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ABSTRACT

Long-term water flooding (LTWF) is an efficient way to improve oil recovery (EOR) in carbonate res-
ervoirs in the Middle East. Due to the complex depositional environment and intricate pore-throat
structures of carbonate reservoirs, the development characteristics differ significantly from those of
conventional sandstone reservoirs. While the mechanisms of LTWF in carbonate reservoirs are well-
documented, there remains a significant gap in understanding the microscopic pore-scale displace-
ment characteristics and the dynamic evolution of residual oil. To address this, nuclear magnetic
resonance (NMR) and computed tomography (CT) scanning techniques were employed to investigate
the behavior of LTWF across various carbonate rock samples. Initially, NMR technology was utilized to
elucidate the pore-throat displacement characteristics at the microscopic level for different core sam-
ples under LTWF. Subsequently, CT scanning was applied to explore the dynamic evolution of micro-
scopic residual oil and to categorize the types of residual oil based on their formation mechanisms. We
found that LTWF predominantly utilizes oil within microscale pores of 1-10 pm and > 10 pm. As the
volumes of injected water increase, there is a noticeable improvement in oil displacement within
submicron pores (0.1-1 um). However, residual oil primarily accumulates in nanopores (< 0.1 pm) and
submicron pores. The study identified five distinct types of microscopic residual oil: clustered, throat,
droplet, corner adsorbed, and pore lining. Notably, the transformation of residual oil in dolomite cores
generally shifts from clustered to throat forms, while in limestone cores, it transitions from clustered to
predominantly corner adsorbed and pore lining configurations. This nuanced understanding of oil
utilization and residual categories under LTWF offers valuable insights into optimizing EOR strategies in
complex carbonate reservoirs.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).

1. Introduction

world's most resource-abundant region, approximately 80% of oil
and gas production originates from carbonate reservoirs (Song and

Carbonate reservoirs are among the most significant oil and gas
reservoirs globally, accounting for more than half of the world's
remaining recoverable reserves. They represent a critical area for
future oil and gas production growth. In the Middle East, the
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Li, 2018). The Asmari Formation, a Tertiary carbonate unit, serves
as one of the region's most vital reservoir systems. The Asmari
carbonate reservoirs are large, mixed-type systems characterized
by diverse lithologies, including limestone, dolomite, mudstone,
sandstone, and anhydrite (Khazaie et al., 2022; Sadeghi et al., 2011;
Tong et al., 2024). These reservoirs exhibit complex structures,
strong heterogeneity, and the development of multiple inter-
bedded and barrier layers. Waterflooding remains a widely adop-
ted EOR technique in Middle Eastern carbonate reservoirs.
However, carbonate reservoirs possess intricate pore structures,
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including fractures and dissolution vugs, which exacerbate het-
erogeneity and complicate waterflooding dynamics (Sagbana et al.,
2023; Song et al., 2018). The injected water tends to preferentially
flow through fractures, leading to rapid water breakthrough and
sharp declines in well productivity (Li et al., 2021; Tang et al.,
2024). During long-term water flooding (LTWF), injected water
primarily produces oil within larger pores, leaving oil in smaller
pores unrecovered. This limitation often results in suboptimal
waterflooding recovery efficiencies (Gong et al., 2024; Wang et al.,
2021). It is therefore crucial to elucidate the microscopic
displacement characteristics and the dynamic evolution of
microscopic residual oil under LTWF in carbonate reservoirs.
Gaining such insights is of significant importance for EOR in
complex lithological carbonate reservoirs in the Middle East.
Currently, research on water flooding in carbonate reservoirs
primarily focuses on three scales: microscopic, core, and reservoir
(Bhicajee and Romero-Zerdn, 2021; Chai et al., 2022; Mansi et al.,
2020). At the microscopic scale, techniques such as CT scanning,
NMR, and microfluidic chips are employed to directly observe and
quantitatively analyze fluid distribution, migration, and trapping
processes at the pore-throat level (Iraji et al., 2024; Jia et al., 2023;
Liu et al., 2025). This is particularly valuable for carbonate reser-
voirs characterized by strong heterogeneity and multi-scale pore
structures, as microscopic studies can effectively differentiate
displacement behavior of water in various types of pore spaces.
However, microscopic experiments are generally limited to milli-
meter- or centimeter-sized rock fragments, and a single small
sample cannot capture the heterogeneity of an entire reservoir—or
even a full core. Moreover, such experiments are typically con-
ducted under conditions far removed from actual reservoir tem-
perature and pressure, rendering their conclusions highly
localized and lacking representativeness. At the core scale, core
experiments serve as a crucial bridge linking microscopic mech-
anisms to reservoir engineering. Core-scale studies typically
involve laboratory waterflooding tests on full-diameter cores or
standard plug samples, complemented by the measurement of key
petrophysical parameters such as relative permeability and
capillary pressure curves (Darvish et al., 2019; Snosy et al., 2022).
The major advantage of core-scale studies lies in their ability to
simulate small-scale displacement processes under conditions
approximating those in the reservoir, providing results of direct
engineering relevance. Nevertheless, core-scale studies also suffer
from fundamental limitations in representativeness. The pro-
nounced heterogeneity of carbonate rocks implies that one or
several cores cannot adequately represent the entire reservoir.
Additionally, conventional core dimensions are insufficient to
capture meaningful fracture or vug systems. Finally, at the reser-
voir scale, field-scale numerical simulation is a central technology
for optimizing development strategies, reducing operational risks,
and improving recovery efficiency. Its key value lies in integrating
geological, fluid, and engineering data through digital modeling to
enable dynamic forecasting and decision-making for complex
reservoir systems (Li et al., 2022; Yang et al., 2022). However,
reservoir-scale simulation is inherently constrained by its heavy
reliance on input data quality and model simplifications, leading to
significant uncertainties in prediction. For example, the intense
heterogeneity of carbonate reservoirs is difficult to quantify
accurately, and discrete fracture network models often rely on
statistical assumptions that fail to reproduce the true complexity
of fracture topology. Furthermore, multiphase flow equations
frequently oversimplify microscale processes, neglecting pore-
throat-level capillarity and the coupling between porous-media
flow and free-flow regimes, which can result in substantial de-
viations in displacement efficiency predictions. In summary, there
is an urgent need to develop an evaluation framework specifically

1429

Petroleum Science 23 (2026) 1428-1444

tailored for water flooding in carbonate reservoirs, one that can
partially bridge the gaps and limitations inherent to individual
experimental scales.

In the petroleum industry, NMR and CT scanning technologies
have been widely applied to sandstone reservoirs, enabling
quantitative characterization of pore-throat structures, fluid dis-
tributions, and fluid displacement characteristics (Gong and Liu,
2020; Liu et al., 2017; She et al., 2021). However, carbonate res-
ervoirs exhibit significantly stronger heterogeneity and more
complex pore structures than sandstones, posing substantial
challenges for the application of NMR in such systems. For
instance, understanding the evolution of porosity and perme-
ability in carbonates under long-term flow conditions remains a
critical and challenging issue in petroleum engineering. To address
this, Wang et al. (2023) employed NMR T, spectrum inversion
combined with permeability measurements to quantitatively
characterize changes in multi-scale pore volumes, revealing the
competing mechanisms of stress-induced compaction and mineral
dissolution during long-term infiltration. Their findings provide a
theoretical basis for accurately predicting flow properties in car-
bonate reservoirs. The principal advantage of NMR lies in its ability
to quantitatively evaluate fluid mobilization within pores of
different scales. However, this requires converting the transverse
relaxation time (T,) spectrum into a pore-throat size distribution.
In sandstone reservoirs, this conversion can be effectively achieved
using classical models such as Schlumberger Doll Research or
Coates models, which yield high fitting accuracy. In contrast, these
conventional models perform poorly when applied to highly het-
erogeneous carbonates with intricate pore systems. In CT-based
studies, researchers exploit differences in X-ray attenuation
among materials and employ advanced image-processing algo-
rithms to reconstruct digital cores. These digital cores facilitate
quantitative analysis of pore-throat characteristics and allow for
the spatial quantification of fluid distributions (McLendon et al.,
2014). Moreover, they can be integrated with numerical simula-
tions to model flow behavior at the core scale (Li et al., 2018). The
main challenge in applying CT technology to carbonate reservoirs
lies in accurately representing their highly complex multi-scale
pore networks and connectivity, which are profoundly influ-
enced by heterogeneity. Acid fracturing is a widely used technique
to enhance recovery in carbonate reservoirs, but its effectiveness is
often impacted by the presence of heterogeneous fractures and
vugs. Han et al. (2025) utilized CT imaging to investigate fracturing
behavior under various fluid types and injection strategies, clari-
fying fracture morphologies and dissolution patterns under acid-
izing conditions. Over the past decade, extensive research
employing CT technology has been conducted on the microscopic
distribution of residual oil in sandstone reservoirs. However,
studies focusing on microscopic residual oil in carbonate reser-
voirs—particularly in the complex carbonate formations of the
Middle East—remain relatively limited.

In this study, LTWF experiments were conducted on dolomite
and limestone cores from the A oilfield in Iraq. First, NMR tech-
nology was utilized to characterize the microscopic pore-throat
utilization under LTWF at the pore scale. This was achieved by
establishing a nonlinear correlation between HPMI curves and
NMR T, spectra for coordinate transformation. Subsequently, CT
scanning technology was employed to reconstruct three-
dimensional digital rock models by applying non-local mean
filtering and threshold segmentation to CT scan data. This
approach enabled the analysis of the dynamic evolution of
microscopic residual oil under LTWF for different rock types.
Furthermore, based on the formation mechanisms and spatial
distribution characteristics of residual oil, five distinct types of
residual oil were classified using three key parameters: shape
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factor, Euler number, and contact ratio. Ultimately, the findings of
this study provide theoretical guidance for optimizing develop-
ment strategies and enhancing oil recovery in the complex litho-
logical carbonate reservoirs of the Middle East after LTWF.

2. Geological background

The Middle East is the most resource-rich region globally, with
approximately 80% of its oil and gas production derived from
carbonate reservoirs. Among these, the Tertiary Asmari Formation
is a critical reservoir unit. In southeastern Iraq, the A oilfield is a
giant oilfield with recoverable reserves exceeding hundreds of
millions of tons, where the Asmari Formation serves as the pri-
mary productive reservoir. Located in Maysan Province, south-
eastern Iraq, near the Iranian border and approximately 175 km
from Basra, the A oilfield lies on the southern margin of the Zagros
foreland fold belt, adjacent to the Mesopotamian Basin (Fig. 1). The
field exhibits a northwest-southeast elongated compressional
anticline structure, formed under the significant northeast-
southwest horizontal compressive stress generated by the Zagros
orogeny (Jafari et al., 2020). The Asmari Formation in the A oilfield
is a large mixed carbonate reservoir characterized by diverse li-
thologies, including limestone, dolomite, mudstone, and sand-
stone. The reservoir exhibits complex structures, strong
heterogeneity, and features faults and fractures controlled by
tectonics. Based on lithological assemblages and depositional
characteristics, the Asmari Formation is divided into four mem-
bers: A, B, C, and D. Members A and B are the main oil-bearing
layers and the primary targets for current field development and
this study (Joudaki and Baghbani, 2018). Members C and D are

Petroleum Science 23 (2026) 1428-1444

primarily water-bearing layers, which most development wells
have not penetrated. Carbonate rocks predominantly occur in
members A and B. Member A represents a restricted platform
environment with dolomite as the main lithology, including bio-
clastic dolomite, oolitic dolomite, intraclast dolomite, and micro-
crystalline dolomite. Member B reflects a semi-restricted platform
environment, with limestone as the dominant lithology, including
bioclastic limestone, intraclast limestone, and micritic limestone.

3. Experimental setup and procedure
3.1. Experimental materials

3.1.1. Core samples

Four matrix-type carbonate rock cores were extracted from the
Asmari Formation in the A oilfield, Iraq, comprising two dolomite
samples from member A and two limestone samples from mem-
ber B. According to image logging interpretation of the target
reservoir, structural fractures are the dominant fracture type in the
A oilfield. Core observations indicate that these structural fractures
are primarily shear fractures with relatively stable and straight
fracture surfaces. Based on the fracture characteristics of the
reservoir, two types of cores were designed for the experiment:
matrix-type cores and high-angle fractured cores. The high-angle
fractured cores were created by cutting artificial fractures into
matrix-type cores. The NMR experiments were conducted on
standard cylindrical cores with a diameter of 25 mm and a length
of 50 mm. To enhance the observation of residual oil distribution
changes, the cores for CT scanning experiments were cut from the
standard cores into smaller samples with a diameter of 5 mm and a
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Fig. 1. A oilfield geological map. (a) Regional location map; (b) comprehensive column of Asmari Formation in the A oilfield, Iraq.
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length of 10 mm. In this study, permeability and porosity mea-
surements were performed using the standard cores (25 mm in
diameter, 50 mm in length), with the core properties summarized
in Table 1. To ensure that the permeability of the artificial fractures
matched that of the target reservoir, quartz sand of different mesh
sizes was used to fill the fractures. This method effectively simu-
lated the fracture width of the actual reservoir while avoiding the
interference of conventional iron spacers with the NMR
measurements.

3.1.2. Experimental fluids

To eliminate the influence of hydrogen atoms in formation
water on the NMR signal and ensure that the hydrogen signals
originate exclusively from the oil phase, a deuterium water
solution (D,0) was used as the solvent to prepare the simulated
formation water. The composition of the formation water ions
in the target reservoir is listed in Table 2. The crude oil used in
this experiment was a blend of condensate oil from the Dagang
Qilfield (China) and No. 5 white oil, with a shear viscosity of
2 mPa-s and an oil-water interfacial tension of 0.076 N/m.
Specifically, to enhance the grayscale contrast between oil and

Table 1
Basic parameters of the experimental cores.
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formation water in the CT images, 30 wt% potassium iodide (KI)
was added to the simulated formation water. The strong X-ray
absorption capacity of KI facilitated phase segmentation in the
CT images.

3.2. Experimental setup and procedures

Fig. 2 illustrates the in-situ NMR/CT core displacement system,
which consists of three main components: a fluid injection system,
an in-situ NMR/CT measurement system, and a pressure sensing
system. The fluid injection system includes an ISCO pump (Tele-
dyne ISCO, USA) and a high-pressure intermediate container. By
controlling different intermediate containers, the system facili-
tates the complete process from core saturation to displacement.
The in-situ NMR measurement system features a key instrument,
the MacroMR12-150H-I NMR spectrometer (Niumag, China). This
device operates at a permanent magnetic field strength of 0.3 T
with a resonance frequency of 12.79 MHz and supports experi-
mental temperatures up to 80 °C. The core holder's confining
pressure device uses hydrogen-free fluorinated fluids for both the
confining pressure medium and magnetic constant-temperature

Core number Depth, m Geologic position Lithology Porosity ¢, % Permeability k, mD Core picture
1 3028.2 A Dolomites 10.53 2.59
1f 10.76 108.20
2 3124.0 14.26 0.49
2f 14.52 101.43
3 3136.0 B Limestone 14.17 4.15
3f 14.38 102.82
4 3109.0 21.85 13.71
4f 22.09 119.73
Table 2
Formation water composition.
Cation, mg/L Anion, mg/L Total mineralization, mg/L
Na+ K+ Ca** Mg+ cl- S04%~ €052~
66711.58 1177.09 13592.27 1752.39 145134.86 1109.25 422.54 229,899.98




K.-J. Tong, Y. Pan, S. Guo et al.

fluid. The confining pressure device can withstand a maximum
pressure of 40 MPa. The in-situ CT scanning system is equipped
with a micron-scale CT scanner, specifically the nanoVoxel-3502E
series (Sanying, China). During LTWF CT scans, the equipment
operates at a voltage of 150 kV and a power of 10 W, with an
exposure time of 0.5 s. The scanning resolution for all samples is
set to 2 um. The pressure sensing system comprises electronic
pressure gauges and receivers, which enable real-time monitoring
of pressure variations at various points. Additional equipment
includes graduated cylinders, six-way valves, and a backpressure
regulator. For HPMI, the AutoPore V 9600 instrument (Micro-
meritics, USA) was used. This instrument has a maximum pressure
capacity of 420 MPa, allowing the measurement of pore-throat
radii as small as 0.003 pm.

This study employs in-situ NMR and CT scanning technology to
investigate the microscopic pore-throat displacement character-
istics and residual oil dynamic evolution in a complex lithology
reservoir in the Middle East under LTWF. The experimental pro-
cedure is as follows:

(1) To suppress water-phase signals and ensure that NMR sig-
nals originate solely from oil within the core, D,O was used
instead of distilled water as the solvent. Simulated forma-
tion water was prepared with matching salinity based on
the ionic composition listed in the target block's formation
water composition (Table 2). The simulated oil phase was a
blend of Dagang condensate oil and No. 5 white oil, with a
viscosity of 2 mPa-s.

(2) After cleaning, the cores were placed in a vacuum chamber
and evacuated at —0.1 MPa for 5 h. Formation water was
then backflushed into the vacuum chamber, and the cores
were saturated for 24 h before removal.

(3) The saturated cores were encapsulated in thermoplastic
material and placed in the NMR apparatus. A backpressure
of 35 MPa was applied to simulate reservoir pressure con-
ditions, with the confining pressure maintained 2 MPa
higher than the injection pressure. Fluorinated fluids free of

Petroleum Science 23 (2026) 1428-1444

hydrogen signals were used to provide the confining
pressure.

(4) Five pore volumes (PV) of simulated formation water were
injected at a flow rate of 0.05 mL/min using an ISCO pump.
Subsequently, the cores were saturated with oil at the same
flow rate until no water was produced at the outlet. After
establishing irreducible water saturation, the oil phase was
aged for 14 d before performing the initial NMR scan.

(5) Simulated formation water was injected at a flow rate of
0.3 mL/min using the ISCO pump, with NMR scans con-
ducted at displacement volumes of 1, 10, 30, 1000, and
2000 PV.

(6) Steps 1 through 5 were repeated for additional cores.

After completing the in-situ NMR displacement experiment,
the core samples were subjected to an oil washing procedure using
a 1:3 mixture of ethanol and toluene, following the standard GB/T
29172-2012. The cleaned cores were then recut, with one portion
prepared according to the required dimensions for in-situ CT
scanning (diameter: 5 mm, length: 10 mm), and another portion
processed into standard samples for HPMI experiments (cores 1
and 4). The HPMI tests were conducted following the Chinese
petroleum and natural gas industry standard GB/T 29171-2023.
Notably, the subsequent in-situ CT scanning experiment followed a
procedure similar to the in-situ NMR displacement experiment,
with modifications in pressure and displacement rate. The
displacement pressure was set to 12 MPa, and the two displace-
ment rates were set at 0.03 and 0.3 mL/min. In-situ CT scanning
was performed at key points: water flooding at 0 (saturated oil),
0.5, 10, and 1000 PV.

3.3. NMR principles and NMR T, conversion

Currently, HPMI experiments are widely employed to evaluate
the pore structure of reservoir rocks. However, due to the inherent
limitations of HPMI, mercury cannot fully penetrate all pore spaces
within the rock under a given intrusion pressure, resulting in less

Crude oil

B

Distilled water

ISCO pump

Graduated
cylinder

Heat dam

18

Fluorocarbon oil

ISCO pump

Back pressure controller

Fig. 2. Schematic of the in-situ NMR/CT scan core flooding imaging device.
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than 100% mercury saturation. Specifically, mercury does not enter
pores smaller than the pore-throat radius corresponding to the
maximum applied intrusion pressure. Consequently, HPMI fails to
provide a complete representation of the pore-throat distribution
in the reservoir rock. According to NMR theory, the T, spectra
obtained from rocks fully saturated with formation water can
reveal information about the entire pore system. However, this
approach cannot quantitatively characterize the pore structure. By
integrating HPMI with NMR, the pore structure of carbonate
reservoir rocks can be quantified effectively (Gao and Li, 2015;
Zhang et al., 2024). Based on NMR theory and extensive studies,
the T, of a single fluid in a porous medium under a uniform
magnetic field can be expressed as follows:

le= ﬂzé = leri; (1)
where T, is the transverse relaxation time, ms; p; is the surface
relaxivity, pm/ms; S is the surface area of the pore, cm?; Vis the pore
volume, cm?; F is the pore shape factor; and rpis the pore radius, pm.
To achieve the transformation from NMR transverse relaxation
time to pore size distribution, many researchers have constructed
conversion relationships using HPMI pore size distributions that
resemble the shape of NMR T, spectra. However, due to the complex
pore structures in carbonate reservoirs, conventional linear con-
version methods often fail to yield satisfactory results, leading to
significant discrepancies with the actual HPMI pore size distribu-
tions (Benavides et al., 2017; Washburn et al., 2017). Through
extensive analysis of NMR T, spectra and corresponding HPMI pore
size distribution curves, we have proposed using nonlinear power
functions for the conversion of T, spectra (Pan et al.,, 2024). The
nonlinear transformation relationship can be expressed as
_ "
p2Fs

T (2)

This method provides a more accurate correlation between
NMR relaxation time and pore size distributions, reflecting the
complex pore-throat characteristics of carbonate reservoir rocks.
Using the relationship where the pore radius (rp) is equal to the
product of the pore-throat radius (r¢) and the pore-to-throat ratio
(c), the equation can be transformed accordingly. Thus, Eq. (2)
becomes

(Crt)"

T, —
2 paFs

(3)
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where r is the pore-throat radius, pum; and c is the pore-to-throat
ratio.

Let C = (p,Fs)!/" /c, then Eq. (3) can be transformed into

't = CT;/n

(4)

Taking the natural logarithm of both sides of Eq. (4), we obtain

lnrt:InC+%lnT2 (5)

By jointly solving the NMR relaxation time distribution curve
and the HPMI pore-throat distribution curve, the parameters C and
n can be determined. Once these values are obtained, the trans-
verse relaxation time distribution curve of the core fully saturated
with formation water can be transformed into a pore-throat radius
distribution curve.

3.4. CT data image processing

The original CT scan images primarily contain water, oil, and the
rock matrix. However, due to the wide grayscale distribution of the
rock matrix and the overlapping grayscale values at the oil-water
interface, it is difficult to distinguish and effectively segment
different phases and their interfaces. Therefore, specialized image
processing software is required to process the raw CT images. In
this study, Avizo software was used for image processing and
analysis. Uncontrollable factors such as experimental conditions,
rock physical properties, and CT equipment can introduce noise
and ring artifacts into the images, affecting the accuracy and
precision of subsequent image segmentation. Filtering is an
effective method to address these issues. In this study, the non-
local means filtering method was used. This method, based on
image similarity, smooths the image by identifying similar patches
throughout the image while preserving texture and details, mak-
ing it one of the most commonly used filtering techniques. Fig. 3(a)
and (b) show the original and filtered images, respectively. After
noise reduction, the images were segmented into oil and water
phases using the watershed segmentation method. The watershed
algorithm is a classic image segmentation technique that simu-
lates the process of water flowing over a terrain to form water-
sheds, thereby dividing the image into distinct regions or objects.
To ensure segmentation accuracy, the volume of oil obtained from
the segmented digital core was compared with the actual oil vol-
ume displaced from the core. In this study, seed points (oil and
water phases) were manually selected, and then image recognition
was performed using the semi-automatic watershed algorithm.

Fig. 3. Image processing workflow. (a) Original image; (b) filter smoothing; (c) segmented image (red: oil; blue: water).
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The semi-automatic watershed algorithm was iteratively adjusted
based on the discrepancy between the calculated and actual values
to achieve an optimal segmentation state. Additionally, the dice
coefficient was introduced to effectively evaluate the image
recognition accuracy. In this study, the final oil-phase recognition
rate (dice coefficient) reached 0.89, demonstrating the accuracy
and reliability of the CT image segmentation methodology.
Fig. 3(c) shows the segmented image using the watershed algo-
rithm, where red represents oil and blue represents water.

4. Results and discussion
4.1. HPMI analysis of pore-throat structure characteristics

HPMI is one of the commonly used methods in the oil and gas
industry for analyzing pore structure. It is widely applied to
describe the pore radius distribution characteristics of both con-
ventional and unconventional reservoir rocks. As a non-wetting
phase, mercury does not enter the pores of the rock spontane-
ously due to capillary forces; it can only be forced into the pores
under applied external pressure. With increasing injection pres-
sure, mercury overcomes the additional resistance at pore throats
and enters smaller pores. Based on the assumption of cylindrical
pores, Washburn established the relationship between mercury
pressure and pore-throat radius (Wang et al., 2025):

_20c0s#0

b=~ (6)

where P is the capillary force, Pa; ¢ is the interfacial tension, mN/
m; and @ is the contact angle.

Consequently, HPMI experiments provide valuable data on
pore-throat radius distribution and related pore structure pa-
rameters for reservoir rocks. Fig. 4 presents the mercury capillary
pressure curves for all core samples and the pore-throat radius
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distribution curves derived using Eq. (6). Table 3 summarizes the
pore structure parameters of the core samples.

The capillary pressure curves obtained from the HPMI experi-
ments are shown in Fig. 4(a). The curves reveal that the mercury
saturation increases with rising capillary pressure. For cores of the
same lithology, as the permeability decreases, the petrophysical
properties deteriorate, causing the capillary pressure curves to
shift upward overall. When the reservoir rock exhibits poor sort-
ing, the capillary pressure curves for limestone cores 1 and 2
display a dual-step trend. This suggests that the limestone reser-
voir contains both large and small pore throats, indicating a certain
degree of microscopic heterogeneity in the limestone formations.

The pore structure parameters derived from the HPMI experi-
ments include displacement pressure, maximum mercury satu-
ration, and median pressure, which characterize the complexity of
reservoir pore structures. Maximum pore radius, average pore
radius, and median pore radius describe the size of pores in the
cores, while sorting coefficient, homogeneity coefficient, and
skewness characterize the distribution of pore sizes. In this study,
displacement pressure, average pore-throat diameter, and sorting
coefficient were selected for comprehensive analysis of pore
structures in different reservoir rock types. A lower displacement
pressure indicates better core connectivity, a larger average pore-
throat diameter suggests a larger overall pore size, and a smaller
sorting coefficient reflects more uniform pore distribution with
pore sizes concentrated in a narrower range. Using the pore
structure parameters in Table 3, the differences in pore structure
characteristics among various reservoir rock types can be quanti-
tatively analyzed. Dolomite cores (cores 1 and 2) exhibit an
average displacement pressure of 1.01 MPa, while limestone cores
(cores 3 and 4) have an average displacement pressure of
0.22 MPa. The higher displacement pressure of dolomite indicates
poorer connectivity compared to limestone. The average pore-
throat radius for dolomite is 0.25 pm, whereas it is 0.43 pm for
limestone, suggesting that the overall permeability of limestone
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Fig. 4. HPMI experiment data. (a) HPMI capillary pressure curve; (b) pore-throat radius distribution curve.
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Table 3

Core HPMI characteristic parameters.

Core number Displacement pressure, MPa Median pressure, MPa Maximum pore-throat radius, pm Average pore-throat radius, um Skewness Sorting coefficient

1 0.523 3.394 1.325
2 1.500 5.015 0.415
3 0.276 1.920 2.368
4 0.165 1.732 4.134

0.265 0.215 2214
0.226 0.132 1.251
0.362 0.324 3.124
0.504 0.687 1.632
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reservoirs is higher than that of dolomite reservoirs. The average
sorting coefficient for dolomite is 1.73, while for limestone, it is
2.38. The lower sorting coefficient of dolomite indicates the
presence of dominant pore throats of a particular size and a more
uniform pore size distribution. Using the Washburn equation (Eq.
(6)), the capillary pressure curves were converted to pore-throat
radius distribution curves, as shown in Fig. 4(b). The pore-throat
radii for dolomite cores (cores 1 and 2) predominantly range
from 0.1 to 10 um, displaying a unimodal distribution. In contrast,
limestone cores (cores 3 and 4) exhibit a bimodal distribution,
with the first peak in the range of 0.1-5 pm and the second peak
between 50 and 200 pm. This bimodal behavior in limestone in-
dicates a wider range of dominant pore-throat radii. The second
peak in limestone, corresponding to larger pore throats with lower
flow resistance, highlights the superior permeability of limestone
reservoirs compared to dolomite reservoirs.

4.2. NMR analysis of microscopic pore-throat displacement
characteristics

4.2.1. NMR T> conversion

Due to the complexity of the pore structure in carbonate res-
ervoirs, the mercury intrusion capillary pressure method can only
reflect pore throat information corresponding to radii smaller than
the maximum mercury intrusion pressure, while the core's NMR
T, spectrum, when 100% saturated with formation water, can
theoretically reflect the information for all pore throats. Therefore,
the pore throat range obtained by mercury intrusion is narrower
than that obtained by NMR. To minimize errors in both physical
meaning and geometric shape between the two curves, the com-
parison is made using the mercury intrusion pore-throat radius
distribution corresponding to a saturation below the maximum
mercury saturation, which is then compared with the NMR T,
spectrum. The specific process is as follows:

(1) Plot the cumulative distribution curves of the mercury
intrusion pore-throat radius and NMR T, relaxation time, as
shown in Fig. 5(a).

(2) In the region corresponding to mercury saturation lower
than the maximum mercury saturation, select any pore-
throat radius rgi) with cumulative frequency S(i), and
interpolate the T, spectrum using S(i) to obtain the T, value
T»(i) corresponding to the selected r(i).

(3) Using the least squares method, fit the parameters of Eq. (5)
to obtain the C and n values that minimize the error.
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The cumulative distribution curve of the NMR relaxation time
and the cumulative distribution curve of the mercury intrusion
pore-throat radii for core 1 were selected to calibrate the rela-
tionship between relaxation time and pore-throat radius. From the
fitting results (Fig. 5(b)), it is evident that the test data and the
fitted line show a good morphological consistency, with a curve
fitting degree of 98.9%, indicating a high fitting accuracy and
proving the rationality of the fitting method. By substituting
C=0.0071 and n = 1.0836 into Eq. (4), the horizontal axis of the T,
spectrum can be transformed from relaxation time to pore-throat
radius distribution.

4.2.2. NMR core flooding characteristics

In the field of petroleum engineering, the NMR T, spectrum can
quantitatively characterize the pore-throat distribution, fluid dis-
tribution, and fluid displacement characteristics of a core sample.
In this experiment, by calculating the ratio of the area under the
NMR T, spectrum at different waterflooding volumes to the area
under the NMR T, spectrum at the saturated oil state, the stage oil
recovery efficiency of the core sample under different water-
flooding volumes can be determined.

4.2.2.1. Effect of lithology on oil recovery efficiency. The members A
and B of the Asmari Formation in the A oilfield of Iraq are the
primary production zones of the field and the target layers of this
study. The member A is mainly composed of dolomite, while the
member B is predominantly limestone. To investigate the impact of
long-term waterflooding on oil recovery efficiency in two different
lithologies, this study conducted in-situ NMR displacement ex-
periments using two core samples with different permeability
from both the members A and B of the A oilfield. Fig. 6 and Table 4
show the NMR T, spectra and oil recovery efficiency changes of the
experimental cores at different displacement stages. As the
displacement volume increases, both dolomite and limestone
cores show varying degrees of increased displacement efficiency,
with the limestone cores exhibiting a significantly higher oil re-
covery efficiency compared to the dolomite cores. Analysis of high-
pressure mercury intrusion experiments indicates that the lime-
stone reservoir has better-developed pores, larger pore space,
larger pore-throat radius, and stronger permeability, suggesting
that the reservoir quality is superior to that of the dolomite
reservoir. This is consistent with the higher oil recovery efficiency
observed for the limestone reservoir in the displacement experi-
ments. Within the same lithology, cores with better permeability
exhibit higher oil recovery efficiency, which aligns with existing
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Fig. 5. Transforming NMR T to throat radius. (a) Cumulative distribution curves of relaxation time and pore-throat radius; (b) fitting of conversion coefficients.
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Fig. 6. NMR T, spectra of different experimental core samples. (a) Core 1; (b) Core 1f; (c) Core 2; (d) Core 2f; (e) Core 3; (f) Core 3f; (g) Core 4; (h) Core 4f.

Table 4
Core oil recovery efficiency at different displacement stages.

Displacement stage Oil recovery efficiency, %

Core 1 Core 1f Core 2 Core 2f Core 3 Core 3f Core 4 Core 4f
1PV 17.2 12.5 15.6 11.2 18.7 13.6 19.6 16.8
10 PV 45.7 38.5 42,5 373 46.8 38.6 52.4 44.3
30 PV 48.6 41.7 46.8 40.2 50.6 43.6 57.6 49.7
1000 PV 51.1 46.2 48.5 50.3 51.3 48.5 60.3 55.4
2000 PV 54.3 49.6 51.2 52.1 52.6 50.8 62.6 58.3

knowledge. When the displacement volume reaches 2000 PV, the
maximum oil recovery for the limestone core (core 4) is 62.6%,
while for the dolomite core (core 1), the maximum recovery is
54.3%. The oil recovery of the limestone core is about 8% higher
than that of the dolomite core. Importantly, in the actual water-
flooding development of carbonate reservoirs, the limestone
reservoir of member B, due to its better reservoir quality, becomes
waterflooded earlier, leading to a lower degree of oil utilization in
the dolomite reservoir of member A. Therefore, timely water
shutoff and profile modification should be implemented to
improve the macro sweep efficiency of the A oilfield reservoir, ul-
timately increasing the oil recovery rate in the field.

By comparing the oil recovery efficiency of different lithology
matrix cores at various waterflooding volumes, it is observed that

as the waterflooding volume increases, the oil recovery also in-
creases. However, when the waterflooding volume exceeds 30 PV,
the increase in oil recovery efficiency slows down. At the water-
flooding volume of 30 PV, the highest oil recovery efficiency for
dolomite is 48.6%, while for limestone it is 57.6%. However, when
the waterflooding volume increases to 1000 PV, the oil recovery
efficiency for dolomite can only increase by 5%, and for limestone,
it only increases by 4%. If the displacement volume is further
increased to 2000 PV, the maximum oil recovery efficiency
improvement is 3%. The experimental results show that the oil
recovery efficiency of long-term waterflooding in carbonate res-
ervoirs is lower than that in conventional sandstone reservoirs.
Analysis suggests that the wettability of conventional sandstone
reservoirs is primarily water-wet, where oil in the pores undergoes
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capillary suction with formation water, effectively displacing the
oil. As a result, waterflooding leads to high oil recovery efficiency.
However, in carbonate reservoirs, the wettability is typically
mixed-wet or oil-wet, making it more difficult to displace the oil
from the pores. Additionally, the highly developed fracture sys-
tems in carbonate reservoirs prevent formation water from
effectively displacing the oil in the reservoir matrix.

4.2.2.2. Effect of fractures on oil recovery efficiency. Compared to
conventional sandstone reservoirs, carbonate reservoirs have
complex pore structures, and the highly developed fractures allow
formation water to flow along the fractures, resulting in the
inability to effectively utilize oil in certain areas of the reservoir.
The lithology and pore structure of the A oilfield in Iraq are com-
plex, with a high degree of fracture development. The dynamic
performance of the reservoir shows a rapid water cut increase and
a sharp decline, characteristic of many carbonate reservoirs. To
investigate the impact of fractures in LTWF in carbonate reservoirs,
this study created fractured core samples with an equivalent
fracture permeability based on the fracture information of the A
oilfield, and using a similar permeability constraint with the
original matrix cores by cutting and filling them with different
mesh sizes of quartz sand.

The experimental results indicate that the oil recovery effi-
ciency of the fractured core is significantly lower than that of the
matrix core. When the displacement volume is 2000 PV, the oil
recovery efficiency decreases by approximately 5%. The analysis
suggests that fractures, as the main flow path for fluids in the core,
not only increase the core permeability but also limit the ability of
the displacement fluid to utilize the oil in the matrix, leading to
lower oil recovery efficiency. Additionally, due to the mixed-wet or
oil-wet nature of carbonate reservoirs, the capillary suction phe-
nomenon typical of conventional sandstone reservoirs does not
occur, making it more difficult to displace the oil in the pores. Thus,
in carbonate reservoirs undergoing long-term water flooding, the
implementation of complementary technologies, such as surfac-
tant injection or CO, flooding, is recommended to improve sweep
efficiency and ultimate oil recovery.

4.2.3. Microscopic pore-throat utilization characteristics

The microscopic pore-throat utilization characteristics of core
samples are important parameters and indicators to assess the
LTWF effectiveness in carbonate reservoirs. They also provide a
theoretical basis for understanding the distribution and potential
recovery of residual oil after LTWF. To classify the pores in the
reservoir, Hu et al. (2020) applied five models to fit the fractal
characteristics of the reservoir, using the pore-throat radius as a
boundary to categorize the pores into nanopores (< 0.1 pm), sub-
micron pores (0.1-1 pm), microscale micropores (1-10 pm), and
microscale macropores (> 10 pm). To determine the degree of oil
recovery in different scale pore throats at various displacement

Table 5
Microscopic pore-throat utilization characteristics of the core samples.
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stages, the NMR T, spectra shown in Fig. 6 were used. The areas
corresponding to different scale pore throats at various displace-
ment stages were calculated and compared to the area at the
saturated oil state. This provides the degree of oil recovery in
different pore throat scales under various displacement condi-
tions. Table 5 summarizes the microscopic pore-throat utilization
characteristics of the core samples for different displacement
stages.

From the LTWF NMR T spectra of different core samples, it can
be observed that the overall pore structure of the core changes
after fracturing. This is reflected in the increased signal intensity
at the micron micropore region in the NMR T, spectra, indicating a
change in the oil distribution state in the core. The amount of oil
in the large pores increases. Additionally, with the increase in
water injection volume, the oil recovery in microscale micropores
and microscale macropores is higher, while oil in nanopores is
almost entirely unrecovered. When the displacement volume
reaches 1000 PV, the oil recovery in microscale micropores and
microscale macropores decreases, but the oil recovery in submi-
cron pores improves. Careful observation of the NMR T, spectra
reveals a trend of the peak shifting leftward with the increase in
water injection volume. It is believed that, after the injection of
formation water into the core, the oil is primarily displaced by the
leading edge of the injected front. Due to the pressure gradient,
the formation water preferentially displaces oil from the micro-
scale micropores and microscale macropores, which have lower
additional resistance. As a result, the NMR signal from these pores
decreases significantly. Simultaneously, as the displacement pro-
gresses, the formation water drives the oil to migrate into smaller-
scale pores, leading to a slight leftward shift of the peak in the
NMR T spectra.

To visually describe the contribution of different pore levels to
oil recovery efficiency in various experiments, the data from
Table 5 was processed and visualized, resulting in the oil recov-
ery degree map for each pore throat level shown in Fig. 7. Since
waterflooding cannot effectively utilize oil from nanopores, only
the contributions of submicron pores, microscale micropores, and
microscale macropores to the oil recovery of the core were
considered in the plot. By combining the data from Table 5 and
Fig. 7, it can be observed that for the matrix core, high water in-
jection volume (2000 PV) mainly utilizes oil from submicron pores
and microscale micropores, with the maximum recovery from
submicron pores and microscale micropores being 27.5% and
36.8%, respectively. For the fractured core, due to significant
changes in pore structure, the proportion of microscale macro-
pores increases. High water injection volume (2000 PV) mainly
utilizes oil from microscale micropores and microscale macro-
pores, with the maximum recovery from microscale micropores
and microscale macropores being 30.2% and 17.6%, respectively.
Additionally, by analyzing the trend of oil recovery from different
pore levels in both matrix and fractured cores during LTWF, it is

Core number Qil recovery from different pores, %

Nanopores Submicron pores Microscale micropores Microscale macropores
30 PV 1000 PV 2000 PV 30 PV 1000 PV 2000 PV 30 PV 1000 PV 2000 PV 30 PV 1000 PV 2000 PV
1 1.3 1.4 1.5 19.6 20.5 221 27.6 29.1 30.6 0.1 0.1 0.1
1f 0.2 0.3 0.4 12.7 135 14.1 24.8 25.2 27.9 8.9 9.1 9.8
2 1.2 13 14 19.8 20.6 21.7 25.7 26.5 27.8 0.1 0.1 0.1
2f 0.2 0.3 0.3 133 17.2 18.0 234 293 30.2 33 3.5 3.6
3 0.6 0.6 0.6 26.6 27.0 27.5 233 23.6 244 0.1 0.1 0.1
3f 0.1 0.1 0.1 17.8 20.2 22.0 25.3 27.8 28.3 04 0.4 0.4
4 0.1 0.1 0.1 20.3 21.2 221 34.0 35.5 36.8 3.2 3.5 3.6
4f 0.1 0.1 0.1 10.8 12.6 134 22.5 25.6 27.2 16.3 171 17.6
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Fig. 7. The oil recovery efficiency by different pore size hierarchies. (a) Matrix core; (b) fracture core.

evident that microscale micropores and microscale macropores
are the main contributors to the recovery factor. As the displace-
ment volume increases, the recovery of oil from submicron pores
gradually increases, though oil in nanopores remains largely un-
recovered. Therefore, improving the producing of oil from nano-
pores and submicron pores in carbonate reservoirs is key to
enhancing recovery rates. In the later stages of development,
displacement technologies such as surfactant flooding or CO;
flooding could be considered to enhance oil producing from
nanopores and submicron pores.

Compared with relatively homogeneous sandstone reservoirs
with well-developed pore-throat structures, carbonate reservoirs
exhibit markedly different microscopic pore-throat displacement
characteristics during LTWEF. In sandstones, waterflooding typi-
cally proceeds in a relatively uniform piston-like manner, leading
to a balanced utilization of pores across scales and thus higher
displacement efficiency. In contrast, the present study reveals that
carbonates display pronounced heterogeneity and a hierarchical
utilization pattern: injected water preferentially invades favorable
channels and displaces oil from microscale macropores and
microscale micropores, before slowly accessing a fraction of the
submicron pores, while oil residing in nanopores remains almost
entirely unrecovered. This phenomenon arises from the strong
capillary pressure contrasts and wettability heterogeneity
inherent in the complex pore architecture of carbonate rocks.
Moreover, the presence of fractures further amplifies the uneven
utilization by concentrating displacement around fracture-
adjacent macropores. Therefore, residual oil in carbonate reser-
voirs is retained not only within nanopores but also extensively
throughout a broader spectrum of unswept pore sizes. Such a
complex utilization mechanism highlights that enhancing oil re-
covery in carbonate reservoirs requires targeted approaches—such
as chemical flooding capable of effectively reducing interfacial
tension and altering wettability—rather than a simple continua-
tion of development strategies proven effective in sandstone
reservoirs.

4.3. CT analysis of residual oil

4.3.1. Representative elementary volume

As the amount of data increases, CT scan images can recon-
struct the state of the core at a given moment as accurately as
possible. However, due to computational limitations, it is not
feasible to process the entire dataset at once. To address this
constraint while ensuring the accurate calculation of core
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characteristic parameters, it is necessary to appropriately
compress and filter the original dataset, selecting representative
volume elements (REV) for image processing. A REV is a subunit
extracted from any location within the original dataset. The
selected unit should be as small as possible while maintaining
consistency with the overall core properties. This approach
significantly improves computational efficiency and optimizes
resource utilization. The same REV is extracted from the same
location at different displacement stages, enabling the study of
microscopic residual oil variations at specific positions and
revealing its dynamic evolution under LTWF. In this study, a series
of data cubes with different lengths were extracted using porosity
as a parameter, and the porosity at different scales was calculated
for each cube. Although a larger dataset allows a more compre-
hensive representation of core characteristics, computational ca-
pacity may not support processing the entire experimental core
dataset simultaneously. Therefore, to align with computational
constraints, representative volume elements were selected as the
smallest units that effectively characterize the physical properties
of the core. The objective is to ensure that the physical properties
derived from the smallest representative unit remain consistent
with those of the entire core. By using porosity as parameter, a
series of three-dimensional data cubes of varying sizes were
extracted, and their porosity values were calculated. The results
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indicate that as the dataset size increases, the curves gradually
stabilize. The critical point at which the curve levels off is taken as
the representative volume element, ensuring that this unit accu-
rately reflects the true characteristics of the entire core.

The size of the REV is crucial for ensuring the reliability of
experimental analysis results. Previous studies have indicated that
when the REV size exceeds 400 pm, it can effectively represent
porosity, while a REV size greater than 800 pm is required to
accurately characterize permeability (Mostaghimi et al., 2013). As
shown in Fig. 8, the experimental results of this study demonstrate
that as the grid size increases, the parameter curves gradually
stabilize when the scanned cubic volume exceeds 500 pixels in
length. Based on this observation, the fundamental research unit
for this study is determined to be a cube with a side length of 500
pixels (2 pm). In this study, the selected REV grid size is 500
pixels x 500 pixels x 500 pixels, corresponding to an actual
physical dimension of 1000 pm x 1000 pm x 1000 pm. This se-
lection enhances the accuracy of phase segmentation and im-
proves the reliability of the experimental results.

4.3.2. Microscopic residual oil classification
During the water flooding process, residual oil is distributed in
different forms across various locations within the porous me-
dium, primarily in large pores, throats, and along pore walls. In this
study, to better characterize different types of residual oil, we
adopted the classification method proposed by Liu et al. (2023)
and defined five distinct types of residual oil based on three pa-
rameters: shape factor, Euler number, and contact ratio. The shape
factor reflects the resemblance of an individual residual oil droplet
to a sphere. A shape factor of 1 indicates a perfectly spherical re-
sidual oil droplet. The shape factor is defined as (Li et al., 2012)
6V
S5

Gp = (7)
where G is the shape factor; V is the volume of oil, pm?; S is the
surface area of oil, pm?.

The Euler number is commonly used to characterize the con-
nectivity of residual oil. A lower Euler number indicates better
connectivity of the residual oil. The Euler number can be defined as
(Qin et al., 2022)

E=1-b;+by (8)
where E is the Euler number of the oil cluster; b; is the number of
connectivity; b, is the enclosed cavities.

The contact ratio reflects the interaction between an individual
residual oil cluster and the pore wall (Li et al., 2017). A smaller
contact ratio indicates a lower proportion of residual oil adhering
to the pore surface. The contact ratio can be defined as

— SC
=3 9
Table 6

Classification standard of microscopic residual oil.
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where C; is the contact ratio of the oil cluster; Sc is the surface area
between an individual residual oil cluster and the pore wall, pm?.
Based on the shape factor, Euler number, and contact ratio,
combined with the formation mechanisms of residual oil, residual
oil can be classified into three main types with five specific forms:
clustered, throat, droplet, corner adsorbed, and pore lining. Among
them, clustered and throat residual oil belong to the bypassed
type, droplet residual oil is classified as the blockage type, and
corner adsorbed and pore lining residual oil fall under the
adsorption type. The detailed classification is illustrated in Table 6,
and the shape factor, Euler number, and contact ratio were
calculated using the label analysis module in Avizo software.

4.3.3. Dynamic evolution characteristics of microscopic residual oil

The Avizo software was used to process images of the REV
under different water injection volumes. By utilizing the label
analysis module in combination with the five types of microscopic
residual oil classification proposed in this study, the distribution of
different types of residual oil at various injection volume values
was visually presented, as shown in Figs. 9 and 10. Additionally,
the relative proportions of the five types of residual oil at different
displacement stages were quantitatively analyzed, with the results
summarized in Table 7. The study revealed that for both dolomite
and limestone cores, the overall oil saturation decreased with
increasing volume of injected water, accompanied by significant
morphological changes in the residual oil. Specifically, as water
injection progressed, continuous-phase residual oil (clustered
form) increasingly transformed into the four other types of
discontinuous-phase residual oil. This phenomenon is attributed
to the heterogeneity of carbonate rocks, which leads to localized
increases in density and decreases in pore-throat size. Given that
carbonate reservoirs in the Middle East are predominantly oil-wet,
injected water tends to preferentially flow through large pore
channels with lower capillary resistance (high permeability
channel), leaving oil trapped in smaller pores that remain
unswept, ultimately forming residual oil. For discontinuous-phase
residual oil, the oil-wet nature of the rock causes crude oil to
adhere to pore and throat surfaces. When the adhesion force be-
tween crude oil and the rock surface exceeds the displacement
force exerted by water injection, the oil remains attached to the
rock, forming oil films. This trend is also evident in Table 7, which
shows that adsorbed residual oil (corner adsorbed and pore lining
types) accounts for the largest proportion at high water injection
volumes, exceeding 25%.

By comparing the microscopic residual oil distribution in
dolomite and limestone under different injection volumes of water
(Table 7), the differences in residual oil evolution under high water
injection volumes in the Middle East can be clearly identified. The
distribution characteristics of residual oil in dolomite and lime-
stone exhibit significant differences at various displacement
stages, with their evolution jointly controlled by pore structure
and wettability. At low displacement volume (0.5 PV), the reduc-
tion in clustered residual oil in limestone (5.3%) is slightly higher

Formation mechanism Residual oil type

Standard of classification

Shape factor

Euler number Contact ratio

Bypassed type Clustered
Throat

Blockage type Droplet

Adsorption type Corner adsorbed
Pore lining

G>2 E<-1 C>04
G>2 E>0 C>04
G<2 E>0 C<0.1
G>2 E>0 05>C>04
G>2 E>0 C<04
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Fig. 9. Visualization of residual oil in dolomite core (core 1) during LTWF.

than that in dolomite (4.5%), while the proportion of throat re-
sidual oil continues to increase, highlighting the throat retention
effect. In the mid-to-high displacement stages (10-1000 PV), the
proportion of clustered residual oil in dolomite decreases from
68.6% to 55.3%, but it remains higher than that in limestone
(52.8%), indicating the presence of large uncontacted pore regions
in dolomite. In contrast, at 1000 PV, the proportion of corner
adsorbed residual oil (12.2%) and pore lining residual oil (16.7%) in
limestone is significantly higher than that in dolomite (10.7% and
15.2%, respectively), revealing that microscopic heterogeneity and
surface wettability promote oil adhesion in pore corners and on
mineral surfaces. In summary, for dolomite, as the water injection
volume increases, the proportion of clustered residual oil de-
creases, while other types of residual oil increase. Due to its poorer
petrophysical properties, the distribution of the four non-
clustered residual oil types is relatively uniform. The transition
of residual oil from clustered to throat forms suggests poor con-
nectivity of residual oil, indicating that enhancing microscopic
displacement efficiency should be the primary strategy for further
residual oil recovery in dolomite reservoirs. For limestone, which
has better petrophysical properties, the transformation of clus-
tered residual oil into other non-clustered residual oil types is
more pronounced. Since carbonate rocks in the Middle East are
predominantly oil-wet, capillary forces act as a resistance to oil
displacement. With increasing water injection volumes, the pro-
portion of adsorbed residual oil (corner adsorbed + pore lining)
becomes more dominant, exceeding 30%. Consequently, for this
type of residual oil, enhancing oil displacement efficiency should
be the key focus for further recovery.

In contrast to sandstone reservoirs, where residual oil after
LTWF is predominantly distributed in isolated and clustered forms
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within pore throats with relatively uniform patterns, the micro-
scopic evolution of residual oil in carbonate reservoirs revealed in
this study exhibits significant differences. Strong heterogeneity
and oil-wet characteristics drive a drastic transformation of re-
sidual oil morphology from continuous phases (clustered) to
discontinuous phases (throat, corner adsorbed, and pore lining).
Notably, adsorption-type residual oil (corner adsorbed + pore
lining) accounts for more than 25% during LTWF, becoming the
dominant form. This phenomenon stands in sharp contrast to
sandstone reservoirs, where residual oil mainly exists as thin
water films on grain surfaces and isolated oil droplets in pore
throats. Specifically, dolomite, due to its poorer physical proper-
ties, demonstrates a disruption of clustered residual oil continuity
as it migrates toward throat forms, whereas limestone, influenced
by complex pore structures and wettability conditions, shows
more pronounced enrichment of adsorbed residual oil (12.2%
corner adsorbed and 16.7% pore lining). Fundamentally, these
differences stem from the multi-scale pore networks and strong
oil-wet tendencies of carbonate rocks, where capillary forces act as
the dominant resistance during displacement. Consequently,
injected water preferentially channels through dominant flow
paths, leaving small pores uncontacted while forming stable oil
films in larger pores due to adsorption effects. As a result, residual
oil in carbonate reservoirs is not only morphologically diverse but
also exhibits extremely heterogeneous distribution, highlighting
the urgent need for enhanced oil recovery technologies targeting
wettability alteration and interfacial tension reduction.

4.3.4. Effect of displacement velocity on microscopic residual oil
In practical oilfield development, scientifically increasing the
water injection rate can rapidly replenish reservoir energy,
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Fig. 10. Visualization of residual oil in limestone core (core 4) during LTWF.
Table 7
Summary of different types of microscopic residual oil (0.03 mL/min).
Core No.  Displacement  Residual oil type
stage Clustered Throat Droplet Corner adsorbed Pore lining
Oil Relative Oil saturation,  Relative Oil saturation, Relative  Oil Relative  Oil Relative
saturation, content,% % content, % % content, saturation, content, saturation, content,
% % % % % %
1 Saturated oil 59.1 80.3 3.9 53 2.6 3.6 4.1 5.6 3.8 52
0.5 PV 51.7 75.8 4.0 5.8 33 4.8 4.3 6.3 4.9 7.3
10 PV 43.6 68.6 44 6.9 4.2 6.6 4.6 7.2 6.8 10.7
1000 PV 31.7 55.3 53 9.2 5.5 9.6 6.1 10.7 8.7 15.2
4 Saturated oil 61.3 78.1 49 6.3 4.5 5.8 34 43 4.3 55
0.5 PV 46.6 72.8 4.8 7.5 4.0 6.3 41 6.4 4.6 7.2
10 PV 36.5 60.2 5.0 83 49 8.1 6.5 10.8 7.6 12.6
1000 PV 27.9 52.8 49 9.3 4.7 9.0 6.4 12.2 8.8 16.7

maintain or restore reservoir pressure, and thus provide a strong
driving force for oil displacement, effectively stabilizing well
productivity and mitigating production decline. Within a
reasonable range, a higher injection rate also improves macro-
scopic sweep efficiency by promoting a more uniform advance-
ment of the waterflood front, thereby displacing more oil. To
investigate the impact of elevated injection rates on enhancing
oil recovery in complex lithology carbonate reservoirs under high
water injection volume, and to elucidate the mechanisms by
which injection rate affects the distribution of various types of
residual oil, the displacement rate in this study was increased
from 0.03 to 0.3 mL/min. Subsequent CT scanning and residual oil
analysis were performed, with Table 8 presenting the variations
in microscopic residual oil content for dolomite and limestone
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under different flooding stages at a water injection rate of 0.3 mL/
min.

To visualize the influence of injection rate on residual oil dis-
tribution in dolomite and limestone, the data from Tables 7 and 8
were integrated and plotted as shown in Fig. 11, illustrating the
variation of microscopic residual oil under different displacement
rates. The results indicate that, overall, increasing the displace-
ment rate from 0.03 to 0.3 mL/min significantly enhances the
utilization of macroscopic movable oil in the early stages of
flooding (0.5 PV), particularly by improving the detachment and
displacement of clustered and throat residual oil in both dolomite
and limestone. Under low-rate flooding, clustered residual oil in
dolomite and limestone accounted for over 78% in the saturated
stage, decreasing only to 75.8% and 72.6% at 0.5 PV, respectively,
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Summary of different types of microscopic residual oil (0.3 mL/min).
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Core No.  Displacement stage  Residual oil type
Clustered Throat Droplet Corner adsorbed Pore lining
0il Relative 0il Relative Oil Relative 0il Relative 0il Relative
saturation, content, saturation, content, saturation,  content, saturation, content, saturation, content,
% % % % % % % % % %
1 Saturated oil 58.9 79.6 4.6 6.2 2.8 3.8 35 4.8 4.1 5.6
0.5 PV 46.6 72.8 4.0 6.2 4.5 4.5 4.5 7.1 6.0 9.4
10 PV 37.7 64.4 4.6 7.9 5.4 5.8 54 9.2 7.4 12.7
1000 PV 27.9 52.5 52 9.8 6.7 7.2 6.7 12.6 9.5 17.9
4 Saturated oil 58.9 75.6 5.0 6.5 4.7 6.1 4.0 52 5.1 6.6
0.5 PV 43.1 69.7 4.8 7.8 4.2 6.8 4.4 7.2 52 8.5
10 PV 32.2 55.3 53 9.1 44 7.6 74 12.7 8.9 15.3
1000 PV 225 48.3 49 105 4.1 8.8 6.3 13.6 8.7 18.8
Pore lining Corner adsorbed Droplet [ Throat [ Clustered Pore lining Corner adsorbed Droplet [ Throat [ Clustered
(b) 100

(a) 100

Relative content of residual oil, %

4]

123 Vi 123 Vi Va 2] Vv,

oPV 0.5PV 10 PV 1000 PV

Relative content of residual oil, %

Vi

123 2] Va 2] Va Vi 123
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Fig. 11. Variation characteristics of different types of remaining oil (v; = 0.03 mL/min, v, = 0.3 mL/min). (a) Core 1 (dolomite); (b) core 4 (limestone).

indicating that waterflooding primarily advances along dominant
channels without effectively utilizing large oil clusters within the
pore space. Under high-rate flooding, however, clustered residual
oil decreased to 72.8% in dolomite and 69.7% in limestone at 0.5 PV,
an improvement of nearly 3%, suggesting that a higher displace-
ment rate increased the pressure gradient at the flood front,
effectively overcoming capillary forces restraining oil in large
pores and facilitating earlier utilization of clustered residual oil.
Nevertheless, as flooding progressed to 10 and 1000 PV, the
decline of clustered residual oil slowed under high-rate flooding,
with 52.5% and 48.3% of clustered residual oil remaining in dolo-
mite and limestone at 1000 PV, respectively, reflecting persistent
bypassed oil in matrix-deep regions due to strong heterogeneity
and dual fracture-pore structures in carbonate reservoirs. Throat
residual oil also showed a greater reduction under high-rate
flooding compared to low-rate flooding, indicating that higher
injection rates enhanced shear forces in narrow throats, aiding in
the breakdown of trapped oil. However, at 1000 PV, its residual
content remained around 10%, demonstrating that this oil type is
primarily governed by small pore-throat radii and capillary forces.
In contrast, droplet, corner adsorbed, and pore lining residual oils
exhibited distinct trends under high-rate flooding. While droplet
residual oil showed some reduction, its overall decrease was less
pronounced than clustered or throat residual oils, indicating its
control by wettability rather than displacement pressure. Corner
adsorbed and pore lining residual oils slightly increased in pro-
portion in the late stage of high-rate flooding (> 10 PV), with pore
lining residual oil increasing by approximately 2% compared to
low-rate flooding. This suggests that high-rate flooding
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preferentially utilized oil from large pores and throats, resulting in
oil redistribution into thin films along pore walls and corners—an
observation consistent with the persistent micro-residual oil
characteristics in late-stage, high-water-cut carbonate reservoir
development. The cores used in this study were oil-wet, where
capillary forces resist displacement and promote pore lining re-
sidual oil.

Based on these findings, targeted strategies are recommended
to improve the recovery of different residual oil types. For clus-
tered and throat residual oils, increasing the displacement pres-
sure gradient and employing cyclic or pulsed water injection can
further utilize oil in deep and blind-end pores. For droplet and
corner adsorbed residual oils, wettability alteration techniques,
such as injecting low-interfacial-tension surfactants or alkali-
polymer systems, can reduce capillary trapping, facilitating
droplet coalescence and flow. For pore lining residual oil, gas
flooding, water-alternating-gas injection, or nanoparticle-assisted
flooding can destabilize and detach oil films, thereby enhancing
ultimate recovery. Consequently, while increasing displacement
rate significantly improves early-stage utilization of residual oil in
large pores, achieving efficient carbonate reservoir development
necessitates coupling high-rate injection with chemical or hybrid
EOR methods to comprehensively address various types of
microscopic residual oil.

5. Conclusions

In this study, long-term water flooding experiments were
conducted on natural cores (dolomite and limestone) from the A
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oilfield in Iraq using NMR and CT scanning techniques. The
research revealed the microscopic pore-throat displacement
characteristics and dynamic evolution of residual oil in complex
lithologic carbonate reservoirs under LTWF. These findings provide
theoretical support for enhancing oil recovery in complex litho-
logic carbonate reservoirs in the Middle East. The main conclu-
sions are as follows:

(1) Limestone has better reservoir properties, and the recovery
factor for limestone cores under LTWF is significantly higher
than that of dolomite cores.

(2) Microscale micropores and microscale macropores in the
core are the primary contributors to the recovery factor. As
the displacement volume increases, the utilization degree of
oil in submicron pores gradually increases, although oil in
nanopores still cannot be produced.

(3) After LTWF, residual oil mainly resides in nanopores and
submicron pores. Enhancing the producing of oil in these
two pore types will be a key focus for improving recovery in
subsequent complex lithology carbonate reservoirs.

(4) The dolomite exhibits poorer physical properties, and apart
from clustered residual oil, the other four types of residual
oil are relatively evenly distributed. The migration of re-
sidual oil in dolomite is primarily from clustered type to
throat type, indicating poor continuity of residual oil.
Therefore, the subsequent development of residual oil
should focus on improving microscopic displacement
efficiency.

(5) Limestone exhibits better physical properties, with a higher
degree of transformation from clustered residual oil to other
discontinuous types. Due to the predominantly oil-wet na-
ture of carbonate rocks, capillary forces act as a resistance to
oil displacement. As the water flooding pore volume in-
creases, the proportion of adsorbed residual oil (corner
adsorbed + pore lining) becomes significant. The develop-
ment of this type of residual oil should primarily focus on
enhancing displacement efficiency.
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