path between two 

points in the model. There are three models included in this category: the bundle-of-tubes 

model, the tree-like model, and the semi-tree model. In the bundle-of-tubes model, the 

pore-throat has a uniform size and there is no interconnectivity between different pore-

throats as shown in Figure 9. The tree-like model (where the pore-throats distribution 
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resembles a tree), each pore-throat is accessible through a wider pore-throat (no 

accessibility restrictions) as shown in Figure 9a. The final model is the semi-tree model 

(Figure 9b), which is similar to the tree-like model in terms of accessibility, however it 

differs from the three model because all the sizes that exist between the two throats sizes 

do not have to be accounted for in the connecting path (Sakhaee-Pour & Bryant, 2015). 

 

 

(a) 

 

(b) 

Figure 9. Acyclic pore models (a) tree-like model and (b) semi-tree model. Narrower 

throats do not limit the access to the wider throats. From: (Sakhaee-Pour & Bryant, 

2015). 
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Chapter 3: Methodology 

3.1. Characteristic behavior of a single conduit in adsorption-desorption 

To determine the amount of gas adsorbed in a single conduit as a function of pressure we 

divide the adsorption process into two stages. First we analyze the thickening of the 

adsorbed layer that occurs from relative low pressures, and includes the formation of the 

monolayer at low pressures and multilayer as the pressure increases. Then, we determine 

the effect of capillary condensation in the single conduit. Finally, we model the desorption 

process including both evaporation and reduction of the adsorbed layer as the relative 

pressure is reduced. 

 

The thickness of the adsorbed layer can be determined empirically from experimental 

curves (t-curves) as mentioned in Chapter 2. The most commonly used equation in the 

literature is the Halsey’s equation (Equation (6) developed for nitrogen adsorption 

isotherms. We use the Halsey’s model to determine the thickness of the adsorbed layer 

on the pore wall of a single conduit. The Halsey’s model relates the thickness of the 

adsorbed layer to the relative pressure as follows (Halsey, 1948): 

𝑡 = 3.54 (
−5

𝑙𝑛 (
𝑃
𝑃𝑜

)
)

1/3

 (6) 

where 𝑡 is the thickness of the adsorbed layer in Angstroms, 𝑃 is the gas pressure, and 𝑃𝑜 

is the saturation pressure. 
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Halsey’s model is appropriate to determine the amount of gas in the adsorbed layer at 

small relative pressures (𝑃/𝑃𝑜). At high relative pressures, Halsey’s model is not accurate 

because it does not account for the condensation and evaporation inside the pore that 

occurs during adsorption and desorption, respectively. The injected gas changes to liquid 

and fills the capillarity at relative pressures that are lesser than the bulk saturation pressure 

of the fluid.  

 

To represent the capillary condensation inside the single conduit we use the Kelvin-

Cohan equations derived for both adsorption/condensation and desorption/evaporation as 

shown in Equations (7) and (8) respectively. (Cohan, 1938) 

 

𝑅𝑇𝑙𝑛 (
𝑃

𝑃𝑜
) =

−𝛾 𝑉𝑚𝑜𝑙

𝑟𝑝 − 𝑡
 

(7) 

 

𝑅𝑇𝑙𝑛 (
𝑃

𝑃𝑜
) =

−2𝛾 𝑉𝑚𝑜𝑙

𝑟𝑝 − 𝑡
 

(8) 

 

where 𝑅 is the gas constant, 𝑇 is the temperature, 𝛾 is the surface tension, 𝑉𝑚𝑜𝑙 is the 

molar volume of the liquid phase, (𝑃/𝑃𝑜) 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 is the relative pressure corresponding 

to condensation, (𝑃/𝑃𝑜) 𝑑𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 is the relative pressure corresponding to evaporation, 

𝜃 is the contact angle, and 𝑟𝑝 is the pore radius. Table 2 lists the pertinent parameters for 

these equations when the fluid used is nitrogen. 
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Table 2. Input parameters to calculate the relative condensation and evaporation 

pressures for nitrogen based on Kelvin-Cohan’s model (Equations 6 and 7). (Roque-

Malherbe, 2007) 

𝑅 𝑉𝑚𝑜𝑙  𝛾 𝜃 

8.314  (
J

kmol
) 3.467x10−5   (

m3

mol
) 8.85x10−3 (

N

m
) 

0 (°) 

 

Notice from Equation (6) that the thickness of the adsorbed layer on the pore wall is a 

function of relative pressure. While, the relative pressures relevant to condensation and 

evaporation are dependent on the original conduit size (Equations. (7)and (8)). Thus, the 

conduit size dictates the relative pressures at which capillary condensation occurs. 

 

To calculate condensation and evaporation pressures (Equations. (7)and (8)), we first 

suppose that the adsorbed layer thickness is negligible (𝑡 =  0). We then calculate the 

thickness for the estimated pressures (Equation (6)). Subsequently, we calculate the 

pressures using the updated thickness and repeat this process to reach convergence. 

Figure 10 presents the results.  

 

The condensation relative pressure can be determined from Figure 10. In adsorption, there 

is a sharp increase in relative adsorbed volume at the condensation relative pressure. For 

instance, the condensation relative pressure is almost equal to 0.55 and 0.87 when the 

pore size is equal to 3 nm and 20 nm, respectively. There is also a sharp decrease in the 

adsorbed volume at the evaporation relative pressure during desorption. We suppose that 

the conduit is filled with liquid when the relative pressure is higher than the condensation 

relative pressure. 
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Figure 10. Variation of the normalized adsorbed volume (Vn) with relative pressure 

(P/Po) depends on the pore-body size of the conduit. The normalized volume is for 

a single circular tube with different diameters (3 nm, 10 nm, 20 nm, 50 nm, and 130 

nm). 

 

We analyze the normalized adsorbed volume (𝑉𝑛) for a conduit whose pore-body size is 

smaller than or equal to 130 nm, which is typical for shales. The normalized adsorbed 

volume is larger for smaller conduits at a given relative pressure (𝑃/𝑃𝑜) . The relative 

pressure determines the thickness of the adsorbed volume that has a larger volume 

fraction for narrower conduits.  
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The difference between condensation and evaporation pressures decreases with the 

conduit size, which shrinks the hysteresis loop (Compare the results for 3-nm and 130-

nm conduits). Thus, the difference between adsorption and desorption curves of single a 

conduit is more significant for narrower conduits. 

 

3.2. Adsorption-desorption measurements 

We use adsorption–desorption isotherms of shales available in the literature (Jiang, 

Bryant, & Daigle, 2015; Kuila & Prasad, 2013). Table 3 lists the pertinent data about the 

samples. Nitrogen is used as the adsorbate for the isotherm measurements. The 

experimental isotherms for the shale samples used in this study are shown in Figure 11(a) 

and (b). We normalize the measured adsorbed volumes (Vexp-n) to analyze the 

characteristic behavior with relative pressure (Figure 12). 

 

Table 3. Origin and depth of the shale samples analyzed in this study. Jiang et al. 

conducted the nitrogen adsorption-desorption measurements for samples 1-2 and 

Kuila and Passad did for sample 3-4. 

 
Sample 1 Sample 2 Sample 3 Sample 4 

Origin Barnett Shale 
Barnett 

Shale 

Wyoming 

Montmorillonite 

(Swy-2) 

Georgia 

Kaolinite 

(KGa-1b) 

Depth 
7610 – 7756 

ft 

7610 – 

7756 ft 
NA NA 

 

The hysteresis loop in Figure 12 suggests the presence of mesopores based on our analysis 

of a single conduit where condensation and evaporation pressures differ significantly 

from the bulk saturation pressure. The closure relative pressure is almost equal to 0.45 
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for all samples and there is no significant difference between the adsorbed volumes 

determined from adsorption and desorption at relative pressures smaller than this value. 

 

 

Figure 11. Nitrogen adsorption–desorption isotherms for (a) samples 1 and 2, and 

(b) samples 3 and 4. (Jiang et al., 2015; Kuila & Prasad, 2013) 

 

(a) 

(b) 
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Figure 12. Normalize adsorbed volumes for samples 1 to 4. Different trends with 

respect to relative pressure can be appreciated for different samples. Sample 4 has 

the minimum hysteresis which suggests that its pore sizes are larger. 

 

We also use the mercury intrusion capillary pressures for samples 1 and 2 (available from 

literature) as shown in Figure 13. The linear increase of the capillary pressure with the 

decreasing wetting phase saturation reveals the absence of a plateau-like trend during 

drainage. This indicates that the acyclic pore model is representative of the pore space. 

We do not include the mercury intrusion capillary pressures for samples 3 and 4 because 

the measurements are documented only for samples 1 and 2, whereas nitrogen adsorption 

and desorption are reported for all the samples. 
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Figure 13. Mercury intrusion capillary pressures of samples 1 and 2, used for 

determining pore-throat size distribution, shows a non-plateau-like trend and can 

be captured using the acyclic pore model  
 

3.3. Acyclic pore model 

Our study is based on the acyclic pore model (Sakhaee-Pour & Bryant, 2015) to 

characterize the pore space. There is a unique path between any two points in the model 

as shown in Figure 14(a), when they are connected (Bethe, 1935). The main feature of 

the acyclic pore model is that the accessibility of wider pores is not restricted by narrower 

pores. Narrower pores are accessible from wider throats.  

 

Sakhaee-Pour and Bryant (2015) showed that the acyclic pore model can capture the 

drainage experiment when the variation of the capillary pressure with wetting phase 

saturation exhibits a non-plateau-like trend as in Figure 14(b). The model allows us to 

determine the pore-throat size distribution from the capillary pressure measures shown in 

Figure 13. 



34 

 

 

 

 

Figure 14. Acyclic pore model. (a) There is a single path between any two points in 

the model (Bethe, 1935). Red represents the smallest size and white represents the 

largest size. Narrower pores do not limit access to wider pores (Sakhaee-Pour & Li, 

2016) (b) The model can capture the non-plateau-like trend of capillary pressure 

(Sakhaee-Pour, 2016; Sakhaee-Pour & Bryant, 2015). 

  

(a) 

(b) 
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We will implement in our study, the fundamental assumption that the accessibility of the 

wider pores is not limited by narrower pores i.e. acyclic pore model. This will allow us 

to characterize the pore space not only based on mercury intrusion but also on nitrogen 

adsorption and desorption neglecting the any accessibility restrictions to the conduits. 

 

3.4. Modeling adsorption-desorption using acyclic pore model 

Condensation takes places at higher relative pressure (𝑃/𝑃𝑜) for wider conduits. The 

dependency is apparent in Figure 10 where the sudden increase in the adsorbed volume 

shifts to a higher relative pressure for wider pores. The same holds true for evaporation 

during desorption. We would have to account for restrictions imposed by narrower pores 

if they controlled the accessibility of wider pores. Narrower pores do not limit the 

accessibility of wider pores in the acyclic pore model (Figure 14a). Therefore, we can 

take into account condensation and evaporation in pores with different pore-body sizes 

independently in the acyclic model.  

 

We can determine the normalized adsorbed volume as follows: 

𝑉𝑛(
𝑃

𝑃𝑜
) ∑ 𝐿𝑖𝑉𝑛−𝑖(

𝑃

𝑃𝑜
)

𝑚

𝑖

 
(9) 

 

where 𝑉𝑛is the normalized adsorbed volume of the porous medium, m is the number of 

the pore-body size considered, 𝐿𝑖 is the normalized length of the conduit size, and 𝑉𝑛−𝑖 is 

the specific adsorbed volume of the conduit.  
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The normalized lengths have to be non-negative to be physically plausible. We can 

interpret the normalized lengths as weights that relate the characteristic behavior of 

different conduit sizes to that of the porous medium which imposes the following 

restrictions: 

0 ≤ 𝐿𝑖 ≤ 1 for 𝑖 = 1 to 𝑚 (10a) 

∑ 𝐿𝑖

𝑚

𝑖

= 1 
 (10b) 

 

To model adsorption-desorption using acyclic pore model, we need to determine the 

normalized adsorbed and desorbed volume with relative pressure (𝑃/𝑃𝑜) for each conduit 

size. First we determine the specific adsorbed and desorbed volume by extending the 

application of Equations (6), (7), and (8) for a single conduit, to the total number of 

conduits relevant for the study. The amount of gas adsorbed or desorbed at his stage is 

represented as cross-sectional areas adsorbed in the different tubes. 

 

Next, we then determine the normalized length corresponding to each size by minimizing 

the error through iteration for normalized adsorbed volume 𝑉𝑛 calculated from Equation 

(9) compared with the normalized experimental volume adsorbed 𝑉𝑒𝑥𝑝−𝑛. We set the error 

equal to the difference between the measured and modeled volumes as follows: 

𝐸𝑟𝑟𝑜𝑟 = |𝑉𝑒𝑥𝑝−𝑛 − 𝑉𝑛| (11) 
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In each iteration, we change the lengths and evaluate their effects on the error: 

 

𝐿𝑖
∗ = 𝑙𝑖𝑛𝑒𝑠𝑝𝑎𝑐𝑒(0,1) 

 

for 𝑖 = 1 to 𝑚 (12a) 

𝐿𝑗
∗ = 𝐿𝑗 +

𝐿𝑖
∗ − 𝐿𝑖

𝑚 − 1
 

𝑗 = 1 to 𝑚 , 𝑗 ≠ 𝑖 (12b) 

 

where 𝐿𝑖 and 𝐿𝑗 are the old lengths, and 𝐿𝑖
∗ and 𝐿𝑗

∗ are the modified lengths. For each size, 

we pick a length (𝐿𝑖
∗) and the corresponding 𝐿𝑗

∗ which minimizes the error in each iteration. 

We use the modified lengths for a new iteration and repeat this process to reach 

convergence (Figure 15). We initially suppose that the lengths are equal for all the conduit 

sizes. 

 

The normalized adsorbed volumes are functions of the pore-body size (Figure 10). This 

dependency permits us to calculate the pore-body size distribution by accounting for the 

normalized lengths as follows: 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (𝑑𝑝−𝑖) =
𝐿𝑖(𝑑𝑝−𝑖)𝑑𝑝−𝑖

2

∑ 𝐿𝑖(𝑑𝑝)𝑑𝑝−𝑖
2𝑚

𝑖

 
(13) 

 

where 𝐿𝑖(𝑑𝑝−𝑖) is the normalized conduit length whose pore-body size is denoted by 

𝑑𝑝−𝑖. The nominator is an estimate for the corresponding pore volume and the 

denominator is an estimate for the total pore volume. 
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Figure 15. Flowchart for the length iteration implemented in this study based on the 

acyclic pore model (Zapata & Sakhaee-Pour, 2016). 
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Chapter 4: Results and Discussion 

Our objective was to determine the pore-body size for the four shale samples, as well as 

the pore-throat. We used nitrogen adsorption-desorption isotherms to characterize the 

pore-body size distribution (dp). We also calculated the pore-throat size distribution (dt) 

via analyzing mercury intrusion capillary pressure measurements.  

 

4.1. Minimum and maximum pore body sizes 

To capture the nitrogen adsorption-desorption that allows us to characterize the pore 

space of the shale, we have to define the minimum and the maximum pore-body sizes a 

priori to use the acyclic pore model for adsorption-desorption. We take the minimum size 

equal to 3 nm, which is realistic for shales and valid for the adsorption model (Equation 

6). Next, we find the maximum pore-body size by determining the error with the pore-

body size.  

 

Figure 16 shows the error variation with the maximum pore-body size for different 

samples. The minimum error for sample 1 occurs when the maximum pore size is 60 nm; 

for sample 2 when the maximum pore size is 70 nm; for sample 3 when the maximum 

pore size is 90 nm; and for sample 4 when the maximum pore size is 110 nm. We will 

use these pore sizes as the maximum size in each sample to capture the adsorbed volume. 
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Figure 16. Variation of error with maximum pore-body size for samples 1, 2, 3 and 

4. We use the pore-body size corresponding to the minimum error for each sample. 

 

 

We also tested sensitivity to the number of conduits, by determining the difference 

between the modeled and the measured volumes adsorbed for different numbers of pore-

body sizes. We conclude that using fifty conduit sizes is appropriate because the results 

do not change significantly with this number of conduits selected. Further, this leads to 

results with a relatively good resolution. 
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4.2. Normalized conduits length  

We calculated the normalized length of each conduit size (𝐿𝑖) following the process 

described in the flowchart in Figure 15. Initially, we suppose the lengths are equal to 

model the adsorbed and desorbed volume and modify them via iteration. Figure 17, 

Figure 18, Figure 19, and Figure 20 show the difference between the modeled and the 

measured volumes for samples 1 to 4.  

 

The difference is plotted for different a different number of iterations for each tube present 

in the model (each tube represents a different pore size varying from 3nm to the maximum 

pore size determine for each sample by the minimum error). We stopped the iterations 

when the results converge. In this case there are no significant changes in the difference 

show in the y-axis between the results in iterations 15-20.  

 

From Figures 17 to 20 we see how the difference between the modeled and the 

experimental volumes decreases as the number of iterations increases. The difference 

plotted in the y-axis for the tube number is higher for lesser conduit sizes (i.e. for lesser 

tube number) when the number of iterations is low. As the number of iterations increases 

the difference between the volume measured and modeled reaches the same minimum 

value for all the conduit sizes. 
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Figure 17. Effect of the number of iterations on the normalized difference between 

the modeled and measured adsorbed volumes with the tube number for sample 1. 
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Figure 18. Effect of the number of iterations on the normalized difference between 

the modeled and measured adsorbed volumes with the tube number for sample 2. 
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Figure 19. Effect of the number of iterations on the normalized difference between 

the modeled and measured adsorbed volumes with the tube number for sample 3 
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Figure 20. Effect of the number of iterations on the normalized difference between 

the modeled and measured adsorbed volumes with the tube number for sample 4. 
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4.3. Adsorption-desorption isotherms  

We plot the adsorbed volume captured using the acyclic pore model by accounting for 

the normalized length and the normalized adsorbed volume. Figure 21, Figure 22, Figure 

23, and Figure 24 show the experimental adsorption-desorption curves, the modeled 

isotherms for the converged iteration (simulation), and the initial guess for samples 1 to 

4. The modeled adsorbed volumes, which are the simulation curves (from the iteration 

process), are improved significantly relative to the initial guess, which is based on equal 

normalized lengths.  

 

There is a hysteresis in the measured adsorbed volume at low relative pressures in samples 

1 and 2 (see Figure 21 and Figure 22) that the model does not capture because it implies 

a restriction during desorption that the model does not include. The hysteresis for the 

experimental data points at low pressures for these two samples might be due to the fact 

that the measurements were conducted too fast for the adsorbed volume to leave. Our 

model assumes there is no hysteresis at low relative pressures. 
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Figure 21. Measured and simulated nitrogen adsorption–desorption isotherms for 

sample 1. 
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Figure 22. Measured and simulated nitrogen adsorption–desorption isotherms for 

sample 2. 
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Figure 23. Measured and simulated nitrogen adsorption–desorption isotherms for 

sample 3. 
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Figure 24. Measured and simulated nitrogen adsorption–desorption isotherms for 

sample 4. 
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4.4. Pore-body size distribution 

We calculated the pore-body size distributions of samples 1, 2, 3 and 4 using the acyclic 

pore model and the nitrogen isotherms (Figure 14). We account for the normalized length 

of each conduit size based on Equation (13).  

 

The pore-body size distribution shows a maximum close to 35 nm for sample 1, for 

sample 2 the distribution is bimodal with maxima close to 25 and 35 nm as shown in 

Figure 25. The pore-body size distribution shows a bimodal distribution for Sample 3 

with maximum pore-body size close to 30 nm and 80 nm. Sample 4 exhibits a different 

distribution, whose maximum pore-body size is close to 110 nm as shown in Figure 26.  

 

Figure 27 shows the pore-body size distribution for Barnett shale samples Bar_6 and 

Bar_2, that are equivalent to samples 1 and 2 in this study. The distributions obtained by 

Jiang et al. (2015) from nitrogen adsorption isotherms based on the BJH model, exhibit a 

peak between 10-100 nm in both cases. These distributions agree with the results obtained 

for samples 1 and 2 from hysteresis of nitrogen adsorption based on the acyclic pore 

model (see Figure 25). 

 

To compare the results for samples 3 and 4 we use the pore-body size distribution 

obtained by Kuila & Prasad (2013) for Wyoming Montmorillonite (Sample 3) and 

Georgia Kaolinite (Sample 4) from nitrogen adsorption isotherms (Figure 28) shows. For 

sample 3 the distribution exhibits a peak between 60-100 nm while sample 4 around a 

100 nm. The distributions obtained based on the acyclic pore model predict the peaks at 

larger sizes as well (See Figure 26), 
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Figure 25. Pore-body size distributions of samples 1 and 2, which are determined by 

modeling the nitrogen adsorption–desorption measurements. The pore-body size 

distribution shows a maximum close to 35 nm for sample 1, for sample 2 the 

distribution is bimodal with maxima close to 25 and 35 nm. 
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Figure 26. Pore-body size distributions of samples 3 and 4, which are determined by 

modeling the nitrogen adsorption–desorption measurements. The pore-body size 

distribution shows a bimodal distribution for Sample 3 with maximum pore-body 

size close to 30 nm and 80 nm. Sample 4 exhibits a different distribution, whose 

maximum pore-body size is close to 110 nm 
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Figure 27. Pore-body size distribution for Barnett shale samples from nitrogen 

adsorption by Jiang et al. (2015). The pore diameter ranges from 1 nm to 100 nm in 

both cases, with a peak between 20 and 70 nm. These results agree with the 

distributions obtained for samples 1 and 2, based on the hysteresis of nitrogen 

adsorption and the acyclic pore model (Figure 25). 
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Figure 28. Pore size distribution for Wyoming Montmorillonite (Sample 3) and 

Georgia Kaolinite (Sample 4) from nitrogen adsorption isotherms obtained by Kuila 

& Prasad (2015). The Montmorillonite exhibit a peak between 50-100 nm, while the 

Kaolinite near to 100 nm. The distributions obtained based on the acyclic pore 

model also predict the peaks at larger pore sizes (Figure 26). 
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4.5. Pore-body and pore-throat size distributions comparison 

We compared pore-body and pore-throat size distributions for samples 1-2 whose relative 

measurements are available in the literature. The distributions are based on the 

interpretation of the nitrogen adsorption-desorption and mercury intrusion. Each 

technique is appropriate for different characteristic sizes of the pore structure, the former 

is representative of the pore-body and the latter of the pore-throat. The integration of both 

methods allows us to fully characterize the pore space. 

 

Figure 29 quantifies the difference between the two sizes in a single model (acyclic pore 

model) for pore space characterization. The volume faction of pore-throat is much larger 

than that of the pore-body size for smaller sizes. The difference becomes less significant 

for larger sizes. The large volume fraction observed for larger pore-throat size can be 

relevant to micro fractures that remain open during the mercury intrusion tests because 

they were conducted with no confining stress. The pore-throat size is more important for 

understanding flow conductance, whereas the pore-body size plays a more-important role 

in determining hydrocarbon storage.  

 

The transport properties change significantly when we go from the macroscale, or even 

the microscale, to the nanoscale. The relevant changes in hydrocarbon transport 

properties in shales can be classified into storage, which is controlled mainly by the pore 

body, and fluid displacement, which is dictated mainly by the pore throat. The pore-body 

size distributions for samples 1 and 2 are relatively similar, whereas the pore-throat size 

distributions are different. The similarity suggests that the transport properties controlled 
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by the characteristic size of the bulk volume, such as density, could be relatively similar 

for the analyzed samples. This demonstrates that, if other governing parameters are 

identical, the transport properties controlled by the pore throat size can be different. The 

difference between the changes in predicted transport properties highlights the 

importance of distinguishing between pore-throat and pore-body sizes for shales.  

 

We can associate the pore volume of a single pore with its pore throat and pore body 

sizes. There is no general model for relating the two sizes because of the complicated 

topology of the pore. The two sizes are different, not only because they specify different 

topological parameters, but also because they control different transport properties. The 

lack of a general model reveals the difficulty of relating the volume fractions 

corresponding to equal pore throat and pore body sizes. Figure 29 reveals that the volume 

fraction of the pore-body size is smaller than that of the pore-throat size for small sizes, 

and the difference between the volume fractions becomes less significant as the size 

increases. Our interpretation is that the transport properties of a significant fraction of the 

pore volume, whose pore-body sizes have a large volume fraction, are controlled by the 

small pore throats. Further, the large volume fraction of the small pore-throat size 

indicates that the corresponding pore volume is significant. 
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Figure 29. Pore-body and pore-throat size distributions of samples 1 and 2 that are, 

respectively, based on the interpretation of the nitrogen adsorption–desorption and 

mercury intrusion. The two sizes allow us to characterize the pore space using the 

acyclic pore model. 
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Conclusions 

Our objective was to characterize the pore space of a shale formation using nitrogen 

adsorption-desorption and mercury intrusion. Both are dependent on the pore structure; 

while the former is more appropriate for characterizing the pore body, the latter is for the 

pore throat. We used the acyclic pore model, which accounts for the limited connectivity 

in the connected path of the pore space at the core scale, to characterize the pore space. 

Our model allowed us to capture sorption hysteresis including different adsorption 

mechanisms, such as the thickening of the adsorbed layer and the capillary condensation. 

It also enabled us to capture mercury intrusion capillary pressures. This work contributes 

to the fundamental understanding of the shale formation by quantifying the difference 

between the two characteristic sizes. A better understanding of the characteristic sizes is 

critical for predicting the stored volume, controlled by the pore volume, and its hydraulic 

conductivity, dictated by the pore throat. 
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Appendix A 

This appendix contains the paper submitted to the journal FUEL, Modeling adsorption-

desorption hysteresis in shales: Acyclic pore model. 
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