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Abstract: Low Salinity Water (LSW) and Alkaline-Surfactant-Polymer (ASP) flooding are emerging enhanced oil recovery
methods that help recover oil from the reservoir after primary and secondary recovery processes. Experimental studies on LSW
and ASP flooding have indicated potential in additional oil recovery. In this paper, numerical simulation was performed to study
the combined effects of LSW and ASP flooding. A heterogenous reservoir initially saturated with oil and water was modelled
using Eclipse. The wells were completed with an inverse five-spot pattern and the production life of the reservoir was taken to be
five years. The results showed that LSW flooding using a salt concentration of 1 000 ppm achieved a higher oil recovery than
conventional (high salinity) water flooding with a salt concentration of 35 000 ppm. The oil recovery for conventional water
flooding was 59.5% and that of low salinity flooding was 64.1%. The overall oil recovery for LSW combined with alkaline,
surfactant and polymer flooding were 64.1%, 70.5% and 62.6%, respectively. The model indicated an increase in overall oil
recovery of 91% when alkaline, surfactant and polymer were combined and injected as the same slug as opposed to the injection
of the chemicals individually. This was attributed to the synergy of the chemicals. The alkaline and the surfactant reduce the
interfacial tension between the oil and water and the polymer improves the mobility ratio thereby increasing sweep efficiency.
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bypassed as a result of unfavourable mobility ratio between
the oleic and the aqueous phase. Tertiary recovery processes
aim at reducing residual oil saturation by introducing thermal
energy or special fluids such as chemicals and miscible gases
to the reservoir. Very tight and highly viscous reservoirs can
only produce oil by applying tertiary recovery means and, in
such cases, do not follow the chronological production stages

1. Introduction

Oil production traditionally runs through series of stages
namely primary, secondary, and tertiary recovery process. In
the primary production stage, oil is recovered under the
natural driving mechanism present in the reservoir or some
artificial lift tools, such as gas lift or pumps. Water or gas is
injected to the aquifer or gas cap respectively during the [3]. L L
secondary stage to supplement the reservoir pressure and to Historically, water injection has been used to supplement
displace the oil and improve recovery. The selected secondary ~ [®SCTVOI pressure and little E}ttentlon given on the salinity of
technique generally follows the primary recovery, but it can the injected water. However, in rf:cent years, §md1es haye? been
also be conducted concurrently with the primary process. A conducted on the effects of altering the salilmty of the injected
high oil saturation is usually rendered immobile (residual oil wat'er. Most of the I‘eSl:llt.S showed'a.hlgh oil recovery could be
saturation) after applying primary and secondary oil recovery achieved when the; salinity of the injected water is muc}} lower
methods [1]. According to Behnoudfar et al. [2], the remaining than the' formatlop .wat'er [4] and thus a pptentlal for
oil is approximately two-third of the Original Oil in Place low-salinity water 1nJ'ect10n as an Enhanced Oil Recovery
(OOIP) after applying primary and secondary oil recovery (EOR? method. Expenmenta? works have also beer% done on
methods. This happens because the oil is entrapped in the pore combining LSW flooding with pther proven ch'em}cal EOR
spaces due to capillary and viscous forces or the oil is methods. Alagic and Skauge in their work indicated an
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increase in oil recovery when low-salinity brine injection was
combined with surfactant flooding in mixed-wet sandstone
cores [5].

Alkaline-Surfactant-Polymer (ASP) flooding uses a
combination of alkaline, surfactant and polymer as the
injection slug for further improvement on oil recovery [6]. It
has been demonstrated in experimental works as an effective
EOR method with recovery factor up to 98% of the OOIP [7].
The combined chemicals improve oil recovery by reducing
interfacial tension between the oil and the displacing fluid and
also providing a favourable mobility ratio to improve
macroscopic sweep efficiency. During ASP flooding, polymer
is used for mobility control, surfactant reduces the interfacial
tension and subsequently the residual oil saturation and
alkaline generates surfactant in situ as it reacts with
naphthenic acids in the crude oil [8, 9]. The synergy of the
individual chemicals increases oil recovery substantially and
makes ASP flooding cost effective as less of the chemicals are
used when they are injected in the same slug. Global demand
and consumption forecast of oil and gas continue to grow.
Moreover, there is significant depletion of conventional
resources and high cost coupled with high uncertainties
involved in exploiting unconventional resources. EOR
methods such as LSW and ASP flooding will play a key role to
produce the oil reserves which are left behind after primary
recovery and application of secondary recovery processes.
Experimental works using cores in low salinity and ASP
flooding which have been documented in literature [10, 11],
have shown improvement in displacement efficiency yielding
high oil recovery. Much work is needed to build upon the
laboratory studies of this synergistic technique to establish it
as a reliable EOR method. Thus, this research seeks to move a
step further by utilising numerical simulation to study the
combined effects of low salinity and ASP flooding. It is a
fairly new recovery process and has the potential to yield an
increase in oil recovery as a result of the synergy of the
recovery techniques.

2. Reservoir Description and Modelling

An oil reservoir was modelled using Eclipse. The reservoir
measured roughly 7 400 ft, 7 400 ft and 28 ft in the X, Y and Z
directions, respectively. A total of 12 150 grid blocks were
used corresponding to forty-five grid blocks in both the X and
Y directions and six grid blocks in the Z-direction. In this
simulation, flexible grids, precisely corner point geometry
was used. This approach permitted a better representation of
reservoir geological features and reservoir description,
especially for heterogencities and wells as opposed to
traditional cartesian grids. The reservoir was heterogenous
with variations in both porosity and permeability. Reservoir
porosity had values ranging between 9% and 30%, also
reservoir permeability varied in all directions with the vertical
permeability generally lower than the horizontal permeability.
The horizontal permeability ranged between 10 mD to 70 mD.
On the other hand, the vertical permeability ranged between
0.7 mD to 2 mD. The active fluid phases in the model were

water and oil. Figures 1 to 3 show the porosity and
permeability variations in the reservoir model.

Well completion was implemented once the model was set
up. The inverse five spot pattern was used in the simulation
and both the production and injection wells were perforated in
all six layers of the model. All the five wells were vertical
wells. The well pattern yielded an effective areal sweep
efficiency. This is because, with the injection well situated at
the centre of the reservoir, the injected fluid swept the oil all
the way to the corners of the reservoir where the production
wells were located improving oil recovery.

Figure 1. Porosity of the Reservoir Model.

Figure 2. Permeability in the X-direction of the Reservoir Model.

Figure 3. Permeability in the Z-direction of the Reservoir Model.
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2.1. Low Salinity Water Flooding Modelling

The concentration of salt in the aqueous phase changed the
water density and the viscosity. The distribution of brine was
modelled by using a mass conservation equation for the salt
concentration in each grid block. Brine was assumed to exist
in the aqueous phase and was modelled internally as a water
phase tracer using Equation 1 [10].

4 (BuCs) _ [ T

dt Bw BwUseff

(SPW - pwgDZ)] Cs + chs (1)

where:

pw denotes the water density.

> denotes the sum over neighbouring cells.

C, denotes the salt concentration in the aqueous phase.

Wserr denotes the effective viscosity of the salt.

D, is the cell centre depth.

B,, is the water formation volume factor.

T is the transmissibility.

k. is the water relative permeability.

S, 1s the water saturation.

V is the block pore volume.

Q, is the water production rate.

P, is the water pressure; and

g is the acceleration due to gravity.

In modelling LSW flooding, it was assumed that the LSW
induced a wettability change in the formation which resulted
in a change in relative permeability of the fluids. The low
salinity option in Eclipse enabled modelling of low salt water.
This option allowed the modification of saturation and relative
permeability end points for water and oil phases as function of
the salt concentration and oil-water capillary pressure.
Therefore, two sets of water/oil saturation functions were used
in the modelling. Given two sets of saturation functions, one
for low salinity and one for high salinity, the saturation end
points were modelled as presented in Equations 2 to 5 [12].

Sweo = F1Sico + (1 = F1)Sico (2)
Swer = FiSger + (1 = F1)Siier 3)
Swmax = F1Smax + (1 = F1)Smax “4)
Sower = F1Sgwer + (1 = F1)Sgwer (5)

where:

F, is the function of the salt concentration.

Sweo 18 the connate water saturation.

Swer 18 the critical water saturation.

Swmax 18 the maximum water saturation.

Sower 18 the critical oil saturation in water.

H is the high salinity index; and

L is the low salinity index.

The F1 factor is a function of brine concentration, and it is
provided as a look-up table. Then, the relative permeabilities
for water and oil, and oil-water capillary pressure are first
found by look-up table at the scaled saturations and then
interpolated similarly as presented in Equations 6 to 8 [12].

Ky = Flk%w +(1- Fl)k?w (6)
ko = Flk%o +(1- Fl)kyo @)
l:)cow = FZPCLE)W + (1 - FZ)PCI-(I)W (8)

where:

F, is a function of the salt concentration.

k. is the water relative permeability.

ki, is the oil relative permeability; and

P.ow 1s the oil-water capillary pressure.

With the low salt option being active, the weighting factors
for the low salinity saturations functions were inputted as a
function of the salt concentration. The weighting factors were
denoted by F1 and F2. F1 was the weighting factor for the low
salinity saturation endpoints and the relative permeabilities
interpolation while F2 was the weighting factor for the low
salinity capillary pressure interpolation. A value of 0 implied
that only the high saturation functions will be used and a value
of 1 implied that only low salinity saturation functions will be
used. The weighting factors indicated the effectiveness of
salinity.

Modelling High and Low Salinity Curves

Since both water and oil were the active fluid phases present
in the reservoir, the SWOF keyword, defined in the PROPS
section was used to input tables of water relative permeability,
oil-in-water relative permeability and water-oil capillary
pressure as functions of the water saturation. Each table
consisted of four columns of data. High and low salinity
relative permeability tables were defined here. Figure 4 shows
the oil and water relative permeability curves for high salinity
and low salinity as a function of water saturation used in the
simulation.

2.2. Alkaline Flooding Modelling

Alkaline flooding involves introducing alkaline into the
reservoir to react with the naphthenic acids to produce
surfactants in-situ that reduces the interfacial tension and
consequently release oil from the rock pores. Alkaline
injection is usually effective when the acidic content of the oil
is relatively high. When used together with surfactant and
polymer such in the case of ASP flooding, alkaline can reduce
the adsorption of both surfactant and polymer (which are
expensive chemicals) on the rock surface. Alkaline therefore
improves the effectiveness the surfactant and polymer
injection [11]. In this model, alkaline was assumed to exist
only in the aqueous phase as a concentration in a water
injection process. The distribution of the injected alkaline was
modelled by the conservation Equation 9 [10]:

4 (Ve 4 8 (1) caloe)
dt(BrBW ta VeGa o )

(8Py = pw8D)| Ca+ QuCa  (9)

Tk

Z [Bwuseff
where:
pw»> Pr denotes the water and rock density respectively.
> denotes the sum over neighbouring cells.
C, denotes the alkaline concentration.
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(C%), denotes the adsorbed alkaline concentration.
Wsefr denotes the effective viscosity of the salt.

D, is the cell centre depth.

By, B; is the water and rock formation volume factor
respectively.

T is the transmissibility.

k. is the water relative permeability.

S, is the water saturation.

V is the block pore volume.

Q,, is the water production rate.

Py, is the water pressure; and

g is the acceleration due to gravity.
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Figure 4. Water and Oil Relative Permeability Curves for Low and High
Salinity.

2.2.1. Alkaline Adsorption Modelling

The ALKADS keyword in the PROPS section described
the adsorption of alkaline by the rock formation. It consisted
of two columns of data: the local alkaline concentration in
the solution surrounding the rock and the corresponding
saturated concentration of alkaline adsorbed by the rock
formation. In Eclipse, alkaline adsorption was assumed to be
instantaneous. The ALKROCK keyword, which was also
specified in the PROPS section, was used to determine
whether desorption of the alkaline was prevented or allowed.
If desorption was prevented, then the adsorbed alkaline
concentration may not have decreased with time. Meaning,
the alkaline effect on polymer or surfactant adsorption was
assumed to be permanent. Oppositely, if desorption was
allowed, then the alkaline adsorption isotherm would have
been retraced whenever the local alkaline concentration in
the solution decreased. This model assumed no alkaline
desorption occurred. Table 1 shows the alkaline adsorption
as a function of the alkaline concentration used in this study.

Table 1. Alkaline Adsorption as a Function of Alkaline Concentration [12].

2.2.2. Alkaline Effect on Water-0Oil Surface Tension

The effect of alkaline on the water-oil surface tension was
modelled as a combined effect with surfactant by modifying
the water-oil surface tension with the Equation 10 [10].

(10)

Owo = Owo (Csurf)Ast(Cai)

where:

Gwo(Csurf) 1s the surface tension at surfactant concentration
and zero alkaline concentration; and

Ag(Ca) 1s the surface tension multiplier at alkaline
concentration.

The ALSURFST keyword, which was specified in the
PROPS section, was used to provide tables of surface tension
multipliers as a function of the alkaline concentration. Each
table consisted of two columns of data: the local alkaline
concentration and the corresponding surface tension multiplier.
The ALSURFST is shown Table 2.

Table 2. Water-oil Surface Tension Multiplier as a Function of Alkaline
Concentration [12].

Alkaline Concentration (Ib/stb) Water-oil Surface Tension Multiplier

0.0 1.0
0.1 0.9
0.2 0.8
0.5 0.7

Alkaline Concentration (Ib/stb) Alkaline Adsorbed (Ib/Ib)

0.00 0.000000
1.05 0.000005
2.10 0.000007
3.15 0.000008

3.51 0.000009

2.2.3. Alkaline Effect on Surfactant and Polymer Adsorption

Alkaline can reduce the adsorption of both surfactant and
polymer on the rock surface. In Eclipse, this phenomenon was
modelled by modifying the mass of the adsorbed surfactant or
polymer by using Equation 11 [10]:

1-
VorCp T2t Aga(Can) (1)

where:

V is the pore volume of the cell.

¢ is the porosity.

p; is the mass density of the rock.

Cisp)’ is the surfactant/polymer adsorbed concentration; and

Aaa (Ca) is the adsorption multiplier at alkaline
concentration.

In the case whereby the alkaline is assumed to be adsorbed
irreversibly, by preventing desorption using the ALROCK
keyword, its effect on surfactant/polymer adsorption is
assumed to be irreversible as well. Using the notations in
Equation 11, the mass of adsorbed surfactant or polymer
becomes [10]:

1-¢
Vprcg,p T Aad (Calkmax) (12)
where: Cjxmax 1S the maximum alkaline concentration reached
in the block, corresponding to the actual effect on
surfactant/polymer adsorption.

The ALSURFAD keyword in the PROPS section
comprised tables of surfactant adsorption multipliers as a
function of the alkaline concentration. The ALSURFAD is
shown in Table 3.
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Table 3. Surfactant Adsorption Multiplier as a Function of Alkaline
Concentration [12].

Alkaline Concentration (Ib/sth) Surfactant Adsorption Multiplier

0.0 1.00000
0.1 0.99995
0.2 0.99500
0.5 0.50000

columns of data: the log of the capillary number and the
miscibility function at the value of the log capillary number.
The SURFCAPD data is shown in Table 5.

Table 5. Log of Capillary Number versus Miscibility Functio [12].

2.3. Surfactant Flooding Modelling

Surfactant flooding offers a way of recovering the residual oil
by utilizing surface-acting agents to adsorb onto the oil-water
interface to reduce the interfacial tension. A very low oil-water
interfacial tension reduces the capillary pressure which means
water can displace the trapped oil. Surfactant adsorption by the
formation rock influences the effectiveness of the surfactant
injection process. If the adsorption is very high, then large
quantities of expensive surfactants will be required to produce a
small quantity of additional oil [13-15].

The surfactant model was activated by specifying SURFACT
keyword in the RUNSPEC section. The surfactant was assumed
to exist only in the aqueous phase as a concentration in a water
injection process and the distribution of injected surfactant was
modelled in Eclipse by solving a conservation equation for
surfactant within the aqueous phase.

2.3.1. Surfactant Effect on Water-Qil Surface Tension

This effect was modelled by supplying tables of water-oil
surface tension as a function of surfactant concentration in the
water. The SURFST keyword in the PROPS section was used
to supply the tables. Table 4 shows the SURFST.

Table 4. Water-oil Surface Tension as a Function of Surfactant Concentration

[12].

Log of Capillary Number Miscibility Function
-9 0.0
-4.5 0.0
-2 1.0
10 1.0

factant trati
B C CEEtn el Water-oil Surface Tension (Ibf/in)

(Ib/stb)
0.0 0.050000
1.0 0.000006
30.0 0.000006

2.3.2. Surfactant Solution Viscosity Function

The keyword SURFVISC in the PROPS section comprised
tables of surfactant viscosity functions. It described the effect
on the viscosity of pure water of increasing the concentration of
surfactant in solution. The keyword consisted of two columns
of data: the surfactant concentration in the solution and the
solution water viscosity at this surfactant concentration and the
reference pressure. The water-surfactant solution viscosity is
calculated using Equation (13) [10].

s(CSur )
Hws (Csurf' P) = HW(P) llllw(Treff)

(13)

2.3.3. Surfactant Capillary Desaturation Function

The SURFCAPD keyword data comprised tables of
surfactant capillary desaturation functions. The desaturation
function described the transition between immiscible
conditions (low surfactant concentration) and miscible
conditions (high surfactant concentration) as a function of the
dimensionless capillary number. The table consisted of two

2.3.4. Surfactant Adsorption Modelling

In this study, the adsorption of surfactant was assumed to be
instantaneous, and the quantity adsorbed is a function of the
surrounding surfactant concentration. The quantity of
adsorbed surfactant onto the formation rock was calculated as
presented in Equation 14 [10]:

Mass of adsorbed surfactant = PORV - (1 — ¢)/¢ - MD -
CA(C_surf) (14)

where:

PORYV is the pore volume of the cell.

¢ is the porosity.

MD is the mass density of the rock; and

CA(Cqyy) is the adsorption isotherm as a function of local
surfactant concentration in solution.

The SURFADS keyword in the PROPS section comprised
tables of surfactant adsorption functions, describing the
adsorption of surfactant by the rock formation. It consisted of
two columns of data: the local surfactant concentration in the
solution surrounding the rock and the corresponding saturated
concentration of the surfactant adsorbed by the rock formation.
The SURFROCK keyword, also in the PROPS section
comprised tables specifying the rock properties required for
the surfactant model. It contained two columns of data: the
adsorption index for the rock type and the mass density of the
rock type at reservoir conditions. Possible values for the
adsorption index are 1 and 2. If the value of 1 is selected, then
the surfactant adsorption isotherm is retraced whenever the
local surfactant concentration in the solution decreases.
Alternatively, if the value 2 is selected, then no surfactant
desorption occurs. The SURFADS and SURFROCK data are
given in Tables 6 and 7.

Table 6. Surfactant Adsorption as a Function of Surfactant Concentration [12].

Surfactant Concentration Saturated Concentration of Surfactant

(Ib/stb) Adsorbed by the Rock (1b/lb)
0.0 0.0000
1.0 0.0005
30.0 0.0005

Table 7. Adsorption Index versus Mass Density of Rock formation [12].

Adsorption index Mass density of rock (Ib/rb)

1 2650
2 2650

2.4. Polymer Flooding Modelling

The overall mechanism of oil recovery by polymer flooding
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is to increase the water viscosity, decrease the effective
permeability to water due to polymer retention; and decrease
water-oil mobility ratio thereby improving the macroscopic
sweep efficiency [16-18].

The polymer option was activated by specifying
POLYMER in the RUNSPEC section. As salt-sensitivity
for polymer was required in this model, the keyword
BRINE was also activated. The flow of the polymer
solution through the formation was assumed to have no
influence on the flow of the hydrocarbon phase. The
standard black oil equations were therefore used to describe
the hydrocarbon phase in the model. The water, polymer
and brine equations used in the model are presented in
Equations 15 and 17, respectively [10].

%(;Sév:v) =2 [ﬁ (8P — pugD)| + Qu (1)

4 (VSwCp) , d al=®) _y|_Tkew —
dt( BrBw ) + dt (VpGC ) ) B Z [Bwup effRk (SPW
(16)

pwgDZ)] Cp +QuwCy

d (VSan) —y [ TkrwCn

dt \ BrBw BwHs effRk

(8P — pueD2)| + Qu Ca (17)
and
V' =V(1—Sgpy)

where:

Sapv denotes the dead pore space within each grid cell.

C," denotes the polymer adsorption concentration.

p; denotes the mass density of the rock formation.

¢ denotes the porosity.

pw denotes the water density.

> denotes sum over neighbouring cells.

Ry denotes the relative permeability reduction factor for the
aqueous phase due to polymer retention.

C,, C, denotes the polymer and salt concentrations
respectively in the aqueous phase.

Laerr denotes the effective viscosity of the water (a=w),
polymer (a=p) and salt (a=s).

D, is the cell centre depth.

B,, B,, are the rock and water formation factor volumes.

T is the transmissibility.

k. is the water relative permeability.

S.. is the water saturation.

V is the block pore volume.

Q,, is the water production rate.

P,, is the water pressure; and

g is the acceleration due to gravity.

The model assumed that the density and formation volume
factor of the aqueous phase were independent of the polymer
and salt concentrations. The polymer solution, reservoir brine
and the injected water were represented in the model as
miscible components in the aqueous phase, where the degree
of mixing was specified through the viscosity terms in the
conservation equations.

2.4.1. Polymer Adsorption Modelling

In this model, the polymer was assumed to be adsorbed
instantaneously. The effect of polymer adsorption was to
create a stripped water bank at the leading edge of the slug
during the flooding process. Desorption effect may occur as
the slug passes in the rock formation. If polymer desorption is
not allowed, then the adsorbed polymer concentration does
not decrease with time. Alternatively, if polymer desorption is
allowed then each grid block retraces the adsorption isotherm
as the alkaline concentration rises and falls in the grid cell. The
PLYROCK keyword was used to specify this effect. The
PLYADS keyword in the PROPS section comprised tables of
polymer adsorption functions describing the adsorption of
polymer by the rock formation. The table consisted of two
columns of data: the local polymer concentration in the
solution surrounding the rock and the corresponding saturated
concentration of polymer adsorbed by the rock formation (the
mass of adsorbed polymer per unit mass of rock). The
PLYADS data is given in Table 8.

Table 8. Polymer Adsorption as a Function of Polymer Concentration [12].

Polymer Concentration Saturated Concentration of Polymer

(Ib/stb) Adsorbed by the Rock (Ib/Ib)
0.0 0.000
20.0 0.010
70.0 0.010

2.4.2. Polymer Effect on Fluid Viscosity

The viscosity terms used in the fluid flow equations
contained the effects of a change in the viscosity of the
aqueous phase due to the presence of polymer and salt in the
solution. However, to incorporate the effects of physical
dispersion at leading edge of the slug and the fingering effects
at the rear edge of the slug, the fluid components were
allocated effective viscosity values that were calculated using
the Todd-Longstaff technique. The effective polymer
viscosity is given in Equation 18 as [10]:

Hp,eff = um(cp)m : ull:)_m (18)

where:

W (C,) is the viscosity of the fully mixed polymer solution
as an increasing function of the polymer concentration in
solution.

1, is the injected polymer concentration in solution; and

o is the Todd-Longstaff mixing parameter.

The mixing parameter is convenient in modelling the
degree of segregation between the water and the injected
polymer. If =1, then the polymer solution and water are fully
mixed in each grid block. On the other hand, if =0, then the
polymer is completely segregated from the water. The
Todd-Longstaff mixing parameter was specified using the
TLMIXPAR keyword.

The SALTNODE keyword comprised tables of salt
concentration values, each describing the nodal values for salt
concentration to be used in the calculation of the polymer
solution viscosity. The PLY VISCS keyword comprised tables
of polymer viscosity multiplier functions, describing the effect
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on the viscosity of pure of increasing the concentration of
polymer and salt in the solution.

2.4.3. Polymer/Salt Concentrations for Mixing Calculations

The PLYMAX keyword comprised data of maximum
polymer and salt concentrations that were to be used in the
mixing parameter for the calculation of the fluid component
viscosities. The data contained the value of the polymer
concentration in the solution which was to be used in the
calculation of the maximum polymer fluid component
viscosity and the value of the salt concentration which was to
be used in the calculation of the maximum polymer fluid
component viscosity.

3. Results and Discussion

Several flooding techniques were used to ascertain the
effectiveness of LSW, alkaline, surfactant and polymer
flooding. The production life of the reservoir was taken to be
five years. The flooding process started from the first day of
production beginning from January 1, 2020. The wellbore
diameter was 0.5 m, and the reservoir fluid volume rate target
or upper limit was set at 100 sm’/day for both injector and
producer wells. The Field Oil Efficiency (FOE), Field Oil
Production Rate (FOPR) and the Water Cut (FWCT) were
illustrated on a graph for each flooding process.

3.1. Conventional Water Flooding

Injection of water is the most common method to
supplement the natural energy of the reservoir to improve oil
recovery. Water injection has been used for decades to provide
pressure support to the reservoir and to displace the oil. The
potential benefits from waterflooding were first recognised in
the 1880’s and field applications were initiated in the 1930’s.
[19]. Today, waterflooding is the most used fluid injection
process in the world. The source of water had been usually
selected based on its availability and in the case of offshore oil
production, sea water was the apparent choice. Little
consideration was given to the salinity of the injection water.

Conventional water flooding (high salinity water flooding)
was carried out in the simulation starting from the first day of
production and continued for five years. Most conventional
water flooding processes use sea water which has a high salt
concentration. Furthermore, conventional water flooding uses
a salinity concentration which is identical to the that of the
formation water. In this study, it was assumed conventional
water flooding had salinity of 35 000 ppm which is equal to
the salinity of sea water. The results of the numerical
simulation are shown in Figures 5 to 7.

Figure 5 to 7 shows the oil recovery, oil production rate and
water cut for conventional water flooding from the beginning
of production up until five years. From Figure 5, the oil
recovery factor increases steadily until water breakthrough
point is reached, which is around 550 days. As a result of the
water breakthrough, the rate of oil recovery drops and
ultimately reaches approximately 59.5% for the total
production period. Additionally, the oil production rate is

constant at roughly 100 sm3/day at the onset of production for
550 days until water breakthrough occurs. Accordingly, the oil
production rate sharply declines as there is influx of water into
the production wells. The rate of decline slows down and
becomes constant from 1 000 days to the end of the production
period (Figure 6). From Figure 7, there is no influx of water
i.e., water cut is zero from beginning of production until water
reaches breakthrough. Breakthrough point is around 550 days.
When water breakthrough is reached, oil production declines
as shown in Figure 6.
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3.2. Low Salinity Water Flooding

In the simulation of LSW flooding, a salinity concentration
lower than that of the formation water was used. Low salinity
concentration was taken to be 1 000 ppm in this study. LSW
was injected into the reservoir at the start of production and
continued up until five years such as the case of the
conventional water flooding. The results of the simulation are
illustrated Figures 8 to 10. Figures 8 to 10, respectively shows
the oil recovery, oil production rate and water cut for LSW
flooding from beginning of production up until five years.
From Figure 8, oil recovery rises gradually from start of
production until water breakthrough is reached in 570 days.
The oil recovery does not increase as much after water
breakthrough and ultimately reaches 64.1% after the
production period. From Figure 9, oil production rate begins at
100 sm*/day and maintains this rate until there is influx of
water into the production wells as a result of water
breakthrough. The production rate sharply declines after this
point. The rate of decline slows down around 1 000 days and
at the end of the production period, the production rate is
approximately 3 sm’/day. The water cut sharply rises after
water breakthrough and its value at the end of the production
life is 97% (Figure 10).

The oil recovery result obtained from the numerical
simulation agrees with the experimental work conducted by
Bernard [20]. Bernard [20] studied the effect of floodwater
salinity on recovery of oil from cores containing clays. The
work showed that Sodium Chloride (NaCl) brine in the range
of 0 to 1% resulted in a higher oil recovery than distilled water.
However, the oil recovery was mostly unaffected when the
NaCl concentration was between 1 and 15%. Additionally,
Jadhunandan and Morrow [21] investigated the effect of
wettability on recovery by water flooding. The authors found
that altering the brine composition of the injection water
affected the oil recovery. Other experimental studies have
demonstrated that low salinity water flooding enhances oil
recovery as compared to conventional water flooding [22, 23].
The findings by Jadhunandan and Morrow [21], Mahani et al.
[22] and Erke et al. [23] also agree with the oil recovery result
obtained from the numerical simulation of LSW flooding.
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3.3. Low Salinity Water and Alkaline Flooding

Simulation of the combination of LSW and alkaline
flooding was done to predict the reservoir performance. The
first injection phase i.e., primary injection was LSW flooding,
and it was carried out from the beginning of production up
until 200 days. The secondary injection phase was alkaline
flooding and it started after 200 days of production and
continued until the end of production life, which was five
years. The salt concentration was taken to be 1 000 ppm and
alkaline concentration was 3%wt. or 30 000 ppm. The results
of the numerical simulation are shown in Figures 11 to 13.

Figures 11 to 13 illustrates the oil recovery, oil production
rate and water cut for combined LSW and alkaline flooding
from beginning of production up until five years. The overall
oil recovery was 64.1% which was higher than conventional
water flooding. Nevertheless, there was not a substantial effect
on oil recovery when the alkaline concentration was 3%wt.
such in the case of combination with LSW flooding (Figure
11). This can be clarified by the fact that alkaline did not react
with oil strongly enough to produce surfactants in situ. The oil
may be said to not have contained enough naphthenic acids to
interact with the alkaline. From Figure 12, the oil production
rate was maintained at 100 sm*/day until water breakthrough
occurred. It declined afterwards and the rate after five years
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was 3 sm’/day. The water cut from the onset of production to
the point of water breakthrough was 0. It sharply rose
afterwards and the value at the end of production was 97%
(Figure 13).

The oil recovery result from the numerical simulation
agrees with experimental work conducted by Shaddel et al.
[24]. Shaddel et al. [24] carried out core floods experiments in
LSW flooding and alkaline injection to improve oil recovery.
The studies demonstrated an increase in oil recovery and it
was attributed to the change in the chemistry of the injected
water. Moreover, other experimental works have also
indicated an increase in oil recovery of combined LSW and
alkaline flooding [25, 26] which also agree with the result
obtained from the numerical simulation of LSW flooding
combined with alkaline flooding.
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3.4. Low Salinity Water and Surfactant Flooding

This simulation involved two injection phases. The primary
injection phase was LSW flooding which was carried out from
start of production to 200 days. The secondary injection was
surfactant flooding which started after 200 days of production
and continued until the production period i.e., five years. The
salt concentration was taken to be 1 000 ppm and surfactant
concentration was 2%wt. or 20 000 ppm. The results of the
numerical simulation are shown in Figures 14 to 16.
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Figures 14 through to 16 illustrates the oil recovery, oil
production rate and water cut for combined LSW and
surfactant flooding from beginning of production up until five
years. From Figure 14, the oil recovery factor at the end of the
production life was 70.5%. The injected surfactants were
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absorbed at the interface between the oil and water, and it
reduced the interfacial tension. This mobilised the oil and
hence oil recovery was increased as observed. The oil
production rate was kept at a constant rate of 100 sm’/day until
water breakthrough occurred in 563 days. It declined after
water breakthrough point and at 681 days increased due to the
surfactant injection before it decreased again to the end of the
production period. The flow rate at the end of production was
6 sm’/day (Figure 15). Less water was also produced at the
end of five years compared to conventional water and LSW
flooding. The water cut began to reduce when the surfactant
came into effect to produce more oil (Figure 16).

Kakati and Sangwai [27] in their paper demonstrated the
synergistic benefits of low salinity water and surfactant
flooding in terms of improving oil recovery efficiency. The
result from their experimental studies indicated an improved oil
recovery similar to the result from the numerical simulation.
Experimental works on Berea core plugs performed to study the
benefits of combined LSW and surfactant flooding [28] also
indicated an increase in oil recovery similar to the result
obtained from the numerical simulation of LSW flooding
combined with surfactant flooding.

3.5. Low Salinity Water and Polymer Flooding

Simulation on the combination of LSW and polymer
flooding was done to predict the reservoir performance. The
first injection phase i.e., primary injection was LSW flooding,
and it was carried out from the beginning of production up
until 200 days. The secondary injection phase was polymer
flooding started after 200 days of production and continued
until the end of production life, which was five years. The salt
concentration in the low salinity flooding was taken to be 1
000 ppm and polymer concentration was 0.2%wt. or 2 000
ppm. The results of the numerical simulation are shown in
Figures 17 to 19.
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Figures 17 through to 19 illustrates the oil recovery, oil
production rate and water cut profile for combined LSW and
polymer flooding from beginning of production up until five years.
The oil recovery factor increased gradually until the time water
breakthrough occurred which was about 620 days after production

commenced. After breakthrough, the rate of increase dropped, and
the oil recovery maintained a constant value of 62.6% to the end of
production. Furthermore, oil production rate was constant until
water breakthrough was reached. It sharply declined afterwards to
about 40 sm’/day after 632 days of production. It then declined
gradually until there was no oil produced after the production life
of the reservoir.
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Figure 19. Water Cut for LSW and Polymer Flooding.

The oil recovery from the numerical simulation
compares very well with experimental studies conducted by
Vermolen et al., Alfazazi et al. and Kakati et al. [29-31]. Their
studies indicated an improvement in oil recovery similar to
the results obtained from the numerical simulation of LSW
flooding combined with polymer flooding.

3.6. Low Salinity Water Combined with ASP Flooding

The numerical simulation of LSW combined with ASP
flooding was investigated after studying the individual effect
of low salinity flooding with each chemical flooding process.
The alkaline, surfactant and polymer were assumed to be
injected over the same period. The first injection phase was
the LSW, which was done from start of production to 200 days.
ASP flooding continued afterwards up until five years.
Alkaline was injected first before surfactant and polymer were
injected. This was done to prevent the adsorption of
surfactants on the reservoir rock. Adsorption of surfactant
reduces its effectiveness. The salt concentration was 1 000
ppm. The alkaline, surfactant and polymer concentrations
were 3.0%wt., 2.0%wt. and 0.2%wt., respectively. Figures 20
to 22 are the results obtained from the simulation. Figures 20
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to 22 illustrates the oil recovery, oil production rate and water
cut profile for combined LSW and ASP flooding from
beginning of production up until five years, respectively. The
combined effect of the injected chemicals (alkaline, surfactant
and polymer) in addition to LSW flooding yielded an oil
recovery of 91% at the end of the production period (Figure
20). Interfacial tension reduction by the surfactants (injected
and produced in situ), increase in mobility ratio by the
polymer and the wettability change by the low salinity
flooding all combined to mobilize the oil, thereby reducing the
residual oil saturation. The time for water breakthrough was
627 days, hence more oil was produced than any other
flooding processes discussed above (Figure 22). The oil
production maintained a steady rate at 100 sm’/day from the
onset of production until there was influx of water into the
production well as a result of water breakthrough. It sharply
decreased to 57 sm’/day after water breakthrough. The
production rate gradually declined until 890 days; it then
increased a little bit before ultimately declining to the end of
the production period. The production rate at the end was 6
sm’/day (Figure 21). It was observed that the water cut had an
inverse relation to the oil production rate, meaning the water
cut goes down when the injected chemicals come into effect
and go up again when less oil is present (Figure 22).
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The oil recovery from the numerical simulation
compares very well with experimental studies conducted by
Battistutta et al., Gregersen et al. and Novriansyah et al.
[32-34]. Their findings suggested an improvement in oil
recovery similar to the numerical simulation of LSW
flooding combined with ASP flooding.

4. Conclusions

This study investigated the combination of LSW flooding
and alkaline, surfactant, polymer flooding for enhanced oil
recovery in a reservoir initially saturated with oil and water. A
reservoir model was developed using Eclipse 100 Simulator
for the study. In addition, an analytical model was developed
using MATLAB. The oil recovery efficiency, oil production
rate and water cut were discussed for each flooding process
under the numerical simulation. The analytical modelling also
discussed the fractional flow theory and the oil recovery factor
for each of the flooding processes. At the end of this study, the
following conclusions were drawn from the numerical
simulation:

1) LSW flooding using a salt concentration of 1 000 ppm
achieved a higher oil recovery than conventional (high
salinity) water flooding with a salt concentration equal to
that of sea water, 35 000 ppm. The oil recovery for
conventional water flooding was 59.5% and that of low
salinity flooding was 64.1%. LSW flooding, at the end of
the production period also yielded a higher oil
production rate and a favourable water cut than
conventional water flooding. The oil production rate was
3 sm’/day and 1 sm’/day for low salinity and
conventional water flooding, respectively. Additionally,
there was a 1.89% decrease in water cut in LSW flooding
from conventional water flooding. This was attributed to
the fact that the LSW injected altered the wettability in
the reservoir which released the trapped oil in the pores
of the reservoir rock.

2) LSW flooding combined with each of the chemical
flooding i.e., alkaline, surfactant and polymer produced a
significant increase in oil recovery, oil production rate
with a favourable water cut. The overall oil recovery for
LSW flooding combined with alkaline, surfactant and
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polymer flooding were 64.1%, 70.5% and 62.6%,
correspondingly. This demonstrated an improvement in
overall oil recovery over LSW flooding alone. This was
as result of interfacial tension reduction by alkaline and
surfactant, sweep efficiency increase by polymer and the
wettability alteration by the reduced salt concentration.

3) The injection of alkaline, surfactant and polymer (ASP)

as the same slug combined with LSW yielded an oil
recovery of 91%. It was the highest amongst the flooding
processes that were investigated. LSW flooding
combined with ASP flooding at the end of the production
period also yielded the highest oil production rate and the
most favourable water cut. This was attributed to the
synergy of the injected chemicals as well as the
wettability alteration by the LSW.
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