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Abstract

Countercurrent capillary imbibition is an important oil recovery mechanism in naturally fractured reservoirs. This paper presents a comprehensive study which examines 8 important characteristics of countercurrent imbibition as observed from experiments conducted with single matrix blocks. These characteristics are (1) types of imbibition and recovery trends, (2) flux and transition time, (3) imbibition front and average saturation, (4) effect of block sizes and shapes, (5) effect of temperature, (6) effect of initial water saturation, (7) reproducibility, and (8) long-term recovery.

Existence of two flow periods during countercurrent imbibition were verified. The transition time between the periods was identified as an excellent factor for scaling core size and temperature effects on countercurrent imbibition recovery. The advancement rate of the imbibition front was confirmed to be proportional to the square root of time for 1D water imbibition into gas-saturated matrix blocks. Experiments showed that initial water saturations ranging from zero to near 20% had no significant effect on recovery behavior. Long term recovery from gas-saturated matrix blocks reached 100%.

Analytical matrix/fracture transfer functions are often used to predict imbibition recovery. Over 23 such functions have been identified from the literature. In this study, these functions are categorized as: (1) diffusivity functions, (2) scaling relations, (3) empirical functions, and (4) material balance functions. One critical finding has been that analytical functions can provide alternative solutions when modeling oil recovery from naturally fractured reservoirs. We have shown that better functions can easily be developed by simply following the examples of previous functions. In this regard, three new functions and their variations are presented and verified. The findings in this study should provide a powerful toolbox for reservoir engineers in modeling oil and gas recovery from dual porosity/permeability structures which include naturally fractured reservoirs.



Introduction

Naturally fractured reservoirs occur worldwide containing potentially economic and strategic fluids such as gas, oil and water. Potential petroleum reserves in naturally fractured reservoirs number many billions of barrels.� EMBED Equation.2  ��� 

Naturally fractured reservoirs are recognized by their dual structure, with a combination of low porosity/high permeability fractures and high porosity/low permeability rock matrix. Fractures are known to contribute little to reservoir volume, but they form a highly conductive, interconnected network of flow channels throughout the reservoir. Rock matrix provides the major portion of reservoir storage capacity, however matrix generally has much smaller permeability.

Countercurrent capillary imbibition is an important oil recovery mechanism in naturally fractured reservoirs. Experimental investigations of countercurrent capillary imbibition are usually limited to one of its characteristics, such as effects of viscosity, wettability, interfacial tension, or matrix block size. Other characteristics are often ignored.

Prediction of recovery by countercurrent imbibition has been a focus of researchers since 1958.� EMBED Equation.2  ��� However, due to its complex nature, a comprehensive modeling of countercurrent imbibition with analytical expressions is a difficult task. Therefore, specific functions (models) are often derived with assumptions. A critical investigation of the existing functions showed that many of the functions have been derived to account for only a specific aspect of imbibition such as (1) effect of matrix block geometries, (2) effect of oil and water viscosity, (3) effect of interfacial tension, and (4) recovery rates with 1D, 2D, or 3D imbibition. New analytical functions are needed to account for various other aspects and thus to increase the accuracy of recovery predictions from naturally fractured reservoirs.

The primary objectives of this study were: 1) to conduct experimental studies with single matrix blocks surrounded by fractures to better understand the general characteristics of countercurrent imbibition, and 2) to develop new analytical functions to accurately predict multidimensional fluid transfer between matrix blocks and fractures inside naturally fractured reservoirs.

As a part of the first objective, experiments were performed to examine eight important characteristics of countercurrent imbibition. These characteristics are: (1) types of imbibition and recovery trends, (2) flux and transition time, (3) imbibition front and average saturation, (4) effect of block sizes and shapes, (5) effect of temperature, (6) effect of initial water saturation, (7) reproducibility, and (8) long-term recovery.

As a part of the second objective, a comprehensive literature search was performed to identify existing analytical functions. Over 23 analytical functions were found from the literature. These functions were examined according to the fundamental approaches used in their derivations and were categorized as (1) diffusivity functions, (2) scaling relations, (3) empirical functions, and (4) material balance functions. An examination of the existing functions showed that better functions can easily be developed to account for various needs in modeling naturally fractured reservoirs. In this regard, three improved functions are presented and verified in this study.

Overall, the results of this study should provide important guidelines to consider when modeling oil and gas recovery from dual porosity/permeability structures which include naturally fractured reservoirs.



Experimental Materials and Methods

Liquids. Distilled water was the wetting phase for the imbibition experiments. The viscosity of water at room temperature (20� EMBED Equation.2  ���) was 1 cp. For the non wetting phase, air or decane was used. Viscosities of decane and air were 0.90 cp and 0.018 cp respectively at room temperature (20� EMBED Equation.2  ���). The density of the liquids with temperature are given in Tables 1a and 1b.



Porous Media. Berea sandstone obtained from Cleveland Quarries Co. was the core material in this study. Physical characteristics and experiments performed with the cores are summarized in Tables 2a and 2b. Figure 1 shows the relative sizes of the cores with respect to each other. The cores were fired at 1000� EMBED Equation.2  ��� for 5 hours to minimize indigenous clay minerals’ sensitivity to distilled water. The cores had an average permeability of 90 md and an average porosity of 16% when unfired. The porosity and the permeability of the Berea sandstone cores increased to 20% and 115 md, respectively, after being fired.



Core Sealing. To study the effect of different boundary conditions, some cores were sealed in steps following each experiment as shown in Fig. 2. First, a bare core with all sides open (6F) was employed to obtain 3D imbibition recovery. Then, one face of the core was sealed by epoxy which gave a 3D imbibition with five faces open (5F). Later, two opposite faces of the core were sealed for 2D imbibition with four faces open (4F). Next, one additional face was sealed for 2D imbibition with three faces open (3F). Subsequently, all four faces except two opposite ones were sealed for 1D recovery with two faces open (2F). Finally, all faces except one were sealed for 1D recovery with one face open (1F).

Preliminary laboratory experiments had shown that when the air-saturated cores were contacted by imbibing water, their surface color changed. To take advantage of this property, some cores were sealed by transparent layers of epoxy as shown in Fig. 3. During lab trials, it was discovered that if epoxy is applied on a core surface at a critical point of thickening, it provides good sealing as well as reasonable transparency to observe the color change. 

Scales were marked on the epoxy layer to visually measure the position of the advancing water-front. However, the imbibition front in decane-saturated cores could not be observed because of little or no difference between the colors of water-invaded and decane-saturated  zones.



Core Cleaning. Core cleaning was essential to prevent unpredictable effects of wettability on recovery. Injecting cleaning chemicals under confinement was not suitable for the cores with odd shapes and dimensions. Thus, a core-cleaning method was developed and found to provide excellent reproducibility.

The cores were first dried above boiling temperatures of the saturating fluids, then cooled to room temperature at a rate of 1-2� EMBED Equation.2  ���/min to prevent fracturing. The cooled cores were immersed in distilled water, and then water temperature was gradually increased to boiling point (100� EMBED Equation.2  ���). The cores were kept inside the boiling water for about 4 hours before drying in an oven. The clean cores were ready for experiments after cooling back to room temperature.



Core Saturating. The cores were saturated with liquids under vacuum within a chamber. The saturated cores were kept inside the saturating liquid until they were employed for experiments.



Establishing Initial Water Saturation. The effects of the initial wetting phase saturation on the countercurrent capillary imbibition was examined during this study. However, the conventional methods to establish the wetting phase saturation could not be employed with odd-shaped and sized cores. A simple saturation and vaporization method was developed and thought to be sufficient.

Clean cores were saturated 100% initially with wetting phase (distilled water) under vacuum. Next, the cores were left at room conditions for the wetting phase to evaporate. The weights of the cores were monitored regularly to determine the rate of evaporation. When the weight reached a predetermined level, the total evaporation time was recorded. The cores were then sealed inside a storage bag for a minimum period of evaporation time. It was assumed that water would further evaporate inside the sealed bags which would enable the wetting phase distribution to be more uniform within the cores. CT scan or NMR measurements were not available to confirm the actual distribution in this study. The cores were later transferred to a vacuum chamber to establish the nonwetting phase saturation. It was found that the loss of wetting phase saturation due to evaporation under vacuum was negligible if the vacuuming was performed for two minutes or less. After being saturated with the nonwetting phase, the cores were employed for the experiments. 



Experimental Set-up. An experimental set-up was constructed to measure the water imbibition rate by Archimede’s principle. Figure 4 shows the schematic of the experimental set-up. A high-sensitivity digital balance with a resolution of 0.01 g was used to measure the weight changes of the cores immersed in distilled water during experiments. A water-bath was operated to provide a constant temperature environment. A weight transfer support was used to suspend the core inside the distilled water and to transmit the weight changes to the high sensitivity digital balance. A glass beaker with distilled water was placed inside the bath. The glass beaker prevented the bath pan from being contaminated by the experimental fluids. A thin copper wire was used to attach the cores to the weight transfer support.



Imbibition Measurements. Imbibition experiments were conducted at temperatures ranging from 1� EMBED Equation.2  ��� to 81� EMBED Equation.2  ���. Prior to experiments, the temperatures of the cores and the fluids were equalized. Experiments were performed by immersing the nonwetting phase-saturated cores in water. The continually changing core weight was recorded with time. The position of the imbibition front was also recorded whenever possible. The experiments were terminated when it was observed that the weight of the core did not change significantly with time. 

The weight change of the core was later used to find the volume of imbibing and expelled fluids by using the density values in Tables 1a and 1b for decane and water, respectively. For practical purposes,  the air density was assumed to be zero g/� EMBED Equation.2  ���. Recovery vs. time was found by normalizing the volume of imbibed water by the final volume of water attained inside the core.



Experimental Observations

In this section, evaluations are presented to illustrate the general characteristics observed from countercurrent imbibition experiments conducted during this study. The initial wetting phase saturation of the cores was zero for all cases except when the effect of initial wetting phase saturation was examined. The temperature of the cores and the fluids was near 21� EMBED Equation.2  ��� at room conditions except when the effect of temperature on imbibition was examined.



Types of Imbibition and Recovery Trends. The types of imbibition in a porous media can be 1D, 2D or 3D depending on its surface conditions. Surface conditions have a substantial effect on the overall recovery time and trends. Figure 5 shows a good example for recovery (� EMBED Equation.2  ���) on a semi-log plot for countercurrent water imbibition into an air-saturated parallelepiped core (BSP25). Figure 6 shows the recovery trend for countercurrent water imbibition into a decane-saturated cylindrical core (BSC11). On the figures, the legend 3D-all faces stands for 3D imbibition through all faces. 2D-radial refers to 2D imbibition when the flat surfaces of the cylindrical core at both ends are not available for imbibition. Both figures prove that the time becomes larger and the curvature of recovery trend increases noticeably as the type of imbibition changes from 3D to 1D. 



Flux and Transition Time. Flux is defined as the rate of fluid flow per unit area. Flux can be obtained indirectly from the amount of wetting phase imbibed (� EMBED Equation.2  ���) into a core as a function of time. To find the flux, the following simple relation is used:



� TOC \o "1-6" �� EMBED Equation.2  ���	(1)

�

where the � indicates the difference of measured values at two consecutive times.

Figure 7 shows the plot of the flux calculated for BSP25. It is clear from the figure that the flux-trend changes dramatically after a critical time. For example, in Fig. 7, the trend changes its direction near 400 seconds for 3D-6F imbibition. It occurs beyond 10,000 seconds for 1D-1F. The reason for the trend change is due to change in boundary conditions within the rock. Countercurrent imbibition is often examined in two periods: the early period which is referred to as "infinite-acting period" and the second period which is referred to as the "late-acting period"� EMBED Equation.2  ���.The time at which the infinite-acting period ends and the late-acting period begins is called the transition time (t*), which can be found by drawing two lines as in Figs. 8 and 9.

The slope of the infinite-acting period can be a strong indicator whether the imbibition is 1D, 2D or 3D. Assuming that the straight line approximations such as in Fig. 8 are correct for the infinite-acting period, the slopes are calculated from log-log plots approximately as -0.4 for 1D, -0.6 for 2D and -0.8 for 3D when air is the non-wetting phase. All slopes are dimensionless. Similarly, the slope is approximately -0.8 for 1D and -1.4 for 3D when decane is the non-wetting phase. These results are within the range of Chen et al.'s� EMBED Equation.2  ��� findings which showed that the slope of the initial period should be � EMBED Equation.2  ���for a 1D imbibition when the non-wetting phase is oil, and the recovery at t* is 50%.



Imbibition Front and Average Saturation. Observing the imbibition front can help understand the penetration rate of the imbibing water and its arrival time at the no-flow boundary.

Figure 10 shows the normalized location (L'/L) of the imbibition front vs. square root of time for 1D-2F and 1D-1F water imbibition into an air-saturated core (BSP25). L' stands for the location of the imbibition front observed, L is the shortest distance to the no-flow boundary from the imbibition face. For 1D-2F, the distance from the imbibition face to the no-flow boundary (L), which was at the center of the core, was 3.3 cm. For 1D-1F, the distance from the imbibition face to the no-flow boundary (L) which was at the opposite face sealed by epoxy was 6.6 cm. The arrival time was observed at 3300 seconds for 1D-2F and 13,380 seconds for 1D-1F. This is an increase of nearly 4 folds with an only 2 fold increase in the distance to the no-flow boundary.

The arrival times are slightly less than the transition times which are found from flux plots as 4300 and 15,000 seconds for 1D-2F and 1D-1F respectively. This result confirms Chen et al.'s� EMBED Equation.2  ���numerical finding which shows that the effect of arrival at the no-flow boundary is reflected on the flux at a later time.

Average water saturation (� EMBED Equation.2  ���) behind the imbibition front (L') was calculated from the observed location of the imbibition front and the measured amount of water imbibed into the core (� EMBED Equation.2  ���) by using the following relationship:



� TOC \o "1-6" �� EMBED Equation.2  ���	(2)

�

where � is the volume of the pore volume invaded by the imbibing water. For 1D-1F imbibition:



� TOC \o "1-6" �� EMBED Equation.2  ���	(3)

�

Figure 11 shows the average water saturation behind the normalized imbibition front (L'/L) for 1D-2F and 1D-1F imbibitions. The water starts with at near 80% saturation and then declines linearly to a critical saturation around 45%. Afterwards, the saturation remains stable as the imbibition front moves forward. The reason for the initial high saturation could be that the water covers all available pores on the surface, and then compresses the gas in the core. As the imbibing water front penetrates further, some gas pockets might become trapped within the water-invaded zone. In fact, observations during imbibition experiments showed that very little or no gas was expelled until a threshold pressure was reached. The compression of the gas is also evident from Fig. 8. There seems to be an initial region (illustrated by dotted lines) with a sharp slope different than the infinite-acting period. The times recorded for the start of the gas expulsions from observations corresponded well with the times found from plots of flux and average saturation.

The location of the imbibition front (L') corresponding to the start of gas expulsion can be obtained from Fig. 11. Then, the threshold pressure (Pt) can be calculated from gas law as



� TOC \o "1-6" �� EMBED Equation.2  ���	(4)

�

where� EMBED Equation.2  ��� is the gas pressure in the core before imbibition, � EMBED Equation.2  ��� is the 	initial volume of gas at � EMBED Equation.2  ���, and � EMBED Equation.2  ��� is the gas volume inside core at threshold pressure (Pt). The calculations showed that, Pt is around 6 psig for both imbibitions in Fig. 11.



Effect of Core Size and Shape. 3D imbibition recovery for the cores with various sizes and shapes are shown in Fig. 12 when the non-wetting phase is air, and in Fig. 13 when it is decane. The finding is that recovery time tends to be longer as the core size gets bigger. 

An interesting characteristic of 3D imbibitions was that the recovery curves fell to a narrow band when the time axis was normalized by transition times (t*) as shown in Fig. 14 for air and in Fig. 15 for decane. This characteristic can be useful in scaling the recovery from cores.



Effect of Temperature. A Berea sandstone core (BSP19) with 100% initial air saturation was used to examine the effect of temperature on countercurrent imbibition recovery. The imbibition type was 3D in all cases with all faces open for imbibition.

Figure 16 shows the recovery at temperatures of 1, 23, 43, 60 and 81� EMBED Equation.2  ���. The rate of recovery is faster at higher temperatures. The transition times (t*) were found from flux plots. The time axis was then normalized by t*. Figure 17 shows that recoveries at different temperatures fall on top of each other. This indicates that if t* can be estimated, it is possible to scale and thus accurately estimate the recovery with temperature.

The effect of temperature on decane-saturated cores could not be examined thoroughly because of experimental difficulties. Figure 18 shows the recovery at temperatures of 24, 46, 61 and 70� EMBED Equation.2  ��� with the core BSP24. The effect of temperature on recovery is not clear because the sequence of the curves are mixed. Recovery at 61� EMBED Equation.2  ��� is faster than the one at 46� EMBED Equation.2  ���, which agrees with the earlier observations with the water-air imbibition experiments, however, the recovery at 70� EMBED Equation.2  ��� is the slowest and the recovery at 24� EMBED Equation.2  ��� is the fastest, which are contrary to expectations. 



Effect of Initial Water Saturation. During this study, a question occurred about the validity of using zero initial water saturation for countercurrent imbibition experiments, and how recovery from such a system would compare with recovery from a core with initial water saturation.

The reason for using zero initial water saturation comes from the fact that conventional methods like confining a core inside a holder are not feasible when establishing initial water saturation in irregularly shaped cores like the ones used in this study. Another reason is that it is highly time consuming and thus uneconomical when many imbibition experiments need to be conducted. Therefore, researchers� EMBED Equation.2  ��� often choose to perform experiments with cores saturated 100% with oil. In this study, a small set of experiments was conducted to examine the impacts of such practices. Figure 19 show the recovery for the core BSP23 at various initial water saturations. The shape of the recovery curve is considerably affected at higher Swi. However, the recovery for zero and near 20% initial water saturations show no significant difference in behavior. Experiments with decane also give similar results as shown in Fig. 20.



Reproducibility. Reproducibility was of an utmost importance for the verification of the experimental results during this study. For water imbibition into air-saturated cores, reproducibility was not a problem. However, erratic recovery behaviors were observed with water-decane imbibitions if the cores are not properly cleaned as shown in Fig. 21. The reason could be the wettability alteration on the pore surfaces due to impurities in the decane. With the cleaning method used in this study, excellent reproducibility was obtained for decane-saturated cores. All decane experiments were repeated at least twice to make sure that the recovery was reproducible as shown in Fig. 22.



Long-term Recovery. Long-term recovery from gas-saturated cores were significant, and 100% water saturations were achieved.

Figure 23 shows recovery from three experiments monitored over a three-year period. The cores were initially 100% gas (air) saturated and were kept in distilled water sealed inside a beaker. Degassing of the water during the experiments was not performed since it was assumed that any excess gas would quickly dissipate into air through the water surface. The room temperature varied from 20� EMBED Equation.2  ��� to 23� EMBED Equation.2  ��� for the two cores, BSP1 and BSP2. For the core BSP7, the temperature might have varied between 19� EMBED Equation.2  ��� and 27� EMBED Equation.2  ��� over a three year period. All three experiments eventually yielded a 100% water saturation within the cores. From Fig. 23, three periods can be identified; 1) initial period with rapid recovery, 2) relatively flat period and 3) final period with slow recovery.

In the initial period, the recovery was very fast compared to the rest, and all three cores achieved a water saturation of 63% pore volume (PV). For the core BSP7, the 63% recovery was reached in 780 seconds which was only 0.00084% of total production time of 1071 days (~3 years). The flat period lasted nearly 5 days for all experiments, during which the water saturation climbed to 70% PV in average. In the final period, 100% water saturation was achieved. For BSP1, 100% saturation was reached at 143 days, for BSP2 in 106 days.

The recovery mechanism in the initial period was identified as countercurrent capillary imbibition. The mechanism of the recovery in the flat and final periods was not investigated since it was beyond the scope of this study. However, it might be due to the diffusion of the gas within water over time.

These experiments showed that recovery can continue from naturally fractured gas reservoirs long after rapid initial imbibition.



Matrix/Fracture Transfer Functions

Over 23 matrix/fracture transfer functions were identified from the literature to estimate oil recovery by capillary imbibition. These functions are analytical and can be investigated under four major classifications: (1) diffusivity models, (2) scaling relations, (3) empirical models, and (4) material balance models. Figure 24 shows the categories of analytical matrix/fracture transfer functions.



Diffusivity Functions. Diffusivity functions are developed from the commonly known diffusivity equation� EMBED Equation.2  ���for two phase incompressible fluids:



� TOC \o "1-6" �� EMBED Equation.2  ���	(5)

�

where



� TOC \o "1-6" �� EMBED Equation.2  ���	(6)

�

Equations 5 and 6 are both nonlinear functions. Hernandez and Rosales� EMBED Equation.2  ���, Hayashi and Rosales� EMBED Equation.2  ���, Chen et al.� EMBED Equation.2  ���and Chen� EMBED Equation.2  ��� have presented analytical solutions for 1D and 2D countercurrent imbibition with assumptions. A critical examination of their functions showed that a 3D imbibition model for a matrix block with parallelepiped geometry could be derived by using the principle of superposition� EMBED Equation.2  ���.



� TOC \o "1-6" �� EMBED Equation.2  ���	(7)

�

where� EMBED Equation.2  ��� is the cumulative nonwetting phase  (i.e. oil or gas) recovery, � EMBED Equation.2  ��� is the maximum cumulative recovery achievable at infinitely large time. The ratio of the matrix block dimensions in x and y directions are given as 



� TOC \o "1-6" �� EMBED Equation.2  ���	(8)

�

the ratio of the matrix block dimensions in x and z directions are



� TOC \o "1-6" �� EMBED Equation.2  ���	(9)

�

and the dimensionless time is given as



� TOC \o "1-6" �� EMBED Equation.2  ���	(10)

�

In Eq. 10, � EMBED Equation.2  ��� and � EMBED Equation.2  ��� are diffusivity constants which are found by matching the model with experimental data. � EMBED Equation.2  ��� is defined as



� TOC \o "1-6" �� EMBED Equation.2  ���	(11)

�

Equation 7 will readily reduce to 2D if Lz = ∞. In a further step with Ly=∞, Eq. 7 will reduce to 1D. 

Figure 25 shows the diffusivity model curves for the recovery data from water-decane imbibition experiment. The matching values of � EMBED Equation.2  ��� and � EMBED Equation.2  ��� for are 0.0003 � EMBED Equation.2  ���/s and 0.000088 � EMBED Equation.2  ���/s, respectively. The match is good between the data and the model predictions except in early times. Figure 26 shows the model estimates for water-air imbibition experiments. The matching values of � EMBED Equation.2  ��� and � EMBED Equation.2  ��� are 0.00045 � EMBED Equation.2  ���/s and 0.0001 � EMBED Equation.2  ���/s, respectively. The model slightly underestimates 3D-6F recovery, and it slightly overestimates 1D-1F recovery at late times. The model prediction for 2D-4F is excellent.



Scaling Relations. Scaling relations are developed so that laboratory tests on small samples can be used to predict recovery in field conditions. The often cited example in the category of scaling relations is the relation by Mattax and Kyte� EMBED Equation.2  ���:



� TOC \o "1-6" �� EMBED Equation.2  ���	(12)

�

where the dimensionless time (� EMBED Equation.2  ���) is given as



� TOC \o "1-6" �� EMBED Equation.2  ���	(13)

�

In Eq. 13, t is time, k is permeability, � EMBED Equation.2  ���is porosity, � EMBED Equation.2  ��� is interfacial tension, � EMBED Equation.2  ��� is water viscosity and � EMBED Equation.2  ��� is the characteristic length of core in laboratory or matrix block in reservoir. 

Other functions in this category include relations by Bokserman et al.� EMBED Equation.2  ���, Du Prey� EMBED Equation.2  ���, Kazemi et al.� EMBED Equation.2  ���, Gupta and Civan� EMBED Equation.2  ���, Ma et al.� EMBED Equation.2  ���and Zhou et al.� EMBED Equation.2  ���. The use of the scaling relations requires that the following conditions for both laboratory and reservoir systems be the same: (1) shape of the lab core and the reservoir block, (2) water-to-oil viscosity ratio, (3) the initial fluid distributions, (4) the pattern of water movement in surrounding fractures, and (5) relative permeabilities as functions of fluid saturations. Further, the capillary pressure of the laboratory and reservoir systems should be related by a direct proportionality, such as Leverett's� EMBED Equation.2  ��� dimensionless J-function. Gravity effects should also be negligible.

A critical examination of the scaling relations showed that Bokserman et al.’s� EMBED Equation.2  ��� model is the best when scaling the effect of oil viscosity, matrix block dimensions, 1D-2D-3D recovery, permeability, porosity, contact angle and interfacial tension� EMBED Equation.2  ���. Bokserman et al.’s� EMBED Equation.2  ��� scaling relation is given as



� TOC \o "1-6" �� EMBED Equation.2  ���	(14)

�

In the above definition, the difference from Eq. 13 is the use of nonwetting phase (i.e. oil or gas) viscosity instead of wetting phase (i.e. water) viscosity. The definition of characteristic length (� EMBED Equation.2  ���) is given as the ratio of matrix block volume (� EMBED Equation.2  ���) to its imbibition surface area (� EMBED Equation.2  ���):



� TOC \o "1-6" �� EMBED Equation.2  ���	(15)

�

The study� EMBED Equation.2  ��� further indicated that if the wetting phase viscosity in laboratory and reservoir systems are not the same but the nonwetting phase viscosity is, then a better scaling is obtained by using a hybrid scaling relation;



� TOC \o "1-6" �� EMBED Equation.2  ���	(16)

�

Equation 16 is the same as Zhou et al.'s� EMBED Equation.2  ��� scaling relation but the definition of characteristic length (� EMBED Equation.2  ���) is as in Bokserman et a/.’s� EMBED Equation.2  ��� definition (Eq. 15). 

Figure 27 shows the scaling of experimental data with the hybrid scaling relation given by Eq. 16. The scaling of water-air imbibition for 1D through 3D is very good. The scaling of 3D water-air and water-decane imbibitions with various size and shape cores are slightly scattered as shown in Figs. 28 and 29, but within experimental error. As a final note, for the experimental data presented in the Figs. 27 through 29, using either of the scaling relations given by Eqs. 14 and 16 would not make any difference since the wetting-phase and nonwetting phase viscosities were kept constant in these experiments.



Empirical Functions. Empirical functions are simple definitions for the oil recovery with the characteristics of curve fittingfunctions. The often cited example in this group is Aronofsky et al.’s� EMBED Equation.2  ��� function which describes the expulsion of oil from matrix blocks as:



� TOC \o "1-6" �� EMBED Equation.2  ���	(17)

�

where � EMBED Equation.2  ��� is a matrix block constant. Other functions in this category were presented by Bokserman et al.� EMBED Equation.2  ���, Kazemi et al.� EMBED Equation.2  ���, Reis� EMBED Equation.2  ���, De Swaan and Ramirez-Villa� EMBED Equation.2  ���, Civan� EMBED Equation.2  ���, Gupta and Civan� EMBED Equation.2  ���, and Ma et al.� EMBED Equation.2  ���

A critical examination of the empirical functions showed that their historical development followed almost an evolutionary path with each author improving a unique quality of a previous function� EMBED Equation.2  ���. Empirical functions are often a combination of: (1) a curve fittingfunction to express the relation of recovery with time, and (2) a scaling relation to further express the recovery in terms of petrophysical and fluid properties.



Curve Fitting Function: A curve fitting function should be simple and easy to match with experimental recovery. A single exponent curve fittingfunction as in Eq. 17 is simple but difficult to use when matching recovery data. A better empirical function would be;



� TOC \o "1-6" �� EMBED Equation.2  ���	(18)

�

where � EMBED Equation.2  ��� is dimensionless time in reservoir conditions, and it is obtained from a scaling relation. � EMBED Equation.2  ��� is a dimensionless constant, and n is an exponent. To predict recovery in reservoir conditions, the above function is first matched with recovery data obtained in laboratory to determine � EMBED Equation.2  ��� and n. The value of � EMBED Equation.2  ��� and the expression for � EMBED Equation.2  ��� can be obtained by using a scaling relation. n is a factor that requires trial and error determination.



Scaling Relations. To predict nonwetting phase recovery with Eq. 18, a well-chosen scaling relation is critical. Either of the scaling relations given by Eqs. 14 and 16 can be used with Eq. 18. The conditions mentioned previously for the use of the scaling relations are also valid for the use of the empirical functions.

Since there are two choices for scaling relations, there are also two expressions for constant � EMBED Equation.2  ���. If Bokserman et al.’s� EMBED Equation.2  ��� scaling relation is used, then



� TOC \o "1-6" �� EMBED Equation.2  ���	(19a)

�

and for the hybrid scaling relation, � EMBED Equation.2  ��� is found from



� TOC \o "1-6" �� EMBED Equation.2  ���	(19b)

�

� EMBED Equation.2  ���is the time of 50% recovery.



Figures 30 through 32 show the model predictions for experimental recovery. The hybrid scaling relation in Eq. 19b was chosen for the model. The matching values for � EMBED Equation.2  ��� and n were found to be 0.0033 and 0.6, respectively, from a 3D-6F water-air imbibition experiment with BSP25. These values were later used with empirical functions to predict 1D and 2D recovery shown in Fig. 30. Similarly, for the water-decane imbibition, � EMBED Equation.2  ��� and n were found as 0.0127 and 1.1 respectively from a 3D-6F experiment with BSP24. As shown in Figs. 31 and 32, the model predictions agreed well with the experimental recovery from different cores with various boundary conditions.



Material Balance Functions. Material balance functions predict imbibition recovery by calculating the changes of fluid saturations in the matrix block. These functions may use Darcy’s law, a presumed saturation profile and mass balance. This class involves functions by El-Hadidi� EMBED Equation.2  ���, Schechter et al.� EMBED Equation.2  ���, Reis and Cil� EMBED Equation.2  ���, Chang and Maloney� EMBED Equation.2  ���, Cil and Reis� EMBED Equation.2  ���, and Cil.� EMBED Equation.2  ��� The material balance functions often involves lengthier steps to reach predictions. Because of limited space in this paper, the results with material balance functions are not presented.



Conclusions

From this study, the following conclusions can be drawn:

1. During countercurrent imbibition, water compresses gas within a matrix block until a threshold pressure is reached.

2. Countercurrent imbibition recovery is effectively scaled when recovery time is normalized by transition time.

3. Initial water saturations ranging from zero to near 20% do not have significant effect on recovery rate.

4. Recovery from gas-saturated matrix blocks will eventually reach 100% if sufficient time is given.

5. Three new matrix/fracture transfer functions presented in this study provide accurate predictions of countercurrent imbibition recovery.



Nomenclature

� EMBED Equation.2  ��� 	= 	surface area of matrix block available for imbibition, � EMBED Equation.2  ���

� EMBED Equation.2  ���	= 	diffusivity, � EMBED Equation.2  ���/t

� EMBED Equation.2  ��� 	= 	constant diffusivity, � EMBED Equation.2  ���/t

� EMBED Equation.2  ���	= 	absolute permeability of matrix block, � EMBED Equation.2  ���

� EMBED Equation.2  ���	= 	relative permeability to wetting phase, fraction

� EMBED Equation.2  ��� 	= 	relative permeability to nonwetting phase, fraction

� EMBED Equation.2  ��� 	=	shortest distance to no-flow boundary from imbibition face, L

� EMBED Equation.2  ��� 	= 	characteristic length, L

� EMBED Equation.2  ��� 	= 	distance to no-flow boundary in x direction, L

� EMBED Equation.2  ��� 	= 	distance to no-flow boundary in y direction, L

� EMBED Equation.2  ��� 	= 	distance to no-flow boundary in z direction, L

� EMBED Equation.2  ��� 	=	distance to imbibition front from imbibition surface, L

� EMBED Equation.2  ��� 	= 	initial gas pressure, m/L� EMBED Equation.2  ���

� EMBED Equation.2  ��� 	= 	capillary pressure, m/L� EMBED Equation.2  ���

� EMBED Equation.2  ��� 	= 	threshold gas pressure, m/L� EMBED Equation.2  ���

� EMBED Equation.2  ��� 	= 	cumulative nonwetting phase recovery, � EMBED Equation.2  ���

� EMBED Equation.2  ��� 	= 	cumulative wetting phase recovery, � EMBED Equation.2  ���

� EMBED Equation.2  ���	= 	maximum cumulative recovery, � EMBED Equation.2  ���

� EMBED Equation.2  ���	= 	wetting phase saturation, fraction

� EMBED Equation.2  ��� 	= 	average wetting phase saturation in zone invaded by imbibing wetting phase, fraction

� EMBED Equation.2  ��� 	= 	time, t

� EMBED Equation.2  ��� 	= 	dimensionless time

� EMBED Equation.2  ��� 	= 	time at 50% recovery, t

� EMBED Equation.2  ��� 	= 	pore volume behind imbibition front, � EMBED Equation.2  ���

� EMBED Equation.2  ��� 	= 	initial gas volume, � EMBED Equation.2  ���

� EMBED Equation.2  ��� 	= 	matrix bulk volume, � EMBED Equation.2  ���

� EMBED Equation.2  ��� 	= 	threshold gas volume, � EMBED Equation.2  ���

� EMBED Equation.2  ��� 	= 	x coordinate

� EMBED Equation.2  ��� 	= 	y coordinate

� EMBED Equation.2  ��� 	= 	z coordinate

� EMBED Equation.2  ��� 	= 	diffusivity constant, � EMBED Equation.2  ���/t

� EMBED Equation.2  ��� 	= 	porosity, fraction

� EMBED Equation.2  ��� 	= 	interfacial tension, m/� EMBED Equation.2  ���

� EMBED Equation.2  ��� 	= 	contact angle

� EMBED Equation.2  ��� 	= 	characteristic constant, t-1

� EMBED Equation.2  ��� 	= 	dimensionless characteristic constant

� EMBED Equation.2  ��� 	= 	wetting phase viscosity, m� EMBED Equation.2  ���/L

� EMBED Equation.2  ��� 	= 	nonwetting phase viscosity, m� EMBED Equation.2  ���/L
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Table 1a.-Density (� EMBED Equation.2  ���) of Liquid n-Decane with Temperature at Atmospheric Conditions� EMBED Equation.2  ���

�Temp.

(oC)�Density

(g/cm3)�Temp.

(oC)�Density

(g/cm3)�Temp.

(oC)�Density

(g/cm3)���-20�0.7601�40�0.7145�110�0.6586���-10�0.7526�50�0.7067�120�0.6503���0�0.7451�60�0.6989�130�0.6419���10�0.7375�70�0.6910�140�0.6334���20�0.7299�80�0.6830�150�0.6250���25�0.7261�90�0.6749�160�0.6165���30�0.7222�100�0.6668�170�0.6080��





Table 1b.-Density (� EMBED Equation.2  ���) of Water with Temperature at Atmospheric Conditions� EMBED Equation.2  ���

�Temp.

(oC)�Density

(g/cm3)�Temp.

(oC)�Density

(g/cm3)�Temp.

(oC)�Density

(g/cm3)���0�0.99984�40�0.99222�80�0.97182���10�0.99970�50�0.98803�90�0.96535���20�0.99821�60�0.98320�100�0.95840���30�0.99565�70�0.97778����





Table 2A.-Physical Characteristics of the Parallelepiped Cores and Experiments Performed





Core Name�

k

(md)�

� EMBED Equation.2  ���

(%)�Parallelepiped

Core dimensions

(in.)�Type of

Imbibition 

Experiment�����a�b�c���BSP1�115�17.43�1.0�1.0�1.0�3D-6F Water-Air��BSP2�115�19.33�0.5�1.0�2.0�3D-6F Water-Air��BSP6�115�18.06�2.0�2.0�3.0�3D-6F Water-Decane��BSP7�115�18.00�1.0�2.0�4.0�3D-6F Water-Air��BSP19�115�18.10�2.25�2.25�2.25�3D-6F Water-Air  

@ 1oC



3D-6F Water-Air 

@ 23oC



3D-6F Water-Air 

@ 43oC



3D-6F Water-Air 

@ 60oC



3D-6F Water-Air 

@ 81oC



3D-6F Water-Decane��BSP21�115�19.04�0.3�2.0�4.0�3D-6F Water-Air ��BSP23�115�18.60�2.0�3.0�3.0�3D-6F Water-Decane��BSP24�115�18.10�2.0�2.0�3.5�3D-6F Water-Decane��BSP25�115�18.80�1.4�2.0�2.6�3D-6F Water-Decane

3D-6F Water-Air

3D-5F Water-Air

2D-4F Water-Air

2D-3F Water-Air

1D-2F Water-Air

1D-1F Water-Air��BSP26�115�18.60�1.5�2.0�4.3�3D-6F Water-Decane��BSP27�115�18.60�1.1�1.8�3.1�3D-6F Water-Decane��





Table 2B.-Physical Characteristics of the Cylindrical Cores and Experiments Performed





Core Name�

k

(md)�

� EMBED Equation.2  ���

(%)�Cylindrical

Core dimensions

(in.)�Type of

Imbibition 

Experiment�����2r�h���BSC9�115�20.83�2.0�1.0�3D-6F Water-Air��BSC10�115�20.66�2.0�2.0�3D-6F Water-Air��BSC11�115�19.01�2.0�3.0�3D-6F Water-Air

2D-Radial Water-Air

3D-6F Water-Decane

2D-Radial Water-Decane��

�















�

Fig. 1-Relative sizes of the cores with respect to each other.





�



Fig. 2-Core sealing sequence for performing 3D through 1D imbibition experiments.





























�



Fig. 3-Parallelepiped core with transparent epoxy seal to observe the imbibition front during 2D countercurrent water-air imbibition.
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Fig. 4-Experimental setup for countercurrent imbibition experiments.











�

Fig. 6-Recovery data from BSC11 at 3D and 2D countercurrent water-decane imbibition experiments.







�

Fig. 5-Recovery data from BSP25 for 3D through 1D countercurrent water-air imbibition experiments.









�

Fig. 7-Flux for the BSP25 core for various types of water-air imbibition.









�

Fig. 8-Flux for BSP25 during 1D-1F water-air imbibition.











�

Fig. 9-Flux for BSP23 during 3D-6F water-decane imbibition.









�

Fig. 11-Average water saturation behind the imbibition front in Core BSP25 (water-air imbibition).











�

Fig. 13-Recovery for water-decane imbibition with three cores.







�

Fig. 10-Observed location of imbibition front in core BSP25 (water-air imbibition).







�

Fig. 12-Recovery from various size cores for 3D-6F water-air imbibition (water-air imbibition).









�

Fig. 14-Recovery vs. normalized time showing that recovery curves fall in a narrow band (water-air imbibition).









�

Fig. 15-Recovery vs. normalized time showing that recovery curves fall in a narrow band (water-decane imbibition).







�

Fig. 17-Recovery vs. normalized time showing that recoveries at different temperatures fall on a narrow band (water-air imbibition).







�

Fig. 19-Effect of initial water saturation on recovery found from water-air imbibition.







�

Fig. 16-Recovery from the same core (BSP19) at different temperatures (water-air imbibition).







�

Fig. 18-Recovery from the same core (BSP24) at different temperatures (water-decane imbibition.)









�

Fig. 20-Effect of initial water saturation on recovery found for water-decane imbibition.









�

Fig. 21-Reproducibility problem with water imbibition into a decane-saturated core (BSP6) when the core is not cleaned properly before experiments.







�

Fig. 23-Long term recovery with water imbibition into air saturated cores.







�

Fig. 25-Diffusivity model predictions for water-decane imbibition recovery from various cores.









�

Fig. 22-Reproducibility with water imbibition into a decane-saturated core (BSP6) when the core is cleaned.









�

Fig. 24-The analytical models for imbibition recovery and their categories.







�

Fig. 26-Diffusivity model predictions for water-air imbibition recovery from core BSP25.
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Fig. 27-Scaling of water-air imbibition recovery from core BSP25.
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Fig. 29-Scaling of water-decane imbibition recovery from various cores.
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Fig. 31-Empirical model predictions for water-decane imbibition recovery from cores BSP23 and BSP27.





�

Fig. 28-Scaling of water-air imbibition recovery from various cores.





�

Fig. 30-Empirical model predictions for water-air imbibition data from core BSP25.







�



Fig. 32-Empirical model predictions for water-decane imbibition recovery from cores BSP24 and BSP25.
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