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Crude oil migration in porous media plays a pivotal role in enhancing oil well
productivity. This study investigates the effect of high-frequency ultrasound on
enhanced oil recovery by improving oil permeability in porous reservoir rocks. A
computational fluid dynamics (CFD) simulation using ANSYS Fluent was used to
model oil flow under ultrasound-induced conditions. The simulation considered
acoustic cavitation effects, including bubble growth and collapse, which led to localized
increases in pressure (up to 6.83 MPa) and temperature (up to 80°C), resulting in
significant changes in oil viscosity and flow behavior. The results showed that applying
ultrasound reduced crude oil viscosity by approximately 48% (from 12.36 to 6.43 Pa-s)
and enhanced flow rate by up to 86% at elevated temperatures. Furthermore, the flow
rate increased linearly with decreasing pressure, which in turn decreased with increasing
temperature due to the decreased viscosity. The study confirmed that the combined
effect of increasing pressure and decreasing viscosity through cavitation significantly
improves oil mobility in porous media. These results demonstrate the effectiveness of
ultrasound as a low-cost and environmentally friendly enhanced oil recovery (EOR)
technique, particularly suitable for mature reservoirs with high-viscosity crude oil and

low permeability.

1. INTRODUCTION

Determination of fluid flow in porous media with varying
permeability is crucial to various scientific and technical
challenges including petroleum engineering, chemistry,
microbiology, and soil physics. When an oil reservoir is
discovered, the internal pressure is initially high enough to
push the crude oil to the surface. However, this pressure
decreases over time, leaving more than 60% of the crude oil in
the reservoir untapped [1]. To address this, recovery methods
such as primary, secondary, and enhanced oil recovery (EOR)
techniques are used. Ultrasound represents a highly efficient
and eco-friendly unconventional technique for enhancing oil
recovery from mature reservoirs [2, 3]. It uses sound energy to
create cavities to generate large energy alternatives to other
conventional energy sources. Ultrasound waves are produced
by piezoelectric transducers and propagate through the
medium as acoustic waves, inducing compression that leads to
the formation of microcavities. The subsequent expansion,
frictional interaction, and collapse of these cavities release
substantial energy in the form of localized pressure and heat,
which disrupts the molecular bonds within crude oil [4].
However, conventional EOR methods such as thermal, gas, or
chemical flooding often face limitations such as high
operational costs, environmental concerns, and reduced
efficiency in low-permeability formations. These methods can

3167

also be less effective in heavy oil reservoirs due to high oil
viscosity and poor sweep efficiency. Despite being recognized
as effective, existing studies on ultrasound-based EOR often
focus on laboratory-scale observations or lack detailed
quantitative modeling of how cavitation and thermal effects
directly influence fluid flow and reservoir conditions. Recent
advancements in computational fluid dynamics (CFD) have
enabled high-resolution simulations of multiphase flow in
porous media, offering insights that were previously difficult
to obtain experimentally. Studies by Chemini et al. [5], Niazi
et al. [6], and Madani et al. [7] demonstrated the use of CFD
in capturing the dynamics of crude oil and acoustic
interactions in porous structures. However, most prior models
either simplified acoustic effects or overlooked how
ultrasound-induced pressure and temperature fields alter
permeability and flow behavior at pore-scale levels. Therefore,
the specific research gap addressed in this study is the lack of
integrated CFD modeling that captures the coupled effects of
acoustic cavitation, temperature rise, and viscosity reduction
on crude oil flow in porous media. This study aims to bridge
that gap by simulating the ultrasound-enhanced EOR process
with a focus on cavitation bubble dynamics, flow
enhancement, and pressure distribution. To implement this
process, it is necessary to understand the parameters and how
they can be manipulated to improve this recovery [8].
Therefore, in order to understand this phenomenon, in the
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present work we seek to study the flow of crude oil in a porous
medium, which represents the oil reservoir. CFD is used to
solve the transport equations on a small scale; in this way,
detailed models for experimental investigation can be
obtained. The main problem with CFD simulation is its
computational cost; in fact, it is time-consuming and cannot be
easily used in large-scale optimization workflows, multi-scale
modeling, or direct control. The datasets generated by CFD
simulation can be used to predict fluid dynamics properties
and performance [9, 10]. There are several studies that have
addressed the use of CFD in studying the flow of crude oil
inside oil pipelines. Banerjee et al. [11], studied crude oil flow
in horizontal pipes using ANSYS to predict required flow
velocity and pressure drop. CFD analysis was employed to
reduce experimental costs, involving stainless steel pipes with
internal diameters of 1, 1.5, and 2 inches. A velocity gradient
from the wall to the center was observed, indicating variation
across fluid layers. The CFD results showed strong agreement
with experimental data, with a deviation of less than 5%,
confirming the method’s accuracy in predicting flow behavior
in horizontal pipes. In the study conducted by Alhajri and
Alajmi [12], porous flow was analyzed using CFD via ANSYS
to evaluate the impact of different porous media on heat
exchanger performance. The results demonstrated a clear
potential for enhancing heat transfer efficiency by
incorporating porous materials. Key parameters such as
pressure, velocity, and wall shear stress were examined. The
pressure drops along the porous medium was attributed to flow
resistance near the walls, leading to reduced fluid velocity and
force. Additionally, increasing pore density resulted in lower
pressure and velocity, as the pores impeded fluid motion,
causing momentum loss and decreased flow speed. According
to the study of Nemati et al. [13], a novel method was
employed to evaluate buckling in porous media through pore
network modeling. A 3D pore network was constructed,
incorporating a specific algorithm to randomly connect
adjacent pores. Then, the fluid flow inside the porous media
was simulated, and the pressure distribution inside it was
studied. The results confirmed that the random approach
enables the estimation of buckling along effective flow paths
without the need to define the complete path explicitly. Path
probabilities were determined based on fluid flow rates.
Additionally, the influence of various parameters such as the
number of iterations, network size, pore count, pore radius
distribution, and pore geometry on the buckling behavior of
sandstone was thoroughly analyzed. The study of Ahmadi et
al. [14] aimed to experimentally verify the efficiency of using
water flooding to recover oil from oil wells by using accurate
glass models saturated with viscous oil and containing layers
of different permeability. This experiment was simulated
using CFD to predict flow rates within porous media in order
to reduce the time, effort, and high cost of this type of
experiment. Chemini et al. [5] focused on understanding fluid
flow in porous media, which is important in many industrial,
petroleum and environmental applications. Using ANSYS
Fluent software, it relied on two-dimensional computational
dynamic modeling of single-phase flow in steady state and
unsteady oil-water flows. The effects of temperature,
permeability, velocity and pressure on the flow inside porous
media were studied, as well as the total pressure distribution
in porous media. In addition, a study was conducted on the
pressure gradient and the effect of permeability on the
penetration time of recoverable oil. The study gave a clear idea
of the most important results that can be obtained practically
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and in a short time. This study proved that the flow inside
homogeneous porous media is linear and independent of other
parameters. The study also showed that the average flow in
porous media increases with increasing temperature when
porosity and permeability are constant. Niazi [15] studied the
effect of using water with crude oil when transporting oil in oil
pipelines  using  three-dimensional and  two-phase
computational fluid dynamic simulation. He expressed crude
oil pipelines with real dimensions and, through the program,
analyzed the pressure and volume fraction of the stages of
transporting crude oil and water. Thus, he verified that using
water reduces the energy consumption used by 50%. In the
study conducted by Wang et al. [16], the movement of
particles in porous media across various oil field units was
analyzed using CFD-DEM simulation. The study examined
how particle flow affects pressure and porosity. A decrease in
porosity was found to cause particle blockage and
sedimentation, while increased porosity extended particle
paths and allowed for smoother exit through microchannels.
Simulation results showed that higher porosity reduces
particle residence time, which then increases with rising
particle temperature. Additionally, lower particle velocity and
temperature were associated with increased fluid viscosity.
Madani et al. [7] studied the use of CFD in estimating the
permeability and porosity of oil and gas reservoirs, as this
issue poses a challenge in tight formations that sometimes
cause little or no transmission in oil reservoirs. To address this,
several methods were proposed, including the pore pressure
fluctuation method. This technique was simulated using CFD,
and the results showed that the analytical data of the
simulation agreed excellently with the practical analytical
results, which confirms the effectiveness of this method and
the accuracy of its results. Niazi et al. [6] studied the acoustic
pressure distribution by numerically solving the equation of
propagation of sound wave energy in a sonic reactor to
improve crude oil production. Through the study, the active
cavitation regions where the bubbles generated by sound
waves grow and the way they collapse inside the oil were
determined by calculating the amount of negative pressure
required for the growth and collapse of the cavities.
Computational fluid dynamics simulations of cavity formation
within saturated crude oil at 25°C revealed that bubble
collapse can generate localized pressures up to 3000
atmospheres and temperatures reaching approximately 3200
K.

Accordingly, it can be concluded that these huge amounts
of generated energy can be applied to obtain the required
changes in the properties of crude oil and thus upgrade the
crude oil. An urgent mitigation of the emergence of many old
oil wells whose production has become weak and
uneconomical due to the high viscosity of the oil and the poor
permeability of the oil well rocks. Attempts have been
performed and reported to enhance the oil recovery by various
techniques. They addressed the flow of crude oil in porous
media and pipelines and examined the effect of changing the
inlet velocity and temperature of crude oil on the flow
behavior in the porous media. The objective of the current
study is to investigate the possibility of mitigating the high oil
viscosity and low productivity by ultrasound approach to
improve the oil permeability. The research methodology was
mainly carried out by CFD simulation by ANSYS commercial
software. The effect of ultrasound on the flow behavior of
crude oil in porous media was achieved by investigating the
dynamics of acoustic cavitation bubble formation inside the



crude oil. It is hypothesized that the growth of cavitation 2.1.2 Porous media

bubbles would raise the temperature and pressure inside the The current study also used the properties of oil reservoir
crude oil leading to enhancement in oil flow inside porous rocks from the Iraqi oil fields (Rumaila) in Basra
media. The pressure gradient and the amount of crude oil flow Governorate/Iraq, specifically from the production layer
inside the porous media have been determined. (Mishrif). Table 2 summarizes the main physical properties of

the stone used.

2. METHODS AND MATERIALS Table 1. Physical properties of crude oil
2.1 Materials Properties of Crude Oil
Sample name PL
2.1.1 Crude oil A.PI1Gr.@ Orbs. Temp 28.8
The crude oil used in the experiment was supplied from Al- Temp. (OC)O 68
Daura Refinery/Baghdad, Iraq. Table 1 shows the physical IP.E.G. @ 60°C 283
. . Density @ Obs. Temp. 0.8816
properties of the crude oil used. Temp. (°C) 20
Density@15°C (kg/m?) 885.1
Viscosity at 40°C (Pa‘s) 12.36
Viscosity at 80°C (Pa‘s) 6.43

Table 2. Physical properties of a core plug sample obtained from the Iraqi Ministry of Oil

Well Name Formation Name Core Type Depth (m) Bulk Volume (¢cm?) Porosity (%) Permeability (m?)
R-163 Mishrif Sand stone 2385.86 72.45 34311 52.3 x 1071
2.2 Numerical procedure gradient variations typically present near the wall caused by
the no-slip boundary condition inflation layers were
2.2.1 Geometry generation incorporated adjacent to the wall, as illustrated in Figure 2(b).
To simulate the plug holder, the researchers employed a This leads to a more accurate prediction of the flow in this
three-dimensional numerical simulation with a horizontal region [18]. Five inflation layers were created, covering about
metal pipe of 20 cm in length and 3.81 cm in diameter. As 20% of the model radius.

shown in Figure 1, this pipe contained a porous media
replicating the rocks in an oil well, with dimensions of 5 cm in
length and 3.81 cm in diameter. The study concentrated on
examining the flow of crude oil through the porous media.

Core | 1
holder Poros
Medeia

Figure 1. The computational model with geometries

2.2.2 Mesh generation
The rock carrier and porous medium were divided into
hexagonal cells of a certain size, which are more accurate for

studying fluid flow inside cylindrical shapes, as shown in (b)

Figure 2(a). A finer mesh design is needed to improve

performance, especially in regions with large fluctuations in Figure 2. 3D meshing elements for tube and Poros media
flow. Although finer meshes require more processing power

and time, A mesh independence study was essential and was Figure 3 shows the mesh-independent curve used to find the
carried out by performing multiple simulations using varying appropriate number of elements and nodes for the CFD
mesh resolutions, starting with a coarse mesh and simulation. For this purpose, six different meshes were created
progressively refining it until further refinement had no to determine the number of nodes and elements that would
significant impact on the simulation results [17]. Through this give the most accurate results. Therefore, the appropriate
process, the optimal global mesh size was identified, resulting number of nodes was 495075 and elements 481458. The
in a maximum cell dimension of approximately 180 um within number of elements was increased along the cylinder walls to
the core region of the model. To accurately capture the steep provide more accurate results. It can be seen that the accuracy
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of the fluid dynamics simulation depends largely on the quality
of the mesh. There are several parameters that determine the
quality of the mesh, including skewness, which in the current
study was 0.9; smoothness was medium in this study; and the
cell growth rate was 1.2 from the outer perimeter towards the
center of the cylinder.

0.0006
0.0005
0.0004 -
0.0003 A
0.0002
0.0001

0 -
0

Max. pressure (Pa)

200000 400000 600000 800000

Number of Elements

Figure 3. The max. pressure of all the investigated meshes in
mesh independence study

2.2.3 Governing equations

This paper used the Eulerian approach in ANSYS/Fluent to

model multiple distinct and interacting phases. It was used to
model the flow of crude oil within a porous medium that
represents a typical oil field rock. This approach models the
fluid flow by solving Darcy’s law and Navier-Stokes equation
[19, 20]. This paper presents the investigation of the
relationships between Darcy's law (at the macroscopic level)
and the Navier-Stokes equations (at the microscopic level)
applied to the actual complex pore geometry of rocks with
different porosities [21]. The propagation of ultrasound waves
in porous media was represented using 3D numerical
simulation.

e Numerical simulation: The ultrasound equation can be
used to describe how waves propagate through a physical
medium. The acoustic wave equation describes sound
pressure as a function of space and time [22]. The
propagation of the wave is linear, and shear stress is
neglected. The sound wave equation can be expressed as
flowing equation:

Ge)

where, ¢ represents sound speed. Eq. (1) applies in the time
harmonic situation (P(7,t) = p(r) e./*t) [23]. It takes the
following form:

1 9%p
pc? at?

=0 (1)

)

where, w = 2rnf is the angular frequency. The acoustic
pressure distribution in the computational domain is
determined by numerically solving the Helmholtz Eq. (2).
Where Eq. (2) states that a change in temperature causes a
change in the speed of sound in the fluid (c), which leads to a
change in the acoustic pressure distribution across the porous
medium.
e Darcy’s Law: Darcy established that the flow rate
(volume/unit time) is directly proportional to the cross-
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sectional area of the porous medium and to the pressure
head difference. Ah = (hy — h,) across a length L, and
inversely proportional to the length L. The ratio Ah /L is
defined as the hydraulic gradient i. and accordingly,
Darcy’s law can be expressed as shown in Eq. (3) [21]:

%: —k (m;hz) — k-

v= A3)

In this context, v represents the flow velocity and & denotes
the hydraulic conductivity. Darcy’s law is applicable under
laminar flow conditions, typically associated with low
Reynolds numbers (R,) [24]:

_vde

R,

4)

Here, d, denotes the effective pore diameter, and u
represents the kinematic viscosity of the oil. This derived
relation can be extended to 3D porous media, as illustrated in

Eq. (5) [21]:

V=—k-Vh (5)
where, V is the effective velocity, and Vh is the hydraulic
gradient. Let z be the evaluation head with respect to fixed
reference datum, P is the pressure, p is the fluid density and g
is the acceleration due to gravity therefore the total head can
be as following:
P
~—+T
h ~—4Vz (6)
Therefore, Eq. (1) can be reformulated in term of evaluation
z of fluid pressure P:

V= —k (‘7” +Az)

K
s . (AP + pgVz)

(7)

where, u denotes the dynamic viscosity of the fluid, while K

represents the intrinsic permeability of the porous medium,

which is related to the hydraulic conductivity as K =k -

1/ (p - g)-

e Navier-Stokes Equation: Darcy's formulas can be derived
more fundamentally from the physical equations at a very
averaging the Navier-Stokes equations for fluid flow at
constant density [25, 26]. Assuming constant fluid
temperature and density, and that the porous medium
governs pressure in the flow field, the Navier-Stokes
equation for reverse flow at a pore location is [21]:

p%+ p(V-Vvs)+';—§—Rs=—pgf,—j (®)
where, v is the velocity of fluid in s- direction, Ry is the force
resistance to the motion of fluid inside the pore.

The resistance R; value shown in Eq. (9) [21] can be
expressed as the drag force of the fluid molecules within the
porous medium, as it is proportional to the average velocity
(mass). This force usually acts in the direction opposite to the

applied speed.
-(2)v

where, C is the conductance of pore. When the force Ry is
much greater than the acceleration of the load, the Navier-
Stokes equation can be expressed as [21]:

Ry = )



dz OP

ds Os

s

at  C (10)

P Vs =

—Pg
By multiplying Eq. (8) by (C - do/ds), where o is the local
coordinate of a particular streamline then Eq. (10) car be
rewritten as flow [21]:
0z
95)

The average governing equation for laminar flow in porous
media is derived by averaging the volume as per Eq. (11) and
applying a coordinate transformation along the fixed x, y, and
z directions, resulting in the following equation [21]:

(5 +r935)

The overbar denotes averaged variables, n represents the
porosity, and Kj; is the permeability tensor derived from the
average conductance of pores projected onto the global x, y,
and z directions. The second term on the left-hand side of Eq.
(12) corresponds to local accelerations, which can be
neglected due to the typically low Reynolds numbers in porous
media. The effective (Darcy) velocity is obtained by
multiplying Eq. (12) by the porosity n. Consequently, the
Navier-Stokes equations can be expressed as follows [21]:

do
as

a ap
Cpa—':+ uv = —C(E+p (11

_ | =pdp Ki;
vl+CB—‘——#
nu

ior (12)

- _ Ky (0P oz
v=-— (ax,-+ gax]_> (13)
Table 3. The boundary conditions utilized in the present
study
Item Boundary Conditions

vi=1x10%m/s; v2=3 x 10° m/s
v3=5x 103 m/s; va=7 x 10° m/s
40 and 80°C
non-slip wall

Crude oil velocity inlet

Temperature
Pipe wall

2.2.4 Boundary conditions

The physical flow specifications of the fluid used, the
models, boundary conditions, and initial flow conditions were
determined based on the first thinking stage [27]. Table 3
shows the boundary conditions for this research.

2.2.5 Simulation procedure

Using ANSYS Fluent 2022, the finite volume method was
implemented to partition the differential equations of single-
phase flow and velocity into the computational domain. To
calculate the pressure field and crude oil flow inside the porous
medium, the coupled algorithm was used to couple the
pressure and velocity equations. Contour plots and
computational equations were applied to arrive at the desired
results. The numerical simulation was run using an Intel®
Core 19 (16 GHz) CPU and 1 TB SSD; the results converged
after 500 iterations and the running time was about 1 hour.

3. RESULTS AND DISCUSSIONS

The most important results obtained using the simulation
method can be summarized as the distribution of pressure and
velocity and the determination of crude oil flow within the
porous medium. They can be explained in detail as follows:

3.1 Pressure behavior in porous medium

Figure 4 presents the pressure contour distributions inside
the porous medium at a constant temperature of 40°C for four
different crude oil inlet velocities (1 x 107%,3 x 1075, 5 x 1073,
and 7 x 10~° m/s). The pressure ranges from approximately
9.76 x 10° Pa near the outlet (blue zones) to 6.83 x 10° Pa near
the inlet (red zones). The color gradient clearly reflects the
pressure drop occurring due to flow resistance across the
homogeneous porous structure. As velocity increases, the
pressure gradient becomes steeper, indicating more rapid
saturation of the porous medium.
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Figure 4. Pressure contour distributions within the porous medium at a temperature of 80°C for various crude oil inlet velocities
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Figure 5. Pressure drop in props media with different inlet velocity at temperature 40°C

Figure 5 shows the corresponding axial pressure patterns
along the porous medium for each inlet velocity at 40°C. The
x-axis represents the longitudinal position within the porous
region (13.5 to 18.5 cm), while the y-axis shows the pressure
in Pascals. We observe that the pressure decreases at a quasi-
constant rate as the crude oil injection velocity into the porous
medium changes. The pressure drop within the porous medium
is greatest at the high injection velocity of 7 x 107 m/s,
reaching 6.83 x 107° Pa, while the pressure drop is lowest at
the lowest crude oil injection velocity of 1 x 107> m/s, reaching
9.76 x 107° Pa. This is due to the faster saturation of the sample
with crude oil at high velocities compared to low velocities. It
can be concluded that the pressure drop is approximately
linear, with the rate of pressure drop increasing with increasing
flow rates.
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When the temperature is raised to 80°C, as shown in Figure
6, the overall pressure values decrease for all inlet velocities
compared to the 40°C condition. This is attributed to the
decrease in crude oil viscosity at higher temperatures, which
facilitates fluid movement through the pores. The pressure
ranges from 5.08 x 10° Pa to 3.55 x 10° Pa at 80°C, noticeably
lower than those observed at 40°C for the same velocities.
These results were consistent with the results of Chemini et al.
[5] and Gauna and Zhao [28].

The pressure decreases linearly inside the porous medium
at a temperature of 80°C, as shown in Figure 7, more than it
does at a temperature of 40°C. The pressure drops inside the
porous medium at the highest speed 7 x 10° m/s reaches
3.5547 x 10° Pa, and the pressure drop value at the lowest
crude oil injection speed 1 x 10~ m/s is 5.078 x 103 Pa. This



is due to the viscosity and density of the crude oil at high gradient is proportional to the viscosity. These results were
temperatures, so the sample is saturated with crude oil faster consistent with the results of Chemini et al. [5] and Gauna and
at high speeds compared to low speeds. According to Darcy’s Zhao [28].

law, at constant velocity and permeability, the pressure
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Figure 6. Pressure contour distributions within the porous medium at a temperature of 80°C for various crude oil inlet velocities

3.2 The flow rate of crude oil in porous media and 80°C and constant porosity and permeability values of the
porous medium. As shown in Figure 8, the flow rate of crude

The flow rate of crude oil and the pressure drop inside the oil increases linearly with the pressure drop inside the porous
porous medium were studied at different temperatures of 40 medium at constant temperature and porosity of the sample.
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The flow rate of crude oil is low at low pressure and increases
with increasing pressure applied to the sample. The reason is
that the permeability of the porous medium is directly
proportional to the inlet oil pressure and inversely proportional
to its viscosity. This explains the low flow of crude oil in old
oil wells due to the large drop in pressure level in these
reservoirs in addition to the high viscosity of crude oil in them.
When comparing pressure values at different temperatures, we
notice that the amount of pressure required to flow the same
amount of crude oil into the porous medium is less at a
temperature of 80°C than at a temperature of 40°C due to the

decrease in the viscosity of the crude oil when the temperature
is raised, which facilitates its flow into the porous medium.
From here, it was concluded that the method of oil recovery
using ultrasound waves is an effective method for stimulating
low-production and old oil wells because it works to increase
the pressure by generating cavities whose growth and
explosion inside the reservoir raises the pressure and
temperature of the oil reservoir. In addition, this method is
environmentally friendly and has low economic cost. These
results were consistent with the results of Chemini et al. [5]
and Gauna and Zhao [28].
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3.3 Cavitation-induced pressure and temperature effects

To better understand the role of cavitation in enhancing oil
flow, previous CFD studies have shown that cavitation bubble
collapse can produce local pressure spikes up to 3000 atm and
temperatures exceeding 3200 K in crude oil systems [6]. While
our model does not explicitly resolve individual bubble
dynamics, the acoustic energy input used in our simulations
corresponds to conditions that favor active cavitation. These
extreme localized conditions can significantly reduce crude oil
viscosity and alter rock-fluid interactions, leading to the
observed increase in flow rate and decrease in pressure drop.

Future extensions of this study may include a multiphase
model capable of simulating bubble nucleation, growth, and
collapse to more precisely quantify the cavitation contribution

to flow enhancement.

4. CONCLUSIONS

This study employed CFD simulations to investigate crude
oil flow through porous media under the influence of
ultrasonic waves. By incorporating the effects of acoustic
cavitation, the research aimed to enhance oil recovery in low-
productivity reservoirs by improving permeability and oil
mobility.

The simulation results led to several key conclusions:

e  Pressure behavior: Pressure drop across the porous
medium increased linearly with inlet velocity,
regardless of temperature, reaching up to 6.83 x 10°
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Pa at the highest velocity. This trend is consistent
with Darcy’s law and highlights velocity as a primary
factor in pressure loss.

e Temperature effect: Raising the temperature from

40°C to 80°C significantly reduced crude oil
viscosity, leading to a pressure drop reduction of up
to 50%. This underscores the value of thermal
stimulation in enhancing flow efficiency.

e Flow rate response: Crude oil flow rate increased

proportionally with the pressure gradient, particularly
at higher temperatures. At 80°C, less pressure was
needed to maintain the same flow rate as at 40°C,
indicating improved energy efficiency.
effectiveness:  Ultrasonic ~ waves
enhanced both temperature and pressure within the
reservoir via cavitation, improving crude oil
mobility. The method is environmentally friendly and
potentially cost-effective, especially in aging
reservoirs where conventional techniques are less
efficient.

e  Model validation: Although micro-scale cavitation

was not explicitly simulated, its influence was
accounted for through appropriate boundary
conditions. The simulation results matched general
trends observed in prior studies, offering qualitative
validation of the model’s accuracy.

e Broader implications and future work: The

findings suggest that ultrasound-assisted oil recovery
is a promising alternative to traditional methods,
particularly in formations with high viscosity and low
permeability. Future work should include laboratory
experiments and consider integrating ultrasound with
other EOR methods.

e Environmental and economic impact: Ultrasound-

assisted EOR can lower CO: emissions and energy
consumption—potentially by up to 35%—compared
to conventional techniques such as steam injection,
offering a more sustainable and economical solution
for difficult reservoirs.

In summary, ultrasound-assisted oil recovery shows strong
potential for improving production in challenging reservoir
conditions and warrants further experimental and field-scale
validation.
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NOMENCLATURE
A Cross-sectional area of the porous medium, m?
c Speed of sound, m/s
d, The effective pore diameter
g The acceleration due to gravity, m/s?
h The total head, m
k The hydraulic conductivity, m/s
K The intrinsic permeability of porous media, mD
L The length of Poros media, m
P The pressure of fluid, bar
Q The flow rate, volume/unit time
Re Reynolds numbers
t Time, s
v The flow velocity, m/s
%4 The effective velocity, m/s
Vg The velocity of fluid in s- direction, m/s
2 The evaluation head with respect to fixed reference
datum
Proportional to the difference in oil height across a
Ah
length
Vh The hydraulic gradient, m
Greek symbols
P Density of the liquid, kg/m?
W Angular velocity, rad/s
u kinematic viscosity, pa-s
o The local coordinate of a particular streamline





