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Abstract

:

The transition zone (TZ) of hydrocarbon reservoirs is an integral part of the hydrocarbon pool which contains a substantial fraction of the deposit, particularly in carbonate petroleum systems. Consequently, knowledge of its thickness and petrophysical properties, viz. its pore size distribution and wettability characteristic, is critical to optimizing hydrocarbon production in this zone. Using classical formation evaluation techniques, the thickness of the transition zone has been estimated, using well logging methods including resistivity and Nuclear Magnetic Resonance, among others. While hydrocarbon fluids’ accumulation in petroleum reservoirs occurs due to the migration and displacement of originally water-filled potential structural and stratigraphic traps, the development of their TZ integrates petrophysical processes that combine spontaneous capillary imbibition and wettability phenomena. In the literature, wettability phenomena have been shown to also be governed by electrostatic phenomena. Therefore, given that reservoir rocks are aggregates of minerals with ionizable surface groups that facilitate the development of an electric double layer, a definite theoretical relationship between the TZ and electrostatic theory must be feasible. Accordingly, a theoretical approach to estimating the TZ thickness, using the electrostatic theory and based on the electric double layer theory, is attractive, but this is lacking in the literature. Herein, we fill the knowledge gap by using the interfacial electrostatic theory based on the fundamental tenets of the solution to the Poisson–Boltzmann mean field theory. Accordingly, we have used an existing model of capillary rise based on free energy concepts to derive a capillary rise equation that can be used to theoretically predict observations based on the TZ thickness of different reservoir rocks, using well-established formation evaluation methods. The novelty of our work stems from the ability of the model to theoretically and accurately predict the TZ thickness of the different lithostratigraphic units of hydrocarbon reservoirs, because of the experimental accessibility of its model parameters.
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1. Introduction


In addition to solid minerals, such as sedimentary sources of uranium deposits [1], detrital auriferous deposits [2], and evaporate deposits [3], sediments host energy resources in the form of oil and gas deposits [4,5,6]. In these energy resources hosted geologic systems, several process occur in concert that eventually leads to the accumulation of oil or gas in hydrocarbon reservoirs that have the ability to hold and transmit fluids, thanks to the inherent porosity and permeability respectively [7]. Consequently, in light of the biogenic origin of hydrocarbon fluids [8], organic deposits in the form shale-lithostratigraphic [9,10] units underwent diagenetic transformation with progressive burial through the sedimentary column, eventually forming kerogen as the principal source of oil and gas through thermogenic cracking [11].



Following the generation of oil and gas, subsequent geologic processes that integrate migration through porous rocks result in their accumulation in potential hydrocarbon traps of varying tectonic and stratigraphic characters [12,13], where they are eventually undergo hydrodynamic trapping by low permeability shale-cap stratigraphic units overlying the deposits [14,15]. Within the hydrocarbon column, two distinct zones exist starting from the oil-water contact where a zone of 100% water saturation exists below the deposit. Thus, above the oil-water column, capillary phenomena, mediated by wettability effects cause capillary induced water spontaneous imbibition from the zone of full water saturation to into the hydrocarbon bearing zone. Such a two phase flow process involving a hydrocarbon fluid (oil or gas) cause a height dependent water saturation that decreases to a height where it equals the irreducible water saturation created by hydrocarbon migration in the reservoir [16,17,18,19]. This zone of varying water saturation is the transition zone (TZ) [20,21,22].



The TZ can be extensive, having thicknesses that can reach several hundreds of feet [23,24], depending on the pore size distribution and wettability state of the reservoir rock [25,26]. Within the TZ, the existence of oil and water phases coupled with the possibility of an extensive zone means some petroleum reservoirs can have significant portions of their hydrocarbon accumulations in it. For instance, carbon reservoirs having thick TZ have been known to hots substantial hydrocarbon deposits in the TZ [22]. Consequently, accurate determination of this the thickness of this this zone constitutes a systematic approach to determining producible hydrocarbon in place. Consequently several approaches have been used for the TZ determination involving mathematical modeling (Bera et al., 2016) [21], well logging [27] and numerical simulators [28]. However, petroleum reservoirs are sediments derived from originally existing rocks with aggregarde of minerals that have ionisable surface group when in contact with aqueous phase due to hydrolysis reactions [29]. Consequently, the formation of the lelectric double layer within hydrocarbon reservoirss is possible via dissociation reactions surface ionsable groups of minerals and the pH, zeta potential, free energy, and its thickness affects wettability [30] and capillary imbibition within the TZ.



Within the thermodynamic literature, the analytical solutions to the Poisson Boltzmann Equation (PBE) and its modified forms [31,32] provide fundamental approaches for contimuum electristatics, and permit calculation of the ion distribution, potential distribution and the free energy of the electric doble layer [33]. Also, the derivation of this equation based on Helmholtz free energy is possible [34,35] and the development of a wettability evaluation criterion based on the change in Helmholtz free energy during the spontaneous imbibition process has been demonstrated [36]. Moreover, a first-principle electrostatic based model has been developed and coupled with a multi-fluid computational fluid dynamic (CFD) model to understand the effect of electrostatics on the bulk polymer, polymer fines, and catalyst particles. The model was then successfully applied to a pilot-plant-scale polymerization fluidized-bed reactor [37]. In geologic systems, electrostatics have been coupled to electrokinetic phenomena to develop a model for understanding transport in double-porosity media [38] In the field of tribology, triboelectrification and its underlying mechanisms have been studied over several decades to provide deterministic tools which can aid prediction of their occurrences [39]. Herein, we exploit the analytical solution to the PBE and the concept of free energy of spontaneous imbibition to modify and existing theoretical model that links the thickness of the TZ of hydrocarbon reservoirs to the electrokinetic properties of reservoir rocks, and relevant petrophysical parameters of porosity, permeability and a specific wettability state defined by the contact angle at the point of zero charge of the reservoir rock surface. In addition, we discussed the validity of our model based on the experimental accessibility of model parameters. Our theoretical derivation enables the theoretical interpretation of the prediction of the TZ thickness in a manner that agrees with generalized observations based on well-established formation evaluation methods in the petroleum industry which supports its novelty.




2. Study Background: The Transition Zone in Hydrocarbon Reservoirs


The term transition zone refers to that lower part of a hydrocarbon reservoir column above the free water level (FWL) which containing water saturations above irreducible water saturation with respect to a specific rock type (See Figure 1). Combined capillary action mediated by pore structure and wettability control the development of the TZ by spontaneous imbibition from the zone of 100% water saturation.



Capillary forces are mainly controlled by surface tension, contact angle/wettability, and pore size distribution characteristics. Consequently, spontaneous imbibition in reservoirs is mainly affected by the pore structure, wetting phenomena, fluid properties, and the boundary condition [41,42]. The TZs of oil reservoirs typically produce only water or varying proportions of oil and water [23].



Interest in the TZ stems from its hydrocarbon content, and the potential for its production. In carbonate reservoirs, significant reserves are held in the TZ of an Abu Dhabi carbonate reservoir [22]. Consequently, modeling and simulation of TZ in tight carbonate reservoirs by incorporation of improved rock typing and hysteresis models has been conducted to explore the potential for additional hydrocarbon recovery [22], using petrophysical rock typing method based on pore size distribution decoding techniques where Mercury Intrusion Capillary Pressure Data were critical. Christiansen et al. [43] has experimentally examined the variation of oil saturation with height within the TZ and the link between trapped oil with the help of water-wet glass beads and proppants, where there demonstrated the possibility for oil recover. They demonstrated a considerable possibility for oil recovery from the TZs. They also mentioned that the centrifuge method can be used to establish trapped hydrocarbon relationships and their respective relative permeabilities. Moreover, according to Christiansen et al. (2000) [43], permeability variations and hydrocarbon migration history can provide insight into the saturation distribution and hydrocarbon relative mobility in the zone. Jackson et al. [44], used a 3D pore-scale network model, in addition to conventional reservoir-scale simulation, to demonstrate variation of wettability within an oil/water TZ and its impact on production. Buiting (2011) [45] has proposed an upscaling saturation-height technique to improve TZ characterization for Arab carbonates reservoirs. The review work of Masalmeh et al. (2007) [40] contains a description of the methodology based on extensive experimental measurements and numerical simulation, for modeling both static and dynamic properties in capillary TZs. They (Masalmeh et al. (2007)) [40] also addressed how to calculate initial-oil-saturation distribution in the carbonate fields by reconciling log and core data and taking into account the effect of reservoir wettability and its impact on petrophysical interpretations. Therefore, while significant research work has been devoted to several aspects of TZ, no research work has so far been devoted to modeling the thickness with specific attention to electrostatics albeit the electrostatic phenomena related to the imminent evolution of the electric double layer in such systems control wettability via double layer repulsion [46,47,48]. In what follows, we will endeavor to fill this knowledge gap.




3. Theoretical Foundations


Model Derivation from Free Energy Concepts


The extreme state of non-wetting is characterized by maximum contact angle at the point of zero charge pH [49,50]. Therefore, equilibrium theory of capillary rise related to ionizable surfaces can be conveniently derived based on two distinct steps [51]. Accordingly, the first step uses measurement at the point of zero charge (pzc) for the parameterization of capillary force due to un-ionized groups associated with the negative of gravity forces. The second step combines this empirical force term with the forces predicted by electrical double layer and chemical reaction theory in light of the possibility of free energy quantification in terms of Helmholtz free [34,52]. The extent of electric double layer formation and the associated distribution of ions and potential depend on the degree of ionization of surface groups, which is pH dependent [53]. As the liquid imbibes spontaneously, there is interaction with ionized and unionized surface groups and the total free energy depends on this interaction. Accordingly, the total free energy of imbibition for the case of non-ionized surface groups consist of a gravitation component and an addition term related to the point of zero charge pH. Due to the pH dependent ionization degree, additional free energies accounting for electrostatic and chemical effects are required to define the total free energy of spontaneous imbibition.



Assuming a homogeneous surface with acidic groups, the site dissociation model is applicable [54]:


  ≡ M O H → ≡ M   O   −   +   H   +    



(1)







The dissociation constant is calculated as:


    K   a   1   =     M   O   −     [   H   +   ]   [ ≡ M O H ]    



(2)







In Equations (1) and (2)   ≡ M O H   is the surface ionisable acidic group,   ≡ M   O   −     is the deprotonated surface acidic group,     H   +     is the hydrogen ion,     K   a   1     is then acidic surface group dissociation constant [M],     M   O   −       the surface concentration of deprotonated group [Mm−2],   [   H   +   ]   is the hydrogen ion concentration [M], and   [ ≡ M O H ]   is the surface concentration of ionisable acidic group [Mm2].



Based on a sound mathematical approach formulation based on free energy concepts, the following equation gives the equilibrium capillary rise height [55]:


    h   e q     p H   −   h   p z c   =   2   s ρ g       σ   0     ψ   0   −   ϵ   0     ϵ   r   Κ       2   k   B   T   e       2     c o s h       e ψ   0     2   k   B   T     − 1     −   2   k   B   T   N   s     s ρ g       1 − α   l n   1 − α   + α l n α + α l n     [   H   +   ]  /    K   a   1          



(3)







In which,     h   e q     p H     is the equilibrium rise as a function of pH [m],     h   p z c     is the equilibrium rise at the point of zero charge pH, s is the characteristic dimension of the capillary in which imbibition occurs [m],   ρ   is the density of fluid [kgm3], g is gravitational acceleration [ms−1] is the surface charge density on the surface of the solid in which imbibition occurs [Cm−2],     ψ   0     is then surface potential [V],     ϵ   0     is the permittivity of space [Fm−1],     ϵ   r     is the relative permittivity [-], K is the reciprocal of the Debye length [m−1],     k   B     is Boltzmann constant [JK−1], T is absolute temperature, NS is the number density of ionisable groups on the surface of the solid [m−2], α is the degree of ionization of surface ionisable groups [-],      K   a   1     is dissociation constant for acidic group on the surface of the solid [M], and e is the electronic charge [C].



The degree of ionization is given as:


  α =     σ   0     e   N   s      



(4)







For a cylindrical surface, the solution to the PBE in cylindrical geometry [56,57] permits calculation of the surface charge density as [58]:


  σ =     ϵ   r     ϵ   0     4 π         ψ   0       I   0     Κ R     I   1     Κ R    



(5)




where:


    Κ =     λ   D       − 1   =      ϵ   r     ϵ   0     k   B   T     e   2    ∑    z   1   2     c   ∞         








where zi and ni,∞ are the valence number and bulk density of ion species i.



In Equation (5), K is the reciprocal of the Debye length scale (    λ   D   )   [m−1] and R is the radius of the capillary [m]



The surface potential     ψ   0     is the potential across the electric double layer that can be obtained by using the Nernst equation as [58]:


    ψ   0   =       k   B   T   e   z   +       l n       C   +    /    C   P Z C   +       =       k   B   T   e   z   +       l n       C   P Z C   +    /    C   +        



(6)







In Equation (6),   z   is the valence of cation [-],       C   +     is the concentration of cation [M], and     C   P Z C   +     is the concentration of cation at the point of zero charge pH.



However, since hydrogen and hydroxide ions are the potential determining ions, Equation (6) can be modified as [59]:


    ψ   0   =       k   B   T   e   z   +       l n       C   +    /    C   P Z C   +       =       k   B   T   e   z   +       l n       C   P Z C   +    /    C   +        



(7)







Consequently, following Amadu and Miadonye [60,61], the surface potential can be derived from Equation (7) to give the following Equation:


    ψ   0   =   2.303   k   B   T   e     p   H   p z c   − p H    



(8)







From Equation (4), the model of surface charge density requires knowledge of the cylindrical parallel pores that forms petroleum reservoirs [62]. Assuming mean values for porosity and permeability, the effective mean value can be calculated based on the definition of Leverette radius as [63]:


    R   e f f   =    K   ∅     



(9)







In which     R   e f f     is the effective radius of the porous system [µm], K is the permeability [m2] and   ∅   is the porosity [-].



Combining Equation (5) with Equation (9) gives the surface charge density equation as:


  σ =     ϵ   r     ϵ   0     4 π        ψ   s       I   0     Κ    K   ∅         I 1     Κ    K   ∅       



(10)







The equilibrium capillary rise for a given wettability state defined by a definite contact angle, pore/capillary radius and interfacial tension is calculated as [64,65]:


    h   e q   =   2 γ c o s θ   ρ g r    



(11)







In Equation (11),     h   e q     is the equilibrium height [m],   γ   is the interfacial tension [Nm−], θ is the thermodynamic contact angle [0], ρ is the density of imbibing liquid [kgm−3], and r is the radius of the capillary radius [m].



From Equation (11), the equilibrium height corresponding to the point of zero charge gives:


    h   P Z C   =   2 γ c o s   θ   P Z C     ρ g r    



(12)







For a porous system, r in Equation (12) can be substituted for its equivalent in the case of a porous medium (Equation (8)). Therefore, the second term of Equation (3) can be written based on Equation (9) as:


    h   p z c   =   2 γ c o s   θ   P Z C     ρ g    K   ∅       



(13)







From Equation (8), and Equation (9) the surface charge density Equation (10) can be written as:


  σ =     ϵ   r     ϵ   0     4 π      1     I   0     Κ    K   ∅          2.303   k   B   T   e     p   H   p z c   − p H    I 1     Κ    K   ∅       



(14)







Summarily, Equation (3) can be written as


    h   e q     p H   −   2 γ c o s   θ   P Z C     ρ g    K   ∅      =   2   s ρ g       σ   0     ψ   0   −   ϵ   0     ϵ   r   Κ       2   k   B   T   e       2     c o s h       e ψ   0     2   k   B   T     − 1     −   2   k   B   T   N   s     ρ g    K   ∅          1 − α   l n   1 − α   + α l n α + α l n     [   H   +   ]  /    K   a   1          



(15)







Equation (15) is the modified version of the original equation [3] that integrates the macroscopic parameters of the porous system (hydrocarbon reservoirs in addition to electrostatic parameters of the fluid-solid interface. Therefore, the analytical solution to the PBE, that yields analytical expressions for the surface charge density in cylindrical coordinate permits the application of auxiliary equations specified by Equation (2) through Equation (10), for the calculation of the equilibrium capillary rise in the TZ of the hydrocarbon reservoir and this task will be undertaken for model natural gas reservoir system with a transition zone.





4. Discussions


The applicability of the model equation, Equation (12) depends on the experimental accessibility of its parameters. In classical petroleum reservoir engineering, two distinct types of flow are available in the literature, namely Forces Imbibition (FI) and Spontaneous Imbibition (SI). In the former, a non-wetting phase fluid invades a porous system originally containing a wetting fluid [66] while in the latter; a wetting fluid invades a porous system originally containing a non-wetting phase fluid [67]. As a typical two-phase flow process, the spontaneous imbibition process plays a critical role in numerous practical problems such as oil production from fractured reservoirs [68,69], while the forced imbibition process plays a significant role in environmental remediation strategies related to geological carbon storage in deep saline aquifers [70,71,72]. The formation of the TZ is inherently capillary process driven [66]. Therefore, a model that meaningfully calculates the TZ thickness must contain parameters that reflect two phase flow in porous media related to SI. Accordingly, Equation (12) contains contact angle, interfacial tension and the macroscopic parameters of the porous system, namely porosity and permeability in addition to electrostatic and dielectric properties of the imbibing fluid. Therefore, its applicability will be discussed in the context of its parameters.



4.1. Experimental Accessibility of Model Parameters


Several methods exist for the determination of the point of zero charge pH. For instance, electrokinetic methods involving zeta potential measurements have been used to determine its value for sandstones and sandstone [73] (Jaafar, Nasir, & Hamid, Measurement of Isoelectric Point of Sandstone and Carbonate Rock for Monitoring Water Encroachment, 2014). Samples of rocks can also be used for point of zero charge pH determination, using the pH drift method [74]. In the field of sensors, atomic force microscopy has been used for the determination of the point of zero charge pH [75] as has titrimetric methods [76]. In cases where natural gas systems are hosted by sands with a very high percentage of silica and low clay content similar to that of Fontainebleau sandstone [77], the surface of reservoir rock can be approximated by glass, following which the approach of Amadu and Miadonye (2017) [78], based on spontaneous imbibition can be employed for the determination of the point of zero of charge pH. Surface charge density has been determined using Second Harmonic Generation [79] where signal from nanoparticles is measured as a function of added salt concentration. Experimental results are then fitted to the Gouy-Chapman model and to the numerical solution of the PBE in spherical geometry which accommodates the curvature effect. Also, the surface charge density determination on magnetic colloids has been achieved using Single Potentiometric Method (SPM) and Potentiometric-Conductometric Method (PCM) [80]. Elsewhere, the application of X-ray photoelectron microscopy for the determination of the surface charge density dispersions consisting of SiO2 colloids in 20 mM NaCl and 100 mM KCl electrolyte solutions with a pH between 9 and 2 has also been demonstrated [81]. Accordingly, the determination of surface potential based on this method is also proven [82,83] (Brown, et al., Determination of Surface Potential and Electrical Double-Layer Structure at the Aqueous Electrolyte-Nanoparticle, 2016). In petroleum reservoir engineering, characterization of reservoir rock samples based on Special Core Analysis is a routine procedure which also integrates porosity and permeability Measurement on core plugs using well established procedures in the petroleum industry [84]. Digital pH meters are available for pH measurements with excellent precision across a broad range of industries. The number density of surface ionisable groups has been determined using. The number density of surface ionisable groups, such as silanol has been quantified using deuterium exchange and pH measurement [85,86] (Schrader, et al., Surface chemical heterogeneity modulates silica surface hydration, 2018). Based on proven surface charge density measurement, the degree of ionization can be calculated, using Equation (4). Therefore, the applicability of Equation (12) for the determination of the TZ thickness in hydrocarbon reservoirs is technically feasible.




4.2. Applicability


In Equation (15), the second term on the right-hand contains rock and fluid properties, namely contact angle, porosity, permeability and interfacial tension, and it derivation relates to spontaneous imbibition flow. The TZ develops in both oil [87], and natural gas systems [21], and in a hydrologic system where it is called the vadose zone [88]. In hydrocarbon systems, hydrocarbon columns formed by oil migration into hydrocarbon traps are water wetting, and spontaneous imbibition into these zones by bottom aquifers [89] and adjacent aquifers [90] is feasible. Consequently, Equation (15) applies to all hydrocarbon reservoirs. Moreover, in both water and hydrocarbon zones, the surfaces of rock minerals with ionisable surface groups were originally covered and wetted by formation brine and the spontaneous development of the electric double was feasible. Therefor the application of an electrostatic based approach for the theoretical calculation of the TZ in this paper is scientifically meaningful, given the universal validity of the mean field continuum electrostatic theory and its application to wettability problems in geologic systems [60] and to a broad spectrum of scientific problems [91,92].




4.3. Implication of Model for Different Lithology


The thickness of the TZ depends on several properties including the hydrocarbon density, the reservoir pore sizes distribution etc., and can range from a few meters to several hundreds of meters [21,93]. Equation (15) can be arranged to give the following Equation (16):




     h   e q     p H   =   2   s ρ g       σ   0     ψ   0   −   ϵ   0     ϵ   r   Κ       2   k   B   T   e       2     c o s h       e ψ   0     2   k   B   T     − 1     −   2   k   B   T   N   s     ρ g    K   ∅          1 − α   l n   1 − α   + α l n α + α l n         H   +      /    K   a   1         +   2 γ c o s   θ   P Z C     ρ g    K   ∅        









Chalk has been known to be one of the major lithologies for North Sea petroleum reservoirs. Chalk reservoirs have on average thicker TZs compared to other reservoirs, and the free water level (FWL) in chalk reservoirs in the North Sea may be hard to establish owing to strong influence from capillary forces [94]. Also, argillaceous chalk intervals within North Sea petroleum systems are characterized by matrix permeabilities as low as 0.2 mD and therefore they are defined as tight chalks [95]. From Equation (15), hydrocarbon reservoirs with small effective pore throat radii characteristic of North Sea systems described above will have averagely thicker TZ, and such thicknesses will be controlled by pore size distribution as acknowledged [90].





5. Summary and Conclusions


The TZ is an integral part of the hydrocarbon reservoir that can contain significant proportions of oil in place, particularly for carbonate systems. In the past, production from the TZ was not a motivation for operators because of excessive produced water that increased production cost [44]. With the exponential trends in the demand for hydrocarbon fluids both for energy and for other industrial processes of economic and technological importance, optimization of production output is becoming the major concern for the petroleum industry. In the past, well logging methods have been used to determine the TZ thickness by noting resistivity variation with depth in the hydrocarbon column [24]. Recently, Abiola et al. [20] carried out a systematic analysis of the TZ, using capillary pressure data. Also, Abdulkarim et al. [93] have used high temperature susceptibility measurement to determine the thickness of the TZ. Given the intimate relationship between continuum electrostatic theory that has its foundation on the analytical solution to the PBE and the thermodynamic free energy related to spontaneous imbibition, we have modified an existing model to show how electrostatic theory can be applied for the determination of the TZ thickness. Given the lack of research work related to coupling of electrostatic phenomena in geologic systems to the TZ of hydrocarbon reservoirs, our research work fills the knowledge gap. Ocean tides have been known to affect the thickness of the TZ. In the derivation of our model, we exclude tidal effect. The following sum up the conclusion of this research work:




	
Electrostatic theory based on the analytical solution to the Poisson Boltzmann equation provide a sound theoretical foundation for exploiting the spontaneous imbibition mechanism for determination of the oil-water transition zone,



	
The model Equation obtained in this research work contains parameters that are experimentally accessible,



	
The research work fills the knowledge gap related to the application of electrostatic theory to the thickness of the oil-water transition zone,



	
Our model provides a solid foundation for the experimental determination of the transition zone thickness in an integrated manner like how the fundamental Darcy equation has laid down the foundation for permeability determination using Hassler core holder,



	
Our model provides a generalized theoretical approach to predicting the transition zone thickness in line with observations using well established formation evaluation methods in the petroleum industry.









6. Future Work


Our theoretical model provokes interest in electrostatic based models of the transition zone of hydrocarbon reservoir. We intend to advance our course in our next research work. The electrostatics of geologic systems falls within surface complexation in geochemistry [95]. Ionisation of surface ionisable groups of minerals and the formation of the electric double layer constitute geochemical reactions. Moreover, geochemical reaction codes are divided into two general categories: namely, speciation-solubility codes and reaction codes [94]. Reaction codes include the capabilities to calculate aqueous speciation in addition to calculating surface concentrations of ionisable groups which permits calculation of the equilibrium constant defined by Equation (2). We intend to advance our research in the context of these well-established geochemical models, which will afford us the opportunity to numerically determine the transition zone thickness of hydrocarbon reservoirs, given the experimental accessibility of its model parameters.
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