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Abstract

:

At present, the imbibition behavior in tight rocks has been attracted increasing attention since spontaneous imbibition plays an important role in unconventional oil and gas development, such as increasing swept area and enhancing recovery rate. However, it is difficult to describe the imbibition behavior through imbibition experiment using tight rock core. To characterize the imbibition behavior, imbibition and drainage experiments were conducted among water, oil, and gas phases in a visible circular capillary tube. The whole imbibition process is monitored using a microfluidic platform equipped with a high frame rate camera. This study conducts two main imbibition experiments, namely liquid-displacing-air and water-displacing-oil experiments. The latter is a spontaneous imbibition that the lower-viscosity liquid displaces the higher-viscosity liquid. For the latter, the tendency of imbibition rate with time does not match with previous model. The experimental results indicate that it is unreasonable to take no account of the effect of accumulated liquid flowing out of the capillary tube on imbibition, especially in the imbibition experiments where the lower-viscosity liquid displaces the higher-viscosity liquid. A mathematical model is established by introducing an additional force to describe the imbibition behavior in capillary tube, and the model shows a good prediction effect on the tendency of imbibition rate with time. This study discovers and analyzes the effect of additional force on imbibition, and the analysis has significances to understand the imbibition behavior in tight rocks.
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1. Introduction


At present, horizontal wells and hydraulic fracturing are two key technologies for developing tight oil and gas reservoirs [1,2]. However, due to both fast water breakthrough and production decline, the recovery rate of oil and gas is typically less than 10% [3,4]. In tight rocks, the imbibition behavior is strongly affected by the capillary force, where the pore throat size is less than 1 μm [5], and improving water imbibition in fracture and porous matrix can enhance the recovery rate after fracturing. In order to predict oil and water flow in small pores, it is necessary to establish a numerical solution of imbibition rate in the regular-shaped visual model, which considers the influence of viscosity, interfacial tension, and pore diameter on imbibition rate.



Imbibition behavior and its factors through laboratory experiments using single channels have been studied for a long time. Mathematical models have been proposed to describe the imbibition behavior, among which the most classical formulas are Washburn equation and Poiseuille equation [6]. As early as 1921, Lucas (1918) [7] and Washburn (1921) [8] mathematically described the capillary phenomenon in a vertically placed circular tube. In this study, the tube diameter was small enough to ignore the influence of gravity, and the Washburn equation was obtained on basis of Poiseuille equation under the condition that only viscous and capillary forces were considered. Similarly, the equation is consistent with that in a horizontal single channel. Washburn equation and Poiseuille equation are respectively shown as Equations (1) and (2).


   L 2  =   R σ · cos θ   2 μ   · t  



(1)






  q =   π  R 4  Δ P   8 μ Δ L    



(2)







Therein,  R  represents radius of circular single channel;  μ  indicates the liquid viscosity;  L  represents the imbibition distance at the corresponding imbibition time  t ;  θ  is the contact angle;  σ  indicates surface tension;  q  denotes volume rate of flow;   Δ P / Δ L   represents pressure gradient along the direction of the circular single channel.



Equation (1) not only shows a linear relationship between the imbibition distance and the square root of time, but also gives an idea to establish a mathematical model which describes the imbibition behavior that one liquid displaces another liquid. In the liquid-liquid imbibition, viscous force comes from the flow of displacing phase and displaced phase. Considering an extra applied pressure drop, Poiseuille mathematical model for liquid-liquid imbibition is shown as Equation (3) [6].


   1 8   (   P c  + Δ  P applied   )  ·  R 2  t =  1 2  (  μ w  −  μ nw  )  L 2  +  μ nw  ·  L channel  · L  



(3)







Therein,    P c    represents capillary force;   Δ  P  a p p l i e d     indicates an extra applied pressure drop;    μ w    and    μ  n w     represent the viscosity of wetting phase and non-wetting phase respectively;    L  c h a n n e l     is the length of circular single channel.



As shown in Equation (3), general studies of displacement in artificial core or micro model were conducted in the context that an extra pressure drop is applied [9,10]. However, spontaneous imbibition, which refers to the wetting phase flowing spontaneously into the porous media or single channel and displacing the non-wetting phase only by the capillary force [11], does not consider the extra pressure. Therefore, Equation (3) becomes Equation (4) after introducing the equation of capillary force.


    σ R c o s θ  4  t =  1 2  (  μ w  −  μ  n w   )  L 2  +  μ  n w   ·  L  c h a n n e l   · L  



(4)







Equation (4) shows that the imbibition distance as a function of time is mainly related to the length and diameter of the single channel, contact angle, interfacial tension and wettability [12,13]. Wang et al. (2019) [12] proposed a semi-analytical mathematical model characterizing co-current spontaneous imbibition that water imbibes into oil-saturated tight sandstone, and found that the larger the maximum pore radius is, the higher the initial imbibition rate is.



Since this semi-analytical mathematical model is established on basis of a circular capillary tube model, the effect of radius on the imbibition rate is same to that in single-channel model. Hilpert (2009a; 2009b) [14,15] derived semi-analytical solutions to liquid imbibition into horizontal and inclined tubes which considers the dynamic contact angle based on the power law and series models, and these two semi-analytical solutions considered the gravity of liquid due to the large diameter of the circular tube.



Soares et al. (2005) [16] found that an uncertainty of contact angle in imbibition studies since the displaced liquid can stick to the capillary-tube wall and consequently influences contact angle during this imbibition process. The uncertainty of contact angle on process of imbibition is also related to interfacial tension [17,18]. Thus, the contact angle (which is influenced by the above factors) is likely to affect imbibition rate, but it does not affect the law of imbibition rate with time. In imbibition studies characterizing mathematically imbibition rate, experiments have generally been conducted in rectangular single channels due to the limit of etching techniques [19,20,21]. Therefore, in the imbibition experiment of rectangular single channels, the focus is how the length and width of the rectangular single channel influence the imbibition rate. The researchers developed different mathematical models based on their own experiments to characterize imbibition behavior in rectangular single channels with different sizes [21,22]. Yang et al. (2011, 2014) [23,24] studied the dynamics of capillary-driven flow in open hydrophilic microchannels, and found that the imbibition rate decreases with the increase of channel width. Chen (2014) [25] investigated the penetration of a wetting liquid into open metallic grooves and found that the imbibition rate is faster in deeper grooves. These basic studies provide a better understanding of different factors on imbibition behavior. However, an interesting and unconventional phenomenon was found in the study of Yang et al. (2014). When the lower-viscosity Deionized water (DI-water) displaces the higher-viscosity hexadecane, the imbibition rate shows a decreasing trend with time. This observation is contradictory to the trend proposed by Equation (4), and this is due to the effect of displaced phase on imbibition in single channel was not comprehensively considered.



In this study, imbibition and drainage experiments are conducted among water, oil and gas phases to understand the law of imbibition rate and evaluate the prediction effect of Washburn model and modified Poiseuille model. For imbibition experiment of water-displacing-oil, we modified the Poiseuille model and established this modified Poiseuille model on basis of Equation (4) by introducing a third force come from the reverse imbibition. This modified model explains the effect of displaced liquid that is displaced from single channel on the abnormal phenomenon in imbibition of liquid-displacing-liquid, and it also reveals a new concept that an additional force exists due to reverse imbibition outside the single channel when the lower-viscosity fluid displaces the higher-viscosity fluid. Furthermore, this study provides enlightenment for the analysis of the force during imbibition process in tight rocks.




2. Materials and Methods


2.1. Experimental Materials and Equipment


BZY-2 automatic interface tensioner is used for measuring the interfacial tension through the lifting-ring method. JY-PHB contact angle tester is used for the measurement of contact angle. The imbibition distance as a function of time were monitored using a microfluidic platform equipped with a fluorescent stereo microscope (Leica M165 FC), as shown in Figure 1.



The single-channel models of circular capillary tube used in this paper, which are made of fused silica, are 100 mm in length and 0.3, 0.4, 0.5, and 0.6 mm in the inner diameter. The single-channel models are hydrophilic, and different lengths can be designed for the single-channel model to explore the imbibition effect under different sizes.



The oil sample used is kerosene (from Chengdu Xinzhengtong Chemical Co., Ltd., Chengdu, China). Compared with other oil samples, kerosene does not affect the wettability of the channel wall during the spontaneous imbibition. The water phase is DI-water, which reduces the influence of impurities on spontaneous imbibition process.




2.2. Experimental Methods


Basic parameters are shown in Table 1. As shown in Table 1, the fluctuation of the contact angle between liquid (DI-water: 79.8° or kerosene: 67°) and air does not apparently influence its cosine. Besides, the contact angles in different tube diameters between liquid and air are almost the same with fluctuation less than 1.5°. However, in the experiment of DI-water-displacing-kerosene, with the range 82.3° to 87.9° of the contact angle between kerosene and DI-water in single channels with three different diameters. Although just ±1° fluctuation of contact angel occurs, greater changes are induced in the corresponding cosine, resulting in influence on the analysis of fitting. Accordingly, the four contact angles are not averaged.



Imbibition experiment of liquid-displacing-air in a single channel: Single-channel models with different diameters in the original water-wet state are selected. After water (or oil) is filtered and dropped on one side of the single channel, the change of water front within the channel is monitored by a Leica M165FC stereo fluorescence microscope at the frame rate of 18 frames per second. The imbibition distance is then plotted versus the time, from which the change of imbibition rate is accordingly observed. When water displaces air, the diameter of the single channel remains constant, while the length is changed for comparison; when oil displaces air, the length of the single channel remains unchanged, but the diameter of the channel is changed for comparison.



Imbibition experiment of water-displacing-oil in a single channel: Single channels with different tube diameters and lengths are selected for imbibition experiments of water-displacing-oil. Under the initial condition of saturated kerosene, the 0.05 mL filtered DI-water droplet is dropped on one side of a single channel, and curves of the imbibition distance as a function of time are obtained by the method above. By comparing experimental results and theoretical models, it is investigated the effects of tube diameter, interfacial tension, and viscosity on the imbibition process.





3. Results and Discussion


3.1. Liquid-Displacing-Air


In imbibition studies, both the Washburn model for imbibition of liquid-displacing-gas and the Poiseuille model for imbibition of liquid-displacing-liquid need to meet the laminar flow condition, and the following steps are intended to determine the flow state of this study.



The determination expression of laminar flow is shown as Equation (5) [26]:


   R e  =   ρ v d  μ   



(5)







Therein,    R e    represents Reynolds number;  ρ  denotes liquid density;  v  represents average velocity;  d  is diameter of circular single channel;  μ  indicates the liquid viscosity.



The Equation (5) shows that Reynolds number is relative to  ρ ,  d ,  μ , and  v , and the  v  is affected by other factors shown as Equation (6) which is derived from Equation (1).


  v =     R σ · c o s θ   8 μ     ·  t  − 0.5    



(6)







According to the critical Reynolds number of laminar flow, the condition satisfied the laminar flow is    R e    < 2300. According to Equations (5) and (6), the Reynolds number increases with the increase of density, diameter and interfacial tension, as well as the decrease of viscosity and contact angle. Therefore, the Reynolds number is most likely to break through critical Reynolds number in the imbibition process of water-displacing-air with large-diameter tube. If imbibition experiments of water-displacing-air meet the laminar flow condition, so do that of oil-displacing-air and water-displacing-oil.



It is assumed that imbibition of water-displacing-air occurs in a 0.5 mm single channel, and the Reynolds number is exactly 2300, then the calculated limit imbibition rate is 4.6 m/s. According to Equation (6), the imbibition rate decreases with time, and the time interval when the initial imbibition rate is greater than the limit one is:


  t < 1.38 ×   10   − 5     s  











This time interval is short enough to identify the flow as laminar.



Based on the analysis above, the imbibition process of liquid-displacing-air is in line with the Washburn model’s assumptions so that the Washburn model can be used for analysis of the process, and Poiseuille model may be accordingly utilized for prediction on the imbibition process of water-displacing-oil.



In imbibition experiments of liquid-displacing-air, there is no other force except for capillary force. Moreover, the influence of gravity on a liquid droplet is also insignificant compared with the capillary force. Therefore, the displacement force is considered to come only from capillary force.



The experimental results obtained through the microfluidic platform equipped with a fluorescent stereo microscope (Leica M165 FC) and the corresponding prediction curves obtained from Equation (1) are shown in Figure 2, and results of the imbibition distance as a function of    t    are shown in Figure 3.



Figure 2 and Figure 3 show that curves of the imbibition distance as a function of time in imbibition experiments liquid-displacing-air with circular single channels fit well with the Washburn model. In the imbibition process that water (or oil) droplet enters the single channel initially saturated with air, the imbibition rate, which varies with the diameter of single channel, decreases gradually with the increase of imbibition distance, and the imbibition distance is linear with the square root of time. Under the condition that the diameters of single channels are all 0.3 mm, four curves of water-displacing-air fluctuate within an acceptable range, indicating that the length of single channel has no influence on imbibition behavior of liquid-displacing-air to some extent.



According to the imbibition distance as a function of time, the imbibition rate can be determined as shown in Figure 4.



Figure 4a shows that imbibition rates obtained from experiments agree well with the Washburn model after 0.1 s. Mismatch within 0.1 s is likely due to the inertial effect when water (or oil) enters the channel [27]. From the derivation of Equation (1), the capillary force remains unchanged during the whole imbibition process, so the liquid initially imbibed into the single channel produces a great acceleration under the effect of constant capillary force. However, in the actual imbibition process, the velocity of the front in the single channel is affected by the inertance of the DI-water remaining at the inlet.



Figure 4b shows that the tendencies of the imbibition rate, which decrease with time, are the same in different single channels with different diameters in imbibition experiment of oil-displacing-air. In addition, the imbibition rate increases for increased diameters of the single channel, and the increasing rate of imbibition rate reduces with the diameter of the single channel which reflecting that the imbibition rate does not increase infinitely with the increase of tube diameter. The Washburn model predicts such behavior. The good match of Washburn model and experimental results during imbibition of liquid-displacing-air indicates that the wettability of the channel wall remains unchanged during the imbibition.




3.2. Water-Displacing-Oil


Imbibition of a water-displacing-oil is different from that of liquid-displacing-air. As for the former one, the viscosity of the displaced phase can’t be neglected. In fact, the model should be modified by introducing the viscosity of the displaced phase, shown in Equation (4). In the imbibition experiments of water-displacing-oil, the focus is to determine how the length and diameter of single channel influence the imbibition behavior, so viscosity of liquid and wettability of channel wall should keep constant. As shown in imbibition experiments of liquid-displacing-air in Table 1 and Figure 3, wettability of the inner wall remains unchanged during imbibition, so is the viscosity of liquid.



The experimental results of the imbibition distance as a function of time in imbibition experiments of water-displacing-oil are obtained through the microfluidic platform, as shown in Figure 5.



Figure 5 shows that the imbibition rate is in the same tendency in several groups of imbibition experiments in which the lower-viscosity DI-water displaces the higher-viscosity kerosene, that is, the imbibition rate gradually decreases during spontaneous imbibition, and increases with the increase of diameter of single channel, of which the effect on imbibition rate is widely known. Figure 5a also shows that in the single channel with the same diameter, the length has a great influence on imbibition rate, which is caused by the viscosity of displaced phase.



Combined with the parameters in Table 1 and Equation (4), the prediction curve of Poiseuille model in a single channel with diameter of 0.3 mm is drawn, and the result of imbibition experiment and prediction curve are compared, as shown in Figure 6.



Figure 6 shows that curve of the imbibition distance as a function of time obtained by Poiseuille model is different from that of experimental result, which was also observed in Yang’s paper [23].



The reasons of this abnormal phenomenon are as follows. In the Poiseuille model it is assumed that displacement force only comes from capillary force at water-oil interface, displacement resistance comes from viscous force generated by flow of oil and water, and other forces are ignored. In the actual core displacement experiment, displacement pressure difference that is far greater than capillary force is applied to the core so that the influence of other displacement resistances on flow can be ignored. Moreover, the imbibition experiments with single-channel model are subject to the trend of imbibition rate in the gradual decrease both in case that the lower-viscosity liquid displaces the higher-viscosity one and the higher-viscosity liquid displaces the lower-viscosity one. While the Equation (4) indicates that such a decreasing trend for imbibition rate is normal when the higher-viscosity liquid displaces the lower-viscosity one. However, the decreasing trend of imbibition rate is abnormal in actual imbibition experiments of the lower-viscosity liquid displacing the higher-viscosity one compared to the increasing trend shown in Equation (4). Therefore, Equation (4) needs to be modified on combination of the actual experimental conditions and specific forces.



In the imbibition experiment of water-displacing-oil, a single channel initially saturated with kerosene is placed on a horizontal glass base, and water droplet is quantitatively dropped at one end of the single channel (inlet end). Water is imbibed into the single channel due to the capillary farce. At the same time, kerosene is displaced from the other end of the single channel (outlet end), and imbibed reversely to the inlet end of the single channel along the angle between the single channel and the horizontal glass base. The reverse imbibition at the outer angle is one kind of imbibition of liquid-displacing-air. Thus, capillary force, viscous force and the force caused by the reverse imbibition are the three main forces.



The mechanism of the third force is as follows. Due to reverse imbibition of kerosene a small concave meniscus will appear at the outlet end of the single channel, and the curvature of concave meniscus decreases with the increase of the volume of kerosene gathered at the angle outside the single channel. During the period of concave meniscus, the force caused by the reverse imbibition stimulates the imbibition of water-displacing-oil inside the single channel. Then, the concave meniscus disappears and transition to a convex meniscus occurs until the kerosene accumulated at the angle reaches the limit volume allowed by wettability. At this moment, the force produced by the reverse imbibition hinders the internal imbibition Therefore, in the imbibition experiment conducted in capillary tubes, displaced phase not only produces a viscous force inside the capillary tube, but also generates an additional force when accumulating outside the tube.



The reverse imbibition is affected by the wettability both of the single channels and the glass base that is one component of the microfluidic platform, all of which determines the liquid storage capacity of the angle outside single channel. The liquid storage capacity is related to the limit volume of concave meniscus. In this study, wettability of glass base and single channels keeps constant, for the glass base is cleaned and dried once an imbibition experiment is completed with it, and every new single channel used for each experiment is provided by the same supplier.



After analyzing the forces, Poiseuille model can be modified by introducing the third force. Therefore, the differential pressure ΔP is modified shown as Equation (7):


  Δ P =  P c  +  P c ′   



(7)







   P c ′    represents the third force, which is related to imbibition distance.



After introducing the third force, the key is to determine its expression.



According to the specific experimental situation, the following hypothesis is made: the kerosene displaced from the single channel instantly fills the external angle. This is since the imbibition at the angle is a kind of imbibition of liquid-displacing-air, of which the imbibition rate is much higher than that of water-displacing-oil.



From the geometric analysis, it can be known that the shapes of cross section of kerosene gathered at the included angle outside the single channels are similar when the normalized imbibition distances in single channels with different diameters are the same. Moreover, the shape of the cross section is only related to the normalized imbibition distance on premise of the same wettability.



Thus,    P c ′    can be expressed as follows in Equation (8):


   P c ′  = a ×    (   L   L  c h a n n e l      )   n  + b  



(8)







Therein, a, b and n represent 3 characteristic parameters.



Then, the ultimate expression is shown in Equation (9):


     R 2   8   [   P c  + a ×    (   L   L  c h a n n e l      )   n  + b  ]  × t =  1 2  (  μ w  −  μ  n w   )  L 2  +  μ  n w    L  c h a n n e l   L  



(9)







According to the analysis in the Appendix A, the value of the characteristic parameter n is 0.5. And then, characteristic parameter a and b need to be determined by following steps.



When the imbibition process is finished,    P c ′    can be expressed as Equation (10):


   P  c e n d  ′  = a + b  



(10)







Therein,    P  c e n d  ′    indicates the    P c ′    at the end of imbibition.



According to Equation (9), all parameters other than characteristic parameter a and b are known during the whole imbibition process, so    P  c e n d  ′    can be calculated when the imbibition process is finished.    P  c e n d  ′    in one experiment is constant, so is the sum of a plus b. Therefore, the optimal fitting curve is obtained by constantly adjusting the values of a and b to fit the experimental data. Finally, characteristic parameters a and b are determined.



Thus, characteristic parameter n, a and b are determined in each imbibition experiment, as shown in Table 2.



According to these parameters, the modified curve of Poiseuille model is drawn in Figure 7.



Figure 7 shows that the modified Poiseuille model can better reflect the law of imbibition rate in the imbibition process that the lower-viscosity liquid displaces the higher-viscosity liquid.



In the three groups of imbibition experiments of water-displacing-oil above, the prediction curve is adjusted and fitted with the experimental data by changing characteristic parameter a and b, then the best prediction curve is obtained, and the corresponding characteristic parameter a and b are concluded. As a result, all parameters in Equation (9) are known. Furthermore, a constant dimensionless parameter    P  c 0  ′  /  P c    (details refer to Table 3), which is consistent with that in other imbibition experiments of water-displacing-oil, is found and used for calculating characteristic parameters a and b.



In other imbibition experiments under same conditions, characteristic parameter a and b are determined according to the constant dimensionless parameter.



Specific steps are as follows.



When   t = 0  , Equation (8) can be expressed as Equation (11):


   P  c 0    ′  = b  



(11)







   P  c 0  ′    and the ratio of    P  c 0  ′    to    P c    are calculated and shown in Table 3:



Table 3 shows that the average value of    P  c 0  ′  /  P c    is 1.30. Capillary force can be easily calculated, and    P  c 0  ′    can be calculated as well according to the value of    P  c 0  ′  /  P c   . Therefore, characteristic parameter b is obtained. In addition,    P  c e n d  ′    equal to the sum of a and b is calculated according to Equation (9). Thus, characteristic parameter a is calculated. Upon conclusion of the step above, the Equation (9) utilized in the three imbibition experiments is, respectively, determined.



To verify the practicability and accuracy of this modified Poiseuille model, characteristic parameter a and b in other imbibition experiments of water-displacing-oil are calculated through the above method, and the parameters used in this verification case include the dimensionless parameter shown in Table 3 and the measured parameters shown in Table 1 and Figure 5. The prediction curve of modified Poiseuille model is obtained, as shown in Figure 8.



Figure 8 shows that the modified Poiseuille model has a good prediction effect. According to the above analysis of imbibition of water-displacing-oil in a single channel, when the viscosity of the displaced phase cannot be ignored, the accumulation effect by the external liquid on imbibition process cannot be ignored as well.



In the modified Poiseuille model, the effects of the length and diameter of the single channel and additional force come from the reverse imbibition on the imbibition are considered. After introducing the additional force called as the third force above, the modified Poiseuille model can describe the imbibition process of water-displacing-oil, which is used to predict the imbibition process where the lower-viscosity liquid displaces the higher-viscosity liquid. The accumulation effect on imbibition in the process that the higher-viscosity liquid displaces the lower-viscosity liquid is likely to exist, and it is ignored for the tendency of imbibition rate is unchanged (although the accumulation effect is considered).





4. Conclusions


In this study, spontaneous imbibition of liquid-displacing-air and water-displacing-oil is respectively observed through the microfluidics. According to the study on the reverse imbibition occurred from the displaced phase at the angle outside single channel, Poiseuille model describing the liquid-liquid spontaneous imbibition is modified.



(1) In experiments of spontaneous imbibition of liquid-displacing-air, the results are in line with Washburn model and match well with previous results using the vapor whose viscosity is significantly lower than the liquid.



(2) The experimental results in the lower-viscosity liquid (DI-water) displacing the higher-viscosity one (kerosene/oil) show that the imbibition rate decreases with time, which is not in line with the increasing trend of imbibition rate indicated in Equation (4).



(3) On the basis of the Poiseuille model, a new model is proposed that includes the additional force from the accumulated fluid flowing out of the single channel. The modified Poiseuille model matches well with the experimental results and shows that a good prediction effect in the water-displacing-oil imbibition experiment.
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Appendix A


Characteristic Parameter n


When    P c ′    is positive, it is obvious that the volume of kerosene accumulated at the angle outside the single channel has not reached the limit of aggregation volume allowed by wettability (   P c ′    = 0), and the displaced kerosene at the angle can also conduct spontaneous imbibition along the outer tube wall. It is assumed to set the capillary force providing spontaneous imbibition at the external angle to    P c ″   . The larger    P c ″    is, the faster the rate of reverse imbibition of kerosene is, the greater the force on internal imbibition of water-displacing-oil is, and the higher the imbibition rate of internal imbibition is. Thus,    P c ′    and    P c ″    change in the same way. Therefore,    P c ″    is analyzed to determine the characteristic parameter n that reflects the trend of    P c ′   .



According to experimental conditions, the shape of cross section of kerosene outside the single channel is shown in Figure A1.





[image: Energies 15 04994 g0a1 550] 





Figure A1. Schematic diagram of the cross section. 






Figure A1. Schematic diagram of the cross section.
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Due to the difference between imbibition of liquid-displacing-air and that of water-displacing-oil, the displacement resistance of kerosene-displacing-air is far less than that of water-displacing-oil, so that the outer kerosene is evenly distributed at the angle which named region 1 in a very short time. And then, kerosene is displaced out of the single channel, and reversely imbibed along the angle at region 2. The area of region 1 is equal to the area of region 2. Assuming the imbibition distance inside the single channel is L, the cross-sectional area at the angle is shown in Equation (A1):


  S =   π  R 2  · L    L  c h a n n e l      



(A1)







As shown in this figure, the height of the cross section of kerosene at the angle corresponding to a certain imbibition distance is H, and the corresponding angle is  α . The contact angle between the external angle and the horizontal base is   θ ′  . Therefore, the cross-sectional area at the angle is also expressed as Equation (A2):


  S = 2 ×  [     H 2    2 t a n  θ ′    +  1 2   (  H + R  )  · R · s i n α −  1 2  ·   α · π   180   ·  R 2   ]   



(A2)







The relationship between the height of cross section and the imbibition distance can be obtained by substituting values, as shown in Figure A2.





[image: Energies 15 04994 g0a2 550] 





Figure A2. The curves of the height of cross section as a function of imbibition distance (the black curve is obtained according to Equations (A1) and (A2), the red one is a fitting curve). 






Figure A2. The curves of the height of cross section as a function of imbibition distance (the black curve is obtained according to Equations (A1) and (A2), the red one is a fitting curve).



[image: Energies 15 04994 g0a2]





The expression of the fitting curve is shown in Equation (A3):


  L = 195.0718 ×  H 2  + 13.7926 × H  



(A3)







This expression reflects the relationship between the imbibition distance in the single channel and the height of the cross-sectional area at the angle outside the single channel.



And then, the relationship between    P c ″    and imbibition distance is obtained by analyzing the relationship between    P c ″    and  H .



Combined with the analysis above, the imbibition rate of water-displacing-oil inside the single channel is far less than that of kerosene-displacing-air at the angle outside the single channel. Therefore, the following assumption is made: when the initial length of water phase imbibed into the single channel is    L 0   , the kerosene displaced from the outlet end must be imbibed in reverse at a very fast speed and evenly distributed at the external angle (region 1). At this moment, the height of the cross-section at the external angle is    H 1   . When the water phase is imbibed the second length of    L 0   , the displaced kerosene will be reversely imbibed at region 2. Therefore, the expression of    P c ″    is given as Equation (A4):


  {       P  c 1  ″  =   2 σ R ·    α 1  · π   180   · c o s  θ ″  + 2 σ ·  (     H 1    t a n  θ ′    + R s i n  α 1   )  · c o s  θ ′      π  R 2   L 0     L  c h a n n e l            (  k = 1  )         P  c k  ″  =   2 σ R · (  α k  −  α  k − 1   ) ·  π  180   · c o s  θ ″  + 2 σ ·  [     H k  −  H  k − 1     t a n  θ ′    + R  (  s i n  α k  − s i n  α  k − 1    )   ]  · c o s  θ ′      π  R 2   L 0     L  c h a n n e l       ( k > 1 )       



(A4)







Therein, k represents the ratio of imbibition distance to L0;    α k    and    r k   , respectively, represent the height and angle when the corresponding imbibition distance is   k ·  L 0   , as shown in Figure A1.   θ ′   represents the contact angle between kerosene and the glass base;   θ ″   represents the contact angle between kerosene and the outer wall of the single channel.



The height    H k    in Equation (A4) can be expressed by imbibition distance L, as shown in Equation (A3). Thus,    P c ″    in Equation (A4) is a function of L. The relationship between    P c ″    and the imbibition distance (L) is shown in Figure A3.
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Figure A3. The curve of    P c ″    as a function of imbibition distance. 
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The figure above shows that    P c ″    has a linear relationship with the square root of imbibition distance (L), and    P c ″    decreases with the increase of imbibition distance, so the characteristic parameter a in Equation (8) is negative. According to the similarity between    P c ′    and    P c ″   , the characteristic parameter n in Equation (8) is determined to be 0.5.



Expression (8) and Expression (9) become the following expression as shown in Equations (A5) and (A6):


   P c ′  = a ×    (   L   L  c h a n n e l      )    0.5   + b  



(A5)






     R 2   8  ·  [   P c  + a ×    (   L   L  c h a n n e l      )    0.5   + b  ]  · t =  1 2  · (  μ w  −  μ  n w   ) ·  L 2  +  μ  n w    L  c h a n n e l   L  



(A6)







Equation (A6) is a modified model considering the third force at the angle outside the single channel. The values of characteristic parameters a and b can be obtained by the curves of time and distance in the imbibition process, and then a modified Poiseuille model for imbibition of water-displacing-oil can be obtained, which can be used to predict the imbibition process under the same conditions.
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Figure 1. Imbibition that DI-water displaces air in one single channel. 






Figure 1. Imbibition that DI-water displaces air in one single channel.



[image: Energies 15 04994 g001]







[image: Energies 15 04994 g002 550] 





Figure 2. Diagram of the imbibition distance as a function of time in imbibition experiments of liquid-displacing-air in circular single channels. ((a) shows the experimental results of water-displacing-air, (b) shows the experimental results of oil-displacing-air; these curves and point sets represent Washburn model’s prediction curves and the experimental results, respectively). 
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Figure 3. Diagram of the imbibition distance as a function of    t    in imbibition experiments of liquid-displacing-air in circular single channels. ((a) shows the experimental results of water-displacing-air, (b) shows the experimental results of oil-displacing-air; these curves and point sets represent Washburn model’s prediction curves and the experimental results respectively). 
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Figure 4. Diagram of the imbibition rate as a function of time. ((a) shows the experimental results of water-displacing-air, (b) shows the experimental results of oil-displacing-air; these curves and point sets represent Washburn model’s prediction curves and the experimental results respectively). 
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Figure 5. (a) Diagram of the imbibition distance as a function of time in water-displacing-oil experiments in circular single channels. (b) Diagram of the imbibition rate as a function of time. (Three of the four sets of experiment data specified in (a) are selected randomly for the subsequent fitting analysis, and the remaining one set of data thereof is for verification on fitting steps, as indicated in (b)). 
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Figure 6. Comparison diagram of experimental data and Poiseuille model curve of imbibition experiments of water-displacing-oil in circular single channel. 
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Figure 7. Comparison diagram between the fitted model curves and the corresponding experimental results (These curves represent the modified Poiseuille model curves, and the series of points represent the corresponding experimental data). 
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Figure 8. Comparison diagram between the prediction curve of modified Poiseuille model and experimental result in one 0.5 × 19.25 mm single channel. These experiment data are derived from Figure 5a. 
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Table 1. Property parameters.
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Property

	
Value






	
Viscosity of DI-water

	
1.0 mPa·s




	
Viscosity of kerosene

	
2.2 mPa·s




	
Surface tension between DI-water and air

	
66.5 mN/m




	
Surface tension between kerosene and air

	
24.0 mN/m




	
Interfacial tension between kerosene and DI-water

	
20.9 mN/m




	
The contact Angle between DI-water and air

in the single channel

	
79.8 ± 1.4°




	
The contact Angle between kerosene and air

in the single channel

	
67.0° ± 1.2




	
The contact Angle between kerosene and DI-water

in the single channel

	
0.3 × 10.60 mm

	
87.9°




	
0.5 × 15.00 mm

	
86.2°




	
0.5 × 19.25 mm

	
83.5°




	
0.6 × 20.67 mm

	
82.3°
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Table 2. Values of characteristic parameters a and b.
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	0.3 × 10.60 mm
	0.5 × 15.00 mm
	0.6 × 20.67 mm





	a
	−18.50
	−21.07
	−34.08



	b
	13.63
	14.19
	24.12
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Table 3. Parameters at the initial and terminal positions of imbibition.
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	0.3 × 10.60 mm
	0.5 × 15.00 mm
	0.6 × 20.67 mm





	   P  c 0  ′    (or b)
	13.63
	14.19
	24.12



	    P  c 0  ′  /  P c    
	1.34
	1.28
	1.29







(   P  c 0  ′   /   P c    represents the ratio of the third force at the angle outside the single channel to the capillary force inside the single channel when t = 0).
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