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More and more attention has been paid to the waterflood development of
carbonate reservoir in the Middle East with continuous expansion of the scale
of carbonate reservoir development. Strong non-homogeneity of carbonate
reservoirs results in serious conflicts between injection and production,
causing low degree of water-driven control in the well network, and low
degree of vertical mobilization. This article takes the main reservoir of an oil
field in the Middle East region as an example, combining geological evaluation,
dynamic analysis, and reservoir development strategies to study the effectiveness
of water injection development in carbonate reservoirs. It shows that there is a
correlation between pore type, oil-water relative permeability, and development
method in the development of carbonate reservoirs. For reservoirs with matrix
pores and micropores, water injection should be strengthened in the later stage
of development; for reservoirs with dissolved pores and coarse pores, the iso-
permeability point is relatively high, and the later development should focus on
balanced water injection. Three different waterflooding models for formation
development are designed to verify the feasibility of fine waterflooding schemes.
The main differences are that one set of well patterns is combined injection and
production, and three sets of well patterns are layered system waterflooding. The
results show that the development effect in layered system waterflooding is the
best. The daily production can be increased by about 16%, the cumulative oil
production can be increased by about 8%, and the recovery factor can be
increased by about 3%. Eventually, the stable oil and water control of
carbonate reservoir can be realized.
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1 Introduction

The Middle East is rich in oil resources, and the oil and gas reserves of carbonate rock
reservoirs account for more than 70% of the total reserves (Yilin et al., 2020), and the
produced zone is mainly shallow-water carbonates and clastics that range in age from
Infracambrian to Oligo-Miocene (Alsharhan, 2014). Moreover, the main reservoir is thick,
stable in lateral distribution, good in continuity, with medium-low porosity and
permeability characteristics, it is mainly deposited in shoals, continental shelves and
lagoon environments at the edge of carbonate platforms. Generally, natural energy
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development is mainly used in the early stage of oilfield
development, but as the formation pressure drops, the
productivity of a single well decreases. In order to gradually
restore the formation pressure, it should be gradually converted
to water injection development (Song and Yong, 2018). However,
carbonate reservoirs have complex pore structures, strong
heterogeneity, well-developed interlayers. Different pore-throat
structures show different productivity characteristics; and it is
necessary to carry out detailed research on carbonate reservoirs
to improve the recovery rate of main reservoirs and provide
reference for further development of oilfields (Longxin et al.,
2020; Feng et al., 2022a; Feng et al., 2022b).

At present, the general injection and production of extremely
thick reservoirs caused serious interference between the main
reservoirs in Mishrif, large differences in layered development,
poor reservoir production degree and low production degree
(about 40%). The recovery degree, cumulative oil production, oil
production rate and other major development indicators of each
layer differ greatly, and the pressure drop of water drive
production<30% is unbalanced. The interlayer pressure difference
is large, and the pressure attenuation of MB1 is significantly higher
than that of MB2. Up to now, high permeability reservoirs (class I)
and relatively high-quality reservoirs (class II) have been mainly
developed, while class III and class IV reservoirs, accounting for
40%, are weakly developed or basically not developed.

At present, water injection in carbonate reservoirs still needs a
lot of research in theory and practice. Song Xinmin et al. (Song and
Yong, 2018) proposed that the main carbonate reservoirs in the
Middle East should be replenished with water injection in a timely
manner, large injection-production well spacing should be adopted,
and on the basis of layered system development, flexible well types
are used for development according to reservoir types, so as to
achieve the maximum recovery degree extending the low water cut
period. Sun Liang et al. (Liang et al., 2022) used the bi-plot method
to analyze carbonate reservoir samples in the Middle East, revealed
the relationship between reservoir parameters, and further clarified
the types of carbonate reservoirs in the Middle East. What’s more, in
view of the contradictions of general water injection development,
strategies for sub-dividing interlayer systems were formulated.
Shehadeh K (Masalmeh, 2002) studied the influence of wetting
phase in the development of carbonate reservoirs in the Middle East
and proposed that the phase permeability of water-wet rocks in this
area is more curved. Based on the characteristics of carbonate rock
injection and production units, Wang et al. (2020) analyzed the
interference characteristics and influencing factors during the water
injection process, through physical simulation experiments, the
results show that injection-production well spacing, permeability
ratio, etc., have great impacts on water injection in carbonate
reservoirs. Yong et al. (2021) studied the periodic water injection
technology of carbonate rock horizontal wells and proposed the
characteristics of the reverse seven-point method and the five-point
method of water injection, summarizing that periodic alternating
water injection has a wider application range, higher sweep
efficiency, and thereby improves reservoir recovery. Songqi
(2024) proposed the water flooding performance in carbonate
reservoirs, which is named “Smooth spread in high permeability
layers and coning type breakthrough in low-permeability layers”.
Chen et al. (2020) analyzed the effective throat radius of each rock

type from the spatial distribution of pore structure, and
characterized the spatial distribution of rock types through
comparison with logging curves, and revealed the intrinsic
connection between pore structure and sudden water injection
breakthrough. The effect of water drive development in Middle
East is largely influenced by reservoir geological characteristics and
development technology policies. With the deepening of the water
injection development process, the water flooding problems are
becoming more and more obvious, such as the rapid increase of
water content, the decline of oil production, and the unclear
distribution of residual oil, etc (Qian, 2004; Mandefro et al.,
2006b; Shudong et al., 2014; Yingzhe et al., 2022).There are
significant differences in the main development indicators such
as layered recovery degree, cumulative oil production, and oil
recovery rate, therefore, it is necessary to conduct fine water
injection research. (Lihua 2024; Xing-Wan, 2008; Mandefro et al.,
2006a; Mandefro et al., 2006b; Yingzhe et al., 2022).

In this paper, taking an oil field in theMiddle East as an example,
combined with pore structure, seepage characteristics and actual
development strategy, the high-efficiency water injection
development mode of carbonate reservoir is studied, and the
refined water injection development scenario is designed, so as to
ultimately achieve the purpose of improving reservoir water drive
sweep efficiency and recovery factor.

2 Reservoir geological characteristics

2.1 Geological characteristics

The oil field is structurally located in the Mesopotamia Basin
(Chen, 2019) as shown in Figure 1. Affected by tectonic stress, it
manifests as a long-axis anticline trending from NW-SE to NWW-
SEE (Aqrawi et al., 2010). The anticline structural form is complete,
and the stratigraphic dip angles on both wings of the main part are
2–3°. The oil field consists of Quaternary, Tertiary and Cretaceous
strata from top to bottom, with a total of 9 sets of oil-bearing strata.

The lithology of oilfield reservoirs is divided into two categories.
The first category is carbonate rock. The mineral composition of the
main reservoir rock is mainly calcite (more than 90%), followed by
dolomite, quartz, etc. Its reservoir distribution has good continuity
and features medium-low porosity to medium-low permeability. It
mainly deposits shoals, continental shelves and lagoon
environments on the edge of carbonate platform. Mainly molded/
dissolved pores and micro pores, the reservoir is mainly pore type,
with a small amount of dissolved pores and caves, and no micro-
fractures (Lyu et al., 2021). The other type of reservoir is mainly
sandstone, and the rock minerals are mainly quartz (more than
50%), followed by dolomite, clay minerals, etc. The reservoir is
interbedded with fine-to medium-grained sandstone and mudstone,
with multiple sand bodies being discontinuous or locally
discontinuous on the plane. It has the characteristics of medium
porosity and medium permeability, and is mainly deposited in tidal
flat and tide-controlled delta depositional environments (Al-Dabbas
and Al-Jumaily, 2010).

The Mishrif reservoir is the main production layer in the oilfield,
accounting for 55% of the oilfield’s OOIP (original oil in place)
(Limin et al., 2024), and it is a limestone reservoir, with formation

Frontiers in Energy Research frontiersin.org02

Li et al. 10.3389/fenrg.2024.1396480

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1396480


FIGURE 1
Structure map of Iraq.

FIGURE 2
Sedimentation map of MB1 and MB2.
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thickness varies from 390 m to 420 m. The Mishrif formation
consists of shallow open-marine, organic detrital limestones, with
beds of algal, rudist, coral-reef and lagoonal facies. The reservoirs are
characterized by high porosities and high permeability, such unique
reservoir characteristics, which also have wide geographic extent,
result in the Mishrif ranking as the number one reservoir in Iraq. So
far the total proven reserves in the Mishrif reservoir exceeds 30% of
the total Iraqi national reserves (Mahdi et al., 2013).

2.2 Sedimentation characteristics

As the main oil producing layers of the Mishrif reservoir, the
sedimentary facies of MB1 and MB2 are shown in Figure 2. As a
whole for MB1, the regularity of the distribution of the southeast
northwest trending intraplatform beach and the Northeast
southwest trending tidal channel are different. Scattered beach
bodies are developed under the lagoon background, and tidal
channels are developed at the sequence boundary, with the
sedimentary characteristics of longitudinal thin interbedding
and lateral rapid change. As for MB2 sedimentary
characteristics, From the platform edge to the open platform,
controlled by the rise and fall of sea level, the sedimentary

evolution cycle of open platform beach wing bioclastic beach
swamp tidal delta incised valley is developed.

2.3 Porosity and permeability characteristics

Porosity and permeability are the most basic characteristics that
reflect the physical properties of oil reservoirs. The Mishrif formation in
the oilfield is characterized by later age, shallow depth and weak to
medium alteration of rock fabric by diagenesis, which have resulted in the
medium-high porosity and medium-low permeability (Feng et al., 2018;
Liu et al., 2018; Feng et al., 2021). As shown in Figure 3 and Figure 4, the
main reservoir Mishrif in the area has a porosity of 13%–25% and a
permeability of 2-70mD. In order to develop the main reservoir more
efficiently, in view of its characteristics ofmedium thickness and existence
of interlayers (Song and Yong, 2018), it is subdivided into 4 sets of
reservoirs. Taking the main reservoir development as an example, this
article mainly studies the MB1-2, MB2, and MC reservoirs.

(1) MA2 reservoir

MA1 located in the Mishrif layer is the regional sequence
boundary, and MA2 is the oil-bearing reservoir. Its distribution

FIGURE 3
The porosity map.
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is relatively continuous, with a reservoir thickness of 6–11 m, a
porosity of 13%–16%, and a permeability of 0.5-3mD.

(2) MB1-2 reservoir

This layer is the main producing layer of the oil field, and the
MB1 layer above it is the caprock, with marl and micrite limestone
developed. The total thickness of the MB1-2 layer is approximately
75–90 m, the porosity is 13%–25%, and the permeability is 1-20mD.

(3) MB2 reservoir

This layer is also the main reservoir of the oil field. It is mainly
deposited in a shoal facies environment, with caves developed in
local areas. This layer is continuously distributed, with a thickness of
40–50 m, a porosity of 20%–25%, and a permeability of 4-70mD.

(4) MC1-1/1-2

The thickness of this layer is 40–45 m, the porosity is 15%–25%,
and the permeability is 2-15mD.

2.4 Fluid characteristics

The density of crude oil in the main reservoir of the oil field is
19–25°API, the volume coefficient of crude oil under reservoir

conditions is 1.3–1.5, and the viscosity of underground crude oil
is 0.5-5cp. The original dissolved gas-oil ratio is 500-800scf/stb, the
formation water type is CaCl2 type, the overall salinity is about
150,000–220000 ppm, and the formation water density is about
1.15 g/cm3.

2.5 Microscopic characteristics of physical
properties

As we can see from Figure 5, The pore throat structure presents
single peak, double peak and multi peak shapes, and the pore throat
radius and capillary pressure median of different rock types show
certain differences, and The rock types in different facies zones are
diverse, and the rock types in the same facies zone are diverse with
great differences in permeability.

3 Characteristics of oil and water in
main reservoirs of oil fields

3.1 Percolation in carbonate reservoirs

Generally speaking, the accumulation process of carbonate oil
reservoirs is complex, resulting in significant differences in matrix,
fracture development characteristics, physical properties,
heterogeneity, fluid distribution patterns, and development

FIGURE 4
The permeability map.
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performance compared to conventional oil and gas reservoirs
(Zhang et al., 2018; Yichang et al., 2023; Zhang et al., 2023).
Meanwhile, different pore throat structures and development
methods result in different productivity distributions (Zhang
et al., 2017), therefore, studying its percolation is of particular
significance to guide on-site development of carbonate oil fields.
The microstructure of carbonate reservoirs is complex, with primary
pores, secondary pores, microfractures, and pores all serving as
reservoir spaces. The variety of microstructure and connectivity
methods make the microscopic flow in carbonate reservoirs more
variable than that in sandstone reservoirs.

In the percolation of carbonate reservoirs in the area, matrix
pores, micropore pores, and fracture pores coexist, and the reservoir
medium exhibits strong heterogeneity. Due to the differences in
fluid flow space and time, fluid flow in matrix pores and micropores
generally conforms to Darcy’s law, while fluid flow in fracture pores
generally follows the laws of fluid mechanics. During the early elastic
development of oil fields, fractures serve as the main percolation
pathways, which funnel crude oil into the wellbore under the
influence of reservoir energy. However, during the water
injection development stage, water is injected into the reservoir
to replenish energy, and fractures serve only as oil-water flow
pathways, with matrix pores and micropore pores serving as the
main percolation spaces (Nailing, 2024).

In the process of oilfield development, the relative permeability
curve is generally used to comprehensively reflect the characteristics
of oil-water two-phase flow, and is widely used in field practice to
study reservoir pore structure changes, oil-water saturation
distribution characteristics, residual oil distribution, and water
flooding efficiency. It is a powerful guiding tool in oilfield
development (Jishun and Aifen, 2003; Zhao-Hong et al., 2006;
Yong and Jienian, 2008; Bigno et al., 2024).

At present, the development technology dominated by
carbonate rocks in the area is still based on water injection
development, and It is generally believed that the oil

displacement efficiency is the highest during the water-free oil
production period during water flooding of carbonate reservoirs
(Hongxin et al., 2022). Although the development of micro-fractures
in the carbonate rock, the main reservoir in the study block is weak,
field development practice shows that there are still problems such
as rapid water content rise in some wells and low water injection
efficiency during the actual water injection process. Therefore,
conducting relative permeability research on the main reservoirs
in the study block and studying the water content rise pattern can lay
the foundation for efficient future development of the oil field.

3.2 Relative permeability curve of main
reservoir in the oilfield

In carbonate reservoirs, as the proportion of micropores
increases, the water saturation at the isotope point of the phase
permeability curve shifts to the right, mainly because in the water-
wet oil reservoir, water serves as a wetting phase and is mainly
distributed in tiny pores, channels or in the form of water film on the
surface of rock particles. Therefore, more water exists in a state of
bound water. This distribution does not affect the flow of oil, causing
the oil-water co-penetration interval to increase (Nailing, 2024).

In the research process, the characteristics of oil-water relative
permeability in Mishrif reservoir are classified and studied.
According to the characteristics of oil-water dynamic seepage, the
relationship between them and static reservoir characteristics is
studied. The relative permeability of Mishrif, the main reservoir
of the oilfield, can be divided into three types, taking the related
reservoirs of MB1, MB2 and MC as three types A, B and C
respectively, and making the relative permeability curve as shown
in Figure 6.

Combined with the oil-water permeability curves in above
Figure 1 The MB1 reservoir type is dominated by matrix pores
andmicrospores, the water phase permeability at the residual oil end

FIGURE 5
Pore throat radius distribution map in MB1 and MB2.
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is less than 0.4, and the oil-water phase permeability and iso-
permeability point are low; (2) The MB2 reservoir type is
dominated by dissolved pores and coarse pores, and the reservoir
permeability is relatively high. The relative permeability curve of the
oil phase decreases rapidly, the oil-water co-permeability range is
wide, and the oil-water phase permeability iso-permeability point is
relatively high. (3) The MC reservoir type is dominated by micro-
fracture pores, and the oil phase permeability drops rapidly in the
early stage. As water saturation increases, its rate of decline gradually
slows down, while the relative permeability of the water phase
accelerates as water saturation increases (Zhanguo, 2011; Ning,
2015; Haibo et al., 2019). This type of curve has the lowest iso-
permeability point during the oil-water seepage process.

It can be seen from the phase permeability curve that the curves
have different shapes at different layers of the reservoir in the study
area. Overall, as the water saturation increases, the water phase rises
faster from MB1 to MC, and the residual oil saturation is relatively
high. Therefore, during the oilfield development process, reservoir
water injection should be optimized based on the seepage
characteristics of different layers to improve oilfield recovery and
ultimately achieve water control and oil increase.

3.3 Water drive efficiency of main reservoir
in oilfield

After analyzing the physical parameters of carbonate reservoir, it
can be seen that sequence, sedimentation, diagenesis and tectonism
jointly control the formation and evolution of the reservoir. The
heterogeneity of thick carbonate reservoir is strong, the micro pore
system is complex, and the thief formation aggravates the
uncertainty in the early stage of waterflood development.

During the actual oilfield development process, the water
flooding oil production efficiency and distribution frequency of
each layer of the main reservoir were compared, as shown
in Figure 7.

It can be seen from the figure that the average water drive
efficiency of the MB1 layer is about 45%, and the main distribution
range of water drive efficiency is <55%, accounting for about 70%;
The average water drive efficiency of the MB2 layer is about 51%,
and the main distribution range of water drive efficiency is 45%–
65%; The average water drive efficiency of MC1 layer is about 40%,
and the main distribution range of water drive efficiency is <50%. It
can be seen from the water drive efficiency distribution frequency

diagram that the MB2 reservoir has better physical properties and
higher water drive efficiency, MC2 has the lowest water flooding
efficiency. Compared with other strata, the MC1 reservoir is more
heterogeneous and its microscopic pore structure is more complex.
It has both microspores, fracture pores and hole pores, causing poor
performance of water drive efficiency at the micro level.

4 Research on fine water injection in
main reservoir of oilfield

4.1 Research background

From the oil-water phase permeability curve, it can be seen that in
the oil-water percolation of the main reservoir in the area, the
permeability of its water phase rises faster, which is easy to cause low
water-drive efficiency or water flooding, which seriously affects the
development of the oilfield; at the same time, according to the water-
drive efficiency diagramof the layer system, theMB2 layer has the highest
water-drive efficiency, and the next step of the development of the field is
mainly for the balanced injection of water into this layer system, so as to
realize the stabilization of the layer system and control of the water, and
the water-drive efficiency of the MB1 and MC2 layers is to be further
improved. For MB1 and MC2, the water-driven efficiency should be
further improved, and the next development strategy is to strengthen the
water injection and improve the water-driven ripple coefficient.

At present, in the process of oilfield development, the main
indicators such as the recovery degree, pressure maintenance level
and injection production ratio betweenMB1 andMB2 differ greatly.
The edge and bottom water invasion of the main reservoir Mishrif is
intensified, and the water cut rises rapidly, affecting the stable
production in the future. In terms of pressure, there is currently
a significant difference in pressure between the Mishrif layers. The
average pressure drop in the MB1 layer is 1800psi, and the average
pressure drop in the MB2 layer is 1000psi. As it can be seen from
Figure 8 that water cut for both MB1 and MB2 rises rapidly, and
additionally, due to the rapid pressure decay in the MB1 layer and
the development of high permeability zones, there is a risk of water
breakthrough and low water drive efficiency.

Compared with conventional oil reservoirs, the oil reservoir type
in the area belongs to medium-thick to extremely thick carbonate oil
reservoirs, with oil layer thickness greater than 70 m, the vertical
thickness difference is large, the reservoir physical property
difference is large, and the heterogeneity is strong. There are

FIGURE 6
Reservoir relative permeability curve for MB1(Left), MB2(Middle) and MC(Right).
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significant differences in the facies types, reservoir sizes, and
physical properties of the Mishrif series, as well as differences in
the degree of utilization, pressure attenuation, and water content
characteristics (Liu et al., 2019; Mahdi and Aqrawi, 2014). The
contradictions between the generalized development layers are
prominent, the vertical utilization of the Mishrif series is
currently uneven, with only 30%–50% utilization in the multi-
layer joint production profile, and many reserves have not been
utilized, seriously affecting the oilfield recovery rate.

Meanwhile, according to the layer water flooding efficiency map,
the MB2 layer has the highest water flooding efficiency. In the next
step of oilfield development, the main focus is to balance water
injection into this layer system to achieve stable oil and water control
in the layer system. For the MB1 and MC2 layers, their water drive
efficiency needs to be further improved. The next development
strategy is mainly to strengthen water injection and improve the
water drive sweep coefficient.

4.2 Background of fine water injection

In response to trends such as rising water content in oilfield
development, we should comprehensively consider reservoir

properties, interlayers, connectivity relationships and production
dynamics to study and implement refined water injection, thereby
improving the water flooding efficiency of carbonate reservoirs and
achieving stable oil and water control (Liang et al., 2019).

(1) Sedimentary environment

As shown in Figure 9, the carbonate reservoir MB1 of the well
group in the experimental area is mainly composed of granular and
muddy limestone in a limited platform environment. It is weakly
eroded by atmospheric fresh water and has strong cementation,
resulting in a smaller pore throat.

As shown in Figure 9 MB2 is mainly composed of granular
limestone and muddy limestone in the platform edge environment.
It is strongly corroded by atmospheric fresh water, has relatively
large pore throats, and has medium to high permeability physical
properties.

(2) Interlayer

As shown in Figure 10, it can be seen from the logging map that
there is a developed interlayer between MB1 and MB2 in the
carbonate rocks of the well group in the experimental area, the
bottom of MB1 is mainly composed of low-energy granular
limestone with poor physical properties and wide development,
which can block the flow of fluids up and down. At the same time,
MDT testing showed a significant pressure breakpoint between
MB1-2 and MB2, indicating the development of interlayer
between MB1 and MB2, as well as differences in upper and
lower pressure attenuation, degree of utilization, and energy
supplementation.

As it can be seen from Figure 11, MB1 is dominated by lagoon
facies grainstone and MB2 is mainly composed of swamp facies
carbonaceous mudstone and lagoon facies grainstone.

(3) Permeability difference

As can be seen from Figure 12, the permeability of MB1 layer is
between 25 and 40md, and that of MB2 layer is between 70 and
90md. The difference in permeability between layers is obvious.

FIGURE 7
Frequency comparison diagram of water drive efficiency distribution of each reservoir.

FIGURE 8
Average water cut in MB1 and MB2.
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(4) Well pattern perfection

As shown in Figure 13, the well groups MB1 and MB2 in the
experimental area have not formed a perfect injection
production well pattern, and the proportion for injection
wells and production wells is low, the relationship between

oilfield injection and production is imperfect, and the degree of
reserve utilization is uneven vertically. The contribution of
MB1 production is 20%–30%, and that of MB2 production is
70%–80%. At the same time, due to the uneven recovery degree,
the interlayer pressure between MB1 and MB2 is
quite different.

FIGURE 9
Reservoir structure for MB1(Left) and MB2(Right).

FIGURE 10
Logging response diagram.
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In terms of interlayer, permeability and pressure, MB1,
MB2 and MC have good geological conditions for layered
system development. Layered water injection development is
conducive to improving the injection production relationship,
improving water drive efficiency, and achieving oil stability and
water control.

4.3 Fine water injection scenario design

To achieve reservoir balance and efficient utilization, based on
reservoir characteristics and development and production
dynamics, three different layer series development water

injection modes are designed to verify the feasibility of
comparing and refining water injection scenario. The main
adjustment goal is to establish a complete injection production
well network, improve the utilization of MB1, reduce the water
content of MB2, achieve overall balanced utilization of Mishrif
reservoir, improve water drive efficiency, and maintain long-term
stable production.

As shown in Figure 14, Figure 15, Figure 16, Scenario A is a set of
well network layer system development, the injection and recovery
method is combined injection and recovery, and the water injection
method adopts area injection; Scenario B adopts two sets of well
network layer system development, the upper MB1 adopts area
injection, and the lower MB2 adopts edge injection; Scenario C is a

FIGURE 11
MB1 Baffle thickness map for MB1(Left) and MB2(Right).

FIGURE 12
Permeability profile.
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fine water injection scenario, and it adopts three sets of well network
layer system development, and the upper MB1 improves the
utilization of the reservoir section, and it adopts area injection;
the lower MB2 has better physical properties, stable oil layer zoning
and high flow coefficient, and adopts edge water injection to extend
the reservoir waterless oil recovery period; MC2 layer system makes
full use of the blocking effect formed by the local compartmentalized
interlayer, ensures the water avoidance height, and controls the
water content, so it adopts the bottom water injection method and
utilizes the horizontal wells to recover the oil.

4.4 Development effect comparison

The development effects of the three scenario are compared and
analyzed from the aspects of production and water cut. The

FIGURE 13
MB1 Formation pressure for MB1(Left) and MB2(Right).

FIGURE 14
Scenario A- one set of well pattern.

FIGURE 15
Scenario B two sets of well pattern.

FIGURE 16
Scenario C—three set of well pattern.

Frontiers in Energy Research frontiersin.org11

Li et al. 10.3389/fenrg.2024.1396480

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1396480


development effect of layered system is obviously better than that of
general water injection. After the fine water injection scenario of
scenario C is adopted, a relatively perfect injection production
correspondence is formed in MB1 interval, and the dynamic
effect is significantly improved in MB2 interval.

(1) Development effect of MB1 strata

It can be seen from Figure 17 and Figure 18 that after 20 years of
cumulative development, the water content of scenario B and
scenario C is about 70%, and the water content of scenario C

FIGURE 17
The water drive sweep of scenario B after 20 years of development for MB1.

FIGURE 18
The water drive sweep of scenario C after 20 years of development for MB1.
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rises more slowly; scenario C improves the reserve production of
MB1, has high water drive sweep efficiency and production degree,
increases the cumulative oil production, and the vertical production
degree is more balanced.

(2) Development effect of MB2 strata

It can be seen from Figure 19 and Figure 20 that scenario B and
scenario C can maintain stable production for a long time, and the

FIGURE 19
The water drive sweep of scenario B after 20 years of development for MB2.

FIGURE 20
The water drive sweep of scenario C after 20 years of development for MB2.
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water cut is greatly reduced. After 20 years of cumulative
development, the water drive sweep in scenario C is higher than
that in scenario B, and the cumulative oil production is significantly
higher than that in scenario B.

(3) Reservoir vertical development effect

From Figure 21 and Figure 22, it can be seen that the longitudinal
water-driven wave in each layer of scenario C is significantly better
than that of scenario B. The adjustment strategy of water injection and
development in the layered system effectively solves the water-driven
utilization difference and development imbalance between MB1 and
MB2, and realizes the balanced utilization of the reservoir as a whole.

Based on the water injection study for the development of the
Mishrif sublayer system in the main reservoir, the overall indexes
were compared, as shown in Table 1, compared with the generalized
water injection development of scenario A, the development of the

three layer systems in scenario C can increase the daily production
by 16%, reduce the daily injection and cumulative water production
by about 30%, increase the cumulative oil production by 8%, and
increase the recovery rate by about 3%.

(4) Saturation Comparison

As it can bee seen from Figure 23, as for scenario A, one set of well
pattern is seriously flooded and the oil-water relationship ismore complex;
and as for scenario C, the fine water injection system using edge water
injection and bottom water injection can better control the water cut, and
the displacement is more uniform, which can improve the oil recovery.

The comparison of cumulative oil production and cumulative water
production development of the three scenario is shown in Figure 24, from
which it can be seen that the development of layered system can
significantly improve the degree of reserve utilization, improve the
efficiency of water drive wave, improve the degree of vertical

FIGURE 21
Longitudinal water drive sweep of scenario B after 20 years of development.

FIGURE 22
Longitudinal water drive sweep of scenario C after 20 years of development.
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utilization, slow down the rate of rise of the water content in carbonate
reservoirs, and prolong the time of stable production of the oil field.

5 Conclusion

1. The pore structure of carbonate reservoirs in the Middle East is
complex and heterogeneous, In matrix pores and micropores, the
fluid flow basically conforms to Darcy’s law, In the fracture pores,
it basically follows the law of fluid mechanics. The fine water
injection research on carbonate reservoir can effectively control

the rise of water cut in the oilfield, improve the injection
production relationship, and improve the water drive
efficiency, and achieve oil stability and water control eventually.

2. In carbonate reservoirs, there is a correlation between pore types,
oil-water relative permeability, and development methods.
Reservoirs dominated by matrix pores and micropores have
lower iso-permeability points and lower water drive efficiency.
Therefore, later development should focus on strengthening water
injection. Oil reservoirs with mainly dissolved and coarse pores
have relatively high iso-permeability points and a wide oil-water
co-permeability zone, resulting in high water drive efficiency.
However, the water content increases rapidly, and later
development should focus on balanced water injection.

3. Considering the reservoir properties and types in the study area,
implementing three sets of layer series development and refined
water injection research can achieve maximum oil recovery.
Improve the reservoir profile utilization of the MB1 strata by
using area injection water; the MB2 strata has good physical
properties, stable oil reservoir zoning, and high flow coefficient.
Therefore, edge water injection is adopted to prolong the
anhydrous oil recovery of the reservoir; The MC2 layer system
should fully utilize the barrier effect formed by local interlayers to
ensure water avoidance height and control water content.
Therefore, bottom water injection method is adopted.

Through layered development and refined water injection, daily
production can be increased by about 16%, cumulative oil

TABLE 1 Comparison of development scenario.

Scenario Average oil
production/

kbbl

Average
water

injection/
kbbl

Cumulative
oil until

2040/MMB

Cumulative
water until
2040/MMB

Water
cut/%

Injection-
to-

production-
well ratio

Injection-
production

ratio

Recovery
efficiency/

%

A 15.0 26 100.7 88.5 76.1 0.41 1–1.1 18.9

B 17.1 18.8 108.3 65.8 74.2 0.69 1–1.2 21.0

C 17.5 17.0 109.2 58.3 69.7 0.72 1–1.2 21.3

FIGURE 23
Oil saturation in scenario A(Left) and scenario C(Right).

FIGURE 24
Fig of cumulative oil production - cumulative water production
comparison.
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production can be increased by about 8%, and oil recovery can be
increased by about 3%. At the same time, daily injection and
cumulative water production can be reduced by about 30%,
which effectively improves the degree of reserve utilization.
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