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Abstract

This study investigates the feasibility of integrating a scoop-type savonius vertical-axis wind turbine
(VAWT) on the rooftop of a moving train to generate renewable onboard power. The motivation stems
from increasing demands for sustainable energy solutions and reducing reliance on fossil fuels,
particularly in transportation. A two-blade savonius turbine, with dimensions of 0.4 m in diameter and
0.5 m in height, was modeled in PTC Creo Parametric 3.0 and analyzed using Computational Fluid
Dynamics (CFD) simulations in FlowVision3.04.09. At a representative train speed of 17 m/s,
theoretical analysis predicted a power output of 239.5 W and torque of 4.47 N-m, while CFD
simulations yielded 209.03 W and 4.54 N-m, indicating close agreement. Pressure contour results
confirmed higher aerodynamic forces on the concave blade surface, validating effective torque
generation and consistent performance. Additionally, drag analysis showed negligible increases in
aerodynamic resistance, suggesting minimal impact on train efficiency. The results confirm that the
turbine can effectively utilize train-induced airflow to produce auxiliary energy without compromising
performance. This study shows a scalable and sustainable approach to energy harvesting in rail
transport, which may contribute to clean energy initiatives such as Green India and Clean India
missions. These results show that it is possible to use onboard wind turbines as a way to achieve energy
efficiency and environmental sustainability in rail systems. (This corresponds to an average train speed
of ~60 km/h, representative of typical passenger train operations across major routes).
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INTRODUCTION
Academic literature has increasingly emphasized
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the rising significance of renewable energy in
combating environmental deterioration and
fostering sustainability [1-5]. Of all the renewable
energy sources available, wind energy has emerged
as a feasible and green substitute primarily due to
its minimal emissions and scalable potential [4].
Apart from research focusing on aerodynamic
behavior, recent studies have begun to explore the
importance of polymers and composites in
renewable energy devices, as composite materials
(namely polymer-based laminates and reinforced
plastics) have been identified as an effective
method to optimize turbine performance by
minimizing weight, maximizing fatigue resistance,
and providing a low cost-to-manufacture dimension
in large-scale production [13- 17]. Polycarbonate
composites offer an attractive structure solution for
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turbine blades when compared with metals such as aluminum or steel while providing mechanical
stability under high aerodynamic loading. Furthermore, attention has been systematically shifted toward
new methods of wind energy harvesting, in particular in dynamic environments as found in
transportation systems.

The generation of electricity via wind created by the movement of high-velocity trains has been
analyzed in both theory and practice and has been proven feasible [6-7,22-23]. Past research has
considered evaluating both HAWT (Horizontal Axis Wind Turbines) and PAWV (Power Augmented
Wind Vanes), which can produce a higher power output with a well-designed turbine system and well-
planned mounting locations [8-9]. In light of the aerodynamic energy potential from train movement, a
scoop style savonius vertical-axis wind turbine system has been proposed. The goal is to convert the air
movement from trains, produced through motion, to a clean energy source. This was analyzed through
CFD to simulate the system aerodynamically, while verifying the potential power generation and
optimizing turbine performance. By harnessing air movement on the train, the proposed turbine system
aims to be a self-generating energy source for railway systems consistent with global carbon reduction
ambitions.

EXPERIMENTAL SETUP

The experimental arrangement was established to harvest wind energy from the reciprocating motion
of a train travelling at normal operation speeds. While the three onboard methods of power generation
were solar panels, bio-energy from human waste, and wind energy, wind was chosen as the most reliable
and low maintenance of the three options [6-7]. Observations revealed that at train speeds of 50-60
km/h, substantial airflow is generated by air compression at the front, suction at the rear, and turbulent
flow along the sides. To harness this kinetic energy, a rooftop-mounted scoop-type savonius vertical-
axis wind turbine (VAWT) was implemented, targeting the induced airflow as a sustainable power
source. The study employed a single-carriage train model with standard bogie dimensions measuring
23.5 meters in length, 4.0 meters in height, and 3.2 meters in width.

The bogie and turbine geometry were designed using PTC Creo Parametric 3.0 software, after which
the model was exported in VRML/STL format for computational fluid dynamics (CFD) simulation in
FlowVision 3.04.09. The simulation process followed three key stages: pre-processing, where the
computational domain, mesh, and boundary conditions were established; solver setup, involving the
definition of control parameters to solve the flow equations under 17 m/s wind conditions (equivalent
to typical train speeds); and post- processing, which included analysis of velocity vectors, pressure
contours, torque, power output, and drag forces both with and without the turbine installation. This
comprehensive approach enabled evaluation of both energies harvesting efficiency and the turbine's
aerodynamic impact on train performance. The results demonstrated strong agreement with previous
studies [8-11], further validating the potential of onboard wind turbines as an effective energy recovery
solution for rail applications. (This corresponds to an average train speed of ~60 km/h, representative
of typical passenger train operations across major routes).

Geometry of the Bogie

Figure 1 illustrates the geometric model of a standard train bogie modified to accommodate a scoop-
type savonius vertical-axis wind turbine (VAWT). The model precisely represents critical structural
dimensions, including a 23.5-meter length, 3.2-meter width, and a 4.0-meter height extending above
the roof specifications essential for maintaining aerodynamic integrity and mechanical stability during
turbine operation. Developed in PTC Creo Parametric 3.0, the design facilitates accurate visualization
of spatial constraints, turbine placement, and anticipated airflow interactions. This geometrically
faithful representation serves as the foundation for subsequent computational fluid dynamics (CFD)
simulations, ensuring realistic performance assessments under operational conditions. The figure further
emphasizes key regions, particularly the roof-mounted turbine section, to verify optimal positioning for
capturing airflow generated by train motion at typical speeds.
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Figure 2 visually demonstrates the placement of the scoop-type savonius wind turbine on top of a
train bogie. The rectangular blue section represents the train bogie body, while the light gray top portion
indicates the roof structure of the coach. Centrally positioned on this roof is the vertical-axis wind
turbine (shown in yellow), mounted at the optimal location to harness the maximum wind flow
generated by the train’s motion. The vertical placement ensures symmetrical exposure to the airstream,
minimizing aerodynamic imbalance. The uniform alignment of rectangular elements along the bogie
sides likely represents windows or structural supports, giving a scaled representation of the train coach.
This setup confirms that the turbine is not only securely integrated into the bogie design but also
strategically located to capture high-velocity airflow during train movement, making it ideal for
efficient power generation without obstructing other components or affecting train stability.

Structural Geometry of the Savonius Wind Turbine

The geometry of the savonius wind turbine, as depicted in Figure 3, has been designed based on a
fundamental drag-type configuration. The turbine comprises two or three curved blades arranged to
form an S-shaped profile in cross-sectional view.

As a vertical-axis wind turbine (VAWT), it has been structured to operate independently of wind
direction, eliminating the need for reorientation. Owing to the hollow curvature of its blades, the
concave surface is subjected to increased drag when facing the wind, while the convex surface
experiences reduced drag on the return stroke. This asymmetry in aerodynamic loading facilitates
continuous rotational motion, thereby enabling efficient extraction of wind energy under varying flow
conditions.

oooof|joooao |-

I
-

Figure 1. Geometry of the bogie.

Figure 2. Turbine placing on the top of the train bogie.
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Figure 4. Geometry of the savonius wind turbine.

The detailed three-dimensional geometry of the scoop-type savonius wind turbine used for the present
analysis is illustrated in Figure 4, highlighting the blade curvature, rotor diameter, and overall structural
configuration adopted for CFD simulation.

For optimal structural and aerodynamic performance, the turbine blades were fabricated from
polycarbonate composites, recognized for superior mechanical strength, toughness, and lightweight
properties. Compared to conventional materials such as aluminum alloys, mild steel, and stainless steel,
polymer composites offer enhanced fatigue resistance, environmental durability, and ease of shaping
into aerodynamic profiles. The remaining structural components were constructed from aluminum,
selected for its lightweight nature and economic advantages. The adoption of polymer composites in
turbine blade design aligns with recent studies on polymer-based composites for energy harvesting
devices [13-17].

THEORETICAL ANALYSIS

The wind power potential (PW) was evaluated using the standard kinetic energy equation for airflow.
For this analysis, an average train speed of 60 km/h (corresponding to a wind velocity of approximately
17 m/s) was adopted to represent typical operational conditions. This velocity assumption enables a
realistic assessment of the convertible wind energy available to the Savonius turbine system and follows
established methodologies from previous moving-vehicle wind energy studies [13-21]. The turbine
geometry was precisely developed using PTC Creo Parametric 3.0, ensuring accurate representation of
all aerodynamic surfaces for subsequent performance analysis.
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Kinetic Energy, K.E =t mv? @)
Mass flow rate, (m) = pav 2
Kinetic Energy, K.E=% (pav).v2=% pav? (3
where

Velocity V=17 m/s
(This corresponds to an average train speed of ~60 km/h, representative of typical passenger train
operations across major routes).

Density p=1.25 kg/m?

In this study, the train's average speed is considered to be 60 km/h (approximately 17 m/s), and the
air density is assumed to be p= 1.25 kg/m*. (This corresponds to an average train speed of ~60 km/h,
representative of typical passenger train operations across major routes).

The above equation represents the maximum power produced without considering the coefficient of
performance (Cp). Therefore, multiplying by the coefficient of performance value (0.25-0.3) yields a
more realistic power estimate.

In this research work, by taking the C,, value is 0.26
1 1 1
Py =-mv? = - (pav)v? = - pav®C, 4)

where,

m=mass flow rate (kg/sec)
v=velocity of wind (m/s)
a=swept area of rotor (m?)
Cp=coefficient of performance

Py = % x 1.25 % 0.6 X 0.5 x 1730.26

Py = 23950 W (5)

As the rotor undergoes rotation, its blades trace an imaginary surface, the vertical projection of which
relative to the wind direction is defined as the swept area [10]. The amount of energy produced by a
wind turbine is primarily influenced by this rotor area, which is interchangeably referred to as the cross-
sectional area, swept area, or intercept area [11]. The swept area is typically determined using a standard
geometric relationship based on the rotor’s diameter and height, enabling quantitative estimation of the
energy capture potential under specified wind flow conditions.

savonius area = swept area= AgD x H (6)
Where,

D=diameter of rotor in meters, H=height of rotor in meters,

AS =0.6x0.5

Ag =0.3m? )

Power output depends on the swept area; a larger swept area results in higher power. The wind power
equation represents the ideal power output of a savonius wind turbine, assuming no losses during the
energy conversion process. However, in practical applications, mechanical energy conversion involves
certain losses [11]. The tip peripheral velocity of the rotor (V rotor) is given by: The tip speed ratio has
been defined as the ratio between the product of the rotor blade radius and its angular velocity to the
velocity of the incoming wind. This non-dimensional parameter is critical in characterizing the
aerodynamic performance of wind turbines. The tip peripheral velocity of the rotor (Vrotor) is
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determined by multiplying the angular velocity of the rotor (@) by the radius of the blade (R), forming
the basis for calculating the tip speed ratio under varying flow conditions.

Viotor= ® X R (8)

Where
Viotor = the tip speed

(the peripheral velocity of savonius rotor) (m/sec) @= angular velocity of savonius rotor (rad/sec).
R = radius of savonius rotor (m)

Vrotor=51.51 rad/s )
The Tip Speed Ratio (TSR) of a turbine is defined by the following expression:

The tip speed ratio =A = LXoLor — @Xr (10)
v v

Where,
V = wind speed (m/sec)
o=Angular velocity of turbine r=radius of the rotor

A = 51.51X.33
17
A=1 (11)
Torque is defined as a force that tends to cause rotation. Formula for determining the torque is below
—Pw
T=- (12)
where,
4
w=2 (13)

o=Angular Velocity of the turbine (rad/sec)
V=velocity of the wind (m/s)
Pw =Power of the turbine

_ 17
@ =033
w=51.51 " (14)
sec
So the torque is
T = 239.50
51.51
T=464N—-m (15)

Table 1 summarizes the theoretical performance characteristics of the scoop-type savonius wind
turbine, derived from fundamental wind energy equations. Under the reference condition of 17 m/s
wind velocity (equivalent to 60 km/h train speed), the system demonstrates a theoretical power
output 0f239.50 W. The analysis yields a turbine shaft torque of 4.64 N-m, confirming adequate
mechanical loading for reliable generator operation. The calculated tip speed ratio (TSR) of 1.0
indicates optimal blade-to-wind speed synchronization, validating the rotor's aerodynamic efficiency.
These results collectively demonstrate that the turbine design achieves balanced performance metrics
suitable for onboard energy harvesting applications [24-28]. (This corresponds to an average train speed
of ~60 km/h, representative of typical passenger train operations across major routes).
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The study investigated a roof-mounted savonius wind turbine through integrated theoretical analysis
and computational fluid dynamics (CFD) simulation, with comparative results presented in Table 2.
Theoretical calculations predicted a power output of 239.50 W, while CFD simulations yielded a
marginally conservative estimate of 209.03 W, representing a modest 12.7% reduction. The torque
values were in extraordinary alignment, with theory and simulation differing by only 2.2% (4.64 N-m
vs 4.54 N-m). Furthermore, both methods calculated an identical tip speed ratio (TSR) of 1.0, indicating
that the rotor performed as expected from a design perspective.

The similarity between the analytical and numerical approaches illustrates the ability to implement
the CFD methodology while incorporating flow characteristic effects that theory cannot replicate. Any
differences are minor and well within the expected range of such assessments, affirming that the turbine
performs predictably defined performance characteristics during operations.

RESULTS AND DISCUSSIONS

This study explored the aerodynamic performance and energy capturing possibilities of a savonius
wind turbine scoop type designed for train integration with a comprehensive computational approach.
The turbine geometry was created in an exact and precise way using the CAD software Creo Parametric
3.0. After modeling, Computational Fluid Dynamics (CFD) simulations were carried out at a
representative wind speed of 17 m/s (60 km/h train speed) to evaluate the critical performance
parameters of power output, torque, and the flow properties. The simulation results indicated noticeable
differences in pressure (high pressure and low pressure) between the concave and convex blade
surfaces, with pressure coefficients ranging from +0.85 to -0.62 and generated the rotational driving
force. Velocity analysis indicated that effective kinetic energy was captured, showing a decrease in
wake velocities of up to 42%. Provided it can produce a steady torque of 4.54 N-m at the optimal tip
speed ratio of 1.0 (209 W recoverable shaft power).

The results indicate that the design has the ability to convert a train's airflow into usable mechanical
energy. The agreement of pressure distributions between velocity profiles indicates the savonius
configuration has excellent aerodynamic performance in realistic operating conditions. (This
corresponds to an average train speed of ~60 km/h, representative of typical passenger train operations
across major routes). Seasonal headwinds and tailwinds can slightly enhance or reduce the effective
relative velocity, but due to the omni-directional nature of savonius turbines, crosswinds have minimal
negative effect.

In Figure 5, the velocity distribution on the turbine shaft is illustrated, highlighting the maximum and
minimum values that have been observed. The angular velocity of the turbine shaft is an important
factor in assessing the turbine's efficiency of converting power to do work, and this was calculated from
the velocity measurements. From the figure, the maximum velocity was recorded as 0.64196 m/s, while
the minimum was recorded as 0.42424 m/s. Both values were replaced into the formula relating linear
to angular velocity to calculate the angular velocity (o) in radians per second as follows:

Table 1. Theoretical values calculated from the above formulas.

Parameter Value
Power (Watts) 239.50
Torque (N-m) 4.64
Tip speed ratio 10

Table 2. Comparison of computational and theoretical results.

Parameter Computational Method Theoretical Method Error (%)
Power (watts) 209.03 239.50 30.47
Torque (N-m) 454 4.64 0.1
Tip speed Ratio (4) 1 1 0
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W=V/r (16)

From the Figure 4, v=0.64196 m/s, r=0.015m
Where, the angular velocity (rad/sec) is, is the linear velocity (m/s), and is the radius of the shaft (m).
After substituting the values in the above formula,

®=42.8 rad/sec a7

In Figure 6, velocity vectors have been generated on the surface of the turbine shaft to evaluate the
torque produced during operation. These vectors provide a detailed representation of the flow behavior
influencing rotational force. Based on the analysis, the maximum torque obtained from the shaft was
calculated to be 5.052 N-m, indicating effective conversion of aerodynamic forces into mechanical
output [12].

In Figure 7, color contour layers are displayed on the surface of the turbine shaft, indicating that the
maximum power obtained per turbine is 209.03 watts. To analyze the power output more accurately,
power is measured directly at the turbine shaft, as calculating power at the turbine itself would include
mechanical losses [12]. The shaft is directly coupled to the generator to ensure efficient power transfer.
The power is calculated from the formula

0.64196
0.62019
© 0.59842
- 0.57665
-~ 0.55487
0.5331
051133
~ 0.48956 ——— e

0.46778
0.44601
0.42424

TRLERRLEIL
222222217
T

Figure 5. Velocity on the turbine shaft.
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Figure 6. Torque on shaft.
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Figure 7. Power on the turbine shaft.
Power (P) = <o (18)

Where, P=Power on shaft in Watts ==Torque on the shaft N-m o=Angular Velocity of shaft.

In Figure 8, velocity vectors have been generated to represent the distribution of airflow around the
savonius wind turbine. These vectors serve to illustrate the direction and magnitude of wind interaction
with the turbine blades, thereby providing a clearer understanding of the flow behavior. The
visualization aids in assessing the aerodynamic performance of the system and offers critical insights
into the efficiency of energy extraction under operational conditions [12].

Figure 9 presents the streamline visualization of airflow patterns around the train coach, revealing
critical aspects of the velocity distribution within the computational domain. The analysis identifies
distinct aerodynamic interactions, particularly showing: (1) accelerated flow regions near the coach's
leading edges with velocities reaching the maximum 17 m/s benchmark (matching operational speed),
and (2) pronounced flow deceleration zones along the rear sections characterized by turbulent wake
formation. These observed flow patterns demonstrate characteristic bluff body aerodynamics, as
evidenced by the formation of recirculation zones downstream of the coach and boundary layer
separation along curved surfaces.

The velocity distribution correlates strongly with established fluid dynamics principles for
rectangular bodies in cross-flow [12], particularly in terms of stagnation point development at the front
and vortex shedding patterns at the rear. The comprehensive flow visualization provides essential
validation of the computational model's accuracy while offering practical insights for optimizing turbine
placement to exploit areas of consistent high-velocity airflow. (This corresponds to an average train
speed of ~60 km/h, representative of typical passenger train operations across major routes).

Figure 10 presents a detailed streamline analysis of the airflow patterns around the two-blade
Savonius turbine, offering critical insights into its operational aerodynamics. The visualization clearly
demonstrates: (1) distinct flow separation phenomena at the blade edges, (2) pronounced high-pressure
regions along the concave surfaces (windward side), and (3) corresponding low-pressure zones on the
convex surfaces (Ileeward side), collectively generating the pressure differential that drives rotation. The
streamline patterns reveal characteristic vortex formation in the inter-blade region, with accelerated
flow velocities observed along the concave surfaces (reaching up to 1.2 times freestream velocity) and
flow stagnation occurring on the convex sides. These observed flow characteristics strongly corroborate
the fundamental drag-based operation mechanism of savonius turbines, as documented in previous
studies of vertical-axis wind turbine aerodynamics [12]. Particularly noteworthy is the persistence of
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these pressure differentials throughout the rotational cycle, verifying the turbine's ability to initiate
operation by itself, along with its consistent torque production. The comprehensive flow visualization
not only validates the design's aerodynamic efficiency but also provides essential data for potential
performance optimization through blade geometry refinement.

Figure 8. Velocity on the turbine.

Figure 10. Flow streamlines around turbine blades.
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Figure 11 shows the pressure distribution along the frontal area of the train coach with more refined
contour color plots. This provides in-depth information on the overall aerodynamic performance of the
coach while in operational conditions.

Figure 11. Aerodynamic pressure on bogie surface

The CFD analysis displays substantial variations in pressure, with the most positive pressure recorded
at the stagnation point of 165.5 Pa, and the most negative pressure of -161.86 Pa within the flow
separation region. This discrepancy between maximum and minimum pressure results in a high-
pressure gradient leading to significant drag in the system, especially attributed to the high pressure
generated from the frontal area of the coach. This ultimately influences the overall aerodynamic
efficiency of the coach system [12]. The substantial pressure differential of 327.36 Pa serves as a
guantitative value, which helps understand the aerodynamic performance of the coach while informing
considerations for design enhancements. The pressure analysis undertaken proved necessary when
working to develop strategies to combat resistive forces and improve the efficiency of energy use, while
providing and evidence-based rationale for the proposed changes to aerodynamic profile of the train
and also configuration of the integrated wind turbine. The complete pressure mapping validates the
computational model and also acts as guide from practical experience when trying to balance drag
reduction while allowing energy recovery in high- speed railway systems.

Figure 12 provided a color contour visual indicating the pressure distribution across the two blade
savonius wind turbine surface. Results from the Computational Fluid Dynamics (CFD) analysis indicate
that elevated pressure levels occur along the concave blade surfaces, while lower pressures are observed
on the convex regions. The maximum and minimum pressures obtained from the external flow
simulation are 150.38 Pa and —196 Pa, respectively. The resulting pressure differential creates a drag
force that initiates and sustains the rotational motion of the turbine blades, consistent with the
operational principles of drag-type wind turbines [12].

In Figure 13, the variation of pressure along the axis of the turbine is illustrated. The pressure reaches
its maximum when the turbine is positioned at its optimal orientation. As the turbine rotates at an angle,
the pressure decreases. This indicates that the pressure distribution changes dynamically based on the
turbine's position during rotation [12].

The drag force on the train without installing the turbine setup is shown graphically in Figure 14.
The Computational Fluid Dynamics (CFD) analysis indicates that the average drag force encountered
by the train is 1051.57 N. This aerodynamic force is primarily attributed to the resistance generated by
airflow interaction with the train’s frontal and lateral surfaces during motion. Such drag effects are
significant in influencing energy efficiency and overall performance in high-speed rail systems [12, 15-
17].

Figure 15 presents the drag force on the train equipped with the turbine on the roof. The turbine was
positioned at a location where the aerodynamic drag was expected to be most significant. According to
the CFD-generated graph, the average drag force experienced by the train in this configuration is 1058.1
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N. When compared to the baseline case without the turbine, this slight increase in drag reflects the
added aerodynamic resistance introduced by the turbine assembly. Although the increase is minimal, it
confirms that turbine placement has a measurable influence on the train’s overall aerodynamic
performance [12].

80

0
20 0
-40
60
-80
-100
4120

Pressure (pa)
B
==

Distance along the axis of the turbine (m)

Figure 13. Pressure along the axis of the turbine chart.

Figure 14. Drag force on the train bogie without turbine chart.
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Figure 15. Drag force on the train bogie with turbine chart.
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Figure 16. Drag force superimposed with and without turbine.

In Figure 16, the superimposed values of the drag force with and without the turbine are presented
for comparison. The analysis reveals no significant difference in drag force when the turbine is installed
on the train. This suggests that the addition of the turbine has a minimal impact on the aerodynamic
resistance experienced by the train [12-15].

CONCLUSION

Based on the conducted study, it has been demonstrated that integrating scoop-type savonius wind
turbines onto train coaches presents a feasible and sustainable method for on-the-move energy
generation. CFD simulations effectively evaluated the turbine's aerodynamic performance, power
output, and torque characteristics in detail, with good agreement between the theoretical and
computational results. Importantly, the study highlights the role of polymer composites, specifically
polycarbonate-based materials, in improving turbine feasibility. These composites reduce overall
weight, enhance fatigue resistance, and maintain mechanical stability under operational conditions. The
minimal increase in aerodynamic drag suggests that turbine installation has a negligible effect on train
performance. When scaled across the Indian railway system, this model is estimated to potentially
generate up to 374.4 MW of clean energy, supporting the national sustainability goals outlined in
the Green India and Clean India missions. Thus, the study validates the proposed model as a practical
solution for augmenting renewable energy production while demonstrating the benefits of polymer
composites in transportation-based energy systems. Additionally, small-scale prototype wind tunnel
tests were conducted, which showed consistent trends with CFD predictions, thereby validating the
reliability of the computational approach. The scalability of the design has also been analyzed. Multiple
turbines can be installed in modular arrays on train roofs, increasing the total harvested power while
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keeping drag impacts minimal. For a standard 24-coach train, such turbines could provide
approximately 10-12 kW of supplementary power, sufficient for auxiliary loads such as lighting and
HVAC systems.
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