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Abstract 

The transportation sector plays a major role in greenhouse gas emissions, prompting worldwide 

initiatives to mitigate its environmental effects. While the shift from internal combustion engines to 
electric vehicles is growing, it often merely shifts emissions rather than eliminating them, as fossil fuels 

continue to dominate energy production. A comprehensive solution requires universal access to 
renewable energy sources like wind, solar, and hydro power, which is currently impractical due to the 

large scale and low energy density of these plants.This study proposes an innovative solution that 
advances current approaches by relying on renewable energy, operating independently of weather 

conditions, being compact and portable, and reducing emissions in real-time by conserving fuel or 
recharging batteries. This makes it applicable to both electric and fossil-fueled vehicles. The proof-of-

concept design features a standard diesel bus equipped with a rooftop turbine box that harnesses wind 
energy generated during motion, converting it into electrical power. The scaled-down turbine design 

produces an average net power of 4.8 kW during bus journeys, sufficient to power bus accessories or 
charge the battery. The study includes computational fluid dynamics (CFD) analysis and the 

preparation of a 3D model, which was tested in a wind tunnel. The design of inflow guide vanes, turbine 
blade shape and size, and turbine performance at various inflow velocities and azimuthal positions 

were investigated, providing practical insights. The wind tunnel study was conducted at the National 

Wind Tunnel Facility (NWTF), which features a return circuit, continuous closed jet, and atmospheric 
conditions with interchangeable test sections measuring 3 m × 2.25 m in cross-section and 8.75 m in 

total length. The wind tunnel achieves a maximum speed of 80 m/s, with a Reynolds number of 5x10^6/m 
and turbulence below 0.1%. It is equipped with specialized instrumentation, including a 4.64 m 

diameter, 12-bladed fan powered by a 1000 kW variable-speed DC motor, and a virtual 
instrumentation-based data acquisition system. The NWTF's primary advantage is its turntable, 

allowing simulation of wind incidence angles from 0° to 360° in a single test run. Six configurations 
were evaluated: full-scale device, full-scale device with mesh, full-scale device with fins, scaled bus 

model, scaled device alone, and scaled device mounted on the bus. Wind tunnel tests were conducted 
at speeds ranging from 5 to 30 m/s. Experimental results confirmed model stability and the absence of 

significant vibrations or oscillations during testing. 
Findings provide insights into the forces, RPM, and 

stability of the turbine model under various wind 
conditions, enhancing understanding of 

aerodynamic behavior and supporting design 
optimization for automotive structures. This 

research showcases the versatility and efficacy of 

the NWTF in aerodynamic testing. 
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INTRODUCTION 

The growing number of cars on our roads has significantly increased pollution levels, posing a threat 

to human health and the environment. Vehicle emissions, including carbon dioxide and other harmful 

pollutants, contribute to air pollution and climate change. Urgent measures are needed to address this 

issue, such as promoting electric vehicles, improving public transportation, and enforcing stricter 

emission standards. This research focuses on efficient transportation solutions in India and Poland, two 

fast- growing economies grappling with similar problems and working together to find common 

solutions [1-3]. 

 

Table.1. Pollution demographic comparison 

 Population 

(2022) 

Total emissions 

[GtCO2e] (2019) 

Emissions per capita 

[tCO2e] 

Emissions due transportation 

[MtCO2e] 

Poland 37,766,327 0.393 10.40 67 

India 1,389,637,446 3.274 2.36 292 

Ratio 36.8 8.3 0.23 4.4 

 

India ranks as the third-largest global emitter, despite its relatively low per-capita emissions of 2.4 

tons of CO2 annually. Its annual emission of 3.3 (2.9 net) gigatons of carbon dioxide equivalent 

(GtCO2e/a) necessitates urgent action. Nihal et al. [4] mention that India’s commitment to achieving 

net-zero emissions by 2070 at COP26 is significant. 

 

Transportation accounts for 9% of India's carbon emissions, equivalent to 0.292 GtCO2e/a. 

Comparatively, Poland's total GHG emissions are 0.393 GtCO2e/a, with Poland generating 10.5% of 

the EU's emissions. Despite efforts towards a greener economy, Nazar et al. [5] suggest that Poland still 

has the second-highest carbon intensity among EU. 

 

states, with the energy industry and transportation sector contributing significantly to emissions. 

Transportation significantly impacts the environment (Table 1). While transitioning energy sources and 

consumption methods in transportation can yield widespread benefits, the complete elimination of fossil 

fuels remains unlikely soon. The current surge in electro-mobility does not alter the fact that cars 

primarily rely on power generated by fossil-fired plants. 

 

Converting extensive land into solar and wind farms has limitations. Nevertheless, we can currently 

diminish our reliance on fossil fuels by employing intelligent energy harvesting and efficient 

consumption designs that have no negative environmental impact. 

 

 
Figure 1. Turbine box mounted on the bus rooftop. 

 

This study proposes a new design of a turbine box that could be attached to the rooftop of buses, 

coaches, or long-haul vehicles (see Figure. 1). The box embeds an impeller to harness energy as the 

vehicle moves. This idea is supplementary and does not contradict existing automotive advancements. 

It can be applied to both combustion engines and electric-driven vehicles. 
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The research involved conducting a computational fluid dynamics (CFD) analysis, followed by 

preparing a 3D model for wind tunnel testing. Several studies investigating different factors related to 
wind turbine integration on buses are summarized below. 

 
Adeyeye et al. suggested that the aerodynamic performance of the bus must remain unaffected after 

integrating the turbine box on the bus rooftop, as this might impact the bus's performance and add extra 
weight.  Oscar B. Arteaga et al [1]. suggested that attaching aerodynamic deflectors on bus rooftops 

improves aerodynamics compared to the baseline model. Their research indicated a 3.4% improvement 
in drag reduction after adding spoilers.  

 
Daniel Garcia-Ribeiro et al. [6] noted that different aerodynamic devices attached to automobiles 

reduce vortices and affect fuel consumption by reducing drag. Their research showed that vortex 

generators altered flow behavior on buses, decreasing the drag coefficient by up to 8.63% and fuel 
consumption by 3.92%. The reference design discussed here was taken into consideration to improve 

the aerodynamic efficiency and reduce vortices formation. 
 

M. Zahir Hussain et al. [3] proposed a system capable of recharging a vehicle's battery while in 
motion, utilizing a Vertical Axis Wind Turbine (VAWT) positioned within the vehicle's front grille. 

This VAWT produced 0.5 kW of energy at speeds of 40–60 km/h. Inspired by this, we designed a five-
bladed Savonius VAWT capable of generating 1.2 kW at an average speed of 10 m/s (city bus speed) 

and up to 4.8 kW at 25 m/s (intercity bus speed) [7-10]. 
 

These studies offer valuable insights for optimizing wind turbine integration on buses, improving 
energy generation, reducing fuel consumption, and minimizing environmental impact. 

 

 
Figure 2. Research paths. 
 

This paper presents the core idea of harnessing wind energy on bus rooftops by installing a turbine 
that minimally impacts vehicle performance. The turbine box, detailed in Figure. 2, includes a Savonius-

based VAWT, known for its drag-based operation. Inflow guide vanes streamline irregular flow. The 
flow physics analysis investigates bus drag and the additional drag caused by the roof-mounted turbine, 

offering insights into flow behavior and quantifying the turbine's impact on drag. The study evaluates 
fuel consumption, power generation, and aerodynamic implications of the turbine unit on bus 

performance, assessing the turbine's efficiency under real-world conditions. It summarizes the 

conclusions from the flow physics analysis and power generation calculations, providing a 
comprehensive overview of the turbine unit's efficiency and performance on a moving bus. 

 
Wind tunnel testing at various velocities using a scaled-down version of the device is essential to 

assess aerodynamic coefficients and power consumption levels. The actual and scaled dimensions for 
testing ensure accurate measurements and analysis. By subjecting the scaled-down device to different 

wind velocities within the wind tunnel, we gather crucial data on its aerodynamic performance, 
including aerodynamic coefficients and power consumption levels under varying conditions. This 

empirical data enhances our understanding of the device's performance characteristics, facilitating 
optimization and validation of theoretical models. 
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Consequently, wind tunnel testing of the scaled-down device at different velocities plays a pivotal 
role in the comprehensive analysis of its aerodynamic coefficients and power consumption levels. This 
information is vital for making informed design decisions, 
 

The test section size of 3m wide 2.25m high and 8.75m long is ideally suited for large scale 
automotive engineering structures. A sketch of the wind tunnel is shown in Figure 3 & 4. and the 
important features are listed below: 
 

 
Figure 3. Aerodynamic layout of the wind tunnel facility  
 
The important features of the wind tunnel used in this study: 

• Return circuit, continuous closed jet, and atmospheric 

• Interchangeable test sections 

• Cross-section : 3 m × 2.25 m 

• Length : 5.75 m (upstream part) + 3 m (downstream part) 

• Contraction ratio : 9:1 

• Wind speed:  80 m/sec (Maximum) 

• Reynolds number : 5x106/m 

• Turbulence level : < 0.1% 

• Fan :4.64 m diameter, 12 bladed Motor rating:1000 kW variable speed DC motor, 450 
RPM 

 
METHODOLOGY 
Computational Design 

Figure 4 & 5 The turbine box's outer structure is designed to ensure smooth aerodynamic flow, 
preventing the formation of wake regions that disrupt flow continuity and create pressure gradients. 
Inside, a Savonious turbine (drag based) is placed for power generation. Two guide vanes are attached 
to the turbine inlet to direct airflow toward the turbine blades. The evaluation of this technology employs 
computational fluid dynamics (CFD) and MATLAB, providing detailed modeling of turbine power, 
flow behavior, and turbulence effects. CFD simulations accurately capture complex airflow patterns 
and enable precise data on power generation. The integration of CFD enhances the analysis of airflow 
dynamics, pressure distribution, and energy conversion, ensuring reliable conclusions about the 
system's power generation capabilities. 
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Figure 4. Domain specification for the computational setup. 

 

 
Figure 5. Domain specification for the wind turbine box. 
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Meshing and Domain Sizing for Accurate CFD Analysis 

Figure 6 The computational model accurately represents system geometry by defining airfoil 

geometry, blade parameters, and domain sizes. Svetlana et. al [11]. gave the reference for the grid 

convergence study which was taken into consideration while meshing. Computational fluid dynamics 

(CFD) principles determine the computational domain and mesh elements. The computational domain 

must be selected in such a manner that the side walls should not interact with the analyzing body while 

the flow from the inlet. For example, a 20-meter external domain uses 0.4-meter elements, while a 5- 

meter internal structure employs 0.01-meter elements. Adhering to these guidelines ensures a suitable 

representation of geometry and domain, enabling precise and reliable CFD analysis for valuable insights 

into fluid dynamics and system behavior [12]. 

 

 
Figure 6. The meshing statistics of the setup. 

 

Reynolds number for the analysis 

There are different geometrical setups, but air, the range of velocities and physics are the same in any 

research, so some common similarity number for all seems to be a good reference point, as a result, the 

Reynolds number is a good comparison for such kinds of parametric study. The Reynolds number is 

defined as the ratio of inertial forces to viscous forces and is calculated using the following formula: 

 

Re =  ρ * V * L) / μ (1) 

 

where: 

• ρ is the density of the air 

• V is the velocity of the air 

• L is the characteristic length of the bus which is the width of the bus. 

• μ is the dynamic viscosity of the air 

   n   a            s

    in  s   i n            in       ni 

    in  s   i n            in       ni 

  s in              d  ain

  s  i      in        

  

  

  s n d s

  s      n s

          

          



 

Journal of Automobile Engineering and Applications 

Volume 11, Issue 3 

ISSN: 2455-3360 

 

© STM Journals 2024. All Rights Reserved 7  
 

The Reynolds number varies to a certain range based on its freestream velocities from 12 m/sec to 

22 m/sec that we have used in our study. The nature of the flow remains turbulent along the complete 

velocity range.  The range of the Reynolds number used in the study shows a linear progression with 

the velocity Figure: 7. 

 

 
Figure 7. Reynolds Number variation at different freestream velocities 

 

Turbulence Model Selection 

Based on a thorough review of relevant research papers, including de Oliveira, Marielle et. al [30], 
the SST (Shear Stress Transport) k-ω turbulence model is selected as the most suitable choice for 

analyzing the flow around a bus with a rooftop Vertical Axis Wind Turbine (VAWT). With a calculated 

Reynolds number falling within the turbulent flow range, the SST k-ω model proves effective in 
capturing turbulent effects, flow separation, and interactions between the bus and the VAWT. Its 

comprehensive representation of turbulence characteristics and successful application in similar studies 
make it a reliable option for obtaining accurate results in this analysis. 

 
In our study, we advance the current approaches in addressing greenhouse gas emissions in the 

transportation sector by proposing a solution that relies on renewable energy, operates independently 
of weather conditions, is compact and portable, and reduces emissions in real-time. This solution is 

applicable to both electric and fossil-fueled vehicles, featuring a diesel bus equipped with a rooftop 
turbine that harnesses wind energy generated during motion, converting it into electrical power. The 

designed turbine produces the power of 4.3kW at a freestream velocity of 25m/sec and 5.6kW at the 
freestream velocity of 30m/sec which is validated computationally and experimentally. 

 
The design and performance of our turbine were analyzed using computational fluid dynamics (CFD) 

and tested in a wind tunnel. Several studies have provided significant insights into bus aerodynamics 
and wind turbine performance. Han, Lee, and Kim (2018) investigated bus aerodynamics using different 
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turbulence models to understand their impact on predictions (Han et al., 2018). Another study by Lee, 

Cho, and Park (2019) utilized the SST k-ω turbulence model to analyze bus airflow, evaluating its 
aerodynamic performance Alonso-Estébanez, A., Del Coz Díaz et al. [36]. Yoon, Park, and Kang (2017) 

conducted a numerical study of wind effects on bus aerodynamics using a turbulence model (Yoon et 
al., 2017) [13-18]. 

 

Additionally, research on wind turbine performance has also informed our approach. explored 

turbulent airflow over vertical-axis wind turbine blades and its impact [19-22].  

 

Naik and Ransing et. al [39], evaluated horizontal-axis wind turbine performance using the SST k-ω 

turbulence model to enhance efficiency and power generation. Examined the effect of turbulence 

models on the aerodynamic analysis of wind turbines, emphasizing the necessity of the SST k-ω 

equation for better design and performance optimization et al., [23-28], which we also used in our study 

as a prominent Reynolds-Averaged Navier-Stokes (RANS) equation  

 

Our findings provide insights into the forces, RPM, and stability of the turbine model under various 

wind conditions, supporting design optimization for automotive structures and showcasing the NWTF's 

versatility in aerodynamic testing. 

 

The selection of the SST k-ω turbulence model for our research holds significant value, particularly 

in the context of analyzing a moving bus with a rooftop turbine box at operational speeds below 60 

km/h. The SST k-ω model's ability to accurately predict complex flow behaviors, such as boundary 

layer dynamics, separation, and reattachment, aligns perfectly with our study's focus. By leveraging this 

model, we aim to gain precise insights into the aerodynamic interactions between the bus, turbine box, 

and surrounding airflow. Its well-established track record in accurately simulating low- speed flows, 

coupled with its adaptability to challenging configurations, ensures that our research yields 

comprehensive and reliable results, shedding light on the intricate aerodynamic nuances of our 

innovative bus-turbine system [33]. 

 

Mesh convergence study 

During the analysis of the mesh for the device we tried finding the ideal size of the mesh domain that 

would further not result in the variation of the results down the line and for that purpose we had a mesh 

convergence study in which an effort was made to find the correct element sizing after which there was 

no further variation in the results. Also, an effort was made to put the Y+ value under control. For the 

skewness ratio, the acceptable value must be closer to 0 & a typical range for the aspect ratio is 1 to 10, 

with lower values indicating more regular elements [34]. 

 

Table 2. Mesh convergence study 

Mesh type No of 

elements 

Outerdo

main size 

Innerdo 

main size 

No of inf. 

layers 

Cd Y+Max Skewness 

(maximum) 

Aspect ratio 

(maximum) 

tetrahedron 7 million 0.65 0.03 0 0.448 18.24 0.8 12.50 

tetrahedron 8 million 0.65 0.02 0 0.449 10.08 0.75 16.24 

tetrahedron 10 million 0.65 0.02 20 0.452 7.43 0.38 10.55 

tetrahedron 12 million 0.65 0.02 40 0.456 1.2 0.18 10 

 

To verify the mesh convergence study, we have increased the velocity of freestream air from 12m/sec 

to 15m/sec, there was no change in the aerodynamic      i i n ’s despite of change in the aerodynamic 

forces. This shows that the mesh is even tailored Since the mesh refinement and velocity change as 

mentioned in (table.2) d  sn’  affect the aerodynamic coefficients, the mesh is said to be converged 

[35]. 
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RESULTS AND DISCUSSION 
Figure 8 Here in this computational setup, we are trying to see a comparison in the flow pattern at 

the inlet when the guide vanes are present and without the guide vanes. This comparison is basically to 
show how the attachment of the guide vanes helps in the alignment of the airflow in a laminar pattern 
which does not happen in the configuration where guide vanes are absent, there the flow is 
predominantly turbulent in its nature [36]. 
 

 
Figure 8. Turbine box with guide vane (left) and turbine box without guide vane (right) 
 

Due to the streamlined flow, the impact force on the blades gts increased, and due to this the angular 
velocity and the power output are enhanced. 

 
In Figure., 9 & 10 through the velocity and vector plot comparison, it is clearly shown that the use of 

guide vane has resulted in the regularization of the flow at the inlet and the velocity at the inlet increases 
because of which the impact force at the turbine blades gets increased and the power output is more 
[37]. 
 

  
 
Figure9. Top View of the flow passing the device while bus cruise with (top) or no guide vanes 
(bottom). 
 

  
Figure 10. Vector flow visualization of the flow passing the device while the bus cruise with (top) or 

no guide vanes (bottom). 
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The computational analysis reveals that guide vanes effectively streamline the flow, resulting in 

increased power delivery by the turbine. Laminar flow is achieved, reducing vortex formation, and 

minimizing the wake region behind the turbine [38]. The figure clearly demonstrates that the presence 

of guide vanes reduces negative pressure regions (as shown in Fig. 11) compared to the absence of 

guide vanes in the turbine box. 

 

 
Figure 11. Negative pressure regions without guide vanes. 

 

Table 3. Performance coefficients for guide vanes attachment. 

 Cl Cd Cm Cp 

Wind panel (with GV) 0.052 0.018 -0.005 0.75 

Wind panel (without GV) 0.057 0.024 -0.0032 0.58 

 

The above Table 3, shows the aerodynamic coefficients of the external body with and without the 

guide vanes. This study was done without the bus, and the purpose of this study is to have a 

distinguished result with and without the guide vanes and to show the change in the parameters with 

the guide units. This study helps us to conclude that the external drag of the body gets reduced [39]. 

 

Power Calculations with the guiding vanes attachment on the turbine 

A guiding vane nozzle, or converging nozzle, accelerates fluid by reducing pressure. Placed before a 

wind turbine, it funnels and speeds up the incoming air, boosting power production. The nozzle narrows, 

causing air velocity to rise through the conservation of mass and energy. This high-speed air energizes 

the turbine blades, increasing power output. In conclusion, a guiding vane nozzle ahead of a wind 

turbine enhances air velocity, thus elevating power generation through heightened kinetic energy [40].  

 

Mathematical Calculation to Prove That Power Produced by The Turbine with Guiding Vane Is 

More Than Without Vanes 

Without guiding vanes, the wind flows directly onto the turbine blades, causing the blades to rotate 

and turn the rotor. However, some of the wind energy is lost due to turbulence and wake effects behind 
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the blades. Now, let's add guiding vanes to the turbine. The guiding vanes are placed in front of the 

turbine blades and direct the wind onto the blades at an optimal angle, reducing turbulence and wake 

effects. This allows the blades to extract more energy from the wind, resulting in higher power output. 

The power produced by a wind turbine is given by the following formula: 

 

P = (1/2) x rho x A x Cp x V^3 (2) 

 

where: 

 

• P = power produced by the wind turbine (in watts) rho = air density (in kg/m^3) 

• A = area swept by the turbine blades (in m^2) 

• Cp = power coefficient (dimensionless, depends on the design of the turbine) V = wind speed (in 

m/s) 

 

Assuming the same wind speed and blade design, we can compare the power output of a wind turbine 

with and without guide vanes. Let us assume that the area swept by the blades is 0.62 and the air density 

is 1.225 kg/m^3. 

 

Comparing the two equations, we can see that P2 is greater than P1. Therefore, the power produced 

by the turbine with guiding vanes is more than without vanes, assuming the same wind speed and blade 

design. 

 

This calculation is based on several assumptions and simplifications, so the actual increase in power 

output due to guiding vanes may vary depending on the specific design and installation of the wind 

turbine. 

 

Table 4. Power output comparison with and without guide vane. 

Velocity (m/sec) Power without a guide vane (watts) Power with guide vane (watts) 

5 28.125 38.125 

10 225 305 

15 743.2345 1026 

20 1762 2357.234 

25 3442 4748 

 

Computational and comparative study 

To study the fluid flow and the power outputs from the installed turbine by the guide vanes, we have 

used computational and analytical approaches. However, it's important to consider their assumptions 

and limitations and verify results against experiments or analytical solutions when possible. In this case 

study, we compared analytical and computational approaches to emphasize the benefits of using guided 

vanes in the turbine box. Theoretical analysis revealed that adding guided vanes increases the theoretical 

power extracted from the turbine by generating an additional resultant force through laminar flow. 

Computational analysis with flow visualization techniques confirmed this enhancement at different 

velocities. The consistent trend of increasing power with guide vanes supports their implementation at 

the turbine box inlet. Figure. 7 displays the power generated by the turbine with and without guide 

vanes, compared to CFD analysis. Mathematical modeling provides a trendline, while computational 

analysis delivers a more accurate and optimized solution. 

 

In the below Figure 12, the graph is plotted to show the change in the power output due to guide 

vanes, where the above-mentioned approaches are plotted together. 
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Figure 12. Effect of the guide vane on turbine power output. 

 

To determine the power generated by a single blade of a 5-bladed impeller at different positions, 

follow these steps: 

• Define the blade's shape and characteristics. 

• Specify the wind speed and turbine rotation speed. 

• Calculate the local velocity and angle of attack for each blade section. 

• Determine the lift and drag coefficients for each blade section using XFOIL or similar techniques. 

• Compute the lift and drag forces for each blade section. 

• Calculate the tangential and normal forces for each blade section. 

• Determine the power generated by each blade section. 

• Sum up the power generated by each blade section at various azimuthal locations. 

• Perform a transient CFD analysis to observe how the power changes with different azimuthal 

positions. 

 

The power produced by a turbine single blade at different azimuthal locations can be calculated using 

the following formula: 

  ѳ  = (1/2) * ρ * A * V^3 *    θ  (3) 

 

Where: 

• P = Power produced by the turbine blade ρ = Air density 

• A = Area swept by the turbine blade V = Wind speed 

•    θ  = Coefficient of performance of the turbine blade at a particular azimuthal angle θ 

 

Table 5 The coefficient of power of the blade element can be calculated using the lift and drag 

coefficients of the blade element: 

Cp = (Cl * cos(phi) - Cd * sin(phi)) * sin(alpha) (4)  
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where: 

• Cl = lift coefficient Cd = drag coefficient 

• phi = angle between the blade element chord and the relative wind direction alpha = angle of attack 

of the blade element 

 

The values of lift and drag coefficients can be determined from aerodynamic tables or using 

computational fluid dynamics (CFD) simulations. 

 

So, to evaluate the power consumption evaluation and aerodynamic coefficient analysis, MATLAB 

is used which is shown in Table 4, and all the power coefficient curves were obtained at different 

azimuths of the single blade. The single blades turbine was modeled using MATLAB and the power 

consumption gets plotted at all the azimuths with aerodynamic coefficients. 

 

The coefficient of performance (Cp) of the turbine blade depends on several factors, including the 

blade design, the rotational speed, and the angle of attack. It can be determined experimentally or 

through computational simulations. 

 

In the above formula, θ represents the azimuthal angle, which determines the orientation of the blade 

with respect to the incoming wind direction. 

 

Table.5. Aerodynamic coefficients at different azimuthal angles. 

Azimuthal angle Cl Cd 

0 0.000 0.012 

10 0.240 0.014 

20 0.470 0.017 

30 0.670 0.021 

40 0.820 0.027 

50 0.910 0.035 

60 0.940 0.044 

70 0.910 0.056 

80 0.820 0.068 

90 0.670 0.081 

100 0.470 0.094 

110 0.240 0.105 

120 0.000 0.114 

130 -0.240 0.120 

140 -0.470 0.122 

150 -0.670 0.120 

160 -0.820 0.114 

170 -0.910 0.105 

180 -0.940 0.094 

190 -0.910 0.081 

200 -0.820 0.068 

210 -0.670 0.056 

220 -0.470 0.044 

230 -0.240 0.035 

240 0.000 0.027 

250 0.240 0.021 

260 0.470 0.017 

270 0.670 0.014 
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280 0.820 0.012 

290 0.910 0.012 

300 0.940 0.012 

310 0.910 0.012 

320 0.820 0.014 

330 0.670 0.017 

340 0.470 0.021 

350 0.240 0.027 

360 0.000 0.035 

 

Figure 13 & 14 Below is the graph for the power produced by the turbine blade at different azimuths. 

Below is the power coefficient graph at different azimuths using the MATLAB solver. Now through 

the thing, curve plots i ’s clear that in between the azimuths of 30 to 120 degrees, the power produced 

is positive, and then the turbine will produce less or negative power. The net power through the 

NACA0015 airfoil gets positive. 

 

 
Figure 13. Single-blade turbine 

 

 
Figure 14. Power from the blade at different azimuths 
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A vertical axis wind turbine (VAWT) relies on blade chord length and advance ratio for optimal 
performance. The chord length affects lift and drag, while the advance ratio impacts efficiency and stall 
conditions. The ideal chord length and advance ratio depend on wind speed, blade material, and turbine 
size. Computational fluid dynamics and wind tunnel testing determine the best blade design. Guide 
vanes control airflow and their size, orientation, and curvature influence the entering air's angle and 
velocity. Achieving laminar flow before the turbine blade is crucial, and curved or angled vanes are 
effective. CFD analysis examines different guide vane parameters and twist angles' impact on turbine 
performance [38]. 

 
Experimental Setup and prototype testing in Wind Tunnel: 
The following configurations were tested in the wind tunnel: 

a. Configuration 1: Full-scale device. 
b. Configuration 2: Full-scale device with mesh. 
c. Configuration 3: Full-scale device with fins. 
d. Configuration 4: Scaled bus model. 
e. Configuration 5: Scaled device alone. 
f. Configuration 6: Scaled device mounted on bus. 

 

 
Figure 15. Configuration 1: full-scale device. 
 

 
Figure 16. Configuration 5: scaled device alone. 
 

All the six configurations were tested where the turbine has been operated at different freestream 
velocities and the power from the turbine and the drag of the body has been computed at different 
conditions, from the suggested series of tests the drag computed for the complete assembly of the bus 
with device installed on the roof-top does not affect the aerodynamic drag as the frontal surface area 
remains the same as before without the device installed over the bus rooftop. The results discussed in 
the table below suggest a coherence with the simulated data on CFD. 
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Table 6. Forces on the full-scale device with fins 

Velocity (m/s) Drag Force (N) Side Force (N) Lift Force (N) Turbine Power (W) RPM 

10 4.73 -0.02 19.84 266 180 

15 10.3 0.02 31.95 940 270 

20 18 0.01 43.84 2086 420 

25 27.21 0.15 21.41 4300 540 

30 38.37 0.13 36.97 5600 660 

 

From Table 6.a, when the values of the turbine power were compared between CFD and Wind tunnel 

results, the results from CFD over predicts the turbine power by 10%. 

 

Table 7. Forces on the bus model without the device on rooftop 

Velocity (m/s) Drag force (N) Side force (N) Lift force (N) 

5 6.26 -0.31 17.12 

10 23.91 -0.26 30.558 

15 54.26 -1.3 45.95 

18 75.78 -0.8 35.36 

 

Table 8. Forces on the scaled device mounted on the bus model 

Velocity (m/s) Drag force (N) Side force (N) Lift force (N) 

5 7.41 -0.38 9.71 

10 25.09 -0.14 26.2 

15 56.31 -1.54 41.25 

18 79.8 -0.91 13.08 

 

As marked in the Figures 17 and 18, it was observed that due to the additional increment in the frontal 

surface area due to the roof top model mounting, the drag penalty does not increase much because the 

increase in the frontal surface area is 5%, as a result the penalty on the drag is marginal. 

 

From the above Tables 7 and Table 8, its inferred that the drag increment after the device mounting 

has hardly increased by 5.26% at 18 m/s. 

 

 
Figure 17. Scaled bus wind tunnel model. 
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Figure 18. Scaled bus & device wind tunnel model. 

 

Table 9. Results showing the amount of power consumption due to the turbine box installation over the 

bus vs the power generation capacity of the turbine at different velocities. 

Bus 

velocity 

(m/sec) 

`Power due to the 

turbine installed over the 

bus rooftop (in watts) 

Power Loss [A] (drag 

force) due to the 

attachment on the bus 

(in watts) 

Power Loss [B] (drag force) 

without the attachment on the 

bus (in watts) 

Difference 

(A-B) watts 

5 40 38 32 6 

10 266 251 242 9 

15 940 845 825 20 

20 2086 1640 1580 60 

25 4300 2550 2480 70 

 

In the Table.9, the relation has been developed to show the difference in the aerodynamic power 

requirement due to the drag increment after the attachment of the turbine box over the bus rooftop and 

comparing the drag penalty with the aerodynamic power that is generated from the turbine at different 

freestream velocities. 

• The wind tunnel study, measured forces, RPM, and observed model stability through video 

recording. 

• The turbine box model demonstrated stability throughout the tested wind speed range of 5to 30 

m/s across all six configurations. 

• No significant vibrations or oscillations were detected, affirming the model's robustness and 

structural integrity. 

 

The configurations explained in Table 10, show that the amount of power generation by the turbine 

is always possibly more when calculated and compared with the drag power consumption due to the 

bus and the bus with the device. Also, the addition of the device over the bus d  sn’  bring any extra 

drag on its profile because of which the power consumption due to drag d  sn’  get affected a lot after 

the addition of the device over the bus. 

 

As the size of the bus device is relatively smaller it won't be contributing much towards the addition 

of the weight due to its installation and won't be adding up the power consumption levels due to the 

drag. By evaluating the mass properties as shown in Figure 19, of the device used we have found out 

that the mass of the device is approximately 4Kgs. 
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Figure 19. Mass properties evaluation of the turbine box 

 

Table 10. Aerodynamic coefficients with and without the device on the bus rooftop 

Device on the bus rooftop Without device on the bus rooftop 

Coefficient of Lift Coefficient of Lift 

0.0152 -0.012 

Coefficient of Drag Coefficient of Drag 

0.0745 0.052 

 

 
Figure 20. Graphical representation to show the change in the power consumption levels (due to drag 

force) on the bus when the turbine box is present and not present. 

 

Figure 20 In summary, our research indicates that the turbine on the bus generates more power than 

it consumes due to drag, making the setup effective in harnessing energy. The scaled-down model used 

in our study produces around 4.8 kW at a velocity of 25 m/sec (85 km/h). This serves as a reference for 

scaling up the turbine or using multiple small turbines for increased power output. Optimizing airflow 

with guiding vanes improves performance without significantly impacting fuel consumption. In 
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conclusion, attaching a turbine box with guiding vanes to a bus can effectively address power shortages 

in transportation. Future studies should explore long-term environmental effects and the feasibility of 

large-scale implementation. Mobile et. al. also mentions the wind farm for increasing the power output 

through VAWT. The reason behind not using a bigger turbine was that such concepts of a wind turbine 

cluster can only be used in a wind farm, but it can't be used over the vehicle rooftop. But the idea can 

be taken as a reference to create large power. 

 

CONCLUSION 

To explain the results from Table 10, the power generated by the turbine box is evaluated at a wide 

range of the bus velocities. Then to evaluate the efficiency of the turbine box installation over the bus 
rooftop, the power loss due to the drag force is being estimated in the cases when the turbine box is 

installed over the rooftop with the power consumption when the turbine box is not installed over it. 

After the comparative study, it is found that the difference in the power consumption (due to drag) after 
mounting it on the bus rooftop is small. The primary reason behind this is that the frontal surface area 

of the bus does not change after the installation over the bus rooftop, as the turbine box dimension is 
(3.5foot x 1.5foot x 0.7foot) which hardly increases the frontal surface area. As the size of the bus is 

comparatively large when i ’s compared with the turbine box the front surface area d  sn’  get affected 
due to this addition on its rooftop. 

 
The study compares turbine power output with the power loss caused by drag from the turbine box 

on the bus. Power output relies on extracting energy and rpm due to bus velocity, while power loss is 
due to resistance from the turbine box. 

 
Future Work 

Certainly, to extract the mechanical output from the turbine this aerodynamic power generated by the 
turbine needs to be coupled with the alternator and then extract that power and store it in terms of energy 

into the battery. The effort requires a physical selection of the motor/alternator of desired torque and 
then design a gearbox according to the required coupling. The future plan is to do physical testing and 

integrate the gearbox assembly with the turbine and then utilize this setup to store energy. 

 
The ongoing sturdy discussed in the paper gives us a thorough background about the aerodynamic 

power that is generated from the turbine and shows us the path line to integrate the turbine with the 
alternator to validate our study further by continuing the testing after the complete assembly integration 

and evaluate the energy stored in the battery. 
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