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ABSTRACT

In oil fields operated under depletion drive, improving oil recovery remains a critical challenge, requiring methods that can
modify the physicochemical properties of the reservoir system, improve displacement efficiency, and provide additional pres-
sure support. This study evaluates water-gas mixture (WGM) injection, supported by digital reservoir monitoring and numerical
modeling, as an integrated approach for increasing the recovery of remaining oil reserves from heterogeneous reservoirs. A series
of laboratory experiments was conducted using a linear reservoir model to compare the displacement efficiency of conventional
waterflooding, WGM injection, and polyacrylamide (PAM) injection. The experiments show that WGM injection, particularly
when applied from the early stage of development and compared with PAM-based mobility-control displacement, enables the
target recovery factor to be achieved considerably faster. This improves the time-dependent oil recovery factor, shortens the over-
all development period, and reduces the required volume of the displacement agent. To validate the experimental conclusions
under field-scale conditions, a hydrodynamic reservoir simulation study was performed for a selected block of the Gum Deniz oil
field in Azerbaijan, which is characterized by complex geology, layered heterogeneity, and variable displacement behavior. The
simulation workflow was implemented using the Landmark Nexus (Nexus-Black-Oil) software package and calibrated against
historical production and pressure trends. The combined laboratory and numerical modeling results confirm that WGM injec-
tion can provide stronger pressure maintenance, improved sweep efficiency, and higher recovery potential than conventional
waterflooding and PAM injection, making it a promising enhanced oil recovery strategy for mature depletion-drive reservoirs.
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Introduction

Technological progress depends on its energy capacity.
In turn, energy capacity, among other factors, depends on
the oil production industry. To maintain stable oil produc-
tion, it is necessary not only to discover new fields but also
to enhance recovery from fields already under development.
To intensify oil production, various reservoir stimulation and
EOR methods are proposed and applied. Numerous studies
by domestic and international authors have addressed
different methods for enhancing oil recovery [1-14]. In
particular, a significant amount of research conducted by
Azerbaijani scientists and published in specialized journals
such as SOCAR Proceedings and ANAS has explored the
injection of water-gas mixtures (WGM), oil displacement
mechanisms, and enhanced oil recovery in heterogeneous
reservoirs. [1,15,16]. These studies provide foundational
insights into the regional application of these methods.

*E-mail: evgeniy_mamalov@rambler.ru
http://dx.doi.org/10.5510/OGP20260201198

To implement any technology under field conditions, its
effectiveness must first be determined. The authors of this
work conducted multiple laboratory experiments using PAM
slug injection, WGM injection, and combinations of these
approaches. The purpose of this paper is to identify the most
effective of the two main methods listed above (PAM vs.
WGM) to recommend it for field application.

Results of experiments and discussion

To perform a comparative analysis between experimental
data obtained on a reservoir model and an actual reservoir,
similarity conditions between the model and the prototype
must be satisfied. Similarity may include hydrodynamic,
geometric, physicochemical, and other aspects. Laboratory
reservoir models differ significantly from real reservoirs in
geometry, dimensions, porous medium, and other proper-
ties; therefore, approximate similarity is typically applied in
laboratory practice.

This condition implies equality of the dimensionless
groups (criteria) characterizing the displacement process
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in both the model and the prototype. Although numerous
similarity criteria exist, for oil displacement it is sufficient
to ensure equality of the following dimensionless similarity
criteria, I'Ty and IT, [8-10, 16-21].

Criteria I1;

Criterion IT; characterizes the structure of the porous
medium. The dimensionless length of the reservoir model
accounts for the influence of reservoir size and porous-medi-
um properties on displacement performance and is defined
as follows:

M- (1)
where L is reservoir length (m), and k is permeability (um?).

Criteria I1,

Criterion IT, reflects the influence of hydrodynamic forces
on phase distribution within pores and is equal to the ratio of
the capillary-force gradient to the macroscopic pressure drop
in the reservoir. It is determined by:

szf}: o--co:é’ 2
AP |52
m

where P. is capillary pressure at the oil-displacing agent
interface, AP is the pressure drop in the reservoir (MPa), o is
interfacial tension at the oil-water interface (mN/m), 6 is the
contact angle, ¢ is a structural coefficient, and m is porosity.
For a layered heterogeneous reservoir, values of k and m are
taken from the low-permeability layer.

It is not possible to satisfy IT; and Il, simultaneously.
However, as shown in [8, 17-19], exact matching of these
criteria is not strictly required for modeling. There are ranges
in which variations in these criteria have a minor effect on
oil recovery, corresponding to the onset of self-similarity
(automodel behavior). Calculations showed that the model
dimensions and experimental procedure satisfy the following
conditions:

I1,20.5%x10° and II,<0.6 3)

In addition, the correctness of the model selection is eval-
uated using the minimum reservoir length:

L. = om (4)
I,

Therefore, the results can be transferred to a real oil res-
ervoir. Accordingly, the experimental reservoir model was
verified against the aforementioned similarity criteria. The
calculations confirmed that the model parameters and the
filtration—capacity properties of the porous medium meet the
similarity requirements.

Reservoir model and experimental setup

The homogeneous linear reservoir model had the follow-
ing initial parameters: length 84 cm and diameter 25 mm. The
model volume was 412.44 cm?. The porous medium consisted
of a mixture of quartz sand with fractions of 0.2-0.125 mm
and sand with a fraction of less than 0.125 mm.

In the experiments, oil sampled from well No. 1289 of
the PK horizon of the Palchiq Vulkani field was used. The
oil viscosity at 20-25 °C was 205 mPa-s, and the density
was 922 kg/m3. The paraffin content was 0.42%, sulfur —
0.20-0.22 %, silica-gel resins —12-14 %, and asphaltenes—1.4%.
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To achieve the stated objective, experiments were con-
ducted to displace oil from the porous medium by inject-
ing PAM solutions of different concentrations, as well as
WGM. The displacement using the investigated methods was
applied from the very beginning of the process.

For the PAM injection cases, it was assumed that PAM
affects only the viscosity of the injected water, with zero
adsorption and no impact on the properties of the WGM.

The main results are presented in table 1.

Comparison of three displacement modes

For clearer interpretation, three displacement modes were
considered:

* Depletion-like mode: oil is displaced by injecting

distilled water.

* PAM flooding mode: oil is displaced by a PAM solu-

tion slug.

e WGM mode: oil is displaced by a water—gas (water—

air) mixture.

As shown in table 1, the initial conditions are approx-
imately the same across all experiments, enabling direct
comparison of results. In Experiment 1, oil displacement was
performed with distilled water. In Experiments 2 and 4, oil
was displaced using PAM solutions with concentrations of
0.1 and 0.2 %, respectively. The mechanism of PAM solution
action is based on water thickening (i.e., increasing its viscos-
ity). The higher PAM concentration corresponds to higher
solution viscosity (figs. 1-3).

In Experiment 3, oil was displaced by a WGM. The mech-
anism of WGM is associated with changes in mixture proper-
ties and a reduction in oil viscosity; the combination of these
effects enhances oil recovery from the reservoir.

Table 1
Key experimental results
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% % % =

=3} =3} =2} =
Oil viscosity at 25°C, 205 205 205 205

mPa-s
Permeability to air, um? | 0.60 0.59 0.63 0.64
Permeabilityzto water, 052 054 055 0.50
pm
Initial oil saturation, % | 74.4 74.3 75.8 74.7
Pore volume of the 170 164 163 162
model, cm3
Injected water volume, 25 3 44 3
pore volumes
Injected air volume, _ _ 1948 B
pore volumes

Water—air ratio, cm3/cm3| - - 0.0226 -
PAM concentration, % - 0.1 - 0.2
PAM volume, pore 3 1.88 B 286

volumes

PAM viscosity, mPa-s - 12 - 27

RF, % 31.0 | 545 60.0 59.5
Pressure drop, MPa 0.5 0'50519nd 0.35-0.52 0.50a8nd
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Effective viscosity of WGM in porous media

In addition to the intrinsic properties of PAM, oil dis-
placement and the propagation of the injected slug may
be influenced by a water-gas emulsion formed within the
porous medium, whose viscosity is higher than the viscosity
of water and gas separately. The viscosity of the WGM under
reservoir conditions can be estimated using the Einstein rela-
tion [6, 15, 22]:

Hyie = 1O(1+ 2.4R,) (5)

where 1y is water viscosity (mPas), and R, is the volumet-
ric fraction of gas in the WGM under reservoir conditions
(m3/m?), defined as:

Vv

g.res w.inj

where V. is the injected air volume under reservoir condi-
tions (m?) and V., is the injected water volume (m?). During
the experiments, the ambient temperature was 25-27°C;
therefore, water viscosity was taken as (=0.8937 mPa-s.

The viscosity of the WGM under reservoir conditions
increases directly with the gas fraction in the mixture. The
average viscosity of the WGM was approximately 2.5 mPa-s.
By varying the water-to-gas ratio, the amount of oil displaced
can be controlled.

WGM behavior and comparison with PAM flooding

Considering water—gas displacement in more detail, the
WGM stabilizes at approximately 7=0.2. During this period,
a sharp increase in WGM parameters is observed, accompa-
nied by intense oil displacement. After transitioning to a con-
stant (stable) water—gas ratio, the oil RF grows more slowly
and approaches stabilization (fig. 4).

The next step is to compare the WGM and PAM flooding
in terms of potential interchangeability. While RF differs
between displacement methods, by varying the PAM concen-
tration it is possible to reach the same RF as with the WGM.
With nearly identical initial data, the oil RF is about 60%.
However, PAM flooding significantly extends the process
duration.

Achieving a similar oil RF with PAM solution injection
requires an experiment duration approximately four times
longer than that required for WGM. Furthermore, a compre-
hensive comparison between WGM and PAM must consider
the theoretical and practical limitations of chemical agents.
Unlike WGM, the application of PAM involves significant
operational risks, including PAM adsorption, mechanical and
chemical degradation, retention within the porous medium,
reduced injectivity, and potential formation damage. These
factors demonstrate that the superiority of WGM is justified
not only by accelerated oil recovery but also by a reduction
in the operational risks commonly associated with chemical
agents. However, for a final field-scale selection, additional
site-specific laboratory and pilot data will be essential.

In addition, the cost of the components for each method
must be considered. Thus, the experiments demonstrate
that injecting WGM is more economical both in terms of
process duration and overall cost. However, while the tech-
nical screening demonstrates significant advantages of WGM
injection in terms of process duration, it is important to recog-
nize that this study represents an initial technical evaluation
rather than a comprehensive field-scale economic model.
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The ultimate economic efficiency and industrial viability of
WGM implementation will heavily depend on specific infra-
structure scenarios, including the availability of a reliable gas
source, gas preparation and compression facilities, capital
expenditures (CAPEX) for surface equipment, and ongoing
operational expenditures (OPEX). A full economic justifica-
tion integrating these infrastructure constraints is required
before commercial application.

Evaluating WGM injection impact on

real oil field

Using the software suite from the company Landmark,
Nexus-Black Oil simulator, the application of the WGM meth-
od was investigated for a pilot area of the Gum Deniz field.

In addition, a hydrodynamic model was constructed and
history-matched to the actual production history.

Figure 5 shows a geometric representation of a block from
the Gum Deniz field. A block located in the northwestern
area of the field was chosen, and three primary productive
layers, namely Fasila reservoir (FLD1, FLD2, and FLD3 sub-
zones) — were selected to be evaluated. The entire analysis is
based on physical data for these horizons, as well as on wells
completed in these zones.

As in many mature oil fields, similar trends observed
at the Gum Deniz field necessitate the application of EOR
methods to maximize the recovery of additional hydrocarbon
reserves. In the oil and gas industry, this objective is com-
monly addressed through a range of technological approach-
es, including conventional water injection, gas injections,
and chemical injections. In recent years, WGM has attracted

particular attention. This technology involves injecting water
with increased effective viscosity into the reservoir and is
regarded as a promising option for improving sweep effi-
ciency, reducing early water breakthrough, and ultimately
enhancing oil recovery. It should be emphasized that the
term ‘viscosity-enhanced waterflooding’ provides only a
simplified description of the WGM process. Terminologically
and physically, the impact of WGM is not limited strictly to
an increase in the effective viscosity of the injected water.
It is a multi-factor mechanism that also encompasses the
improvement of the mobility ratio, reduction in the apparent
viscosity of the oil, and modification in capillary forces and
interfacial interactions within the porous medium.

The objective of this paper is to evaluate the technological
performance and potential economic benefits of implement-
ing WGM water injection in the Gum Deniz oil field. Within
the scope of the study, the impact of WGM injection on pro-
duction rates, ultimate oil recovery, and water-cut dynamics
is analyzed, taking into account the reservoir heterogeneity.
The study aims to more clearly demonstrate the applicability
of WGM injection as an EOR method for highly water-cut,
mature oil fields.

For a selected block within the Fasila reservoir interval, a
hydrodynamic model was constructed based on the existing
geological model, with integration of actual well production
measurements. This block was selected as it represents one of
the key development areas of the field, exhibiting significant
remaining oil potential and active production behavior. In
addition, the oil-water contact (OWC) in this area is relative-
ly well constrained, supported by both well log interpretation

Fig. 5. Selected block for analysis

Fig. 6. Effective net thickness map

Fig. 7. Pore volume distribution map
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and pressure transient analysis (PTA) results, which reduces
structural and fluid uncertainties. The availability of reliable
dynamic and static data makes this block particularly suita-
ble for detailed modeling and development studies. For the
selected block within the Fasila reservoir interval, the simu-
lation model was built on a Cartesian grid, corresponding to
781,200 active grid cells, with a uniform cell size of .

The model was subsequently calibrated through histo-
ry matching. The main objective was to develop a reliable
hydrodynamic model capable of reproducing historical field
performance and, thereafter, to use this model for forecasting
in order to accurately assess EOR options and perform their
comparative evaluation.

Based on well log data, the average reservoir properties
for the Fasila interval are approximately: porosity 0.23, initial
water saturation 0.30, net-to-gross ratio 0.55, and permeabili-
ty approximately 110 mD (table 2, figs. 3-7).

The black-oil PVT was generated in the Nexus model
using standard black-oil correlation methods. The base PVT

trends were initially established based on an analogue field
dataset, together with legacy Gum Deniz rock-fluid infor-
mation and historical core-supported data available for the
Fasila interval. These initial correlations were subsequently
calibrated to match the available measured PVT and produc-
tion-surveillance data, the most important of which include
bubble-point pressure and viscosity behavior, to ensure that
the simulated fluid response remains consistent with actual
reservoir performance under current operating conditions.
The use of historical rock and fluid datasets for characterizing
Gum Deniz field is also discussed by Gumrah et al. (2012),
providing supporting constraints for reservoir descriptions
based on legacy information [3, 4].

The heavy-oil viscosity used in the laboratory (=205 cP at
25°C) serves as a screening condition to accentuate mobili-
ty-control effects, whereas the Gum Deniz model applies the
actual reservoir-consistent viscosity (4-6 cP), so the lab—field
viscosity mismatch is not a limitation for evaluating method
ranking and expected recovery trends (fig. 8).

Table 2
Key experimental results
Parameter Symbol | Average / Range Unit Notes
. . Based on log interpretation and
Porosity Q@ 0.22-0.24 fraction model distribution
Net-to-Gross NTG 0.55-0.60 fraction Effective sand fraction
Horizontal permeability K, 90-120 mD Average from geological model
Vertical permeability K, 10-20 mD Anisotropy considered
Permeability ratio K, /Ky 0.01-0.10 fraction Layered heterogeneity
Effective reservoir thickness H.y 10-14 m Selected block
Initial reservoir pressure P; ~140-160 bar From history-matching results
Initial oil saturation Soi 0.65-0.70 fraction Model initial condition
Initial water saturation Swi 0.30-0.35 fraction Capillary effects not considered
Oil viscosity at reservoir conditions to 4-6 cP PVT matching
Water viscosity e 0.45 cP Standard water injection
WGM viscosity e 2.5 mPa-s (=cP) Used to represent the WGM effect
Qil formation volume factor B, 1.20-1.30 m3/m3 Based on PVT data
Oil FVF (m3/m3) Solution Gas-Oil Ratio (Sm3/Sm?3)
1.6 140
15 120
i-‘al 100
12 80
11 60
1 40
0.9 Ol FVF (m3/m3) 20 Solution Gas-Oil Ratio (Sm3/Sm3)
0.8 0
0 100 200 300 400 500 0 200 300 400 500
Gas FVF (m%Sm?) Oil and Gas viscosity, cp
0.8 2.5 0.03
Gas FVF (m3/Sm3)
0.6 2
0.02
04 15 Oil Viscosity (cP)
. 1 Gas Viscosity (cP)
0.2 os 0.01
0 0 0
0 100 200 300 400 500 0 200 300 400 500
Fig. 8. PVT plots
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History matching

In the hydrodynamic model, measured field production
data (oil, gas, and water) were compiled for all existing
producing wells completed in the Fasila reservoir interval.
Where direct phase-rate measurements were not available,
the produced water fraction was estimated from wellhead
fluid samples, and oil rates were allocated accordingly. These
time-series datasets were used as the primary inputs for
model calibration (history matching).

During the history-matching process, limited reservoir
pressure information was also utilized. Both directly meas-
ured reservoir pressures (e.g., from shut-in surveys) and
pressures estimated from bottomhole and/or wellhead meas-
urements were treated as observed data and integrated into
the calibration workflow.

Meassured Data

Q,, m?/ day

Aug-2000
Feb-2006
Nov-2008
Aug-2011
May-2014
Feb-2017
Oct-2019
Jul-2022

Fig. 9. Oil rate history match
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Fig. 11. Average reservoir pressure match

90

History matching was performed primarily on the com-
bined oil and water (total liquid) response, rather than simulta-
neously matching oil, gas, and water rates. This choice reflects
the higher uncertainty typically associated with gas-rate meas-
urement and allocation, and the fact that produced gas is
often dominated by solution-gas behavior (i.e.,, GOR-driven
response) and operational effects. In contrast, liquid rate and
water cut generally provide a more robust and consistent
indication of reservoir performance and water movement and
therefore were prioritized for calibration. Gas trends were still
reviewed as a secondary check to ensure overall consistency.

Multiple history-matching scenarios were evaluated by
varying: (i) relative permeability curves and their endpoint
parameters, (ii) original oil in place (OOIP), (iii) aquifer
strength, and (iv) transmissibility parameters controlling
flow across geological faults. Hydrodynamic model calibra-
tion is based on minimizing the mismatch between observed
and model-predicted responses [1, 3,15]. To this end, mis-
matches in reservoir pressure, oil production, and water pro-
duction were combined into a single objective function [16]:

N, Rmvdel 9 _Piobs 2
J0)-E5 o T

Op,i

S 2 modael obs 2
oW [ qs(0) - g, ] o [ gt (0) =g ]

O, O,

o,i w,i

where [(0)—objective (misfit) function that quantifies the
overall mismatch between observed (field) data and model
predictions and is minimized during history matching;
0 —vector of adjustable (calibration) model parameters (e.g.,
relative permeability curve parameters, aquifer strength,
inter-fault transmissibility, original hydrocarbons in place,
etc.); P, P% —model-predicted and measured bottom-
hole pressure for well (i) at time step (t), respectively;

model obs

qoii s 9o —model-predicted and observed oil production
rate for well (i) at time step (t), respectively; i, g2 . —mod-
el-predicted and observed water production rate for well (i)
at time step (t), respectively; 0,,, 0., 0., —standard deviations
representing measurement uncertainty in pressure, oil-rate,
and water-rate observations, respectively. These parameters
control the relative penalty of deviations in the misfit func-
tion: a smaller o results in a larger contribution (higher pen-
alty) to the misfit, while a larger o reduces the contribution
(lower penalty); Wy, W,, W,,—weighting factors that reflect
the reliability of different data types and their relative impor-
tance in the optimization (history-matching) process.

It should be noted that, within the scope of this study,
the minimization of the objective function was not carried
out directly using explicit mathematical optimization algo-
rithms. The hydrodynamic model was calibrated using the
Landmark Nexus Reservoir Simulator, and the matching pro-
cess was primarily based on a visual comparison of produc-
tion and pressure trends. Nevertheless, from a mathematical
standpoint, the history-matching procedure can still be for-
mulated as minimizing the mismatch between observed field
data and model-predicted responses, which is equivalent to
the objective function presented in this work.

In other words, although history matching can formally
be expressed as an objective-function minimization prob-
lem, in practical application the minimization was achieved
iteratively through the simulator’s internal mechanisms and
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engineering judgment. This approach preserved the physical
consistency of the model while enabling a reliable reproduc-
tion of historical field performance (figs. 9-11).

Relative permeability and model calibration

(history matching)

Determination of relative permeability curves is typically
performed in high-technology laboratories through special
core analysis (SCAL) using core samples. However, because
SCAL programs are often costly and time-consuming, rela-
tive permeability data are frequently adopted from analogue
reservoirs or estimated using Corey-type correlations and
subsequently refined during the history-matching process.
For the Gum Deniz field, SCAL data were not available;
therefore, at the initial stage the model was populated with
relative permeability curves generated using the standard
Corey functional form [2]:

ke =k x(S2)"
k, =k x(S5)"

where k), —endpoint relative permeability to water;
k;, —endpoint relative permeability to oil; n,, n,—Corey
exponents for water and oil, respectively

During hydrodynamic model calibration, relative perme-
ability was treated as one of the key history-matching param-
eters. The analysis was performed using two model variants:
(i) a base case built with initial (unmatched) relative permea-
bility curves and (ii) a calibrated case using history-matched
relative permeability curves. In the initial variant, the relative
permeability functions were generated using a standard Corey
formulation for the reservoir rock and were adjusted only to
be consistent with the limited well-level information available.

At the history-matching stage, both the shape of the
relative permeability curves and their endpoint parame-
ters were adjusted to reproduce the observed production
behavior. In this process, measured and simulated oil and
water production responses were compared, with particular
focus on water breakthrough timing, water-cut growth rate,
and oil-rate decline trends as the primary matching criteria.
Calibration of relative permeability enabled the model to
more accurately represent the actual water—oil flow behavior
within the reservoir.

It should be noted that relative permeability is not a
parameter that can be measured directly at the reservoir
scale; therefore, its estimation is typically performed indirect-
ly through production data matching. In this context, the his-
tory-matched relative permeability curves represent not only
near-wellbore flow behavior but also the effective hydrody-
namic behavior of the reservoir in the interwell region.

Overall, the calibration of relative permeability played
a central role in improving model reliability and enabled
a realistic reproduction of dynamic production, particular-
ly the water-cut evolution and the oil-rate decline trends
(figs.12, 13).

Impact of waterflooding on oil production

To evaluate the impact of waterflooding in a more objec-
tive and comparative manner, forecast simulations were per-
formed for the selected block. Within this framework, 19 new
producing wells and 5 new water injection wells were drilled
and brought onstream in a phased manner at different times,
and the long-term production behavior was analyzed. The
constructed scenarios enabled a direct comparison between
cases with no waterflooding, conventional waterflooding,
and viscosity-enhanced waterflooding.

For modeling WGM water injection, the effect was rep-
resented in the Nexus black-oil simulator by assigning
an increased water viscosity of umix=2.5 mPa-s, thereby
providing a simplified proxy for the WGM behavior. This
representation was intentionally simplified within the frame-
work of a black-oil approach. It is acknowledged that this
proxy method does not fully capture complex physical
phenomena such as dynamic gas distribution within the res-
ervoir, local mixing dynamics, phase behavior, and possible
inter-phase capillary effects. However, the primary goal of
this study was to verify the feasibility of representing this
complex physical process with acceptable accuracy and mini-
mal error using a computationally practical model to evaluate
sweep efficiency and mobility control. While gas metrics were
used only as secondary checks during the history matching
process, future research will require the development of
more advanced multi-phase or fully compositional chemical
simulation model to capture the complete mathematical and
physical interactions of the gas phase.

It should be noted that WGM injection can also be
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——1 ——2 —o—4 —0—3

1-Oil relative permeability before history matching

2 —Water relative permeability before history matching
3-0Qil relative permeability after history matching
4—Water relative permeability after history matching

Fig. 12. Water-oil relative permeabilities
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Fig. 13. Gas-oil relative permeabilities

91



A. A. Aliyev et al. | SOCAR Proceedings No.2 (2026) 085-094

described using more complex multicomponent chemi-
cal modeling approaches. However, based on preliminary
assessments and the objectives of this study, it was concluded
that such complexity would not materially change the con-

clusions, and a computationally efficient simplified approach
was adopted. This methodology captures the key mechanism
by modifying water mobility and improving sweep efficiency
in a robust manner (figs.-14-18).

Fig. 14. New well locations-producer (green) and
injector (dark blue)
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Fig. 15. Oil production prediction comparison
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Fig. 17. Average reservoir pressure prediction
comparison

Fig. 18. Fluid saturation changes after WGM injection
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Conclusions

®  The hydrodynamic modeling and forecast simulations clearly demonstrate the impact of conventional
waterflooding and viscosity-enhanced waterflooding on oil production from the Fasila interval of the
Gum Deniz oil field. For comparison, results from three scenarios were analyzed in terms of oil rate,
cumulative oil production, and reservoir pressure dynamics.

* In the first scenario (no waterflooding; production wells only), a rapid decline in reservoir pressure is
observed. Although the early production period is characterized by relatively high rates, the sustained
pressure depletion quickly leads to a sharp drop in oil rates. In this case, the rate of oil production
decline is high, and cumulative oil production serves as the baseline level relative to the other scenar-
ios. The results indicate that exploitation relying solely on natural reservoir energy is not an efficient
long-term strategy for mature and highly water-cut reservoirs such as Gum Deniz.

* In the second scenario (conventional waterflooding), the rate of reservoir pressure decline is noticeably
reduced. With pressure support, the oil-rate decline is lower than in the first scenario, and oil produc-
tion is sustained for a longer period. In this case, cumulative oil production increases by approximately
27% compared with the no-waterflood baseline. However, due to reservoir heterogeneity, injected
water preferentially flows through high-permeability zones, leading to early water breakthrough and
limiting the overall effectiveness of the waterflood.

e The third scenario (viscosity-enhanced waterflooding) delivers the most favorable performance.
Increasing water viscosity improves the water—oil mobility ratio, promotes a more uniform areal/
vertical distribution of the injected fluid, and significantly expands sweep efficiency. The simulation
results show that early water breakthrough is mitigated, lower-permeability zones of the reservoir are
contacted more effectively, and the oil-rate decline is minimized. As a result, cumulative oil production
is approximately 36% higher than the baseline scenario.

e Overall, the analysis indicates that under the heterogeneous reservoir conditions of the Gum Deniz
field, conventional waterflooding alone provides limited incremental benefit. In contrast, viscosity-en-
hanced waterflooding demonstrates higher technological effectiveness by delivering a greater produc-
tion increase and maintaining reservoir pressure more effectively, making it a more suitable approach
for long-term development and improved oil recovery.
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