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Introduction

Carbonates hold a significant portion of the
hydrocarbon reserves in the world. In the Middle East,
the majority of these reservoirs are naturally fractured
carbonate reservoirs (NFRs), which makes their
management and exploitation a challenging task [1].
Gas and oil can be moved toward the wellbore using
a reservoir's inherent energy. These energy sources are
known as driving mechanisms when they are utilized
in this way. A higher final hydrocarbon recovery
may be possible if the drive mechanism(s) within a
reservoir are identified and characterized early on [2].
The modeling of NFRs is based on the dual-continuum
concept; in this approach, properties such as porosity,
permeability, pore volume, and capillary pressure
are defined and assigned for the matrix and fracture
continuums [3]. Furthermore, NFRs have most of
their pore volume located in the matrix section, which
usually has a low permeability. On the other hand,
fractures in NFRs have high permeability but low
pore volume. In addition, as a result, in NFRs, the
matrix acts as a source or sink of fluids to or from the
fractures [4]. Moreover, the most common approach
to capture fluid exchange between matrix and fracture
is the warren and root transfer function based on an
idealized sugar-cub model of fractured porous rock
[5]. Moreover, this approach calculates the transfer
function using capillary, gravitational, and viscous
forces based on matrix-block shape, rock and fluid
properties. Commercial reservoir simulators consider

Accepted: January 29, 2025

all these properties and driving forces when studying
NFRs.

Rahmati and Rasaei were the first to introduce the
MB equation for volumetric NFRs which it takes
into account the impact of gravity drainage and re-
imbibition phenomena as a complementary driving
mechanism of oil production [6].

Despite the numerous studies conducted on the
material balance of fractured reservoirs, the imbibition
mechanism is not considered in MBE and needs
to be incorporated as a separate mechanism in the
material balance model. Imbibition is the process of
an immiscible displacement where the wetting phase,
usually water, spontaneously enters the porous media
and displaces the non-wetting phase, usually oil, from
the matrix. The fluids and the pore walls have distinct
attraction forces, which causes these phenomena.
Moreover, in NFRs, in the presence of an active
aquifer or during water flooding process, imbibition
is crucial to the recovery of oil from the matrix blocks
that are inaccessible to external pressure gradients
during waterflood [7].

In this article, we extend the MBE and reformulate it
to consider the water imbibition as a separate driving
mechanism for oil production alongside the other
driving mechanisms in NFRs.

Materials and Methods
The herein-introduced 1-D material balance for NFRs
is derived with the following assumptions:



* The reservoir exhibits consistent porosity and
permeability over its entirety.

* The reservoir fluids are in hydrostatic equilibrium
throughout all reservoir units; the matrix unit contains
oil with connate water, and the fracture unit contains
oil only at the initial time above OWC level.

* The reservoir can be considered as an isothermal
system.

* Reservoir has no initial gas cap, and it remains
undersaturated during production.

* Production occurs via the fracture unit.

» Complete phase segregation is considered in the
fracture unit, i.e., only oil and water saturation in the
fracture can be 1 or 0.

* The oil-water contact exhibits uniformity over the
whole reservoir.

* The following matrix-recovery mechanisms are
taken into consideration:

... The topic of discussion is depletion, specifically
focusing on single-phase expansion and solution gas
drive. The drive mechanism exhibits activity across
the entirety of the model. The subsequent discussion
refers to sections of the model-driven solely by
depletion, referred to as oil zones.

... The phenomenon of water displacement; the water
drive mechanism is exclusively operational in matrix
sections where the neighboring fractures contain
water. The water zone subsequently denoted as a
water-invaded zone, is situated beneath the dynamic
oil-water contact (OWC).

* The horizontal pressure within the reservoir remains
consistent, whereas there exists a vertical pressure
gradient resulting in pressure variations in the vertical
direction. Consequently, as a departure from the
conventional MBE method, the employed approach
can be described as a one-dimensional (1-D) model.

* The average field pressure across the entire reservoir
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is utilized to determine the pressure within its sub-
units. This pressure can be determined from the
individual well

Results and Discussion

A FORTRAN code was developed to examine our
proposed 1-D material balance method in a dual
porosity reservoir in Iran (KHZ_A field).

The KHZ A field is a fractured carbonate oil reservoir
in southwest Iran and has been produced for over 30
years. The KHZ A field has a 44 km length and 7 km
width, and its original oil in-place (OOIP) is estimated
to be 3.9 MMM STB. Production started in 2000, and
more than 130 MM STB of oil has been produced
through 14 vertical wells, corresponding to a field
recovery factor of 3.3 %. The bubble point pressure
is 987 psia at 221 oF, the initial pressure is 4111 psia,
and the current pressure is 3720 psia. During the entire
production history, the oil remains undersaturated. The
crest and initial oil-water contact are placed at 6733 ft
and 8411 ft, below sea level respectively, which gives
the initial oil column thickness of 1678 ft.

Fig. 1 depicts the movement of oil-water contact during
the historical period and predicted time. Again, the oil-
water contacts calculated by MB and the simulation
model show a very good agreement. The depth of the
oil-water contact changed from 8024 ft to 7350 ft. The
field produced about 750 million STB at the end of the
simulation period, corresponding to a field recovery
factor of 19%. Fig. 2 demonstrates the energy plots for
the KHZ_A field. This plot is based on the calculated
driving indexes by MB. We can analyze the impact of
each drive mechanism on production referring to Fig.
2. Moreover, it is evident from the MB plot that the
imbibition drive is the dominant recovery mechanism
throughout the production period for the KHZ_A field.
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Fig. 2 Comparison of the driving indexes during field production by energy plot.

Conclusions

Material Balance (MB) computation is an efficient and
simple evaluation method of reservoir performance
which can facilitates subsequent production planning.
The conventional MB equation suffers from negligence
of some major production mechanisms in Naturally
Fractured Reservoirs (NFRs) such as water imbibition
in water invaded zone.

Here we developed a new MB equation to determine
the impact of the water imbibition mechanism on oil
production from undersaturated fractured reservoirs
with active aquifers. Furthermore, real field data from
the KHZ A field in southwest Iran was used to test
and validate this method, demonstrating its accuracy,
robustness, and performance. Based on this study, the
following conclusions can be drawn:

* A successful 1-D MB was developed to calculate
pressure and fluid properties in a vertically oriented
dual porosity reservoir.

* For the first time, we explicitly quantified the water
imbibition as one of the main mechanisms driving the
production of NFRs, in addition to other conventional
mechanisms of solution gas drive, rock and water
expansion drive and aquifer water drive.

e This method requires additional data, including
oil-water contact history and pore and hydrocarbon
volumes vs. depth, compared to the conventional MB
approach.

* Aronofsky model is used to quantify the water
imbibition mechanism of water invaded zone in the
new 1-D MB equation. Oil-water contact observed
data are needed to adjust the parameters of Aronofsky
model.

* Close agreement of the results of the 1-D MB model
and detail numerical simulation of KHZ A field
validated the reliability and accuracy of the new 1-D
MB model.

* The 1-D MB approach can determine the oil-water

contact, a crucial parameter in NFRs management,
just by using history matching and without the need
for data on rock properties.
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