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SOLUTION GAS-DKIVE PROCESS IN HEAVY AND LIGHT OIL RESERVOIRS

SUMMARY

A visual high-pressure core-holder has been designed and constructed to be used

in critical gas saturation and some other measurements. The apparatushas been used to

measure critical gas saturation for a low viscosity mixture. These measurements

rcconfmn our previously published data thatcritical gas saturation for low viscosity fluids

are low-around 1 percent. The apparatusis being currendy used to measure critical gas

saturation of an 11 API oil. Unlike light oils, heavy oil reservoirs, especially fractured

heavy oil reservoirs might have an extremely high recovery efficiency with solution gas-

drive. The critical gas saturation is an important element of recovery efficiency for such

reservoirs.

INTRODUCTION

A certain number of heavy oil reservoirs (with viscosities in the range of 200 to

5000 cp at reservoir temperatures of 14 to 20°C) are known to have a high recovery --

around 15 to 20 percent by primary depletion. The high recovery is achieved in the

absence of gravity drainage and water drive. Solution gas-drive is believed to be the only

mechanism contributing to such high recoveries in heavy oil reservoirs. From common

reservoir engineering knowledge, the primary recovery is estimated to be some 2 to 4

percent.

The Celtic field in Canada has produced oil under beth primary recovery and

cyclic steam conditions 1. The saturated oil has viscosity of about 2000 cp and the initial

solution gas-oil ratio is 10 vol/vol. The initial reservoir pressure was about 480 psia.

Recovery factor to 1992 has been as high as 14 percent. Another peculiar behavior of the

reservoir has been that oil rate would start low, then increase steadily to about ten times

the initial rate and stabilize at high rates. Although thermal recovery has been



experimented in this field, the unusually high primaryproduction rates from solution gas-

drive were considered key commercial exploitation. Ref. 2 mentions that in some of the

heavy oil reservoirs in Canada, several wells which were prolific producers by primary

production, showed very poor response to steam stimulation.

There are two key factors which affect the efficiency of a solution-gas drive

process; 1) critical gas saturation, and 2) the mobility of gas phase. In addition to these

factors, the mobility of the liquid phase may be also influenced indirectly. In light oil

systems, our previous experimental work has revealed very low values of critical gas

saturation3. Our measured critical gas saturations were in the range of 0.5 to 2 percent.

These values are much lower than values reported by others in the literature. One

purpose of this report is to reconfirm low values of critical gas saturation for low viscosity

oils by using a visual core holder setup. Our theoretical work on gas evolution in porous

media4 has led to the conclusion that the number of gas bubbles are small -- orders of

magnitude less than the number of pores. This conclusion was reached by examining

data on low viscosity and light fluids. In the theoretical model, the effect of liquid

viscosity on gas bubble expansion was neglected and diffusion was assumed to be the

major mechanism for bubble expansion. Such an assumption which is believed to be

valid for low viscosity liquids may not be appropriate for heavy oil systems. In heavy

oils, the number of gas bubbles formed initially may be very high if asphaltene materials

in the crude could provide the nucleation active sites. As already mentioned, growth of

gas bubbles may also be different from bubble growth in light oils. One main purpose of

this project is to establish the evolution and growth of gas phase in heavy oil reservoirs.

The issues of critical gas saturation, flow of isolated bubbles, and gas mobility have all to

be addressed. Due to the nature of two-phase gas-oil flow in fractured porous media,

recovery performance of a fractured heavy oil reservoir may benefit considerably from an

efficient solution gas-drive process4.
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In this report,the experimentalsetup thathas been constructedfor the purposeof

this projectwill be described first. The experimentalresults will then follow. Once

sufficientexperimentaldataareprovided,a theoreticalmodel will be attempted.

EXPERIMENTAL

A visual core holder was designed to provide visual observation of bubble

formation, growth, and especially the natureof gas flow when the gas phase becomes

mobile. In this design, the surface areaof the core could be viewed at all times. In

addition,a spaceof about4 cm3 above thecore outletallows observationof natureof gas

flow fromthe core.

Agparatus- The apparatusschematicis shownin Fig. 1. A Bereacore, 2" in diameterand

8" long is placedbetween two clear cast plastic endpieces. These two endpieces have the

same diameter as the core and are 2" long. The lower endpiece has 0.125" diameter flow

channel in the center. The upper endpiece has a cylindrical open space of 0.625"

diameter and depth of 0.8", leading to a cone and then a 0.125" diameter flow channel.

The volume of the open space of the top endpiece is about 4 cm3. A teflon sleeve is

heatshrunk around the core-endpiece assembly. The core-sleeve assembly is placed

inside an adjustable length core holder. The core holder wall is also made of clear east

acrylic plastic. The space between the core holder wall and the teflon covered core-

endpieces is filled with water to provide sleeve pressure.

Peripheral accessory equipment consists of a piston pump, multiloop controller,

two pressure transducers for measuring inlet and outlet pressures of the core, resistive

temperature detector (RTD), air conditioning unit, convection oven, video camera, video

camera recorder(VCR), television screen (TV), anda personal computer(PC). The video

camera is interfaced to the VCR which is interfaced to a TV. The RTD, air conditioning

unit, convection oven, and pressure transducers are interfaced to the multiloop controller.

The multiloop controller is interfaced to the PCs. A computer program in C language

3



allows logging of pressures and temperature. The same program also simultaneously

provides temperature control of the laboratory room (77 + 0.3° F). The prevolume of the

Berea is 93 ¢m3. The piston pump when the piston is at the top of the cylinder has a dead

volume of 4 cm 3. The total fluid prevolume at the startof the tests is measured to be 115

cm3; which includes the 4 cm3 volume of the upper endpiece open space, the deadend

volume of the pump, the core PV, and the dead volume of the space between the

endpieces and the core holder caps.

Test Procedure - The system is first evacuated to remove adsorbed fluids from the core,

and then the core is saturated with methane at test pressure. The purpose of methane

saturation is to allow adsorption of methane on the rock surface. When the pressure

stabilizes, methane is displaced by injecting enough PV of the test fluid to saturate the

core with test fluid. At the beginning of each test the piston of the pump is at its top

position. Ttte mixture is then expanded by reversing the piston pump at a constant rate.

Fluid - A mixture of C1/C 3 -- 15.125 mole % C1, and 84.875 mole % C3 was used in the

tests to be described next. The calculated bubblepoint pressure of this mixture at 77°F is

478 psia (from the PR-EOS).

Two tests were performed. The only difference between these two tests is the

expansion rate.

Test 1 - 300 u i_/hr Expansion Rate - In this test, the C1/C3 mixture at an initial pressure

of 650 psia was expanded at a rate of 300 I_m3/hr. The sleeve pressure was kept nearly

constant at 800 psia. Fig. 2 shows the pressure vs volume expansion. The pressure

declines rapidly to an expanded volume of 1.25 cm 3. At this point, the pressure is about

468 psia. Then the pressure rises, indicating the evolution of the gas phase. After the

volume has expanded to 2.8 cm3, the pressure declines linearly with time with the slope

of about -1.6 psi/era 3.

4



A total of nine small patches of gas were observed to form simultaneously on the

front half of the vertical rock face at the volume expansion of 1.5 cm3. These patches

were evenly distributed across the core. The patches of gas were observed increasing in

size from 1.52 to 2.57 cm 3 volume expansion. During the expansion period, the patches

of gas increased in size, connected and formed bigger patches until the whole vertical

surface of the core was covered. Figure 3 shows the pictures from the front half of the

core at volume expansions of 1.93 cm 3 (Figs 3a and 3b), and at 2.24 cm3 (Figs 3c and

3d). These pictures were taken about 1 I/2 (Figs 3a and 3b) and 2 1/2 (Figs 3c and 3d)

hours from the time the gas patches appeared on the surface of the rock. Note that the gas

pattern in Figs. 3c and 3d has grown considerably at the later time (the darker region on

the core surface represents gas phase). It should be pointed out that there were gas

patterns in the horizontal direction but the angle that the camera was positioned precluded

taking pictures from the exposed surface. We did not try to observe gas formation and

growth on the back half of the vertical rock face.

At the volume expansion of 2.59 cm3, a filament of gas bubbles was observed

flowing out of the top horizontal face of the core into the open space of the top endpiece.

From 2.59 to 2.74 cm 3 expansion (about half an hour), 13 bursts of gas filaments was

observed flowing out of the core. The duration of burst of bubbles varied from 0.70 to

0.93 seconds. One hour after the first string of the gas filament was observed (i.e., 2.89

cm3 volume expansion), the time interval between burst of gas bubbles was about 1.5

minutes. For the remaining of this test, there were approximately 40 to 44 bursts of

•bubbles per hour. The duration of each burst of gas bubbles varied from 0.7 to 1.3

seconds, but the duration for most bursts was 0.77 to 1 seconds. All the bursts came from

a single location on the core surface outlet. At a volume expansion of 8.9 cm3, the

manner in which gas bursts out of the core is shown in Fig. 4. The top picture

corresponds to the moment prior to gas flow. In the bottom two pictures, the bright

filament of gas above "93" mark shows the form of the gas flow. At volume expansion of
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8.9 cm3, the gas had completely filled the dead space of about 6 cm3 above the open

space, and we could observe the appearance of gas at the top of the open space.

Therefore, at this point gas saturation in the core could not exceed 2 percent. At the

termination of the experiment, the gas nearly filled the open space at the top. At this

point, the gas volume in the core and the pump is around2.7 cm3. This test clearly shows

thatthe critical gas saturation is very low, around 1 percent of pore volume.

At the termination of the test (i.e., when the pump was stopped), we measured a

pressure increase of 2.5 psia indicating a supersaturation of 2.5 psia, This pressure

increase realized in 5 hours. Fig. 2 shows that initially supersaturation is higher -- as

expected -- and later it decreases. The calculated pressure-expansion in Fig. 2 is from the

Peng-Robinson equation of stat¢ (PR-EOS).

Test 2 - 60 u._m3/hrExpapsion Rate - In Test 2, the expansion rate was five times lower

than Test 1 at 60 I_m3/hr. The fluid mixture in the core was initially at 650 psia and the

sleeve pressure at about 800 psia. Fig. 2 shows the pressure vs volume expansion from a

pressure of around 595 psia. Prior to gas evolution, Tests 1 and 2 have nearly identical

expansion behavior. Around an expansion volume of 1.2 cm3, the slope of the pressure-

expansion volume changes. From expansion of 1.2 to 2.8 cm3, the pressure has an

increasing trend. Thereafter, the pressure reduces nearly linearly with a slope of about -

1.1 psi/cm3.

Visual observation of the core surface revealed gas forming first at one spot 2 cm

from the bottom face of the core at 1.36 cm3 volume expansion. The surface area which

the first patch covered increased to about 15 mm2 at volume expansion of 1.4 cm3. The

area expanded to about 30 mm2 at 1.42 cm3 expansion. The patch grew in a path

upwards around the core and its width increased with time. At around 1.42 cm3

expansion, another patch of gas appeared about 5 cm from the bottom face of the core.

The first patch continued to "snake" around the core and at 1.5 cm3 expansion; it had a

distance of about 8 cm from the top face of the core and I cm from the bottom face. It is
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likely that only one gas bubble was formed initially in this test. The second patch could

be due to the growth of the first patch.

The first flow of gas from the core was observed at 1.84 cm3 expansion. During

the f'wst hour (from 1.84 to 1.90 cm3) four bursts of gas bubbles were observed. The

duration of the gas bubble burst lasted from 0.8 to 1.2 seconds. For the remainder of the

test, there were about 9 bursts of gas bubbles per hour. The duration of each burst of gas

bubbles varied from 0.73 to 1.03 seconds, but mostly from 0.83 to 1.0 seconds. Similar

to Test 1, all the gas bubbles flowed from the same point of the core top face. The data

for Test 2 reveal that critical gas saturation for the low expansion rate of 60 _tm3/hr is

around 0.5 percent.

At the termination of Test 2, we continued to measure the pressure. There was no

pressure increase, indicating negligible supersaturation. Fig. 2 also demonstrates that

after volume expansion of 4.5 cm3, the supersaturationis negligible.

DISCUSSION AND CONCLUSIONS

The temperaturecontrolof± 0.3°Fcouldbcimproved.Thisisexpectedtoaffect

theinitialsupersaturationofFig.2. We havetomake someduplicaterunstoestablish

testreproducibility.The mainconclusionsfromthemeasurementsarc:

I - Criticalgassaturationisverylow forlow-viscositylight-fliuids--lessthan0.5

percenttoforthetestconditionsofthisreport.

2 -Gas bubblesdonotflowpriortoconsiderablegrowth.

3 - Critical gas saturation is a measurable property. After the first onset of gas flow,

patternof gas flow r_mains the same.
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a) VE - 1.93 cm3 b) VE ---1.93 cm3

d) VE - 2.24 cm3

c) VE - 2.24 cm3 Fig. 3 - Pattern of gas growth on the core surface for Test 1.
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DUAL-POROSITY SIMULATION INCORPORATING REINFILTRATION AND

CAPILLARY CONTINUITY CONCEPTS - PART 1 :REINFILTRATION IN A

COMPUTATIONAL GRID CELL

SUMMARY

We have developed a method to account for reinfiltradon in a grid cell that may contain a

large numberof matrixblocks. Theproposedmethodrequiresfinegridsimulationof a

two-blockstack. Using the samefine grid simulationresults,a scalingprocedureis

proposed to account for the variationof capillary pressure duringthe course of depletion.

INTRODUCTION

It is generally recognized that in fractured porous me_a, the reinfiltration(reimbibition) of

drained oil from some matrix blocks to the neighboring blocks in the gas-oil two-phase

region could have an important effect on the drainage performance1-4. It has also been

demonstrated that capillary continuity (i.e., oil phase pressure continuity) between matrix

blocks (with fractures between them) has a significant effect on oil recovery performance

and GOR behaviorS,6. Reinf'dtrationis due to the capillary and gravity forces7, and

capillary continuity is related to the fracture capillary pressure6. The understanding of

both processes has set the stage for their incorporation in dual-porosity fractured models.

Two recent papers discuss the modification of dual-porosity models to account for

reinfiltration andcapillary continuity. We will first review these papers.

Fung8 included reinfiltration in a computational grid cell of a dual-porosity reservoir

simulation that contains a stack of matrix blocks. He fu'st refined the grid into the level of

individual matrix block, then adopted a dual-porosity approach to calculate the drainage

performance of the entire stack (computational grid cell). In the model, the re=infiltration

effect is taken into account by allowing the communication between each fracture and the

matrix block below. The amount of reinfiltration is characterized by a fractional



reinfdtration parameter, 13. Once the drainage rate versus the average stack saturation is

obtained, the information is then applied to construct a pseudo-capillary pressure curve for

the full scale reservoir simulation. Fung showed a reasonable agreement between his

model and the detail simulation results. The deficiencies in Fung's approach are: 1) the

assumption that drainage rate of every matrix blocks in the stack is a simple function of

the average matrixblock saturation (this assumption may not be valid as we will see this

issue later in this report), 2) when 13< 1, one has to perform fine grid simulations to obtain

this parameter, (3) the model may not be valid for a stack of blocks with non-uniform

matrix block properties, 4) the model does not "dynamically"take into account the change

of drainage rate with capillary pressure change; one has to construct the pseudo-capillary

pressure curves at various pressures (interfacial tension effect) for every grid cells by using

the detailed simulations, and 4) dual-permeability concept is used to account for capillary

continuity which may not be a proper approach.

Por, et al9 applied a different approach. To account for the effect of reinfiltration, they

introduced additional connections between matrix and fracture nodes. Connection-

dependent relative penne_bilities were used to prohibit flow in the fractures when fracture

oil saturation is below a certain threshold. Similar to Fung, Por, et al. used the dual-

permeability approach for matrix blocks with capillary contact. Deficiencies associated

with their model are: 1) the reinfiltration is only taken into account between the

computational grid blocks but not within the grid block, unless each computational grid

represents a single matrix block, 2) it is not clear how matrix-fracture relative

penneabilities were obtained, probably through detailed simulation results. This process

requires simulations for every grid cells, and 3) reinfiltration is assumed to be entirely

driven by the gravity potential, which neglects capillary pressure driving force.

Based on the above review, it is clear that although some attempts were made to resolve

issues of reinfdtration and capillary contimdty, the problems have not been solved

completely.
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The objective of this work is to provide a simple method to model the reinffltration

process in the simulation of gas-oil drainage in fractured porous mesa. Our current effort

is to develop a scheme that can accurately describe the drainage performance of a single

computational grid cell thatis used for the dual-porosity simulation. A computational grid

can consist of only one matrix block, but it is usually composed of a stack of many matrix

blocks. Future work includes accounting of capillary continuity between matrix blocks in

a stack within a grid cell, and capillary continuity and reinfiltrationbetween grid cells in a

dual-porosity model.

PROPOSED MODEL

Through the examination of saturation behavior of various blocks in a stacked-block

system, we have found that there is a correlation between the drainage rate and the

individual matrix average saturation. For the purpose of illustration, the analytical model

of Fircozabadi and Ishimoto3 will be used to investigate the variation of drainage rate

versus average saturation of individual blocks in a stack. In this example, all matrix blocks

are assumed to be 60 cm in height, have a permeability of 0.7 darcy, porosity of 22%, and

cross-sectional area of 225 cm 2. Fracture permeability is 100 darcy. The density

difference between the oil and gas phases is assumed 0.724 g/cm3, and the oil viscosity is

assigned a value of 0.866 cp. The analytical model of Ref. 3 is based on, 1) infinite gas

mobility, 2) incompressible gas andoil phases, and 3) zero fracture capillary pressure. The

oil relative permeability and the gas-oil capillary pressure are expressed by krofCo(1-Sg),

and Pc--Pcoln(1-Sg)_ respectively. In this illustration, we assign Co-l, and Pco---0.15psi.

The symbols are defined in Nomenclature.

Both fine grid simulations and the concepts advanced in Ref. 3 reveal that oil drained from

the upper matrix blocks will completely reinfiltrate into the lower blocks. The rate of

drainage of each malrix block in a stack of N identical blocks (the case of non-identical

blocks will be considered laterin this report) is given by
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q_----_h--_
m

q2---_h(_,2)+qt (I)
i

d_ N
qN ---_h(_)+qN-1

In the above equation, Sz_is the average gas saturation and qi is the drainage rate of block

i. Both Sst and qi are function of time, t.

We used the solution techniques of Ref. 3 to calculate Ssi analytically. Then Eq. I was

employed to calculate qi. The normalized drainage rate, qi/_Ah, versus Ssi is plotted in

Fig. I for N=IO. Note that _Ah is the pore volume (PV) of each matrix block. The figure

reveals that each matrix block in a stack has a drainage behavior that is different from the

others. The difference is particularlylarge between the first block and the rest. However,

we observe that drainage behavior for blocks i > 2 is generally similar. Therefore, we

may approximate the drainage rate for all blocks in a stack by using only two drainage

curves in Fig. I" I) the drainage curve for the first block where reinfiltrationis absent, and

2) the drainage curve for the rest of the blocks (represented by the drainage curve of the

second block in Fig. I) where there is reinfiltration. Such an approach requires that the

drainage rate and saturation behavior for blocks 2 to N to be the same. We shall

demonstrate next by simply using the two drainage curves that one can accurately

construct the drainage performance of the entire stack of N blocks.

Let us define the relationship between the drainage rate and the block average gas

saturation for the two cases (without and with reinfiltration of oil) to be FI(S8) and

F2(Sg). We use F1 to calculate the drainage rate of the first block and F2 for the rest of

the blocks, then Eq. I becomes:



= ' _dt ($s_)+"_t " (2)

_.:L )+dSdt - ¢_AhN dt

whereFi= F2 fori>_2. IntegratingEq.2 withtimeenablesustocalculatetheaverage
w

saturationversustimeforalltheblocksandthusthedrainagerateoftheentirestack.

Fig.2 comparesthecumulativeproduction(normalizedbythetotalPV) calculatedfrom

theanal_rticalsolutionof Ref.3 and our proposedmodel usingthefirstand second

drainagecurvesofFig.I.ForallthreecaseswithN=3,5,and I0(Figs.2a,2b,and2c),

theagreementisexcellent.The comparisonoftheresultsforaveragegassaturation

versustimeforindividualblocksoftheI0block-stackisshowninFig.3. The agreement

betweentheanalyticalsolutionandourmodelisexcellentforblocksI,3 and5 andisfair

forthetenthblock.Furthervalidationwillbepresentedlater.

Here,we summarizetheproceduretomodel thedrainageperformanceofa stack of

blockswithreinfiltrationeffect:

a) Based on the detailed numerical simulation of a stack of two blocks, drainage rate

versus Ss relationship is established. F1, and F2 curves represent zero rcinfiltration and

reinfiltration, respectively

b) Eq. 2 is applied to calculate Ssi versus time.

c) The total material balance equation is used to obtain the drainage rate versus Ss for the

stack of N matrix blocks, and

d) The information in step (c) is used to calculate the drainage behavior of a grid cell in

the dual-porosity simulation model which contains a stack of N blocks.
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MODEL VALIDATION

A numberof cases areconsidew.dto comparefine grid simulationresults with the above
i

proposed model. Unless stated otherwise, a stack of ten blocks comprise a single

numerical grid. The fluid properties, man'ix porosity and penn_bility, and areal

dimensions are the same as those used in our illustrativeexample. The relative

permeabilityandthegas-oil capillarypressureforthematrixare:

k,. --- 3.5 (3)
1- Sovm

Pc. --P_.-o. In($_- S°,'' ) (4)
1- Soym

with Sorm=0.26. For the fracture, we assume krofchanges linearly with Sob and the

fracturecapillarypressure is zero. InEqs. 4, p_ois the thresholdcapillarypressuresof the

matrix. Dindoruk and Firoozabad_10 ,._sedthe above capillary pressure and relative

permeabilityexpressions to successfullysimulatethe experimentaldata for a singlematrix

block drainage test11. We have adopted the same equations for relative permeabilityand

capillarypressure. All our simulationswere conductedon an Apollo workstation by using

the Eclipse12 reservoirsimulator. We used ten gridsfor each matrix block for h--60 crn

and twenty gridsfor h >"180 cm. These grid numbersper matrix block are adequate to

correctlydescribethe saturationprofile and drainagerate. In what follows, various cases

are presented.

_ase 1: Identical ]}locks (h=60 cm_

Inthiscase, h=60 cm, Pc°,,=0.4psi, Om=-0.17psi. A thresholdmatrixcapillarypressureof

0.4 psi is equivalentto a 38.8 cm gravityhead(Ap=0.724 g/cm3). The equilibriumgas

saturationSge (averageblock gas saturationat t ~ co) is calculated to be 0.114 for all the

blocks.



Fig. 4 shows the nommlized drainage rate (q./_Ah) versus _,, for the first four blocks. It

is interesting to note that except for the first block, all other blocks have a very similar

drainage behavior. We used the drainage curves from the first and second blocks in Fig. 4

(which are similar in this case), and applied F.q. 2 to calculate the gas saturation for each

block. Comparison of Ss from the model prediction and the numerical simulation is

shown in Fig. 5. Results indicate that there is an excellent agreement between the two

methods. In Fig. 5b, we also plot the saturation history under the condition of zero

reinfiltration. The difference is significant.

Case 2: Identical Blocks _h=lS0 cm_

The only difference between Case 2 and Case 1 is the increase in block height from 60 to

180 cm. The equilibrium gas saturation is the same for all the blocks and is equal to

0.513.

Fig. 6 shows the drainage rate versus Ss for the individual blocks. The figure indicates

that unlike Case 1, the drainage curve for the first block in Case 2 is very different from

the other blocks. It also demonstrates the importance of using the second drainage curve

in our model calculations. In Fig. 7, we compare results from our model prediction with

detailed numerical simulation; a good agreement is evident. Notice that in Case 2 (see

Fig. 7b), the effect of neglecting the reinfiltration of oil is more pronounced than that of

Case I (see Fig. 5b), indicating that the influence of block height.

_TACKED-BLOCK_q WITH NON-UNIFORM MATRIX PROPERTIES

When matrix blocks in a stack have different properties (i.e., different permeabilities,

heights, etc.), the assumption of complete reinfiltration may no longer be valid, and the

more general form of Eq. 1 becomes,



dt

q,=-ta_, ('_-) . e, (5)
i

.'i

q_=-t,.'tMk.(_t) +R,,_,

In the above equation, Ri is the oil reinfiltrationrate to the block (i+l). We scale the

drainageratelinearlyto the permeabilityk, so that

q,=_q_ (6)

whereq_'is the drainagerateof matrixblocki in a homogeneousstackwith a permeability

k', and q*thereforeis the same asFi. CombiningEqs. 5 and6,

.Ira

dS--e'dt--
= -1 /_

dt (7)

dS_.e.._- -l k.d,

Thenextstepisto determinethe reinfiltrationrate,Ri inEq. 7. A conservativeapproach

to includereinfiltrafionin our modelwouldbeto assumethatthe rateof reinfUtrationto

anyblockis alwaysequalto the initial(i.e., maximum)drainageratefor that particular

block3. If therateof drainageof blocki, qi, is lessthantheoil flowratecoring from

above,onlyportionof the incomingoilwill reinfiltrateto blocki. Mathematically,wecan

def'me:

i

r_ ffiy(q_-e_) (8)
j.,I



where ri+l is the oil rate bypassing matrix block (i+ 1) which could be zero. Then we can

write,

& = q, +r,, if (q, +rl ) _ qf+t (9)
R, =¢f.1, if (¢, +r, )>qr.l

In Eq. 9, qf.l is the initial (maximum) rate of drainage of block (i+1). Eqs. 7 through 9

complete the formulation. The following two cases for non-uniform matrix blocks

validate the above model. The matrix block data for the two cases are sketched in Fig. 8.

3: Non.Uniform Permeability

This four stacked-block system has a permeability k=0.7 darcy for the first and the third

blocks, and k---0.1darcy for the second and fourth blocks (see Fig. 8). Other properties

are similarto Case 2. We first set q_=FI(],t), and * -qi =F2($si), i>2, where F1 and F2 are

the drainage functions for 0.7 daffy matrix blocks of the first and second blocks of Case 2,

respectively. Eqs. 7-9 are then applied to calculate the saturation history for each block.

The agreement between the model prediction and the detailed simulation results are very

good (see Fig. 9). Note that the average gas saturation in the stack matches almost

perfectly with the f'megrid simulation results.

Case 4: Non.Uniform Permeabilltv and Heit_ht

In Case 4, different heights and penneabilities are assigned for each block in a stack of six

blocks (see Fig. 8). Matrix capillary pressure is kept the same for all the blocks and

fracturecapillary pressure is assigned zero.

The drainage curves from the simulation of homogeneous stacked-blocks for Case 1

(second curve) and Case 2 (first and second curves) are used, and then Eqs. 7-9 are

applied to solve for the saturation history. Results shown in Fig. 10 indicate that our

model not only matches the drainage performance of the whole stack, but the saturation

history of the individual blocks as well.

9



So far we have assumedthatgas-oil capillarypressuredoes not vary with pressureand

that all the matrixblocks have the same capillarypressure. Matrixcapillarypressure is

generallya functionof both pmneabilityand the reservoirpressure(the effect of pressure

on gas-oil capillarypressure is throughgas-oil surfacetensiondependencyon pressure).

We thuswish to find a properscale for the drainagerateso thatwe canreducethe number

of the detailed simulationsthat arerequiredfor ourmodel. Coats12proposedthatfor the

drainageof a single man-ixblock, since the initialdrainagerate is proportionalto (_og-

eo/h) and the average gas saturationof the block approachesSse at aninfinitetime,one

might be able to scale the drainage rate and the matrix block saturationwith (Apg-

Pc°,/h)andSge to obtain a similarform of solution for the block saturationhistory. To

verify this proposal, we performedfine grid simulationsfor the drainageof 1) a single

block and 2) four stacked-block systems. We variedblock heights and coefficients of

capillarypressureexpressioninEq. 4. Let us define

s; (lo)
and

(Apgh- P_m)*t+=t ..... (II)
(Apgh- P_m)

Superscript"." refers to dataof the referencestate. Fig. 11 depicts S_ versus t+ for a

single blockof the propertiesgiven in Case 2 (h=lS0 cm, k=0.7darcy,ande°,,,=0.4psi) as

a reference state. The figure reveals that except for the two cases that have relatively

large valuesof ec°,,,/Apgh,all otherresultsare fairlyclose to each other. The two deviated

cases can be also identifiedas the cases that have a low equilibriumgas saturation. The

equilibriumgas saturationvalues forall the cases are listedin Table 1. Consideringsuch a

wide variationin Sge, the scaling of expressions given by Eqs. 10 and 11 provides a

satisfactoryapproximationfor the drainageperformanceof a single block system. We

10



next extendedthe analysisto a stackof four blocksof referencepropertiesof the above

single block with zero fracturecapillarypressure. Since there is no fracturecapillary

pressure,the equilibriumgas saturationfor the stackis the same as that for the individual

blocks,see Table 1. In Fig. 12, a similarbehavioras thatin Fig. 11 is observed;S_"versus

t+ of the total stackapproximatelyfalls on one curveif p°/Apgh is small. We therefore

postulatethat, underthe conditionthatthereis no fracturecapillarypressure,if the matrix

blocks are tall or the thresholdpressure is small, we can obtain a single relationship

between S_ and t+ to approximatethe drainagerate when there is a changeof capillary

pressure with reservoir pressure and block heights vary. This approachsignificandy

reduces the numberof detailed simulationsrequiredfor each computationalgrid cell in

dual-porositymodels.

The next two examplesillustratehow we can use the new scaling groupto calculatethe

drainageperformanceof a stackof blocks of non-uniformproperties.

a_ $. Non.Uniform Permeability and C sty ressure. Constant Block

The schematicof Case 5 is shown in Fig 13. The four blocks in the stack all have the

same heightbut differentpenneabilities. The matrixcapillarypressure is assumedto be
.l

• inverselyproportionalto the squareroot of permeability,and fracturecapillarypressureis

assumed zero. Similarityexpressionis employedto approximatethe drainagerateof each

block, so that

q, k___(apsk-P_.);_q_(S;) (12)k" (_gh - P_,),

We thensubstituteEq. 12 intoEq 5 to performsaturationcalculations.Here,we chose

the propertiesin Case 2 as referencestate so that * + * +ql ($_t)-FI, and ql ($Bi)-F2,i>2, where

F1 andF2 are the drainagefunctionsfor 0.7 darcymatrix blocks of the first and second

blocksof Case 2, respectively.

Fig. 14 shows thecomparisonof saturationhistorybetween the model predictionand the

detailedsimulation.Excellentagreementbetweenthetwo is indicated.

11



_J_ 6: Non-Uniform Permeai)ilitv. Block Height. and Canillarv Pressure

The schmrmticof Case 6 is also shown in Fig 13. This is the most complicated case that

we have studied, in which the six individual blocks in a stack have different heights and

pcrmcabilities. The capillary pressure in the matrix block is also assumed to he inversely

proportional to the square root of block permeability, and fracture capillary pressure is

ZerO.

Fig. 15 shows the comparison between the proposed model and the detailed simulation

result. Due to the approximation that we employed for the drainage rate, we observe that

the gas saturation predicted from our model is slighdy higher for some matrix blocks.

However, the overall agreement between the model and the simulation result is excellent.

CONCLUSION AND DISCUSSION

In this study, we have developed a method to account for reinfilwation in a computational

grid cell that is used fo_ the dual-porosity simulations. This method, which is based on

fine grid simulation result of a two-block stack, can accurately describe the drainage

performance of a stack of N-block system. This model has also been extended to a stack

with non-uniform matrix block properties. With the proposed scalings of the drainage rate
t

and time, we can approximate thedrainage rate of matrix blocks with different heights and

capillary pressures by using results of a single fine grid simulation of a two-block stack.

We arc currently studying how to account for capillary continuity between the matrix

blocks in a stack. A number of other issues are also under investigation. The goal of this

research project is a dual-porosity model which could account for reinfflwation and

capillary continuity between matrix blocks.

NOMi_NCLATURE

A = cross sectional area

g = gravity

12



k ,: _ility

h -- height

N-- total number of blocks in a stack

Pc° ---threshold capillary pressure

q - drainage rate per unit area

R - reinfiltration rateper unit area

r - net oil flow rateper unit area

S -- saturation

Sge - equilibrium gas saturation

Sor -- residual oil saturation

_"- average saturation in a matrixblock

t = time

[_---fractional reimbibitionfactor

_t= viscosity

0 = porosity

p - density

o = capillary pressure coefficient in Eq. 4

Subscript

f = fracture

g-gas

i = the ith block

m = matrix

o = oil

Superscript

* = reference state

+ = scaled variables
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