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Abstract
The displacement of air masses caused by the movement of objects or vehicles is often characterized by considerable 
energy content, which, with appropriate technologies, can be partially recovered. In this sense, numerous scientific 
works consider rail transport as a possible context for application. However, the literature in the sector highlights how 
using existing wind technologies in these areas involves many difficulties, mainly related to the turbulent and impulsive 
nature of the airflows generated. This work presents the architecture and general aspects of an innovative technology for 
obtaining electrical energy from variable and impulsive airflows, such as those due to the rapid transit of railway trains 
in tunnels, without precluding its use in other similar fields. The innovative aspect mainly concerns the independent 
control of two distinct typologies of bladed elements, which can also have translational movement and drag-based and 
lift-based aerodynamic behavior to improve the adaptability of the embodiment to the site’s fluid dynamic and geometric 
characteristics. Furthermore, the structural simplification of the apparatus, shifting some of the technological complex-
ity to the control systems, brings further advantages in terms of construction cost, robustness, maintenance, reuse, and 
transferability to different contexts. Of course, the counterpart of these benefits lies in the software and hardware of the 
control devices. Analytical models to determine the non-dimensional performance coefficients of the two basic types 
have been reported as has the architectural model of the control system. The technology shown in this work is protected 
by an EP and US Patent.

Keywords Energy harvesting · Wind power · Unconventional renewable sources · Railway · Road mobility

1 Introduction

In recent decades, the rapid increase in the population worldwide, the massive consumption of fossil energy, and their 
negative impact on the environment have triggered research efforts to find affordable and clean energies [1]. Specifically, 
energy harvesting has emerged as a pivotal process facilitating the capture of energy resources in diverse environments 
and subsequently converting them into electrical energy for immediate utilization or storage within dedicated devices. 
Railways, recognized as the most energy-efficient and sustainable form of transport for passengers and goods, are 
regarded as the core of transportation development in several countries, including China, Japan, and Germany. For 
instance, in China, the total length of railway lines reaches approximately 150,000 km [2, 3], with the high-speed section 
alone from Shanghai to Kunming including about 300 tunnels, covering a total length of over 400 km [4]. In this frame, 
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energy harvesting in the railway industry has great potential for energy recovery. In the technical literature, different 
approaches are explored; one of the most relevant focuses on using energy harvesting techniques exploiting vibrations 
of vehicle components (suspensions, shock absorbers, etc.) or induced by the interaction of the convoy with the railroad 
infrastructure (sleepers, joints, bridges, etc.) [5, 6]. The most common vibration energy harvesting systems for application 
in this context belong to the two following categories: electromagnetic and piezoelectric energy harvesters [7]. Accord-
ing to the previous literature, the vibrations usually involved in the railway’s environment have a low amplitude (of the 
order of millimeters) and a wide frequency range (from a few tents to 6–7 hundred Herts). Electromagnetic devices [6] 
exhibit higher efficiency when displacement and frequency are high, whereas piezoelectric devices produce higher 
electricity when a significant strain is available to the harvesting system [8]. In particular, in [9], the vibrations detected 
at the track in a railway tunnel during a train passage can be fruitfully used to harvest energy. Most of these studies 
involve devices that typically utilize piezoelectric materials, which can provide useful power to supply moderately con-
suming auxiliary systems (of a few mW), such as onboard sensors for health-monitoring systems, wireless communica-
tions, signal lights, etc. For instance, in [10–12], the authors have developed piezoelectric devices capable of harnessing 
both the vibrations experienced by the train bogies and the wind induced by the train’s movement. Despite the compact 
dimensions and the resulting low impact on structures or fluid dynamics in the environment, enabling the installation 
of multiple units, the use of these solutions remains specific to low-magnitude power. Other approaches in the scientific 
literature of the field are focused on utilizing solar energy [13]. The use of solar panels in rail transportation is not a novel 
concept; two different applications are presented in literature: those for which the solar panels are accommodated 
between the railroad lines and those for which the solar panels are located on the shed roof of each carriage. In a recent 
review [14], the authors reported applications of photovoltaic solar panels that generate up to 8% of the required power, 
mounting the panels on the roof of a diesel-electric train. Further studies in the scientific literature concern recovering 
higher powers from airflow [15] caused by the trains passing by resorting to conventional wind generators [16]. The 
increase in average train speed has opened up new possibilities for recovering energy from the airflow set in motion by 
passing trains. In particular, most of these studies focus on energy harvesting from small wind turbines installed either 
along the rail tracks or on the roofs of train wagons. In the former case, several patents have been proposed for generat-
ing renewable energy from moving trains by harnessing wind power. These studies encompass systems of both vertical-
axis wind turbines (VAWT) (Savonius and Darrieus types) [17] and horizontal-axis wind turbines (HAWT). A singular 
prototype, as demonstrated by [18], is capable of producing energy in the range of a few tens of Watts. Assuming a 
number of systems per km equal to 250, the cumulative power output can potentially reach up to 3000 kWh/day/km. 
On the other hand, some critical aspects in the use of wind turbines positioned along the railroad arise from the frequent 
maintenance due to the potential vulnerability of the equipment to dust and debris raised during the train movement 
or to deposits of grease and dirt typical of the rail environment. Moreover, it is essential to note that installing small wind 
turbines within a tunnel poses safety concerns due to the presence of high-speed rotating devices. In [19], a modified 
Savonius-type VAWT microturbine installed in the space between tunnel walls and railway tracks is studied. The authors 
point out that the classical S-shape geometry of the blade does not allow for optimal electricity generation from induced 
wind, as the train passage creates a vortex near the turbine, with a low-pressure zone that hinders propeller blade rota-
tion. The results indicate that although the developed modifications enhance its performance, they are susceptible to 
the blade diameter and the distance of the turbine from the tracks. In [20], the performance of a Banki-Michell turbine 
is investigated. The authors specify that traditional Savonius and Darrieus turbines, typically composed of two or three 
blades, are ill-suited for the substantial variations in airflow direction generated by the passage of a railway vehicle inside 
a tunnel, mainly due to the instability caused by the wide angle between the blades. The simulation, conducted by vary-
ing the number of turbines along the railway path and the length of the tunnel, reveals the performance dependency 
on the device’s position relative to the train and the tunnel ends. In several studies, the rooftop of the train has been 
chosen for installing small wind turbines. This choice is motivated by high and consistent wind speed along long trails 
and the feasibility of installing the gearboxes and generators near the turbine. Technical literature presents several papers 
based on HAWT and VAWT [21]. In [22], the authors conduct a feasibility study on implementing a wind energy system 
composed of ten wind turbine units installed on the wagon roof, operating on different train routes (slow and fast). They 
found that the amount of power required to overcome the additional drag due to the presence of the wind turbines is 
almost 6% of the power requirement by the train. This result implies that the power output from a single trip is highly 
dependent on the mean velocity. Furthermore, considering the cost of the wind power unit, the payback time can be 
significantly increased for slow-route trains. Other significant limitations are associated with the placement of turbine 
systems on the train roof, including increased weight and dimensions [17]. These factors may restrict train entry into 
tunnels and pose additional challenges. A miniature wind energy harvester (MWEH) offers a new perspective on wind 
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power extraction. It can obtain power from aeroelastic instabilities, such as vortex-induced vibrations or flutter [23]. Their 
large-scale manufacturing feasibility and the possibility of generating motion at relatively low wind energy make this 
system particularly promising. Tunnel constitutes a highly distinctive infrastructure in terms of energy consumption and 
safety issues related to the high-risk level determined by the consequences of a potential risk event (fire, accident, etc.), 
as stated in Directive 2004/54/EC. Energy consumption linked to safety systems encompassing tunnel ventilation, traffic 
control, lighting, and communication is pivotal in achieving a sustainable design. In particular, with the rapid develop-
ment of the information society, big data is a fundamental element in ensuring rail system’s healthy and safe operation. 
In this frame, smart tunnels are implemented for measuring and collecting data from various parts of the equipment, 
which are further analyzed to ensure timely checking, identification of possible failures, and taking corrective measures. 
However, the increasing complexity of automation technical installations depends increasingly on reliable power supply. 
In particular, for tunnels situated in remote areas, electrical power supply to sensors and their maintenance becomes 
critical. Therefore, the research community has focused on energy harvesting methods in train tunnels. Within this con-
text, energy harvesting through wind turbines can be effectively employed when the operational space and airflow 
characteristics associated with the aerodynamics of the tunnel and the vehicles passing through it align with the design 
specifications of the [19] wind device type. However, this condition is not easily encountered. In-depth analyses of the 
airflow in tunnels have highlighted the complexity of the aerodynamics occurring during the passage of vehicles, pre-
senting numerous elements that hinder the efficient utilization of available energies. Various publications in the technical 
literature describe the interaction between flow, structures, and train [24–34]. The aerodynamic phenomenon triggered 
by the passage of a train through a tunnel is generally modeled by referencing two main aspects: the piston effect and 
the slipstream. The former primarily concerns the air pushed in front of the train and drawn in from the rear, while the 
latter involves the portion of air moving in the lateral space between the convoy and the tunnel. Specifically, compres-
sion waves are generated in the front region of the train and expansion waves in the rear area, both following the train’s 
movement [34]. This scenario originates a complex pattern of air pressure and velocities along the tunnel’s longitudinal 
direction and cross-section. The variability of the phenomenon depends, of course, on the geometric and physical char-
acteristics of the train and the tunnel, as well as the speed of the train. A detailed analysis is provided in [24], revealing 
the significant airflow variability in flow rate, pressure gradient, turbulence, direction, duration, and position within the 
tunnel. The phenomenon’s strongly impulsive and turbulent nature could also negatively affect structures and passen-
gers, especially people waiting in designated areas. Further critical issues involve evaluating the impact of significant 
train-induced vibrations and the presence of debris, including high-speed propelled solid fragments. These factors pose 
potential threats to the integrity of facilities. So, to address these challenges, it is essential to make appropriate design 
choices that enhance the tolerance of infrastructures to such inconveniences. This work presents an innovative system 
for harnessing wind energy induced by the passage of vehicles in railway or subway tunnels. The primary objective is to 
provide a technology capable of enhancing the adaptability of equipment to the specific fluid dynamic characteristics 
of these operational contexts while also increasing performance levels compared to existing technologies. Improved 
adaptability to the site’s geometry offers the additional advantage of extending airflow control strategies, for example, 
to exert a solicited braking action or reduce undesired effects on passengers waiting near the track. The technology 
presented in this work is protected by an EP and US Application Patent [35]. The rest of the paper is organized as follows. 
In Sect. 2, the technological background provides an overview of the leading reference technologies. Section 3 describes 
the main apparatus component’s overall architecture and functional aspects. Section 4 shows the essential algebra for 
determining the dimensionless performance coefficients and two embodiment examples reported in the patent. An 
overview of the system controller model is described in Sect. 5. Finally, Sect. 6 reports considerations and future works.

2  Background

The key features of the technological background are presented here to facilitate comprehension of the developed 
technology, emphasizing its primary challenges in application in the chosen context (railroad tunnel). A simplified 
description of the main elements encompassing the developed system is described hereafter: wind turbines, electri-
cal generators, and control systems.
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2.1  Wind turbines

Although the complexity of aerodynamic phenomena inside a railway tunnel significantly changes the efficiency of 
conventional wind turbines in this operational context, a brief description of the process of converting wind energy into 
electrical energy is reported below. The amount of power P extracted by the wind turbine is a fraction of the power Pf  of 
the air mass impacting it, which can be expressed by the well-known formula [36]:

where � is the air density, A is the swept area, and vf  is the wind velocity. The extracted power can be related to the avail-
able power in the airflow by the non-dimensional power coefficient Cp according to the following expression:

The theoretical maximum efficiency of a wind turbine in aerodynamic-mechanical conversion is determined by Betz’s 
limit [37]. The well-known Betz’s model, as outlined in [38], is based on the axial momentum theory and employs the 
concept of actuator disk [39] to model a generic wind turbine, analyzing the volume of an ideal fluid constituted by the 
flow tube that passes through a porous disk. The power coefficient Cp of a generic wind apparatus is expressed as follows:

It depends on the axial interference factor a that quantifies the interaction between the flow and the device. The axial 
interference factor is defined as the ratio of the decrease in airflow velocity in front of the actuator disc v to that of the 
undisturbed flow:

It is demonstrated that the wind speed on the actuator disc v is equal to the average of the velocities at the inlet vf  
and outlet vu of the flow tube:

Then, the axial interference factor cannot exceed the value 0.5 , corresponding to vu = 0 , i.e., flow interruption. The 
maximum power coefficient Cp = 16∕27 , obtained with a = 1∕3 , gives the theoretical efficiency limit of 59.26%. However, 
Cp is usually less than 45%. This significant reduction in the power coefficient is due to aerodynamic losses in the wind 
turbine systems.

2.2  Electric generators

The mechanical rotational energy of a turbine’s rotor axis is converted into electrical energy through an electric generator. 
In traditional wind turbines, most drive systems incorporate a gearbox and a high-speed induction generator. However, 
as wind turbine’s average power has significantly increased, there is a growing interest in direct-drive low-speed genera-
tors, with attention to some technical and economic constraints. A wind turbine can be either at fixed or variable speed 
type. The former is aerodynamically less efficient, operating optimally only at a specific wind speed, but has been widely 
adopted due to its reliability, simplicity, and low costs. The latter adapts to wind speed, optimizing energy extraction 
in an extensive range of velocities. Usually, fixed-speed wind turbines use a mechanical multi-stage gearbox to drive a 
high-speed induction generator [40]. A wind turbine operating at a variable speed can be characterized by a doubly fed 
induction generator (DFIG) or a permanent magnet synchronous generator (PMSG) [20]. The PMSGs present advantages 
for direct-drive wind turbines by eliminating gearbox compared to asynchronous induction machines. In particular, the 
electrical excitation is replaced by permanent magnets, which minimizes rotor-winding losses and decreases generator 
weight. Moreover, because the PMSG does not need a gearbox, slip rings, and brushes, they are characterized by high 
reliability and low maintenance cost [20, 40]. Electro-mechanical conversion is a highly efficient process that can be over 
90% using permanent magnet synchronous generators. PMSG is one of the most efficient types of generators. Indeed, 
it does not need extra electrical power and is characterized by a small, light, and robust structure [17]. In particular, the 
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power losses of this type of generator are about 65% of those of a typical DFIG [41]. In [42], the authors propose the 
design and development of a PMSG generator for small-scale wind turbines subjected to turbulent wind. In particular, 
the generator-inverter system described can be used as an active technique for controlling turbine speed in strong winds. 
In high-wind operating conditions, an extra electrical dump load can slow down the turbine if the wind speed exceeds a 
prefixed threshold. The excess electrical energy is diverted to this dump load, dissipating it as heat. This load essentially 
acts as a brake for the turbine, preventing it from spinning too fast. When the wind speed drops or returns to a safe range, 
the dump load can be disconnected, allowing the turbine to accelerate again. Various approaches have been utilized 
in moving train’s wind energy harvesting systems. In tunnels, wind speeds can vary significantly and change rapidly. To 
ensure a more stable rotation of the wind turbine, a brushed DC motor as the generator seems to be the better choice. 
In [22] and [43], the generator unit used is a PMSG. It does not require additional capacitors for power factor corrections, 
even if it demands high maintenance and frequent repair work due to the presence of brushes coupled with a gearbox 
to regulate the shaft rotational speed. In, [12, 44, 45], the authors justify the use of a microturbine with a PMSG generator 
because of the high variability of the wind speed caused by the fast dynamic of the phenomena that produce the airflow 
inside the tunnel. In [17], the authors use a PMSG generator installed on a train roof because it does not require wiring 
for excitation. Also, this solution allows for satisfying the constraints of the proposed apparatus’s weight.

2.3  Control systems

Control strategies in wind energy systems are crucial for optimizing their performance, efficiency, and reliability. These 
strategies aim to address the inherent challenges associated with wind variability, turbulence, and grid integration, 
ensuring that the turbine operates correctly in varying conditions while maintaining structural integrity and maximiz-
ing energy capture [46]. Usually, the operating range of a wind turbine is defined by the cut-in and cut-out wind speed 
values. Below the cut-in, the available energy does not compensate for operational costs and transmission losses. At 
the same time, above the cut-out, the turbine is subjected to high mechanical loads that may cause damage. Within the 
turbine’s operating range, different control methods are applied. Traditionally, in the so-called full load region (i.e., at high 
wind speed), the control strategy object is to ensure the safe and stable operation of the turbine by keeping the gener-
ated power and rotor speed close to the rated value. These strategies are based on blade pitch control or stall control 
[47–49]. These methods enable the turbine to modulate the aerodynamic forces on the blades and, consequently, the 
aerodynamic torque applied to the rotor, optimizing power extraction and mitigating mechanical stress during high wind 
speeds. The difference between pitch control and stall control is mostly noticeable under high wind speed conditions: 
stall-controlled systems rely on the aerodynamic design of the blades to ensure the control of the aerodynamic torque 
or rotational speed of the turbine in high wind speed conditions, whereas pitch-controlled systems employ active pitch 
control mechanisms for the blades. An advanced pitch control strategy is the IPC (individual pitch control), where the 
control strategy adjusts the pitch angle of each blade independently. This allows for finer control and optimization of 
the blade’s aerodynamic performance, providing suppression of the fluctuations of blade flapwise moments and also a 
reaction of the tower loads and drivetrain loads, particularly in response to wind turbulence. Stall control is a low-cost 
technique with respect to the pitch-controlled system since it does not require the installation of actuators. Nevertheless, 
it exhibits decreased efficiency under low wind speeds, and it causes fluctuations in maximum steady-state power. For 
small wind turbines, a commonly applied control strategy is based on the horizontal furling method, whereby turning 
the blades away from the wind direction as the wind speed increases beyond a specific limit. Therefore, it causes the 
effective wind speed to decrease on the rotor plane, thus lowering the aerodynamic power of the wind turbine. The 
controller aims to maximize power production in the low wind speed region, i.e., the so-called partial load region. In 
this region, a generator torque controller is usually used to change the rotational speed to obtain an optimal tip speed 
ratio. Even though wind turbines often behave strongly as nonlinear systems, stemming from the complexity of their 
structure and the stochastic nature of wind speed, many researchers have employed linear system theory directly. These 
approaches are based on linearization techniques to get the mathematical model of a wind turbine near the selected 
fixed operating point, and the control law is then designed based on the linearized model. A detailed review of power 
regulation control techniques can be found in [50, 51]. Typical implementation approaches are structured according to 
a hierarchical decomposition, decomposing the control systems into more manageable, interrelated tasks requiring less 
data. Proportional integral derivative (PID) controllers adjust the pitch angle based on the error between the desired 
and actual values, considering the proportional, integral, and derivative terms. PID controllers are the most commonly 
used and are also effective in maintaining stability and regulating the turbine’s response to changing wind conditions. 
The nonlinear nature of the dynamics of wind turbines required tuning with trial and error procedures. Other linear 
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control strategies are the feedback control and state-space control [47]. While, linear control theory has been widely 
used in wind turbine control, its limitations in handling nonlinearities, uncertainties, and system complexity have led 
to the development of more advanced nonlinear control techniques tailored to the specific challenges of wind turbine 
control. Several nonlinear control strategies have been developed; these include fuzzy control, sliding mode neural 
network control [52, 53], and nonlinear PID control. Moreover, Genetic Algorithms (GAs) are metaheuristic algorithms 
commonly used for pitch angle controllers in WT systems. These controllers aim to ensure system stability during low 
wind speed conditions, allowing for the maximal extraction of wind power by adjusting the pitch angle based on the 
available wind speed. Finally, equally crucial is the role of the control system in a wind farm, where it is necessary to 
implement cooperation strategies oriented towards the appropriate distribution of the electrical load required by the 
grid among the available turbines. Attention is paid to prevent a turbine from causing harmful airflow interference that 
powers the others, minimizing turbulence and wake effects [54, 55].

3  Technology architecture

The block diagram in Fig. 1 provides an introductory representation of the presented technology, including the main 
structural elements and functional aspects. The apparatus comprises two wind energy systems (WES – wind energy 
system), each with a single-bladed device (BD-bladed device).

The apparatus interacts with the airflow via the blades of each bladed device. A generic embodiment must include 
at least one BD with one blade element (BE). The BE is constrained to move cyclically along a pre-established trajectory 
composed of one or more oriented segments. At least one active phase must be present when the flow exerts a proper 
force on the blade. The passive phases concern the motion of the blade in trajectory segments where the movement 
does not produce work. Active phases, in turn, can differ in the aerodynamic action, drag/lift exerted by the airflow on 
the blade. Variations in the orientation and trajectory of the blade with respect to the direction of the airflow hitting 

Fig. 1  Basic architectural 
model of the apparatus



Vol.:(0123456789)

Discover Applied Sciences           (2024) 6:445  | https://doi.org/10.1007/s42452-024-06146-z Research

it modify the aerodynamic behavior of the device. These variations can concern the whole blade or a specific portion 
thereof. They can be implemented by specific actuators, controlled by control units, based on data (positional, kinematic, 
dynamic, and fluid dynamics) provided by specific sensors, and processed by a control unit. Therefore, by varying these 
parameters, a BD can adopt an aerodynamic configuration that is more sensitive to drag force (Drag-based configura-
tion) or lift force (Lift-based). Suitable kinematics transform the blade’s cyclic motion into a shaft rotation. The power is 
transferred to the Gear Box block through mechanical transmission and, therefore, to the primary rotational shaft inside 
it. This transmission box, equipped with electronically controlled electromechanical systems, can vary the transmission 
ratios to optimally combine the contribution of each wind energy system and transfer the mechanical power to the group 
of generators. The generator group, including single or multiple rotary or linear alternator units, converts mechanical 
energy into electrical energy. Mechanisms similar to the previous ones, when necessary, connect and/or disconnect 
one or more units. Finally, data transmission systems (not highlighted in the figure) ensure the appropriate exchange 
of information and commands among the different units, including sensors external to the device, and with the central 
control unit to manage the system components, regulate their operation and synchronism, and provide interfacing with 
any external devices. The following sections outline the general principles of both subsystems, primarily based on the 
drag effect and those based on the lift effect.

3.1  Drag‑based system configuration

Figure 2 shows the schematic representation of a wind energy system comprising two bladed devices, each equipped 
with a Drag-based bladed element. This scheme is a minimal example of device geometry without limiting the technol-
ogy’s potential, thus allowing flexibility in configuring the system according to the specific installation site requirements. 
In this configuration, the two BEs have rectilinear trajectories positioned horizontally. Each BE comprises two equal parts 
placed symmetrically with respect to the travel axis, which can rotate with respect to a horizontal axis located between 
them and orthogonal to the direction of movement. The configuration of the BE can be modified based on the informa-
tion provided by position and/or inertial sensors, for example, through electromechanical devices controlled by the 
central control unit’s software.

The BE in the foreground in Fig. 2 has a flat surface exposed to the wind’s action. It is placed orthogonally to the pre-
vailing airflow direction, which is represented horizontally and directed towards the right, to maximize the aerodynamic 
resistance against the flow. In this case, the element is in the active phase because, being hit by the airflow, a thrust is 
exerted on it, just as happens on a vessel sailing with a tailwind (downwind) [56]. The thrust intensity depends on the 
flow characteristics, orientation, geometry, and direction of movement of the BE, specifically on the aerodynamic drag 
coefficient CD of the element. The other BE, depicted in the background, is in the passive phase. It can be observed that 
the two parts are closed like a book, causing the BE to assume a configuration of minimum aerodynamic resistance in 
its direction of advancement, which, as shown by the blue arrow, is opposite to that of the wind (cyan arrows) and is due 
to the dragging action exerted by the BE in the active phase. As shown in Fig. 2, constructing the BE with two distinct 
parts can reduce the bladed device’s overall size while maintaining the same exploitable surface area. The two-bladed 
elements come to touch each other along their respective strokes without interfering because the element in the pas-
sive phase passes through the gap between the two parts of the one in the active phase. Reducing the operating space 

Fig. 2  Drag-based bladed 
device
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through appropriate geometries and arrangements of the BEs can represent an advantage compared to conventional 
rotating systems.

Finally, Fig. 3a and b show a possible mechanical configuration for converting the alternating translational movement 
of the BEs into a pre-established shaft rotation direction. The mechanism includes a rack for each bladed element, with 
a length adequate to the maximum expected stroke, integrated with the BE, and capable of sliding on a guide. The rack 
is coupled to a pinion, and through additional gears, its motion is transmitted to a freewheel pulley [57] that transfers 
only the torque concordant with the pre-established direction of shaft rotation while rotating in neutral in the opposite 
direction. This configuration lends itself to using linear alternators, allowing for further simplification of the mechanical 
system for transmitting motion to the group of generators.

The dragging of one BE by the action of another implies the control of synchronism and a connection between the 
BEs, ensured, for example, by a connection mechanism like the one represented in Fig. 4 with a chain (or a belt) and pul-
ley system. The BE on the left is in the active phase and moves in opposite directions to the BE on the right. However, it is 
reiterated that the descriptions reported are only schematic and have conceptual value; they do not represent optimized 
construction choices from an engineering point of view.

3.2  Lift‑based system configuration

The schematic WES in Fig. 5 illustrates a bladed device, including a lift-based BE. The blade element can move up and 
down along the straight vertical guide in this example. The BE comprises movable components that allow the shape 
and orientation of the airfoil to be varied. As in the previous case, the airflow is horizontal and oriented to the right. The 
two configurations assumed by the BE correspond to an asymmetric profile arranged to generate a positive (Fig. 5a) 
or negative lift (Fig. 5b), respectively. Therefore, both oriented segments that make up the cyclical trajectory of the BE 
represent active phases.

As for the previous drag-based case, the BE’s configuration can be realized with electromechanical devices controlled 
by the central control unit’s software based on the information provided by positional and/or inertial sensors. According 

Fig. 3  Schematic configura-
tion of the single-acting 
freewheel

Fig. 4  Example of BDs 
mechanical transmission with 
BEs synchronization system
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to the nautical analogy, the drag-based and lift-based cases correspond to the downwind and abeam speed (reach/
upwind for inclined trajectory segment).

The system, therefore, exhibits different aerodynamic behavior when the shape, orientation, and direction of move-
ment of the BE varies with respect to the direction of the airflow. Also, in this double-acting configuration, a rack system 
similar to the previous one can be considered for converting the translational movement of the BEs into the movement 
of a rotational shaft. A schematic depiction of the mechanism is presented in Fig. 6. However, two freewheel gears are 
keyed onto the rotating shaft, with coaxial ones on the right. They transmit only clockwise torque to their common 
axis and rotate freely (in neutral) in an anticlockwise direction. Each of the two series of colored arrows indicates the 
movement of the gears that cause the shaft rotation, specifically the cylindrical gear and the chain ones (placed in the 
background), for each direction of movement of the rack.

4  Governing equations

This section describes the mathematical modeling essential to determine the dynamic effects that an airflow, charac-
terized by density � and reference velocity of the undisturbed flow vf  , can exert on the active parts of the two BD types 
(drag and lift) and to allow a way to evaluate the general performance of each device.

4.1  Drag‑based

The wind energy system shown in Fig. 2 consists of two single-acting bladed devices NBD = 2 , each including one bladed 
element, synchronized with a 180° phase shift in the operating cycle. In this configuration, the wind energy system always 

Fig. 5  Lift-based bladed 
device

Fig. 6  Schematic configura-
tion of the double-acting 
freewheel
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maintains only one BE in the active phase. It is well known that the total force FD in the direction of motion exerted by a fluid 
in motion at a velocity vf  on a generic structure is given by:

where CD is the aerodynamic resistance coefficient and S is the area of the orthographic projection of the structure on a 
plane perpendicular to the direction of motion. When the structure is in motion, the relative velocity between it and the 
fluid must be considered. In this case, since the structure is moving in the same direction as the flow, the relative velocity 
varies only in amplitude, decreasing its value. Therefore, indicating with NBE the number of bladed elements in the active 
phase of the cycle, the thrust that the flow exerts on a wind energy system of the type depicted in Fig. 7 is given by:

where CD is the drag coefficient of the BE configured for the active phase, SBE is the reference section of each bladed 
element, given by the projection of the surface of the BE in the active phase on the plane orthogonal to the direction 
of the airflow, and �D is the speed ratio defined as the ratio between the average speed vBE of the BE in the active phase 
and that of the undisturbed flow:

The developed power PD = FD × vBE is given by:

Solidity σ can be defined analogously to wind turbines as the ratio to the bladed area and the overall surfaces occupied 
by the BEs:

where Sx is the projection onto the plane orthogonal to the airflow direction of the overall surface S of the NBE bladed 
elements, whereas Ax is the projection of the surface A of all the bladed elements, considering them in an open configu-
ration, that is when they occupy the maximum space. The solidity � of the device depends on the specific geometry of 
the BEs and the respective kinematics of the BD. In the case of Fig. 7 (flag arrangement), neglecting the size of the guide 
elements, the BEs in the open configuration are entirely superimposed. Therefore, surface A coincides with the surface in 
active phase  S of the BEs, giving rise to � = 1 . In the configuration of Fig. 2, � = 2∕3 because the BEs overlap is equal to 1/2. 
However, for side-by-side BEs, where there is no overlap, � = 1∕2 . It can be noticed that for the present configuration, the 
maximum value of solidity is one, and decreasing � reduces the space’s efficiency. For this wind energy system (Fig. 7) it is:
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Fig. 7  Drag-based wind 
energy system
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and substituting (11) into (10), we obtain the analytical expression of the reference surface area Ax to calculate the per-
formance non-dimensional coefficients:

Therefore, by dividing the Eqs. (7) and (9) respectively by the reference values of force and the power of the fluid, given 
by Ff = 1∕2�Axv

2

f
 and Pf = 1∕2�Axv

3

f
 , the dimensionless thrust and power coefficients are:

In Fig. 8, the curves of the thrust and power dimensionless coefficients as a function of the relative speed ratio �D of 
the bladed element are depicted considering the drag coefficient CD = 1.0 . The solidity �  has been chosen equal to 1.0, 
neglecting the spatial dimensions of the guide elements and the gap between the two parts of BEs. This drag-based wind 
energy system is characterized by a thrust that assumes maximum value CD ⋅ � when the BE is motionless and progres-
sively decreases as the relative speed increases. By setting the derivative of Eq. (14) with respect to �D equal to zero, with 
simple algebraic steps, the value of the relative speed coefficient corresponding to the maximum power is determined:

The corresponding known values of the thrust and power coefficients, as for Savonius wind turbines, are:

4.2  Lift‑based

The wind energy system shown in Fig. 5 consists of a single-bladed device ( NBD = 1 ), including a bladed element ( NBE = 1 ) 
oscillating alternately along the y-axis, orthogonal to the indicated airflow direction. The system configuration enables 
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active phase in both upward and downward directions by exploiting the positive and negative lift. This capability is achieved 
through a variation in the wing geometry, as described in the “Lift-based system configuration” section. When a generic 
structure moves in a direction different from that of the flow impacting it, the relative flow velocity varies in magnitude and 
direction, significantly differentiating the dynamic behavior of the lift-based system as compared to the drag one. Figure 9 
depicts the velocity triangle for the bladed element of the lift-based device when it moves upward (in the positive y direc-
tion) with a velocity Vy and is subjected to the aerodynamic action of an airflow acting in the x direction with velocity Vf  . 
From Fig. 9, it is evident that the apparent velocity vA and the angle between the apparent velocity and the undisturbed fluid 
velocity can be expressed as follows:

Moreover, the following force components are obtained:

with:

The forces exerted on the BE (19, 20) can be rewritten as:

As for the drag-based device, it is possible to define a speed ratio as the ratio between the average speed of the BE and 
that of the undisturbed flow:

By combining the Eqs. (18) and (25), the following expressions are obtained:
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and the components (23, 24) of the forces acting on the BE can be rewritten using the Eqs. (26):

where CD� e CL� represent the drag and lift aerodynamic coefficients of the BE airfoil section for a predetermined angle 
of attack � . SBE denotes the reference section of the BE, equal to the product of the wingspan l  and the chord c.

The Betz model has been considered to account for the mutual interaction between the airflow and the wind 
energy device. This model introduces the axial interference factor a Eq. (4). The following known relations, obtained 
by balancing the axial moment, provide thrust and power extractable from a turbine with a rotor of section A as a 
function of the axial interference factor:

and from Eq. (30) derives the well-known maximum value of the power coefficient Cp = 16∕27 (Betz limit), which sets 
a limit on the percentage of theoretically extractable power from the airflow that passes through the actuator disk, 
achieved at an axial interference value of a = 1∕3 , as mentioned in the "Background" section. Similar considerations 
can be applied to the wind energy system under study. To consider the effects of the interference exerted by the wind 
energy device on the fluid, by considering the horizontal fluid’s speed (1 − a)vf  in the velocity triangle of Fig. 9, the 
Eqs. (26) become:

Therefore, considering the interference induced by the bladed device on the airflow that passes through it, the 
previous relations (27) and (28) of the vertical and horizontal components of the forces acting on the BE are:

For the calculation of the thrust and power coefficients, considering Eqs. (32, 25) and taking as reference the force 
Ff  and the power Pf  (previously defined) of the fluid crossing the surface A (given by the product of the wingspan l  
and the stroke d ) swept by the BE in its cycle, it is obtained:

Here, in analogy to the rotor wind turbines, the solidity � is defined as the ratio of the blade area to that swept 
by the blades:

and the non-dimensional performance coefficients can be rewritten as follows:
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By imposing the equality between the horizontal component Fx of the aerodynamic action on the BE and the thrust 
T  , respectively expressed by the Eqs. (29, 33), assuming the incoming surface A = l ⋅ d and tacking in account Eq. (36), 
the following expression for the numerical calculation of the axial interference factor a relating to the lift-based wind 
energy system is obtained:

From the Eqs. (37–39), it is possible to obtain the values of the thrust coefficient, the power coefficient, and the axial 
interference as a function of the relative speed ratio �L for the lift-type wind energy system. Figure 10 refers to non-
dimensional coefficients for a case with BE aerodynamic efficiency equal to 10 ( CD� = 0.1,CL� = 1.0) . It includes the trust 
and power curves for solidity � = 0.25 ( NBE = 1, c = 0.25, d = 1) and � = 0.33 ( c = 0.33) . The plot highlights how varying 
the overall bladed surface or stroke of the BEs can change both the specific power and the relative speed corresponding 
to the maximum point.

4.3  A drag‑lift coupled system configuration

This section briefly describes two embodiments included in the patent application. The two types of wind energy sys-
tems, i.e., drag- and lift-based, exhibit significantly different performance characteristics and optimal operating points, 
as highlighted in the “Drag-based” and “Lift-based” sections. Their peculiarity can be effectively used to enhance power 
capture from airflow by suitably integrating the two different devices into a single wind energy system. This approach 
offers significant advantages across various structural and functional aspects. For instance, it enables the adoption of 
the device shapes and dimensions according to the geometric characteristics of the installation site. Similarly, in terms 
of fluid dynamics aspects, it enables tuning the contribution of the two wind energy systems (i.e., lift- and drag-based) 
to optimize performance and enhance operational stability.

As depicted in Fig. 1, the two wind systems can be integrated into a single device through appropriate variable ratio 
motion transmission mechanisms to optimize the contributions. Figure 11 shows a basic implementation of an integrated 
wind turbine system composed of two WES.

A drag-based system is installed in the lower part of the apparatus, composed of two single-acting BD with horizontal 
stroke and a 180° phase difference. Above it, a lift-based energy system is positioned, comprising a single BD configured 
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with one double-acting BE and vertical stroke. The cross-section of the blade element, as depicted in Fig. 5, is repre-
sented as an airfoil that can be configured for positive and negative lift, enabling the active phase in both upward and 
downward directions.

For explanatory purposes only, to provide an order of magnitude of the performances obtainable with an installation 
in a realistic railway context, calculating the maximum predictable power based on the governing equations described 
in Sects. 4.1 and 4.2 is reported here, considering a stable airflow. Since the speed range of trains, from subway routes 
to long-distance railway lines, is extensive, vf = 15 m∕s is assumed.

Table 1 summarizes the essential parameters for a general configuration and sizing of the type of apparatus shown 
in Fig. 11.

For the mechanical to electrical conversion, a permanent magnet alternator capable of delivering a power of 500 
W with a voltage of 400 V, with a nominal speed of 400–4200 [rpm] and characterized by an efficiency � ≥ 0.9 was 
considered.

A detailed discussion is the subject of future work. Here, it is specified that, in the calculation, a variable mechanical 
ratio has been considered for the drag-based device to maintain the relative speed �D ≤ 1∕3 . The graph in Fig. 12 shows 

Fig. 11  A generic integrated 
wind energy apparatus

Table 1  Main characteristics 
of a realistic wind energy 
apparatus

Lift-based wind energy system
Profile NACA 0012
Angle of attack 10°
Drag coefficient 0.019
Lift coefficient 1.04
Span 1 m
Chord 0.4 m
Stroke 2 m
Number of blade elements 3
Drag based wind energy system
Drag coefficient 1.169
Length of the blade element 1 m
Height of the half-blade element 0.3 m
Hinge joint gap blade element 0.02 m
Stroke 2 m
Number of blade elements 1
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the torque and power curves at the final shaft as a function of the rotation speed in rpm. With the contribution of the 
drag-based device, the maximum torque is 5.46 kgm and, at a speed of 400 rpm it is 3.78 kgm. The power exceeds 1.5 kW 
at 400 rpm. The maximum power is 2.56 kW at 788 rpm, and the corresponding torque is 3.17 kgm.

The mechanical torque necessary for the alternator’s start-up is derived from its technical specifications. In the specific 
case, at the maximum power regime, four units can start with an electrical power production of 2 kW.

Figure 13 shows a possible embodiment of an integrated wind energy system designed explicitly for employment 
in a railway tunnel or underground line. While the base form of this apparatus’s drag-based WES, designed explicitly for 
railway tunnels, does not substantially vary, the lift-based WES differs. It includes two BDs, each composed of a series of 
BEs whose stroke follows a curved trajectory dictated by the tunnel geometry. In both cases depicted in Figs. 11 and 13, 
the bladed devices of the two wind energy systems are interconnected and linked through the terminal transmission 
shaft to the group of generators using suitable electronically controlled variable ratio motion transmission mechanisms.

These mechanisms can dynamically regulate the device interaction and transmit the motion to electric generators 
based on the available instantaneous power. As mentioned, the strategy described entails transferring a portion of 
complexity from the structural aspects to the control aspects, both constructively and operationally, as described in the 
following section.

Fig. 12  Torque and power 
diagram for drag-lift coupled 
apparatus

Fig. 13  Integrated wind 
energy embodiment for rail-
way tunnel



Vol.:(0123456789)

Discover Applied Sciences           (2024) 6:445  | https://doi.org/10.1007/s42452-024-06146-z Research

5  Controller modeling overview

The complexity of the aerodynamic phenomenon, especially in the transient regime, and the heterogeneous charac-
teristics of the two types of BEs (drag- and lift-based) give the control system a key role in the wind energy apparatus. 
To achieve synergistic management of the multiple and different WESs of the described apparatus, a more complex 
control model is required compared to conventional wind turbines. At the level of a single WES, the control system must 
provide many of the typical functions of wind turbine software and additional functionalities essential for the proper 
operation of components specific to the present apparatus. A typical function also present in the control of conventional 
turbines is, for example, the dynamic correction of the angle of the BE with respect to the incident wind and the speed 
of the single BE to maximize the extracted power. Among the functions specific to the present apparatus are procedures 
for regulating the speed or frequency of movement of bladed elements when the variability of the airflow requires it. 
Another function, not specifically for efficiency purposes, is activating particular conditions such as the aerodynamic 
brake or the airflow redirecting. At the global level, the control system must act similarly to what happens in Wind Farms, 
orchestrating all subsystems to obtain a coordinated behavior. In a wind farm, the control implements cooperation 
strategies for appropriate load distribution, minimizing turbulence and wake effects that could cause harmful airflow 
interferences. Here, instead, an essential task of global control is to distribute, when necessary, the mechanical power 
between the WESs of the apparatus, especially for optimizing and managing start-up and shut-down in response to 
environmental and operating conditions. It must also guarantee efficiency, robustness, and operational safety under 
various circumstances that may occur in the operational context. From an architectural point of view, the control system 
has been defined according to a multilevel hierarchical model typically used for wind turbines, where intricate procedures 
are decomposed into more manageable tasks requiring less data, however integrating the additional functional blocks 
essential for the present technology. The overall structure of the control system is presented below without describing 
the strategies that implement the various functional blocks, which will be addressed in future works. The developed 
control model, depicted in Fig. 14, is modular and scalable, consistent with the architecture of the apparatus shown in 
Fig. 1. Going into a more detailed description, the model comprises several sub-units, each dedicated to a specific device, 

Fig. 14  Control model of the apparatus
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including each WES, a gearbox, a group of electric generators, and above them, a supervisory control block named Global 
Management Layer (GML). From the bottom, each sub-unit is organized into four levels: Hardware, Control, Mapping, 
and Local Management. The system’s sensors and actuators are located at the hardware level of each block. This layer 
includes the procedures for interpreting the sensor data, which are classified according to the type of information they 
provide. A transversal communication bus (Local Bus) makes these data available to the other levels. The actuators act 
based on the commands that the higher level (Control Level) issues, according to an appropriate coding, in dedicated 
storage areas. The Control Level implements all the functional units responsible for regulating monitored parameters and 
tracking the optimal reference points while stabilizing the actuators at the underlying Hardware Level. For instance, this 
level manages tasks such as adjusting the instantaneous gear ratio of the gearbox or adapting the generator configura-
tion in response to the airflow force on the BE, the BE velocity, and the instantaneous power produced by the WES. The 
Mapping Level contains dedicated storage for Mapping Tables, structured to provide the desired regulation parameters 
in quantized form at the lower level, depending on the instantaneous operating conditions. Overseeing an individual 
block, such as a WES, the Gearbox, or the Generator Group, falls under the purview of the Local Management Level. For 
example, within a WES block, this layer implements strategies for instantaneously regulating the blade angle of attack 
to achieve the desired dynamic regime and maintain optimal performance based on the device’s current state and the 
theoretical model. The Local Management Level may also incorporate functionalities such as Operative Status Tracker, 
and Performance Tuning and Evaluation, which are algorithms responsible for controlling the system’s dynamics in the 
various phases of each bladed device’s operating cycle.

Coordinating all the block components of the Wind Apparatus is the responsibility of the Global Management Layer.
It also acts on the gearbox and the generators, balancing each WES’s contributions to satisfy the prescribed perfor-

mance according to the implemented strategies. Through the global transmission bus and the communication modules, 
the GLM receives parameters on the airflow, information on the dynamics of the devices, and the operational status of 
the various components of the apparatus. So, it can recognize and classify the type of event performing, for example, 
associations between airflow patterns, convoy type, and relative state of motion. With this information, GML regulates 
both transient and steady-state operation of the Wind Apparatus, trying to bring and maintain each WES in its operating 
region using the Power Balancer. This procedure can request power from one device, release it to another WES, or modify 
the performance target of a WES. Specifically, the Power Balancing Manager queries each WES’s Performance Tuning and 
Evaluation, determining whether and how to redistribute the power. With said cooperation strategy, for instance, in the 
presence of airflow events characterized by pronounced impulsiveness, by exploiting the differences in the response of 
each bladed device to the fluid dynamic stress, part of the power captured by a device instead of being transmitted to 
the generator can advantageously be redirected towards another bladed device. If efficiently implemented, this approach 
could overcome instability events and quickly bring each bladed device to its nominal operating speed, maintaining it 
for longer. This procedure is also carried out in case of anomalous airflow variations or emergencies, with parameters 
and methodologies tailored by the pertinent managers. Finally, advanced predictive and adaptive control strategies 
could be located at this level.

6  Discussion and conclusion

Rail transport infrastructure is constantly increasing, as is the frequency of trips in the subways of large urban cent-
ers. Furthermore, there will likely be further growth in using these infrastructures for different reasons linked, such 
as reducing emissions and consumption, at least concerning private mobility. Therefore, the transit of convoys, 
specifically in tunnels, represents a scenario of concrete interest in the field of energy recovery both for the number 
of potential sites for the installation of the systems and for the theoretically available powers, which in the technical 
literature are estimated in the order of megawatts per kilometer. On the other hand, the growth in the frequency of 
trips and the consequent increase in the average speed of the convoys leads to greater consumption both in terms 
of energy and the wear and tear of the vehicles. Furthermore, it is necessary to keep the effects of induced wind 
within acceptable limits, generally on the technical installations but above all on passengers. Based on the theo-
retical model prepared, this work’s considerations show how the technology presented can adapt to the variability 
and impulsiveness of the airflow specific to this context. The characteristic of the two drag/lift-based subsystems of 
reacting differently to the same wind stress, as well as the possibility of sizing them differently and measuring their 
contribution independently, can increase the adaptability of the wind energy system to the specific fluid dynam-
ics and geometry of the installation site, improving efficiency even in transient operation, naturally, by arranging 
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adequate software control, for example, to match the movement frequency of the bladed elements to that of the 
flow that solicits them. Furthermore, the choice to also use translating elements, therefore both continuous and 
alternating cycle movement trajectories, can provide further advantages, such as facilitating compact configura-
tions of the devices by reducing the overall dimensions of the apparatus and increasing specific performances. An 
aspect already described is the transfer of a share of complexity from the structural part to the control part, both 
in terms of systemic and operation. The advantage of this choice is twofold. On the one hand, different structural 
characteristics of distinct types of wind turbines can be parameterized to make them dynamically activated and, if 
necessary, arrange them in a single device. Secondly, the lower complexity of the structural part offers the possibil-
ity of reducing the design and construction costs of the apparatus. The resulting more complex control system can 
be managed with today’s high-performance technologies of processing, sensors, and actuator devices, as well as 
adaptive and predictive software based on AI techniques.

The technology presented is scalable and modular, and the railway tunnel context may present the opportunity to 
create multiple installations. However, it is not generally possible to quantify the number of installations per unit length 
of the railway route because the choice of positioning an apparatus depends on some essential considerations. One of 
these concerns the speeds of trains, which can vary significantly at different points of a tunnel, consequently varying the 
available flow power. Another aspect concerns the action that the device exerts during its operation on the flow, which 
can cause harmful interference with other nearby devices. The spaces available in the sections of a tunnel can vary con-
siderably for various reasons, such as structural, for the installation of infrastructure, or reasons related to technical regu-
lations. This aspect may prevent the implementation on a specific site or require a new design and sizing of the device.

In any case, each device, regardless of its size, is equipped with the electronic peripherals (sensors, actuators, control-
lers) necessary for its operation, including devices for transforming mechanical energy into electrical energy. Sensors 
external to the apparatus and arranged along the tunnel, for example, for measurements of wind speed and pressure 
or for identifying the type of convoy, can be used to evaluate the type of event and improve the regulation of the appa-
ratus. Apart from these sensors, no additional peripherals are necessary in case of multiple installations of the device.

To provide an order of magnitude of the maximum achievable power, the performance values and a torque/power 
graph as a function of the rotation speed have been presented for a realistically sized apparatus. The example shown 
concerns a basic configuration susceptible to large margins for improvement. However, we would like to clarify here 
that the performance values have been provided to allow a comparison with conventional wind technologies. An evalu-
ation consistent with the hypotheses described and appropriate to the chosen operational context cannot ignore the 
analysis of a specific case. In fact, to quantify the actual power extracted from a device it is necessary to at least evaluate 
the number of energy events as well as the duration and intensity of each of them. Therefore, it is necessary to know the 
frequency of train passages, the lengths of the trains, and their speed at the site of the apparatus. Of course, adequate 
fluid dynamic studies are also essential to maximize the captured power and evaluate and control the mutual interac-
tions and are the focus of a future article.

Based on a conservative approach, it is possible to take the auxiliary devices used on small turbines as a reference. 
Microcontrollers commonly used for implementing control systems, such as the Arduino, STM32 Nucleo, and Raspberry 
Pi, typically consume power within a range that does not exceed a few watts. Usually, the current and voltage sensors 
have low power consumption, typically of a few milliwatts each, whereas power and energy meters range from a few 
hundred milliwatts to a couple of watts. Anemometers consume similar power, depending on the type. For the specific 
case, instead of hydraulic actuators, electrical ones are usually applied, which require between 10 to 100 watts, depend-
ing on the aerodynamic load and the size of the blades. It is essential to underline that the actual power consumption is 
lower than nominal power because it is calculated by the PWM signal’s duty cycle. As a result, the power of the auxiliary 
devices is considered in the order of a few tens of watts.

Finally, only a feasibility study on a specific case can evaluate the actual economic feasibility of an installation in the 
specified context, considering the real operating cycles.

Due to its structural characteristics, the technology reduces construction, operation, and maintenance costs compared 
to conventional technologies. On the other hand, additional upfront costs exist for designing each piece of equipment. 
The cost of the control part, including the software, has a reasonably low impact because it is designed to be modular 
and configurable on different devices. However, the task of tuning the device takes on greater importance.

In conclusion, further advantages that the technology provides concern the possibility of appropriately directing part 
of the airflow caused by vehicles moving in the tunnel. In this way, for example, the annoying and sometimes dangerous 
effects for people waiting at stations can be mitigated. Flow direction control can be used, where required, to exert an 
aerodynamic slowing action on the convoy, reducing wear on the braking system.
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Besides being of interest to the community in terms of a more environmentally friendly public mobility service, the 
proposed technology can be attractive for public administrations and any companies involved in managing and main-
taining the viability of infrastructures considered. Future research activities include calculating the performance of an 
apparatus designed for a specific site and evaluating the system’s efficiency at predetermined fluid dynamic stresses.
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