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The Effectiveness of Low Salinity Waterflooding in Naturally Fractured Reservoirs
Faisal Awad Aljuboori,Jang Hyun Lee,Khaled A. Elraies,Karl D. Stephen

• We present a study of low salinity waterflooding in fractured reservoirs which has rarely been discussed in the literature.
• Uncertainty in the salinity dependence of relative permeability is a major challenge which has impact on the perfor-

mance of the low salinity waterflooding significantly.
• We integrate the quantitative results of the coreflood experiments into field scale reservoir simulation to evaluate the

recovery performance in a realistic time frame.
• Secondary and tertiary recovery modes are quite varied in performance during low salinity waterflooding.
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ABSTRACT
Low Salinity (LoSal) waterflooding is a technique which promises to improve and enhance oil re-
covery. The method has been studied widely in the laboratories using various core plug samples
of sandstones and carbonates. Most of experimental outcomes have demonstrated the possibility of
recovery increment in conventional reservoirs. Meanwhile it is rare to find a discussion in these exper-
iments about the effectiveness of LoSal waterflooding in naturally fractured reservoirs. In this paper
we investigate the potential benefits in fractured reservoirs using simulations.

It is often reported from coreflood experiments that LoSal injection has the ability to alter the rock
wettability and reduce residual oil saturations through chemical and physical interactions between the
rock-oil-water system. Based on the published work, we have calculated relative permeability curves
to represent the flow in regions flooded with LoSal water. This includes a qualitative representation
of uncertainty. in this sense the relative permeabilities are a proxy for any physical and chemical
mechanisms which are not explicitly represented. The newly generated flow curves were applied to
simulate LoSal waterflooding using a fine-scale model and a field scale model based on a fractured
reservoir from the Middle East.

The simulation results underline the benefits of LoSal whereby the oil recovery from the fractured
reservoirs can be increased. An additional benefit is the control of water production. The fine-scale
modelling has provided an in-depth analysis and accurate estimation of the oil recovery without mod-
elling artefacts or limitations, where an increment of (12-14)% of the Oil In Place (OIP) were obtained
under secondary and tertiary recovery scheme, respectively. The investigated scenarios demonstrated
a sensitivity to the newly generated flow curves and how they affect the ultimate oil recovery. How-
ever, for the field scale model, a higher oil production rate has maintained during LoSal waterflooding
up to 32K BPD by the end of year fourteen compared with 25K BPD in case of high salinity scenario,
besides a reduction in the produced water by 35.7%. Therefore, the effectiveness of LoSal brine re-
quired a longer time frame to observe the improvements in the oil displacement or sweep efficiency.

1. Introduction
Naturally Fractured Reservoirs (NFR’s) hold a signifi-

cant portion of the remaining conventional oil [1]. Most of
these reservoirs have already produced for several decades
using natural depletion scenarios or undergone secondary re-
covery projects. However, developing these field using En-
hancedOil Recovery (EOR) techniques are often uneconom-
ical due to high costs combinedwith the current low prices of
oil [2]. Thus, sustained or improved oil production requires
low-cost methods that can increase the recovery factor from
such challenging reservoirs and to meet the increasing de-
mands of world energy consumption [3].

Traditional waterflooding has been used widely to im-
prove oil recovery in both conventional and fractured reser-
voirs [4, 5]. The intensive worldwide application of the pro-
cess is due to the low cost and availability of water [6].In
1996, waterflooding has contributed to about 50% of theU.S.
oil production, for example [7]). Furthermore, the indus-
trial practices are often focused on compatibility between the
injected water and the formation water to avoid any poten-
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tial scaling or precipitation that may block the pore spaces
of the reservoir [8]. However, several researchers indicated
that the effectiveness of conventional waterflooding could
be improved by reducing the salinity of the injected water
[9, 10, 11]. As a result low salinity (LoSal) waterflooding
was developed.

The results of laboratory experiment of LoSal waterflood-
ing technique in both secondary and tertiary modes have
shown a positive impact on oil recovery by manipulating the
physical or chemical properties of the rock, in addition to the
interaction between the rock, oil and brine in the reservoir
[12, 13, 14, 15]. it is generally accepted that the outcome of
water injecting with low salinity alters the rock wettability to
make it more water-wet state or simply neutral wet compared
to its initial oil-wet state [16, 17, 9, 10, 18], The outcome is
that oil becomes more mobile, water less so and the resid-
ual oil saturation is reduced [19, 20]. For production, this
improves the recovery mechanism compared with seawater
injection [17].

Despite the positive improvements in oil recovery that
has been reported in the laboratory, several neutral outcomes
have been reported. Wu and Bai [21], for example, have
presented their mathematical model to quantify the impact
of low salinity waterflooding in conventional and fractured
reservoirs. They concluded a marginal improvement in the
oil recovery in fractured reservoirs using a one-dimensional
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model, but reported that their results may not represent the
actual performance of LoSal in fractured reservoirs. How-
ever, no capillary pressure curve variation was used by Wu
and Bai [21] in their model. The capillary pressure curves
are the dominant process of displacing oil from the matrix
(via imbibition). Therefore, accurate simulation of the LoSal
injection is necessary to mimic the observed improvement of
coreflood results.

Pore-scalemineralogical analysis of clay containedwithin
sandstone samples has been performed to illustrate the im-
pact of LoSal waterflooding on the system wettability and
residual oil saturation utilising Scanning ElectronMicroscopy
(SEM) imaging and mineral mapping [20]. From analysis, a
direct relationship between the reduction in residual oil sat-
uration and original mineral contacting the pores was de-
duced. This was the result of a significant wettability shift to
displace the oil from throats and small pores to enter larger
pores. Moreover, the investigation by Shabaninejad et al.
[20] included an evaluation of the oil composition impact on
the oil-brine-rock interaction by using the total acid number
and total base number. Where they concluded that high total
acid number oil (i.e., less asphaltenes) exhibited the highest
recovery in a tertiary mode compared with lower total acid
number. The pore-scale analysis highlights the importance
of understanding the drive mechanisms that change wetta-
bility and hence the reduction of residual oil by LoSal brine.
This can be done using the reservoir data of interest before
applying the technique in the field.

Improving the oil recovery in naturally fractured reser-
voirs is very challenging. Most often, the injected fluid breaks
through earlier than expected as fractures provide a faster
path. This leaves a significant amount of oil behind [22, 23].
Then, an exchange process occurs between the invaded fluid
phase that filled fractures and the trapped oil inside the ma-
trix block. This fluid exchange is controlled by the trans-
fer function, which represents the heart of the dual-porosity
model that is commonly used to simulate fractured reservoirs
[24, 25, 26, 27, 28, 29]. For LoSal waterflooding, under-
standing of the recovery mechanisms in the fractured reser-
voirs requires careful simulation at various levels of grid-
block, sector, and full-field modelling.

In this work, the impact of LoSal waterflooding on the
oil recovery was simulated using field scale and fine-scale
models. At the field scale, the results of a conventional wa-
terflooding scenario of Qamchuqa reservoir were compared
with LoSal waterflooding scenario using the new relative
permeability data. These were generated from the published
results of LoSal coreflood experiments (e.g., [19, 30, 8]).
This work helps to understand the critical role of the lab-
oratory results and how to upscale these observations to the
field-scale modelling. On the other hand, fine-scale mod-
elling can help to illustrate the exchange rate between the
matrix and fractures under LoSal waterflooding. The result
highlights the impact of the recovery process and demon-
strate a promising improvement in oil recovery using a low-
cost technique with widely available resources.

2. The Observed Impact of LoSal
Waterflooding in Laboratory Experiments
Numerous lab experiments have been performed using

carbonate (e.g., [31, 8, 11]) and sandstone core samples (e.g.
[20, 32]) to assess the impact of LoSal waterflooding on the
ultimate oil recovery for both secondary or tertiary recovery
methods. They have all performed coreflood experiments
using a roughly similar procedure of preparation, measur-
ing petrophysical properties, initial saturation, and wettabil-
ity restoration (i.e., ageing process) at ambient or reservoir
conditions. Some researchers have highlighted experimen-
tal artefacts such as those reported by Msalameh et al. [30].
They identified capillary end effects as a possible cause for
overestimating oil recovery by LoSal. However, many re-
searchers have reported benefits (see the review of Katende
and Sagala [4]);
2.1. Wettability Alteration

Alteration to wettability mechanisms often reported as
the primary effect in LoSal coreflood experiments, both in
sandstone and carbonate core samples (e.g. [17, 30, 31, 8,
32, 11]). The change in system wettability may be related to
the pH increment, ions exchange, or chemical reaction. Ma-
hani et al. [18] investigated the effect of temperature on wet-
tability using carbonate samples of limestone and dolomite.
Their observation of the contact angle measurements using
sessile oil droplet, IFT’s and potentials have supported the
hypothesis of the alteration of wettability from oil to water
wet. This was observed at ambient temperatures. Mean-
while, the authors [20] attributed the change in wettability
to the crude oil composition, especially asphaltene concen-
tration, and the type of rock minerals and clay contents. The
wettability alteration can be translated for the numerical sim-
ulation as shifting in relative permeability curves to a more
water-wet state. This could also result in a reduction in resid-
ual oil saturation though we discuss that separately below.
This results in additional oil recovery.
2.2. Residual Oil Saturation

Several researchers have referred to the impact of LoSal
water injection on the residual oil saturation (e.g. [12, 19,
30]. Masalmeh et al. [30] applied a high rate injection in
the tertiary mode to overcome the capillary pressure effect
in oil-wet pores. they attributed the extra oil recovery (2-3%)
at the high rate to a reduction in the residual oil saturation.
Webb et al. [19] measured the residual oil saturation before
and after the LoSal waterflooding, as illustrated in Fig.1.

Despite a general relationship it was concluded from Fig.
1 that the reduction in the residual oil saturation depended
on a number of process and properties such as the chemical
reactions and ion exchanges, crude oil composition, and a
fluid-matrix interaction. These can change the how much
the residual oil saturation decreases by, making it difficult to
conclude a pattern.
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Figure 1: Plotted results of Webb et al. [19] for the residual
oil saturation before and after LoSal waterflooding.

2.3. PH
PH increment is one of the observed phenomena control-

ling LoSal coreflood experiments [33, 34, 35]. McGuire et
al. [12] attributed the increment of pH to the formation of hy-
droxyl ions through chemical interactions between the LoSal
brine and reservoir minerals which increased pH up to 9 or
10. Furthermore, they have also referred to the probability
of acid or polar component in the crude oil as a cause for the
elevation of pH value in the system. PH values were often
classified to recognise the system wettability. The higher pH
(pH >9) indicates to a more water-wet system. While lower
pH (i.e., pH < 9) led to a mixed- or oil-wet system.
2.4. Interfacial Tension

Reduction in the interfacial tension during LoSal water-
flooding has observed by Wang and Alvarado [36] . Fur-
thermore, they also concluded a reduction in the capillary
hysteresis that lead to additional oil recovery. McGuire et
al. [12] have referred to the IFT reduction as one of the pos-
sible recovery mechanisms in LoSal waterflooding. Mean-
whil, Mahani et al. [18] concluded that IFT is a function of
pH and brine salinity as IFT decreases when pH increases or
brine salinity decreases or both.

3. Geological Description of Qamchuqa
Reservoir
The Middle East hosts numerous giant naturally frac-

tured reservoirs that have contributed considerably to the
regional production (e.g., Kirkuk, Bai Hassan, and Jambur
fields in Iraq, Dukhan in Qatar). The occurrence of nat-
ural fractures has affected production performance signif-
icantly in these fields compared with conventional unfrac-
tured reservoirs. Fractured reservoirs have often been de-
scribed by having two interacting mediums of fractures and
matrix. Fractures can provide an ultra-fast pathway for flow-
ing fluids, while the matrix (or the stagnant medium) holds
the majority of the hydrocarbon reserves [37].

Figure 2: Sequence stratigraphy of the Cretaceous Age in the
central and north of Iraq, Upper and Lower Qamchuqa forma-
tions have indicated by red dots, modified after [38].

In this study,An example of a NFR from the north of
Iraq has been used to illustrate the impact of low salinity
waterflooding on oil recovery. The analogue reservoir is
known as the Qamchuqa reservoir, which is one of the pro-
ducing reservoirs in Jambur Field. The reservoir consists of
two thick-bedded limestone formations of Upper Qamchuqa,
and Lower Qamchuqa deposited in a shallow marine setting
[38], and they separated by a non-reservoir shaly formation
of Upper Sarmord, as illustrated in the stratigraphic column
in Fig.2. The average formation thickness is about 300m in
the northern region, while it gradually decreases toward the
southern region because Qamchuqa facies passes into non-
reservoir facies of Balambo formation [1]. The nomencla-
ture of Upper and Lower Qamchuqa has often been used
in the north of Iraq, which are equivalent to Mauddud and
Shauiba formations, respectively. Regionally, both forma-
tions are considered to be highly prolific formations, and
they extend from Iraq to the Arabian Peninsula [39, 38, 40].

4. Methodology
The screening of LoSal coreflood experiments has iden-

tified three essential processes that could be modelled ex-
plicitly in the simulation model. These impacts comprise
shifting relative permeability curves to the right to emulate
an alteration of wettability, change to saturation endpoints
on the relative permeability curves, and capillary pressure.
In the current work, only alteration to relative permeability
due to change in wettability and change to saturation end-
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Figure 3: The suggested workflow to assess the impact of
LoSal waterflooding on oil recovery.

points were included. A similar procedure can be applied
to capillary pressure and similarly, We can also investigate
the impact of IFT and hysteresis reduction on oil recovery
should we choose to. A simple step-by-step workflow was
proposed to determine the parameters that most affect LoSal
waterflooding, as illustrated in Fig. 3.
4.1. Determination of Relative Permeability

Parameters of the LoSal Waterflooded Region
Nasralla et al. [8] calculated the relative permeability

curves through history matching of their lab experiment re-
sults. However, the calculated curves, expressed as Corey
function, have the same endpoints while the saturation expo-
nents (no, nw) were slightly changed. The change in satura-
tion exponents included a reduction in the oil phase exponent
and an increment in the water phase exponent. This shifted
the intersection point of the new curves toward higher water
saturation (i.e., more water-wet state). They also referred to
the non-uniqueness of the matching process that can reduce
the reliability of the calculated curves. Similarly, Sharma
and Mohanty [11] investigated the geochemical interactions
between brine and the carbonate core sampleswhich resulted
in a reduction of the oil exponent (no) and an increment of
the water exponent (nw).Quantitative results of the LoSal coreflood experiments
in the literature were collected to calculate a statistical per-
centage range for the change in saturation exponents and sat-
uration endpoints. Then, using the calculated range to con-
struct three levels of modifications in the original relative
permeability set (minimum, average, and maximum) using
Corey equations. The equations were provided for the oil-
water system to illustrate which parameter is going to be de-
rived from the published results of coreflood experiments;

kro = (kro)Swc

[

1 − Sw − Sor
1 − Swc − Sor

]no
(1)

krw = (krw)Sor

[

Sw − Swc
1 − Swc − Sor

]nw
(2)

• Saturation Exponents (no, nw): actual values of satu-ration exponents were not reported in most of the pre-
sented results, where they often focused on recovery
improvement. Therefore, saturation exponent values
were re-calculated for one of the presented figures by
Nasralla et al. [8] as an example to determine the val-
ues that were used in the evaluation. The obtained oil
saturation exponent (no) value was reduced from 4 to
3.2 (≈ -20%) to match the LoSal coreflood, while the
water saturation exponent (nw) increased from 1.6 to
2.5 (≈ +56%). These values were evaluated by digi-
tising the published figures and using Corey function
to back calculate the saturation exponents. The actual
values may vary slightly. The same procedure was re-
peated for several references in the literature, and re-
sults are summarised in Table 1, with an exception for
the work by Sharma and Mohanty [11] as saturation
exponents were already provided;

Table 1
Examples of saturation exponents’ changes (in percent-
age) presented by several authors.

Author Reduction in no % Increment in nw %

Nasralla [8] -20 +56
Msalameh [30] -25 +12.5

-11.5 +56
Sharma [11] -33 +50

-33 +25

• ResidualOil Saturation (Sor): Webb et al. [19] listed
their coreflood results of residual oil saturation, as sum-
marised in Table 2. The determined range reflects
a wide degree of uncertainty in the impact of LoSal
on Sor (i.e., the reduction percentage varied from 9%
to 64%), which most likely reflect the interaction be-
tween oil and LoSal brine at the contact point on the
pores and depended on brine composition and asphal-
tene percentage in the crude oil and type of clay min-
erals in core samples.

Table 2
The summary of Webb et al’s results for the reduction
in residual oil saturation, after [19]

No. of Samples Reduction in Sor %
Min % Avg % Max %

29 -9 -26 -64
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• Water Relative Permeability (krw [Sor]): Webb et
al. [19] reported three examples of water relative per-
meability (krw) at residual oil saturation for three dif-ferent reservoirs. They explained that krw increases
when LoSal brine reaches the pores comparedwith us-
ing high salinity water. These examples can be used to
estimate an average percentage of water relative per-
meability increment, as illustrated in Table 3.

Table 3
The summary of Webb et al’s results for the increment
in water relative permeability, after [19]

No. of Samples Increment in krw %
Min % Avg % Max %

3 +9 +32 +48

4.2. Calculation of New Relative Permeability Sets
for LoSal Waterflooded Region

The relative permeability sets of the Qamchuqa reser-
voir were used to construct new flow curves to represent
the flooded LoSal region. The derived percentage change
in each parameter, (illustrated in Tables 1-3) was applied to
the Upper Qamchuqa formation models to calculate the new
relative permeability sets, as highlighted in Fig. 3, and cal-
culation results are shown in Table 4;

Table 4
The calculation results for Upper Qamchuqa formation

Parameters Initial Value Min % Avg % Max %

Wettability no 3 2.66 2.27 2.01
nw 2 2.25 2.80 3.12

Saturation Sor 0.243 0.221 0.180 0.087
endpoints krw[Sor] 0.350 0.382 0.462 0.518

Likewise, the same calculation procedure was performed
for Upper Sarmord and Lower Qamchuqa formations to gen-
erate three sets of relative permeability curves for each for-
mation representing the minimum, average and maximum
impact of LoSal waterflooding on the relative permeability
parameters. Occasionally, the change did not occur to all
parameters, which means either wettability changed or satu-
ration endpoints did. Therefore, three cases were suggested
to simulate laboratory observations accurately. The change
to wettability was based on changing saturation exponents
only, as shown in Fig. 4 (A). Meanwhile, the saturation end-
points were varied to decrease residual oil saturation and wa-
ter relative permeability, see 4 (B). However, the combined
influence is illustrated in Fig. 4 (C).

The next step incorporates the generated relative perme-
ability sets of the three cases into the simulation model of
the Qamchuqa reservoir and in the fine-scale model. Where
all cases (A, B, and C) in Fig. 4 were applied on the fine-
scale modelling, while only case (C) has used in the full-field
modelling.

The effect of LoSal waterflooding on capillary pressure
has not been investigated in the current work. Nevertheless,
the presented workflow in Fig. 3 can be applied on capil-
lary pressure, where several authors have pointed out in their
laboratory work to a decrease in interfacial tension (IFT),
which would also require a change to relative permeability.
we could also include a decrease in pressure drop due to the
low viscosity of LoSal water [30], as well as a reduction in
capillary hysteresis which can reduce the effect of capillary
pressure leading to increase the oil recovery [36]. Changes
in the capillary pressure curve can be represented by reduc-
ing the capillary exponent (np) and residual oil saturation (re-duction in Sor has already considered in the current work),
as illustrated in Equation 3 [41];

Pcwo = (Pc)Swc

[

1 − Sw − Sor
1 − Swc − Sor

]np
(3)

5. Setup of Numerical Simulation
The dual-porosity model is widely used to simulate frac-

tured reservoirs [42, 43]. The model assumes that the flow
between grid cells occurs in fractures only, whilematrix blocks
can only flow to the corresponding fracture cell. Therefore,
two different scales of model were constructed to represent
the fluid exchange between the matrix and fractures. Fine-
grid modelling of a single matrix block was carried out to
examine the matrix-fracture exchange while the fluid flow
in fractures was studied over larger scales using a full-field
model, as demonstrated in Fig. 5 (A) and (C), and explained
in following steps;
5.1. Fine Scale Modelling

Afine-gridmodel, which represents a singlematrix block
of a dual-porosity model, was constructed with explicit frac-
tures at the grid boundary cells while the inner cells depict
the matrix block, Fig. 6. The dimensions of the matrix block
model are 5ft× 8ft× 12ft, with 1ft resolution in the X, Y,
and Z-direction. The total number of cells in the fine-grid
model is 480.

The fracture network around the matrix has assumed to
be fully saturated with low salinity brine, while the matrix
block has saturated with oil in addition to connate water sat-
uration. A unity slope of relative permeability has been used
for the fracture system, and measured flow curves of a frac-
tured formation have applied for thematrix, as well as amax-
imum value of 10 psi for the capillary pressure at the connate
water saturation. These conditions were provided to mimic
the advancement of low salinity brine scenario into the oil
zone due to the injection potential. The injected low salinity
water sweeps the oil in the fractures much faster than matrix
oil due to the higher fracture permeability. The input data of
the formerly mentioned scenario has been given in Table 5.

The above scenario was run for ten years to allow for
fluid exchange between the matrix and fractures due to grav-
ity differences and capillary forces between the low salin-
ity water and the oil. Furthermore, several scenarios were
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Figure 4: Generated relative permeability sets compared with the initial relative perme-
ability indicated by black colour, (A) represents wettability alteration only (B) represents
the alteration in saturation endpoints only, while (C) represents the combined effect of all
parameters.

Figure 5: An illustration of constructed models to simulate the LoSal waterflooding sce-
nario in a fractured reservoir, (A) Full-field scale (B) Gridblock scale illustrating highly
idealised orthogonal matrix blocks (C) Matrix block scale.

Figure 6: The layout of the fine-grid model for a single matrix
block with the dimensions 5ft × 8ft × 12ft.

run to simulate the influence of the low salinity water on the
rock wettability and residual oil saturations discussed above.
Then, the impact of the suggested scenarios was evaluated
through their contribution to the ultimate oil recovery from
the matrix.

Table 5
The input fluid and rock data of the single matrix block model.

Parameters Value

Matrix permeability, mD 1
Fracture permeability, mD 1500
Matrix porosity, fraction 0.2
Fracture porosity, fraction 1
Connate water saturation, fraction 0.222
Oil formation volume factor (Bo), RB∕STB 1.205
Gas formation volume factor (Bg), RB∕MSCF 1.767
Water formation volume factor (Bw), RB∕STB 1.015
Oil viscosity (�o), cP 0.54
Gas viscosity (�g), cP 0.0156
Water viscosity (�w), cP 0.47
Oil density at surface condition (�o), lb∕ft3 52
Gas density at surface condition (�w), lb∕ft3 0.05
Water density at surface condition (�w), lb∕ft3 67

5.2. Field Scale Modelling - Qamchuqa Reservoir
Ahistory-matching scenario had already been implemented

for the Qamchuqa reservoir for four decades of production
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Figure 7: Oil properties of Qamchuqa Reservoir.

history. Reasonable matching results were reported for sev-
eral producers in the reservoir for the available observed data
such as; oil production rate, bottom hole pressure (BHP),
gas-oil ratio (GOR), and water cut, which was encouraging
for further forecasts to be made for LoSal scenarios. To date
the production of Qamchuqa reservoir has been achieved us-
ing a natural depletion scenario, which resulted in a signifi-
cant pressure drop of (≈ 1200 psi) in the reservoir to the end
of 2015. Therefore, it is necessary to implement an afford-
able pressure maintenance project that able to improve the
sweep efficiency from the matrix blocks and to sustain the
well productivity, hence improve the overall reservoir recov-
ery.

Bitumen has been observed frequently in several inter-
vals between the oil zone and the aquifer. However, no infor-
mation is available about its distribution (whether distributed
as patches or uniform layers), and its role in the reservoir
performance. There is therefore high uncertainty in being
able tomaintain the reservoir pressure using the aquifer. Fur-
thermore, Intensive studies and assessment are necessary to
clearly understand the bitumen characteristics and their im-
pact on the overall reservoir performance before delving into
any project of improving or enhancing oil recovery in the
Qamchuqa reservoir which depend on using the aquifer for
pressure support. Fig. 7 shows the oil properties of Qam-
chuqa reservoir.

Despite the highlighted uncertainties in the Qamchuqa
reservoir, a low salinity waterflooding scenario was simu-
lated using six injection wells in the northeast region of the
reservoir with a total injection rate of 45000 bbl/D. The LoSal
brine was represented in the simulation as a component of
total dissolved solids (TDS) of 3000 ppm. In general, the
effective composition of LoSal brine should be determined
based on laboratory experiments to determine the appropri-
ate composition for Qamchuqa carbonate rocks. The sug-
gested scenarios were particularly designed to understand
the impact of low salinity brine injection on the sweep ef-
ficiency in naturally fractured reservoirs. Despite the pre-
viously mentioned uncertainty regarding bitumen distribu-
tions, the scenario was based on the absence of bitumen in
the injection well regions as some producers were showing
no bitumen at the same depth during drilling and completion.

The composition of Qamchuqa formation water is illustrated
in Table 6 for comparison purposes.

Table 6
The composition of formation water of Qamchuqa Reservoir
(source, Well (JCP-C7)).

Properties and Components Values and Concentrations

Sample number 1 2
Specific gravity at 60F 1.0879 1.0851
PH 6.65 6.13
TDS, PPM 124223 121150
Calcium (Ca+2), PPM 3093 3574
Magnesium (Mg+2), PPM 1373 721
Sodium (Na+1), PPM 43208 42445
Bicarbonate (Hco3−1), PPM 366 561
Sulphate (So4−2), PPM 1157 1157
Chloride (Cl−1), PPM 75026 72692

6. Results
6.1. Matrix Block Modelling

A single matrix block was simulated to evaluate the fluid
exchange rate between the matrix and fractures (i.e., matrix
recovery). Three relative permeability sets were generated,
as shown in Fig. 4 (A), (B), and (C) to represent the wetta-
bility alteration, saturation endpoints change (Sor, and krwonly), and the combined effect of both. The generated sets
were applied to simulations in secondary and tertiary recov-
ery modes.

The simulation results show an incremental oil recovery
relative to the high salinity waterflood ranging from 3.6% to
30.7% for the secondary recovery mode, and 7.6% to 34.8%
for the tertiary recovery mode. Production plots are illus-
trated in Fig. 8 for both cases. Moreover, the tertiary recov-
ery mode was performed for five years only following five
years of high salinity waterflooding. the ultimate recovery
factors are shown in Table 7. Furthermore, the oil recovery
was expected to increase further if a longer time of fluid ex-
changed had been allowed, as indicated by the slope of the
recovery curves.
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Figure 8: Simulation results of the single block model illustrate
the recovery factor from the matrix block to the surrounding
fractures; (A) refers to the wettability alteration scenarios. (B)
represents the endpoints alteration (i.e., Sor, krw), while (C)
represents both alteration scenarios. See Table 4 and Fig. 4
for further details.

Table 7
Oil recovery factors of LoSal waterflooding scenarios for sec-
ondary and tertiary recovery modes as well as the high salinity
waterflooding scenario

Impact and Oil Recovery Factor, % of STOIIP
Degree LoSal Sec.Mode LoSal Ter.Mode HighSal

Wettability Min 41.55 43.14
Avg 43.72 45.21
Max 45.57 47.04

Saturation Min 41.14 42.83
Endpoints Avg 42.49 44.14 40.08

Max 45.51 47.14
Combined Min 42.58 44.22
Impact Avg 46.42 48.04

Max 52.40 54.03

The maximum oil recovery was predicted for scenarios
where both alteration of wettability and endpoints weremod-
elled. Additional oil recovery is expected if the reduction in
capillary hysteresis were to be included in the simulations as
suggested by Wang and Alvarado [36].

Figure 9: The top structure of the Qamchuqa reservoir illus-
trates the northern region. The black dots refer to the drilled
wells (producers, observation, abandoned … etc.), while the
empty dots with an arrow indicate the injection wells.

6.2. LoSal Waterflooding in the Qamchuqa
Reservoir

In the Qamchuqa reservoir, a dual-porosity model was
used to simulate flow performance using the LoSal water in-
jection scenario. Flowmostly occurred in the fractures while
the matrix blocks provide the storage capacity for the oil.
In conventional waterflooding, it is often the case that early
water breakthrough occurs. LoSal injection aims to retard
this early breakthrough by improving the imbibition into the
matrix blocks thus producing more oil. We illustrated this
in Fig. 8. Nevertheless, a significant improvement in the
sweep efficiency and reservoir performance may require a
longer time frame to assess the impact of LoSal injection.

Six LoSal brine injectionwells were proposed in the north-
east of the northern reservoir region to sweep the oil towards
the nearby producers, see Fig. 9. The locations of the injec-
tion wells were designed to investigate the impact of high
salinity and LoSal waterflooding on the performance of the
Qamchuqa reservoir. Therefore, it does not represent an op-
timal design of a secondary recovery project to develop the
reservoir.

TheQamchuqa reservoir consists of three formationswith
distinct relative permeability sets and capillary pressure curves
for each formation during high salinity waterflooding. Thus,
three relative permeability curve already existed to represent
the fluid flow in thematrix, as well as a fourth set for the frac-
ture system. Therefore, an additional three sets of relative
permeability were generated for each formation to represent
the fluid flow due to the combined impact of LoSal water-
flooding on both wettability and saturation endpoints, as il-
lustrated in Fig. 4 (C). In the simulation, when the injected
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Figure 10: Comparison of the high salinity and LoSal water-
flooding in the Qamchuqa reservoir, the natural depletion sce-
nario was provided for comparison purposes only.

LoSal water flowed into a gridblock, the simulator switched
to the LoSal relative permeability curves based on the salin-
ity and a weighting function. As the salinity decreased, the
change occurred [44]. Otherwise, the original high salinity
relative permeability curves were be used in the flow calcu-
lations.

A fourteen year scenario was simulated for the Qam-
chuqa reservoir to illustrate its performance under various
depletion mechanisms. Five cases were performed, includ-
ing natural depletion, high salinity waterflooding, and LoSal
water flooding for three sensitivity conditions (minimum, av-
erage, and maximum alteration to the relative permeability
curves).

The overall reservoir performance prediction of the LoSal
waterflooding scenarios show remarkable improvements in
the oil production rate by extending the production plateau
for six years and maintain a higher oil production rate up to
32K STB/D by the end of year fourteen compared with 25K
STB/D when high salinity brine injection used. Moreover,
lower water cut was predicted from 16.24% in high salinity
case to 10.44% for LoSal waterflooding (i.e., water cut was
reduced by 35.7%), Fig. 10. Nevertheless, the improvement
at the reservoir scale required a longer production time to
see the impact of the LoSal water injection on the reservoir
performance.

An example of the behaviour of a producer is illustrated
in Fig. 11, where the JCP-E3 well exhibited similar per-
formance to the overall reservoir. The LoSal waterflooding
works on extending the productivity of the well in addition
to reducing the water cut. The impact of LoSal waterflood-
ing at the maximum alteration becomes notable compared
with the minimum alteration case. Furthermore, the range of
minimum to maximum changes represents the lab observa-
tions and measurements. However, an intensive evaluation

Figure 11: Comparison of the well JCP-E3 performance using
high salinity and LoSal waterflooding scenarios, the natural
depletion scenario was provided for comparison purposes only.

program is necessary to assess the impact of clay minerals of
Qamchuqa, as well as oil type, pH, and rock characteristics
on the LoSal performance to reduce the uncertainty and to
execute the LoSal waterflooding program effectively.

The LoSal technique, similar to conventional waterflood-
ing, can assist the reservoir pressure, which reduces the pres-
sure drop during production. In addition gas cusping is re-
duced through pressure maintenance (e.g., field GOR in Fig.
10, and GOR of the well JCP-E3 in Fig. 11). The wettabil-
ity change that resulted in shift the intersection points of the
relative permeability curves reduced the water phase mobil-
ity in the system and increased oil mobility. Ultimately the
displacement and hence the sweep were improved.

7. Discussion
7.1. LoSal Waterflooding in Fine-Scale Modelling

In high salinity waterflooding of the fractured reservoir,
it was usually assumed that the wettability is static, and most
of the oil recovery occurred over a short time as the wa-
ter imbibed into the matrix due to capillary forces. In the
LoSal waterflooding, the recovery increased compared with
the conventional approach due to a transition to becoming
more water-wet. the amount of the incremental oil recov-
ered corresponded to the degree of alterations mode. We
saw in Fig. 8 and Table 7 that an additional oil of 12-14% of
STOIIP was produced during LoSal waterflooding for sec-
ondary and tertiary recovery modes respectively. The capil-
lary force is the dominant recovery mechanism in the early
time as the calculated capillary number is as low as 10−10
[45]. The dominant spontaneous imbibition process due to
the capillary pressure can be easily observed in oil recovery,
as illustrated in Fig. 12 and Fig. 13, while the contribution
of the gravity force is relatively low. Higher oil recovery
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Figure 12: Oil recovery in a single matrix block with and with-
out the contribution of capillary forces.

Figure 13: Water saturation profile of fine-scale model after
11 days of fluid exchange between the matrix and fractures (A)
with capillary pressure, (B) without capillary pressure. Water
slumps due to the gravity segregation in (B) is evident due to
the absence of capillary forces.

can be achieved due to the absence of capillary hysteresis
that tends to trap the oil in the porous medium.

The above results agreewith laboratory results (e.g., [12]).
Moreover, the tertiary recovery mode exhibited a better re-
covery opportunity in a reduced time frame. Five years of
high salinity production was followed by five years of LoSal
waterflooding which gave the best recovery overall. This
technique provides an excellent initial oil sweep using high
salinity brine and reduces the opportunity of viscous finger-
ing occurring due to the higher water density. In addition,
secondary waterflooding is cheaper with higher salinity wa-
ter for the first five years. A full period of LoSal waterflood-
ing would incur extra costs reducing the economic gain from
the project.

I has been suggested that a surfactant may form due to
chemical reaction (e.g., [12]) which can explain the observed
phenomenon of pH increase in the laboratory cases (e.g.,
[33, 34, 35]). This has been known to shift the system to-
ward a water-wet state (e.g., [17, 30, 31, 8, 32, 11]), and
reduction of the interfacial tension [12, 36]. Furthermore,
it has been observed that oil composition and LoSal com-
position control the effectiveness of the formed surfactant

resulting in an insignificant reduction of the residual oil oc-
curred in highly asphaltic oil [20]. Meanwhile the presence
of calcium and magnesium cations can reduce the effective-
ness of LoSal brine and lead to a marginal improvement in
the oil recovery [12].
7.2. Upscalling to the Dual Porosity Model

The presented details of the fine-grid modelling are not
possible to include at the full field scale. Either the model is
too slow or the coarsening of the gridblock affects the sim-
ulation precision. It has been observed in models that nu-
merical dispersion affects the advection and increases dis-
persion [46]. Therefore, the recovery processes in the frac-
tured medium are usually upscaled using the principle of the
transfer function [47, 48], as shown in Equation 4;

�o = 0.001127� km
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Vmkr
�B

) {

P fo − P
m
o +

Δ�
144

(

ℎfo − ℎ
m
o
)

}

(4)
Where (�o) is the transfer function or fluid exchange be-

tween the matrix and fractures in a fractured system for a
single gridblock, see Fig. 5 (B). Therefore, the total fluid ex-
change in a gridblock can be expressed using a proper shape
factor (�), which depends on the summation of the fracture-
matrix contact area within a single gridblock and the dis-
tance to the block centre, as illustrated in Equation 5;

� = 1
Vm

n
∑

i=1

Ai
di

(5)

Where (Vm) is thematrix block or gridblock volume, (Ai)is the fracture-matrix surface contact area and (di) is the dis-tance from the contact surface to the matrix block centre.
While the counter (i=1 to n) represents the number of ma-
trix blocks within a single gridblock. Matrix block dimen-
sions, hence shape factor, have a significant impact on the
ultimate fluid exchange, especially the matrix block height
(Lz), which has considered twice in Equation 4. The first
time was in the shape factor calculation for the Z-direction
using Equation 5. The second time it was included indirectly
in the gravity term, as the parameters (ℎfo , ℎmo ) in Equation
4 to represent the fluid height difference in the fracture and
matrix blocks respectively, and they can be calculated using
the following formulas [26, 1]:

ℎfo =
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Sfo − S
f
or

1 − Sfwir − S
f
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)

Lz, ℎ
m
o =

( Smo − S
m
or

1 − Smwir − Smor

)

Lz

(6)
The contribution of various recovery processes such as

gravitational and capillary forces may vary and hugely de-
pends on the matrix block height (Lz) and shape factors be-sides the fluid system in the reservoir [49]. Aljuboori et al.
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[1, 50] have examined the gravity drainage mechanism in a
naturally fractured carbonate reservoir, and they concluded
that the predicted oil recovery can be very inaccurate when
the vertical height of the matrix is not calculated appropri-
ately.

The dual-porosity model is well known for its inability
to capture the transient effect in the reservoir, the accurate
fluid saturation, and the moving front of the invaded fluids
in the reservoir [51, 1]. Therefore, many attempts to improve
the output of the dual-porosity model were implemented by
proposing several adjustments to the transfer function for-
mula, shape factor calculation and matrix block discretisa-
tion (e.g., [52, 25, 26, 27, 53, 54, 55, 56, 57, 58, 59, 49, 60]).
The proposed adjustments were designed to obtain an accu-
rate fluid exchange between the matrix and fractures; hence
a precise fluid exchange between the matrix and fractures;
which would enable a match between the fine grid model
and the full field dual porosity model.

For completeness, precise matrix characterisation and a
proper transfer function can improve the predicted oil recov-
ery using the dual-porosity system. The suggested improve-
ments using a saturation- and pressure-dependent shape fac-
tor and multi-rate transfer function (e.g., [56, 61]), a time-
dependent shape factor (e.g., [58, 60]), deriving the transfer
function based on lab experiments (e.g., [54]), and also using
multiple interacting continua (MINC) can lead to very pre-
cise full-field predictions but they also required additional
computation power. Therefore, an appropriate solution should
be used to optimise the simulation cost and the recovery pro-
cess that needs to be simulated.
7.3. LoSal Waterflooding in Full-field Modelling

As previously discussed, the investigation of LoSal wa-
terflooding in the Qamchuqa reservoir was not designed as
an integrated secondary or enhanced oil recovery project.
Therefore, LoSal effectiveness was presented in term of im-
provements in performance. Maintaining reservoir pressure
is a common observation for both high salinity and LoSal
brine injection, which in turn controls the produced gas-oil
ratio. However, the impact of LoSal brine injection can be
noticed on oil production rate and water cut as a function
of modelling a shift to a more water wet system through the
relative permeability curves. This improvement was also ob-
served at the single well level with similar qualitative be-
haviour as the full field model. These results for the single
well can be compared with the results of well tracer tests of
the Kuparuk Sand and Ivishak Sand [12], where the results
of both well tests illustrated an improvement in the oil dis-
placement by 8%, 4% of the pore volume. The residual oil
saturation has reduced from 0.21 and 0.19 to 0.13 and 0.15
respectively. The results presented here are therefore reason-
able and representative.

Deriving the new relative permeability and capillary pres-
sure curves of the flooded areas represent the cornerstone in
reservoir simulation. Using history matching of laboratory
variables such as pressure and saturation is one of the com-
monly used procedures to estimate the flow curves. How-

ever. the non-uniqueness of the matching process results in
multiple solutions that may not necessarily represent the ac-
tual LoSal waterflooding behaviour (e.g., [30, 8]).

Numerical simulation of the LoSal waterflooding is hugely
depended on the generated flow curves of the brine invaded
region and the transfer function between the matrix and frac-
tures. The fluid flow in a fractured medium can be expressed
in a finite difference form, as illustrated in Equation 7 for the
oil phase as an example [26]:
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Where (T fo ) is the fluid transmissibility in fractureswhich
is defined as:
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In fractures, zero residual oil and irreducible water satu-
ration endpoints are commonly assumed, and a straight line
has often used to represent the relative permeability rela-
tionship. This means the LoSal brine may have no impact
on the wettability of the fracture surfaces. Meanwhile, in
the matrix, the original relative permeability set is switched
to the LoSal relative permeability once the injected brine
advanced in the gridblock and exceed the critical salinity
threshold. In a fine-scale model, the actual LoSal brine ad-
vancement took time to invade an equivalent volume to the
full-field gridblock in the simulation model, which lead to
optimistic oil recovery. Fine-scale modelling is therefore the
best approach for an initial assessment to illustrate the fluid
exchange rate between the matrix and fractures.

8. Conclusion
• The sensitivity study to the degree of alteration to the

relative permeability curves using a fine-scale model
showed that even with a minor alteration, there is an
opportunity to increase oil recovery from the matrix.
This improvement in both secondary and tertiary re-
covery mode is very sensitive to the generated flow
curves (i.e., relative permeability).

• Accurate experimental results are essential for deriv-
ing accurate relative permeability curves and improv-
ing the simulation of LoSal waterflooding.

• The acceleration of recovery forecast during tertiary
production mode is encouraging. Therefore, we can
switch the current waterflooding projects from high
salinity to LoSal to get additional recovery and in a
reduced time frame compared with secondary recov-
ery.

• In a full field case, the delay in improvement to the oil
recovery takes a significant time to begin as is often
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the case with enhanced oil recovery. We must wait for
the changes to take place and propagate through the
reservoir.

• Despite the possibility that the LoSal technique that
may not be suitable for the conditions of the Qam-
chuqa reservoir, this study can be used as an analogue
for the local fields in the area such as Kirkuk, Bai-
Hassan and Khabbaz field due to the similarity in their
depositional environment and characteristics. Further-
more, both Kirkuk and Bai-Hassan fields have already
undergone water injection projects for several years,
where the positive results of LoSal waterflooding com-
pared with the conventional water injection can be im-
proved with tuning of the salinity and composition of
the injected water without significant cost increment.
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Abbreviations
Pc Capillary pressure, psi
nP Capillary exponent
no Oil saturation exponent
nw Water saturation exponent
Sw Water saturation, fraction
Sor Residual oil saturation, fraction
Swc Connate water saturation, fraction
� Matrix-Fracture transfer rate, bbl/d
Pmo Oil pressure in the matrix block, psi
P fo Oil pressure in the fracture, psi
� Viscosity, cp.
� Shape factor, 1∕ft2
ℎfo Oil height in the fractures, ft
ℎmo Oil height in the matrix, ft
Lz Matrix block height, ft
kr Relative permeability
km Matrix permeability, mD
� Fluid density, lb∕ft3
� Porosity, fraction
 Fluid gradient, psi/ft
Bo Oil formation volume factor, rbbl/STB
Df Depth of the fracture, ft
m, f Matrix, Fracture
Δx,Δy,Δz Gridblock dimensions, ft
�t Time step, day
qfo Oil flow rate in the fractures, bbl/d
T fo Oil Transmissibility in fractures, mD.ft/cp
Vm Matrix block volume, ft3
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