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DEVELOPMENT AND JUSTIFICATION OF TECHNICAL SOLUTIONS FOR
HYDRODYNAMIC TREATMENT OF HYDROGEOLOGICAL WELLS

This study presents the development, optimization, and validation of an innovative hydrodynamic treatment
device aimed at significantly enhancing the productivity of hydrogeological wells through targeted stimulation of
the near-wellbore zone. The core objective is to improve hydraulic conductivity and reduce formation damage
caused by mineral incrustations, biofouling, and fine particle accumulation. The device comprises a high-pressure
pumping unit, a pulse generator, a delivery conduit system, and an adjustable nozzle head configured to generate
controlled pressure pulses within a range of 5-20 MPa and frequencies between 1 and 10 Hz. These pulses
effectively induce elastic deformation and micro-fracturing in the geological matrix, facilitating the removal of
obstructions and restoration of permeability. A comprehensive methodological framework was employed,
incorporating analytical modeling, computational fluid dynamics (CFD) simulations, and empirical validation
through laboratory and in-situ experiments. Optimal operational parameters were identified as a pressure of 12
MPa, pulse frequency of 5 Hz, pulse duration of 0.5 seconds, and a specially engineered convergent-divergent
nozzle geometry. Laboratory results revealed a 28% increase in flow rate (from 10 m¥h to 12.8 m’/h), while field
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trials conducted in both karstic and unconsolidated sandy aquifers demonstrated flow rate improvements of 20—
35%, along with a significant 40% reduction in near-wellbore resistance (skin factor decreased from 5.2 to 3.1).
The system’s modular and scalable design allows for integration in wells with diameters ranging from 100 to 300
mm and varying permeability conditions (0.05—10 Darcy), ensuring broad applicability. Furthermore, compared
to conventional mechanical or chemical stimulation techniques, the proposed solution offers enhanced
environmental sustainability, reduced ecological footprint, and approximately 20% lower operational
expenditures. These findings contribute to the advancement of cost-effective, energy-efficient water extraction
technologies and offer a practical framework for future adaptation in complex hydrogeological environments.
Prospective research directions include long-term performance monitoring, application in fractured bedrock
systems, and hybridization with other well rehabilitation techniques.

Key words: Hydrodynamic Treatment, Hydrogeological Wells, Near-Wellbore Zone, Permeability
Enhancement, Pressure Pulses, Nozzle Design, Computational Fluid Dynamics, Well Productivity, Aquifer
Management, Sustainable Water Extraction.

Introduction

The continuous demand for efficient water extraction from hydrogeological wells underscores
the critical need to maintain and enhance well productivity over time. Hydrogeological wells, vital
for supplying groundwater for agricultural, industrial, and domestic purposes, often experience a
decline in performance due to reduced permeability in the near-wellbore zone caused by clogging,
mineral deposition, or biofouling. This study aims to develop and justify innovative technical
solutions for the hydrodynamic treatment of the near-wellbore zone in hydrogeological wells,
focusing on designing a device capable of restoring and optimizing well productivity through targeted
hydrodynamic stimulation. Hydrodynamic treatment, which involves the application of controlled
pressure waves or fluid pulses, has emerged as a promising method to address these challenges by
dislodging obstructions and enhancing permeability without causing significant damage to the well
structure. However, existing hydrodynamic treatment technologies often suffer from inefficiencies,
such as suboptimal energy delivery, limited adaptability to varying geological conditions, or high
operational costs, necessitating the development of advanced solutions.

The primary objective of this research is to propose a novel device design and establish
rational operational parameters to maximize the effectiveness of hydrodynamic treatment in
hydrogeological wells. By addressing the limitations of current technologies, this study seeks to
provide a reliable and cost-effective approach to improve water inflow rates and extend the
operational lifespan of wells. The problem of reduced permeability in the near-wellbore zone is a
well-documented challenge in hydrogeology, often resulting from the accumulation of fine particles,
chemical precipitates, or microbial growth, which restrict fluid flow and reduce well efficiency. These
issues lead to decreased water production, increased energy consumption for pumping, and the need
for frequent maintenance, all of which contribute to higher operational costs. Current treatment
methods, such as chemical injections or mechanical cleaning, can be invasive, environmentally
harmful, or only partially effective, highlighting the need for non-invasive, efficient, and sustainable
alternatives like hydrodynamic treatment.

The scope of this study encompasses the theoretical modeling, experimental validation, and
practical implementation of a hydrodynamic treatment device tailored for hydrogeological wells. It
includes the analysis of key parameters, such as pressure amplitude, pulse frequency, and nozzle
configuration, to optimize the treatment process for diverse geological settings. The novelty of this
work lies in its integrated approach, combining advanced fluid dynamics modeling with empirical
testing to develop a device that is both versatile and efficient. By focusing on the optimization of
technical parameters and the adaptability of the device to various well conditions, this research
contributes to the field by offering a scientifically grounded solution that enhances the performance
of hydrodynamic treatment methods. The proposed technical solutions aim to provide a practical tool
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for well operators, ultimately improving water resource management and reducing the environmental
footprint of well maintenance activities.

Literature Review

Hydrodynamic treatment of the near-wellbore zone in hydrogeological wells has gained
significant attention as a non-invasive method to restore and enhance well productivity. This approach
involves the use of controlled pressure waves, fluid pulses, or high-velocity jets to dislodge obstructions,
such as fine particles, mineral deposits, or biofouling, that reduce permeability in the near-wellbore
zone. Several techniques have been developed to achieve this, including pulsed water jet systems,
acoustic wave stimulation, and hydrodynamic cavitation devices. Pulsed water jet systems, as described
by Shi et al. (2015) [1], utilize high-pressure water pulses to create localized pressure gradients that
dislodge blockages, offering the advantage of precise energy delivery but often requiring complex
equipment that increases operational costs. Acoustic wave stimulation, explored by Li et al. (2020) [2],
employs low-frequency vibrations to enhance fluid flow, demonstrating effectiveness in soft formations
but limited impact in highly consolidated aquifers. Hydrodynamic cavitation devices, as studied by
Titlov et al. (2024) [3], generate microbubbles that collapse to produce shock waves, effectively
cleaning the near-wellbore zone but struggling with scalability for deep wells. These methods share the
benefit of being less invasive than chemical or mechanical treatments, minimizing environmental risks
and avoiding damage to well infrastructure. However, their limitations include high energy
consumption, sensitivity to geological variability, and inconsistent performance across different well
types, which necessitates further research into optimized designs.

Despite the advancements in hydrodynamic treatment technologies, significant technological
gaps persist. One major shortcoming is the inefficiency in energy utilization, as highlighted by Ratov
et al. (2023) [4], who noted that many devices deliver excessive energy to non-target areas, reducing
treatment efficacy and increasing operational costs. Additionally, current devices often lack
adaptability to varying geological conditions, such as differences in aquifer porosity or rock hardness,
which can lead to suboptimal performance in heterogeneous formations (Khomenko et al., 2023) [5].
The lack of standardized parameters, such as optimal pressure or pulse frequency, further complicates
the application of these technologies, as evidenced by field studies conducted by Witt-Doerring et al.
(2023) [6], which reported inconsistent results due to unoptimized device settings. Moreover, existing
systems often require frequent maintenance or specialized training for operators, limiting their
practicality for widespread use in remote or resource-constrained regions. These gaps underscore the
need for a device that combines energy efficiency, adaptability, and ease of operation to address the
diverse challenges encountered in hydrogeological wells.

Previous research provides a foundation for addressing these challenges but also highlights
areas for improvement. Early studies, such as those by Dreus et al. (2017) [7], focused on the
theoretical modeling of hydrodynamic effects, establishing the relationship between pressure wave
amplitude and permeability enhancement. Their work demonstrated that controlled pulses could
increase near-wellbore permeability by up to 30% in laboratory settings, though field applications
were less consistent. More recent research by Hussain et al. (2024) [8] investigated the integration of
computational fluid dynamics (CFD) to optimize nozzle designs for hydrodynamic devices, showing
that specific nozzle geometries could improve energy transfer efficiency by 15%. Field experiments
conducted by Constantinides et al. (2024) [9] tested a prototype hydrodynamic device in karstic
aquifers, reporting a 25% increase in water inflow but noting limitations in handling high clay content.
These studies collectively emphasize the potential of hydrodynamic treatment but also reveal the need
for further development of devices that can operate effectively across a range of geological
conditions. By building on these findings, the current research aims to propose a novel device design
with optimized parameters, addressing the identified technological gaps and advancing the practical
application of hydrodynamic treatment in hydrogeological wells.
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Theoretical Framework

Hydrodynamic treatment of the near-wellbore zone in hydrogeological wells is based on the
application of controlled fluid dynamics to restore and enhance permeability, thereby improving well
productivity. The process involves generating pressure waves or high-velocity fluid pulses that interact
with the porous medium surrounding the wellbore, dislodging obstructions such as fine particles,
mineral deposits, or biofouling. The fundamental principle relies on the propagation of pressure waves
through the fluid-saturated porous matrix, which induces localized shear stresses and micro-vibrations.
These effects disrupt blockages and enhance fluid flow by increasing the effective permeability of the
near-wellbore zone. The fluid dynamics governing this process are rooted in the interaction between
the injected fluid and the geological formation. When a high-pressure pulse is introduced, it creates a
pressure gradient that propagates as a wave, causing transient flow instabilities. These instabilities, as
described by Bernoulli’s principle and the Navier-Stokes equations, lead to turbulent flow regimes that
facilitate the removal of debris. Additionally, hydrodynamic cavitation may occur when rapid pressure
changes cause the formation and collapse of microbubbles, generating shock waves that further enhance
cleaning efficiency. The effectiveness of this process depends on the ability to control the amplitude,
duration, and frequency of these pressure waves to match the specific characteristics of the aquifer, such
as porosity, permeability, and rock strength.

Several key parameters critically influence the efficiency of hydrodynamic treatment. The
pressure amplitude of the fluid pulse determines the intensity of the wave propagating through the
near-wellbore zone, with higher amplitudes generally increasing the dislodgement of obstructions but
risking damage to the well structure if not carefully controlled. Typical pressure ranges for effective
treatment, as reported in prior studies, vary from 5 to 20 MPa, depending on the formation’s
mechanical properties. The flow rate of the injected fluid affects the velocity of the pressure wave
and the extent of turbulence, with optimal flow rates ensuring sufficient energy transfer without
excessive energy loss. Pulse frequency, typically ranging from 1 to 10 Hz, governs the rate at which
pressure waves are delivered, influencing the cumulative effect on the porous medium. Higher
frequencies may enhance cleaning in fine-grained formations, while lower frequencies are more
effective in coarse or fractured aquifers. Nozzle geometry also plays a critical role, as it determines
the direction and focus of the fluid jet, impacting the spatial distribution of the hydrodynamic effect.
Other parameters, such as fluid viscosity and temperature, influence the flow behavior and cavitation
potential, requiring careful consideration during device design and operation.

Mathematical modeling provides a robust framework for simulating and optimizing
hydrodynamic effects in the near-wellbore zone. The process can be described using a combination

of fluid dynamics and poroelasticity models. The continuity equation, P +V-(pV) =0, governs the
ot

conservation of fluid mass, where p is the fluid density and V' is the velocity vector. The Navier-
Stokes equations, adapted for porous media, describe the momentum balance:

p[aalt/+(V-V)V)=—Vp+,uV2V+f, (1

where p is pressure, x4 is dynamic viscosity, and f represents external forces such as those induced by
the porous matrix. To account for the interaction between the fluid and the porous medium, Darcy’s

law, :—EVp» is applied, where k is the permeability of the formation. For transient pressure

U
2

waves, the wave equation, 0 f =¢*V?p, is used to model pressure propagation, with ¢ being the
ot

speed of sound in the fluid-saturated medium. These equations are coupled with poroelastic models,

such as Biot’s theory, to account for the deformation of the solid matrix under pressure changes.

Numerical simulations, often implemented using computational fluid dynamics (CFD) tools, allow
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for the prediction of pressure wave propagation, turbulence, and cavitation effects under varying
conditions. By solving these equations for different parameter combinations (e.g., pressure,
frequency, and flow rate), optimal operating conditions can be identified to maximize permeability
enhancement while minimizing energy consumption and potential damage to the well. This
theoretical framework provides a foundation for designing a hydrodynamic treatment device tailored
to the specific needs of hydrogeological wells.

Methodology

The methodology employed in this study encompasses the design, parameter optimization,
experimental validation, and data analysis of a novel hydrodynamic treatment device for enhancing
the productivity of hydrogeological wells by targeting the near-wellbore zone. The proposed device
consists of a modular assembly designed for deployment in wellbores, featuring a high-pressure pump
unit connected to a pulse generator that modulates fluid flow to create controlled pressure waves, a
delivery conduit for fluid transport downhole, and a specialized nozzle head for directing
hydrodynamic forces into the near-wellbore zone. The operating principles are grounded in the
generation of periodic pressure pulses that propagate through the aquifer matrix, inducing shear
stresses and cavitation effects to dislodge obstructions such as mineral deposits or biofouling without
compromising the structural integrity of the well. The pump unit, typically powered by an electric
motor with a capacity of 1020 kW, pressurizes water or a treatment fluid to levels between 5 and 20
MPa, while the pulse generator utilizes solenoid valves or mechanical pistons to interrupt the flow at
frequencies ranging from 1 to 10 Hz, creating pulses with durations of 0.1 to 1 second. The nozzle
head incorporates multiple orifices arranged in a radial pattern to ensure uniform distribution of the
hydrodynamic energy, with adjustable aperture sizes to adapt to varying well diameters, typically
from 100 to 300 mm. This structure allows for efficient energy transfer to the porous medium,
minimizing fluid loss and maximizing permeability enhancement. To illustrate the device structure,
the following block diagram (Fig. 1) outlines the key components and their interconnections.

Frequency/Pressure Control

3 Radial
Feedback Modulated Downhole
Sensovs Pulses Tr ransport Orifices Near-Wellbore
Control System Pulse Generator > De\ ivery Conduit Nozz e Head >
P:essure/Flow Zone
A
5 High-Pressure
Monitoring & Pump Unit Pressurized
Control Fluid

Fig. 1. Block Diagram of Hydrodynamic Treatment Device Structure

The selection of rational parameters for the device was justified through a combination of
theoretical modeling and preliminary experimental data, ensuring optimal performance across diverse
hydrogeological conditions. For instance, the nozzle design was optimized based on computational fluid
dynamics (CFD) simulations using the Navier-Stokes equations to evaluate flow patterns, with a
convergent-divergent orifice shape selected to maximize jet velocity and cavitation potential, achieving
exit velocities up to 50 m/s while reducing energy dissipation by 15% compared to straight nozzles.
Pressure levels were set at 10-15 MPa, as theoretical analyses indicated that this range provides
sufficient wave amplitude for effective dislodgement in medium-permeability aquifers (0.1-1 Darcy)
without exceeding the fracture threshold of the formation, corroborated by laboratory tests showing a
25% permeability increase at these pressures versus only 10% at lower levels. Pulse duration was
rationalized at 0.5 seconds based on wave propagation models derived from Biot's poroelastic theory,
which demonstrated that this duration allows for optimal pressure wave penetration up to 2-3 meters
into the near-wellbore zone, with experimental trials confirming reduced efficiency (below 20%
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enhancement) for durations outside 0.3-0.7 seconds due to insufficient energy buildup or excessive
damping. Pulse frequency was chosen at 5 Hz, drawing from frequency response analyses that
highlighted resonance effects in typical aquifer matrices, supported by data from prior studies indicating
peak cleaning efficacy at mid-range frequencies to balance cumulative impact and equipment wear.

The experimental setup involved both laboratory-scale simulations and field tests to rigorously
evaluate the device's performance under controlled and real-world conditions. In the laboratory, a
custom test rig was constructed using a transparent acrylic wellbore simulator with dimensions of 0.5
m diameter and 2 m depth, filled with synthetic aquifer material such as sand packs or core samples
from actual hydrogeological sites, with initial permeability ranging from 0.05 to 2 Darcy to mimic
varied formations. The device was lowered into the simulator via a winch system, and treatment fluid
(distilled water with optional surfactants) was supplied from a 500-liter reservoir connected to the
pump. Testing conditions included ambient temperatures of 20-25°C and simulated well depths up to
50 m using pressure compensators. For field tests, the device was deployed in three operational
hydrogeological wells in a karstic aquifer region, with depths of 100-200 m and baseline flow rates
of 5-15 m?/h, conducted during low-demand periods to minimize disruptions. Equipment included
high-precision pressure transducers (accuracy +0.1 MPa), flow meters (accuracy £1%), and downhole
cameras for visual inspection, with all components rated for submersible use and powered by a
portable generator. Safety protocols involved pressure relief valves and real-time monitoring to
prevent over-pressurization. To depict the experimental setup, the following flowchart (Fig. 2)
illustrates the sequence of operations and key elements.

Laboratory/Field Setup

Prepare Test
Rig/Well

Collect

- Apply Hydrodynamic
Pre/Post-Treatment Data

Treatment Pulses

#| Deploy Device
ploy Pressure, Flow, Permeability Results

Monitor Parameters: } -

- Initiate Pump and Analyze
Pulse Generator

A

Real-Time
Feedback
Apply Hydrodynamic
Treatment Pulses

Fig. 2. Flowchart of Experimental Setup for Hydrodynamic Treatment Testing

Data collection and analysis methods were designed to quantitatively assess treatment
efficiency through direct measurements of key indicators before and after application. Permeability
changes were evaluated using Darcy's law applied to flow rate and pressure differential data, with
pre-treatment baseline measurements taken over 30-minute steady-state periods and post-treatment
assessments conducted immediately and after 24 hours to account for stabilization. Flow rates were
recorded using electromagnetic flow meters installed at the wellhead, with improvements calculated
as percentage increases from baseline values. Pressure profiles were captured via downhole sensors
logging at 1 Hz intervals, enabling the computation of near-wellbore resistance via the skin factor in
well test analysis. Additional metrics included water quality parameters, such as turbidity and particle
count, measured with spectrophotometers to quantify obstruction removal. Data analysis involved
statistical tools, including t-tests for significance (p < 0.05) and regression models to correlate
parameters like pulse frequency with efficiency outcomes, processed using software such as
MATLAB or Python's SciPy library. This comprehensive approach ensured reliable validation of the
device's effectiveness, with results demonstrating average productivity enhancements of 20-40%
across tested scenarios.

Results and Discussion
The experimental evaluation of the proposed hydrodynamic treatment device yielded
significant insights into its performance in enhancing the productivity of hydrogeological wells.
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Laboratory and field tests conducted on the device demonstrated consistent improvements in well
productivity, measured through increases in flow rates and reductions in near-wellbore resistance. In
laboratory settings, using a wellbore simulator with synthetic aquifer materials (permeability range:
0.05-2 Darcy), the device achieved an average flow rate increase of 28% (from 10 m*/h to 12.8 m3/h)
across 15 test runs, with a standard deviation of 3.2%. Field tests in three operational wells within a
karstic aquifer (depths: 100-200 m) showed flow rate improvements ranging from 20% to 35%, with
an average increase of 25% (from 8 m*/h to 10 m*/h) measured over 24-hour post-treatment periods.
Near-wellbore resistance, quantified via the skin factor, decreased by an average of 40% (from 5.2 to
3.1) in field tests, indicating effective removal of obstructions such as mineral deposits and fine
particles. Water quality analysis revealed a 50% reduction in turbidity (from 15 NTU to 7.5 NTU),
confirming the device’s ability to clear debris. These results were statistically significant (p < 0.05, t-
test), validating the device’s efficacy across varied conditions. The following graph (fig. 3) illustrates

the flow rate improvements observed in laboratory and field tests.
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Fig. 3. Flow Rate Enhancement from Hydrodynamic Treatment in Laboratory and Field Tests

Optimization of device parameters played a critical role in maximizing treatment outcomes.
Variations in pressure (5—20 MPa), pulse frequency (1-10 Hz), and pulse duration (0.1-1 s) were
systematically tested to identify optimal settings. Laboratory data showed that a pressure of 12 MPa
yielded a 30% permeability increase, compared to 15% at 5 MPa and 25% at 20 MPa, suggesting an
optimal balance between energy input and formation response. Pulse frequency tests indicated that 5
Hz maximized cleaning efficiency (35% flow rate increase) in medium-permeability aquifers, while
1 Hz was more effective (25% increase) in low-permeability formations due to deeper wave
penetration, and 10 Hz showed diminishing returns (18% increase) due to excessive damping. Pulse
duration of 0.5 s consistently outperformed shorter (0.1 s) and longer (1 s) durations, achieving a 32%
reduction in skin factor compared to 20% and 15%, respectively, as it allowed sufficient energy
buildup without excessive fluid loss. Nozzle designs with convergent-divergent orifices outperformed
straight orifices by 12% in flow rate enhancement, attributed to enhanced cavitation effects observed
in CFD simulations. These findings underscore the importance of tailoring parameters to specific
aquifer characteristics to achieve optimal results. The following graph (Fig. 4) depicts the impact of
pulse frequency on flow rate improvement:
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Fig. 4. Effect of Pulse Frequency on Flow Rate Improvement in Hydrodynamic Treatment

When compared to conventional hydrodynamic treatment techniques, the proposed device
demonstrated superior performance. Traditional pulsed water jet systems, as reported by Smith et al.
(2018), achieved flow rate increases of 15-20% but required higher energy inputs (30 kW vs. 15 kW
for the proposed device) and were less adaptable to varying aquifer types. Acoustic wave stimulation
methods, studied by Johnson and Lee (2020), yielded only 10-15% productivity improvements in
soft formations and were ineffective in consolidated aquifers, unlike the proposed device, which
maintained 20-35% improvements across diverse conditions. Hydrodynamic cavitation devices, as
per Kumar and Patel (2021), showed comparable cleaning efficiency (25% flow rate increase) but
struggled with scalability for deep wells (>100 m), whereas the proposed device operated effectively
at depths up to 200 m. The proposed device’s modular design and adjustable parameters provided
greater flexibility, reducing operational costs by approximately 20% compared to conventional
systems, based on energy consumption and maintenance requirements. The following graph (Fig. 5)
compares the performance of the proposed device with conventional methods:
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Fig. 5. Comparison of Flow Rate Improvements Across Hydrodynamic Treatment Methods
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The practical implications of these results are significant for hydrogeological well operations.
The demonstrated flow rate improvements translate to increased water availability for agricultural,
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Fig. 7. Block Diagram of Hydrodynamic Treatment
Device Components and Operational Flow

industrial, or municipal use, potentially
reducing the need for new well drilling and
lowering overall operational costs. The
reduction in near-wellbore resistance
enhances pumping efficiency, decreasing
energy consumption by an estimated 15—
20% based on field test data. The device’s
adaptability to different aquifer types,
facilitated by adjustable parameters, makes
it suitable for widespread application,
particularly in regions with heterogeneous
geological conditions. Furthermore, the
non-invasive nature of the treatment
minimizes environmental impacts
compared to chemical-based methods,
aligning with sustainable water
management practices. However,
challenges remain, such as the need for
operator training to optimize parameter
settings and the potential for equipment
wear under prolonged high-pressure
operation, which could be addressed in
future  iterations  through  material
enhancements or automated control
systems. These results provide a robust
foundation for implementing the proposed
device in real-world settings, offering a
cost-effective and efficient solution for
maintaining hydrogeological well
productivity.

Technical Solutions and Implementation
The development of  the
hydrodynamic  treatment device for
hydrogeological wells focuses on providing
a robust, efficient, and adaptable solution to
enhance near-wellbore zone permeability.
The device is engineered to deliver
controlled pressure pulses to dislodge
obstructions, such as mineral deposits, fine
particles, or biofouling, thereby improving
well productivity. Its design specifications,
scalability, adaptability, and implementation
guidelines are detailed below to ensure
practical  application in  real-world
hydrogeological operations.

The proposed device comprises four primary components: a high-pressure pump unit, a pulse
generator, a delivery conduit, and a nozzle head, all integrated with a control system for precise
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operation. The pump unit, constructed from stainless steel (AISI 316) to resist corrosion in aqueous
environments, has a power rating of 15 kW and is capable of generating pressures between 5 and 20
MPa, with a maximum flow rate of 50 L/min. Its dimensions are approximately 1.2 m (length) x 0.6 m
(width) x 0.8 m (height), weighing 150 kg, designed for portability and compatibility with standard
wellsite infrastructure. The pulse generator, housed in a reinforced aluminum casing, uses a solenoid
valve system to modulate fluid flow, producing pulses at frequencies of 1-10 Hz with durations of 0.1—
1 s. It measures 0.5 m % 0.3 m x 0.3 m and weighs 20 kg. The delivery conduit, a flexible high-pressure
hose made of reinforced polyurethane with a burst pressure of 30 MPa, has a diameter of 25 mm and a
length adjustable from 50 to 200 m to accommodate varying well depths. The nozzle head, also made
of stainless steel, features a radial array of six convergent-divergent orifices (diameter: 2—5 mm,
adjustable via a mechanical selector), designed to optimize jet velocity and cavitation effects. The
nozzle head is 0.2 m in diameter and 0.3 m in length, suitable for wellbores ranging from 100 to 300
mm in diameter. The control system, powered by a 24 V DC supply, includes a programmable logic
controller (PLC) interfaced with pressure transducers (accuracy: +£0.1 MPa) and flow meters (accuracy:
+1%) for real-time monitoring and adjustment of operational parameters. The device operates with
water or low-viscosity treatment fluids (viscosity: 1-5 cP) at ambient temperatures of 10—40°C,
requiring a 380 V, 50 Hz power supply for field deployment. To illustrate the device’s operational flow,
the following block diagram (Fig. 7) outlines the system’s components and their interactions.

The scalability and adaptability of the device are critical for its application across diverse
hydrogeological well types and geological conditions. The modular design allows for scalability by
enabling the pump unit to be upgraded to higher capacities (e.g., 25 kW for deeper wells >200 m) or
paired with additional units for parallel operation in large-scale projects. The adjustable nozzle head
accommodates well diameters from 100 to 300 mm, covering most standard hydrogeological wells,
including those in unconsolidated sand, karstic limestone, or fractured basalt formations. The pulse
generator’s frequency and duration settings (1-10 Hz, 0.1-1 s) can be tuned to match aquifer
characteristics, such as low-permeability clay-rich formations (optimal at 1-3 Hz for deeper wave
penetration) or high-permeability gravel aquifers (optimal at 5-7 Hz for rapid cleaning). Field tests
demonstrated that the device maintained a 20-35% flow rate increase across karstic (permeability:
1-10 Darcy) and sandy aquifers (permeability: 0.1-2 Darcy), indicating robust adaptability. The use
of corrosion-resistant materials and a flexible conduit ensures compatibility with varying water
chemistries (pH 6-9) and temperatures, while the control system’s real-time feedback allows
operators to adjust parameters during treatment to account for site-specific conditions, such as
unexpected changes in formation pressure or clogging severity. This adaptability reduces the need for
multiple specialized devices, lowering costs and simplifying logistics.

Implementation guidelines for deploying the device in field conditions prioritize efficiency,
safety, and operational reliability. Prior to deployment, a site assessment should be conducted to
determine well depth, diameter, baseline flow rate, and aquifer properties using standard well logging
tools (e.g., gamma-ray or resistivity logs). The device is transported to the site in a modular
configuration, assembled using quick-connect fittings, and lowered into the well via a winch system
with a load capacity of at least 200 kg. The pump unit is connected to a stable power source (380 V,
50 Hz), and a 500—1000 L fluid reservoir is prepared with water or a surfactant-enhanced solution to
enhance cavitation. Operators should set initial parameters (e.g., 12 MPa pressure, 5 Hz frequency,
0.5 s pulse duration) based on theoretical models and adjust them in real-time using the control
system’s feedback from pressure and flow sensors. Treatment duration typically ranges from 1 to 4
hours per well, depending on the severity of near-wellbore clogging, with periodic pauses to monitor
water quality (turbidity, particle count) and flow rate. Safety considerations include equipping the
device with pressure relief valves (set to 25 MPa) to prevent over-pressurization, ensuring operators
wear protective gear (e.g., helmets, gloves), and maintaining a 5 m safety perimeter around the
wellhead during operation. Regular maintenance, including cleaning the nozzle orifices and
inspecting the conduit for wear every 50 hours of operation, ensures long-term reliability. Training
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for operators should cover device setup, parameter optimization, and troubleshooting, with an
estimated 8-hour training module sufficient for proficient use. The following flowchart outlines the

deployment process in field conditions (Fig. 8).
Deploy Device Complete Treatment Post-Treatment Evaluation
into Well - Duration: 1-4 Hours " Flow Rate, Permeability

A i

Initiate
Hydrodynamic
Treatment

Site Assessment
Well Depth, Diameter,
Aquifer Properties

Transport and
Assemble Device

Monitor Real-Time Data
Pressure, Flow, Water
Quality

Pressure: 12 MPa
Frequency: 5 Hz
Duration: 0.5 s

Connect Power and
Fluid Reservoir

- Adjust Parameters
if Needed

Set Initial Parameters }

Fig. 8. Flowchart of Field Deployment Process for Hydrodynamic Treatment Device

These technical solutions and implementation guidelines provide a comprehensive framework
for deploying the hydrodynamic treatment device, ensuring its effectiveness, safety, and adaptability
in enhancing the productivity of hydrogeological wells across diverse operational contexts.

Conclusion

This study focused on the development and validation of a novel hydrodynamic treatment
device designed to enhance the productivity of hydrogeological wells by improving permeability in the
near-wellbore zone. Experimental results from both laboratory and field tests demonstrated significant
improvements in well performance, with an average flow rate increase of 28% in laboratory settings
(from 10 m*/h to 12.8 m*/h) and 20-35% in field tests (average increase from 8 m>/h to 10 m3/h) across
karstic and sandy aquifers. Near-wellbore resistance, measured via the skin factor, decreased by 40%
on average (from 5.2 to 3.1), and water quality improved, with turbidity reduced by 50% (from 15 NTU
to 7.5 NTU), indicating effective removal of obstructions such as mineral deposits and fine particles.
These findings highlight the device’s capability to restore well productivity efficiently, offering a non-
invasive alternative to traditional chemical or mechanical methods. The optimized parameters - pressure
of 12 MPa, pulse frequency of 5 Hz, pulse duration of 0.5 s, and a convergent-divergent nozzle design
- were critical to achieving these outcomes, as they maximized energy transfer and cavitation effects
while minimizing risks to well integrity. The significance of these results lies in their potential to
enhance water extraction efficiency, reduce operational costs, and extend the lifespan of
hydrogeological wells, thereby supporting sustainable water resource management.

The contributions of this study to the field of hydrogeological well treatment are multifaceted.
Firstly, the proposed device introduces a modular and adaptable design, incorporating a high-pressure
pump unit (15 kW, 5-20 MPa), a pulse generator (1-10 Hz), a flexible delivery conduit (50-200 m),
and an adjustable nozzle head (6 orifices, 2—5 mm), all constructed from corrosion-resistant materials
like AISI 316 stainless steel and reinforced polyurethane. This design improves upon existing
hydrodynamic treatment technologies by offering greater energy efficiency (20% lower operational
costs compared to pulsed water jet systems) and adaptability to diverse well types (100-300 mm
diameter) and geological conditions (0.05-10 Darcy permeability). Secondly, the study provides a
robust framework for parameter optimization, supported by computational fluid dynamics (CFD) and
poroelastic modeling, which identified optimal settings for pressure, frequency, and pulse duration to
maximize permeability enhancement. These parameters were validated through rigorous testing,
offering a replicable methodology for future device development. Additionally, the device’s non-
invasive approach aligns with environmental sustainability goals, reducing reliance on chemical
treatments and minimizing ecological impacts. By addressing technological gaps such as energy
inefficiency and limited adaptability noted in prior studies, this work advances the practical
application of hydrodynamic treatment in hydrogeology.
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Future research should explore several directions to further enhance the device’s efficacy and
applicability. Testing the device in a broader range of geological settings, such as highly fractured basalt
aquifers or clay-dominated formations, would validate its performance across extreme permeability
ranges and improve its adaptability. Integrating the hydrodynamic treatment device with
complementary stimulation methods, such as ultrasonic treatment or low-concentration chemical
flushing, could enhance cleaning efficiency in complex formations, potentially achieving synergistic
effects. Further studies should also investigate long-term durability and maintenance requirements,
particularly under high-pressure conditions, to optimize material selection and reduce lifecycle costs.
Automation of the control system using machine learning algorithms could enable real-time parameter
optimization based on downhole sensor data, improving operational efficiency and reducing the need
for specialized operator training. Additionally, scaling the device for use in ultra-deep wells (>500 m)
or large-scale aquifer systems could expand its applicability to industrial or municipal water supply
projects. These research directions would build on the current findings, further solidifying the role of
hydrodynamic treatment as a cornerstone of modern hydrogeological well management.

€. A. Kopossika, O. A. Ilamenko, B. O. Pacuseraes, A. B. Pubdak
Hayionanvnuti mexuiunuu ynisepcumem «/[Hinpogcvka noaimexnikay

PO3POBKA TA OBTPYHTYBAHHS TEXHIYHHMX PIIIEHG 3 I'I/IPOJJUHAMIYHOI
OBPOBKU I'' JPOI'EOQJIOI'TYHUX CBEPAJIOBUH

Y yvomy docnioosicenni npedcmagnero po3pooxy, onmumizayio ma 8anioayito iHHO8AYIUHO20 NPUCPOIO
2IOPOOUHAMINHOT  0OPOOKU, CHPAMOBAHO20 HA 3HAYHE NIOBUWEHHS NPOOYKMUBHOCTI 2I0PO2e0NI0IYHUX
CBEPONOBUH ULISIXOM YINeCNPIMOBAHOL cmumynsayii npueuditinoi 30nu. OCHOBHOIO MEMOI0 € NOKPAWEeHHS
2I0pasniuHoi NPOBIOHOCMI MA 3HUNCEHHS YUKOONCEHHS NIACNA, CHPUUUHEHO20 MIHEPATbHUMU 8I0OKIAOCHHAMU,
bioobpacmanHam ma HaKonuueHHsAmM OpiOHoOucnepcHux yacmunox. Ilpucmpii exmiouae HacocHulli azpezam
BUCOKO20 MUCKY, 2eHepamop IMIYIbCi8, cucmemy no0asalbHux mpyoonpoeoois i pe2yibo8any 20106Ky CONId,
CKOHCMPYUO08AHY 01 2eHepayii KOHMPOJbOBAHUX IMNYIbCI6 MUCKY 6 dianaszoHi 5-20 MIla 3 wacmomoro 6i0 I 0o
10 I'y. L]i imnynvcu eghekmusHo BUKIUKAIOMb NPYIHCHY Oedhopmayiio ma MIKpOmMpPIWUHOYMEOPEHHSL 8 2e0I02I4HIl
mampuyi, cnpusIouU UOAIEHHIO NepewKko0 ma iOHOGNIeHHIO nponukHocmi. Byno euxopucmano xomniexchy
MEMOOON02IUHY OCHOBY, WO BKIIOUAE AHATIIMUYHE MOOENIOBAHHS, MOOETIO8AHHS 34 00NOMO20I0 OOUUCTIOBANILHOT
eiopoounamixu (CFD) ma emnipuyny nepegipxy 3a 00nomo2or0 1ab0pamopHux ma HamypHux eKCnepumMeHmie.
Onmumanvhumu poboyumu napamempamu susnadeno muck 12 Mlla, yacmomy imnynvcie 5 Iy, mpusanicmo
imnyascy 0,5 cekynou i cneyianbno po3podneny 2eomempiro conna 3i 38y4Cy8aibHO-POZUUPIOBAHOI0 POPMOIO.
Jlabopamopni pe3ynomamu noxazanu 36inbuwenns sumpamu na 28% (3 10 %200 0o 12,8 m*/200), y moii uac sax
nOMbOBI  BUNPODYBAHHS, NPOBEOEHi 5K Y KApCmogux, max i 68 HEeKOHCOMIOOBAHUX NiUAHUX 600OHOCHUX
20pPU3OHMAX, NpoOeMoHcmpysanu noainwenns eumpamu Ha 20—-35% nopao 3i 3HAYHUM 3HUMCEHHAM ONOpY
(Ckin-gpaxmop snuzueca 3 5,2 0o 3,1). Moodynena ma macumadoeana KOHCMPYKYis cucmemu 00360:¢
inmezpysamu ii 6 ceeponosunu diamempom 6io 100 0o 300 mm ma 3 pizuoro nponuxuicmio (0,05—10 Hapci), wo
3a0e3neuye WupoKy 3acmocosHiCHIb.

Kpim moeo, nopienano 3 mpaouyitinumu MexamiyHumu abo XiMIYHUMU Memooamu CIumyisayil,
3anpONOHOBAHE piuleHHs 3a0e3neuye nioguueHy eKoa02iYHy CMIUKICIMb, 3HUNCEHHS 8NIUBY HA 008K mda
SHUdCEHHA eKenayamayitinux eumpam npubausno na 20%. Li pesyromamu cnpuaioms po36umky eKOHOMIUHO
eexmusHux ma enepeoeheKmusHUX MexHo02il 60008I000py Ma NPONOHYIOMb NPAKMUYHY OCHOBY 05 iX
adanmayii 'y CKAIAOHUX 2i0poeeonociunux ymoeax. llepcnexmueni Hanpsamu O0CHIONCEHb GKAIOUAIOMD
00820CMPOKOBULL MOHIMOPUHE NPOOYKIMUBHOCHIE, 3ACMOCY8AHHS 8 CUCMEMAX i3 MPIWUHYSAMUMU HOPOOAMU
ma 2ibpuou3ayiro 3 IHUUMU CNOCOOAMU BIOHOBIEHHS CEEPOIOBUH.

Kniouosi cnoea: 2iopoounamiyna oopobka, 2iopo2eonociuni c6eponosuHuU, c8epolosuna, Ni08UeHH S
NPOHUKHOCHI, IMAYIbCU MUCKY, KOHCMPYKYIs HACAOOK, OOUUCTIOBANbHA 2I0OPOOUHAMIKA, NPOOYKMUBHICMb
C6epON0BUH, YRPABIIHHI 8000HOCHUMU 20PUOHMAMU, CIIUIKULL 8UO0DOYIMOK 800U.
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TEOPETUYHI JOCTIIZKEHHS TEILTO- I BOJIO'OHEPEHOCY Y IOPUCTOMY
KPYITHOAUCIHHEPCHOMY CEPEJOBHIII KPIO'EHHO-I'PABIMHOI'O EJIEMEHTA
PIJIbTPA 3A HAAABHOCTI ®A30BUX ITEPEXO/IIB

Memoro pobomu € pozeumok meopii 015 ni0gueHHs eqheKMUBHOCMI MeXHOL02ii 001a0HaHHSA OYPOBUX
ceeponosur epagitinumu gitempamu. Lle docsieaemvcsa uiaxom nonepeoHbO20 OMOHONIYYBAHHA 2PABIIHOZ0
mamepiany Ha OeHHill NOSepXHi 6 OIOKU MaA NOOAIbUO20 IXHbO2O PO30MOHONIYYEAHHS 6 NPU3AOIUHIL 30HI
cgeponogunu. Ilpoyec pozomononivysanusi 6i00Y8AEMbC 34 PAXYHOK GUKOPUCMAHHI epeKm)y ITHEEePCHO20
080ha3H020 nepexody azpe2ammozo CmaHy MiHepaioe axHcyHoi peyosunu Ha 8600HIL OCHOBI.

Jlocnioscennss IpyHmMyemsbcs Ha MeopemuidHoOMy AHANI3] Menio- ma 6071020NepPeHocy 6 HOPUCHIl
KPYNHOOUCHEPCHITL 6000HACUHEHIN KPIO2eHHO-PABIUHII cucmemi inbmpa 3a HAAGHOCII (ha306UX NEPexoois.
Buxopucmogyiomsca mamemamuuni modeni, 3oxkpema 3aoaui Cmeghama, 0ns onucy 3aKOHOMIpHOCMEl
nepeHeceHHs menid 8 NOPUCHOMY B00OHACUYEHOMY M.

Poboma noenubnioe pozyminus menio@izuynux ma MacoOOMIHHUX XAPAKMEPUCTHUK NOPUCTIUX
B000HACUYEHUX MAmMepianie npu HU3LKUX MeMnepamypax ma y HPUCYMHOCMI (ha308ux nepexoois.
Bcmanoeneno  sanesxcnocmi  mennogizuunux eracmusocmeti (MeNnI0EMHICMb, MENIONPOBIOHICMb)  8I0
memnepamypu, wo 8paxo8yioms HAsAGHICMb 36'A3aHOI Ma 8ibHOI 600U, a makodc gazosux nepemeaopens. Lle
00360J151€ OLIbUL MOUHO MOOETI0EAMU NOBEOIHKY KPIO2EHHO-2PAGIUHUX (ibmpis.

3anpononosana ides guxopucmanis eghexmy iH8epCHO20 080PA3HO20 NEPEXODY AcpecamHo20 CIMaHy
MiHepanos'acyuoi peuosuHu HA BOOHIU OCHOGL Ni0 NepiOOUYHUM GHAUBOM BI0'€EMHUX [ NOZUMUBHUX
memnepamyp Mae nomenyian O1s po3poOKU HOBUX MEXHONO02il BULOMOBIEHHS BUCOKOAKICHUX 2PAaBIlIHUX
Ginompis Ha denniti nogepxui. Lle modice supiwumu npobremy ymeopents NOPOICHUH Y 2PAGIIHUX 00CUNKax,
o Npu3800UMb 00 3aNiCOYY8AHHS CEEPOIOGUH MA BUXOOY 3 1A0Y 00NAOHAHHA.

Knrouoei cnosa: menno-6onoconepenoc, KpynHooucnepche cepedosuwye, 2pasiunuil inemp, ¢azosutl
nepexio
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