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ABSTRACT

In this paper, we perform dynamic imbibition simulations on a large scale heterogeneous
fractured block. The purpose is to seek optimum conditions under which maximum oil can
be recovered in large-scale extremely-heterogeneous reservoirs. In this paper, we only
consider horizontal wells. However, we simulate both continuous and slug injection
scenarios. Various chemical solutions are injected. These include: water, polymer,
surfactant, alkali, and different combinations of them. For convenience of simulation,
although this is not physically correct, alkali represents the wettability modifying agent,
while the surfactant is the agent that lowers the IFT to ultra-low values. Therefore, a
simulation labeled AS indicates that the injected chemical solution lowers the IFT to ultra
low values as well as alters the wettability from mixed-wet to water-wet. On the other hand,
a simulation labeled ASP does the above task as well as making the chemical solution
viscous (polymer). The recovery curves are compared and appropriate profiles are
demonstrated in order to understand the results.
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1. MODEL DESCRIPTION

The Simulation model is a large-scale extremely-heterogeneous fractured block and is shown
in Figure .1.

Figure .1 - Reservoir model for the large-scale heterogeneous fractured block simulations

This figure illustrates the distribution of the porosity. The white grid blocks indicate fractures.
This is a 41.5 ft by 41.5 ft by 24.7 ft fractured block modeled with UTCHEM. There are 18
grid bocks in the X direction, 18 grid blocks in the Y direction and 11 grid blocks in the Z
direction. The fractures are modeled as discrete fractures. There are two vertical fractures
along the X axis and two vertical fractures along the Y axis. There are also three horizontal
fractures perpendicular to the Z axis. As shown in the figure, one of these three horizontal
fractures contains the injection well (at the bottom), one is in the middle and the last one
contains the production well (at the top). The production well is shown by the blue array at the
top of the block. The injection well has exactly the same orientation but is located under the
block. Because the height of this fractured block is 24.7 ft and the wells are horizontal,
buoyancy is should play a role here. The top, bottom and sides of the block are sealed. The
block matrix is extremely heterogeneous with a Dykstra-Parson coefficient of 0.95. The
values for matrix permeability were generated using the FFT program. The porosities were
then generated from the permeablities according to the following correlation:

[k )
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Where k has a unit of md. The block physical properties are listed in Table .1. The initial
water saturation is 0.2 in the matrix and 0.99 in the fracture. Initially the matrix is mixed-wet.
The capillary pressure in the fracture is always zero.[1-7] The capillary pressure for the matrix
is calculated using the Brook-Corey model. The relative permeability parameters are
calculated. In current paper, in all cases where surfactant is involved, surfactant forms a type
111 microemulsion with oil. Alkali, when present, changes the wettability with a constant value
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of @ = 0.5 This is an approximation, but it has been found to be convenient to match the
experimental data. The Initial condition parameters together with rock and fluid properties
are listed in Table .2. The word "altered", wherever seen in this table, represents the value of
the same parameter in a completely water-wet condition.

Table .1 - Physical properties for the large-scale heterogeneous fractured block
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Table .2 - Rock and fluid properties for the large-scale heterogeneous fractured block

Eight different chemicals are injected: water only (W), surfactant only (S), alkaline only (A),
polymer only (P), alkaline-surfactant (AS), alkaline-polymer (AP), surfactant- polymer (SP),
and alkaline-surfactant-polymer (ASP). The injection and production wells are horizontal,
constrained to constant pressures and completed in the lowermost and uppermost fractures,
respectively. The well data are listed in Table .3.

MNumber of Injectors ‘ 1 |
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Table .3 - Well data for the large-scale heterogeneous fractured block

This model contains 3564 grid blocks, 1516 of which are fracture grid blocks. The total
simulation time is 3 pore volumes. The UTCHEM solves the equations using the IMPES
technique. The simulation parameters are listed in Table .4.

Simulation time 3 pore volumes

Table .4- Simulation data for the large-scale heterogeneous fractured block

The study cases are described in the upcoming sections.[8-12]

2. CONTINUOUS-INJECTION CASE STUDIES AND RESULTS
Two case studies for continuous injection are considered (Table .5). One case has a high
pressure drop of 1 psi/ft and a low capillary pressure while the other one has a low pressure
drop of 0.5 psi/ft and a higher capillary pressure. It should be noted that the chemicals are
injected against the gravity direction (from bottom to top) and therefore the effective pressure
drop will be much lower for each study case compared to what is stated in Table .5.
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Case Pressure drop positive capillary pressure negative capillary pressure
# (psift) endpoint endpoint

1 1 5 -5

2 0.5 10 -10

Table .5 - Case studies - Continuous-injection

Different chemicals are injected in each case: W, S, P, A, AS, SP, AP and ASP.

The oil recovery curves for the first case and the second case are depicted in Figures .2-.3
and .4- .5, respectively.

Figure .2 - Comparing oil recovery versus PV for different chemicals, DP=1psi/ft

Figure .3 - Comparing oil recovery versus time for different chemicals, DP=1psi/ft
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Figure .4 - Comparing oil recovery versus PV for different chemicals, DP=0.5 psi/ft

Figure .5 - Comparing oil recovery versus time for different chemicals, DP=0.5 psi/ft

Figure .2 and .4 show the oil recovery versus PVs while Figures .3 and .5 show the oil
recovery versus time. By looking at Figures .2 and .4, we observe that ASP flooding results
in the highest and fastest oil recovery. This result is therefore independent of how high or low
the contrast between the capillarity and viscous forces is. The second highest oil recovery
goes to SP flooding. In both Figures, alkaline flooding is inferior to surfactant flooding. In
contrast, Figures .3 and .5 reveal that AS flooding has the best performance when oil
recovery is compared versus time. The second best performance goes to surfactant flooding in
Figure .3 and alkaline flooding in Figure .5. This seems reasonable as capillarity is dominant
in Figure .5 whereas viscous forces are dominant in Figure .3. The superiority of AS
flooding in Figures .3 and .5 shows that lowering the IFT to ultra-low values, and altering the
wettability at the same time produce the best result. The reason that AS is inferior to ASP,
when analyzing the recoveries versus time, is only because the polymer reduces the injection
rate (in our fixed pressure simulations).

3. SLUG-INJECTION CASE STUDIES AND RESULTS

These final series of simulations determine what the optimal conditions should be in order to
produce the maximum amount of oil, when injecting a chemical solution into a heterogeneous
fractured reservoir. Nine cases for slug injection are considered (Table .6). All cases include a
chemical slug size of between 0.3 and 0.5 pore volumes. The chemical slug is, in all cases,
followed by a continuous slug of polymer until a total of three pore volumes have been
injected. In all cases, the chemical slug includes polymer as well. The concentration of the
polymer in the chemical slug is always equal to that of the polymer drive. Additionally, there
is always a salinity gradient established between the initial reservoir salinity, slug salinity and
polymer-drive salinity (Table .2). Cases 1-6 investigate the effect of slug-size and polymer
concentration on the recovery. On the other hand, Cases 7-9, when compared with cases 1-3,
evaluate the effect of the reduced pressure gradient and the increased capillary pressure. It
should be noted that the chemicals are injected against the gravity direction (from bottom to
top) and therefore the effective pressure drop will be much lower for each study case
compared to what is stated in Table .6.

WWW.reservoir.ir b yo gl g pole (5390559 )0ud (y3lk0 swiitpe oho i lod


http://www.sid.ir

Table .6 - Case studies - Slug-injection
The injected chemicals in this section are ASP and AP only. Hence, we will be able to
determine which chemical produces a better result in terms of a faster and higher ultimate
recovery.
In the case of ASP flooding, Figure .6

Figure .6 - Comparing oil recoveries for ASP flooding, Cases 1-6

shows that increasing the polymer concentration from 0.1 wt% to 0.2 wt%, drastically
enhances the oil recovery versus pore volumes injected. The ultimate oil recovery is around
11% for a polymer concentration of 0.2 wt% (cases 1-3) whereas 7% (cases 4-6) for a
polymer concentration of 0.1 wt%. This is because of the increased sweep efficiency and the
greater transverse pressure gradients. On the other hand, the effect of slug size on oil recovery
is very small. The reason is that most of the injected chemicals are transported through the
fractures (where there is no matrix rock) and therefore the surfactant adsorption is small.
Another reason is that a value of zero has been assigned to diffusion and dispersion
coefficients in these simulations. Consequently the dilution of the chemical slug should be
insignificant.

In the case of AP flooding, Figure .7
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Figure .7 - Comparing oil recoveries for AP flooding, Cases 1-6

shows the same effect of increasing the polymer concentration from 0.1 wt% to 0.2 wt%, as in
the case of ASP flooding. For these simulations, however, the adsorption parameter for the
chemical has been set to zero. The result of doing so was that the slug size did not affect the
recovery curves at all. This result confirms that dilution and adsorption are the two reasons for
loss of a chemical slug.

Figure .8 summarizes the results of the simulations for cases 1-6 and compares their oil
recoveries versus days.

Figure .8 - Comparing oil recoveries for ASP & AP flooding, Cases 1-6

We can observe that ASP flooding is absolutely superior to AP flooding even when the
recoveries are compared on a time basis. Additionally, we can deduce that increasing the
polymer concentration from 0.1 wt% to 0.2 %, results in a much higher ultimate oil recovery,
although the recovery curve starts off slower. This is consistent in both ASP and AP flooding
cases.

Finally, Figures .9 and .10
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Figure .9 - Comparing oil recovery versus PV for ASP & AP flooding, cases 7-9

Figure .10 - Comparing oil recovery versus time for ASP & AP flooding, cases 7-9
depict the recovery curves for cases 7-9 and versus pore volumes and day, respectively. We
observe that ASP flooding still outperforms AP flooding and this is irrespective of what the
time basis is (PV or day). Comparing the Figure .9, together with Figures .6 and .8, reveal
that cases 7-9 yield a much higher oil recovery compared to those of cases 1-3. This is mainly
because of the reduced pressure drop and consequently the increased contact time. The slug
size effect is again insignificant for the reason previously mentioned.
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