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Abstract: -
The extent of capillary continuity between blocks separated by fractures is one of the most fundamental aspects of multiphase flow process in naturally fractured porous media.  An experimental and theoretical program was initiated to evaluate the existence of capillary continuity across a sock of matrix blocks, as well as, the prevailing flow mechanisms.  Drainage experiments using a four centimetre block and two other blocks, made by cutting the first one, were conducted by a well-equipped centrifuge.  A numerical simulator was then used to determine the fracture capillary pressure (Pcf) and fracture relative permeability (krf) functions using experimental recovery data.  Experimental results showed a high capillary interaction between two neighbouring blocks in some cases.  The main effective mechanism in providing the continuity was liquid bridges formed at contacting points, hence, the degree of capillary continuity depended on the fracture width, as well as, the contacting area. Simulation results lead us to consider non-linear saturation dependant functions for Pcf and krf to obtain a reasonable match.  
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1   Introduction
Description of naturally fractured reservoirs, combined with the knowledge of the physics of multi-phase flow provide the basis for understanding and forecasting the performance of these reservoirs.  Recent advances in understanding of major forces (capillary and gravity, particularly when gravity drainage is the dominant mechanism) have contributed significantly to describing the flow in fractured porous media.  However, the knowledge of main pertinent fracture parameters, that is, capillary pressure and relative permeability, which affect flow in fractures and its interaction with blocks, is still associated with major uncertainties.  

Kazemi et al. [1] were among the first who suggested the need of fracture capillary pressure to maintain static equilibrium for saturation and pressure distribution.  Firoozabadi and Hague [2] assumed the fracture faces to be covered with cones, and calculated Pcf as a function of saturation.  Then with this Pcf model, they tried to obtain suitable krf curves for two of their conducted experiments considered to have capillary continuity, i.e., experiments involving blocks separated by sand grains and blocks in direct contact.  In another publication analysing some experimental data, Firoozabadi and Mareset [3] argued that the Young-Lapace capillary equation used in the Firoozaabdi and Huge’s work [2] was not adequate to capture the drainage across a stock of blocks and claimed that liquid film flow governed the rate of drainage, which might not be sensitive to the number of contacts or the contact area.  Later, Tan and Firoozabdi [4] when studying the effect of capillary continuity in dual porosity simulation assumed a saturation dependent Pcf function but a fracture relative permeability (krf) equal to saturation. 

The results of experimental work of Sajadian et al. [5] showed that there was a critical fracture aperture size for a given fluid and rock properties to maintain strong capillary continuity.  They reported that for fractures thicker than the critical value there was a weak capillary continuity via compressed spacers and/or film flow around them and for thinner fractures there was a strong capillary continuity mainly through the stable liquid bridges formed between the two blocks.  

Although all these studies provide some understanding of capillary continuity between blocks separated by fractures but there are still ambiguities, and sometimes conflicting reports on the prevailing mechanisms in this important flow feature.  Furthermore, the Pcf and krf curves are outstanding issues with variety of suggestions for appropriate functional forms to express their dependency to saturation. Even nowadays in some filed simulations conduced for efficient planning and management of carbonated fractured reservoir [6], the effect of capillary continuity is ignored, which could be highly unrealistic resulting in unjustified development plans with major commercial losses.   

The objective of this study was to gain further understanding of the capillary continuity across a stack of matrix blocks and its effect on the oil recovery.  This was achieved by conducting a series of gravity drainage experiments using a centrifuge.  In these experiments the effect of different possible flow mechanisms, i.e., film flow, liquid bridges formed independent of contact points and those formed supported by contact points were studied in a systematic manner. The effect of physical properties of fracture particularly the shape of Pcf and krf curves were determined by matching the experimental recovery data, using the ECLIPSE [7] commercial reservoir simulator resulting in some important findings.  
2   Experimental Set-up

2.1   Apparatus
The gravity drainage experiments conducted in this research program were performed using a well-equipped centrifuge.  The fist use of centrifuge, for determination of capillary pressure, goes back to 1944 [8].  Since these early days centrifuge has been widely used as a powerful experimental tool for many research and/or operational purposes involving determination of physical rock properties, such as capillary pressure (Pc), irreducible water saturation (Swc), residual oil saturation (Sor), and relative permeability, kr.  The main advantage of centrifuge is that one can obtain valuable information in a short period of time.  It will also enable the researchers to work with small plugs to replicate the same flow conditions occurring in large scale reservoir conditions, which in particular facilities the study of gravity drainage significantly.

The utilised centrifuge is equipped with an electronic fluid level controller.  It maintains the liquid-liquid interface level in the clearance between the core and core holder, acting as vertical fracture, between two high and low level settings with a resolution of 0.1 mm.  The use of liquid-liquid system eliminates cavitation problems associated with gas-liquid systems in some centrifuge experiments.  The distance between the high and the low level settings is 40 mm and the distance from the low level setting to the axis of rotation is 216 mm.

The inside diameter of core holder is 27 mm.  To centre the saturated core sample with a 25 mm diameter into the core holder with a 27 mm inside diameter an especial centre-piece is used.  This piece has three small arms with a height of 5 mm, which surround the core. It has also three rectangular shaped humps on which the core sample could sit reducing the contact area to 28.8 mm2.  Placing the core on this centre-piece could cause the low level point used in all experiments to be at most 0.5 mm higher than bottom of the core.  There is a second core holder, accommodates a dummy core, to balance the centrifuge arm during rotation. 

During the experiment, the amount of drained liquid from and/or imbibed liquid into the core can be measured with a 0.02 cm3 resolution.  This is achieved by monitoring the liquid level change in a graduated transparent tube connected through a nozzle to the bottom of the core holder.  To determine the liquid reference level, first an experiment with a dummy core, with the same size as that of the real one, was conducted.

The temperature of the rotating part, which is inside a bath, can vary in the range of 0.0˚C to 40˚C within ( 0.1˚C precision.  There is also a camera mounted on the door of holder chamber by which pictures can be taken from the rotating core manually or automatically during the test.  The speed of rotation can be set at a fixed value with a fluctuation of 20-30 rpm.  It can also be decreased or increased stepwise or continuously, as required.  All gravity drainage experiments were performed at a speed of 2700 rpm.  More details on the experimental set-up can be found elsewhere [9].

2.2   Core Selection

A homogeneous sandstone core sample of 25 mm diameter and 40 mm height was selected.  To ensure complete wettability of the sample to water a rigorous wettability procedure  [10] was followed before each experiment.  

The local permeability of the sample was measured by a minipermeameter  [11] as 1.46 mD and was confirmed to be the same through the hole core by the Ruska method [11].  A porosity of 22.7% was measured by the saturation method.

The core capillary pressure was determined by the centrifuge using the Hasssler [12] method for converting the raw data to Pc curves.  The required criterion for this method is (R1/R2) >0.8, where R1 and R2 are the distances from centre of rotation to the inner and outer faces of the core, respectively.  Considering the dimensions of the arms of the centrifuge and core plug size this condition was met in our experiments.  The Pc curve obtained for this core sample is shown in Figure 1.  

2.3   Fluid System

All experiments were performed at a temperature of 15(C, the core inlet pressure of 385 kPa using normal heptane (nC7) of 99% purity as the non-wetting phase, and double distilled water as the wetting phase.  A small amount of red dye was added to nC7 to help the interface between nC7-water be clearly visible. The dye did not alter the interfacial tension (IFT) between the phases.  The nC7-water IFT was measured by pendant drop technique to be 47 mNm-1 at 15(C.  The viscosity and density of n-heptane at 15(C were 0.433 cp, and 0.6882 g/cm3 respectively.  The corresponding values for water were 1.2733 cp. and 0.999 g/cm3.  The effect of pressure on the above values, measured at atmospheric conditions, was assumed to be negligible.

3   Experimental Results

The first gravity drainage experiment with the selected core was performed as the base case, with a final value of 13.0%, Figure 2.  In this experiment the speed of rotation was first 1800 rpm, which was then increased to 2700 rpm to increase the recovery.  The repeatability of this experiment was checked by conducting another similar experiment but with the rotation speed of 2700 rpm, which was applied for all other experiments as well.  A deviation of 0.4% confirmed the repeatability of the experiments.

The core was cut in two nearly equal size blocks with dimensions of 19.53 (0.07 mm and 19.02 ( 0.07 mm.  An experiment (Experiment 2) was conducted by directly contacting the two blocks on each other.  Considering the cutting precision, a fracture with maximum average width of 0.15 mm could be considered.  The final recovery of 9.3%, shown in Figure 2, smaller than the base case demonstrated the existence of strong capillary continuity.  The recovery rate in the latter one was however much smaller than that of the former one.  It took 4.5 hours to approach the final recovery compared to that of the first one, which took only one hour.

To identify the significance of fluid films over the contacting points and fluid bridges without the support of contacting points to capillary continuity, a series of experiments were conducted.  The largest stable droplet at the test conditions was determined, using data obtained from the pendant drop technique, to be 0.2 mm.  Experiments 3 and 4 were conducted with a wider gap so that only the film flow could exist but, in the remaining experiments the possibility of forming bridges were also provided by reducing the gap between the blocks.

In Experiment 3, a ring made of a wire with 1.1 mm diameter was placed between the two blocks while, in Experiment 4 the contacting area was increased nearly five times as that of the third experiment by adding two more rings.  The final recoveries of 2.1% and 2.3%, Figure 2, obtained in less than one hour confirmed the little effect of film flow on capillary continuity compared to other participating mechanisms, which resulted in high recovery in the second experiment.  Based on the Pc curve a recovery of 2.0% for the lower block with the height of 1.9 cm and 1.6% for the higher piece with the height of 1.95 cm was calculated provided they acted independently with Pc = 0 at the bottom of both.  Therefore it can be concluded that the blocks almost acted independently in Experiments 3 and 4.

The fracture width wire diameter was reduced in the remaining experiments to allow liquid bridges to form.  In the next experiment the diameter of the wire was 0.1 mm, which was half the size of the possible largest droplet, but the wire length was selected twice that in Experiment 4.  The final recovery for this experiment was 4.2%, which was still low but nearly twice than the two previous ones, as shown in Figure 2.

The repeatability of Experiment 5 was evaluated in Experiment 6 where the copper wire of 0.1 mm diameter resulted in a similar but slightly lower recovery of 3.6%.  The final experiment was a repeat of Experiment 2 with no rings between the two blocks resulting in a recovery of 8.7%, as shown in Figure 2, confirming the existence of capillary continuity in directly contacting blocks, as in Experiment 2.  The results of cases where there was the possibility of forming liquid bridges, namely Experiments 2, 5, 6 and 7, suggest that although recovery was higher when the fracture width was lower than that of largest droplet but the effect of bridges formed independent of contacting points on the capillary continuity seemed to be much lower to that obtained in the directly contacting blocks.  It was already found, based on the result of Experiments 3 and 4, that the film flow had little effect on capillary continuity.  Therefore, the prevailing mechanism of capillary continuity in these experiments was the liquid bridges formed at contacting points.

4   Numerical Simulation

An outstanding issue in quantification of flow in naturally fracture porous media is description of the pertinent fracture parameters in such systems.  In this section the results of numerical simulation conducted to evaluate the impact of these parameters on the recovery in some of the experiments are presented. A single porosity one-dimensional model with Cartesian co-ordinates was constructed using ECLIPSE commercial reservoir simulator.

To convert the height of the core sample and recovery data in the centrifuge experiments to the real reservoir scale, Equations 1 to 2 [13] were used as:
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where,

h: height of block

a: centrifuge acceleration 

g: gravity acceleration

subscripts (exp) and (res) refer to corresponding values of the quantity in the conducted centrifuge experiments and those in real reservoir condition, respectively.

The ratio of gravity to centrifuge acceleration is related to the speed of rotation by,
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where,

N: speed of rotation in round per minute

r: radius to the centre of block [(r1+r2)/2] in mm. 

Porosity ((), permeability (k) and capillary pressure (Pc) of the core sample were known as described in section 2.1.  However, the relative permeability (kr) of the core sample was unknown.  This was obtained by simulating the first experiment conducted on the uncut core sample. For this experiment gravity to centrifuge acceleration ratio was 1601 giving a reservoir block height of 6406 cm.  The pressure at the inlet (Pin) and outlet (Pout) of the core was calculated based on the weight of the static head plus pressure of the normal heptane container (kPa).  The corresponding Pin and Pout values were 160 and 98 kPa, respectively.  A kr drainage Corey type model [14] defined as:
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was selected with ( as the matching parameter.

We obtained the best match with ( = 0.2875.  Figure 3 shows the close agreement between the total water production obtained from simulation and experiment.  

The effect of the threshold pressure (Pth) of matrix block was found to be quite dominant in the simulation of this experiment.  In a sensitivity study Pth was changed from one to four kPa departed us completely from having a reasonable history match.  This finding also questions the validity of the common parameter estimation technique [15] to convert raw data of centrifuge method to Pc curve.  This method ignores the concave down part of the Pc curve versus Sw where wetting phase saturation is approaching towards unity resulting in a higher Pth than the real value.  This point, which was stated earlier by Skuse et al. [16], was very important in the present work in which the capillary retention was significant, i.e., Sw less than 0.7 was not achieved in our experiments.

At this stage the experimental data of the second experiment was simulated to determine Pcf and krf curves.  Again, a single porosity one-dimensional model with Cartesian co-ordinates was considered with two regions representing the two matrix blocks and the fracture.  For this experiment the gravity to centrifuge acceleration ratio was 1607 giving the top and bottom reservoir blocks of 3057 and 3139 cm, respectively, separated by a fracture with a maximum width of 24 cm.  The calculated Pin and Pout were 158 and 98 kPa, respectively.  

The required data on the matrix were known from the simulation of Experiment 1 as described previously.  The main unknown variables for the horizontal fracture, were porosity, (f, permeability, kf,, capillary pressure, pcf, and relative permeabilities, krnf and krnwf.  Changing kf from 500 to 5000 mD, (f in the range of 60% to 90% had no appreciable effect on simulation results.  For krf and Pcf curves the following models were assumed:
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where, a very low Pthf of 0.007 kPa was assumed and a  Pcf =1 at Swf=0 was selected to avoid numerical difficulties. 

In this exercise it was noticed that varying n affected the early recovery match and had little effect on the remaining part.  An appropriate selection of m resulted in good match for the middle and late recovery and had nearly no effect on the early recovery. n=3 and m=1 gave us the best match.  Figure 4 shows the match between the total water production obtained from the simulation and experiment.  

5   Conclusions

To validate the inclusion of capillary continuity and its prevailing mechanisms a set of experiments were performed on a tight core sample.  The main parameters quantifying this phenomenon are the capillary pressure and relative permeability curves used for horizontal fractures situated between the blocks.  To have a better understanding of these parameters, the recovery data of some of the performed experiments were simulated.  The results of experimental work and numerical simulations are summarised as:

1. Although, the recovery rate and the final recovery were reduced due to the presence of horizontal fractures but for directly contacting blocks there was strong capillary continuity.

2. Experimental results revealed that the prevailing mechanism in this continuity was the liquid bridges formed at contacting points.

3. Precise core Pc determination was seen to be essential in history matching process of gravity drainage experiments. The common parameter estimation technique for converting the raw centrifuge data to Pc curve, which ignores the concave down part of Pc curve where Sw approaches unity, gives a higher Pth, hence, is not applicable for tight cores.

6. The assumed simple saturation dependant functions presented for krf and Pcf curves were preferred to a linear saturation dependant function for krf and a constant value function for Pcf, which failed in matching the recovery results.

5. Changing (f and kf in the range of 60% to 90% and 500 mD to 5000 mD respectively had no effect on the simulation results.
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Figure 1: Capillary pressure curve obtained from centrifuge data.
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Figure 2: Recovery data from the six conducted experiments.  In experiment one, recovery from 4 cm core plug, 1a refers to a speed of 1800 rpm, which is then increased to 2700 rpm and 1b refers to the speed of 2700 rpm. In Experiments 2 and 6 two pieces obtained by cutting the core in half were in direct contact.  Experiments 3 to 5, 0.1 mm diameter ring were used to separate the two pieces.
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Figure 3: Measured and simulated total water production, Experiment 1.  
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Figure 4: Measured and simulated total water production, Experiment 2.  
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