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ABSTRACT 

 

Produced hydrocarbon mixtures from nanoporous unconventional reservoirs consist of 

predominantly lighter components. This observation may be attributed to the membrane properties 

of nanoporous media. The average pore size in unconventional, tight-oil reservoirs is usually less 

than 100 nm and hindered transport in nanopores may impact production from unconventional 

reservoirs. A consequence of molecular sieving during hindered transport is leaving behind heavier 

hydrocarbons as they are trapped in the reservoir.  

In this thesis, hindered transport in nanoporous unconventional reservoirs is considered 

and the efficiency of molecular filtration or sieving is defined based on the thermodynamics of 

hydrocarbon fluids in nanopores. Because the flowing hydrocarbons in unconventional reservoirs 

mostly consist of uncharged, lighter components, steric hindrance is considered to be the main 

mechanism of molecular sieving. The effect of temperature and pressure on filtration efficiency is 

documented and implications on improved hydrocarbon recovery from unconventional reservoirs 

are discussed. A one-dimensional, compositional simulation formulation, which uses an implicit-

pressure, explicit-saturations and explicit-compositions (IMPESC) direct sequential method, is 

also presented as a first step toward studying hindered transport in nanoporous media.  

Filtration efficiency is defined based on the molecular partitioning of the filtrate between 

micro (bulk) and nanopore phases. Analogy to reverse osmosis is used to find the equilibrium 

concentrations of the filtrate under a given pressure gradient. Equilibrium concentrations are 

obtained from the condition of equality of fugacities at equilibrium and fugacities are obtained 

from the Peng-Robinson equation of state (P-R EoS). The goal in using the P-R EoS was to create 

a proper model of thermodynamics and compositional effects on phase behavior. 

Definition of molecular filtration efficiency based on the thermodynamic equilibrium of 

flowing hydrocarbon components is a major difference from the conventional definition of 

filtration efficiency due to steric hindrance of solid particles, which is independent of pressure and 

temperature. Understanding and predicting the impact of pressure and temperature on hindered 

transport enables us to assess the potential of thermal methods to improve production from tight 

unconventional reservoirs. 
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CHAPTER 1 

INTRODUCTION 

 

This research has been conducted for the partial fulfilment of the requirements for the 

degree of Master of Science in Petroleum Engineering at the Colorado School of Mines. The thesis 

study was conducted under the Unconventional Reservoir Engineering Project (UREP) in the 

Petroleum Engineering Department.  

Previous studies (Fakcharoenphol et al. 2014, Geren 2014, Zhu 2015) about filtration of 

hydrocarbons in nanoporous formations indicate that some of the larger hydrocarbon molecules 

do not fit through the pore throats and are left behind during oil and gas production. The objective 

of this research is to understand hindered fluid flow in unconventional reservoirs and discuss the 

potential of thermal procedures in reducing filtration efficiency to allow longer chained 

hydrocarbons to flow through the pore throats and improve hydrocarbon production. 

This thesis introduces the thermodynamics model, discusses the phase equilibria and flash 

calculations, and explains the steps that are used for filtration modeling of a single-cell, 

nanoporous reservoir with membrane properties. A summary of the derivations of a compositional, 

finite-difference model of two-phase flow in a membrane reservoir is also presented as an 

introduction to future studies to numerically demonstrate the effect of filtration on produced and 

retained fluid compositions. 

In this introduction, the motivation of the research, problem statement, objectives, 

methods, main contribution, and the organization of the thesis are presented.  

1.1 Motivation 

Production from unconventional reservoirs, such as shale plays and tight-oil reservoirs, has 

increased significantly since the late 1990s due to the advances in horizontal drilling and multi-

stage hydraulic fracturing technologies. However, because of very small pores and permeability 

of unconventional reservoirs, ultimate recovery from these reservoirs is not very high. It is 

estimated that approximately 90% of tight oil and 65% of shale gas will be left in the reservoir 

using current methods of production (US Energy Information Administration 2013). Efforts to 
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improve recovery from unconventional reservoirs have been limited to trial applications of 

conventional enhanced oil recovery techniques and the development of genuine techniques and 

technologies has been deterred mostly by the intricacy of flow mechanisms, due not only to the 

petrophysical heterogeneity, but also to the fluid phase-behavior heterogeneity.  

Shale is a fine-grained sedimentary rock, which is comprised of consolidated clay-sized 

particles (DOE 2009). It is formed by rocks including claystones, marlstones, mudstones, 

sandstones, carbonates, and also exhibits a wide range in compositions including kerogen, clay, 

quartz, feldspar, pyrite, heavy minerals, etc. Unconventional reservoirs have different types of 

porosities such as intrakerogen, intergranular, and intercrystalline porosities (Anovitz and Cole 

2015). As shale has a very small particle size, oil, natural gas and water have difficulty moving 

through the rock. Pore sizes of shale vary in a range of − - −6 m (Fakcharoenphol et al. 

2014). Although the interstitial spaces in shale are very small they can occupy a significant volume 

of the rock. This allows shale to hold notable amount of water, gas or oil but not be able to 

effectively transmit them because of the low permeability. As pore throats of unconventional 

reservoirs are very small, large (long-chain) molecules in the hydrocarbon mixtures may not be 

able to pass through and are left behind during oil and gas production. Therefore, when the sizes 

of pores and pore-throats decrease down to the size of the hydrocarbon molecules, the porous 

medium acts like a semi-permeable membrane, and the size of the pore openings dictates the 

direction of transport among adjacent pores.  

The intuitive definition of molecular filtration is that if the fluid is filtered through a porous 

material, only the fluid molecules smaller than the pore sizes will pass through and the larger 

molecules will be retained behind the filter. If the pores are larger than the largest fluid molecule, 

there will be no filtration (all molecules will pass through the filter) and if the pores are smaller 

than the smallest molecule, none of the molecules will pass. However, this notion of mechanical 

filtration is not a complete definition of the physical phenomena governing molecular filtration at 

the nanometer scale (Han et al. 2008). The early concepts of physical filtration in the 1900s led to 

the establishment of the hindered transport theory in the 1970s (Deen 1987).  

Current models of production from nanoporous, unconventional reservoirs, however, do 

not consider hindered transport. Consequently, there has been no interest in petroleum engineering 

literature to describe filtration characteristics of nanoporous reservoirs. Geren (2014) and Zhu 
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(2015) modelled filtration under steric hindrance by using the closely related phenomenon of 

osmotic flow. They showed that the membrane efficiency is mostly governed by the molecular 

size of the filtrate and it is relatively insensitive to molecular concentration. They, however, did 

not interpret their definition of filtration efficiency within the framework of hindered transport; 

nor did they discuss the effect of temperature on filtration and hindered transport of hydrocarbon 

mixtures in nanoporous reservoirs. Expressing filtration efficiency of nanoporous unconventional 

reservoirs in terms of common hindered transport formulations should enable us to improve the 

simulation of unconventional reservoirs and incorporating the effect of temperature on filtration 

efficiency should provide us with the opportunity to explore the potential of thermal methods to 

enhance recovery from nanoporous formations.  

1.2 Problem Statement 

It has been observed that the pore sizes of unconventional resources are in the range of 1- 

200 nm. Despite their nanoscales, however, ample amounts of pores make shale a good storage 

medium. As pores are very small, the effect of the pore walls on fluid molecules is significant and 

the critical properties, solubility, phase behavior, and viscosity of fluids are functions of pore 

confinement. Moreover, small pore radii, nanoscale storage, and high geological and petrophysical 

heterogeneity cause complex shale oil and gas transport mechanisms. Filtration of hydrocarbon 

fluids in the nanoporous matrix, which is the main storage medium, adds to the complexity of the 

flow mechanisms and governs the compositions of the fluids produced at the surface and those 

retained in the reservoir. 

There have been substantial efforts in the recent years on the effect of pore confinement on 

phase behavior in unconventional reservoirs (e.g., Rahmani and Akkutlu 2013 and Firincioglu 

2013). Although it is rather intuitive, hindrance of hydrocarbon molecules during flow through 

nanoporous unconventional reservoirs has not been studied in detail in the petroleum engineering 

literature. There is a large body of work, however, outside the petroleum engineering literature on 

filtration effect of nanoporous media, which indicates that the passage of larger particles in a fluid 

mixture is hindered by tight pore throats (Deen 1987 and Han et al. 2008).  

If the filtration efficiency of a nanoporous, unconventional reservoir is defined and 

quantified, then it can be incorporated into the definition of hindered fluxes and used in the 

simulation of flow in unconventional reservoirs. As the existing studies (Fakcharoenphol et al. 
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2014, Geren 2014, Zhu 2015) indicate, filtration efficiency of a nanoporous medium is a function 

of pressure and temperature. Therefore, if hindered transport due to filtration is understood, 

formulated, and appropriately modeled, then the potential of thermal techniques to improve 

recovery from unconventional reservoirs can be investigated.  

The fundamental hypothesis of this work is that filtration in nanoporous media may be 

thermodynamically modeled by analogy to osmosis; that is, filtrate can be likened to solute in 

osmosis and the filtrate concentration for a given pressure gradient can be represented by the 

partitioning of the solute for a given osmotic pressure gradient. Because the flowing hydrocarbons 

in unconventional reservoirs mostly consist of uncharged, lighter components, steric hindrance is 

assumed to be the dominant mechanism of molecular sieving. Compositional change of the filtrate 

across a membrane under the effect of temperature and pressure can be determined by flash 

calculations. This approach is drastically different from the conventional definition of filtration 

due steric hindrance where a constant filtration efficiency (independent of pressure and 

temperature) is defined based on the fixed shapes and sizes of the solid filtrates. Following the 

common approach in the hindered transport theory (Deen 1987), steady-state fluxes and 

equilibrium thermodynamics can be assumed. In this work two- and three-component systems that 

are connected by nanopore-throats are studied to demonstrate the membrane properties of a 

nanoporous medium.  

1.3 Objectives 

The general objective of this thesis is to define the filtration efficiency of a nanoporous 

medium as a function of pressure and temperature within the realm of hindered transport. The 

expected outcome of the work is to provide the basis and formulations to incorporate hindered 

transport into unconventional reservoir simulation. Another important contribution of this work is 

the means of exploring the potential of thermal methods to improve recovery from nanoporous 

formations.  

The specific objectives of this work are the following: 

 Develop a filtration theory for unconventional reservoirs, which is consistent with the 

hindered transport theory, to determine the compositions of the produced and retained 

fluids. 
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 Present a thermodynamic model of filtration in porous media by analogy to osmotic flow 

across a semi-permeable membrane. 

 Study the impact of temperature and pressure on filtration efficiency. 

 Discuss the possibility of thermal techniques to decrease filtration efficiency and increase 

recovery.  

 Present an initial formulation of 1D, compositional model to simulate flow in a membrane 

reservoir. 

1.4 Organization of the Thesis 

In Chapter 1, the background, objectives and the scope of this research are presented.  

Chapter 2 provides a review of theoretical concepts and previous works on filtration in 

shale. 

Chapter 3 presents the thermodynamic model, including Equation of State (EoS), phase 

equilibria and flash calculations. 

Chapter 4 explains steps that were utilized for filtration modeling of a single-cell 

nanoporous reservoir with membrane properties. 

Chapter 5 presents the results and discussions. 

Chapter 6 summarizes the conclusions and states recommendations for future work.  

Appendix A introduces the formulation for a 1D, two-phase, compositional simulation to 

study filtration through a membrane reservoir as a function of pressure and temperature. 
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CHAPTER 2 

BACKGROUND AND LITERATURE REVIEW 

 

This chapter presents a literature review that includes a summary of the theory of steric 

filtration in porous media, an overview of osmosis across a semipermeable membrane, and a 

literature review on the membrane properties and filtration efficiency of shales. 

2.1. Molecular Filtration due to Steric Hindrance 

Steric hindrance, molecular sieving, size exclusion, or molecular filtration are some of the 

common terminology used in hindered transport theory to describe selective passage of some 

components of a mixture across a filter, membrane, or nanoporous medium. Figure 2.1 

demonstrates molecular sieving during hindered transport. Various interactions can take place 

when fluid molecules are driven into a pore channel. Molecules larger than the pore size may be 

retained at the pore entrance or change their shape or conformation to enter the pore. Even the 

motion of the molecules smaller than the pore dimensions may be significantly affected (or 

hindered) by the existence of smaller molecules competing to enter the pore.  

 

 

Figure 2.1 – Molecular sieving during hindered transport in a nanopore channel 
 (Han et al. 2008) 



 

7 
 

In the absence of long-range interactions between charged molecules and charged wall, 

steric hindrance caused by the reduced probability of the larger molecules to find the pore from 

the bulk solution is the main mechanism of molecular sieving. Molecular filtration can be 

described by molecular partitioning between the micro (bulk) phase and nanopore phase and the 

partition coefficient, Φ, is defined as the ratio of the average intrapore concentration to that in bulk 

solution at equilibrium, given by (Brenner and Gaydos 1977 and Deen 1987)  Φ = = �� = ∫ − ⁄−
,       (2.1) 

where λ is the ratio between the pore ( ) and solute dimension (), = ,            (2.2) 

 and  are the solute concentrations in external solutions adjacent to the entrance (x = 0) and 

exit (L = 0) of the membrane pore,  denotes the molar concentration of solute averaged over 

pore cross-sectional area, E is a potential due to long range interactions (e.g., electrostatic forces) 

between the solute and the pore wall,  is the Boltzmann’s constant, and T is temperature. For 

purely steric hindrance of neutral (uncharged) spherical solutes in a cylindrical pore (Figure 2.2), =  and the partition coefficient, Φ, is given by (Renkin 1954 and Giddings et al. 1968) Φ = − ,           (2.3) 

If a neutral spherical solute is in a slit pore,  in Eq. 2.2 is replaced by the half width of 

the slit (channel), h, and the partition coefficient is given by (Deen 1987) Φ = − .                      (2.4) 

 

Figure 2.2 – Spherical solute in a cylindrical pore (Deen 1987) 
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Intuitively, one would expect molecular partitioning to be a function of temperature, 

pressure, and pressure gradient applied on the fluid across the pore channel. Deen (1987) provides 

two reasons for molecular partitioning: Length and size dependency of Brownian motion and 

hydrodynamic hindrance of molecules. Brownian motion of molecules slows down at small (nano) 

length scales and becomes less significant as the sizes of the particles increase. Hydrodynamic 

hindrance is a result of the drag forces caused by nearby static pore walls when the molecules are 

transported either by pressure driven flow or diffusion. This effect is also a function of the particle 

and pore sizes.  

Results for the hindered transport of an uncharged spherical solute in a cylindrical pore are 

relatively simple and readily available. When steady state is reached across a cylindrical nanopore, 

the macroscopic (average) flux equation is given by (Deen 1987)  

� = [ − �⁄ −� ]− −�           (2.5) 

where  is the average flow velocity within the pore and Pe is the Peclet number based on pore 

length, L, = ∞ .           (2.6) 

In Eqs. 2.5 and 2.6, H and W are the dimensionless hinderence factors, given respectively, by = Φ = ∫ − − ⁄−
,       (2.7) 

and = Φ = ∫ − − ⁄−
.      (2.8) 

In Eqs. 2.7 and 2.8, Kd and Kc are the normalized integrals of inverse enhanced drag (K-1) and lag 

(G) coefficients given, respectively, by 

= ∫ − − ( �)⁄−�∫ − ( �)⁄−� ,         (2.9) 

and 
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= ∫ ( − ) − ( �)⁄−�∫ − ( �)⁄−� .        (2.10) 

As indicated by Eqs. 2.7 and 2.8, the hindrance factors W and H are functions of Φ and λ. 

Because the solute transport is dominated by diffusion for Pe << 1 and by convection for 

Pe >> 1, the following effective spherical solute fluxes in cylindrical pores are obtained from Eq. 

2.5 for diffusion and convection, respectively, (Deen 1987 and Han et al. 2008):  � diffusion = ∞ −          (2.11) 

and � convection = ,         (2.12) 

where  is the average flow velocity within the pore, L is the pore length, and Co and CL are the 

solute concentrations between the entrance and exit of the nanopore. In Eq. 2.5, D is the 

diffusivity in dilute bulk solution defined by the Stokes-Einstein equation (Einstein 1956), 

∞ = 6� ,            (2.13) 

where  is the solvent viscosity.  

Equations 2.11 and 2.12 indicate that the two steric hindrance effects caused by the 

entrance partitioning (convective transport) and hydrodynamic hindrance (diffusive transport) are 

quantified by dimensionless hindrance factors W and H, respectively, which describe the effective 

solute flux in the system. To relate the hindered transport described by Eq. 2.11 to common 

phenomenological transport relations, such as Darcy’s Law, we note that when fluxes are defined 

based on total membrane area, the solute permeability is equivalent to (Han et al. 2008) = ∞,           (2.14) 

where  is the fraction of the membrane surface occupied by pores. Similarly, for convective 

transport of solute defined in Eq. 2.12, it is possible to define a filtration reflection coefficient by 

(Deen 2008) � = − ,           (2.15) 
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which can be interpreted as the fraction of the solute reflected or rejected by the membrane. The 

relationship shown in Eq. 2.15 can be obtained from the following definition of �  given by 

Staverman (1951): � = − ∞ ∆ ∞= ,         (2.16) 

where  and  are the convective solute flux and the volume flux across the total membrane area 

(see Section 2.3) and ∞ is the mean bulk concentration of the solute at equilibrium (∆ ∞ = ). 

Rearranging Eq. 2.16 yields = ( − � ) ∞,          (2.17) 

which, upon comparison to Eq. 2.12, verifies Eq. 2.15. 

Estimation of the hydrodynamic coefficients, W and H, requires fairly detailed evaluations 

and usually suffers from the lack of complete hydrodynamic information. Anderson and Malone 

(1974) and Deen (1987) provide a comprehensive discussion of the estimation of the reflection 

coefficient, � , and the hydrodynamic coefficients, W and H, for different solute and pore 

geometries. 

2.2 Osmosis Across a Membrane 

Steric hindrance in nanoporous media has a close relationship to osmotic flow (Deen 1987). 

Chemical osmosis is the physical process driving the flow of solvent molecules through a 

semipermeable membrane in the direction of high solute concentration. It is an important driving 

force for the movement of water in shale. For example, when water-based drilling fluids come in 

contact with shale, shale acts as a semipermeable membrane and the process is driven by the 

difference of solute-concentration between the water in the drilling mud and that in the shale pores 

at in-situ conditions.  

Figure 2.3 provides the classical explanation of osmosis in a U-tube, which is divided into 

two compartments by a semipermeable membrane. The pores of the semipermeable membrane are 

large enough to allow the liquid (solvent) molecules to pass through, yet they are too small for the 

passage of the larger (solute) molecules. As there is a concentration difference between the two 

arms of the U-tube, solvent molecules will flow from the low-concentration side to the high-
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concentration side until the concentration is equal on both sides of the tube. The fluid height 

difference between the two arms of the U-tube corresponds to the osmotic pressure.  

 

Figure 2.3 – Osmotic equilibrium and osmotic pressure illustration: (a) Initial condition (b) 
Equilibrium condition (Geren et al. 2014) 

 

Osmotic pressure is represented by the classical van’t Hoff equation (1885), ∆Π = ∆ ,            (2.18) 

where ∆Π stands for osmotic pressure, ∆  is the molar concentration gradient between the two 

arms, T is the absolute temperature, and R is the gas constant. Eq. 2.18 assumes an ideal solution 

(low solute concentration) and indicates that osmotic pressure is proportional to the solute 

concentration.  

In general, osmosis is the movement of particles across a semipermeable membrane until 

they reach equilibrium, and, as in diffusion, it accelerates when temperature increases. By analogy, 

in this research, we have considered the effect of temperature on the filtration efficiency of a 

porous medium and observed that for a given filtration pressure, decreasing the medium 

temperature may reduce the filtration efficiency to cause an appreciable increase in the filtrate flux.  
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2.3 Volume and Solute Fluxes Across a Filter or Membrane 

If ∆  and ∆Π are the hydraulic pressure gradient and osmotic pressure, respectively, 

volume and solute fluxes across the total membrane area are given, respectively, by the following 

Kedem-Katchalsky model (Katchalsky and Kedem 1958, Katchalsky and Kedem 1962, Anderson 

and Malone 1974, Deen 1987, and Medved and Cerny 2012): = ∆ ∞ − � ∆Π∞ ,          (2.19) 

and = ∆Π∞ + ( − � ) ∞ ,         (2.20) 

where the subscript ∞ indicates bulk conditions on each side of the membrane; that is, ∆ ∞ is the 

bulk pressure gradient between the two sides of the membrane and ∆Π∞ is the pressure difference 

corresponding to osmotic pressure of an ideal solution when there is no volume flux (Jv = 0), ∆Π∞ = ∆ ∞.           (2.21) 

In Eq. 2.19 and 2.20, Lp is the hydraulic permeability for dilute solutions, 

= 8  ,           (2.22) 

 is the permeation coefficient, = ∆Π∞ =  ,          (2.23) 

�  is the osmotic reflection (or rejection) coefficient for the porous membrane, 

� = −( ∆Π∞)∆ ∞= = ∆ ∞∆Π∞ = ,        (2.24) 

and �  is the filtration reflection coefficient defined in Section 2.1 by Eqs. 2.15 and 2.16. 

For an ideal membrane, which permits passage of water but not solute, � = ; if the 

membrane only partially rejects the solute, � < , with � =  corresponding to no filtration. 

According to Anderson and Malone (1974), �  is expected to be a function of solute and membrane 

characteristics, but it should be relatively independent of pressure and concentration. By using 

flux-force relationships and Onsager reciprocity theorem, Staverman (1951) showed that � = �  
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for one-dimensional transport. Similarly, Anderson (1981) and Levitt (1975) reported that the 

quantitative differences of �  and �  are small. For neutral spherical solutes in cylindrical pores 

(Giddings et al. 1968) � = −Φ ,          (2.25) 

which indicates the close relationship between osmosis and steric hindrance of solutes from 

membrane pores. 

As a remark to be used later, it must be noted that the following alternate expression for �  

and �  have been proposed by Ray (1960) and Manning (1968) and Ferry (1936), respectively: � = � = −Φ.          (2.26) 

Anderson and Malone (1974) argued that the arguments leading to the expression in Eq. 

2.26 are fallacious, and Eq. 2.25 should be preferred to estimate the osmotic reflection coefficient. 

In this study, we use the similarity between steric hindrance and osmotic flow to model 

filtration through nanoporous media. To explain the modeling approach, we discuss two and three 

component mixtures. As discussed by Geren (2014) and Geren et al. (2014), however, 

multicomponent mixtures can be modeled by the same approach if pseudocomponent groupings 

are used.  

2.4 Membrane Efficiency of Shale 

Membrane efficiency of shale has been discussed in the literature mostly from the 

perspective of exploration geology and geophysics (e.g., McKelvey and Milne 1960, Young and 

Low 1965, Magara 1974, Neuzil 2000, and Garavito et al. 2006). The negative effect of the 

membrane properties of shale on wellbore stability has also been noted in the drilling literature 

(Al-Bazali et al. 2009). Because the main concern of these studies was the flow of pore water in 

nanopores of shale and siltstone, they mostly focused on electroosmotic flow due to electrical 

potential gradient (Revil and Pessel, 2002). Although these studies are not directly applicable to 

the flow of light hydrocarbons, as they are usually not charged, Geren (2014) and Zhu (2015) used 

their definition of membrane efficiency to consider the effect steric hindrance on production from 

nanoporous unconventional reservoirs. 
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Membrane efficiency, denoted by  or , is the ability of shale to hinder ion movement 

while interacting with fluids (Geren 2014), and corresponds to the osmotic reflection (or rejection) 

coefficient, � , given by Eqs. 2.24 and 2.25. Two extremes of the membrane efficiency, =  

and 1, correspond, respectively, to non-membrane and ideal (perfect) membrane behavior. If shale 

prevents ionic flow completely, it is an ideal membrane with =1. If shale is not selective to ions; 

that is, if ions flow freely, it is a nonselective membrane with  =0. Membranes with efficiencies 

between the two extremes (< < ) are called nonideal membrane. Nonideal membranes are 

semi-permeable while ideal membranes may be semi-permeable or impermeable.   

Efficiency of a membrane is a function of the size of the free-solution channels (effective 

pore size). Most soils are non-ideal or leaky membranes because only a portion of the pores have 

membrane properties (Kemper and Rollins 1966, Olsen 1969, Barbour and Fredlund 1989, 

Mitchell 1993, Keijzer et al. 1997, and Malusis et al. 2003).  

Membrane efficiency of soils is expected to increase with effective stress and decreases 

with the solute charge and/or concentration (Geren 2014). van Oort et al. (1995) carried out 

measurements and determined that membrane efficiency of shales depends on the specific 

characteristics of the shale and the fluid. In general, membrane efficiency increases with the ratio 

of the pore throat and reduction in shale permeability.  

            Geren (2014) thermodynamically modelled membrane efficiencies of porous media to 

hydrocarbon mixtures. She used the concept of osmotic pressure and conducted flash calculations 

to determine the fugacity ratio of the hindered hydrocarbon components (solute) when the 

unhindered hydrocarbons (solvent) reached equilibrium after a change in system pressure. The 

difference between the original (System 1) and final (System 2) pressures was interpreted similar 

to osmotic pressure. Geren (2014) presented membrane (or filtration) efficiency as a function of 

pressure change by using the definition of filtration (membrane) efficiency as follows: 

= − �� ,           (2.27) 

where  and  correspond, respectively, to the fugacities of the hindered hydrocarbon 

component ( ) in System 1 (  at the original pressure and in System 2 ( at the final pressure 
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when unhindered hydrocarbon component reaches chemical equilibrium after the pressure change. 

In her calculations, effective pore size was implicit in the selection of the hindered and unhindered 

hydrocarbon components. She also showed that multi-component systems could be handled by 

pseudocomponent grouping. 

Figure 2.4 shows the membrane efficiencies normalized by the highest efficiency 

computed by Geren (2014) as a function of pressure for different binary mixtures of hydrocarbons. 

Figure 2.5 compares the results for a binary mixture of C26+ and C1 with those for the 

pseudocomponent grouping of C1-NC4-C10 and C1. According to Figures 2.4 and 2.5, filtration 

effect increases with increasing molecular size. For example, at ∆ = psi, normalized 

filtration efficiency for a mixture of NC4 and C1 is 52% while it is 95% for the mixture of C26+ and 

C1. This behavior causes an increase in the bubble-point pressure and a shift in the formation 

volume factor (Figure 2.6). Geren (2014) reported that membrane efficiency was driven by the 

molecular size of the component rather than its molecular concentration. 

 
 

Figure 2.4- Membrane efficiencies () for − �  , − 8 , −  , − 6 and −6+ for different filtration pressures (∆ ) (Geren 2014) 
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Figure 2.5- Membrane efficiency () comparison for 6+ −  and 6+ − ˗� ˗   
(Geren 2014) 

 

 

Figure 2.6 – Shift in the formation volume factor as a result of filtration for five different 
hydrocarbon fluid mixtures. (Geren 2014) 
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            It must be noted that the filtration efficiency, , (Eq. 2.27) used by Geren (2014) is similar 

to the osmotic reflection (or rejection) coefficient, � , given by Eq. 2.26 if it is assumed that the 

concentration ratio of the hindered component after filtration and in the bulk fluid is approximately 

equal to its corresponding fugacities; that is,   

Φ = = �� = = �� .        (2.28) 

Figure 2.7 shows that the filtration efficiencies defined in terms of concentration ratio and 

fugacity ratio are significantly different. For the case shown in this figure, a mixture of C2 

(hindered) and C1 (unhindered) was used with an initial pressure of 10,000 psi and constant 

temperature of T = 200℉.  

 

 

Figure 2.7 – Filtration efficiencies defined based on the ratio of concentrations and fugacities as 
function of pressure for a mixture of  and  with an initial pressure of 10,000 psi and constant 

temperature of T = 200℉.  
 

Figure 2.8 compares the filtration efficiencies based on the more common definition given 

by Eq. 2.25 and a modified version of Geren’s definition, given by 
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= − �� , ,          (2.29) 

to those shown in Eq. 2.27. Although similar trends are observed for both definitions, there are 

significant magnitude differences. In this work, the definition given by Eq. 2.25 for osmotic 

reflection coefficient will be used to define filtration efficiency in Chapter 3, Section 3.2.2. 

 

 

Figure 2.8 – Comparison of different definitions of filtration efficiency ( -  mixture at an 

initial pressure of 10,000 psi and constant temperature of T = 200℉). 
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CHAPTER 3 

BASIC THERMODYNAMIC CONCEPTS AND FILTRATION MODEL 

 

This chapter presents a summary of the basic thermodynamic concepts used in this work 

and then explains the thermodynamic modeling of filtration.  

3.1 Basic Thermodynamic Concepts 

In this section, fundamental thermodynamic concepts, such as equation of state, fugacity, 

and flash calculations, used in the computation of filtration efficiency are presented. 

3.1.1 Equation of State (EoS) 

Equation of state (EoS) has been widely used for thermodynamic equilibrium calculations. In 

petroleum engineering, EoS is used for: 

1) Reservoir modeling and compositional simulation where EoS describes volumetric and 

phase behavior. 

2) Production and process engineering where the description of fluid flow through production 

tubing and process equipment play a vital role. 

EoS is a thermodynamic model that relates volume of a pure component or mixture to pressure 

and temperature. For pure components, it is important to know the critical properties and acentric 

factor of the given component. EoS is extended to mixtures by using mixing rules and the 

following properties: 

 Acentric factor 

 Molecular weight 

 Critical pressure 

 Critical temperature  

All cubic EoS are empirical, but they are in closed form, which is advantageous for 

mathematical modeling (Lee and Edmister 1971). Table 3.1 lists the most commonly used equation 

of states (Himmelblau 2000).  
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Table 3.1- Common equations of state (Himmelblau 2000) 

Equation of State (EoS) Equation 

van der Waals (1873) + − =  

Reidlich-Kwong (1910) ( + √ + ) − =  

Reidlich-Kwong-Soave (1972) = ( − ) − +  

Peng-Robinson (1976) = ( − ) − − + −  

Kammerlingh-Onnes (1902) = ( + + +⋯) 

 

The main advantage of EoS is the simplicity of its application for wide ranges of 

temperature and pressure and different components of mixtures. In this work, van der Waals and 

Peng-Robinson EoS are used. 

3.1.1.1 van der Waals Equation of State 

The ideal gas law, = , was derived assuming that the molecules have negligible 

sizes and there is no interaction between molecules. The first equation of state that accounted for 

the intermolecular forces between molecules was provided by van der Waals in 1873. van der 

Waals EoS described continuity of matter from gas to liquid state.  

The pressure-explicit form of the original van der Waals equation of state, in terms of temperature 

and gas molar volume, is + − =                                                                                                                       (3.1) 

or, − − � + − =                                                                                             (3.2) 

Here, the parameter  is the molar volume of the substance as a function of pressure (p) 

and temperature (T). Parameter  represents attractive forces between molecules, and parameter b 

(or, so called, co-volume parameter) is related to the size of the molecules. To determine the 
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coefficients a and b, the first and second derivatives with respect to volume should be obtained 

and set to zero as follows: 

( ) � =                                                                                                                                                  .  

                                                                                   

� =                                                                                                                                               .  

This leads to: 

( ) � = − + =                                                                                                                .  

� = − − =                                                                                                             .  

The above equations result in the following parameters: 

=                                                                                                                                                 .  

=                                                                                                                                                           .  

From the cubic equation, the following can be obtained: 

= ( )                                                                                                                                             .   
van der Waals equation accounts for the deviation from the ideal behavior by defining a 

compressibility factor, Z. For an ideal case, Z = 1. However, when specialized to the critical state, 

the compressibility factor is 

=                                                                                                                                                        .  

Furthermore, 
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=                                                                                                                                            .  

=                                                                                                                                                     .  

Since the parameter  indicates the molecular volume, it can be used to derive the radius of a given 

molecule. Using , the volume of the molecules can be calculated from 

= �                                                                                                                                                       .  

It should be noted that the above procedure assumes an ideal, spherical shape for the molecules; 

that is,  

=                                                                                                                                                  .  

and 

= √ �                                                                                                                                               .  

The actual radius of the volume occupied by a molecule is obtained by adding the radius 

computed from Eq. 3.15 and the radius of gyration, which refers the distribution of the components 

of an object around an axis.  

Figure 3.1 shows the radii of the volumes occupied by the molecules of paraffins, 

naphtenes, asphaltenes, and aromatics computed by the above procedure. Similar calculations can 

be performed for the components of the reservoir fluids and compared to the pore throat sizes in 

the reservoir in filtration studies.  



 

23 
 

 

Figure 3.1- Molecular diameter of some common hydrocarbon components 

 

3.1.1.2 Peng-Robinson Equation of State 

The Peng-Robinson equation of state (PR EoS, Peng and Robinson, 1976) is widely used 

in oil and gas industry (Sadus 1994). The PR EoS is advantageous and easy to use as it precisely 

presents the relationship between temperature, pressure, and phase compositions in 

multicomponent systems. This equation of state requires critical properties and acentric factor only 

and is defined as follows (Peng and Robinson,1976): 

= − − + + −                                                                                                     .  

or, − � − + − � − − − � − =                                              .                                                              

Substituting = �
 in Eq. 3.17, the following cubic equation as a function of Z is obtained: 
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− − + − − − − − =                                                   .   
For a single component, the two parameters A and B and the other associated parameters are given 

by 

=                                                                                                                                                  .  

=                                                                                                                                                      .  

= . + . − .                                                                                         .  

and 

=                                                                                                                                                      .  

Applying Eq. 3.15 at the critical point, the following is obtained: 

= [Ω ] [ + ( − √ )]                                                                                                      .  

Ω = .                                                                                                                                          .  

=                                                                                                                                                .  

and Ω = .                                                                                                                                          .  

In Equations 3.23 through 3.26, Ω  and Ω  are the component parameters and  is the 

acentric factor for the molecule in the given single component fluid. 

For a multicomponent mixture, parameters A and B are still given by Eqs. 3.19 and 3.20, 

respectively, with the following associated parameters: 

= ∑ ∑==    where =  or                                                                                     .  

= − √           (3.28) 
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= [Ω ] [ + ( − √ )]                                                                                           .  

= ∑=  ;   where =  or                                                                                                  .  

= Ω                                                                                                                                          .  

= . + . − .                                                                                .  

where Ω  and Ω  are given by Eqs. 4.25 and 4.27,  is the acentric factor for component m, and 

 is the binary interaction coefficient for m and n components (for m=n,  =0). 

The solution of Eq. 3.18 yields three roots. In a two-phase system, the largest root 

corresponds to the vapor phase and the smallest root corresponds to the liquid phase. The Peng-

Robinson EoS can be used to accurately predict the vapor pressures of pure substances and 

equilibrium ratios of mixtures. 

3.1.2 Fugacity 

Fugacity, f, is a measure of the tendency of a component to escape from a phase. This 

property was first introduced by Lewis in 1901. Fugacity provides computational advantage for 

mixtures. The ratio of fugacity to pressure, ⁄ , is called fugacity coefficient and denoted by Φ. For an ideal gas, fugacity is defined to be equal to pressure. Thus, for ideal gas, the following 

equation is obtained: 

lnΦ = ln ( ) =                                                                                                                                   .  

For the non-ideal cases considered in this work, the fugacity is calculated as follows: 

lnΦ = ∫ −�                                                                                                                     .  

The above equation, can be also expressed in terms of the Z-factor: 
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lnΦ = ∫ −  �                                                                                                                        .  

Applying PR EoS for pure components, the fugacity coefficient can be calculated as follows: 

lnΦ = − − ln − −  √  ln + ( + √ )+ ( − √ )                                                          .  

For multicomponent mixture, Eq. 3.36 can be expressed as follows: 

lnΦ / = ( / − ) − ln ( − )
− A√ { ∑ = − ln + ( + √ )+ ( − √ ) },                           .  

where m = , ,… , nc; =    

Φ =                                                                                                                                            .  

and 

Φ =                                                                                                                                            .  

3.1.3 Flash Calculation 

Flash calculations are a vital part of reservoir engineering calculations. It is an algorithm for 

calculating the number of phases (vapor, V, and liquid, L) and molar compositions for each phase 

at a given pressure, p, temperature, T, and the overall hydrocarbon composition (Figure 3.2). 

Knowing the total composition of the mixture at a specific pressure and temperature, flash 

calculations are utilized to determine: 

 Moles of the liquid phase,  

 Moles of the gas phase,  

 Composition of the liquid phase,  

 Composition of the gas phase,  
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Figure 3.2 - Visualization of flash calculation mole fractions. L and V 
represent mole fraction of liquid phase and vapor phase respectively (Kazemi 2015) 

 

Flash calculation uses K-values (equilibrium ratios) to calculate the state of equilibrium. K-

values can be calculated using fugacities. The equation to calculate the K-values is the following: = a    a   a  aa    a    a =    for m=1, 2, …, nc                                            (3.40) 

For a two-phase system, the following criteria must be satisfied: 

∑ ==                                                                                                                                               .  

and 

∑ ==                                                                                                                                               .  

Thus, 

∑= − ∑= =                                                                                                                            .  

or, 
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∑ −= =                                                                                                                                 .  

For a given pair of p and T, flash calculation determines the numerical values for L, V,  , 

and .  

Figure 3.3 shows the algorithm for flash calculations. In Fig. 3.3, the Rachford-Rice 

function, , is given by: 

= ∑[ −( − ) + ]= =                                                                                                        .  

 

Figure 3.3- Flash calculation algorithm (Kazemi 2015) 
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3.1.4 Volume Shift Parameter 

In the PR EoS, the critical compressibility factor influences the molar volumes by 

underestimating it. According to Geren (2014), when the membrane efficiency is high enough, 

there is a drastic change in the fluid composition and the fluid acquires lighter components at 

equilibrium (Fig. 3.4). As the fluid composition becomes lighter, the bubble-point pressure 

increases in the pore and that causes a volumetric shift.  

 

Figure 3.4 - Comparison of oil viscosities as a function of pressure for five different molar 
compositions (Geren 2014) 

Peneloux et al. (1982) implemented a method to improve volumetric predictions and 

introduced a volume correction (shift) parameter, . This parameter is used for liquid and gas 

volumes. It utilizes the following expressions: 

= −∑                                                                                                                           .  

and 

= −∑                                                                                                                           .  
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where  is uncorrected liquid molar volume,  is uncorrected gas molar volume,  is 

corrected liquid volume and  is corrected gas volume.  

In order to calculate the shift parameter for petroleum fluids and heavy hydrocarbons, the 

Rackett compressibility factor, � , was introduced. The correction factor is calculated by 

= . . − �                                                                                                     .  

�  is constant for each compound. However, if �  values are not available, then the 

following expression can be used to compute the correction factor. 

= . + .                                                                              .  

where  is the acentric factor of compound i. 

The volume shift usually enhances the liquid density without significantly affecting the 

vapor density at low or moderate pressures. At high pressures, shift parameter does not necessarily 

improve the predicted gas density, but it corrects liquid density.  

3.2 Thermodynamic Modeling of Filtration Efficiency 

As explained earlier, this work focuses on purely steric filtration of hydrocarbon mixtures 

in nanoporous media. For the filtration of solid particles, steric filtration efficiency may be 

modeled based on  (the ratio of the solute dimension to the dimension of the pore channel defined 

by Eq. 2.2); that is, by using the definition of partition coefficient, Φ, given in Eq. 2.3 with the 

definition of osmotic reflection coefficient, � , given in Eq. 2.25. However, for the filtration of 

hydrocarbon mixtures, a purely geometric approach is not suitable to define the filtration 

efficiency. Although the sizes of hydrocarbon molecules may be estimated by procedures such as 

the one given in Section 3.1.1.1, effective size of a molecule is defined in relation to its 

environment. Therefore, following Geren (2014), in this work, a thermodynamic approach is used 

to model filtration efficiency of nanopores to hydrocarbon mixtures.  

3.2.1 Thermodynamic Model 

To explain the modeling approach, let us considers two pores, Pore 1 and Pore 2, that are 

connected by a nanopore throat (Fig. 3.5). The hydrocarbon mixture consists of 2 components: 
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Component x and Component y. Component x is a lighter component with smaller molecular size 

and is unrestricted from flowing through the nanopore throat. Component y, on the other hand, is 

a heavier component with larger molecular radius and partly restricted from flowing through the 

pore throat. (In filtration terminology, Component x and Component y correspond to solvent and 

solute, respectively). System 1 (L1) represents the fluid composition before filtration and System 

2 (L2) is the resulting composition after filtration through the nanopore throat.  

 

Figure 3.5 -Two pores connected by a nanopore throat - Filtration modeling 

 

As shown in Fig. 3.5, System 1 is in equilibrium initially and there is no flow between two 

pores; that is, = , = , =  (∆ = − = ), and =   (∆ =− = ). Assigned concentration of Component y in System 1 is higher than that of 

Component x ( , > , ). Under equilibrium conditions and assuming that the system 

components are in liquid phase for all times, fugacities of the components in System 1 are 

computed from flash calculations at pressure  and temperature  by Peng Robinson Equation 

of State (PR EoS). Then, System 2 (L2) is created by changing the pressure and temperature of the 
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system to = −  and = − , where  and  are the filtration (osmotic) 

pressure and temperature, respectively, given by ≡ ∆Π = − = ∆          (3.50) 

and = − = ∆ .         (3.51) 

Because Component y is sterically hindered from passing through the pore throat, this 

change of pressure and temperature creates an osmotic flow of Component x until it reaches 

thermodynamic equilibrium between the two pores; that is,   = =>  � = �        (3.52) 

where ,  is the fugacity, � ,,  is the fugacity coefficient, and ,,  is the mole fraction of        

Component x in Pore 1 or 2 in System 2. Because Component y is hindered, under the same 

conditions,  ≠ .           (3.53) 

3.2.2 Filtration Efficiency 

Following the standard filtration theory, in this work, we define the filtration efficiency by 

using Eq. 2.25 for osmotic reflection coefficient. When Component x reaches equilibrium between 

Pores 1 and 2 of System 2 in Fig. 3.5, the corresponding concentrations of Components x and y in 

Pores 1 and 2 satisfy = ,           (3.54) 

and = + ∆ ,          (3.55) 

where ∆ = −  is the concentration of the Component y moving across the pore throat 

under filtration (or osmotic) pressure = ∆ ≡ ∆Π and temperature = ∆ .  
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If we generalize our notation to indicate the upstream and downstream (before and after 

filtration) conditions by the subscripts 0 and L, respectively, we define the filtration efficiency by ( , , , ) = [ − Φ ( , , , )] ,      (3.56) 

where Φ ( , , , ) is the partition coefficient corresponding to the hindered component, 

Φ ( , , , ) = ( ) , , , .        (3.57) 

In Eq. 3.57,  is the concentration of the filtered portion of Component y, = − �,           (3.58) 

with  and �  denoting the upstream and downstream (before and after filtration) 

concentrations of the hindered component,  and  indicating the upstream (before filtration) 

pressure and temperature, and the filtration pressure, , and temperature, , are given by = ∆ = − ,           (3.59) 

and = ∆ = − ,           (3.59) 

Figure 3.6 shows the algorithm used in the calculation of filtration efficiency. One of the 

important points to note here is that, despite we consider steric hindrance only, filtration and 

filtration efficiency are functions of the initial conditions and the filtration pressure and 

temperature (see Eq. 3.56 and 3.57) in addition to the dimensions of the hindered molecules and 

the pore throat sizes,  (Eq. 2.2), (  is incorporated into our model implicitly by the selection of 

the threshold sizes of the unhindered hydrocarbon components for a given pore-throat size). This 

is different from the conventional treatment of filtration due to steric hindrance in the literature 

where the filtered components (solute) is usually a solid particle with a constant, well-defined size 

and geometry. As noted earlier in Section 3.2, effective size of a molecule is relative to the other 

molecules and thermodynamic conditions around it. Therefore, the fact that our filtration 

efficiency defined in Eq. 3.56 is not a constant, but a function of the thermodynamic conditions of 

the system, is consistent with the physical intuition.    
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Figure 3.6 – Membrane efficiency calculation steps for a nanoporous medium (Geren 2014) 
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CHAPTER 4 

RESULTS AND DISCUSSIONS 

 

This chapter presents eight cases where the filtration efficiency of the porous medium to 

different hydrocarbon mixtures is examined as a function of pressure and temperature. In two of 

the cases, effect of pressure on filtration efficiency is considered under isothermal conditions; in 

four cases, pressure is kept constant and the effect of temperature is examined; the remaining two 

cases discuss simultaneous change of both pressure and temperature. Hydrocarbon mixtures 

consist of two or three components. In all cases, the component with the largest molecular size 

(heaviest or with the longest chain of molecules) is considered as the hindered (filtered) component 

and the remaining component or components flow through the porous medium freely. In the three-

component systems, two lighter components are grouped to form an unhindered 

pseudocomponent.  The four cases considered in this chapter are listed in Table 4.1.  

 

  Table 4.1 – Number of components and conditions for the eight cases considered in this chapter 

 

Note that the approach used in this thesis assume single-phase flow of fluids only. In the 

following discussions, the lower limit of filtration efficiency is assumed to be at the pressure and 

temperature where two phases are introduced. 

 

4.1 Case 1 - Effect of Filtration Pressure on Filtration Efficiency 

This case is intended to demonstrate the influence of filtration pressure on filtration 

efficiency. Temperature is assumed to be constant throughout the process; that is, there is no 
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filtration temperature involved in the process. First, two-component mixtures are considered. 

Then, the results are generalized by examining the filtration of three-component mixtures where 

the two lighter components are combined in a pseudocomponent and the heaviest component is 

taken as the hindered (filtered) component. 

Case 1A – Two Components: This case considers two-component hydrocarbon mixtures, 

which are selected sequentially; i.e., − , −  …  .  For each hydrocarbon mixture, 

Component 1 is the unhindered (light) component and Component 2 is the hindered (heavier) 

component. The initial mole percentages of each component are 30% and 70% respectively, and 

the initial pressure is = ,  psi. The temperature is kept constant at = =  ° = °  throughout the process. Binary coefficients and thermodynamic properties of the 

components are given in Tables 4.2 and 4.3, respectively.  

 

Table 4.2 - Binary coefficients for Case 1A 

 

Compound                            Binary Coefficients
0 0.002689002

0.002689 0
0 0.001662049

0.00166205 0

0 0.000866254

0.00086625 0
0 0.000514678

0.00051468 0
0 0.000254623

0.00025462 0
0 0.000173913

0.00017391 0

6688���  �  66  88 
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Table 4.3 -Thermodynamic properties of the components for Case 1A

 

 

The effect of filtration pressures (= ∆ ) between 500 psi and 4000 psi on filtration 

efficiency is examined in Figure 4.1. As discussed in Section 3.2.1, filtration pressure between 

Pores 1 and 2 is generated by changing the pressure of the second pore between 10,000 and 6,000 

psi while keeping the pressure of the first pore constant at = ,  psi. For each case shown 

in Figure 4.1, fugacity of each component was calculated as a function of the filtration pressures, = ∆ , and the membrane efficiency of the medium for the hindered (filtered) component was 

computed from Eqs. 3.56 and 3.57. As noted in Chapter 3, membrane efficiencies change between ≤ ≤ ; zero indicating no filtration and one corresponding to a perfect membrane (no 

passage of the heavier components). As expected, Fig. 4.1 indicates that, for a given binary 

mixture, filtration efficiency of the medium can be decreased by increasing the filtration pressure; 

that is, by creating a higher pressure-gradient across the pore throat. 

 

Figure 4.1- Case 1A: Membrane efficiencies for binary mixtures of − , − , − , −  ,  − 6, 6 −   for different filtration pressures. 

Compound Pc (psi) Tc(R) Acentric Factor
667.20 343.08 0.01
708.34 549.72 0.10
615.76 665.64 0.15
551.10 765.36 0.19
489.38 845.28 0.25
477.03 913.50 0.28
455.13 977.76 0.31
427.95 1026.90 0.35

68��  6 8 
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Figure 4.1 also indicates that, for a given filtration pressure, the filtration efficiency of the 

porous medium to heavier binary mixtures may be smaller. However, this is a result of the selection 

of successive pairs of hydrocarbon components (e.g., C − C , C − C , C − C , etc.) and reflect 

the fact that the differences between the thermodynamic properties of the successive hydrocarbon 

components become smaller when heavier binary mixtures are formed. On the other hand, Figure 

4.2 shows, as expected, that for the same unhindered component, filtration efficiency to the 

hindered component increases as the hindered component becomes heavier. 

 

 

Figure 4.2- Effect of hindered component weight on filtration efficiency. 

 

It must be also noted that the filtration efficiency is not a unique function of the filtration 

pressure (or pressure gradient across the pore throat). Initial pressure (or the pressure of the 

upstream pore) also affects the filtration as shown in Figure 4.3.  
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Figure 4.3- Effect of initial pressure (upstream pressure) on filtration efficiency. 

 

Case 1B – Three Components: This case considers three-component hydrocarbon 

mixtures to extend the results of Case 1A to multicomponent hydrocarbon mixtures. Components 

1 and 2 are grouped as the unhindered pseudocomponent and Component 3 is the hindered 

component. Similar to Case 1A, components are grouped sequentially; e.g., − − , −−  …  . Mole percentage of Component 1 is 20%, Component 2 is 30%, and Component 

3 is 50%. The initial pressure is 10,000 psi and the temperature is kept constant 660º R (200º F). 

Filtration pressures ( = ∆ ) vary from 500 psi to 2,500 psi. Thermodynamic properties of the 

components used in this case are given in Tables 4.4 and 4.5. 
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Table 4.4 - Binary coefficients for Case 2 

 

 

Table 4.5- Thermodynamic properties of the components for Case 2 

 

 

Compound                                                                     Binary Coefficient      

0.00 0.00268900 0.00853704
0.00268900 0.00 0.00166205
0.00853704 0.00166205 0.00

0.00 0.00166205 0.00491434
0.00166205 0.00 0.00086625
0.00491434 0.00086625 0.00

0.00 0.00086625 0.00271213
0.00086625 0.00 0.00051468
0.00271213 0.00051468 0.00

0.00 0.00051468 0.00149205
0.00051468 0.00 0.00025462
0.00149205 0.00025462 0.00

0.00 0.00022833 0.00080042
0.00022833 0.00 0.00017391
0.00080042 0.00017391 0.00

6868�
��  

8
��  6�  6 6 8

Compound Pc (psi) Tc(R) Acentric Factor
667.20 343.08 0.01
708.34 549.72 0.10
615.76 665.64 0.15
708.34 549.72 0.10
615.76 665.64 0.15
551.10 765.36 0.19
615.76 665.64 0.15
551.10 765.36 0.19
489.38 845.28 0.25
551.10 765.36 0.19
489.38 845.28 0.25
477.03 913.50 0.28
489.38 845.28 0.25
477.03 913.50 0.28
455.13 977.76 0.31

6868� 8��  ��  6�  6 6 8
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Filtration efficiency, , of the medium to Component 3 (heaviest of the three components) 

in each case is shown in Figure 4.4 as a function of the filtration pressure. The results in Figure 

4.4 are in line with the observations made for Case 1A and is intended to demonstrate the use of 

pseudocomponent grouping of multiple hindered and unhindered components.  

 

Figure 4.4 - Case 1B: Membrane efficiencies for − − , − − , − −  , −  − 6,  − 6 −   for different filtration pressures 

 

4.2 Case 2 - Effect of Filtration Temperature on Filtration Efficiency 

The objective of this case is to observe the impact of filtration temperature on filtration. 

Compared to Case 1 considered above, here the temperature and pressure switch roles; that is, 

instead of the effect of filtration pressure, , variation of filtration efficiency with filtration 

temperature, , is the focus of interest. There is no filtration pressure (= ) and the flow and 

filtration of the heavier component are instigated by the existence of a nonzero filtration 

temperature ( ≠ . Filtration of sequential, two-component hydrocarbon mixtures is 

considered. Mole percentages of the components are 30% and 70% each. The pressure is kept 

constant at 10,000 psi but the temperature is varied from 540º F to 190º F (1,000º R to 650º R) to 
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create filtration temperatures in the range of °R ≤ = ∆ ≤ °R. Thermodynamic properties 

of the components used in Case 2 are given in Tables 4.2 and 4.3.  

Figure 4.5 shows that the filtration temperature affects the filtration efficiency of the 

medium significantly. As the filtration temperature increases; that is, the temperature gradient 

across the pore throat increases, filtration efficiency decreases and more of the heavier components 

can pass from Pore 1 to Pore 2. From a practical view point, however, this result is not much useful 

as the natural or artificial temperature gradients which can exist between adjacent pores of a porous 

medium cannot be as large as those shown in Fig. 4.5. 

 

Figure 4.5 - Case 2A: Filtration efficiencies for − , − , − ,  − 6, 6 −  , as a 
function of filtration temperature at constant pressure (zero filtration pressure). 

 

4.3 Case 3 - Effect of Ambient Temperature on Filtration Efficiency 

In Case 3, filtration efficiency resulting from a nonzero filtration pressure (≠ ) is 

examined at three different ambient temperatures, = , , °  =, , , ° ). Filtration of sequential, two-component hydrocarbon mixtures is considered. 

Mole percentages of the components are 30% and 70%. Pressure in the second pore is changed 

between 10,000 psi and 6,000 psi to create filtration pressures in the range of  psi ≤ = ∆ ≤
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,  psi. Tables 4.2 and 4.3 provides the relevant thermodynamic properties of the components 

used in this case.  

The change of filtration efficiency as a function filtration pressure at three different ambient 

temperatures are shown in Figures 4.6 and 4.7. These results are more in line with the cooling or 

heating of the porous medium and indicates that cooling porous medium reduces the filtration 

efficiency and increases the passage of the heavier components. Comparison of the results in 

Figures 4.6 and 4.7 also implies that the heavier the hydrocarbon components, the more the 

reduction of filtration efficiency at lower temperatures.  

 

Figure 4.6 - Filtration efficiencies of the medium to a mixture of −  as a function of 
pressure at different ambient temperatures.  
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Figure 4.7 - Filtration efficiencies of the medium to a mixture of 6 −   as a function of 
pressure at different ambient temperatures.  

 

The results shown in this section have important ramifications for improving recovery from 

nanoporous reservoirs. If we consider the fact that the lighter hydrocarbon components are 

produced from the vicinity of the well during the early phases of production, Figures 4.6 and 4.7 

indicate that cooling the vicinity of the wellbore may create a stimulation effect.    

4.4 Case 4 – Continuous Change of Composition 

In the previous cases, starting concentration of each component was kept constant when 

different filtration pressures and/or temperatures were considered; that is, each filtration pressure 

and filtration temperature in the figures presented above correspond to an instantaneous change in 

the conditions of the second pore with respect to the initial conditions (or the conditions in the first 

pore) and the process always started from the initial composition of the fluid. In a more realistic 

flow scenario, both pressure and concentrations of the pores would change in time.  

In this Case 4, we start from the initial pressure of 10,000 psi and simulate a step pressure-

change in the second pore between 10,000 psi to 6,600 psi. This creates a filtration pressure change 

between 0 psi to 4,400 psi between the two pores. Unlike the previous cases, in this case, each new 
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pressure step starts from the compositions computed at the end of the previous pressure step. Two 

components are used, each with 30% and 70% distribution. The temperature is 1000º R (540º F).  

            Figure 4.8 shows the filtration efficiency as a function of filtration pressure for mixtures of C − C , C − C , C − C , C − C , and  C − C6 considering continuous changes of composition. 

The general trends of the results in Figure 4.8 are similar to those for Case 1A (Figure 4.1) where 

an instantaneous drop of pressure from the initial condition was assumed and each case started 

from the initial composition of the components. Similar to Case 1A, lower filtration efficiencies 

are observed for heavier hydrocarbon mixtures. However, the magnitudes of filtration efficiencies 

are generally higher in Case 4. This can be attributed to the increase of the hindered component’s 

concentration in the beginning of each pressure step. Also, the differences in filtration efficiencies 

of lighter hydrocarbon mixtures in Case 4 are smaller than those in Case 1A.  

 

 

 

Figure 4.8 - Case 4: Membrane efficiencies for − , − , − , −  ,  − 6 
considering continuous change of compositions. 
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To highlight the effect of ambient temperature of filtration efficiency when fluid 

composition changes continuously, Figures 4.8 through 4.10 show the filtration efficiency as a 

function of filtration pressure for mixtures of C − C , C − C , and  C − C6, respectively, at 540º 

F, 340º F, and 140º F (1,000º R, 800º R, and 600º R). The results indicate that much lower 

temperatures are required to considerably reduce the filtration efficiency for lighter mixtures of 

sequential hydrocarbon components. As noted earlier in Case 1A (Figure 4.2), however, when the 

hindered component becomes heavier for the same unhindered component (e.g., C − C , C − C , 

and C − C8), filtration efficiency is higher for the heavier mixtures (Figure 4.12). 

 

 

Figure 4. 9 - Case 4: Membrane efficiencies for −  considering continuous change of 
compositions at different ambient temperatures. 
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Figure 4.10 - Case 4: Membrane efficiencies for −  considering continuous change of 
compositions at different ambient temperatures. 

 

 

Figure 4.11 - Case 4: Membrane efficiencies for  − 6 considering continuous change of 
compositions at different ambient temperatures. 
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Figure 4.12 - Case 4: Comparison of the membrane efficiencies for − , − , and −8 considering continuous change of compositions at different ambient temperatures. 
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CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS 

 

Hindered transport has not been considered in modeling oil flow in porous media due to 

the relatively large pore sizes of conventional hydrocarbon reservoirs. With the increased 

importance of oil production from nanoporous unconventional reservoirs, additional features of 

flow and transport in nanopores have attracted attention. In this thesis, hindered transport in 

unconventional reservoirs has been introduced and the filtration efficiency of the medium to a 

hydrocarbon component has been defined based on equilibrium thermodynamics. Procedure to 

estimate filtration efficiency, discussion of the effects of temperature and pressure, and relations 

for the fluxes of hindered and unhindered hydrocarbons are the central contributions of the thesis. 

Having the flux relations and filtration efficiency provides for incorporating hindered transport 

into unconventional reservoir simulation. Moreover, understanding the impact of pressure and 

temperature on hindered transport enables us to assess the potential of thermal methods to improve 

production from unconventional reservoirs.  

The definition of molecular filtration efficiency based on thermodynamic equilibrium of 

flowing hydrocarbons constitutes the major new contribution of this thesis. The framework to 

adopt the conventional definitions of filtration theory with the molecular filtration efficiency 

definition has not been presented previously. 

The following specific conclusions have been derived from the research presented in this 

thesis:   

1. The steric filtration efficiency definition in the filtration literature assumes solid solutes 

with fixed sizes and geometries and is independent of pressure and temperature. This 

definition is not suitable to model the hindrance of heavier hydrocarbon components during 

flow and transport in nanoporous media.  

2. The definition of filtration efficiency based on thermodynamic equilibrium used in this 

thesis relates filtration efficiency to the thermodynamic conditions and is more appropriate 

for the molecular filtration of hydrocarbon mixtures in nanoporous media. 
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3. Filtration efficiency decreases (more hindered components pass through the pore throat) as 

the filtration pressure and temperature increase.  

4. The heavier the hydrocarbon components, the more the reduction of filtration efficiency at 

lower temperatures.  

5. For a given filtration pressure, cooling porous medium (reducing the ambient temperature) 

reduces the filtration efficiency and increases the passage of the heavier components.  

6. Because lighter hydrocarbons are produced from the vicinity of the well during the early 

phases of production, cooling the vicinity of the wellbore may create a stimulation effect 

and cause an increase in the recovery of the heavier components.  

7. The approach described in the paper can be applied to multicomponent mixtures by 

pseudocomponent grouping of the hindered and unhindered components.  

The following are the recommendations for future work: 

1. Filtration efficiency has been defined in this work theoretically based on equilibrium 

thermodynamics. The concept has to be demonstrated and verified experimentally. 

2. Flash calculations have been implemented for one cell only in this thesis. These 

calculations should be extended to filtration in a multi-cell system representing a 

porous medium with varying pore sizes. 

3. To assess the actual impact of hindered transport in nanoporous unconventional 

reservoirs, a compositional reservoir model should be developed based on the fluxes 

provided in this work for the hindered and unhindered components. The formulation 

for a linear, 1D system provided in the appendix may be used as a starting point for the 

modeling efforts. 

4. Include water phase in the system and incorporate the steric hindrance of solid particles 

(salt) and osmotic flows in the model. 
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NOMENCLATURE 

 

Å ................................................................................................................  Angstrom, unit of length 

A ................................................................................................  Equation parameter for cubic EOS 

a...............................................................................................  Attraction parameter for cubic EOS  

B ................................................................................................  Equation parameter for cubic EOS 

b...............................................................................................  Repulsion parameter for cubic EOS B  ....................................................................................................  Formation volume factor of oil  

C .........................................................................................................................  Molar composition D*  ........................................................  Effective self-diffusion coefficient of hindered component  

f ........................................................................................................................................... Fugacity 

f(V) ..........................................................................  Rachford-Rice function for ‘flash’ calculation 

G ...........................................................................................................................  Gibbs free energy  

I .............................................................................................................................  Electrical current  J  ..............................................................................  Molar diffusive flux of hindered component i J  .......................................................................................................  Molar diffusive flux of solute  J⃗    ...........................................................................  Flux of species i per unit area of flow channels  k ...................................................................................................................................  Permeability K  ........................................................................................................................................  K-value k  ....................................................................................................................  Relative permeability L ......................................................................................................................  Liquid mole fraction L  ....................................................  Phenomenological coefficients relating i-th flow to j-th force  

MW ......................................................................................................................  Molecular weight 
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m = , ,… , n  ............................  Hydrocarbon or non-hydrocarbon components other than water n  .................................................................................................................  Number of components N̂ .......................................................................................  Total number of moles pre rock volume N ..................................................................................................................  Total number of moles p ............................................................................................................................... Liquid pressure p   ............................................................................................................. System pressure, i = 1 or 2 

 p  ........................................................................................................................  Filtration pressure p  ............................................................................................................................  Critical pressure p  ..........................................................................................................................  Reduced pressure 

Δp ..................................................................  Pressure difference between System 1 and System 2 q .....................................................................................................................................  Liquid flux R ...................................................................................................................  Universal gas constant R   .............................................................................................  Convergence criteria for flash loop S............................................................................................................................................  Entropy T ........................................................................................................................  System temperature T  ......................................................................................................................  Critical temperature T  ...................................................................................................................  Reduced temperature V ...................................................................................................................  Mole fraction of vapor v̅ ,  .......................................................................................  Partial molar volume of component m VR ................................................................................................................................  Rock volume X ...............................................................................................  Liquid mole fraction of component X⃗⃗⃗  ..............................................................................  Conjugated driving force for flux of species i 
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x  ....................................................................  Mole fraction of component m in liquid (oil) phase Y .................................................................................................................  Gas/vapor mole fraction y  ...................................................................  Mole fraction of component m in vapor (gas) phase z .....................................................................................................  Overall composition of the fluid Z ....................................................................................................................  Compressibility factor Z  ....................................................................................................... Critical compressibility factor 

Greek characters  � ..............................................................................................................................  Acentric factor � .................................................................................................................................. Molar density w  ...................................................................................................................  Membrane efficiency 

Φ ......................................................................................................................  Dissipation function  

Ψ  ........................................................................................................................  Electrical potential 

 μ ,  ...........................................................................................  Chemical potential of component i 

µ ..........................................................................................................................  Dynamic viscosity  

ϕ ..........................................................................................................................  Total soil porosity τa   ..............................................................................................  Dimensionless apparent tortuosity ΦL,V ..................................................  Fugacity coefficient of component m liquid and vapor phase 

π.............................................................................................................................  Osmotic pressure δ  ......................................................................................................... Binary interaction parameter �  ...............................................................................................  Equation parameter for cubic EoS 
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   APPENDIX A 

COMPOSITIONAL MODELING 

 

Although the focus of this thesis is the definition and estimation of filtration efficiency, 

ultimate goal of the filtration research in porous media is to develop models that consider the effect 

of filtration during production from nanoporous, unconventional reservoirs. Therefore, the 

extension of the results presented in this thesis requires development of a compositional simulator 

which will be the subject of a PhD dissertation. Here, as an introduction, a brief background on 

compositional simulators will be given and initial derivations of a 1D compositional simulation 

model will be presented. 

A.1 Compositional Simulators 

Numerical reservoir simulation has become the main tool for solving reservoir engineering 

problems. It has been utilized for over 60 years in order to predict long-term performance of oil 

recovery methods. The updated reservoir simulation techniques have reached the point where they 

allow to incorporate different concepts such as dual-porosity models, phase behavior, finite 

difference, fully-implicit time stepping with Newton-Raphson’s method that solves the reservoir 

model equations at each time step and etc. Nowadays, EOR techniques are considered to be the 

main source of the increased recovery.  

Modeling and other EOR methods require compositional and thermal reservoir flow 

simulation capabilities. As non-linear and tightly-couple relations play a valuable role in reservoir 

modeling. Consequently, the development of a more efficient numerical concept for a 

compositional fluid flow with the application of the Thermal EOR is the vital part of this research. 

The amount of oil produced in the world is only one third of the total oil that is available (Tunio 

et al. 2011). Due to this, in order to produce more oil, EOR techniques are being applied. There 

are different types of EOR methods that can be applied according to the reservoir type: gas 

injection, water injection, chemical injection, or thermal recovery. Most of them are being applied 

to conventional reservoirs. EOR techniques suggested for unconventional oil reservoirs focus 

mainly on chemical techniques and gas injection. Both of these methods have their own 

disadvantages. While applying chemical techniques in unconventional reservoirs, the biggest 
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disadvantage is caused by the reactions involving viscous polymer solutions, as they are not being 

carried out easily due to the issues caused by mixing and reaction homogeneity. Among all other 

EOR techniques, Thermal EOR has not been explored enough for unconventional reservoirs. 

  Shutler (1969) was the first researcher who developed one-dimensional thermal simulation 

model and later, expanded it to a two-dimensional one. In order to create the model, he used the 

mass balance equation of phases together with the heat balance equation and a mass balance 

equation of an inert gas. For this model the internal energy was equal to enthalpy and diffusion 

was not taken into account.  

In 1977 a two dimensional three-phase compositional simulator was created by Ferrer and 

Farouq-Ali. They included the heat of vaporization in order to calculate the gas enthalpy. 

Grabowski et al. (1979) developed a four-phase finite difference thermal simulator that included 

water, oil, gas and solid phases. This model did not include the restriction of number of 

components. Huang (2007) created a fully implicit thermal compositional simulator that consisted 

of single and dual porosities and included fracture components as well. Most of the thermal 

simulators assumed that there is no solubility of water and oil phases. This only works when the 

temperature is not above 170 ºF.  

 

A.2 Multicomponent and Multiphase Flow Equation 

This section introduces the mathematical formulation of a 1D, compositional reservoir 

simulator built to observe the effect of the temperature and pressure on the mixture. The 

expressions, which include capillary pressure, well-index, boundary conditions and fluxes, define 

the flow in porous media for a multi-component reservoir and are discretized using simultaneous 

solution technique and sequential computation. 

In this thermal compositional simulator, the following assumptions are used: 

 Maximum two phases coexist in each grid block 

 Multiphase Darcy’s law should be applied to calculate flux of each phase  

 Rock density and rock mass remains constant 



 

62 
 

 The main equations in thermal compositional simulators are energy balance equation and mass 

balance equation.  

The followings equations represent the primary and secondary equations that need to be 

solved in any thermal compositional simulator. 

Let 

= ∇ {  
  ∇ − ∇+ (∇ − ∇ )+ ∇ − ∇ }  

  + { ̂+ ̂+ ̂ } = �� [∅ ( + + )]  
 

 

 

As this research considers two phase system only the above equation becomes: 

= ∇ { ∇ − ∇+ (∇ − ∇ )} + { ̂+ ̂ } = �� [∅ ( + )]                  (A.2) 

The following constraints are applied to the above equation: 

 Mole fraction of component constraint:       

∑= = ∑= =  

 Phase saturation constraint: + =                                                                                                                                                          (A.4) 

 Capillary pressures: = −                                  (A.5) ( ) = −                                                 (A.6) 

Interblock Mass 
Transport Term 

Source Term Accumulation Term 

(A.3) 

(A.1) 
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 Multiphase Darcy’s Law: 

= − ∇�  

 Equilibrium constraint in two different phases: = − = ;    = , , … ,            (A.8) 

Concerning boundary conditions uniform distribution of initial temperature and total mole 

fraction is considered for each grid block of reservoir: , , , = =                                   (A.9) , , , = =  ;   = , �                     (A.10)  , , , = =                      (A.11) 

Initial condition for pressure is defined at the initial grid point and later on the 

compositional simulator will calculate pressure at rest of the grid points with respect to the initial 

reference point. The built simulator will be a volumetric one, due to this at the boundary grid 

blocks mass flux rates will be zero.  For this case the heat loss and heat gain will also be taken into 

consideration.  

Before the pressure equation, the concept of partial molar volume is introduced and 

described in the next section. 

A.3 Total and Partial Molar Volume Concept 

There are extensive and intensive properties in thermodynamics. An extensive property 

depends on the size of the system. The extensive property could be volume (V), Gibbs free energy 

(G), entropy (S) and enthalpy (H). An intensive property on the other hand is any property that can 

remain at any point in space. Those properties are temperature (T) and pressure (P). Extensive 

properties are designated with capital letters and intensive with lower case letters.  

Mathematically the partial molar volume is: 

̅ = ( � ) , , =  

(A.7) 

(A.12) 
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For an ideal gas mixture (i.e. = ), partial molar volume (̅ ) is identical with specific 

volume, v. However for real gas mixtures (i.e = ), partial molar volume is not the same as 

specific volume. Thus, = =                                  (A.13) 

The total fluid compressibility, , demands total molar volume, , information and its 

derivative with respect to pressure, 
��  . This can be calculated using equations below.  

= �� + �� + �� = + + =  

 

( ) ,{ } = [�� ( ) ,{ } + � ∑ � ,= ] 
                                               + [�� ,{ } + � ∑ � ,= ] + ��                    

The above equation can be transformed into an expanded equation for a two-phase multi-

component system.  

̅ , = ∑{[ +∑( ( − ))= ] � ,� , }+=
∑{[ +∑( ( − ))= ] � ,� , } + +=

    
= , , … , +  

A.4 Compositional Pressure Equation 

The compositional pressure equation that is derived using partial molar volume and total 

fluid compressibility is given in equation below: 

(A.14) 

(A.16) 

(A.15) 



 

65 
 

[∑ ̅+
= ] = ∅ ∅ +                                                                                                          A.    

where the net molar flux of component m per block volume, , the partial molar volume, ̅ , , 

formation compressibility, ∅, and total fluid compressibility, , are given as follows: 

+ = ∇[ ̿ ∇ + − ∇ + ̿(∇ + + ∇ − ∇ )               + ̿ ∇ + − ∇ − ∇ ]                            +( ̂ + ̂ + ̂ )                                                                         A.  

        ̅ , = � , , , , ≠ ; = , , … ,                                                                                            A.  

∅ = ∅ ∅                                                                                                                                               A.  

                    

For a two-phase system the equation becomes: 

+ = ∇[ ̿ ∇ + − ∇ + ̿(∇ + + ∇ − ∇ )]             (A.21) 

A.5 Oil and Gas Saturation 

Relative permeability and capillary pressure are dependent on saturations. Saturations for 

this case are computed explicitly at each iteration.  

Oil and gas saturations for the (l+1)th iteration are computed by performing a flash 

calculation on +  m=1. . . v at +  to obtain + , + , + , + , +  and  + .       
If the flash calculation provides two phases, the oil and gas saturations can be calculated using Eq. 

3.21 and Eq. 3.22. 

S + = − w+ ξ +L + ξg+ + −L + ξ +           (A.22) 

S + = − S + − S +           (A.23) 
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A.6 Composition Equation 

When the pressure and saturation equation are calculated, the next step is calulcating those for 

the new time level at every node. In order to do that the following stages should be applied: 

1) Solve total number of moles pre rock volume. Note that the +  term is not included in 

this calculation. 

+ = [∅( + )] = �̂ + + �̂∆               + = ∇[ ̿ ∇ + − ∇ + ̿(∇ + + ∇ − ∇ )]+ ( ̂ + ̂ ) 
+ = +� , where VR is rock volume 

2) Solve number of moles pre rock volume for each component in both vapor and liquid 

phases, �̂ + , such that  �̂ + = [ ∅( + )] + = [∅( + )] + . .                           (A.25) 

+ = [∅( + )] = �̂ + + �̂∆  

where  + = ∇[ ̿ ∇ + − ∇ + ̿(∇ + + ∇ − ∇ )] +( ̂ + ̂ )  
 

3) From 1 and 2, calculate +  for = , … , , i.e.  

+ = [ ∅( + ) ] +
[∅( + )] + = �̂ +�̂ + = � +� +                                                      A.  

A.7 Dynamic Temperature Distribution in the Reservoir 

Heavy oil reservoirs are common worldwide. Most of the heavy oil contains a significant 

amount of heavy long chained hydrocarbons. In order to build a proper thermal reservoir simulator, 

it is important to understand the temperature distribution in the reservoir as the temperature of the 

produced fluid is different from the formation temperature. This temperature variation affects the 

fluid properties at the first place.  The energy increment includes three parts: the heat that flows 

(A.24) 
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into the unit, the heat that flows out of the unit and the heat injected into the unit from outside 

(Mingzhong et al., 2012). The energy balance equation can be written as: 

{ℎ + + �} + =                                                                                                     A.  

The first term in the Eq. 3.26 represents the energy convection whereas the last term 

represents heat transfer between the formation and the wellbore and is called ‘heat flux’. As this 

research discusses one-dimensional case, due to this there is going to be one-dimensional radial 

diffusion and the heat diffusion equation for this case is: 

+ = �                                                                                                                A.  

where  is the formation temperature at any depth at time t,  is the radial distance measured from 

the center of the wellbore. Utilizing the Laplace transformation, the temperature distribution can 

be represented as a function of distance and time.  

= [ . + . ln ] ( + . )               if         > .                                                       A.  

= . √ ( − . √ )                     if               < .                                                       A.  

 is the dimensionless temperature and  is the dimensionless time.  

The rate of the heat flow through the wellbore can be written as: = ( − )                                                                                                                    A.  

where  is the temperature of the flowing fluid and  is the overall heat transfer coefficient 

based on the outside tubing area.  

The heat transfer coefficient expansion is: 

= ℎ + ln + ln + ℎ + ℎ + ln + ln     A.  
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The component ℎ  shows the convection inside the tubing and 
( )

,   are 

conduction heat transfer through the tubing thickness and the insulation around it.  

The heat transfer to the formation can be determined by the following equation below: 

− = ( − ) + ( − ) = + =  { + }             A.  

The overall heat transfer is: = ( − )                                                                                                                           A.  

where  is the overall heat transfer coefficient between the flowing fluid and the formation and is 

equal to +  

A.8 Coupled Fluxes 

Production forecasts are proceeded with the help of reservoir simulators solving 

numerically equations for flow in porous media. It is important to add coupled flow in the 

simulation in order to get more accurate computations which is the most reservoirs are missing 

(Pettersen, 2012).  

Lots of studies were accomplished in order to characterize fluid flow and flow of solute 

through membrane based on the concept of coupled fluxes (Malusis et al., 2012).  

Coupled fluxes under isothermal conditions are defined by a dissipation function, Φ, given 

by the Eq. 3.26: 

� =∑                                                                                                                                             A.=  

where   represents the ith of N different fluxes  and  represents the driving forces. The 

relationship between the fluxes and driving forces is following: 

⃗ =∑ ⃗                                                                                                                                           A.=  

where  are phenomenological coefficients that relate flux of type (i) to the gradient of type (j). 
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For a continuous system shown in Fig.3.1 the Eq. 3.26 for isothermal conditions can be 

written in the following form: 

� = − − −∑                                                                                                       A.=  

where q is the liquid (solution) flux, P is the liquid pressure, I is the electrical current, Ψ is the 

electrical potential,  is the chemical potential of solute I ,  is the molar diffusive flux of solute 

i, and M (=N−2) represents the total number of different solute species. 

 

 

Figure A.1-Conceptual model for coupled fluxes through a homogeneous, charged membrane. 
Redrawn after Yeung (1990) (Malusis 2012) 

In order to represent the isothermal, continuous membrane system that involves diffusion 

and osmosis caused by chemical gradient the equations below come into play: 

� = − −∑                                                                                                               A.=  

= − −∑ , +                                                                                                       A.=  

= − −∑ + , +                                                                                                A.=  
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For a single solute system coupled liquid and solute flux can be written as follows: 

= − ℎ + ℎ                                                                                                               A.  

= ℎ − ∗ + ℎ                                                                               A.  

where the subscript s stands for the solute and indicates sterically hindered by the pore-throat size 

hydrocarbon component and ∗ is the effective self-diffusion coefficient for sterically hindered 

hydrocarbon component. 

 

 

 

 

 

 

 

 

 

 

 

 

 


