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Introduction

Reservoir development is moving toward heavy oil
resources due to the rapid decline in conventional
oil resources [1]. During water flooding in heavy oil
reservoirs, due to fingering problems, a significant
amount of oil would remain in the reservoir, which
is the purpose of low-salinity polymer flooding [2.,3].
Combining low-salinity polymer flood would be
more effective through the mechanisms of wettability
alteration and improving the sweeping efficiency than
applying each method alone. In recent years, many
studies have focused on increasing the recovery of
heterogeneous heavy oil reservoirs [4-11]. Predicting
the performance of flooding projects is very important;
for this purpose, accurate and fast analytical methods
can be used to consider the physical phenomenon. The
Koval parameter indicates the effect of fingering and
channelization on oil recovery by injecting miscible
solvent [12-14], In this study, Buckley Levertt's
analytical model and its combination with Koval's
flow storage capacity model have been used to predict
the flooding process of polymer flood/ low-salinity
polymer flood for a heavy oil reservoir in the core
and reservoir (heterogeneous) scale. At the core scale,
polymer mobility control calculations to have a stable
shock front were conducted. An appropriate injection
scenario was selected based on economic calculations.
Using the developed analytical model, the effect of the
governing mechanisms on oil recovery enhancement
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in the core-scale and reservoir-scale (including
heterogeneity) were compared, which showed the
importance of heterogeneity on the performance of the
polymer flood in heavy oil reservoirs.

Materials and Methods
Governing Equations

In this section, by using Buckley-Leverett and Koval’s
theory (with the assumptions considered in Jain’s work
in 2013 and 2014), we aim to model the displacement
of oil by low-salinity polymer flood for the core and
the reservoir (inter-well) scale [14,16]. In the core
scale, mobility control calculations to find the optimum
polymer viscosity of the reservoir to have a stable
shock front are conducted. The following relationship
for the total mobility ratio must be established [16]:
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Equation 1 requires iteration because the location of
A and B depends on the fractional flow curve, which
requires the viscosity of the polymer as an input. At
the reservoir scale, the storage and cumulative flow
capacity for individual points is as Equation 2 [14]:
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In Equation 2, C is the dimensionless thickness or
cumulative storage capacity, and F is the cumulative
flow capacity up to any desired height. F can be
considered as the ratio of the total flow, whose
relationship with the $torage capacity is based on the
Koval relationship in the form of Equation 3. The
advantage of Equation 3 is that it reduces the degree
of freedom of the problem from N, which is the
number of layers, to one and decreases the problem-
solving space from two dimensions to one dimension.
The relation of the obtained model in the scale of the
reservoir for water-oil displacements depends on the
Koval parameter and is as follows [17]:
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In the above equation, K is the water flooding Koval
parameter, is the mobility in which oil flows, and is
the mobility in which the injected fluid flows. is equal
to field heterogeneity, and M is the mobility ratio.
During polymer flood for oil displacement, taking into
account the Koval parameter for the polymer bank and
the oil bank, the following equations would be derived
[17]:
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In Equation 5, k, is the polymer Koval parameter and
A, is the mobility of the area where the oil bank is. In
Equation 6, k. is the oil bank Koval parameter and A is
the mobility of the area where the remaining oil from
the secondary water injection is present.

Results and Discussion

In this section, the results of the polymer flood/
low-salinity polymer flood on the core and reservoir
scales at the optimal polymer viscosity (and higher
concentrations) for the selected injection scenario
(based on economic calculations) are presented.
Core-scale results: To investigate the effect of different
mechanisms, the effect of seawater flood (42000
ppm), polymer flood (improvement of sweeping
efficiency), and low-salinity polymer flood (4000 ppm)
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(combination of wettability alteration mechanism and
improvement of sweeping efficiency) on oil recovery
were investigated (Fig. ).
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Fig. 1 Effect of different EOR methods (mechanisms)
on oil recovery enhancement at the core scale without
heterogeneity.

According to Fig. 1, oil recovery of low-salinity
polymer flood, polymer flood, and seawater flood were
estimated at 0.5 PV (economic injection pore volume)
as 0.52, 0.42, and 0.35, respectively. Therefore, it
is concluded that in heavy oil reservoirs, polymer
floods recover more than seawater floods (7% higher
oil production). In addition, low-salinity polymer
flood led to a 10% increase in oil recovery, excluding
reservoir heterogeneity.

Reservoir-scale results: A comparison of the economic
injection scenario for oil recovery and water cut at the
reservoir and core scales is shown in Fig. 2. According
to Fig. 2, considering the heterogeneity in the reservoir
scale, approximately 8% less recovery has been
obtained in the economic injection pore volume of 0.9.
Similarly, the heterogeneity led to higher water cuts
compared to a core scale during polymer injection.
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Fig. 2 Comparison of oil recovery factor and water cut at
core and reservoir scales.

The effect of the three mentioned mechanisms at the
reservoir scale considering heterogeneity is shown in Fig. 3:

1

—==HSP

annn | SP
e -____J_...........-.-.-........
4 0.5 ‘-‘:,::____ - -

2+
f’ Hsw |HSP | LSP

0 1

0 1 2 3 4 5 6

Fig. 3 Effect of different EOR methods (mechanisms) on
oil recovery enhancement at the reservoir scale considering
heterogeneity.
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According to Fig. 3, oil recovery of low-salinity
polymer flood, polymer flood, and seawater flood
were estimated as 0.39, 0.35, and 0.23, respectively.
In heterogeneous reservoir conditions, the positive
performance of polymer flood was more significant
and led to 12% additional oil production compared to
seawater. Regarding the effect of salinity, the obtained
results showed the synergism of low-salinity polymer
injection method, in such a way that in reservoir
conditions, oil production was 4% higher than that of
polymer injection. Therefore, the dominant mechanism
of increasing oil recovery in heterogeneous heavy oil
reservoirs is the improvement of sweep efficiency.

Conclusions

In this paper, first, designing polymer/low-salinity
polymer flood has been conducted. The optimum
polymer viscosity required to have a stable shock
front for high and low-salinity polymer was 6.1 and
3.67 cp, respectively. The economic injection scenario
for the core and reservoir scales was designed 0.5PV
and 0.9PV polymer injection from the beginning.
An analytical predictive model was developed using
Buckley-Leverett and Koval’s theory to combine core
and large-scale properties. According to the results
on a core scale, the cooperation of the polymer flood
mechanism was more than that of seawater flood,
and the combination of low-salinity polymer flood
had a significant effect (about 10%) on increasing
oil recovery. In heterogeneous reservoir conditions,
the positive performance of polymer flood was more
significant and led to 12% additional oil production
compared to seawater. Regarding the effect of salinity,
the obtained results showed the synergism of low-
saline water-polymer injection method, in such a way
that in reservoir conditions, oil production was 4%
higher than that of polymer injection. Therefore, it is
confirmed that the sweep efficiency is the dominant
mechanism in heavy oil heterogeneous reservoirs.
The developed analytical model is a suitable tool
for designing the polymer flood process in different
conditions of salinity and heterogeneity, which can be
used to facilitate technical and economic decisions at
the reservoir scale.
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