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Abstract

:

The seismoelectric effect of porous media is the main basis for seismoelectric logging. At present, most of the studies on the seismoelectric effect in unsaturated porous media adopt the model of pores with continuous distribution of gas and liquid. There is a lack of theoretical research on the micro mechanism of the seismoelectric effect of unsaturated porous media with discrete gas phase, and the existing studies do not consider the effect of the electric double layer at the gas–liquid interface on the seismoelectric effect. Based on the capillary model, this work adopted the gas phase discrete model, combined the electric double layer theory and the seepage principle, considered the effect of electric double layer at the pore wall and the gas–liquid interface, and studied the micro principle of the seismoelectric effect of unsaturated porous media. Firstly, we studied the variation of gas–water two-phase flow pattern with saturation in unsaturated pores, then proposed the equivalent principle of series circuits, deduced the effective streaming current and conductance of a pore containing multiple bubbles, and then deduced the streaming potential coupling coefficient in the unsaturated pores. We also studied the effect of pore parameters such as saturation, pore size, bubble spacing, pore fluid viscosity, and salinity on the streaming potential coupling coefficient. The results show that the streaming potential coupling coefficient first increases and then decreases with the decrease in saturation, which is the same as the trend measured in Allègre’s experiment, and provide a theoretical explanation for the non-monotonic change in the coupling coefficient with saturation in unsaturated porous media.
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1. Introduction


The seismoelectric effect is the conversion from acoustic energy to electrical energy in porous media, and is mainly caused by the electric double layer in the pore. For unsaturated porous media, there is an electric double layer at the gas–liquid interface, which cannot be ignored when studying the seismoelectric effect of unsaturated porous media.



The studies on the mechanism of the seismoelectric effect in saturated porous media are quite mature, and these studies provide a theoretical basis for the study of the seismoelectric effect in unsaturated pores. In 1953, Packard proposed a micro model of electromagnetic field induced by acoustic field in the capillary pore, and calculated the streaming potential coupling coefficient [1]. In 1989, Pride also investigated the seismoelectric conversion in the capillary, deducing the coupling coefficient [2]. In 1991, Pride deduced the electrokinetic coupling coefficient in slit-like pores, and studied the energy dissipation problems caused by the seismoelectric effect [3]. In 1994, Pride deduced the macroscopic coupling governing equations of the acoustic field and the electromagnetic field in a porous medium, which provide a theoretical basis for the study of the seismoelectric effect [4]. From 2010 to 2012, Glover et al. modified the classical HS equation by using the empirical formulas of zeta potential, conductivity, viscosity, and other parameters, and proposed a new expression of the streaming potential coupling coefficient [5,6].



A lot of studies have also been carried out on the seismoelectric effect of unsaturated porous media. In 1994, Wurmstich studied the coupling coefficient of streaming potential in unsaturated porous media [7]. He suggested that bubbles would reduce the conductivity of pore fluid and would produce an amplification factor for the coupling coefficient. His theory did not consider the influence of bubbles on streaming current and lacked strict theoretical derivation. Revil and Darnet modified the conductivity of the HS equation of saturated porous media according to Archie’s theorem, and they suggested that the coupling coefficient is inversely proportional to the water saturation [8,9]. In 1999, Pirrier gave the empirical formula of streaming potential coupling coefficient of unsaturated porous media, considering the influence of water phase permeability [10]. He suggested that the coupling coefficient is positively related to saturation. In 2007, Revil and Linde deduced the electrokinetic coupling coefficient of unsaturated porous media [11,12], and the streaming current was obtained by multiplying the volume average of net residual charge density and the seepage velocity of aqueous phase, which is inconsistent with that obtained through Slattery volume average [13]. From 2010 to 2015, Allègre conducted periodic drainage experiments and proposed an empirical formula for the streaming potential coupling coefficient according to the experimental measurement data [14,15,16]. Allègre suggested that the streaming potential coupling coefficient first increases and then decreases with the decrease in water saturation, but he did not give a specific mathematical model for his theory.



The current studies about the seismoelectric effect of unsaturated porous media mainly adopt the model that the gas and liquid phases are respectively continuous [8,9,10,11,12,13]. According to the experiment of Serizaw in 2002 [17], the gas and water phases in the unsaturated porous media have various flow patterns: not only the gas phase continuous annular flow and liquid mass flow, but also the gas phase discrete bubbly flow and slug flow, so the model that the gas and liquid are respectively continuous is not suitable for all cases of acoustoelectric conversion in unsaturated porous media, and there is a lack of research on the seismoelectric effect in gas phase discrete unsaturated porous media. From 2007 to 2013, Sherwood studied the seismoelectric effects in a single capillary whose gas phase is discrete and calculated the streaming potential coupling coefficient [18,19,20]. However, Sherwood only studied the pore containing a single bubble, and the bubble and liquid do not move synchronously in his model, which is inconsistent with the actual model. According to Creux’s research, although there is an electric double layer at the gas–liquid interface [21], the existing theory does not consider the influence of the double electric layer at the gas–liquid interface on the seismoelectric effect [7,8,9,10,11,12,13].



Based on the above background, this work firstly studied the micro mechanism of acoustoelectric conversion in gas phase discrete unsaturated pores under the excitation of a steady acoustic field. Using the capillary model [22], we studied the change in gas–liquid two-phase flow pattern in the pore with saturation. Considering the influence of the electric double layer at the gas–liquid interface, using the boundary conditions satisfied by the gas–liquid surface in Refs. [23,24], we proposed the principle of series circuit equivalence to calculate the effective streaming current and conductance of the bubbly flow and the slug flow, and further deduced the streaming potential coupling coefficient in the pore under the excitation of a steady acoustic field. We mainly studied the influence of saturation on the seismoelectric effect, and the effect of other parameters such as pore size, bubble spacing, viscosity, and salinity on the coupling coefficient of the capillary was also investigated. This work provides a theoretical explanation on the micro level for the non-monotonic change in streaming potential coupling coefficient with saturation, and also provides theoretical guidance for the further study of the macro seismoelectric effect of gas phase discrete unsaturated porous media, which can further explain some physical phenomena in the process of seismoelectric logging.




2. Materials and Methods


The gas–water two-phase flow pattern in the pores of unsaturated porous media is related to various formation parameters, such as saturation, pore structure, pore size, water phase flow velocity, and pore wettability. In 2002, Serizaw [17] used a high-speed camera system to observe the flow pattern in a micro cylindrical silicon tube. The flow pattern is mainly divided into gas phase discrete bubbly flow, slug flow, gas phase continuous annular flow, and liquid mass flow, which is very similar to the gas–water two-phase flow pattern in the pore.



In Serizaw’s experiments, when the content of the gas phase is low in the micro tube, the stiffness of the bubbles is high, and the bubbles always remain spherical, making the coalescence lose its foundation, and there is bubbly flow in the pore at this time. To simplify the model, we make the following assumptions:




	
spherical bubbles are located on the pore axis;



	
the bubbles are the same size;



	
bubble spacing is the same.








The simplified bubbly flow model in the pore is shown in Figure 1.



When the content of the gas phase in the pore is high, and the velocity of the long bubbles is not enough to overcome the strong surface tension of the liquid bridge between them, a slug flow occurs. The bubbles are cylindrical with two hemispherical tail caps, and the size is larger than the pore radius, known as the Bretherton bubble [25]. At this time, the bubbles are located on the pore axis, and the size and spacing of the bubbles are the same. The slug flow model in the pore is shown in Figure 2.



The unsaturated pore model studied in this paper is as follows:




	
the liquid phase is continuous and the gas phase is discrete;



	
the bubbles are non-sticky, and their presence does not affect the flow of the liquid;



	
the bubbles are not deformed, move synchronously with the liquid, and the distance between the bubbles is the same;



	
when the saturation is high, the gas phase is dominated by spherical bubbles and, as the saturation decreases, the bubbles gradually become larger and become Bretherton bubbles.








2.1. Equivalent Principle of Series Circuit


The starting position between two bubbles in the pore can be regarded as a unit, and the effective streaming current and conductivity of each unit can be regarded as the effective streaming current and conductivity of two-phase flow pores. Each unit can be divided into two parts, one part contains bubbles and the other part does not contain bubbles. The calculation of the effective streaming current and conductance in each unit can be carried out by analogy with the principle of series circuits. The study in this paper is based on steady conditions, so the generated electric field in the pore is a steady electric field.



Some parameters used in this paper are shown in Table 1 below.



The subscript  g  indicates the parameters of the gas bearing part. The subscript  w  represents the parameter of the gas free part. The subscript  e  indicates the effective parameter in the pore.



The current of the part containing bubbles can be expressed as:


   I g  =  C g  ∇  P g  +  S g  ∇  φ g   



(1)







The current in the part without bubbles is:


   I w  =  C w  ∇  P w  +  S w  ∇  φ w   



(2)







The effective current of the whole unit is:


   I e  =  C e  ∇  P e  +  S e  ∇  φ e   



(3)







In a series circuit, the current is equal everywhere, so:


   I g  =  I w  =  I e   



(4)






   C g  ∇  P g  =  C w  ∇  P w  =  C e  Δ  P e   



(5)






   S g  ∇  φ g  =  S w  ∇  φ w  =  S e  Δ  φ e   



(6)







The total acoustic pressure drop of the unit is equal to the sum of the acoustic pressure drop of each part:


  ∇  P e  ⋅ L = ∇  P g  ×  L g  + ∇  P w  ×  L w   



(7)







The total voltage drop of the unit is equal to the sum of the voltage drops of each part:


  ∇  φ e  ⋅ L = ∇  φ g  ×  L g  + ∇  φ w  ×  L w   



(8)







 L  is the unit length,    L g    is the length of the part with bubbles,    L w  = L −  L g    is the length of the part without bubbles.



So, we can deduce that:


   S w  ∇  φ w  =  S e  ( ∇  φ w     L w   L  + ∇  φ w     σ w     σ e       L g   L  )  



(9)







We can further obtain the effective conductance of the unit:


   S e  =    S w   S g    (  L w  / L )  S g  + (  L g  / L )  S w     



(10)







Similarly, the effective streaming current coupling coefficient of the element is deduced:


   C e  =    C s   C w    (  L w  / L )  C s  + (  L s  / L )  C w     



(11)








2.2. Seismoelectric Effect of Bubbly Flow


When the saturation in the pore is high, there is bubbly flow in the pore. Using the boundary conditions of the acoustic field in the literature [23,24]: the liquid and the gas velocity at the interface are the same, the gas has no viscosity and does not affect the velocity of the liquid, and the water phase velocity is:


  v ( r ) = Δ P / 4 η × (  R 2  −  r 2  )  



(12)







The distribution of ions in the electric double layer on the surface of the pore wall [4,26] can be obtained:


   n  s 1 i   ( r ) =  n  i 0   exp ( −   e  z i   ψ  s 1     k T   )  



(13)







   ψ  s 1   = ς  e  − y / d    ,   y = R − r  ,   d =     ε  k b  T   2  e 2   N l       , and   ς = 0.008 + 0.026 ⋅ log (  C 0  )  .



There is an electric double layer at the gas–liquid interface [21], and the shear potential    ς d    ranges from −20 mv to −40 mv. Distribution of ions in the electric double layer on the surface of spherical bubbles is:


   n  s 2 i   ( r ) =  n  i 0   exp ( −   e  z i   ψ  s 2     k T   )  



(14)







   ψ  s 2   =  R c   ς d     e  κ (  R c  −  r s  )      r s     ,   κ =      e 2    ε k T     ∑  i = 1  N    z i 2   n  i 0        , and    r s  =    r 2  +  z 2     .



The streaming current generated by the electric double layer near the pore wall [18] is:


   I w  = − 2 π R ε ( d v / d y )  |  y = 0      ∫ 0 ∞   (  d 2  ψ / d  y 2  ) y d y    = − 2 π R ε ζ ( d v / d y )  |  y = 0    



(15)




where   ( d v / d y )  |  y = 0   = Δ P / ( 2 η ) × R  .



There is no motion of the fluid near the spherical bubble surface relative to the gas–liquid interface, so the electric double layer at the bubble surface does not contribute to the streaming current.



We can obtain the conductance of the region with the bubbles:


   S s  =  S  s 1   +  S  s 2    



(16)







   S  s 1     is the conductance near the pore wall, which is calculated according to Ref. [3]:


   S  s 1   =   ∫   σ  s 1   d  V s     /  R c   



(17)







   S  s 2     is the conductance near the surface of the spherical bubble:


   S  s 2   =   ∫   σ  s 2   d  V s     /  R c   



(18)







   σ  s i   = e v [  u +   n  s i +   ( r ) +  u −   n  s i −   ( r ) ]  ,    V s    is the volume of liquid in the region where the bubble is located,    R c    is the bubble radius.



The conductance of the bubble-free region of the unit is:


   S w  =   ∫   σ  s 1   d  V w      



(19)







   V w    is the volume of liquid in the region without bubbles.



The relationship between spherical bubble radius and water saturation is:


   R c  =   [   3 ( 1 −  s w  )  R 2  L  4  ]   1 / 3    



(20)







We can deduce the effective conductance of the bubbly flow unit:


   S  s b   =    S s   S w    (  L w  / L )  S s  + (  L s  / L )  S w     



(21)







When the acoustic pressure gradient of each section in the bubbly flow unit is 1, the streaming current coupling coefficient is equal to the streaming current:


   C  s b   =  I w   



(22)







Then, we can deduce the effective streaming potential coupling coefficient of the bubbly flow:


   L  s b   =    C  s b      S  s b      



(23)








2.3. Seismoelectric Effect of Slug Flow


With the decrease in water saturation in the pore, the bubble gradually becomes larger and, to a certain extent, the bubble becomes a Bretherton bubble [25], and there is slug flow in the pore.



The relative velocity of the fluid near the gas–liquid interface of the cylindrical bubble is:


   v 1  ( r ) = Δ P / 4 η × (  R c 2  −  r 2  )  



(24)







The distribution of ions near the gas–liquid interface of the cylindrical bubble is:


   n  c i   =  z i   n  i 0   exp ( −   e  z i   ψ c    k T   )  



(25)







   ψ c  =  ς d   e  − x / d    ,   d =     ε  k b  T   2  e 2   N l       , and    ς d  = − 0.03 V  .



The streaming current of the part where the cylindrical bubble is located is:


   I  c b   =  I c  +  I w   



(26)







   I c    is the streaming current generated by the electric double layer near the surface of the cylindrical bubble:


   I c  = − 2 π  R c  ε ( d  v 1  / d r )  |  y =  R c       ∫ 0 ∞   (  d 2  ψ / d  r 2  ) y d y    = − 2 π  R c  ε  ζ d  ( d  v 1  / d r )  |  r =  R c     



(27)




where   ( d v / d y )  |  y = 0   = Δ P / ( 2 η ) × R  .



The conductance of the part containing the cylindrical bubble is:


   S c  =  S  c w   +  S  c b    



(28)







   S  c w     is the conductance generated by the pore wall electric double layer:


   S  c w   =   ∫   σ  s 1   d  V c      



(29)







   S  c b     is the conductance near the surface of the cylindrical bubble:


   S  c b   =   ∫   σ  c b   d  V c      



(30)







   σ  c b   = e v [  u +   n  c +   ( r ) +  u −   n  c −   ( r ) ]  ,    V c    is the volume of liquid in the area where the cylindrical bubble is located.



The relationship between the length of the cylindrical bubble part and the water saturation is:


  l =   ( 1 −  s w  )  R 2  L −  4 3   R c 3     R c 2     



(31)







The slug flow unit can be regarded as a bubbly flow unit connected with a cylindrical bubble part. According to the equivalent principle of series current, we can deduce the effective streaming current coupling coefficient of the slug flow unit:


   C  b b   =    C w   C  c b     (  L c  / L )  C w  + (  L  s b   / L )  C  c b      



(32)







The effective conductance of a bubbly flow unit is:


   S  s b   =    S s   S w    (  L w  /  L  s b   )  S s  + (  L s  /  L  s b   )  S w     



(33)







   L w  = L − l − 2  R c   , and    L  s b   = L − l  .



We can deduce the effective conductance in the slug flow:


   S  b b   =    S  s b    S c    ( l / L )  S  s b   + (  L  s b   / L )  S c     



(34)







When the acoustic pressure gradient of each section in the slug flow unit is 1, the streaming current is equal to the streaming current coupling coefficient. So, we can deduce the effective streaming potential coupling coefficient of the slug flow:


   L  b b   =    C  b b      S  b b      



(35)









3. Simulation and Discussion


We first study the streaming potential coupling coefficient in pores under the condition of bubbly flow when the saturation is high, investigate the influence of pore size, bubble spacing, viscosity, and salinity, and focus on the variation of the coupling coefficient with saturation.



Figure 3 studies the influence of saturation on the streaming potential coupling coefficient of the capillary under the condition of bubbly flow. It can be seen from the figure that the coupling coefficient gradually increases with the decrease in water saturation. The gas is non-conductive, and with the decrease in saturation, the bubble volume increases, the effective conductance of pore fluid decreases, the coupling coefficient is inversely proportional to the conductance, and the streaming current in the pore is almost unchanged, so the coupling coefficient will increase.



Figure 4 investigates the effect of the pore size on the streaming potential coupling coefficient of the capillary under the condition of bubbly flow. The pore radius is taken as 0.2    μ m   , 0.4    μ m   , 0.6    μ m   , 0.8    μ m   , and 1    μ m   , respectively. It can be seen from the figure that the coupling coefficient gradually increases with the increase in pore radius. As the pore size increases, the streaming current will increase and the change of pore fluid conductivity is very small, so the coupling coefficient will become larger.



Figure 5 studies the effect of pore fluid salinity on the streaming potential coupling coefficient of the capillary under the condition of bubbly flow. The salinity is taken as 0.015 mol/L, 0.03 mol/L, 0.045 mol/L, 0.06 mol/L, and 0.075 mol/L, respectively. It can be seen from the figure that with the increase in salinity, the coupling coefficient gradually decreases. As the salinity of the pore fluid increases, the shear potential of the electric double layer will decrease, and the streaming current will decrease, so the coupling coefficient will decrease.



Figure 6 investigates the effect of pore fluid viscosity on the streaming potential coupling coefficient of the capillary in the bubbly flow case. The viscosity is taken as 0.001   Pa ⋅ s  , 0.002  Pa ⋅ s  , 0.003   Pa ⋅ s  , 0.004   Pa ⋅ s  , and 0.005   Pa ⋅ s  , respectively. It can be seen from the figure that as the viscosity increases, the coupling coefficient gradually decreases. With the increase in viscosity, the seepage velocity of pore fluid will decrease, and the gradient of pore fluid seepage velocity will decrease, so the streaming current will decrease, resulting in the decrease in coupling coefficient.



Figure 7 studies the effect of the bubble spacing on the streaming potential coupling coefficient of the capillary in the condition of bubbly flow. The bubble spacing is taken as    R 0   ,   2  R 0   ,   3  R 0   ,   4  R 0   , and   5  R 0   , respectively, and    R 0  =  1   μ m   . It can be seen from the figure that with the increase in the bubble distance, the coupling coefficient gradually increases. Under the same saturation, when the bubble spacing becomes larger, the effective conductance of the pore fluid becomes smaller, and the coupling coefficient becomes larger.



We also studied the streaming potential coupling coefficient in the pore under the condition of slug flow when the saturation is low, investigated the effect of pore size, water film thickness, pore fluid viscosity, and salinity, and mainly investigated the change in coupling coefficient with saturation.



Figure 8 studies the influence of saturation on the streaming potential coupling coefficient of the capillary in the slug flow case. It can be seen from the figure that the coupling coefficient gradually decreases with the decrease in saturation. As the saturation decreases, the effective conductance of the pore liquid decreases, but the direction of the relative velocity of the fluid near the gas–liquid surface of the cylindrical bubble is opposite to the direction of the seepage velocity of the pore liquid, and the streaming current generated near the gas–liquid surface is opposite that near the pore wall. With the decrease in water saturation, the effective streaming current in pore fluid decreases, so the coupling coefficient decreases.



Figure 9 investigates the effect of water film thickness on the streaming potential coupling coefficient of the capillary under the condition of slug flow. The water film thickness is taken as   0.1 R  ,   0.12 R  ,   0.14 R  ,   0.16 R  , and   0.18 R  , respectively,  R  is the radius of the pore. It can be seen from the figure that with the increase in the water film thickness, the coupling coefficient gradually decreases. When the thickness of the water film increases, under the same water saturation, the length of the cylindrical part of the bubble will increase, resulting in the decrease in the effective streaming current in the pore, so the coupling coefficient will decrease.



Figure 10 studies the influence of pore size on the streaming potential coupling coefficient of the capillary under slug flow. The pore radius is taken as 0.2   μ m   , 0.4   μ m   , 0.6   μ m   , 0.8    μ m   , and 1   μ m   , respectively. It can be seen from the figure that the coupling coefficient gradually increases with the increase in pore radius. As the pore radius increases, the streaming current will increase, and the change in pore fluid conductivity is small, so the coupling coefficient will become larger.



Figure 11 investigates the effect of fluid salinity on the streaming potential coupling coefficient of the capillary in the slug flow case. The salinity is taken as 0.015 mol/L, 0.03 mol/L, 0.045 mol/L, 0.06 mol/L, and 0.075 mol/L, respectively. It can be seen from the figure that the coupling coefficient gradually decreases with the increase in salinity. With the increase in pore fluid salinity, the shear potential of the electric double layer and the streaming current will decrease, so the coupling coefficient will decrease.



Figure 12 studies the effect of pore fluid viscosity on the streaming potential coupling coefficient of the capillary under the condition of slug flow. The viscosity is taken as 0.001   Pa ⋅ s  , 0.002   Pa ⋅ s  , 0.003   Pa ⋅ s  , 0.004   Pa ⋅ s  , and 0.005   Pa ⋅ s  , respectively. It can be seen from the figure that as the viscosity increases, the coupling coefficient gradually decreases. With the increase in viscosity, the seepage velocity of pore fluid will decrease, and the gradient of pore fluid seepage velocity will decrease, so the streaming current will decrease, resulting in the decrease in the coupling coefficient.



It can be seen from Figure 3 and Figure 8 that, as the saturation decreases, the streaming potential coupling coefficient of the capillary first increases and then decreases. Figure 13 is a comparison between the simulation in this work and some experimental results in Ref. [14]. The black curve is the simulation result of this paper, and the blue points are part of the experimental result from Ref. [14]. The change trends with saturation are the same, which can prove the correctness of this work.




4. Conclusions


At present, there is a lack of research on the seismoelectric effect of unsaturated porous media in the gas phase discrete case, and the existing theory does not consider the influence of the electric double layer at the gas–liquid interface on the electrokinetic effect [7,8,9,10,11,12,13]. In this work, we considered the influence of the electric double layer at the solid–water interface and the gas–water interface at the same time, and proposed the equivalent principle of series circuits to study the basic principle of the seismoelectric effect in the gas phase discrete pore under the excitation of a steady acoustic field. Through simulation and analysis, the following conclusions can be drawn:




	
When the saturation is high, there is a bubbly flow in the pore. At this time, the streaming potential coupling coefficient is mainly affected by parameters such as saturation, bubble spacing, pore size, salinity, and viscosity. The bubble spacing and pore radius are positively correlated with the coupling coefficient of the capillary; saturation, salinity, and viscosity are negatively correlated with the coupling coefficient of the capillary.



	
When the saturation gradually becomes smaller, there is a slug flow in the pore. At this time, the streaming potential coupling coefficient is mainly affected by parameters such as saturation, water film thickness, pore size, salinity, and viscosity. Among them, saturation and pore size are positively correlated with the coupling coefficient of the capillary; water film thickness, salinity, and viscosity are negatively correlated of the coupling coefficient of the capillary.



	
With the decrease in saturation, the two-phase flow pattern in the pore changes from bubbly flow to slug flow, and the corresponding streaming potential coupling coefficient increases first and then decreases, which is the same as the change trend measured in Allègre’s experiments, and this work explains this phenomenon theoretically for the first time.
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Figure 1. Bubbly flow in the pore. 
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Figure 2. Slug flow in the pore. 






Figure 2. Slug flow in the pore.



[image: Electronics 12 00072 g002]







[image: Electronics 12 00072 g003 550] 





Figure 3. Variation of streaming potential coupling coefficient with saturation (bubbly flow). 






Figure 3. Variation of streaming potential coupling coefficient with saturation (bubbly flow).



[image: Electronics 12 00072 g003]







[image: Electronics 12 00072 g004 550] 





Figure 4. Influence of pore size on streaming potential coupling coefficient (bubbly flow). 






Figure 4. Influence of pore size on streaming potential coupling coefficient (bubbly flow).



[image: Electronics 12 00072 g004]







[image: Electronics 12 00072 g005 550] 





Figure 5. Influence of salinity on streaming potential coupling coefficient (bubbly flow). 
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Figure 6. Influence of viscosity on streaming potential coupling coefficient (bubbly flow). 
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Figure 7. Influence of bubble spacing on streaming potential coupling coefficient (bubbly flow). 
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Figure 8. Variation of streaming potential coupling coefficient with saturation (slug flow). 
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Figure 9. Influence of water film thickness on streaming potential coupling coefficient (slug flow). 
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Figure 10. Influence of pore size on streaming potential coupling coefficient (slug flow). 
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Figure 11. Influence of salinity on streaming potential coupling coefficient (slug flow). 
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Figure 12. Influence of viscosity on streaming potential coupling coefficient (slug flow). 
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Figure 13. Comparison between simulation and Allègre’s experiment. 
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Table 1. Model parameters.
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Model Parameters






	
    I i    

	
Streaming current




	
    C i    

	
Streaming current coupling coefficient




	
   ∇  P i    

	
Acoustic pressure difference




	
    S i    

	
Conductance




	
   ∇  φ i    

	
Streaming potential difference




	
    σ i    

	
Conductivity




	
  η  

	
Viscosity of pore fluid




	
  ς  

	
Shear potential




	
  ψ  

	
Electrostatic potential of electric double layer




	
  L  

	
Streaming potential coupling coefficient




	
    s w    

	
Saturation




	
  d  

	
Debye length




	
  ε  

	
Dielectric constant




	
    k b    

	
Boltzmann constant




	
  e  

	
Electron charge
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