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Abstract
The flow resistance of displacement fluids within
reservoir fractures directly influences oil recovery
efficiency and sweep efficiency, thereby exerting a
substantial impact on reservoir recovery and overall
oilfield production. To address the significant
flow resistance of contemporary displacement
fluids, this study developed a multi-performance
evaluation apparatus capable of simultaneously
measuring fluid viscosity, flow resistance, and
displacement efficiency. The effects of various
reservoir parameters and fluid compositions on
flow resistance and sweep area were systematically
analyzed. Elevated reservoir temperatures clearly
reduce fluid flow resistance within fractures,
allowing displacement fluids to penetrate more
deeply into the reservoir. In contrast, an inverse
relationship between reservoir pressure and flow
resistance was observed, which poses a significant
barrier to reducing flow resistance and achieving
rapid fluid penetration. Moreover, through
a micromolecular perspective and adsorption
theory, this study identifies strategies to modify
flow resistance, thereby substantially enhancing
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displacement efficiency and sweep area by lowering
flow resistance. This study provides foundational
data and a theoretical framework for mitigating
fluid flow resistance within reservoir fractures
during oil recovery, thereby facilitating enhanced
oil recovery over a larger reservoir area.

Keywords: geological exploration, reservoir flooding,
reservoir transformation, energy extraction, petroleum
geology.

1 Introduction
The global economy is inextricably linked with the use
of fossil fuels, which invariably imposes considerable
constraints and creates synergistic development
challenges for economic development and social
progress [1]. The depletion of fossil energy resources
and declining reservoir recovery rates have had
a detrimental effect on global economic growth,
and human civilisation is increasingly constrained
by energy shortages [2]. The present situation is
such that the supply of energy has become a major
challenge, being actively addressed by many scientists.
This has resulted in the development of diverse
interdisciplinary fields, such as new energy science
and engineering, energy and power engineering, and
materials science and engineering [3, 4]. Moreover, the
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identification and investigation of alternative energy
sources has been shown to progressively reverse the
economic stagnation caused by fossil energy shortages.
The utilisation of clean energy sources, such as
photovoltaics andwind power, is indisputably a potent
catalyst for economic development and environmental
protection [5]. While renewable energy sources have
the potential to effectively supplement traditional fossil
energy sources, numerous limitations exist that hinder
their rapid replacement [6, 7]. Primarily, the low
energy conversion efficiency of photovoltaics andwind
power is inadequate in meeting the current surge
in electricity demand, which is undoubtedly a key
obstacle to the rapid and iterative development of
renewable energy. Moreover, the inherently variable
power generation efficiency of photovoltaics and wind
power cannot ensure a consistent supply for standard
production, which is inherently subject to factors such
as sunlight and climate. Furthermore, the low storage
efficiency of energy storage devices also prevents them
from providing sufficient clean electricity at night
or in windless conditions [8, 9]. This necessitates
that scientists actively explore new materials with
the objective of enhancing storage capacity. The
high extraction efficiency of fossil fuels, including oil
and natural gas, continues to be a pivotal factor in
sustaining rapid global economic growth. A plethora
of scientific researchers have proposed a multitude
of novel solutions to address the current suboptimal
extraction efficiency [10].

Reservoir stimulation, a pivotal measure currently
employed to enhance the efficiency of fossil
energy extraction from geological reservoirs, has
unmistakably directly catalysed the accelerated
growth of the global economy. Presently, flooding
constitutes the most prevalent reservoir stimulation
method, having been extensively utilised in the
context of crude oil production across a multitude
of oilfields, encompassing both conventional and
unconventional low-permeability reservoirs [11, 12].
The efficacy of flooding for tertiary oil recovery has
been demonstrated by the high actual production
rates achieved. Moreover, the implementation of water
injection, a technique employed in flooding operations,
has been demonstrated to achieve high recovery
efficiency while concurrently reducing costs. This
approach has also been shown to maintain formation
pressure stability by way of external water pressure,
thereby extending the reservoir’s development
life [13, 14]. However, the addition of chemicals such
as thickeners and crosslinkers during flooding has

been demonstrated to result in reservoir damage. It
has been demonstrated that reservoir phenomena,
including but not limited to fingering and channeling,
which are a consequence of heterogeneous reservoirs,
have the capacity to reduce sweep efficiency. It has
been demonstrated that substantial quantities of
crosslinked flooding fluid can readily form gel masses
that effectively seal fractures, thereby causing damage
to the geological reservoir. This has the effect of
hindering fracture connectivity and the flow of crude
oil. Furthermore, chemicals adsorbed on rock have
also been shown to dissolve in groundwater, with the
potential to contaminate the reservoir water [15, 16].
Furthermore, the adsorption of chemicals onto
reservoir rocks has been shown to result in the
clogging of fractures and the contamination of
groundwater. In addition, the flow resistance of the
displacement fluid within the reservoir fractures is
increased due to the strong adsorption properties
of the chemicals. The reduction of flow resistance
caused by chemical adsorption, in addition to the
development of devices and methods to assess this
flow resistance, are currently major challenges that
must be addressed [17, 18]. It is anticipated that
this will provide fundamental data and theoretical
support for the efficient extraction of reservoir energy.
The present research is chiefly concerned with the
flow mechanism, the influencing factors, and the
optimisation techniques of fractured reservoirs.
Furthermore, scientific research is underway to
explore the potential of a novel oil displacement
fluid (CO2) that has the capacity to substitute for
water. Despite the fact that the low flow resistance of
CO2 fluid can circumvent substantial impediments
engendered by water flooding, its inadequate
proppant carrying capacity and elevated frictional
resistance nevertheless serve to circumscribe the extent
of its application [19, 20]. Petroleum engineers are
utilising machine learning and numerical simulation
to explore the fluid resistance of geological reservoirs.
However, the inherent limitations of this approach,
namely the strong dependence on input data and the
weak adaptability, have yet to be fully addressed, as
they continue to impede the effective management of
high friction in reservoir fluids [21, 22].

The present study constructed a multi-property
coupled evaluation device for oilfield fluids over
a wide viscosity range (0 mPa·s-250 mPa·s). This
apparatus facilitates the real-time measurement of
multiple properties, including fluid viscosity, phase
state, fracture flow resistance, fracture propagation,
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and reservoir damage. An equation for flow
resistance was formulated in order to ascertain the
differences in flow resistance of oil displacement fluids
under varying conditions. This approach facilitates
the identification of the most significant factors
affecting flow resistance, thereby enabling subsequent
process optimisation. Furthermore, microscopic
intermolecular interaction models and adsorption
theory were used to reveal the flow mechanisms
that trigger flow resistance within reservoir fractures,
providing fundamental mitigation strategies for
improving flow resistance.

2 Materials and Methods
2.1 Preparation of Acrylamide Polymers
A mixture of 15 g of acrylic acid and 19.2 g
of sodium 2-acrylamido-2-methylpropanesulfonate
was prepared and poured into a three-necked flask
containing 50 ml of distilled water. The mixture
was then adjusted to a pH of 7 using sodium
carbonate, ensuring precise control over the acidity
level. Concurrently, the mixture was stirred at a speed
of 200r/s, at which point 4.8g of monomer acrylamide,
2.7g of dimethyldiallylammonium chloride, 0.3g of
OP-10 and 1.85g of didecylmethylallylammonium
chloride were added, and the temperature was raised
to 65°C. Themixture was then left to react for 7.5 hours.
Following a cooling period to ambient temperature,
the copolymer was subjected to an ethanol wash,
then dried and crushed into 100-mesh solid particles.
This process yielded a heat-resistant and salt-resistant
double-tail hydrophobic oil displacement agent.

2.2 Flow Resistance in Reservoir Fractures
The flow resistance in reservoir fractures must account
for the rheological parameters of the working fluid,
including flow rate and viscosity, during polymer
flooding. These parameters are essential for the
calculation and analysis of flow resistance. Equation
1 (Forchheimer equation) presents the mathematical
expression for determining the flow resistance of the
flooding fluid within reservoir fractures. The relevant
parameters can be defined and measured using the
multi-functional coupling device illustrated in Figure 1.
It is important to note that the fluid flow resistance in
reservoir fractures is evaluated using pressure drop
(∆p) as an indicator. A larger flow resistance therefore
corresponds to a larger pressure drop value [23, 24].

∆p =
µL

k
u+ βρLu2 (1)

where ∆p is the fluid pressure drop in reservoir
fractures, Pa. µ is the fluid viscosity of oil displacement
fluid in reservoir fractures, mPa·s. L is the actual
length of reservoir fractures, m. k is the permeability
of reservoir rock, mD. u is the Darcy speed, m/s. β is
the Non-Darcy coefficient, and it depends on the pore
structure. ρ is the fluid density, kg/m3.

The fluid viscosity, as depicted in Equation 1, can be
measured and subsequently solved (Equation 2) by
employing the capillary viscometer, as illustrated in
Figure 1. In addition to measuring fluid viscosity,
the capillary viscometer depicted in Figure 1 can also
be utilised to evaluate and analyse the rheological
index (Equation 3) and consistency coefficient.
Furthermore, the multi-performance coupling device
(see Figure 1) has been demonstrated to measure
related performance parameters such as the phase
state, displacement efficiency, core damage, and flow
resistance of the oil displacement fluid. In addition to
this, it is also capable of evaluating fluid rheological
parameters [25, 26].
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D∆ppipeline
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· 4L

D
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where ∆ppipeline is the pressure difference across the
capillary, Pa. D is the inner diameter of the capillary,
m. K and n are the viscosity coefficient and rheological
index of oil displacement fluid. τw is the shear rate of
oil displacement fluid, s−1.

2.3 Fluid Mechanics Model of Fluid in Fractures
The fluid mechanics model in fractures during
water flooding in geological reservoirs is principally
constructed based on the law of conservation of mass,
the law of conservation of momentum and Darcy’s law.
However, it is imperative that the actual geological
reservoir conditions are also taken into consideration.

During water flooding in geological reservoirs, the
fluid flow behavior within fractures is typically
described using a dual-porosity model, which serves
as the foundation for constructing the governing
mechanical equations of fluid motion in the fracture
network. This formulation involves the fluid dynamics
equations for both the fracture (Equations 4) and the
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Figure 1. Multi coupling evaluation device for reservoir working fluid parameters.

matrix systems (Equations 5) [27, 28].
∂(φfρf )

∂t
+∇(ρfuf ) = qmf (4)

∂(φmρm)

∂t
+∇(ρmum) = −qmf (5)

where φf and φm represent the permeabilities of the
fracture system and matrix system, respectively. ρf
and ρm represent the densities of the fracture system
and matrix system, respectively. uf and um represent
the seepage velocities of the fracture system andmatrix
system, respectively. qmf is the exchange term of the
matrix-fracture, and it can be usually calculated using
the Kazemi formula shown in Equation 6 [29].

qmf = α
k

µ
(ρm − ρf ) (6)

where α is the shape factor. µ is the viscosity of
underground fluids.
In addition, to ensure numerical stability and
continuity during the simulation of acidizing and

fracture connectivity, the weak form of the reservoir
fluid dynamics model was solved based on the
dual-porosity framework (Equations 7 and Equations
8) [30].

∫
Ω
ωfφfcf

∂pf
∂t

dV +

∫
Ω
∇ωf

(
k

µ
∇pf

)
dV

=

∫
Ω
ωf
qmf

ρ
dV

(7)

∫
Ω
ωmφmcm

∂pm
∂t

dV +

∫
Ω
∇ωm

(
k

µ
∇pm

)
dV

=

∫
Ω
ωm

qmf

ρ
dV

(8)

where ωm and ωf are the testing functions for cracks
and matrix. cf and cm are the compressive coefficient
of cracks and matrix. V usually represents a volume
element, which is a three-dimensional small volume
in the computational domain Ω.
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2.4 Multi Performance Evaluation Device for
Reservoir Fluids

This multi-coupling experimental apparatus (Figure 1)
is designed to simulate and evaluate the flow
characteristics of reservoir geological fluids within
fractured core systems, with a particular focus
on assessing fluid viscosity, flow resistance, and
displacement efficiency. The core component of the
system is a high-pressure core holder capable of
accommodating both natural and artificial fractured
core samples. Target geological fluids—such as crude
oil, water, or polymer solutions—are injected into the
core through a precision high-pressure pump.
A temperature–pressure control module is integrated
into the system to replicate in-situ reservoir conditions.
Fluid viscosity is monitored in real time using an
inline viscometer, while flow resistance is measured
by a differential pressure transducer that records
pressure gradient variations along the fracture channel.
Displacement efficiency is evaluated through the outlet
fluid collection system combined with mass balance
calculations, supplemented by X-ray or CT imaging
modules for visualizing fluid distribution within the
core.
The multi-coupling mechanism enables synchronized
parameter control and data integration via a real-time
acquisition and analysis system, thereby facilitating a
quantitative assessment of the influence of viscosity
variations on flow resistance and displacement
efficiency under simulated reservoir conditions.

2.5 Experimental Analysis of Displacement
Efficiency

To evaluate the displacement efficiency during the
water flooding process, a series of unidirectional
core flooding experiments (Figure 1) were conducted
under constant flow conditions using a laboratory
core flooding apparatus. Natural sandstone cores
were dried, vacuum-saturated, and characterized to
determine porosity and permeability prior to the tests.
After establishing the initial water saturation, the
cores were saturated with simulated crude oil until a
stable initial oil saturation was achieved. Subsequently,
deionizedwater (or brinewith a specified salinity)was
injected into the cores at a constant flow rate, while
the injected volume, produced oil and water volumes,
and differential pressure were continuously recorded.
The experiments were performed under constant
temperature conditions and continued until the oil
production rate became negligible. The cumulative
oil recovery at various injected pore volumes (PV)

was used to calculate the displacement efficiency, and
recovery curves were plotted to analyze the effects of
injection water properties and flow rate on the overall
oil displacement performance.

2.6 Molecular Dynamics Model Construction of
Adsorption Model

The adsorption model of oil displacement agents
on mineral surfaces was constructed by cleaving
representative surfaces, such as quartz and kaolinite,
along the (001) crystallographic plane, followed
by structural optimization. Surfactant or polymer
molecules, together with water and ions (Na+, Cl−
at 0.1 M), were positioned above the surface to
replicate reservoir conditions. The COMPASS force
field was applied to all components, and periodic
boundary conditions were imposed in all directions.
Energyminimizationwas initially performed using the
steepest-descent algorithm, followed by equilibration
under the NVT ensemble at 298 K for 200 ps, and
subsequently under the NPT ensemble at 298 K
and 1 atm for 500 ps to stabilize temperature and
pressure. Production molecular dynamics simulations
were then carried out for 2 ns with a time step
of 1 fs in a simulation box of approximately 5 ×
5 × 8nm3. Adsorption behavior was analyzed
through adsorption energies, density profiles, and
radial distribution functions, providing insights into
molecular orientation, adsorption layer thickness
(∼0.8 nm), and interfacial interaction strength (∼25
kcal/mol per molecule).
The adsorption model based on molecular dynamics
theory can calculate the adsorption energy (Eq. 9) to
evaluate and reveal the flow resistance and transition
mechanism in reservoir fractures under different
factors.

Eads = Esys − (Esur + Eadsorbate) (9)

where Eads is the adsorption energy. Esys is the total
energy of the oil displacement working fluid system.
Esur is the surface energy of reservoir rocks. Eadsorbate
is the internal energy of isolated adsorbed molecules.

3 Results and Discussion
3.1 Fluid Viscosity During Oil Displacement in

Reservoir Fractures
Previous studies have demonstrated an intrinsic
relationship between fluid viscosity and flow
resistance in geological reservoirs, as expressed in
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Figure 2. Changes in fluid viscosity of oil displacement fluid under different oil displacement agents.

Equation (1). The viscosity of oilfield working fluids
employed for reservoir stimulation is influenced
not only by reservoir parameters, such as pressure,
temperature, and rock properties, but also by
operational factors, including chemical additives,
shear stress, and injection rate. These variations
inevitably result in corresponding adjustments to the
flow resistance of the working fluid within reservoir
fractures.

3.1.1 Influence of working fluid composition on fluid
viscosity

The introduction of a displacing agent into a geological
reservoir can significantly enhance oil recovery
efficiency. The concentration of the displacing
agent plays a critical role in determining both
fluid viscosity and the effectiveness of reservoir
reconstruction. Figure 2 illustrates the influence
of displacing agent concentration on fluid viscosity,
including the corresponding viscosity variations
observed for commercially available displacing agents
under identical evaluation conditions.
Figure 2 illustrates that with increasing oil
displacement agent concentration, the viscosity
of fluids corresponding to both displacement agent
types exhibits a nonlinear growth pattern, initially
increasing gradually and subsequently accelerating.

The synthetic oil displacement agent (red circles)
induces a more pronounced rise in fluid viscosity,
particularly at higher agent concentrations, whereas
the commercial oil displacement agent (black stars)
demonstrates a more gradual increase but enters the
growth phase at lower concentrations. The figure
further delineates a "low-growth zone" (light brown)
and a "high-growth zone" (blue), representing
a distinct transition in viscosity behavior: the
low-growth zone shows minimal changes in viscosity,
while the high-growth zone is characterized by a sharp
increase. These observations underscore the influence
of both displacement agent type and concentration
on fluid viscosity, suggesting that although both
synthetic and commercial agents are applicable in oil
production and related processes, synthetic agents
exhibit superior viscosity enhancement in terms of
both growth rate and magnitude.

The curves depicting the variation of fluid viscosity
with oil displacement agent concentration in Figure 2
can be divided into low-growth and high-growth
regions. In the low-growth region, spanning 0.00
wt% to 0.15 wt%, the viscosity increases gradually.
The curves are approximately linear or exhibit slight
upward curvature, indicating that the initial addition
of the displacement agent has a limited effect on
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Figure 3. Molecular interactions between different types and contents of oil displacement agents.

fluid viscosity. Although both displacement agents
display similar low-growth trends, subtle differences
exist in the magnitude of viscosity increase. For
the commercial oil displacement agent, the fluid
viscosity rises modestly from 0.00 wt% to 0.05 wt%,
reaching approximately 6 mPa·s. In contrast, at
the same concentration, the synthetic displacement
agent induces a higher viscosity increase, reaching
7.8 mPa·s. This relatively smaller increase in the
commercial agent indicates that, while both agents
enhance fluid viscosity, the initial changes in viscosity
do not substantially impact the overall performance of
the displacement fluid.

In the concentration range of approximately 0.15 wt%
to 0.25 wt%, a pronounced increase in fluid viscosity
is observed, which clearly contributes to enhanced
reservoir reconstruction and production efficiency.
The commercial displacing agent shows a steeper
viscosity rise beginning at 0.15 wt%, with the viscosity
increasing sharply to approximately 37 mPa·s at 0.20
wt%. When the concentration reaches 0.25 wt%, the

viscosity further rises to about 45mPa·s, corresponding
to an overall increase of 13.1 mPa·s—more than twice
the 6 mPa·s increment observed below 0.15 wt%. In
contrast, the synthetic displacing agent exhibits an
even more pronounced viscosity enhancement beyond
0.15 wt%. Between 0.15 wt% and 0.20 wt%, the
fluid viscosity increases by approximately 40.6 mPa·s,
indicating a much stronger thickening capability.
As the concentration continues to rise to 0.25 wt%,
the viscosity rapidly increases to 50.2 mPa·s. This
remarkable viscosity growth highlights the superior
rheological modification performance of the synthetic
displacing agent compared with the commercial
counterpart, particularly in the high-concentration
regime.

The positive correlation between displacing agent
concentration and fluid viscosity primarily arises
from the increased charge density on displacing agent
molecules (Figure 3), which enhances electrostatic
repulsion between molecular chains and promotes
the stretching of macromolecular structures within
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Figure 4. Effects of reservoir temperature and pressure on the viscosity of oil displacement fluids containing oil
displacement agents. (a) Reservoir temperature. (b) Reservoir pressure. (c) Synthetic oil displacement agent.

the displacement fluid. Moderate intermolecular
stretching facilitates higher fluid viscosity, as greater
molecular repulsion and chain extension occur with
increasing displacing agent concentration. Moreover,
the more pronounced viscosity enhancement
observed for the synthetic displacing agent at
equivalent concentrations is mainly attributed to its
double-tailed molecular architecture [31, 32]. This
structural configuration reduces steric hindrance
and improves molecular solubility, thereby allowing
more effective intermolecular interactions and
network formation. In contrast, the linear long-chain
structure of commercial displacing agent introduces
significant steric hindrance and limited solubility,
which suppresses molecular mobility and weakens
intermolecular association. Consequently, the
commercial displacing agent exhibits a comparatively
smaller increase in fluid viscosity [33, 34].

3.1.2 Influence of reservoir temperature and reservoir
pressure on fluid viscosity

Temperature and pressure, as the fundamental
geological parameters within a reservoir, exert a
pronounced influence on the viscosity of the working
fluid within fractures, thereby directly affecting
the reservoir reconstruction capacity and the oil
recovery efficiency of the displacement system.
Figure 4 presents the variations in the viscosity
of the displacement fluid under different reservoir
temperatures and pressures, providing a theoretical
basis for selecting an optimal displacement fluid
corresponding to the target reservoir conditions.

Reservoir temperature and displacement fluid
viscosity exhibit an inverse relationship, whereas fluid
viscosity increases with increasing reservoir pressure.
Although the effects of temperature and pressure
on viscosity display distinct trends, both parameters
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induce relatively minor variations at lower values (i.e.,
low temperature and low pressure). Figure 4 clearly
demonstrates that reservoir temperatures below
353 K lead to minimal changes in the rheological
viscosity of the displacement fluid, with only a 3.2
mPa·s reduction observed when the temperature
increases from 323 K to 353 K. This limited viscosity
decline reflects the strong temperature resistance
of the displacement fluid under low-temperature
conditions, which is particularly advantageous
for near-wellbore and shallow reservoir recovery
applications. However, when the temperature exceeds
353 K, the viscosity decreases more sharply, with a 7.4
mPa·s reduction as the temperature rises from 353
K to 383 K. This observation indicates the relatively
weak rheological stability of the displacement fluid
under high-temperature reservoir conditions.

In comparison with the synthetic oil-displacing agent,
the commercial oil-displacing agent demonstrates
a more significant reduction in viscosity under
equivalent reservoir temperature conditions. When
the reservoir temperature is below 353 K, the
rheological viscosity of the displacement fluid
decreases from 53 mPa·s to 49 mPa·s. It is evident
that, the viscosity reduction exhibited by the fluid
containing the commercial oil-displacing agent
(4.0 mPa·s) is considerably more pronounced in
comparison to that observed for the synthetic
counterpart under comparable temperature
conditions,. However, when the reservoir temperature
exceeds 353 K, the fluid viscosity decreases more
sharply, with a drop of approximately 11.2 mPa·s.
This indicates the inferior thermal resistance and
rheological stability of the commercially available
oil-displacing agent at elevated temperatures.

Figure 4 further illustrates the positive correlation
between the apparent viscosity of both fluids
and reservoir pressure, offering valuable insights
for evaluating the oil recovery efficiency of deep,
low-permeability reservoirs. Despite the contrary
variations in pressure and temperature within the
reservoir, both viscosity-pressure curves can be
delineated into two distinct regions. At lower
pressures (P < 12 MPa), the increase in fluid
viscosity is relatively limited (approximately 2.6
mPa·s), suggesting that moderate-pressure reservoirs
provide stable rheological behaviour under constant
temperature conditions. Conversely, when the
reservoir pressure exceeds 12 MPa, a marked
exponential increase in viscosity (approximately 6.1
mPa·s) is evident, suggesting that elevated pressure

enhances the rheological performance and overall
stability of the displacement fluid. However, the fluid
containing the commercially available oil-displacing
agent exhibits a relatively weak response to pressure
variation, with only a modest viscosity increase of
about 5.4 mPa·s as pressure rises from 8 MPa to 16
MPa. This limited sensitivity may be attributed to the
different intermolecular interactions and molecular
configurations of the two oil-displacing agents under
varying pressure conditions.

The effects of reservoir temperature and pressure
on the apparent viscosity of displacement fluids
containing oil-displacing agents are primarily
governed by variations in intermolecular interactions,
which can be attributed to the proximity of
hydrophobic groups and the steric hindrance of
molecular chains [35]. As the reservoir temperature
increases, molecular motion intensifies, inevitably
enhancing the steric hindrance among displacement
agent chains. Concurrently, elevated temperature
also increases the intermolecular spacing between
hydrophobic groups within the displacement agent
molecules. The weakened hydrophobic interactions,
together with the enhancedmolecular mobility, reduce
the density of intermolecular cross-linking within
the microscopic network [36]. Consequently, both
increased steric hindrance and enlarged intermolecular
spacing contribute to a decrease in the microscopic
grid density of the displacement fluid, leading to a
reduction in its macroscopic viscosity. In particular,
the single linear-chain structure of commercially
available crosslinkers tends to induce greater steric
hindrance under high-temperature conditions, thereby
further diminishing the microscopic grid density and
exacerbating the viscosity loss of the displacement
fluid.

Reservoir pressure compresses the intermolecular
spacing within the displacement fluid, forcing
molecules that were initially separated by larger
distances to move closer together under external
stress, thereby forming a denser three-dimensional
network structure [37, 38]. Simultaneously, the
applied pressure promotes the formation of new
intermolecular interactions—particularly between
hydrophobic groups—that were previously too
distant to bond under ambient conditions. This
enhanced molecular packing and the emergence of
additional interactions increase both the microscopic
network density and the macroscopic viscosity of the
displacement fluid. In contrast, commercially available
oil-displacing agents, which possess relatively smaller
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hydrophobic groups, exhibit limited capacity to
generate new intermolecular associations under
elevated pressure. Consequently, their viscosity
enhancement and sensitivity to reservoir pressure
are significantly lower than those of synthetic
oil-displacing agents.
It is evident that variations in the viscosity of
displacement fluids are governed not only by
their formulation but also by reservoir conditions,
particularly temperature and pressure. These
conditions have been shown to be critical determinants
of fluid rheology. Consequently, the selection of
appropriate reservoir conditions for different
geological formations can be guided by the
corresponding data presented in Figures 3 and 5.
Furthermore, the comprehensive evaluation of
viscosity-influencing factors provides a mechanistic
foundation for understanding and predicting the flow
resistance behaviour of residual or undisplaced fluids
within reservoir fractures.

3.2 Flow Resistance of Reservoir Fluid in Fractures
3.2.1 Influence of fluid viscosity on the flow resistance
The displacement efficiency of working fluids in
geological reservoirs is subject to a gradual decline due
to reservoir resistance, thereby exerting a substantial
impact on EOR. Furthermore, the flow resistance of
working fluids in reservoir fractures is influenced by
both theworking fluid and reservoir factors. Therefore,
the initial exploration was conducted to investigate
fluid viscosity. The effects of reservoir fluids and
reservoir factors on flow resistance are demonstrated
in Figure 5. This is a crucial factor in the selection of
suitable displacement fluids for geological reservoirs.
Figure 5 illustrates a distinct inverse relationship
between fluid viscosity and flow resistance, whereby
lower-viscosity fluids exhibit markedly higher flow
resistance. In contrast, an increase in viscosity results
in a significant reduction in flow resistance, which
consequently impedes the enhancement of reservoir
recovery efficiency. This inverse correlation is not
only governed by the microscopic mesh density of
the displacement fluid but also closely linked to
the adsorption behavior of fluid molecules on the
rock surface, ultimately leading to variations in flow
resistance. Previous studies have demonstrated that
high-viscosity reservoir fluids tend to form denser
microscopic network structures (Figure 3), whereas
lower mesh densities correspond to weaker fluid
viscosities. These microscopic networks originate
from intermolecular interactions and chemical bonds

Figure 5. Relationship curve between oil displacement fluid
viscosity, flow resistance and reservoir adsorption capacity.

formed between functional groups (particularly
hydrophobic groups) on the displacement agent
molecules [39]. At lower viscosities, the reduced
number of intermolecular bonds results in a greater
proportion of free functional groups. These unbonded
groups readily interact with hydrophobic sites on
the rock surface, generating additional drag forces
and entraining a larger portion of the displacement
fluid. Consequently, the increased drag induced by the
abundance of free functional groups leads to higher
overall flow resistance, as shown in Figure 6. However,
the increase in oil displacement fluid viscosity occurs at
the expense of a large number of functional groups that
participate in forming extensive chemical bonds and
microscopic network structures [40]. The resulting
reduction in free functional groups weakens the
interfacial interactions between fluid molecules and
the rock surface. This diminished interaction in
high-viscosity fluids not only reduces the extent of
molecular adsorption on reservoir rock surfaces but
also effectively mitigates flow resistance by decreasing
molecular drag forces.

Therefore, while fluid viscosity is the apparent cause of
the reduced flow resistance of the displacement fluid,
the fundamental cause of the change in flow resistance
is the adsorption of the displacement agent molecules
on the rock surface and the drag of the microscopic
grid. As demonstrated in Figure 5 and Table 1, a clear
causal relationship is evident between fluid viscosity,
adsorption capacity, and drag force.
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Table 1. Data analysis of the relationship between fluid viscosity and adsorption energy.
Fluid viscosity/ mPa·s 10 20 30 40 50
drag force, × 10−3 N 5.3 5.1 4.7 4.0 3.2
Adsorption energy, × 10−4J/mol 3.8 3.7 3.5 3.1 2.4

Figure 6. Microscopic effects of oil displacement fluids with different fluid viscosities in reservoir fractures.

3.2.2 Influence of rock roughness on the flow resistance
The surface roughness (JRC) of reservoir fractures
exerts a pronounced influence on the flow resistance
of displacement fluids within the fracture network,
as illustrated in Figure 7. As shown, smooth fracture
surfaces exhibit negligible flow resistance, whereas
increased surface roughness significantly impedes the
movement of displacement fluids within reservoir
fractures. When the fracture surface roughness is
2, the flow resistance of the displacement fluid is
approximately 28 × 10−3 N; increasing the roughness
to 5 results in only a minor increase of 2 × 10−3

N. This slight rise indicates that fractures with low
to moderate roughness have minimal influence on
fluid flow, and their impact on enhanced oil recovery
(EOR) is therefore negligible. However, when the
surface roughness reaches 8, the flow resistance
increases sharply to 35 × 10−3 N. This pronounced
escalation can be attributed to multiple factors. At low
roughness, the displacement fluid typically exhibits
laminar or weakly turbulent flow behavior at low
flow velocities, leading to limited variation in flow
resistance. In contrast, higher roughness intensifies
fluid perturbations, inducing vortex formation and
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Figure 7. Effect of rock roughness of different fracture
surfaces on flow resistance of oil displacement fluid.

local stagnation zones that facilitate the accumulation
of residual foam. The coexistence of turbulence
and foam substantially disrupts the continuity of
flow within reservoir fractures, thereby markedly
increasing the flow resistance of the displacement
fluid. Furthermore, the increased roughness of
the rock surface directly enhances the number of
available adsorption sites for chemical molecules,
thereby intensifying molecular drag and the overall
flow resistance of the displacement fluid within
the reservoir [41, 42]. In addition, greater surface
roughness expands the boundary layer thickness
along the rock interface, leading to an increased
velocity gradient within the near-wall region [43,
44]. A larger velocity gradient under identical
flow conditions results in a reduced effective flow
rate of the displacement fluid, which serves as a
macroscopic manifestation of elevated flow resistance
in rough-walled reservoir fractures (Figure 8).

3.2.3 Influence of rock porosity and pore radius on the flow
resistance

The rheological properties of displacement fluids
are also affected by the geological parameters of
reservoir rocks. As shown in Figure 9, flow resistance
exhibits an inverse relationship with rock porosity,
offering guidance for selecting suitable displacement
fluids under varying geological conditions. Although
resistance generally decreases with increasing porosity,
the rate of decline differs across porosity ranges. When
rock porosity is below 8%, flow resistance changes only
slightly—from 33 × 10−3 N at 4% to 31 × 10−3 N at
8%. However, when porosity exceeds 8%, resistance
decreases rapidly, reaching 26 × 10−3 N at 12%.

The positive correlation between porosity and fluid
resistance in reservoir fractures arises mainly from
adsorption and fracture connectivity. At low porosity,
the larger contact area between the displacing fluid
and the fracture surface enhances adsorption capacity,
thereby increasing viscous drag and flow resistance
under the same injection pressure [45, 46]. Moreover,
low porosity reduces fracture connectivity, restricting
fluid migration to limited flow channels and hindering
penetration into deeper fractures. In contrast,
high-porosity rocks provide multiple connected
pathways that facilitate deeper fluid penetration and
more efficient oil displacement, thereby lowering flow
resistance [47, 48]. Overall, adsorption and fracture
connectivity jointly govern the flow resistance of
displacing fluids in fractured reservoirs, while the
inverse relationship between porosity and resistance
indicates that enhanced connectivity is the dominant
factor in reducing flow resistance [49].

The pore radius exerts a pronounced influence on
the flow resistance of displacing fluids in reservoir
fractures, as illustrated in Figure 10. The results
indicate that flow resistance decreases with increasing
pore radius, reflecting improved fluid mobility in
larger pores. Specifically, when the pore radius is
below 20 µm, flow resistance remains relatively high.
Increasing the pore radius from 20 µm to 30 µm
reduces the resistance from 33 × 10−3 N to 32 × 10−3

N, while a further increase to 40 µm results in a sharp
decline of 8 × 10−3 N. This marked decrease is mainly
attributed to the combined effects of adsorption and
the Jamin effect.

At small pore radii, the enhanced contact between the
displacing agent and the fracture surface promotes
greater adsorption through the interaction of
functional groups with the rock surface, thereby
increasing flow resistance. In contrast, at larger pore
radii, the reduced surface interaction limits material
adsorption, leading to lower resistance. Meanwhile,
the Jamin effect further intensifies flow resistance
at small pore radii, as gel aggregates within the
displacing fluid are prone to pore blockage, impeding
flow [50]. When the pore radius is large, these
aggregates can pass through more easily, minimizing
blockage and resistance. Consequently, the synergistic
effects of adsorption and the Jamin effect jointly
account for the high flow resistance observed at small
pore radii, which is unfavorable for oil recovery in
low-permeability unconventional reservoirs [51, 52].

In summary, the adsorption of displacement agents
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Figure 8. Mechanism of flow resistance revealed by particles on crack surface.

Figure 9. Changes in flow resistance of different reservoir
porosities.

on rock surfaces represents a critical factor governing
flow resistance, offering important insights into the
mechanisms of reservoir damage and recovery. In
unconventional reservoirs, employing displacement
agents with low adsorption affinity toward reservoir
rocks can effectively enhance recovery efficiency.
Nevertheless, reservoir damage remains a major
contributor to flow resistance and requires further
investigation.

3.3 Analysis of the Relationship Between Reservoir
Damage and Flow Resistance

As previously discussed, adsorption plays a pivotal
role in regulating the flow resistance of reservoir

Figure 10. Changes in flow resistance of different reservoir
pore radius.

fluids and significantly contributes to reservoir
damage. Accordingly, this study investigates the
relationship between reservoir damage and flow
resistance, employing adsorption effects to elucidate
the mechanisms underlying their coupled variation.
As shown in Figure 11, a distinct positive correlation
exists between flow resistance and reservoir damage,
indicating that higher flow resistance is accompanied
by more severe formation damage and a pronounced
reduction in permeability (as expressed in Equation
10). Figure 11 further demonstrates an inverse
correlation between permeability and flow resistance.
When the flow resistance is 33 × 10−3 N, the
corresponding reservoir damage rate and permeability
are 9% and 3 mD, respectively. Increasing the flow
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resistance to 35 × 10−3 N raises the damage rate to 10%
and decreases the permeability to 2.6 mD.

Figure 11. Relationship curve between reservoir damage
rate, reservoir permeability and flow resistance.

The interdependence among these three
parameters—flow resistance, reservoir damage,
and permeability—originates from the adsorption
of chemical agents in the displacing fluid onto
the rock surface and the subsequent pore-sealing
effect of colloidal substances. Lower flow resistance
corresponds to weaker adsorption and reduced
blockage within reservoir fractures, whereas stronger
adsorption at higher flow resistance leads to a
significant decline in permeability due to fracture
surface occlusion. Additionally, the entrapment of
colloidal materials within pore throats, driven by
the Jamin effect, further amplifies this relationship.
Therefore, the flow resistance of displacing fluids
within reservoir fractures is intrinsically linked to
reservoir damage, providing crucial guidance for
optimizing fluid migration, enhancing oil recovery
efficiency, and mitigating formation impairment in
geological reservoirs [53].

g =
K1 −K2

K1
× 100% (10)

where g is the reservoir damage rate, %. K1 and
K2 are the initial permeability of reservoir core and
permeability after oil displacement.
At the same time, it is observed that the flow resistance
in Figure 11 ceases to increase, whichmay be attributed
to variations in reservoir permeability. Such variations
are closely associated with the adsorption type of
the oil-displacing agent on the rock surface, as this
adsorption behavior directly governs changes in the

internal pore volume and effective flow radius of
reservoir fractures [54, 55]. The corresponding trends
in flow resistance and permeability in Figure 11 clearly
indicate that the adsorption of the oil-displacing
agent on the rock surface follows a monolayer
Langmuir adsorption pattern. This phenomenon
arises because once the active adsorption sites on the
rock surface are occupied by the functional groups
of the oil-displacing agent, additional adsorption
becomes thermodynamically unfavorable [56, 57].
Consequently, the remaining oil-displacing agents near
the rock surface, lacking available adsorption sites,
are carried away with the flowing displacement fluid,
thereby preventing further increases in flow resistance.

3.4 Flow Resistance and Oil Displacement
Efficiency

Figure 12 summarizes the effect of flow resistance on
oil recovery efficiency in geological reservoirs. Low
flow resistance clearly enhances recovery efficiency.
As shown in Figure 12, assuming a uniform fracture
network and a homogeneous reservoir, weak flow
resistance results in only a slight increase in oil
recovery efficiency. When flow resistance rises from
33 × 10−3 N to 36 × 10−3 N, the recovery efficiency
decreases by merely 4%. However, at higher resistance,
the efficiency drops rapidly, likely because increased
reservoir resistance reduces the flow velocity of the
recovery fluid within fractures, hindering crude oil
displacement.

Figure 12. Relationship curve between flow resistance of
displacement fluid and displacement efficiency.

In heterogeneous, single-fracture reservoirs, oil
recovery efficiency declines more sharply under the
same flow resistance, which may be attributed to
the fingering behavior of the recovery fluid. The
fluid preferentially migrates through zones of higher
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permeability and porosity, exacerbating channeling
effects. In contrast, homogeneous reservoirs promote
more uniform displacement under identical resistance,
improving overall recovery. Therefore, although flow
resistance and recovery efficiency exhibit an inverse
relationship, reservoir heterogeneity remains a key
factor influencing recovery performance.

4 Conclusion
The comprehensive performance evaluation device
developed in this study enables systematic assessment
of the physicochemical and flow properties of
oil-displacing fluids under reservoir conditions.
This provides robust data support for selecting
appropriate displacement fluids tailored to specific
reservoir parameters, thereby enhancing oil recovery
efficiency. The newly synthesized oil-displacing
agent demonstrates lower flow resistance and
higher viscosity than commercial counterparts,
both of which are critical for improving recovery
performance in geological reservoirs. Moreover,
this study incorporates adsorption mechanisms
into the understanding of flow resistance regulation
within reservoir fractures, offering new strategies
for optimizing displacement fluid flow behavior.
Overall, the findings establish a foundational dataset
for evaluating oil-displacing fluid behavior across
reservoirs with varying geological conditions,
facilitating the formulation of effective field-scale
recovery strategies. However, the practical application
of the synthesized oil-displacing agent in actual
reservoir environments has not yet been verified,
which represents a key direction for future research.
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