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Introcution

The effective forces in the imbibition process include
positive capillary forces, negative capillary forces,
and gravitational forces, which lead to the phenomena
of spontaneous and forced imbibition [1]. When a
significant positive capillary pressure exists—typically
generated in fine pores—the spontaneous imbibition
phenomenon results in considerable oil production.
In forced imbibition (gravity drainage), gravitational
forces increase with the height of the block and can
overcome the negative capillary force (the resisting
capillary force), thereby enhancing oil production [2,
3].

Carbonate rocks are generally mixed-wet or oil-wet. In
mixed-wet conditions, at positive capillary pressures
(low water saturations), capillary forces contribute
to oil production through spontaneous imbibition,
increasing recovery and accelerating production.
However, at negative capillary pressures (high
water saturations), these forces act as a resistance
to production; yet, if sufficient driving forces (e.g.,
gravity) are present, they can overcome the resisting
forces (negative capillarity) and improve oil recovery
[4]. As water saturation in the matrix increases and
capillary pressure becomes negative, the forced
imbibition (gravity drainage) phenomenon becomes
dominant, and the role of negative capillary forces
becomes more significant. In oil-wet conditions,
the influence of positive capillary forces is greatly
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reduced, and spontaneous imbibition has little effect
on oil production. Consequently, negative capillary
and gravitational forces gain greater importance in
production from these reservoirs [5, 6].

Methodology

A conceptual single-block model was constructed
corresponding to the water-invaded zone of a giant
carbonate reservoir in southern Iran. The block
represents a typical matrix element surrounded
by high-porosity, high-permeability fracture cells.
To maintain numerical stability and appropriately
represent rapid oil transport away from the matrix, the
fracture cells were assigned significantly larger pore
volumes relative to the matrix.

Two fluid domains—matrix (oil-bearing) and
fracture (water-bearing)}—were modeled using dual-
equilibrium regions. The matrix block was fully
immersed in injected water to allow simulation of both
spontaneous imbibition (positive capillary pressure)
and forced imbibition (negative capillary pressure).
Dynamic changes in wettability and transport
properties were implemented for LSW and surfactant
flooding using interpolation between high-salinity/oil-
wet and low-salinity/water-wet capillary pressure and
relative permeability curves.

The rock and fluid properties, including porosity,
anisotropic permeability, PVT parameters, and brine
chemistry, were derived from laboratory and field



data. For carbonated water injection, CO: dissolution
in water and crude oil, along with oil swelling and
viscosity reduction, were modeled using available
ECLIPSE correlations.

Each EOR method was simulated under two scenarios:
1. Secondary mode — injection into an oil-saturated
block.

2. Tertiary mode — injection after complete
spontaneous imbibition by formation water.
Sensitivity analyses were performed on:

* Relative permeability interpolation parameters

* Capillary pressure scaling

* Vertical matrix permeability

* Surfactant concentration and adsorption

*Diffusion coefficients (for CWI)

Results

Low-Salinity Waterflooding (LSW)

LSW performance proved strongly dependent on
wettability alteration. Injecting seawater diluted 100-
fold resulted in the widest improvement range.
Secondary LSW increased recovery up to 49.99%,
compared to 40.95% from spontaneous imbibition
by formation water. After 5 years—representing a
more realistic operational timescale—the incremental
recovery was only ~4-5%, due to extremely slow
imbibition and gravity-driven flow.

Tertiary LSW yielded only ~3% additional recovery
over 30-100 years.

So the key findings are:

* Recovery is dominated by gravity drainage, not
capillary forces.

* Vertical permeability and the interpolation function
for wettability change have the highest impact.
*Relative permeability and capillary pressure variations
alone cause minimal change in final recovery.
Surfactant Flooding
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Surfactant transport was limited by low fracture—
matrix mass transfer and low matrix permeability.
Surfactant concentrations ranged from 1,000 to 10,000
ppm based on published adsorption data.

* Secondary surfactant injection at 10,000 ppm
provided up to 9.16% incremental recovery after very
long simulation times.

* Tertiary surfactant injection produced an incremental
increase of only ~2.7%, with noticeable changes
appearing only after ~18 years.

So the key findings are:

* Only high surfactant concentrations meaningfully
alter wettability.

* Relative permeability effects are negligible;
adsorption and vertical permeability are critical.

* Limited penetration of surfactant into the matrix
severely restricts effectiveness.

Carbonated Water Injection (CWI)

CWI was modeled using dissolved CO: in injected
water without considering wettability alteration (a
known mechanism not supported directly by the
simulator). Thus, results represent a conservative
estimation.

* Secondary CWI showed almost no enhancement
compared to formation-water imbibition.

* Tertiary CWI improved recovery from 39.18% to
~41.46%, a small gain.

So the key findings are:

* CO: dissolution reduces oil viscosity and causes
mild swelling, but impact on matrix blocks in water-
invaded fractured zones is limited.

* Gravity drainage remains slow, and mass transfer
between fracture water and matrix oil is limited.

Comparative Assessment

Process tl\iff:;l)mum Incremental Recovery (Ter- Operational Feasibility Governing Mechanisms
LSW ~4-5% (realistic) up to ~49% (theoretical, | High challenges due to long Wettability alteration,
long-term) timescales capillarity
Surfactant | ~2.7% Limited by adsorption and slow |y pility alteration
imbibition
CWI ~1-3% Operationally simple but weak in | Oil sw'elhng & viscosity
fractured zones reduction

Across all methods, extremely slow counter-current
flow (decades to centuries) prevents significant field-
scale recovery within realistic project lifetimes.

Conclusion

This study demonstrates that although water-based
EOR methods may theoretically yield substantial
incremental recovery in fractured carbonate matrix
blocks, the actual operational gains within the lifespan
of a reservoir are minimal. Low-salinity waterflooding

offers the highest potential but still remains constrained
by slow imbibition kinetics, weak capillary forces in
oil-wet matrices, and low vertical permeability.

Key insights include:

* Gravity drainage is the dominant mechanism, yet
extremely slow.

e Matrix vertical permeability and wettability-
alteration interpolation parameters have the greatest
influence on performance.

* Surfactant and carbonated water injections offer only
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marginal benefits in the studied reservoir conditions.

» Without strong wettability alteration and enhanced
mass transfer, water-based EOR processes are
economically unattractive in water-invaded fractured
carbonate zones.

Overall, results emphasize the need for either
accelerated imbibition mechanisms, fracture—matrix
transfer enhancers, or alternative EOR technologies
for meaningful oil recovery from such reservoirs.
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