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V I S C O U S D I S P L A C E M E N T IN P O R O U S M E D I A : 

PART I - E X P E R I M E N T S 

A B S T R A C T 

In some fractured reservoirs, a gas pressure gradient of the order of 0.1 psi/ft may be 

established in the fractures due to flow. Such a pressure gradient could result in recovery 

enhancement of the matrix oil. Several tests were conducted to study viscous displacement 

in fractured porous media. These tests included both gravity drainage with free gas dis

placement and forced gas displacement. The results show that there is considerable recovery 

improvement due to viscous displacement. 

I N T R O D U C T I O N 

Gravity drainage in fractured porous media has been studied by examining the influence 

of gravity and capillary forces. In fractured porous media comprised of matrix blocks and 

fracture network, these two forces affect the two-phase in the matrix blocks and the fractures 

both. Capillary forces play a major role in the interaction between the matrix blocks via the 

capillary continuity mechanism. Gravity forces affect the drainage performance of the matrix 

blocks and the reinfiltration process. In addition to capillary and gravity, in certain cases, 

viscous forces are expected to affect the production performance of fractured reservoirs. 

Gas injection in some fractured reservoirs results in a small pressure gradient in the 

fractures between an injection and production well. The gas pressure gradient (i.e., horizontal 

gradient) in the fractures away from the well could be of the order of 0.1 psi/ft. Such a 

pressure gradient in the fractures may improve matrix oil recovery substantially, mainly due 

to viscous forces. There is no published data in the literature on viscous displacement in 

fractured porous media. 

The purpose of this work is 1) to provide experimental data on viscous displacement in 
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fractured porous media for gas-oil displacement processes, and 2) to analyze the data to 

examine the nature of displacement improvement from viscous forces. In the following, we 

first discuss the experimental setup and present the data, and then draw conclusions from 

the experimental work. In the second part, the data will be analyzed. 

E X P E R I M E N T A L 

Apparatus 

The apparatus schematic is depicted in Fig. 1. It consists of a glass-walled case with 

metal top and bottom plates supported by metal framing. The metal framing allows the 

0.95 cm-thick glass plates to be forced against the rock faces. Design allows the setup to 

be tilted through 240° about a central horizontal axis. The glass case was sealed using fuel 

resistant room temperature vulcanizing fluorosilicone rubber. The bottom and the top end 

plates were made of 2.54 cm and 0.64 cm thick aluminum plates, respectively. Both plates 

provided connections for vacuum, ventilation, gas injection, fluid loading and drainage (see 

Fig. 1). A valve mounted 6 cm above the bottom face of the coreholder allows gas to flow 

out freely without interfering with liquid flow. The liquid is produced from the outlet at the 

bottom plate. 

Peripheral accessory equipment consists of vacuum pump, vacuum gauge, heat tapes, bal

ance, gas bottle, gas mass flowmeter and controller, pressure transducer, multiloop controller 

with proportional, integral, and derivative (PID) control capabilities, resistance temperature 

detector (RTD), air conditioning unit, convection oven, and two personal computers (PC). 

The RTD, air conditioning unit, convection oven, pressure transducer, and the gas mass 

flowmeter and controller are interfaced to the multiloop controller. The multiloop controller 

is interfaced to one of the PC's. A computer program allows logging of pressure, gas flow 

rate, and temperature. The same program also simultaneously provides temperature control 
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of the laboratory room (76 ± 0.3°F). The balance is interfaced to the other PC. Another 

computer program allows logging of mass data. Constant gas flow rate is provided by the gas 

mass flowmeter and controller. By utilizing PID control capacity of the multiloop controller, 

the injection pressure can be also held constant while gas injection flow rate varies. 

Matrix-Fracture configurations and properties 

Two different matrix-fracture configurations are used to study viscous displacement in 

fractured porous media (see Fig. 2). Both configurations are assemblies of matrix blocks and 

matrix slabs of Berea sandstone. Block areal dimensions are 15x30 cm, and 60 cm in height. 

Slab dimensions are 3.75x30 cm areal, and 60 cm in height. In both configurations (see Fig. 

2a and Fig. 2b), the rock faces are in direct contact. To ensure uniform fractures and tight 

mounting in the coreholder, the rock material is grinded to a dimensional tolerance of ±25 

microns. Care is taken to ensure all faces are normal (90°) to adjoining faces. 

In Fig. 2a, the slabs in the middle contain 7 vertical fractures; three fractures from the 

space between the opposing faces of the matrix slabs and four fractures in the space between 

the glass walls and the slab faces. Visual observations lead us to conclude that the four 

fractures between the glass walls and matrix slabs are thinner than the fractures between 

matrix slab faces. For the top and bottom matrix blocks of Fig. 2a, in each four corners a 

large channel allows free flow of injected gas without any appreciable pressure drop. These 

channels have a prism shape; the base triangle dimensions are 4 x 4 x 5.6 mm. Therefore, 

both top and bottom matrix slabs are only subject to gravity drainage. 

For Fig. 2b, the fractures for the top and bottom matrix slabs are similar to the fractures 

of the middle slabs of Fig. 2a. The middle matrix block is surrounded by four large corner 

fractures to allow free flow of gas. 

The effective permeability of the fracture/matrix configurations of Fig. 2a is 6.3 darcy 
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and that of Fig. 2b is 4.2 darcy. The effective permeabilities were measured by single phase 

liquid flow of normal decane. Since the effective permeability across the matrix blocks are 

very large (due to channels), we may imply that these effective permeabilities correspond to 

the slab/fracture assemblies. The average permeability of the Berea sandstone used in this 

work is around 900 md. The fracture aperture between the matrix slabs is estimated around 

150 microns for configuration a and 120 microns for configuration b of Fig. 2. These values 

are based on kj = iy/12, where tj is the fracture aperture, and kf is the intrinsic fracture 

permeability. The aperture of the fracture space between the glass wall and the matrix slab 

is assumed to be tj/2. 

The pore volume of the matrix/fracture configurations of Figs. 2a and 2b, are 17,827 cm3, 

and 18,151 cm3 respectively. The dead-volume including, corner channels, valve, fittings and 

tubing, and dead-space at the outlet is estimated to be 70 cm3. The fracture volumes (in

cludes horizontal and vertical fracture between rock and slabs, and vertical fractures between 

rock and glass) are 164 and 208 cm3 for configurations 2a and 2b, respectively. The porosity 

of the Berea sandstone is 22 percent. 

Test procedure 

The case and rock material were evacuated to remove adsorbed fluid and then saturated 

with normal decane (see Fig. 1). A period of two days was allowed to achieve full saturation 

with liquid normal decane. The rock matrix was submerged in the liquid with about 2 cm of 

excess liquid (RJ 900 cm3) above the horizontal face of the top block. Downward flow of this 

liquid, until the liquid level reached the horizontal face of the top block, provided the effec

tive permeability of the matrix-fracture system. Negligible resistance in the inlet and outlet 

connections was assumed. Gravity drainage by atmospheric pressure was allowed until both 

the vertical space between the rock and the glass was empty before nitrogen gas injection 
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was initiated. The produced liquid was accumulated in a container and recorded by a PC. 

Separate outlets were provided for liquid and gas. Gas injection pressure was measured at 

the inlet of the system and recorded by a PC (outlet pressure was atmospheric). 

R E S U L T S 

A total of eight tests were conducted. In the first four tests, the matrix-fracture config

uration of Fig. 2a was used. The other four tests were conducted with configuration of Fig. 

2b. Most tests were conducted at a constant injection rate; only one test was performed at 

a constant pressure drop across the system. In all the tests, except one, the matrix-fracture 

configuration was held vertical. The liquid production and the injected gas were measured 

in every test. In addition, slab saturations were measured at the end of two tests. In the 

following, the results are presented. 

M A T R I X - F R A C T U R E C O N F I G U R A T I O N OF FIG. 2a 

Test la - Gravity Drainage - Gravity drainage provides a basis to examine the effect of vis

cous forces on flow in fractured porous media. Fig. 3 displays the production and rate data 

for Test l a for gas-oil gravity drainage. The initial flow rate is around 3,200 cm3 /hr, but 

after 3 minutes the drainage rate decreases to about 1,640 cm3 /hr. During this period, the 

fluid in all the fractures is drained. There is also matrix desaturation during this period. 

The fractures have became empty, but film flow along vertical faces of the matrix blocks and 

matrix slabs continues to about t — 10 min. The film flow along vertical faces of the matrix 

are described in Ref. 1. From t = 10 min to the end of the test only matrix desaturates. 

The drainage rate at 15, 500 and 3,000 minutes are 735, 169, and 17.5 cm3 /hr, respectively. 

At the end of the test (t =18,509 min - about 12.8 days) the drainage rate decreases to 2.8 

cm3 /hr. The cumulative production at t =3,000, and 18,509 min are 5,041 and 6,549 cm3 

corresponding to matrix saturations of 71.7 and 63.3 percent, respectively. Therefore, the 
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liquid recovery at the end of Test la is 36.7 percent. 

Test 2a - Gas Injection at 60,000 cm3 /hr and Gravity Drainage - In the previous test, there 

is no forced gas injection; air replaces the drained liquid. In Test 2a, nitrogen is injected at 

a rate of 60,000 cm3 /hr from t =0.5 to t =5,432 min at the inlet, and the pressure at the 

outlet is held at atmospheric pressure. In the first half minutes, gravity drainage is allowed to 

occur; in this half-minute period, bulk of the liquid in the fractures is produced. At t =5,432 

min, gas injection is stopped and the system is allowed to drain by gravity to t =8,732 min. 

Fig. 3 shows the production and rate data and Fig. 4 provides the inlet pressure data. At 

the start of nitrogen injection, the production rate is 4,212 cm3 /min. The production rate 

decreases rapidly to 1,439 cm3 /hr at t =6 min. At t =15 min, the rate reduces further to 

1,284 cm3 /hr which is much higher than the 735 cm3 /hr gravity drainage rate in Test l a 

at the same time. Fig. 3b reveals that the production rates for Test 2a is higher than Test 

la to t =500 min, thereafter they became nearly identical. The production rate at the end 

of gas injection (i.e., t =5,432 min) is 8.6 cm3 /hr. Then the system is allowed to drain by 

gravity to t =8,372 min when the test is stopped. From t =5,432 to t =6,092 min, there is 

no production. Production at a rate of 1.9 cm3 /hr begins at t =6,092 min. At t =6,213 min 

it increases to 3.5 cm3 /min and at the end of the test rate is 3.1 cm3 /min. The cumulative 

production at the end, t =8,372 min, is 6,602 cm3 which corresponds to an average liquid 

saturation of 63.0 percent. 

Fig. 4 depicts the inlet pressure versus time. The pressure decreases rapidly from a 

maximum of 1.27 psig at t =1.2 min to 0.51 psig at t =4.1 min. From then on, the pressure 

decreases slowly to 0.33 psig at t =5,432 min when the gas injection is stopped. Therefore, 

a steady state gas pressure gradient of around 0.15 psi/ft is established in this test. 

The production pause after the termination of gas injection and subsequent production 
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at a low rate imply that the matrix desaturated substantially due to viscous forces. In part 

II, we will discuss the state of desaturation due to viscous forces. 

Test 3a - Gravity Drainage and Gas Injection at 60,000 cm3 /hr - In this test, the system is 

allowed to drain by gravity to t =3,217 min, and then nitrogen is injected at a flow rate of 

60,000 cm3 /hr. Cumulative production and rate data are shown in Fig. 3. The inlet injection 

pressure is displayed in Fig. 4. In the gravity drainage period, the drainage performance is 

almost the same as the first test. At t =3,217 min, just before the start of gas injection, 

the drainage rate is 14.9 cm3 /hr, and the cumulative production is 4,913 cm3. When gas 

injection starts, the rate rapidly increases to 332 cm3 /hr. The production rate at the end of 

the test at t =10,054 min is 4.6 cm3 /hr which is slightly lower than Test l a at the same time. 

The cumulative production at the end is 6,707 cm3 corresponding to 37.6 percent recovery. 

At the start of gas injection, pressure at the inlet increases very rapidly to 0.37 psig, then 

after 5 minutes stabilizes at 0.35 psig which is about 0.02 psi higher than Test 2a at the 

same time. It decreases to 0.34 psig at t =6,000 min, and decreases very slowly towards the 

end. 

From Fig. 3, it is observed that at the end of Test 3a, the drainage performance approaches 

Test 2a (provided injection would have been continued in Test 2a). If we extrapolate the 

drainage performance of test 2a to 10,000 min, the difference in cumulative production of 

tests 2a and 3a would be about 180 cm3, or 1 percent of PV. 

Test 4a - Gas Injection at Constant AP=0 .3 psi - This test is performed at a constant injec

tion pressure to about 0.3 psig, and therefore the rate of gas injection varies. In Test 4a, the 

injection pressure is 0.03 psig lower than the injection pressure at the end of Test 2a. Fig. 

5 shows the injection rate which reveals oscillations due to very small pressure oscillations 

around the set value of 0.3 psig. The oscillations in pressure are caused by change in the 
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resistance of the system and the time lag in the rate adjustment to keep AP constant. How

ever after some time, the injection rate becomes nearly constant; the average gas injection 

rate approaches 51,000 cm3 /hr. 

In this test, the results are similar to Test 2a, but both the cumulative production and 

rate at corresponding times are somewhat lower. This is to be expected since both injection 

rate and the injection pressure are somewhat less. 

At the end of Test 4a, the experimental setup is dismounted and the slabs were weighted. 

The liquid saturation of the three slabs are 46.7, 45.0, and 44.0 percent. The liquid saturation 

of the fourth slab was not measured. As we will discuss in part II, these saturation data 

imply the strong influence of viscous displacement in fractured porous media. 

M A T R I X - F R A C T U R E C O N F I G U R A T I O N OF FIG. 2b 

Test lb - Gravity Drainage - This test is similar to Test la in which gravity drainage is 

allowed to take place. Fig. 6 displays production and rate data. Similar to Test la, the 

initial rate is high, around 4,415 cm3/hr. The high initial rate is mainly due to fracture 

desaturation. The rate at t =15 min decreases to 813 cm3 /hr. At t =500, 3,000, and 11,473 

min, the corresponding rates are 217, 22, and 5.0 cm3 /hr. The cumulative production at 

t =3,000 and 11,473 min are 6,210 cm3 (65.8 percent matrix saturation), and 7,697 cm3 (57.6 

percent matrix saturation). There is a substantial difference between the gravity drainage 

recovery of tests la and lb . The main reason as we will discuss in part II is due to change 

of configuration and the high threshold height of the bottom matrix block in Fig. 2a. Test 

lb will be used as a reference for the other tests described next. 

Test 2b - Gas Injection at 60,000 cm3/hr - In the first minute, gravity drainage is allowed to 

take place. Gas injection is started at t =1 min, when the gas/liquid interface in the fracture 

reaches the bottom face of the lower slabs (see Fig. 2b). Production and rate data are shown 
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in Fig. 6. After an initial rate increase due to injection, the rate decreases rapidly to 1,753 

cm3 /hr at t =6 min. At t =15, 500, and 3,000 min, the production rate becomes 1,489, 219, 

and 23.5 cm3 /hr, respectively. 

Pressure data are shown in Fig. 7. There is a rapid decrease from a maximum of 1.6 

psig at t =1.6 min to 0.83 psig at t =4.8 min. From then on, the pressure decreases very 

slowly to 0.51 psig at 20,216 min when the experiment is stopped. At the end, the rate is 

2.3 cm3 /hr and the cumulative production is 10,186 cm3 (average liquid saturation of 43.9 

percent). Comparison of production data of tests 2a and 2b shows a similar effect of viscous 

displacement on recovery. In this test, the gas pressure gradient in the fractures is around 

0.12 psi/ft at steady state conditions. 

Test 3b - Gravity Drainage and Gas Injection at 60,000 cm3 /hr - The fractured porous me

dia is first drained by gravity to t =14,700 min. Then, nitrogen is injected at the top inlet at 

a rate of 60,000 cm3 /hr to the end of the test {t =24,840 min). During the gravity drainage 

period, Test 3b is nearly identical to Test lb . Prior to nitrogen injection at t =14,700 min, 

the rate is 4.2 cm3 /hr, but it increases to 2000 cm3 /hr when nitrogen is injected. Then the 

rate drops rapidly. The production from t=14,700 to 24,840 min is about 1,700 cm3 which is 

a significant recovery resulting mainly from viscous displacement. Pressure data are shown 

in Fig. 7. 

Test 4b - Tilted Stack with Gravity Drainage and Gas Injection at 60,000 cm 3 /hr - In this 

last test, the matrix-fracture configuration of Fig. 2b is tilted 45° along the side edge. From 

the start to 17,340 min, gravity drainage is allowed to take place. From t =17,340 min to the 

end at t =27,420 min, nitrogen at a rate of 60,000 cm3 /hr is injected at the top inlet. The 

production and rate data for Test 4b are shown in Fig. 6. The rate of drainage is initially 

less than tests lb and 2b due to the effect of gravity. But in later stages the rate and even 
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cumulative production become close to the vertical cases. 

At t =17,340 min, prior to nitrogen injection the rate is 3 cm3 /hr. When nitrogen is 

injected, the rate increases to 400 cm3 /hr but drops very rapidly. As Fig. 6 shows nitrogen 

injection results in a substantial increase in recovery; 1,600 cm3 from t =14,700 to t =27,420 

min. 

Inlet pressure response is very similar to Test 3b. Initially pressure increases very rapidly 

to 0.57 psig and drops fast to a value of about 0.52 psig (Fig. 7). 

At the end of Test 4b, the saturation of the slabs were measured by weighing. The 

measured saturation of three slabs in the top configuration are 0.293, 0.298, and 0.299. The 

average saturation of the three slabs in the bottom are 0.668, 0.690, and 0.678. Since these 

saturations are very close, the average saturations of fourth slab at the top and bottom 

are assumed to be 0.297, 0.678 respectively. From the overall material balance, the average 

liquid saturation of the matrix block at the center (see Fig. 2b) is calculated as 0.440. As we 

will discuss in part II, these saturations reveal a significant recovery due to viscous forces. 

C O N C L U S I O N S 

The tests presented in this paper will be analyzed in part II. The general conclusion is 

that viscous displacement in fractured porous media could have a significant effect on matrix 

oil recovery. The average gas pressure gradient in the fractures for configuration of Fig. 2b 

is about 0.13 psi/ft. Such a gas pressure gradient improves the matrix oil recovery by 10 

percent of the pore volume. 

R E F E R E N C E 
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V I S C O U S D I S P L A C E M E N T IN P O R O U S M E D I A : 

PART II - ANALYSIS OF E X P E R I M E N T S 

A B S T R A C T 

We have simulated gravity assisted viscous displacement and pure gravity displacement 

experiments by assuming an appropriate fracture capillary pressure for laboratory exper

iments. The effective fracture liquid permeability is approximated by analyzing the flow 

perpendicular to fracture planes. Due to strong capillarity, small fracture apertures, and 

rapid desaturation of fractures, fracture relative permeability becomes relatively unimpor

tant. Numerical results are in very good agreement with the experimental data. 

I N T R O D U C T I O N 

Gas-oil gravity drainage in fractured porous media has been studied mainly by examining 

the interplay of gravity and capillary forces. In such systems, gravity drainage is related to 

both matrix and fracture properties. Capillary continuity via fractures between the blocks 

play an important role in the drainage performance of such systems. Capillary continuity is 

mainly controlled by fracture aperture and fracture capillary pressure. 

In a previous study (Ref. 1), we studied fractured systems under gravity drainage. Our 

numerical simulation results showed that the fracture capillary pressure is an important 

two-phase flow parameter in a matrix/fracture system. Due to the existence of fractures 

perpendicular to gravity direction, the production of composite matrix/fracture systems is 

slowed down as compared to the drainage performance of a single equivalent-height matrix 

block. In order to accelerate the production, viscous displacement in fractured systems is 

considered. Viscous forces in combination with the gravity and capillarity forces compli

cate the displacement process considerably. Experimental investigation of viscous effects is 
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reported in the first part of this study. 

The main focus of this paper is to analyze the experimental data of viscous displacement 

in fractured porous media for gas-oil displacement processes. In this context, pure gravity 

drainage experiments would provide a basis for the evaluation of viscous forces. In the follow

ing sections, we discuss first the fracture flow characteristics, followed by a brief description 

of the experiments and experimental parameters, and analysis of the experiments. Then, 

draw some conclusions. 

F R A C T U R E FLOW P R O P E R T I E S 

We have used the fracture capillary pressure and fracture effective permeability expres

sions based on our previous study. Capillary pressures of the fractures is expressed by1, 

' . Pcf> P°ci • (1) 

where Sorf is the residual liquid saturation in the fracture space, P°, is the fracture threshold 

capillary pressure, and 07 is the slope of the logarithmic term. The residual liquid saturation 

in the fracture space is assumed to be 1 percent. In Eq. 1 P°f, and aj are adjustable 

parameters to be determined from history matching of one set of data for a given system. 

These two parameters, are assumed to be directly proportional to the fracture aperture. In 

other words, the ratio of <r/s for two different fracture apertures is equal to the inverse of 

aperture ratio. Note that in Eq. 1, n*-=2 is used to increase the slope of the capillary pressure 

around the residual fracture liquid saturation. 

Effective fracture permeability is expressed by 

k} = 3.45 x 1Q5R12VT (2) 

where R is fracture film aspect ratio, and X is the shape factor of the liquid bridge. In this 

study, R—\ and J = 7 . 5 are used to estimate fracture permeabilities perpendicular to fracture 

2 
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faces. The permeability value obtained from Eq. 2 is assumed to be constant due to short 

desaturation period for fractures. In the same context, linear fracture relative permeabilities 

are used. 

In the following, P°j, and aj are obtained from the gravity drainage experiment of each 

configuration shown in Fig. 1 by matching the measured data with simulation results. For 

the same setup, other results can be predicted. 

B R I E F D E S C R I P T I O N OF T H E E X P E R I M E N T S A N D M A T R I X 

F L O W P R O P E R T I E S 

Details of the experiments to be used in our numerical study are given in part I of this 

work. However, we will provide a brief description of these experiments to identify different 

matrix segments and to assign properties for those matrix segments. Berea sandstone is 

used as the porous matrix in the experiments. A total of four matrix block/slab sections are 

used. The dimensions of the blocks and slabs are shown in Table 1. Only three of them are 

used in a given experiment. The blocks and slabs are equal in height and add up to 180 cm 

of total height. In all the tests, slabs and blocks are in direct contact with each other. Two 

different configurations are used in the experiments. 

In the first configuration (see Fig. la) , sections A, B, and C are stacked on top of each 

other where the sections A, B, and C correspond to the top, middle, and bottom segments 

of the experimental assembly. Matrix properties of each section are shown in Table 2. 

Average permeability and pore volume of the first configuration are 6.3 darcy, and 17,827 

cm3, respectively. Based on single phase flow in the fractures, the fracture aperture between 

the slabs is estimated to be 150 microns. 

In the second configuration (see Fig. lb) , sections B, A, and D are used. They are stacked 

on top of each other similar to the first configuration, in the order of B, A, and D from top 
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to bottom, respectively. Average permeability and pore volume of the first configuration are 

4.2 darcy, and 18,151 cm3, respectively. For this configuration, equivalent fracture aperture 

between the slabs is estimated to be 125 microns. 

Liquid normal decane was used in the experiments. Viscosity and density of normal de

cane at 24.4°C are 0.866 cp and 0.724 gm/cm3 , respectively. In the viscous flow experiments 

nitrogen is used as the displacing gas with a viscosity of 0.0183 cp at the same conditions. 

The capillary pressure of the blocks are calculated from the model of Bentsen and Anli2 

p _ po _ i (So- Sorm\ p p o . v 
J e m — rcm m I 1 _ C / ' cm — cm • \°) 

\ I Oorm / 

Since we did not have single block/slab gravity drainage data, P°m and am are estimated 

indirectly from the gravity drainage experiments with saturation measurements. The es

timated values of P°m and am are in agreement with our previous study where they are 

obtained directly. Due to local heterogeneities, P°m and am values of each segment (block 

or stack of slabs) differ. However, the level of variations of P°m and am is in agreement with 

our previous study. Accurate determination of capillary pressure is important to match the 

available saturation data. 

Liquid relative permeability of the Berea sandstone used in this study is given by, 

where S'O7-TO=0.26 is the residual oil saturation of the Berea sandstone. 

Four different tests are performed using each configuration of Fig. 1. Various boundary 

and initial conditions are used in the experiments. 

ANALYSIS OF E X P E R I M E N T S 

In the following, four different data sets are matched using a commercial numerical simu

lator. In the numerical studies, 10 grids per section (block or slabs) in the vertical direction 
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are used with smaller grids near the fractures. The grids close to the fractures were smaller 

for the tests with nitrogen injection than the gravity drainage tests to capture the saturation 

and pressure changes near the boundaries of the matrix. We did not try to match the early 

period of the drainage (2 < 10 minutes) where liquid film flow around the periphery of the 

blocks and slabs dominates. 

Cumulative production, rate, pressure, and average block/slab saturation data were 

matched in case they were available. Saturation measurements were available only for Test 

4a, and Test 4b. All the tests were performed using the coreholder in the vertical position, 

except Test 4b, where the coreholder was tilted 45° along one of its long edge. 

M A T R I X - F R A C T U R E C O N F I G U R A T I O N OF FIG, l a 

Test la - Gravity Drainage - This test is used as a base case for the other tests of the same 

configuration. The fracture capillary pressure is extracted from the production and rate 

data. The P°, and 07 parameters of the fracture capillary pressure correspond to an aper

ture of 30 microns (see Table 3). The fracture aperture in this context differs from the 

hydraulic fracture aperture which is based on the flow parallel to the fracture planes. We 

use the aperture term to correlate the fracture capillary pressures with respect to each other 

consistently, starting with a base number. As the fracture aperture decreases, the capillary 

contrast between the fracture and matrix decreases yielding, favorable capillary continuity. 

Comparison of the production data the simulation results are shown in Fig. 2. Both 

cumulative production and rate data show good agreement with the simulation results. 

Simulated saturation profiles at various times are shown in Fig. 3. As can be seen, the 

bottom block (block C) drains much less than the top block and middle slabs. One main 

reason is the high threshold capillary height of the bottom block. Calculated average block 

and slab saturations at the termination of the experiment from top to bottom are 0.453, 
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0.455, and 0.985, respectively. 

Small regional heterogeneities cause the top block and middle slabs to drain nearly the 

same amount as the calculated saturation values show. If the top and middle sections had 

identical properties, the final saturations would have been different (depending on the shape 

of the matrix capillary pressure curve). 

Test 2a - Gas Injection at 60,000 cm3 /hr and Gravity Drainage - In this test, nitrogen is 

provided from the top at a rate of 60,000 cm3 /hr. In this setup, the blocks (top and bottom) 

were exposed to gravity drainage and the middle slab section was exposed to gravity-assisted 

viscous flow. Cumulative production and rate response of the system are compared with the 

simulation results in Fig. 4. Imposed gas pressure gradient as a supplement to gravity forces 

increases the initial drainage rate by factor of 1.3 (as compared to Test la) . 

For this test, pressure measurements are also available; data and simulation results are 

shown in Fig. 5. The simulated pressure has the same trend as the measured data even 

at the early stages of the injection process. At late times, both data and numerical results 

stabilize around 0.32 psig. When nitrogen is injected, the hydraulic aperture of the fractures 

becomes an important parameter of the simulation model. Considering the complexity of 

the problem, the agreement between the production/pressure data and the simulation results 

shown in Figs. 4 and 5 is very good. 

The simulated saturation profiles at various times of the production history are shown 

in Fig. 6. Although the shape of the saturation profiles of the top and middle sections are 

different, they both produce to a liquid saturation of 0.51 at 90.5 hours. The calculated 

average saturation of the bottom block at the termination of the experiment is 0.92 (at 

t =90.5 hrs). This saturation value is less than the corresponding saturation value of Test 

la (0.985) at 309 hrs. Therefore, the effect of viscous displacement in the last block where 
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gravity is stabilized with the threshold height of the block (in the absence of viscous injection) 

is more pronounced. 

As nitrogen injection proceeds, the top block and the middle slabs are stripped by nitrogen 

beyond the gravity drainage production. However, the amount of extra production from these 

segments is not as much as the bottom block. The bottom block will have more producible 

oil than the other block and slabs due to the effect of threshold height. 

The second part of this experiment (gravity drainage) was not been simulated due to the 

reverse imbibition mechanism. That mechanism has not been considered in our study. 

Test 3a - Gravity Drainage and Gas Injection at 60,000 cm3 /hr - The first part of this test is 

identical to Test la where only gravity drainage takes place. For this test, gravity drainage 

lasted 53.6 hours. Then, nitrogen is injected at 60,000 cm3 /hr . The purpose of nitrogen 

injection is to examine the effectiveness of the viscous forces at different initial saturation 

distribution (different initial condition). 

Nitrogen injection starts at t = 53.6 hr at which the drainage rate is 14.8 cm3 /hr. The 

production response to nitrogen injection is rather fast as can be seen from the initial "kick" 

in the rate history (Fig. 7). But, rate drops fast; then, gradually approaches to a trend similar 

to gravity drainage. The comparison of the measured pressure data and the simulation 

results show similar behavior except the very early part of the data. Unlike the simulation 

results, the data show that the pressure increases gradually. Simulation response is more 

instantaneous, because numerically, it is possible to implement a step change in rate. The 

sudden increase in pressure is also reflected in the rate history with a corresponding sharp 

peak. At the early stage of the nitrogen injection, nitrogen mobilizes insitu liquid (decane), 

and the mobilized liquid fills the fractures causing higher pressure drop than nitrogen filled 

fractures. But, desaturation of the fractures is rather fast due to limited supply of the 
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excess liquid (excess as compared to pure gravity effect), and very high permeability of the 

fractures. 

After 3500 min, the injection pressure stabilizes, and decays slowly to the value of 0.34 

psig towards the termination of the experiment. Calculated saturation profiles of the blocks 

and slabs are shown in Fig. 9. The amount of decane production after the initiation of 

the nitrogen injection is visible from the progress of saturation profiles. At the end of the 

experiment, the saturation profiles are about the same as the saturation profiles of Test 2a 

(Fig. 6). The difference of the productions of Test 2a and Test 3a is minor (about 2 %). 

This means that nitrogen injection can still accelerate the production at late stages of gravity 

drainage. 

Test 4a - Gas Injection at Constant A P = 0.3 psi - This test is conducted under constant 

injection pressure of 0.3 psig where rate of injection varies. In our simulation study, we 

could not impose AP — 0.3 psi throughout simulation due to very low value of A P , instead 

we imposed multi-rate injection scheme to keep the pressure drop somewhat constant. In 

order to implement multi-rate injection, we have used injection rate history shown in Fig. 10. 

As seen in Fig. 10, the injection rate history is divided into three separate segments where 

injection rates are 22,500 cm3 /hr (0< t < 5.4 min), 45,000 cm3 /hr (5.4< t < 613 min), and 

51,000 cm3 /hr (613< t < 11,256 min). These selected rate values are the average values of 

the relevant time segments as stated. 

Based on our approach, the comparison of the production data and simulation are shown 

in Fig. 11. Comparison of pressure history and simulation is shown in Fig. 12. The separation 

between the simulation results and the pressure data at late times could have been matched 

better by discretizing the rate further (considering the rate fluctuations). However, our main 

purpose is to understand the mechanisms of displacement. 
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The calculated saturation profiles at various times are shown in Fig. 13. For this test, 

the average block and slab saturations are also measured at the termination of the experi

ment. The measured average saturation values versus calculated average saturation values 

are shown in Fig. 14 and Table 4. The measured and calculated average block and slab 

saturations clearly indicate the effect of viscous forces. The non-monotonic behavior of the 

saturation values from top block to bottom block is a clear proof of this. The designed 

configuration in Fig. 1, imposes most of the viscous forces to the middle slabs not to the 

bottom and top blocks. Therefore, the middle slabs drain more than the top block unlike 

the gravity drainage in Test la. 

We were able to match all the data available from the experiment; production and 

rate data, pressure, and saturation. As independently measured sets of data increase, 

match/prediction becomes more and more difficult. In general, matching one set of data 

does not guarantee that the other independent data sets will be honored. Therefore, overall 

agreement between the measured data and simulation is considered to be very good. 

MATRIX-FRACTURE CONFIGURATION OF FIG, l b 

Test lb - Gravity Drainage - This test is similar to Test la. As in Test la, fracture capil

lary pressure is extracted from the match of production data of this test. The Pc°y and aj 

parameters of the fracture capillary pressure correspond to an aperture of 26 microns which 

is 13 % less than the corresponding aperture of the configuration in Fig. la. 

The comparison of the production data and the simulation results is shown in Fig. 15. The 

agreement between the data and the simulation results is very good. The production response 

of this configuration is somewhat different from Test la. The main reason is the difference in 

the properties of the matrix sections used (see Table 2). The threshold height of the bottom 

block (section D) is shorter for this configuration. Therefore, Test lb (configuration Fig. 
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lb) produces more than Test la (configuration Fig. la) under gravity drainage. Calculated 

saturation profiles are shown in Fig. 16. This figure can be viewed as desaturation history 

of the top, middle, and bottom segments. Again, the bottom block of this test drains more 

than the bottom block of Test la (Fig. 3). Calculated final average saturations are 0.336, 

0.460, and 0.805, for the top, middle, and bottom segments, respectively. 

Test 2b - Gas Injection at 60,000 cm3 /hr - The only difference between Test lb and Test 2b 

is the injection of nitrogen from the top at a rate of 60,000 cm3 /hr (the same as Test 2a). 

Since the fracture capillary pressure is available from Test lb , the simulation results were 

predictions. Fig. 17 shows that the simulation results are in excellent agreement with the 

production data. 

The comparison of simulation and pressure data is shown in Fig. 18. The agreement of 

pressure data with simulation is also very good. The measured injection pressure decreases 

to 0.51 psig at the termination of the experiment. Comparison of the pressure responses 

of the Tests 2a and 2b indicates that the pressure drop of both tests are consistent with 

the single phase permeability measurements of each configuration. The permeability ratio 

of Test 2a/Test 2b is approximately the same as the stabilized pressure ratio of both tests 

(Test 2a/Test 2b : 6.3 darcy/4.2 darcy « 0.51 psig/0.33 psig). 

Calculated saturation profiles are shown in Fig. 19. The bottom slabs and the middle 

block drained significantly by viscous forces as compared to Test lb . The calculated aver

age saturation values for the top, middle, and bottom sections are 0.312, 0.365, and 0.665, 

respectively. 

Test 3b - Gravity Drainage and Gas Injection at 60,000 cm3 /hr - This test has the same fea

tures as Test 3a where gravity drainage is followed by nitrogen injection. Gas injection 

started at t = 245 hours and lasted until 413.5 hours. Comparison of measured data versus 
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simulation data is shown in Fig. 20. The gravity drainage part of the production data is the 

same as Test 2b showing the reproducibility of the experiments. The response to nitrogen 

injection is fast and rate increases to about 2000 cm3 /hr from 4.2 cm3 /hr. However, the 

peak rate drops rapidly. The simulation results agree with the production data very well 

even capturing the peak rate. 

Next, comparison of the pressure data with the simulation results are shown in Fig. 21. 

The match between pressure data and simulation is very good. We have also provided the 

calculated saturation profiles to examine the progress of drainage with respect to time and 

space in Fig. 22. The production due to injection is not significant for the top slabs of the 

stack. This is because of the lack of potentially producible oil in the top slabs due to prior 

gravity drainage period. 

Test 4b - Tilted Stack with Gravity Drainage and Gas Injection at 60,000 cm 3 /hr - Among 

all the tests, this is the only non-vertical configuration with a tilt angle of 45°. Therefore, the 

gridding of this test is also different as compared to the other tests due to non-symmetrical 

orientation of the slabs and blocks with respect to the direction of gravity. Thus, the matrix 

is additionally gridded perpendicular to the direction of vertical fractures. 

The test consists of two parts (similar to Test 3b). First part is gravity drainage which 

lasts until t = 289.2 hours. At this time, nitrogen injection starts with a rate of 60,000 

cm3 /hr until the termination of the test (456.9 hours). Similar to Test 4a, the saturation of 

the blocks and slabs were measured at the end of the test. 

For this test, the fracture capillary pressure based on the Test lb did not yield a good 

match of the data and simulation. This could be due to changes of contact properties 

between the blocks and slabs. Due to tilting,we believe that blocks and slabs slightly slid 

over each other crushing some of the surface sand grains (because the assembly is not under 
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external stress). Furthermore, in some region of the contacted surface between the slabs and 

blocks may be in better contact than the other parts due to tilting. Therefore, we have used 

the gravity drainage portion of this experiment to obtain P°j and 07 (see Table 3). The 

corresponding aperture value (20 fi) is found to be 23 % less than the aperture value found 

from Test l b (26 fi). 

As shown in Fig. 23, the production data match with the simulation results very well 

before and after nitrogen injection. The pressure data match is shown in Fig. 24. The 

pressure response of this test is very similar to the previous cases with a peak at the beginning 

of injection, then somewhat stabilized response at later times. 

The calculated saturation profiles are shown in Fig. 25. Similar to Test 4a, the average 

saturation values were measured at the end of the test. The measured saturation values 

are compared with simulation results in Fig. 14 and Table 4. Agreement between data and 

calculated results is very good. Maximum deviation belongs to the saturation value of the 

middle block. Average saturation of the middle block is inferred from the overall material 

balance and the saturation measurements of the slabs. Therefore, it has some uncertainty 

with respect to the other slabs. Similar to Test 4a, the measured average block and slab 

saturations reveal the effect of viscous forces. The top and bottom slabs produce significantly 

due to nitrogen injection. Especially, the bottom slabs produce significantly more than their 

gravity equilibrium values. 

C O N C L U S I O N S 

In this study, we have simulated viscous displacement in fractured porous media. Based 

on this study, the following conclusions are drawn: 

1. Production performance of viscous displacement in a fractured porous medium is 
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mainly influenced by pressure drop across the displacement length. Pressure gradi

ent is a measure of fracture aperture and injection rate. 

2. Effects of viscous forces in fractured porous medium are very important. Rate and 

production enhancement after injection of nitrogen clearly indicates the importance of 

viscous forces. 

3. Viscous injection can be viable alternative to accelerate production even for fractured 

reservoirs close to capillary-gravity equilibrium. 
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S0 — liquid (oil) saturation 

Sorm = residual liquid (oil) saturation in matrix 

Sorf = residual liquid (oil) saturation in fracture 

t — time, hours 

Greek Symbols 

am = logarithmic slope of the matrix capillary 

pressure, psi 

af = logarithmic slope of the fracture capillary 

pressure, psi 

<j>m — matrix porosity 

6 = tilt angle (Degrees) 

Ho = liquid (oil) viscosity, cp 
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Table 1: Dimensions of blocks and slabs, Lx x Ly x Lz, used in the experiments. 

SECTION 

A 

B 

C 

D 

BLOCK or 

SLAB 

BLOCK 

SLABS 

BLOCK 

SLABS 

-Lx 

cm 

15.00 

4x 3.75 

15.00 

4x 3.75 

Ly 

cm 

30.00 

30.00 

30.00 

30.00 

cm 

60.00 

60.00 

60.00 

60.00 

Table 2: Matrix data. 

VARIABLE UNITS 

km (md) 

o-m (psi) 

PL (Psi) 

K (cm) 

<j>m (fraction) 

SECTION 

A B C D 

895 895 895 895 

0.18 0.14 0.18 0.15 

0.39 0.34 0.55 0.32 

37.87 33.01 53.40 31.07 

0.222 0.222 0.210 0.222 
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Table 3: Fracture permeability and fracture capillary pressure parameters for the stacked 

block/slab experiments. 

CASE 

Test la (30 /mi) 

Test 2a (30 /mi) 

Test 3a (30 /mi) 

Test 4a (30 //m) 

Test lb (26 /mi) 

Test 2b (26 /mi) 

Test 3b (26 /mi) 

Test 4b (20 /an) 

6 kf Sor/ aj P°f 

(Deg.) md (frac.) (psi) (psi) 

0 2188 0.01 -39.17xl0-2 0.1042 

0 2188 0.01 -39.17xl0~2 0.1042 

0 2188 0.01 -39.17xl0-2 0.1042 

0 2188 0.01 -39.17xl0-2 0.1042 

0 1641 0.01 -45.19xl0-2 0.1198 

0 1641 0.01 -45.19xl0-2 0.1198 

0 1641 0.01 -45.19xl0-2 0.1198 

45 972 0.01 -58.75xl0-2 0.1563 

Table 4: Measured and calculated final saturations for Test 4a, and Test 4b. 

CASE Time 

hrs 

Test 4a 192.61 

Test 4b 456.93 

Calculated S0 

TOP MIDDLE BOTTOM 

0.490 0.465 0.923 

0.307 0.368 0.733 

Measured S0 

TOP MIDDLE BOTTOM 

0.508 0.450 0.900 

0.293 0.440 0.678 
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(a) (b) 

Figure 1: Matrix-fracture configurations used in the experiments. 
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results. 
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Figure 16: Calculated saturation profiles for Test lb at different times. 
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Figure 19: Calculated saturation profiles for Test 2b at different times. 
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Figure 22: Calculated saturation profiles for Test 3b at different times. 
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DUAL-POROSITY SIMULATION INCORPORATING 

REINFILTRATION AND CAPILLARY CONTINUITY CONCEPTS. 

PART HI: INTERACTIONS BETWEEN GRID CELLS 

Summary 

In this third report on the subject of dual-porosity simulation, we propose a method which 

accounts for reinfiltration and capillary continuity not only within a gridcell, but also between 

various gridcells. A reinfiltration terms is added to the dual-porosity model and the exchange 

term between the matrix and the fracture is calculated in a simple manner. Four example 

problems demonstrate the usefulness of the proposed method. 

Introduction 

In two previous reports > w e n a v e described how to account for reinfiltration and capillary 

continuity between matrix blocks in a gridcell. The purposed method is based on the 

observation that the rate of drainage of a matrix block in a stack, when plotted vs. matrix 

block average saturation, reveals a systematic behavior. In such a plot, the drainage rate of 

all the matrix blocks can be approximated by, 1) two universal curves when only reinfiltration 

occurs, and 2) three universal curves when capillary continuity is accounted for. Therefore, 

fine grid simulation of a stack of two or three matrix blocks are adequate to calculate the 

drainage performance of a stack comprised of a large number of matrix blocks. The 

procedure for such calculation uses a simple material balance. 

In this report, we use the methodology described in Refs . 1 and 2 to obtain the rate 

of drainage of gridcells and then modify dual-porosity formulation to account for the 

interactions between gridcells. 

Formulation 

To take into account the reinfiltration and capillary continuity effects between gridcells in 

dual-porosity models, we first assume that each gridcell used in the simulation contains at 

least one matrix block. The basic equations in the fracture media for immiscible fluids are: 
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The basic equations in the matrix, also for immiscible fluids, are: 
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In above equations, xpmf is the mass transfer rate of phase p, from matrix to fracture; RQ^ is 

the reinfiltration rate of the oil from the fracture to the matrix blocks. Other symbols are 

defined in the Nomenclature. Eqs. 1 and 3 without the reinfiltration term, R0fm, are well 

documented in the literature for the dual-porosity approach3-5. Solution of Eqs. 1 to 4 for 

Pof> Pom.' Pgf> Pgm> Sof ^om> Sgf> an(^ Sgm a r e t n e ma^n objectives of this work; one needs 

saturation constraints and capillary relationships, for both fractrure and matrix media, to 

complete the formulation. 

Reinfiltration of oil is mainly important for a gas/oil system. Except in the near-wellbore 

regions, drainage and reinfiltration of oil are predominantly caused by the gravity and 

capillary effects, and therefore we will focus our attention to flow in the z direction. The 

basic flow equations in a finite-difference form are written for each gridcell (see Fig. 1 for 

schematic). 
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In the above equations, V/ is the volume of gridcell i and T is the transmissibility of pahse p, 

AxAy kkm given as T = — —, p=o,g. 
Az \i0B0 

The exchange term between the matrix and the fracture for the i-th gridcell for the oil phase 

is given by: 

omf,i J o,i\ omi ' (9) 

Eq. 9 represents the flow rate of oil from the matrix to the fracture, under the free drainage 

condition driven by the gravity and capillary forces. It is a function of the average oil 

saturation of the matrix gridcell, and can be obtained from the approach described in Refs. 1 

and 2. A potential weakness of this approach is that f0j is calculated with the assumption 

that viscous forces are negligible in comparison with gravity and capillary forces. The main 

difference between our approach and other dual-porosity models is that we use a drainage 



function f0 instead of pseudo capillary pressure in the formulation, to account for 

reinfiltration and capillary continuity effects within a gridcell. 

The oil reinfiltration can be formulated as 

Rofm, = VJ^MP^-Po^ +P.8W (10) 

Parameter o r is the shape factor for reinfiltration. We use ar=10kz/Az2 to generate results 

for the examples described in this report. This a r value is of the same order as the shape 

factor used in exchange term of the conventional dual-porosity models. 

Parameter Ah in Eq. 10 is the difference in height between the fracture in gridcell i 

and the matrix blocks in gridcell i+1. In the current model, Ah is calculated as the difference 

in height between the gridcell centers, and the oil fracture relative permeability is used for the 

oil relative permeabihty of Eq. 10. 

We can substitute Eqs. 9 and 10 into Eqs. 5 through 8, and solve for the four unknowns pom, 

Pop $om an<^ Sop The other unknowns are ehminated by using saturation constraints and 

capillary pressure relationships. Notice that due to the reinfiltration effect, there is a 

connection between the i-th fracture and the (i+l)-th matrix cells. This connection will cause 

additional entries in the linear solver if one wishes to solve the problem implicitly by using the 

Newton-Raphson method, and thus cause more simulation time than the standard (no-

reinfiltration) dual-porosity model. However, since matrix variables do not change as fast as 

the fracture variables, we may adopt a method implicit in p0t and S0f and explicit in pom and 

c 

'-'cm-
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For an incompressible system, Eq. 11 states that the gas phase transfer between the 

fracture and the matrix domains is equal to the net oil phase transfer between the fracture 

and matrix domains. 

Addition of Eqs. 5 and 6 and the application of Eq. 11 yields 
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For incompressible fluids, the accumulation terms disappear and Eq. 12 simplifies to: 
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Substituting Eq. 9 into Eq. 5, we have 
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For a gas/oil system, gas phase mobility is usually much larger than the oil phase mobility. 

Therefore, 

Pgm, = Pgf, (15) 

and 

r om,\ ir gmj fcogm, ̂ Pgf.-P cogm,i 
(16) 

We then solve for p0t and S0f by using Eqs. 13, 14, combined with Eq. 10, with the 

assumption of Eqs. 15 and 16 and the saturation constraint Sgf=l-S0f. In Eqs. 13 and 14, 

since the matrix saturation changes much slower than the fracture saturation, we calculate the 

matrix properties (relative permeability, capillary pressure, and drainage rate) explicitly, and 



apply Eq. 7 to update Som and Eq. 8 to update Sgm in time. Notice that by using the 

assumption of Eq. 15, we reduce the number of independent variables from four to two, and 

significantly simplify the system. 

To demonstrate the above approach, we have developed a 1-D dual-porosity simulator. A 

Newton-Raphson technique was employed. We next studied the following gravity drainage 

problems to validate the model. 

Example Problems 

In the following, four example problems are investigated. The matrix block height is 180 cm 

in all the examples. Unless otherwise specified, the matrix permeability is 0.7 darcy and the 

effective fracture permeability (k$f) is 2 darcy ( kf = 2000 D, (j)f = 0.001). The fluid and 

rock properties are the same as those used in Refs. 1 and 2. 

Case 1: Ten Homogeneous Matrix Blocks, Ten Gridcells, Pcf=0 

In applying Eq. 9, we assigned two drainage curves f0j to model the drainage rate of 

different grids: one drainage curve for the first grid in which there is no reinfiltration from top 

and another curve for the rest of the grids where reinfiltration occurs. Both curves were 

obtained from the fine grid simulation result of a stack of two matrix blocks. As expected, 

the dual-porosity simulation results shown in Fig 2 match the results of the multiple matrix 

blocks model. The results are also in good agreement with the fine grid simulation of the 

whole stack. 

Case 2: Forty Homogeneous Matrix Blocks, Ten Gridcells, P cp0 

In this case, each gridcell contains four matrix blocks (See Fig. 3 for schematic) and there are 

a total of ten gridcells. We first applied the approach of Ref. 1 to obtain the two drainage 

curves: f0i(Sgm) for the drainage rate of the first grid (stack of four blocks) in which there is 

no reinfiltration from the top, and f02(Sgm) for the remaining grids in which there is 

reinfiltration. We then solved for the saturation history by using the dual-porosity model. In 

Fig. 4, we compare the dual-porosity solution with the result of our multi-matrix block model 

using forty matrix blocks. The saturation from the multi-matrix model is the average of four 



matrix blocks that conespond to the specified gridcell number in the dual-porosity model. 

The fine grid simulation results are unavailable for this case because the simulation is time-

consuming and difficult to obtain. However, we believe that the multi-matrix model should 

approximate the fine grid simulation results. Fig. 4 indicates the saturations of the individual 

gridcells of the dual-porosity model differs somewhat from that of the multi-matrix block 

model, probably due to the averaging of the drainage rate over four matrix blocks in the dual-

porosity model. However, the overall agreement is good. Notice that the conventional dual-

porosity model which does not account for the reinfiltration effect does not provide a rehable 

transient behavior of the drainage history (see Fig. 4b). Such an error becomes very 

pronounced when the matrix permeability is low. 

Case 3: Sixteen Heterogeneous Matrix Blocks, Four Gridcells, Pcf=0 

In this case, each gridcell contains four identical matrix blocks. Matrix permeabilities for the 

gridcells are 0.7, 0.1, 0.7 and 0.1 darcy, respectively (see Fig. 3 for schematic). We followed 

the same procedure that we used in the previous case, and scaled the drainage rate of the 

individual grid, foi, according to the matrix permeability, as described in Ref. 1. In Fig. 5, 

we compare the results of the dual-porosity and multi-matrix approaches. The agreement 

between the two is clear. The results demonstrate that the proposed dual-porosity model can 

be applied to the simulation of heterogeneous fractured reservoirs. 

Case 4: Forty Homogeneous Matrix Blocks, Ten Gridcells, Pcf*0 

This case is the same as Case 2, except that a fracture capillary pressure is assigned to the 

fracture between the matrix blocks. The fracture capillary pressure is given by 

^ / = ^ - ^ n n ( ^ ^ ) l 2 (17) 

where Sorf=Q. In the study, we assumed 7^=0.0088 psi and Of=-0.0023 psi. 

Fracture capillary pressure provides capillary continuity between matrix blocks. We used 

fine grid simulation results of a three-block stack and the multi-matrix block model to 



construct three drainage curves for different gridcells: 1) f0i for the first gridcell in which 

there is no reinfiltration at the top but has capillary continuity, 2) fo2 for the middle gridcells 

in which there is both reinfiltration and capillary continuity, and 3) f03 for the last gridcell in 

which there is a reinfiltration but no capillary pressure for the bottom matrix block. The 

information was then employed in the dual-porosity simulation. Notice that since capillary 

continuity effect has been accounted for when we construct the drainage curve for the 

individual gridcells, we do not need to assign fracture capillary pressure in the dual-porosity 

simulation. In Fig. 6, we plot the saturation history from the dual-porosity model and the 

multi-matrix approach with forty matrix blocks. The agreement between the two is excellent. 

If reinfiltration and capillary continuity are not accounted for in the dual-porosity simulation, 

we will not only fail to describe the transient behavior in saturation history, but the ultimate 

recovery will be also erroneous. 

Concluding Remarks and Future Plans 

In this part of work, we have demonstrated that incorporation of an additional term for 

reinfiltration and predetermined exchange term between the matrix and fracture cells, allows 

incorporation of capillary continuity and reinfiltration in dual-porosity simulators. There are 

several assumptions that we have made to examine the ideas presented in Refs. 1 and 2 and in 

this report. We can relax most of the assumptions. We plan to include: 1) the effect of liquid 

in the fractures (i.e. fracture partially filled with gas), 2) solubility of the gas in the oil phase 

(i.e. black oil), 3) compressibility, and 4) gas mobility effects. We hope to provide a 

comprehensive report on the general model in the 1995 third quarter report. 



NOMENCLATURE 

A = cross sectional area 

B = volume factor 

D = depth 

g = gravity 

h = height 

k = permeabihty 

kr = relative permeability 

n = time level 

N= total number of blocks in a stack 

pc = capillary pressure 

Pc°= threshold capillary pressure 

q = flow rate 

R = reinfiltration rate 

S = saturation 

T = transmissibility 

Sor = residual oil saturation 

t = time 

T = transmissibility 

V = volume 

x = x direction 

y = y direction 

z = z direction 

(i = viscosity 

<j) = porosity 

p = density 

<3f= fracture capillary pressure coefficient in Eq. 17 



Gr = shape factor 

x = matrix-fracture exchange term 

Subscript 

/ = fracture 

£ = gas 

i = the ith block, or the ith gridcell 

m = matrix 

p =phase 

o = oil 

Superscript 

0 = initial rate 

n = time level 
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Fig. 1 Schematic of the dual-porosity model with 
reinfiltration effect between the gridcells. 
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Fig. 3 Schematics of stacked blocks and 
gridcells — Cases 2 and 3 
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<950> ABSTRACT 
This report covers Task 3, Immiscible gas-oil flow in 
fractured/layered porous media, Part 1, Viscous displacement in 
fractured porous media: Experiments and Analysis of experiments and 
Task 5, simulation of fractured reservoirs, Dual-porosity simulation 
incorporating reinfiltration and capillary continuity concepts, Part 3, 
Interaction between grid cells. In some fractured reservoirs, a gas 
pressure gradient of the order of 0.1 psi/ft may be established in the 
fractures due to flow, such a pressure gradient could result in 
recovery enhancement of the matrix oil. Several tests were conducted 
to study viscous displacement in fractured porous media. These tests 
included both gravity drainage with free gas displacement and forced 
gas displacement. The results show that there is considerable recovery 
improvement due to viscous displacement. Numerical results are in very 
good agreement with the experimental data. In Task 5, the authors 
propose a method which accounts for reinfiltration and capillary 
continuity not only within a grid cell, but also between various grid 
cells. A reinfiltration term is added to the dual-porosity model and 
the exchange term between the matrix and the fracture is calculated in 
a simple manner. Four example problems demonstrate the usefulness of 
the proposed method. 




