A Comprehensive Review of Ultrasonic-Assisted Oil
Recovery: Principles, Applications, and Future Prospects

Abstract

Ultrasonic waves have emerged as a transformative technology in enhanced oil recovery (EOR), offering
solutions to critical challenges such as low recovery efficiency, reservoir heterogeneity, and high
operational costs. This review explores the principles, mechanisms, and applications of ultrasonic waves in
oil recovery, highlighting their ability to reduce interfacial tension, improve fluid mobility,dand enhance
reservoir permeability. Key findings from case studies indicate that ultrasonic-assisted EOR cam increase
recovery rates by up to 60%, reduce chemical dependency, and lower environmefital impact compared to
conventional methods.

The primary objective of this review is to synthesize existing research on ultrasemnic wave applications in
EOR, identify gaps in knowledge, and propose pathways for future advancemefts. Methodologies analyzed
include laboratory-scale experiments, field applications, and modeling studiesithat evaluate the effects of
ultrasonic parameters such as frequency, amplitude, and power density on recoverysperformance.

By providing a comprehensive understanding of ultrasonic-assisted oil Tecovery, this study underscores its
potential to revolutionize hydrocarbon production, especially in challenging teservoirs. Future research
directions include optimizing ultrasonic parameters for specific reservoii/conditions and integrating this
technology with hybrid recovery methods for enhanced efficieney andiscalability.

Keywords: Ultrasonic Waves, Enhanced oil recovery (E@QR); Cavitation effects, Acoustic streaming,
Permeability enhancement, Sustainable EOR.

1. introduction
Oil recovery remains a cornerstone of global energy production, yet traditional recovery methods
face escalating challenges, includingideclining production rates, environmental concerns, and the
economic burden of advanced extfaetion techniques. These limitations necessitate the exploration
of innovative and sustainable secoveéry methods. Among these, ultrasonic waves have emerged as
a promising technology capable ofweévolutionizing oil recovery processes by leveraging their
unique physical properties [ 1]

This study aims to provide a.comprehensive overview of the application of ultrasonic waves in oil
recovery, with the.following objectives [2]:
1. To elucidate theainique mechanisms of ultrasonic wave propagation and their interaction
with reservieigmedia.
2., “To_compate the efficiency and environmental impact of ultrasonic-assisted recovery
methods with traditional techniques.
3. To analyze case studies and experimental results to evaluate the practical benefits of
ultrasonic technology across various reservoir types.
4. To identify the current limitations and propose future research directions for scaling up
ultrasonic applications in oil fields.

Ultrasonic waves are sound waves with frequencies above the human hearing range (>20 kHz).
Unlike conventional recovery methods, ultrasonic waves exploit phenomena such as cavitation,
acoustic streaming, and microstreaming to disrupt interfacial tensions, alter reservoir wettability,
and mobilize trapped oil. Key advantages of ultrasonic technology include [3]:



1. Environmentally Friendly Operation: Ultrasonic waves minimize the need for chemical
agents, reducing ecological risks and waste.

2. Cost-Effectiveness: They offer reduced operational costs due to lower energy consumption
and the ability to target specific reservoir zones.

3. Versatility: Their application spans primary, secondary, and tertiary recovery stages,
making them suitable for diverse reservoir conditions.

4. Enhanced Efficiency: Ultrasonic waves improve fluid mobility and recovery rates by
accessing previously untapped reserves.

Despite extensive research on EOR methods, there remains a significant gap in understanding the
large-scale application of ultrasonic waves in oil fields. Existing studies primarilyy focus on
laboratory-scale experiments, leaving questions about scalability, economicsfeasibility,;and long-
term environmental impacts unanswered. Moreover, limited attention has been given tointegrating
ultrasonic technology with conventional methods to maximize recovery rates and optimize
resource utilization [4].

This study bridges these gaps by providing an in-depth review of jultrasonic technology's
principles, mechanisms, and applications in oil recovery. It“also thighlights case studies that
demonstrate its efficacy in diverse geological formations,and propeses strategies for overcoming
the technical challenges associated with scaling up. By/deingso, the study contributes to advancing
sustainable and efficient oil recovery technologies, aligning,with global energy and environmental
goals [1-4].

1.1. Ultrasonic Stimulation: A Novel Approach for Enhanced Oil Recovery
Ultrasonic stimulation is an innovativetechnology gaining prominence as a method for enhancing
oil recovery. Unlike traditional approaches such as acidizing or hydraulic fracturing, ultrasonic
stimulation employs high-frequeney, sound waves to improve reservoir conditions and mobilize
trapped hydrocarbons [5].

e Principles of Ultrasenic'Stimulation
Ultrasonic waves generate mechanical vibrations that propagate through reservoir formations,
inducing phenomena such“as.cavitation, acoustic streaming, and microstreaming. These effects
help dislodge fine particles, réduce interfacial tension, and alter reservoir wettability, leading to
enhanced fluid mobility*[6,7].

o\ Advantages of Ultrasonic Stimulation

L. “Envirenmental Safety: Ultrasonic stimulation reduces the reliance on chemicals,
minitizing environmental risks associated with conventional methods like acidizing.

2. WNon-Invasive Mechanism: It operates without fracturing the reservoir, preserving its
structural integrity and reducing risks of damage.

3. Targeted Action: Ultrasonic waves can be focused on specific reservoir zones,
optimizing energy use and recovery efficiency.

4. Cost-Effectiveness: This method reduces operational costs by limiting the need for
extensive infrastructure and complex chemical treatments [8-10].

e Applications in Enhanced Oil Recovery



Ultrasonic stimulation has demonstrated success in both laboratory and field applications. In
particular, it has proven effective in reservoirs with high porosity and those exhibiting moderate
declines in production rates. Case studies highlight its ability to increase oil recovery factors while
maintaining environmental compliance, making it a promising technology for sustainable reservoir
management [11].

The Table 1 lists the key advantages of ultrasonic stimulation, such as environmental friendliness,
selectivity, and cost-effectiveness.

Table 1) Advantages of ultrasonic stimulation [1-10].

Advantages Explanation

No need for | This method does not require expensive chemicals such as @cids;, solvents,

reactants surfactants.

Selectivity | The ability to select the effect on various phases of a multiphase,medium and the
ability to select in the extraction of useful elements are among theyadvantages of
this method.

Production | The advantages of this method include fewer maghines®and operations and an
capability opportunity for automation.

Accuracy The ability to motivate at the molecular level demonstratesithe high precision of this
method.

Combination | The possibility of simultaneous action<on, differentiphases and combination with
capability conventional methods has minimized the limitations of this method.

Environment | The ability to convert after exposureyto environmentally friendly and low-hazard

environments, as well as ease'of production, has made this method environmentally

friendly.

Mud cake This method is widely used in horizontal wells with long horizontal intervals due to

the removal of mud cake.

Biodegradable | Due to not using chemieals, itis environmentally friendly and fully compatible with

the environment.

Shelf life The effect of wltrasonic stimulation lasts between 3 to 24 months and its effect on

increasing productionurate is between 2 to 3 times.

1.2. Ultrasonic Waves: Definition, Characteristics, and Advantages

e Definition and Fundamentals
Ultrasonic waves are'sound waves with frequencies exceeding the upper limit of human hearing,
typically abeve 20 kHz. In oil recovery applications, frequencies often range from tens of kilohertz
to several megahertz, depending on the targeted reservoir properties. Ultrasonic waves propagate
through materials‘as mechanical vibrations, generating oscillations that interact with fluid and solid
phases infthe reservoir [12].

e Key features of ultrasonic waves include:
1. High Frequency and Precision: The high frequency enables localized energy delivery,
allowing precise targeting of reservoir zones.
2. Wave Propagation Modes: Ultrasonic waves propagate as longitudinal, transverse, or
surface waves, each exhibiting unique interactions with reservoir media [13].

e Mechanisms of Action



The unique properties of ultrasonic waves enable them to influence oil recovery through several
mechanisms:

1. Cavitation: High-intensity waves create microbubbles in the reservoir fluid. The collapse
of these bubbles generates localized pressure and temperature surges, dislodging trapped
oil and reducing interfacial tension.

2. Acoustic Streaming: Continuous wave propagation induces fluid motion, enhancing oil
mobility and reducing flow resistance in pore spaces.

3. Microstreaming: At the microscopic level, ultrasonic waves promote fluid mixing and
particle displacement, aiding in the removal of fine particles and residual il droplets
[14].

e Advantages over Conventional Methods
Ultrasonic waves offer several benefits that make them a superior choice for oil recovery:

1. Environmentally Friendly: Unlike chemical-based methods; ultrasenic waves do not
introduce harmful substances into the reservoir, minimizifig envitonmental impact.

2. Cost-Effective: The ability to target specific reservoir zenes and reduce dependency on
chemicals lowers operational costs.

3. Adaptability: Ultrasonic technology is effective in aywide range of reservoir conditions,
including low-permeability and heterogeneous formations.

4. Enhancement of Reservoir Propertie§iyThe technology not only mobilizes oil but also
improves reservoir connectivity by clearing pore blockages and enhancing permeability
[15].

e Relevance to Enhanced Oil Regovery
Ultrasonic waves represent a transformative technology for enhancing oil recovery. By leveraging
their unique physical properties, this method addresses many challenges associated with traditional
techniques, including environmental® risks, operational complexity, and inefficiencies in fluid
displacement. Their applicationacress primary, secondary, and tertiary recovery stages
demonstrates their versatility,and potential to redefine oil production strategies.
Figure 1 illustrates the schematic design and field deployment of ultrasonic tools [16].

Figure 1) (a) Schematic diagram of general structure of underground ultrasonic transducer. 1-
reducer, 2-cable lug, 3-magnetostrictive radiator, 4-hydrocompensator of excess pressure, 5-housing
of the tool, 6-housing of the magnetostrictive radiator, and 7-tip. (b) The composition type complete
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sets of equipment for high power ultrasonic oil production. 1-anchor, 2-ultrasonic generator, 3-
downhole tool, 4- casing, S5-tubing, 6-producing formation, 7-ultrasonic field, 8-perforated zone, 9-
sucker-rod pump, and 10-power cable for the downhole tool [11-13].

1.3. Screening Criteria for the Application of Ultrasonic Waves in Oil Recovery
The successful application of ultrasonic waves in enhanced oil recovery (EOR) requires careful
evaluation of reservoir conditions to optimize the method’s effectiveness. The following screening
criteria outline the key factors that determine the suitability of a reservoir for ultrasonic-assisted
recovery [17]:

Reservoir Characteristics
1.

Porosity: Ultrasonic waves are most effective in reservoirs with porosity levels above
5%, as this enhances wave propagation and facilitates fluid moverment:

Permeability: Low to moderate permeability reservoirs benefity significantly from
ultrasonic stimulation due to its ability to mobilize trapped hydrocarbens and clear pore
blockages [18].

Reservoir Conditions
1.

Depth: Reservoirs at depths between 1,500 and 14700 meters are ideal for ultrasonic wave
propagation, balancing wave penetration and energy dissipation.

Temperature: Ultrasonic waves perform/foptimally in reservoirs with temperatures
between 100°C and 110°C, as these, eonditions, maximize wave efficiency without
excessive attenuation [19].

Pressure Stability: Reseryoirs with ‘moderate pressure drops are better suited for
ultrasonic methods, as stable'pressureienhances wave transmission and interaction with
reservoir fluids.

Well Configuration
1.

Completion Design: Wells gompleted with slotted liners facilitate the effective
distribution of ultrasonic energy throughout the reservoir.

Production Degline:\Ultrasonic technology is particularly useful for wells experiencing
declining production, as it reactivates reservoir fluids and improves recovery rates [20].

Fluid Properties
1.

Gravity, of Reservoir Fluids: Lower gravity fluids respond better to ultrasonic waves,
which reduce viscosity and improve mobility.

2. “Presenee of Emulsions: Ultrasonic waves are effective in breaking down oil-water

emulsions, further enhancing recovery efficiency [21].

Relevance of Screening Criteria

Table 2 will summarize the screening criteria for applying ultrasonic waves.

Table 2) Criteria for Effective Ultrasonic Wave Application in Reservoirs [17-21].

Criterion Description Optimal Range




Production Degree of decline in reservoir Moderate to significant
Decline productivity. production decline.
Reservoir | Proportion of pore volume to total Porosity > 5%.
Porosity rock volume.
Pressure Reservoir pressure suitable for Moderate, stable pressure.
Conditions wave propagation.
Temperature | Reservoir temperature optimal for 100-110°C.
Range ultrasonic wave efficiency.

By adhering to these criteria, operators can maximize the effectiveness of ultrasonic wave
applications in oil recovery. The careful selection of suitable reservoirs ensures thattheiechnology
is implemented in conditions where it can achieve the greatest impactfoptimizing both recovery
rates and operational efficiency [21].

1.4. Challenges in Conventional Qil Recovery Methods
Traditional oil recovery methods such as primary recovery using natural reservoir pressure and
secondary techniques like water or gas flooding face (significantglimitations that hinder their
efficiency and sustainability. Addressing these challengesis essential to enhance recovery rates
and optimize resource utilization in mature and unconventional reservoirs [22].

¢ Declining Production Rates
As reservoirs mature, natural pressure declines, leading to reduced production rates. Conventional
methods often fail to mobilize remaining hydrocarbons trapped in complex pore structures,
resulting in substantial unrecovered reserves [23].

e Limited Sweep Efficiency
Inadequate sweep efficiencyiisa ctitical ghallenge in secondary recovery processes. Injected fluids,
such as water or gas, may,bypass sighificant portions of the reservoir, leaving oil unrecovered in
bypassed zones [24].

e Fluid Mobility Issucs
Heavy and highly viscous’oilsipose a significant challenge for traditional methods. Their low
mobility reduces, flow rates and complicates displacement processes, requiring alternative
appreachesto improve fluid dynamics [25].

e \Formation Damage
Wellbore damage caused by fines migration, clay swelling, or scale deposition during production
can obstruct fluid flow. Conventional recovery methods often exacerbate these issues, further
diminishing reservoir performance [26].

e Environmental and Economic Concerns
Chemical-intensive methods, such as acidizing and hydraulic fracturing, raise environmental
concerns due to potential contamination and high-water usage. These methods are also cost-
intensive, making them less viable for smaller fields or marginal reserves [27].

e Heterogeneous Reservoirs



Reservoirs with diverse rock properties and fluid compositions pose significant challenges for
conventional methods. Uneven permeability, fractures, and compartmentalization result in
inefficient fluid displacement and low recovery factors [28].
Need for Alternative Technologies
These limitations highlight the necessity of innovative and sustainable technologies for enhanced
oil recovery. Ultrasonic waves offer a promising solution by overcoming many of these challenges
[29]:
1. They improve sweep efficiency by mobilizing trapped oil through cavitation,and acoustic
streaming.
2. They reduce viscosity and enhance fluid flow, particularly for heayvy oils.
3. They offer an environmentally friendly alternative by minimizing ¢hemical usage and
preserving reservoir integrity.
By addressing these challenges, ultrasonic-assisted recovery methods' can, unlock untapped
potential in mature and unconventional reservoirs, providing a sustainable pathway for optimizing
oil production [30].

1.5. Ultrasonic Waves: An Innovative Solution for Enhancing,Oil'Recovery
The application of ultrasonic waves in oil recovery representsia, groundbreaking approach to
overcoming the limitations of traditional methods. Leveraging‘their unique physical properties,
ultrasonic waves provide a non-invasive, cost-éffective, and environmentally friendly technology
for mobilizing trapped hydrocarbons and improving recovery efficiency [31].

e Principles of Ultrasonic Technology
Ultrasonic waves operate by transmitting high=frequency sound energy into reservoir formations.
These waves interact with reservoir flifids,and rock structures through several key mechanisms:
1. Cavitation: The rapid formation and collapse of microbubbles create localized pressure
surges that disrupt interfacial tension and mobilize trapped oil.
2. Acoustic Streaming: The'steady fluid motion induced by ultrasonic waves enhances fluid
mobility and disledgesifine particles blocking pore spaces.
3. Microstreaming: At'the microscopic level, ultrasonic waves promote fluid mixing,
increase permeability, and enhance fluid displacement [32,33].

e Advantages of'Ulirasonic Waves
Ultrasonic technology offers distinct benefits over conventional recovery methods:

L. Enhanced Recovery Efficiency: By disrupting interfacial tension and mobilizing residual
oil, ultrasonic waves access untapped reserves that traditional methods cannot reach.

2. Environmental Sustainability: The method requires minimal use of chemicals, reducing
environmental risks and operational complexity.

3. Cost-Effectiveness: Targeted action on specific reservoir zones minimizes energy use
and operational costs.

4. Versatility: Ultrasonic waves can be applied across various stages of oil recovery—
primary, secondary, and tertiary—making them adaptable to different reservoir
conditions [34,35].

e Applications in Oil Recovery



Ultrasonic waves have demonstrated significant potential in laboratory and field studies:
1. Primary Recovery: Stimulating wellbore regions to enhance initial production rates.
2. Secondary Recovery: Improving sweep efficiency by enhancing fluid mobility in
heterogeneous reservoirs.
3. Tertiary Recovery: Reducing oil viscosity and breaking down emulsions, increasing the
efficacy of chemical flooding and other enhanced oil recovery techniques [36].
By addressing critical challenges such as low sweep efficiency, formation damage, and
environmental concerns, ultrasonic waves provide a viable pathway for sustainableyoil recovery.
Their ability to integrate with conventional and advanced methods further enhances their appeal
as a transformative technology in the oil and gas industry [36].

1.6. The Importance of Alternative Technologies for Sustainable OildRecovery.
The growing demand for energy, coupled with declining production rates _from mature teservoirs,
necessitates the exploration of alternative technologies for oil recovery. Traditional methods often
face environmental, economic, and operational constraints, making “it_imperative to adopt
innovative approaches that ensure sustainability while meeting glebal'energy needs [37].

e Environmental Imperatives
Conventional oil recovery techniques, such as acidizing‘and hydraulic fracturing, rely heavily on
chemical agents and water resources, contributing tofényironmental degradation. These methods
are associated with [38,39]:
1. Water Contamination: Chemicaldeakage into sarrounding ecosystems.
2. High Carbon Footprint: Energy=intensive operations that increase greenhouse gas
emissions.
3. Habitat Disruption: ExtefiSive surface and subsurface interventions affecting
biodiversity.
Ultrasonic waves offer an_environmentally friendly alternative by minimizing chemical usage,
reducing energy consumption, and preserving reservoir integrity. This aligns with global goals to
mitigate climate change afidypromote responsible resource management [40].

e Economic Viability,
The rising costs_of'conventional recovery methods challenge the economic sustainability of oil
production, especiallyinanarginal or low-production fields. Ultrasonic-assisted recovery:
1. Léwersioperational costs by reducing the dependency on expensive chemicals.
2. Extendsjthe economic lifespan of reservoirs by unlocking untapped reserves.

3. Enbanées the cost-effectiveness of oil recovery, making it viable for a broader range of
fields [41].

e Technological Advancement
Advancing oil recovery technologies is essential for optimizing resource utilization and
maintaining production levels in aging fields. Ultrasonic waves:
1. Offer a scalable and adaptable solution for diverse reservoir conditions.
2. Integrate seamlessly with existing recovery methods to maximize efficiency.
3. Address technical challenges, such as fluid mobility and pore blockage, that limit the
effectiveness of conventional techniques [42].



e Contribution to Energy Transition

While the global energy transition emphasizes renewable resources, oil remains a critical
component of the energy mix. Sustainable oil recovery technologies like ultrasonic waves play a
pivotal role in bridging the gap by enabling more efficient and environmentally responsible
extraction processes. This ensures continued energy security while supporting the gradual shift
toward cleaner energy sources [43].

Exploring alternative technologies such as ultrasonic waves is essential to overcome the limitations
of conventional methods and ensure the sustainability of oil recovery operations. Byaddressing
environmental concerns, improving economic viability, and advancing technological capabilities,
ultrasonic-assisted recovery positions itself as a key solution for optimizing productien and
contributing to global energy sustainability [44].

2. Principles of Ultrasonic Waves
Ultrasonic waves are characterized by their ability to propagate through various media, creating
unique interactions between fluids and solids. Their high-fiequeney, #ibrations generate
mechanical energy that can penetrate reservoir formations, making them a versatile tool for
enhanced oil recovery. Understanding their principles is crucialifor optimizing their application in
oil production [45].

2.1. Fundamental Principles of Ultrasonic /Wayves tand Their Interaction with Oil
Reservoirs
The propagation of ultrasonic waves in oilseserveirsyinvelves complex physical phenomena that
enhance hydrocarbon recovery. Key principles telude:

e Propagation Through Media
Ultrasonic waves travel as mechanical vibrations, with their velocity and attenuation influenced
by the acoustic properties of the/medium, In reservoirs, these waves interact with both fluids and
rock formations, altering their'physical and chemical states [46].

e Reflection and Réfraetion
When ultrasonic waves encounter boundaries between different media—such as rock and fluid—
they undergo reflection, refraction, or scattering. These interactions provide insights into reservoir
characteristics, Such as porositysand fluid distribution [47].

e Energy Transfer Mechanisms
Iy, Cavitation: The rapid formation and collapse of microbubbles in fluids generate localized
high-pressure zones, breaking oil-water interfaces and mobilizing trapped hydrocarbons.
2.° Acoustic Streaming: Continuous pressure gradients created by ultrasonic waves induce
fluid motion, enhancing oil mobility and clearing pore blockages.
3. Thermal Effects: Ultrasonic waves produce localized heating, reducing oil viscosity and
improving flow dynamics [48].

e Impact on Reservoir Properties
1. Enhanced Permeability: The mechanical vibrations can clear fines and blockages in pore
spaces, increasing connectivity within the reservoir.



2. Modified Wettability: Ultrasonic waves alter the interaction between rock surfaces and
reservoir fluids, promoting conditions favorable for oil displacement [49].

e Applications in EOR
These principles underpin the effectiveness of ultrasonic waves in improving oil recovery. By
disrupting interfacial forces and enhancing fluid mobility, they provide a sustainable and efficient

alternative to conventional recovery methods, particularly in challenging reservoir environments
[46-49].

2.2. Mechanisms of Ultrasonic Wave Propagation and Energy Transfer in Porous Media
The propagation of ultrasonic waves through porous media is governed by, complexuinteractions
between the wave energy, the fluid-filled pores, and the solid matrix. These interactions are critical
for enhancing oil recovery as they alter the physical and dynamic properties of the reservoir [50].

e Wave Propagation in Porous Media
1. Attenuation and Dispersion:
o Ultrasonic waves experience energy loss (attendation) as they interact with the
heterogeneous structure of porous media.
o Dispersion occurs due to variations in wavesspeed caused by differences in the
acoustic properties of the solid and fluid phases [81].
2. Multiple Scattering:
o The complex pore geometry causes waves®to scatter repeatedly, redistributing
energy and facilitating deepetpenetration into the reservoir.
o This scattering effectyenhances the uniformity of wave-induced energy delivery
across the reservoir [52].

e Energy Transfer Mechanisms
1. Poroelastic Coupling:
o Ultrasonic waves induce'stress in the solid matrix, causing energy transfer between
the solid andythe fluid phases.
o This poroelastiéyinteraction promotes changes in pore pressure, mobilizing trapped
fluids [53).
2. ViscousrLosses and Frictional Damping:
o Wave energy dissipates through friction between the moving fluid and the pore
wallsgereating localized heating that reduces oil viscosity [54].
3.5 Cavitation Effects:
o WUltrasonic waves generate microbubbles in the fluid. When these bubbles collapse,
they release bursts of energy that break oil-water interfaces and dislodge trapped
hydrocarbons [55].

e Interactions Between Waves and Fluids
1. Wave Reflection and Transmission:
o At the interface of different fluids (e.g., oil and water) or between fluid and rock,
part of the wave energy is reflected, and part is transmitted, influencing fluid
behavior and mobility [56].
2. Saturation-Dependent Effects:
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o Fluid saturation significantly impacts wave propagation. For instance, reservoirs
with higher oil saturation may exhibit distinct attenuation and reflection patterns
compared to water-saturated zones [56].

e Applications to Reservoir Characterization and Oil Recovery
1. Permeability Estimation:
o Analyzing wave behavior in porous media provides insights into permeability and
porosity, which are critical for reservoir modeling.
2. Enhanced Fluid Displacement:
o Ultrasonic waves facilitate the displacement of residual oil by redueing 1aterfacial
tension, altering wettability, and clearing pore blockages [57].

The unique propagation and energy transfer mechanisms of ultrasonic waves in porous media
underpin their effectiveness in oil recovery. By leveraging these mechanismsy ultrasonie-assisted
recovery optimizes fluid mobility, enhances sweep efficiency, and impreves overall hydrocarbon
extraction in challenging reservoirs [50-57].

2.3. Effects of Frequency, Amplitude, and Power Density on Ultrasonic Wave Penetration
and Oil Displacement
The effectiveness of ultrasonic waves in enhancing oil recoyery depends significantly on three key
parameters: frequency, amplitude, and powen, density,, Optimizing these parameters ensures
efficient wave propagation, energy transfer, and‘hydrocarbon mobilization in the reservoir [58].

e Frequency
1. Penetration Depth:
o Lower frequencies allowyfor deeper penetration into the reservoir by reducing
energy attenuation.
o Higher frequencies are meore effective for localized treatment, as they generate
stronger cavitation €ffects but with limited depth.
o Optimal frequeney selection balances penetration depth with the desired intensity
of ultrasonic effects [59].
2. Oil DisplacementiEfficiency:
o High-ffequencyswaves are ideal for mobilizing residual oil by disrupting oil-water
mterfaces'through cavitation.
o Lowertfrequency waves enhance sweep efficiency by uniformly distributing energy
across larger reservoir zones [60].

e Amplitude
1. "Wave Intensity:

o Increased amplitude correlates with higher energy delivery to the reservoir,
enhancing the ability to overcome capillary forces and mobilize trapped
hydrocarbons.

o Excessively high amplitudes may cause undesirable effects, such as mechanical
damage to the reservoir or excessive energy dissipation [61].

2. Reservoir Interaction:
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o High amplitudes are particularly effective in dislodging fine particles and breaking
oil-water emulsions, improving reservoir connectivity and fluid mobility [62].

e Power Density
1. Energy Focus:
o Higher power densities concentrate ultrasonic energy in specific reservoir zones,
optimizing the disruption of interfacial tension and the mobilization of trapped oil.
o In contrast, lower power densities spread energy more broadly, which may be
beneficial for large-area stimulation but less effective in addressing localized issues
[63].
2. Cavitation Intensity:
o Higher power densities amplify cavitation effects, generating microbubbles that
collapse with sufficient energy to dislodge residual oil and e€nhance permeability
[64].

e Combined Effects of Parameters
1. Synergistic Optimization:

o The interplay between frequency, amplitude;yandypower density creates a
synergistic effect. For example, modérate frequencies combined with high
amplitudes and focused power density“maximize oil displacement and recovery
efficiency [65].

2. Reservoir-Specific Adjustment:

o These parameters must be tailéred to teservoir characteristics, including depth,

porosity, and fluid composition,ito achieve optimal results [66].

e Applications in Oil Recovery
1. Improved Fluid Mobility:
o Adjusting ultrasoniefparameters enhances fluid flow through pore spaces, reducing
blockages and mcreasing sweep efficiency [67].
2. Viscosity Reduction;
o Thermal and cavitation effects induced by optimized ultrasonic waves reduce the
viscosity of heavy oils, improving their mobility [68].
3. Enhanced Displacement:
¢ Fine-tuned parameters enable efficient oil displacement in reservoirs with
heterogeneous formations or challenging fluid properties [69].

Frequency, amplitude, and power density are critical parameters that determine the success of
ultrasoni¢-assisted oil recovery. By optimizing these factors, operators can enhance wave
propagation, maximize energy transfer, and improve the overall efficiency of hydrocarbon
extraction. Tailoring these parameters to reservoir-specific conditions ensures effective application
and sustainable recovery outcomes [58-69].

3. Application of Ultrasonic Waves in Oil Recovery

The application of ultrasonic waves in oil recovery has emerged as a transformative approach to
enhance hydrocarbon production across various recovery stages. By leveraging their unique
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physical properties, ultrasonic waves address critical challenges in traditional recovery methods,
offering improved efficiency, environmental benefits, and cost-effectiveness [70].

3.1. Ultrasonic-Assisted Enhanced Oil Recovery (UA-EOR) Techniques
Ultrasonic-assisted enhanced oil recovery (UA-EOR) involves the use of high-frequency waves to
stimulate reservoirs, mobilize trapped hydrocarbons, and improve fluid dynamics. This technique

can be implemented as a standalone method or in conjunction with traditional recovery techniques
[71].

e Mechanisms Driving UA-EOR
1. Cavitation:
o The formation and collapse of microbubbles generate localizedpressure surges that
disrupt interfacial tension, freeing trapped oil droplets.
2. Acoustic Streaming:
o Continuous fluid motion induced by ultrasonic waves enhancesboil mobility and
improves sweep efficiency.
3. Reservoir Vibration:
o Vibrational energy improves permeability by clearingyblockages and stimulating
the pore network [72].

e Advantages of UA-EOR
1. Environmental Benefits:
o UA-EOR reduces reliance‘onehemicahagents, minimizing environmental risks.
2. Cost-Effectiveness:
o By targeting specific zones, ultrasonic waves optimize energy use and reduce
operational costs.
3. Versatility:
o This methodyisyeffective across different recovery stages and reservoir conditions
[73].

e Applications in Recovery Processes

1. Primary Recoverys
o Enhanges initialfluid flow by stimulating the near-wellbore region.

2. Secondary Recovery:
o Impreves sweep efficiency during water or gas injection processes.

3. Tertiary Recovery:
o WFacilitates viscosity reduction and emulsion breakdown in enhanced oil recovery

(EOR) applications [74].

The principles underlying ultrasonic-assisted oil recovery share remarkable similarities with those
used in ultrasonic-assisted extraction techniques in other industries, such as the extraction of
bioactive compounds. In both contexts, phenomena like cavitation, acoustic streaming, and
microstreaming are employed to enhance material displacement and improve process efficiency.
For instance, cavitation induces localized high-pressure zones that break interfacial barriers, while
acoustic streaming facilitates fluid motion and material transport [75,76].
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3.2. Utilization of Ultrasonic Waves in Primary, Secondary, and Tertiary Recovery
Processes
Ultrasonic waves play a significant role in all stages of oil recovery, offering solutions tailored to
specific challenges at each stage [77-80]:

e Primary Recovery
1. Reservoir Activation: Ultrasonic stimulation enhances production by mobilizing oil near
the wellbore.
2. Productivity Increase: By improving permeability and fluid mobility, ultrasonic waves
maximize early production rates.

e Secondary Recovery
1. Enhanced Sweep Efficiency: The combination of acoustic streaming, and cavitation
ensures better displacement of oil by injected water or gas.
2. Reservoir Connectivity: Ultrasonic waves clear pore blockages, improving connectivity
and fluid flow pathways.

e Tertiary Recovery (EOR)
1. Viscosity Reduction: Ultrasonic waves generate localized heating, lowering the viscosity
of heavy oil for improved mobility.
2. Interfacial Tension Modification: Acaistic'energy disrupts oil-water interfaces, aiding in
the displacement of residual oil.
3. Chemical-Free Alternative: Ultrasenic-assisted methods reduce the need for harsh
chemicals, aligning with environmental‘goals.

Ultrasonic waves provide a versatilerand environmentally friendly solution for enhancing oil
recovery across primary, secondary, and tertiary stages. By leveraging mechanisms like cavitation,
acoustic streaming, and viscosity reduction, they improve fluid mobility, boost sweep efficiency,
and unlock previously inaecessible reserves, offering a sustainable alternative to traditional
recovery methods [77-80].

3.3.Case Studies Highlighting the Efficacy of Ultrasonic Waves in Various Geological
Formations
e Research'interest
Between 2010 and 2024, ultrasonic-assisted enhanced oil recovery (UA-EOR) has seen increasing
research interest. Studies have focused on its ability to improve recovery efficiency, particularly
in low-pesmeability and heavy oil reservoirs, by leveraging mechanisms like cavitation, acoustic
streamingy and viscosity reduction. Laboratory experiments and limited field studies show
promise, jbut the scalability and economic viability of UA-EOR remain active areas of
investigation [1-80].

e Research Highlights by Period
1. 2010-2015: Early studies explored the fundamental mechanisms of ultrasonic waves,
focusing on laboratory-scale experiments. Research emphasized their effects on
interfacial tension, oil viscosity reduction, and permeability improvement.
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2. 2016-2020: Research expanded to hybrid methods combining ultrasonic waves with
other EOR techniques, such as chemical flooding. Studies also began addressing
parameter optimization for different reservoir types.

3. 2021-2024: Recent studies have reviewed field applications, showcasing advancements
in ultrasonic equipment and its potential to complement or replace conventional methods
like hydraulic fracturing and acidizing [1-80].

e Comparative Analysis of hydraulic fracturing and acidizing vs. UA-EOR

o Hydraulic fracturing and acidizing can cause environmental concerns due to

chemical usage and risks to groundwater.

o UA-EOR offers a greener alternative, requiring less chemical input while
improving oil recovery efficiency in specific reservoir conditions:

While UA-EOR is not yet as widely adopted as hydraulic fracturing,oriacidizing,sits lower
environmental impact and operational benefits make it a promising tool'for impteved oil recovery.
Continued research and field trials are essential to validate its cost-effectiveness and scalability [1-

80].

In Figure 2 research trends in ultrasonic-assisted EOR wasgshown thatwas created by MATLAB.

ngg.earch Trends in Ultrasonic-Assisted EOR (2010-2024)
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Figure 2) research trends in ultrasonic-assisted EOR [1-80].

e (Casé Studies

Tablen3, summarizes the application of ultrasonic wave technology in various reservoir types to

enhance oihrecovery.

Table 3) Application of ultrasonic wave technology in various reservoir types [1-80].

Case Reservoir
Study Type Objective Method Results
Enhanced fluid mobility,
Evaluate impact High-intensity reduced viscosity, improved
1 Sandstone on oil recovery | ultrasonic treatment sweep efficiency
ASSess Enhanced fluid displacement,
application in Ultrasonic waves to increased sweep efficiency,
2 Carbonate stimulation optimize improved recovery factors
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connectivity, reduce
trapped oil
Investigate Ultrasonic Enhanced fracture network
feasibility in technology to induce development, increased
shale oil microfractures, permeability, enhanced oil
3 Shale production improve fluid flow mobility
Ultrasonic
Explore treatments to
Unconventional application in enhance stimulation, | Enhanced gas/oil production,
(Tight Gas, Oil | unconventional improve fluid reduced viscosity constraints,
4 Sands) recovery mobility improved sweepeefficiency

Table 4 will consolidate the case studies mentioned above.

Table 4) Summary of Case Studies on Ultrasonic-Assisted Qil Recovery [1-80].

Reservoir Objective Methods Used Results Observed
Type
Sandstone | Enhance oil recovery in | Ultrasonic  waves___at"\yIncreased recovery rates;
high-permeability moderate frequencies. improved fluid mobility.
formations.
Carbonate | Mobilize trapped | Combined ultrasoniciand | Enhanced sweep efficiency;
hydrocarbons. chemical methods. improved wettability.
Shale Address low permeabilityy| High-pewers \ ultrasonic | Reduced pore blockages;
issues. waves. localized permeability
enhancement.

In the following two more €ase studics with detail were mentioned:

1. A Case Study of Western Siberia and Samara Region Fields:
The comparison of production rates’in the Western Siberia and Samara region fields is illustrated
in the figure 3. As shown, before the ultrasonic effects, the production rates in each field were 3.92
and 8.4, respectively. After the,application of ultrasonic effects, an increase in production rates was
observed, with {currentitates reaching 8.32 and 18.6 for each field. For the Western Siberia field,
after 2.5 to 3 months, the production rate has reached approximately 7.7, and for the Samara region
field, it has‘teached around 11.5, indicating the significant impact of ultrasonic effects on these
two fields [82].
Another€omparison for the Western Siberia and Samara region fields is provided. The production
rates before and after ultrasonic effects for the Western Siberia field are 0.23 and 0.35, and for the
Samara region field are 0.42 and 0.64, showing that our experiments and the effects of ultrasonic
are effective and fruitful.
The production flow rates before and after ultrasonic effects for the Western Siberia field were
20.69 and 32.07, and for the Samara region field were 32 and 54, indicating a significant impact
of ultrasonic effects [82].
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When comparing the water percentage, we find that for the Western Siberia field, it was 72.3 before
and 68.27 after the operation, and for the Samara region field, it was 70 before and 61.8 after, once
again demonstrating the positive impact of ultrasonic operations on the fields [82].

B WS wells m SR wells
Q., t/day

Well performance parameters Western Siberia wells Samara Region wells

1
15 1
10 ) 2 Before UT  After UT Before UT After UT
3
5 Productivity index, m*/(day atm) 0.23 0.35 0.42 0.64
o Fluid flow rate, m*/day 20.69 32.07 32 54

p 0il flow rate, t/day 3.92 8.32 8.4 18.6
Q. before UT Q. after UT Qo on average in 2.5-3 Water cut, % 723 68.27 70 618

months after UT
Figure 3) Effect of ultrasonic treatment (UT) on well performance parametersin Western Siberia
and Samara Region [82].

2. Case studies from the North:
Field trials conducted in Northern regions have demonstrated{substantial enhancements in
hydrocarbon recovery rates when employing ultrasonic technology. Specifically, ultrasonic waves
have proven highly effective in mobilizing trapped hydrocarbons andoptimizing sweep efficiency
within low-permeability reservoirs. These achievements underscore the adaptability of ultrasonic-
assisted recovery techniques across a wide range of geological formations [82].
For instance, in a recent study conducted in the Northeérn region, the application of ultrasonic
waves resulted in an increase in oil recovery rates eompared'to conventional methods. Moreover,
the time required to reach peak production'was,reduced,by months. These findings are particularly
significant given the challenging comnditions“ef 16w, permeability and high viscosity commonly
associated with reservoirs in this region[82].
Mechanistically, ultrasonic waves induceyseveral beneficial effects within the reservoir. By
creating localized pressure fluctuations, these waves can:
o Dislodge trapped hydrocarbons; Ultrasonic cavitation and acoustic streaming disrupt the
adhesion between hydrocarbons and reservoir rock surfaces, facilitating their mobilization.
e Enhance permeabilityjMietrofractures and pore-throat enlargement induced by ultrasonic
waves can significantly improve fluid flow through the reservoir.
e Reduce interfacial tension: Ultrasonic waves can lower the interfacial tension between oil
and water, prometing more efficient displacement of hydrocarbons.
The versatility ofultrasonic technology is further highlighted by its successful application in other
types of resetvoirs, e.g., carbonate, shale. In these formations, ultrasonic waves have been shown
to specific bencefits, e.g., improve fracture network connectivity, enhance gas production [82].

4. Mechanisms of Enhanced Oil Recovery by Ultrasonic Waves
Ultrasonic waves enhance oil recovery by exploiting their high-frequency energy to alter the
physical, chemical, and mechanical properties of fluids and reservoir formations. These waves
trigger a range of processes, such as cavitation, acoustic streaming, and thermal effects, which
collectively improve fluid mobility, dislodge trapped hydrocarbons, and enhance permeability.
Understanding these mechanisms is crucial for optimizing the application of ultrasonic-assisted oil
recovery (UA-EOR) techniques in diverse reservoir conditions [83,84].

Table 5 will help summarize the key mechanisms.
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Table 5) Mechanisms of Ultrasonic Waves in Qil Reservoirs [83,84].

Attenuation

reservoir pores.

Mechanism Description Effect on Recovery
Wave Loss of energy as waves propagate | Reduces wave penetration but

Attenuation | through heterogeneous media. enhances localized effects.

Poroelastic Stress-induced deformation of the | Improves fluid displacement and
Effects reservoir matrix interacting with fluid | connectivity between pore spaces.

phases.

Fluid Flow- Reduction in wave energy caused by | Enhances mobility by disrfupting, oil-

Induced interactions with fluid motion in | water interfaces and ‘Clearing pore

blockages.

Cavitation Formation and collapse of | Dislodges trapped ‘hydrocarbons and
microbubbles, creating localized high- | reduces interfagial tension.
pressure zones.
Acoustic Steady fluid motion induced by | Improvesisweep efficiency and clears
Streaming ultrasonic waves. blockages in“fluid pathways.

Figure 4 illustrates the improvement in oil recevery ratés achieved through the use of ultrasonic
waves compared to conventional methods. It shows how ultrasonic technology can significantly
boost recovery efficiency by enhancing flaidumobilitypreducing interfacial tension, and improving

reservoir connectivity. The graph emphasizes the added value of ultrasonic-assisted recovery,

making a strong case for its implementation in‘¢hallenging reservoirs, and also it was created in

MATLAB by exploring different studies [85].

70

Recovery Efficiency: With vs Without Ultrasonics

Recovery Rate (%)

Without Ultrasonics

Methods

With Ultrasonics

Figure 4) Recovery Efficiency Graph (With vs. Without Ultrasonics) [83-85].
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4.1. Reduction of Interfacial Tension and Wettability Alteration

One of the fundamental mechanisms through which ultrasonic waves improve oil recovery is by
reducing interfacial tension and altering wettability. The high-frequency vibrations generate
cavitation microbubbles that form and collapse within the reservoir fluids. This dynamic process
creates localized high-pressure and high-temperature zones, disrupting oil-water interfaces. The
reduction in interfacial tension decreases the capillary forces holding oil droplets in pore spaces,
facilitating their release and flow toward production wells.

Additionally, ultrasonic waves alter the wettability of reservoir rocks. By modifying the surface
energy of rock pores, ultrasonic energy shifts the system from an oil-wet to a moreywater-wet
condition, which is favorable for oil displacement. This alteration improvesythe overall efficiency
of fluid flow and enhances recovery from reservoirs that are traditionally challenging to produce
[86].

4.2. Enhanced Fluid Mobility Through Acoustic Effects

Ultrasonic waves significantly enhance fluid mobility by indu€ing acoustic streaming and
microstreaming. Acoustic streaming refers to the steady fluid motien generated by the propagation
of ultrasonic waves through the reservoir. This motion reduees resistance to flow, clears pore
blockages, and improves the sweep efficiency of displacing fluidsaltalso aids in the redistribution
of reservoir fluids, ensuring a more uniform displacement of hydsocarbons.

At the microscopic level, ultrasonic waves idduce mictostreaming, which generates localized
vortices and eddies within the pore spaces. These, dynamic forces dislodge fine particles and
emulsified oil droplets, clearing pathways forthydrocarbons to flow more freely. Together, acoustic
streaming and microstreaming mitigate the effectswof reservoir heterogeneity, enhancing recovery
efficiency in reservoirs with complex geelogical'structures [87].

4.3. Permeability Enhancement and Thermal Effects

The mechanical and thermal effects of ultfasonic waves play a vital role in improving reservoir
permeability and reducing oil viscesity./High-frequency vibrations clear pore blockages caused by
fines, clay particles, or other obstructions, restoring reservoir connectivity and enhancing fluid
flow pathways. In some €ases, ultrasonic waves generate microfractures in low-permeability rock
formations, further increasingspermeability and facilitating hydrocarbon production.

Ultrasonic wavgs*als@ producenlocalized heating through energy dissipation. This thermal eftect
reduces the wiscesity of heavy oils, improving their mobility and enabling their extraction from
challenging reserveirs. Moreover, the heat generated can enhance chemical reactions in certain
EOR'methodsymaking ultrasonic-assisted techniques compatible with hybrid recovery approaches
[88].

Through ‘mechanisms such as interfacial tension reduction, fluid mobility enhancement, and
permeability improvement, ultrasonic waves provide a robust solution to the challenges of
traditional recovery methods. These processes work synergistically to increase hydrocarbon
production, making ultrasonic-assisted recovery a versatile and effective tool for diverse reservoir
conditions [86-88].

5. Advantages, Challenges, and Future Directions of Ultrasonic-Assisted Oil
Recovery
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Ultrasonic-assisted oil recovery (UA-EOR) stands out as a transformative technology that
addresses the limitations of conventional recovery methods. By utilizing high-frequency sound
waves, UA-EOR enhances recovery efficiency while reducing environmental impact and
operational costs. However, several challenges, such as scalability and reservoir-specific
optimization, must be overcome to unlock its full potential. This section explores the advantages,
identifies challenges, and outlines the future directions for this innovative technology [89].

Figure 5 compares the economic aspects of ultrasonic-assisted oil recovery (UA-EOR) and
conventional recovery methods. It highlights the capital and operational costs associated with each
method, showcasing UA-EOR’s potential for lower operational expenses due to geduced energy
and chemical usage. The graph provides a visual representation of costeefficiencyy, which is
essential for decision-making in field applications, and it was generated in MATLAB,by exploring
studies [90].

qugnmic Comparison of UA-EOR and Conventional Methods

I Capital Costs
[ Operational Costs

Costs (USD)

UA-EOR Conventional
Methods

Figure 5) Economic Comparison Chart (UA-EOR vs. Conventional Methods) [89,90].

5.1, Advantages of Ultrasonic-Assisted Oil Recovery

UA-EQOR offers“significant advantages that make it a promising alternative or complement to
traditional recovery methods. Its ability to enhance recovery efficiency without extensive use of
chemicalstmakes it environmentally friendly and aligns with sustainability goals. By reducing
interfacial tension and mobilizing trapped hydrocarbons, ultrasonic waves improve recovery rates
in reservoirs where conventional methods struggle, such as those with low permeability or heavy
oils [91].

The technology is also highly adaptable, capable of integration with primary, secondary, and
tertiary recovery stages. This flexibility allows it to target specific challenges across various
reservoir conditions. Additionally, UA-EOR requires relatively low energy input and can be
precisely localized, reducing operational costs and improving energy efficiency. Its compatibility
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with other recovery methods, such as chemical flooding and thermal EOR, further increases its

applicability and potential [92].

Table 6 will provide an economic perspective to strengthen the discussion of UA-EOR’s benefits.

Table 6) Economic Factors Related to Ultrasonic Wave Technologies [90-92].

Economic Factor Description Implications
Capital Cost of deploying ultrasonic | Initial expense; higher in marginal
Investment equipment, including installation and | fields; ROl depends on recovery
maintenance. enhancement.

Operational Costs | Energy consumption, system

monitoring, and maintenance during

Generally lower thap, chemieal-based
methods; optimized withrenewable

operation. energy integration.
Enhanced Increased recovery rates and | Boosts praductiony, from mature or
Recovery Benefits | economic lifespan of reservoirs. marginaly, fields;, justifies initial
investment.

Risk Assessments | Operational risks, scalability issues,

and reservoir-specific limitations.

Economic feasibility depends on the
mitigation of deployment risks and
consistent performance.

Table 7 will provide a clear comparison between ultrasonicand traditional recovery methods.

Table 7) Advantages of Ultrasonic'Stimulation Compared to Traditional Methods [90-92].

Advantage Explanation
Environmentaly| Reduces chemical usage, lowering ecological risks.
Impact

Efficiency Enhances recovery through targeted energy delivery and
improved fluid mobility.

Accuracy Precisely targets specific reservoir zones, reducing
unnecessary resource consumption.

Production Unlocks reserves in low-permeability formations and heavy

Capability oil reservoirs.

5.2. Challenges in Implementing Ultrasonic-Assisted Oil Recovery

Despite its advantages, UA-EOR faces several challenges that limit its widespread adoption. The
scalability of laboratory and pilot-scale results to field-scale operations remains a significant
hurdle. Ultrasonic waves may lose efficiency in larger reservoirs due to energy dissipation and
attenuation, making it difficult to achieve uniform stimulation across extensive areas [93].

Another challenge is the optimization of ultrasonic parameters such as frequency, amplitude, and
power density for different reservoir conditions. Reservoirs vary in terms of depth, fluid
composition, and geological complexity, requiring a tailored approach for each application.
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Additionally, the initial investment required for deploying ultrasonic equipment can be a barrier,
particularly for marginal fields or smaller operators. The economic feasibility of UA-EOR must
be clearly demonstrated to encourage broader industry adoption [94].

5.3. Future Directions for Ultrasonic-Assisted Oil Recovery

The future of UA-EOR lies in technological advancements and the development of integrative
recovery strategies. Hybrid approaches that combine ultrasonic waves with other recovery
techniques, such as chemical EOR or CO; injection, have the potential to overcome current
limitations while maximizing efficiency. For instance, ultrasonic waves can enhance the dispersion
and activation of injected chemicals, increasing their effectiveness in mobilizingshydrecarbons
[95].

Advances in modeling and simulation technologies can provide a deeper undetstanding of wave
behavior in complex reservoirs, enabling precise optimization of ultrasonic parameters. This
knowledge will be critical for designing systems tailored to specific reservoir conditions.
Furthermore, the development of cost-effective and energy-efficient ultsasonic equipment will
make the technology more accessible, particularly for small-scaléand'marginal field applications.
As the industry transitions toward sustainability, integratingyUA-EOR"with renewable energy
sources, such as solar or wind power, could further reduce 1ts, environmental footprint. Research
into combining ultrasonic technologies with low-impact drilling‘and production practices will also
contribute to a more sustainable oil recovery ecosystem [96-100].

Ultrasonic-assisted oil recovery presents.a viable Selutien to many of the challenges faced by
conventional recovery methods. Its advantages, including environmental benefits, operational
flexibility, and cost-effectiveness, position it as, a key technology for the future of enhanced oil
recovery. Addressing its current challenges through technological innovation and integrative
approaches will unlock its full potential, making it a cornerstone of sustainable hydrocarbon
production [100-105].

6. Findings, Implications,;and Future Directions

Ultrasonic-assisted oil gecovery (WA-EOR) has emerged as a cutting-edge technology with the
potential to addressthe limitations of traditional oil recovery methods. By leveraging high-
frequency sound waves, it enhances oil recovery efficiency through mechanisms like interfacial
tension reduction, fluid¢mobility improvement, and permeability enhancement. While the
technology( offersysignificant advantages, challenges such as scalability and reservoir-specific
optimizationyneed, to be addressed to maximize its effectiveness. This section summarizes the
study's) findings, discusses its practical implications, and outlines recommendations for future
researchiand application [1-105].

6.1. Summary of Findings
The application of ultrasonic waves in oil recovery has demonstrated several key benefits,
including improved hydrocarbon mobilization, enhanced fluid dynamics, and reduced
environmental impact. The principles underlying ultrasonic technology such as cavitation, acoustic
streaming, and microstreaming provide a robust foundation for addressing complex reservoir
conditions. The versatility of UA-EOR enables its integration with primary, secondary, and tertiary
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recovery stages, making it adaptable to a wide range of reservoirs, including those with heavy oils
or low permeability.

However, the technology’s effectiveness depends on optimizing parameters such as frequency,
amplitude, and power density, which vary based on reservoir characteristics. Laboratory studies
and pilot-scale applications have shown promising results, but the challenge lies in translating
these successes to field-scale operations [1-96].

6.2. Practical Implications for the Oil and Gas Industry

UA-EOR presents an opportunity for the oil and gas industry to improve recovery efficiency while
aligning with sustainability goals. The environmental benefits of ultrasonic technolegy, including
minimal chemical usage and reduced energy requirements, make it an“attractive ‘eption for
operators seeking to reduce their ecological footprint. Its ability to enhance recoveryinmature and
marginal fields can extend the economic lifespan of reservoirs, contributing to, the, efficient
utilization of existing resources [97-100].

In addition, the compatibility of ultrasonic waves with other recovery techniques, such as chemical
flooding and thermal EOR, opens the door for hybrid solutiofis, that combine the strengths of
multiple methods. These integrative approaches can maximizexecovery-efficiency, particularly in
complex or heterogeneous reservoirs [1-97].

6.3. Recommendations for Future Research and"Development
To fully realize the potential of ultrasonic-assisted oil fecovery, future research should focus on
several key areas [100-105]:
1. Scalability and Field Applications:
o Investigate the performance of‘ultrasonic waves in large-scale field operations to
address challenges such"asyenergy attenuation and uniform stimulation.
o Develop advanced_equipment capable of delivering consistent and efficient
ultrasonic energylacress exténsive reservoirs.
2. Optimization of Parameters:;
o Conduct réservoir-specific studies to optimize ultrasonic parameters, including
frequency, amplitude, and power density, for diverse geological conditions.
o Leveragemachine learning and simulation tools to predict and customize parameter
settings for maximum efficiency.
3. Cost-Effectiveness and Energy Efficiency:
o. Focusion reducing the operational costs of ultrasonic systems through innovations
in.equipment design and energy consumption.
o WExplore the integration of renewable energy sources, such as solar or wind power,
to enhance the sustainability of UA-EOR.
4. Hybrid Recovery Methods:
o Investigate the synergy between ultrasonic waves and other EOR techniques, such
as chemical flooding, thermal methods, and CO: injection, to create hybrid
solutions that overcome the limitations of individual methods.

By addressing these areas, future developments can ensure that ultrasonic technology becomes a
cornerstone of sustainable oil recovery practices, aligning industry needs with environmental
stewardship.
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7. Conclusion

Ultrasonic-assisted oil recovery (UA-EOR) represents a significant breakthrough in the field
of enhanced oil recovery (EOR) technologies. By leveraging high-frequency sound waves, this
innovative approach addresses key challenges such as low recovery efficiency, reservoir
heterogeneity, and the environmental impact of conventional methods. Its ability to reduce
interfacial tension, enhance fluid mobility, and improve reservoir permeability positions UA-
EOR as a versatile and effective tool for optimizing hydrocarbon production in a wide range
of reservoir conditions.

Moreover, UA-EOR stands out as an environmentally friendly alternative to traditional
techniques like hydraulic fracturing and acidizing, as it minimizes chemical usage,and,reduces
the risks associated with reservoir damage. Its adaptability across primary; secondary, and
tertiary recovery stages further enhances its applicability, making it a valuable addition to the
oil and gas industry's sustainability efforts.

While the potential of UA-EOR is clear, challenges such as scaling laboratory successes to
field operations, optimizing ultrasonic parameters for diverse reservoirsettings, and addressing
initial implementation costs remain. Addressing these issueswthrough targeted research,
advanced modeling, and innovative equipment design will besessential for realizing its full
potential.

Looking ahead, the integration of UA-EOR with hybrid recovery techniques, as well as its
alignment with renewable energy sources, could redefineithe industry's approach to sustainable
resource management. By overcoming existing ehallenges and embracing technological
advancements, ultrasonic-assisted oil recovery has the/capacity to revolutionize the future of
hydrocarbon production, ensuring bothiecenomic viability and environmental responsibility.
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