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1.0 Introduction
Waterflooding process is a secondary oil recovery effort that involves injection of water into
an oil well reservoir to increase the underground pressure thereby increasing oil recovery
(Grema and Cao, 2016). However, waterflooding processes are faced with constitutive
recovery mechanism in terms of well placements, which determines the maximal recovery of
oil at a given point in time. Well placements predominantly play a role as regards to production
rates which serves as a consideration to which various oil companies identify in order to
determine oil-water ratio (Grema and Cao, 2017). The placement of injection wells determines
the oil and water production rates. It is for this reason that estimation of oil recovery in terms
of well placements is considered. Reservoir models are expressed by nonlinear partial
differential equations (PDEs) which constitute unsteady states and dimensions in the region of
time and space (Grema and Cao, 2017). There are a lot of exorbitance in the demand of power
and energy in the oil and gas sector and it has been estimated that oil recovery through the use
of primary (natural) mechanism is intermittently reducing with time. This is why significant need
for Enhanced Oil recovery (EOR) arises (Grema and Cao, 2013). Oil recovery is associated
with what is called Recovery Factor (RF) which is defined by the amount of oil that is produced
as a given fraction of the main oil in the reservoir (Ahmed, 2006). The oil Recovery Factor (RF)
is written mathematically as shown in Equation 1, (Ahmed, 2006):
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RF indicates the Recovery Factor, ��� �੪呅䈍呅⸰㔰〠 indicates the initial oil in the reservoir, ��� �th
indicate the remaining oil in the reservoir.
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ABSTRACT
Waterflooding is a simple and cheaper means of improving oil recovery from a
reservoir by injecting water into the reservoir. Economic considerations suggest
injection and production wells must be optimally placed considering reservoir
geology, fluid properties, and well orientation. This study focuses on the effects of
well placement and orientation on the performance of waterflooding process.
The reservoir has a dimension of 2500 ft by 2500 ft by 150 ft. It is homogenous
in porosity and heterogeneous in permeability. The performances of three cases
considered in the study were evaluated and compared. Water production rates,
bottom hole pressure limits for producer wells, well water cut and net present
value (NPV) over the entire production period were considered in evaluating their
performances. Reservoir modeling and simulation were carried out using
MATLAB Reservoir Simulation Toolbox (MRST). It was verified from the
investigation that Case III has a maximal production rate of 1,110,188.6 stb/day
(stock tank barrel per day), decreasing to 11,005 stb/day after a span of 1400
days with a pressure decrease. Consequently, it was considered a better choice
in terms of well placement. It was also estimated to have a maximal Net Present
Value of 19.8 billion dollars, which makes it economically viable.
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Several research findings have been reported on waterflooding process as it is the commonest
recovery methods (Adeniyi et al., 2008; Jansen et al., 2008; Jansen et al., 2009). The prominent
usage of waterflooding process is attributed to the fact that it remains one of the cheapest
means of oil recovery (Adeniyi et al., 2008). Grema and Cao (2013) investigated the changes
which occur in the performance of petroleum reservoirs and oil production wells before and
after applying the waterflooding technique. Optimization of reservoir waterflooding was carried
out considering the effect of geological uncertainties such as porosity, permeability and
reservoir size (Jansen et al., 2008; Jansen et al., 2009; Grema and Cao, 2020). Oil reservoirs
are faced with typical water production problems such that the oil recovery is curtailed by the
prevalence of excess water breakthrough at the point of recovery. Similarly, Grema and Cao
(2016) investigated the problems associated with waterflooding, where they implemented a
typical feedback control mechanism that could expedite and maximize the optimal oil recovery
hence reducing early water breakthrough. A typical application to reservoir simulation is in the
future prediction of flow performance in a reservoir, and as such prudent plans and techniques
can be applied to improve and optimize the recovery of oil economically. Reservoir simulations
can also be used to provide insights on the mechanism and behavior of fluid flow dynamics in a
porous medium (Jansen, 2011).

The aim of this study is to investigate the effects of well placement and orientation on the
performance of waterflooding process. Three cases of well location and orientation were
considered; the performance of which were compared in terms of field oil production rate
(FOPR), field water production rate (FWPR), total field oil production (FOPT), bottom hole
Pressure(BHP), total field water production(FWPT), well water cut (WWCT) and net present
value(NPV) for all well models.

2 Methodology
2.1 Rock and Fluid Properties
2.1.1 Rock Properties
The reservoir considered has a dimension of 2500 ft x 2500 ft x 150 ft and it is divided into
three layers of equal thickness along the vertical axis. The number of cells in the x, y, and z
directions are 5, 5 and 3 respectively. The depth of reservoir top is given to be 8000 ft with a
homogeneous porosity of 0.2. Table 1 shows the permeability information in x, y, and z
directions. This is necessary to enable the simulation of the process.

Table 1: Rock permeability
Layer 1 Layer 2 Layer 3

Permeability in x direction 200 mD 1000 mD 200 mD
Permeability in y direction 150 mD 800 mD 150 mD
Permeability in z direction 20 mD 100 mD 20 mD

The rock compressibility at 4500 psia is given as 4x10-6 psi-1.The grid was divided into 3 sub
grid data each having 25 cells defined in the reservoir geometry. The grid was extracted
separately for the purpose of generating permeability on each defined sub grid data. For a
heterogeneous distribution of permeability, cell data structure was created for the three cases
in order to verify the range of distribution on each predefined cells in all three layers. Figure 1
shows the permeability distribution in each grid structure for all three cases.
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Case I Case II Case III

Figure 1: Wells and Permeability distribution for all cases

2.1.2 Fluid Properties
Generating Relative Permeability and Capillary Pressure
The ability of one phase to move strictly depends on the environment at a particular location;
the relative permeability of one phase works in conjunction with the saturation of the other
phase present at the same location (Adeniyi et al, 2008). Relative permeability was used to
denote the movement of a phase in the present of multiple phases from one point to another
taking into account of the saturation as a function (Ahmed, 2006). In the MATLAB interface,
defining relative permeability and capillary pressure as a function of water saturation was done
in a tabular form. The table is a four column array in which the first column is interpreted to be
water saturation, the second column denotes water relative permeability, and the third is oil
relative permeability while the fourth column denotes oil-water capillary pressure function. See
Lie et al. (2012) for detailed explanation.

The variation of relative permeability with water saturation required in running the reservoir
model is shown in Table 2. The oil and water densities at surface conditions are respectively
given as 49 lbs/ft3, and 63 lbs/ft3 while the initial reservoir pressure is given as 4500 psia.

Table 2: Fluid properties (1000mD)
Water saturation Krw Kro Pcow(Psi)
0.15 0.0 0.9 4.0
0.45 0.2 0.3 0.8
0.68 0.4 0.1 0.2

0.55 0.0 0.8

2.2 Net present Value (NPV)
The possible worth of investment for all the three studied cases was estimated. Net present
value is the value of all future cash flows (positive and negative) over the entire life of an
investment discounted to the present (Grema and Cao, 2016). A positive NPV indicates that
the projected earnings generated by a project or investment (in present dollars) exceed the
anticipated costs (also in present dollars). Generally, an investment with a positive NPV will be
profitable, and an investment with a negative NPV will result in a net loss. This concept is the
basis for the Net Present Value Rule, which dictates that the only investments that should be
made are those with positive NPV values. The Net Present Value is calculated using Equation 2
(Grema and Cao, 2016):
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੪h呅 is the Water injection cost, ੪h� is the Water production cost, ੪� is the Oil price per barrel,
�h呅�呅 is the Water injection rate, �h is the Water production rate, ���� is the Oil production
rate, ��੪t⹉ is the Number of production wells, �呅⸰� is the Number of injection wells, h is the
Discount factor, ��� is the Time step size, �� is the Actual time period for which NPV is
computed, � is the time unit. Here, yearly discount factor was taken to be given as 0.05, oil
price to be 70 dollars per barrel, water production handling cost to be 6 dollars per barrel and
the water injection cost to be 6 dollars per barrel. The NPV parameter applies to all cases of
the reservoir model.

2.3 Case Studies
2.3.1 Case I: Quarter Five-Spot Pattern
For the first case, the wells were arranged in a quarter five-spot pattern as shown in Figure 2.
Two wells were added at the opposite corners of the reservoir and perforated throughout the
layer in the z-direction (vertically), with an injection well named ‘G2’ and production well
named ‘G1’. Precise data required in addition of well could be the bottom hole pressure,
perforation cells, and injection/production rate.
.

Figure 2: Reservoir Grid and Well Positioning for Case I

2.3.2 Case II: Five-Spot Pattern
Here, the wells were placed in a five-spot pattern and perforated throughout the layers as
shown in Figure 3. This consists of four injection wells, one at each corner of the reservoir
geometry and a production well in the middle of the geometry. The injection wells are named
G1, G2, G3, G4 and the single production well named G5 (Figure 3).

Figure 3: Reservoir Grid and Well Positioning for Case II

2.3.3 Case III: Horizontal Wells
Here two horizontal wells G1 (production) and G2 (Injection) placed parallel to each other
were considered (Figure 4). All other rock and fluid modeling parameters assume their
previous values. Well G1 is specified with a bottom hole pressure to estimate the oil and water
production rates, while G2 is specified with a water injection rate to estimate the variation in
the bottom hole pressure. From Figure 4, the production and injection wells were placed and
perforated at the first two layers.
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Figure 4: Reservoir Grid and Well Positioning for Case III

For all these cases, MATLAB Reservoir Simulation Toolbox (MRST) was used to setup and run
the model. Detailed explanation on how to setup and run a reservoir simulation model using
MRST can be found in Lie et al. (2012) .

3 Results and Discussion
3.1 Case I
The production rates and well water cuts for Case I are shown in Figure 5.

Figure 5: Production rate and WWCT for Case I

Figure 5 illustrates a maximal recovery of oil with a production rate of 955,346.89 stb/day
during water injection period of 400 days. After that period, there was a reduction in
production rates as the bottom hole pressure reduces (Figure 6), and then a steady rate of
11,582.45 stb/day was realized going down at a negligible rate for the complete period of 2000
days. The well water cut shows a negligible effect on the production rates during the span of
recovery.

Figure 6: BHP and NPV Evolution for Case I
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An estimate of 19 billion dollars (6.6 trillion naira) NPV was estimated for a complete span of
2000 days (Figure 6). The bottom hole pressure for the producer well indicates reduction
along the entire life span of the well recovery. It also indicated that the total field oil production
rate is analogous to the field oil and water production rate; this is because single productions
wells were considered and simulated.

3.2 Case II
The production rates and well water cut for Case II are shown in Figure 7.

Figure 7: Production rate and WWCT for Case II

Case II has a constant oil production rate of 37,343.089 stb/day for the next 400 days with a
rapid decrease in water production (Figure 7). The oil production estimate verified an
incremental well water cut as a result of the number of water injection wells. Although it can
be considered maximal due to the long term oil production estimate, it is obviously limited by
the excessive amount of water breakthrough. Case II shows an estimate of 17 billion dollars (6
trillion naira) of NPV calculated for a complete span of 2000 days (Figure 8).

Figure 8: BHP and NPV Evolution for Case II

The same analogy in terms of field oil and water production rates and total field oil production
rate is applied to this case as it is to the first case.

There is a substantial decrease in the bottom hole pressure at an early start of recovery due to
a fast and exceeding water injection from five injection wells flowing at the same constant rates
(Figure 8). This factor gives rise for a high BHP at a shorter period of time, and it will likewise
result in an undesired amount of water production.
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3.3 Case III
The production rates and well water cut are shown in Figure 9.

Figure 9: Production rate and WWCT for Case III

Case III indicates a maximal oil recovery of 1,110,188.60 stb/day decreasing down to 11,019.06
stb/day as the reservoir pressure decreases within a span of 1200 days (Figure 9). There is no
much flow discrepancy between case 1 and 2 since the same constant flow is recorded at the
same time span, but it is seemingly a better choice since it has a maximal flow for a longer time
span as compared to case 1 and case 2. This gives it a better choice of consideration. Case III
shows an estimate of 19.5 billion dollars (6.8 trillion naira) NPV calculated for a complete span
of 2000 days (Figure 10).

Figure 10: BHP and NPV evolution for Case III

It is obviously seen that, from the estimated results, Case III can be taken as a better
investment as compared to the first two cases. The BHP shows an analogous reduction as
compared to Case II and Case II.

Various factors assert Case III as a better choice in terms of well placement considering the
recovery and investments. These factors are the field oil and water production rates, Net
Present Value (NPV), well water cuts (WWCT) and the bottom hole pressure limits.

4 Conclusion
This study has employed the use of MRST to simulate three cases of reservoir waterflooding
process. Several simulation outputs were analyzed to infer a better choice of consideration for
all the three cases. NPV was used as the performance index for evaluation. Case I and Case II
were close to maximum although an early water breakthrough and pressure decrease posed
some uncertainties. They were also noted to have less oil recovery during the complete span
of 2000 days. Maximum NPV was recorded by the simulation for Case III when compared to
the first two cases. Therefore, the reservoir configuration presented by case III will make a
better choice compared to the two other cases considered in this study.
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It is recommended that next study should incorporate detailed costs of production facilities for
better comparison.
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