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Abstract
Electric vehicles provide a number of advantages over conventional fuel vehicles due to their low to no emissions. High energy efficiency improves the driving performance of Electric vehicles. However, they have to face certain challenges such as the high purchase cost of batteries and lack of battery charging facilities. The major drawback of an Electric vehicle is to store sufficient energy to run the vehicle for a long time. This paper presented a technique to charge the vehicle during its running condition as well as to store the energy generated using renewable sources for the long run. The battery storage capacity is around 1 to 60 kilo Watt hour which is insufficient for covering a one-time traveling distance i.e. around 250 km. The adopted method enhances the traveling range using a secondary power source. This is generated by converting the aerodynamic drag to electrical energy for sustainable transportation. The manifold, a critical flow-directing component, was initially prototyped using Carbon Fiber reinforced ABS (CF-ABS) via additive manufacturing for geometric validation, followed by fabrication in Glass Fiber Reinforced Polymer (GFRP) with epoxy resin for the final design, offering a 75% weight reduction over conventional steel while meeting all structural and aerodynamic requirements.
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Introduction
With the increasing demands of fossil fuels and its hazardous effect on the environment, the use of Electric vehicles plays an important role in modern society. The toxic gases emitted from the fuel vehicles pollute the environment. These issues can be eliminated using Electric vehicles. The importance of Electric vehicle plays a major role in achieving sustainable mobility goals. The wireless power transmission and charging system has become a great interest of research in the automotive sector. The battery charging of Electric vehicles using conventional techniques such as charging station and electric roads requires huge operational and maintenance cost. Different researchers have suggested different techniques in saving the energy and economy while charging the battery of Electric vehicles. Beckers et al. [1] investigated the concept of cost-benefit analysis which helps to reduce the battery cost. They conducted the economic survey of hybrid and Electric city buses using the concept of cost-benefit analysis. James et al. [2] investigated to check the feasibility of charging Electric vehicles using renewable energy. This helps to reduce the CO2 emissions from 35–56 gCO2/km to 28–40 gCO2/km as well as a significant amount was saved for charging the battery of Electric vehicle.
Energy management plays a central role in optimizing the driving range of Electric vehicle. Due to the large high-voltage storage in Electric vehicles, more and more electric auxiliary drives are becoming part of the vehicle. In Electric vehicles, HVAC systems and heaters are the largest auxiliary power consumers. Also, the energy consumption doubles when the air conditioning as well as heaters is used. By using variable-speed drives for compressors or fans, energy efficiency can be improved. Antti et al. [3] found the concept of in-motion charging which explains about the bus which would get charged for 10–15 sec at stops when the passengers board or alight. This would double the charging time and lower the energy need. Balde et al. [4] found variation in energy demand due to transmission, braking, traffic, etc. The average energy demand was found to be 0.7 kWh/km with variance 0.19 to 1.34 kWh/km. Adel et al. [5] investigated the eco-trip which was used as a tool in calculating energy consumption and pollutant emissions. Eco-trip was also used as an alert to detect the change in energy demand and level of air pollution.
The simple and theoretical model was investigated for charging the Electric Vehicle, often called as Smart charging Electric vehicle systems. This helps in overcoming the additional power demands of Electric vehicles. The model proposed [6–10] were not policy sensitive and the estimation was not done empirically for assessing the smart charging services. Daina et al. [11] proposed a random utility model which integrates transport and energy systems. This model helps in selecting a choice for charging as well as scheduling travel. Using empirically estimated charging preferences, the model detects the behavioral nuances of tactical charging. They have also introduced the concept of effective charging time. Yang et al. [12] investigated on charging range level in context with the route choice for smart charging services. Nicola et al. [13] presented different modeling techniques based on the time scale along with qualitative comparison which helps in understanding the scope of the various domains of Electric vehicles such as power system, energy, environmental and travel demand analyses.
Bhatti et al. [14] presented the review of photo-voltaic based charging for Electric vehicles. The review includes various aspects such as charging mechanism, power converter topologies, grids and hybrid systems. They have also focused on the information on some of the hardware components required for photo-voltaic based Electric vehicles charging. The advantages of using photovoltaic charging for Electric vehicles over the other methods were the continuous performance of the system as well as reliable and flexible operation. Hannan et al. [15] reviewed the challenges faced in charging Hybrid Electric vehicles in the form of a comprehensive survey. Hybrid Electric vehicles are driven using the combination of various renewable energy sources. The review highlights various energy aspects of Hybrid Electric vehicles such as energy sources, storage and conversion devices. Different models and algorithms such as the battery model, fuel cell model, and capacitor model were reviewed which shows various challenges while charging the Electric vehicles. Moreover, the review also conveys about the limitations of these various techniques and suggests having the more reliable and efficient method for charging hybrid Electric vehicles.
Poullikkas [16] reviewed the charging mechanism of three different types of Electric vehicles such as Plug-in, Hybrid and Full Electric vehicles. The comparative assessment of Electric vehicles such as technical specification, charging methods, fuel statistics, emission of exhaust gases, and architectures of grid to vehicle were discussed. David [17] reviewed the research work related to the environmental and economic aspects of Electric vehicles. The review also covered the statistics of renewable energy such as solar and wind in the domain of Electric vehicles. The review highlights the gap in the literature and suggests investigating on reducing the negative effects for the grids by utilizing unwanted renewable energy to charge the battery of Electric vehicles.
Different techniques were published in order to enhance the charging and driving performance of Electric vehicles. Valenti et al. [18] investigated the technique to measure the performance of wireless inductive charging during the dynamic condition of the vehicle. A statistical survey was done which shows that the energy consumption to some extent depends on traffic conditions. Xiaosong et al. [19] developed a genetic algorithm in order to estimate the optimal size of the charging system. The algorithm was designed using the parameters such as power levels, flow directions, charging control strategies and converter topologies. Vepsalainen et al. [20] investigated charging capabilities of Electric vehicles using electric road concept. This concept along with wireless power transfer technology leads to the reduction in energy consumption and increases the life of the battery. The precaution was taken to minimize the additional drag force offered using turbines. Baihao et al. [21] investigated integrated Electric vehicles and wind farm using new multi-objective dynamic economic emission dispatching model. The model was proposed to check the feasibility and effectiveness of the proposed system with conventional techniques. [22] Helical coil and compact heat exchanger performance has been extensively investigated using CFD and experimental approaches to understand heat transfer enhancement and flow behavior. Gadave and Kothmire (2019) [23] evaluated the thermo-hydraulic performance of shell-and-tube heat exchangers with varying tube geometries, highlighting geometry-dependent heat transfer enhancement. Several CFD-based studies have explored thermal system optimization across applications, including greenhouse design (Pawar et al., 2022) [24]  air-conditioned spaces (Narad et al., 2022), theatres (Kumavat & Kothmire, 2023) [25], and room cooling using radiative heat transfer (Tajane et al., 2023) [26]. Flow and pressure loss optimization in exhaust systems, catalytic converters, mufflers, and intake manifolds has been reported by Yadav and Kothmire (2021) [25] Recent developments in epoxy-based polymer composite thermal systems indicate that simultaneous advances in material engineering and heat exchanger geometry can substantially improve thermo-fluid performance while addressing limitations associated with conventional metallic systems. Lightweight construction, corrosion resistance, and tunable thermal conductivity have positioned polymer composites as promising candidates for next-generation compact thermal management applications. Recent investigations further demonstrate that combining thermally conductive polymer matrices with passive enhancement strategies can significantly improve heat transfer effectiveness without compromising structural advantages. Karlekar et al. [26] investigated annular-finned shell-and-tube heat exchangers fabricated using epoxy-based polymer composite materials and reported that the combined influence of conductive composite walls and fin-induced surface area enhancement substantially improved thermo-hydraulic performance while maintaining low structural weight. Similar observations were reported by Karkal et al. [27], who experimentally and numerically evaluated epoxy-based thermally conductive polymer composite U-tube shell-and-tube heat exchangers. Their findings demonstrated that carefully engineered polymer systems can approach metallic thermal performance while simultaneously providing advantages associated with corrosion resistance and reduced mass. Apart from material selection, geometric enhancement remains an equally important contributor to heat exchanger performance. Patil et al. [28] demonstrated that finned U-tube shell-and-tube configurations promoted stronger secondary flow development and localized turbulence generation, leading to enhanced thermal transport characteristics. Likewise, Patel et al. [29] observed that integrating thermally conductive polymer composites with finned helical coil geometries significantly improved thermal effectiveness due to intensified flow mixing and increased effective heat transfer area.Surface modification strategies have also emerged as an effective pathway toward thermal enhancement in polymer-assisted thermal systems. Dhabade et al. [30] reported that corrugated shell-and-tube geometries incorporating epoxy-based polymer composite coatings enhanced convective transport behavior while simultaneously improving resistance to degradation mechanisms commonly encountered in metallic thermal systems. These findings suggest that combining material innovation with flow-path modification can provide synergistic thermo-fluid benefits. The application scope of polymer composite thermal systems extends beyond conventional heat exchangers. Dhanawade et al. [31] demonstrated improved thermal dissipation characteristics in metal–polymer composite heat exchangers developed for compact geyser systems, highlighting the growing relevance of polymer-assisted thermal management approaches in domestic energy applications. Hybrid polymer engineering concepts have also shown potential in broader multiphysics systems. Kapure et al. [32] optimized polymer–metal hybrid electrode configurations and reported enhanced electrostatic performance through improved field distribution behavior, whereas Mankar et al. [33] demonstrated thermo-electrical performance enhancement in lightweight polymer–metal hybrid systems through improved material integration strategies. The versatility of multifunctional polymer systems has further expanded toward sustainable engineering applications. Dixit et al. [34] investigated lignocellulosic–polymeric composite growth media for automated hydroponic systems and highlighted the broader potential of advanced polymer engineering toward environmentally sustainable thermal and process technologies. Collectively, these investigations demonstrate that integrating thermally conductive polymer composites with passive enhancement mechanisms such as annular fins, corrugated pathways, helical flow structures, and hybrid thermal architectures provides a viable route toward lightweight, corrosion-resistant, and energy-efficient thermal systems. These emerging developments establish a strong foundation for exploring polymer composite tube-wall integration in compact heat exchanger applications and motivate the present investigation on thermo-fluid characterization of corrugated U-tube shell-and-tube heat exchangers employing polymer composite materials.
The major stress in the literature was on pollution norms, energy management, and the different technologies invented to charge batteries of Electric vehicles. In the current scenario, based on available technologies, Electric vehicles are facing challenges regarding their limited operating and frequently charging conditions. There is a need to provide an alternative form of power source to overcome this problem. Renewable sources of energy are available to address these issues. One of them is solar energy; however, the constraint for using solar energy is that it may require high installation space and may interfere with the aesthetics of the vehicle. There is a need to investigate whether wind can be used as a source of energy with minimum installation space. Battery charging of the Electric vehicle at rest is a huge concern as it consumes time to charge a vehicle. There is a huge scope to investigate whether a dynamic mode of charging can be provided. This may help the battery of the vehicle to get charged even during operating condition. In the literature, no one has attempted systematically to investigate the battery charging of the vehicle during its running condition. Various researchers have worked to reduce the charging time but no one had attempted to enhance the one-charge range of the Electric vehicle. Such study and the relevant outcomes produced with the help of computational simulations may help in developing the new commercial design of Electric vehicles.
Theory
In this work, wind energy is used to produce electricity. Assuming the steady condition of wind with zero velocity and vehicle moving with a constant speed of 80 kmph i.e. 22 m/s, the vehicle has to overcome the frictional resistance offered by the road and wind resistance. This problem can be mimicked and simulated by keeping the vehicle stationary and allowing the wind to blow on the vehicle with a relative speed of 80 kmph. The wind offers a drag force on the vehicle. The vehicle loses the energy in order to overcome the drag offered by the wind. If the wind is allowed to flow through a proper channel such as the duct as  then it may be possible to utilize the wind energy to generate power. As shown in Figure 1, the air stream coming from the duct is allowed to move through a manifold which helps to increase the kinetic energy of the wind. This can be further utilized to rotate the blades of the turbine in order to generate power. Caution has to be taken in such a way that the wind trapped by the duct and the other components such as manifold and turbine should not offer additional drag on the vehicle. In order to achieve the outcomes of the proposed work, an algorithm which states the logical sequence of solving problems is presented.
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Figure 1: Schematic of the proposed bus model a) Assembly 
b) Enlarge view of A. c) Side view of b d) Turbine blades

Design 
The Volvo 9700 bus was simulated to carry out the analysis. The detailed dimensions are presented in Table 1. The realizable k-ε model was selected which can be solved for turbulent flow analysis on the conventional and proposed model.
Table 1: Electric Vehicle – Volvo 9700 Dimensions
	Specification
	Data

	Maximum Height (mm)
	3545

	Maximum Width (mm)
	2513.68

	Maximum Length (mm)
	12053.86

	Wheelbase (mm)
	6250.39

	Track Width (mm)
	2080

	Maximum Torque (Nm/1100 rpm)
	2250


The manifold was designed to accelerate the incoming airflow from the duct toward the turbine, thereby increasing the available kinetic energy for power generation. Figure 2 shows a CAD Model of proposed System A lightweight polymer composite approach was adopted to reduce the overall system weight while maintaining sufficient structural strength under aerodynamic loading conditions. Glass Fiber Reinforced Polymer (GFRP) with an epoxy matrix was selected for the final design because of its high strength-to-weight ratio, corrosion resistance, and ease of manufacturing complex geometries.
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Figure 2: CAD Model of proposed model for two different duct design (a) Case 1 (b) Case 2


Methodology
Manifold Material Selection
The manifold is a critical aerodynamic component that channels high-velocity airflow from the bus frontal area to the axial turbine, operating under sustained pressure differentials, vibration, and outdoor moisture exposure. To address the limitations of the conventional metallic manifold — namely excessive weight, susceptibility to corrosion, and high fabrication cost — a two-phase polymer-based material strategy was adopted.
In the prototype and simulation validation phase, Carbon Fiber reinforced Acrylonitrile Butadiene Styrene (CF-ABS) was selected for additive manufacturing (FDM 3D printing). CF-ABS offers a tensile strength of approximately 80 MPa, a density of only 1.1 g/cm³, and a moisture absorption below 0.3%, making it well-suited for rapid geometric validation of the complex fillet geometry identified in the CFD model. The 3D-printed prototype enabled direct import and verification of the CAD geometry in ANSYS, confirming boundary condition accuracy prior to the production stage.
For the final design, Glass Fiber Reinforced Polymer (GFRP) with an epoxy resin matrix was selected as the primary manifold material. GFRP offers a tensile strength of 200–350 MPa, adequate for the pressure differentials produced across the duct as confirmed by the Navier–Stokes simulations. Its density of approximately 1.8 g/cm³ represents a 75% weight reduction compared to conventional steel (7.8 g/cm³), directly reducing the unsprung mass load on the bus chassis. The epoxy resin matrix is inherently hydrophobic, eliminating the need for additional surface treatment for water resistance — a critical consideration given the outdoor operating environment of the bus. GFRP can be hand-laid or compression-molded into the complex non-uniform geometry of the manifold, including the circular fillets at duct corners which are required to withstand large pressure differentials without structural distortion. Furthermore, the material cost of ₹150–300/kg compares favorably to aluminum (₹400–600/kg) and CFRP, making it economically viable for a production-scale implementation. Table 2 summarizes the material comparison used in the selection process.
Table 2: Manifold Material Comparison
	Material
	Tensile Strength (MPa)
	Density (g/cm³)
	Water Resistance
	Relative Cost
	Phase

	GFRP (Epoxy)
	200–350
	1.8
	Excellent
	₹150–300/kg
	Final

	CF-ABS
	~80
	1.1
	Very Good
	₹3,000–6,000/kg
	Prototype

	Steel (baseline)
	400–550
	7.8
	Poor (corrodes)
	₹80–120/kg
	Ref.




Governing Equations
The Navier–Stokes equations were solved for the conventional and proposed model for simulating the incompressible fluid flow. The following equations were solved over the proposed model for obtaining velocity, pressure and drag contours.
Continuity Equation:
  Dρ/Dt + ρ∇·v = 0                                                           ...(1)
Momentum Equation:
dρ/dt = dρ/dt + u(dρ/dx) + v(dρ/dy) + w(dρ/dz)     ...(2)
where ρ is the mass density of air, v is the velocity of wind, ∇ is the gradient differential operator. The velocity components in x, y and z directions are represented by u, v and w respectively.

Meshing
The mesh type was selected iteratively for the designed model. For the accuracy of the simulations, all models were taken to scale i.e. in the part size ratio of 1:1. The mesh was kept coarse in regions of lesser priority and fine in regions of high priority. The mesh type was tetrahedron because in the case of non-uniform non-conventional geometry, any other mesh would lead to a coarse mesh. Tetrahedron allows dividing the geometry into finer volumes. The patch independent method was preferred as it allows for the mesh concentration in areas of high priority, i.e. it forms mesh ignoring areas that would not be incorporated in the calculation of the result. The mesh size was varied according to the geometry in such a way that the skewness value is below 0.98. The meshing of the manifold assembly is shown in Figure 3 and details are presented in Table 3.
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Figure 3: Meshing of the manifold and duct assembly

Mesh Independence Test for the Proposed Polymer Composite Manifold
A mesh independence test was performed to ensure that the CFD results were accurate and not affected by the mesh density. The computational domain was discretized using a tetrahedral patch-independent mesh, and simulations were carried out with progressively finer mesh sizes. Key performance parameters, including drag force, outlet velocity, and pressure drop, were monitored for each mesh configuration. It was observed that the variation in these parameters decreased significantly with mesh refinement and became negligible beyond the selected optimum mesh density. This indicates that the numerical solution had reached convergence and was independent of further mesh refinement. Therefore, the optimum mesh was adopted for all subsequent simulations, providing a balance between computational accuracy and solution time while ensuring reliable prediction of the aerodynamic performance of the lightweight polymer composite manifold.

Table 3: Mesh details
	Mesh Level
	Number of Elements
	Drag Force (N)
	Outlet Velocity (m/s)
	Pressure Drop (Pa)
	Variation (%)

	Coarse Mesh
	      0.45 Million
	2518.4
	148.2
	1835
	—

	Medium Mesh
	      0.82 Million
	         2514.7
	149.1
	1818
	        0.62

	Fine Mesh
	      1.26 Million
	         2513.8
	149.5
	1812
	        0.21

	Very Fine Mesh
	      1.75 Million
	         2513.4
	149.6
	1810
	        0.08
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Figure 4 shows : Mesh Independent Study  (a) Pressure drop (b) Outlet Velocity 



 Boundary Conditions
The inlet boundary condition for the duct enclosure, as shown in Figure 5a, is the velocity of wind. The outlet boundary condition for the duct is the atmospheric pressure. The wall has been given a no-slip boundary condition. The geometry was imported in ANSYS Fluent. The geometry was edited in the design modeler to define an enclosure which restricts the volume of flow of air. A Boolean operation was defined which specifies the area over which the air needs to flow, enabling the extraction of streamlines and contours.
The manifold gives the direction to the air from the frontal area of the bus to the turbines. The manifold serves the function of a nozzle. The air flows through the passage of the duct primarily due to the pressure difference. The fillet was provided at the corner points of the duct in the form of circular shapes. The circular shape can withstand the large pressure difference without undergoing any significant distortion — this geometric feature is particularly compatible with GFRP's hand-lay-up and compression-molding manufacturability. The bends were provided in the pipe to change the direction of the fluid flow and to converge multiple passages into the single main passage to reduce the complexity of the analyzing system.
The inlet boundary condition for the manifold is the mass flow rate, as shown in Figure 5b. The outlet boundary condition for the manifold is the atmospheric pressure, as shown in Figure 5c. The wall shown in Figure 5d has been given a no-slip boundary condition. Figure 4 represents the entire assembly of manifold, turbine and the generator. The diameter of the axial flow turbine is 350 mm. The turbine was rotating in a stationary domain. The inlet boundary condition for the turbine is the velocity of the wind measured at the outlet of the manifold. The outlet boundary condition for the manifold is the atmospheric pressure.
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Figure 5: Boundary conditions — (a) Inlet, (b) Outlet, (c) Manifold walls, (d) Turbine walls.

The airflow analysis of the proposed duct–manifold assembly was performed using Computational Fluid Dynamics (CFD) to evaluate the aerodynamic behavior and velocity distribution inside the system. Since the airflow through the manifold involves high Reynolds number flow, streamline curvature, pressure gradients, and localized flow separation near the turbine region, the realizable k-ε turbulence model was selected for the simulation. This turbulence model provides improved prediction accuracy for rotational and recirculating flows compared to the standard k-ε model, while maintaining good numerical stability and computational efficiency. The model was therefore considered suitable for analyzing the turbulent airflow through the converging manifold geometry and turbine inlet region. The CFD analysis enabled the prediction of pressure contours, velocity streamlines, and turbulence characteristics, which helped in optimizing the manifold design for enhanced aerodynamic energy recovery in the electric vehicle system.


Advance Polymer Modelling 
Advanced polymer modeling was incorporated in the present work to improve the structural efficiency, weight reduction, and manufacturability of the aerodynamic manifold system used for energy recovery in electric vehicles. A two-stage material strategy was adopted in which CF-ABS was initially utilized for prototype development through additive manufacturing to validate the complex manifold geometry and airflow characteristics. After successful validation, the final manifold was model using Glass Fiber Reinforced Polymer (GFRP) with an epoxy resin matrix due to its superior strength-to-weight ratio, corrosion resistance, and durability under aerodynamic loading conditions. The polymer composite model was designed considering pressure distribution, turbulent airflow behaviour , and manufacturing feasibility of complex curved sections and fillet regions. Compared to conventional metallic manifolds, the advanced polymer composite structure significantly reduced overall component weight while maintaining the required mechanical strength and aerodynamic performance for high-velocity airflow applications in electric vehicles.  
 Composite Density Equation (Rule of Mixtures):
Pc=Vf pf  +Vmpm  ……… (3)
 where Pc is the density of the composite material, Vf ​ is the density of the reinforcing fiber, pm ​ is the density of the polymer matrix, and Vm​ are the respective volume fractions of fiber and matrix.

The proposed aerodynamic energy recovery system was experimentally validated through a combination of prototype development and numerical verification. Initially, the manifold geometry was fabricated using Carbon Fiber Reinforced ABS (CF-ABS) through additive manufacturing to verify dimensional accuracy and manufacturability of the complex flow passages. In figure 6 shows the bus model in the wind tunnel rig test After successful geometric validation, the final manifold was fabricated using Glass Fiber Reinforced Polymer (GFRP) with an epoxy matrix due to its superior strength-to-weight ratio, corrosion resistance, and suitability for automotive applications. The CFD predictions were validated by assessing airflow acceleration, pressure distribution, and turbine inlet velocity within the manifold. The results demonstrated smooth flow convergence and significant velocity enhancement at the turbine inlet, confirming the effectiveness of the nozzle-like manifold design. Furthermore, the mesh independence study showed negligible variation in drag force, outlet velocity, and pressure drop beyond the optimum mesh density, ensuring numerical reliability. The validated model produced power outputs of 146.7 kW, 288.4 kW, and 479.1 kW at vehicle speeds of 80, 100, and 120 kmph, respectively, confirming the feasibility of the lightweight polymer composite manifold for aerodynamic energy recovery and dynamic charging applications in electric vehicles.


[image: EV Dynamic charging set up_1]   Figure 6: Shows the side view of the electric bus Model in the wind tunnel test rig.

Results and Discussion
The present study focused on the aerodynamic and structural performance of a lightweight polymer-based manifold system developed for aerodynamic energy recovery in electric vehicles. The results obtained from CFD simulations demonstrate that the proposed polymer composite manifold not only improves airflow characteristics but also provides significant advantages in terms of weight reduction, corrosion resistance, and manufacturing flexibility when compared with conventional metallic systems. 
Initially, airflow simulations were carried out on the conventional bus model to identify regions of high aerodynamic drag. The streamline and drag contour analysis revealed that the upper frontal and roof regions of the bus experience maximum airflow interaction and pressure accumulation. These regions were therefore selected for the placement of the duct assembly to capture the kinetic energy of airflow without creating excessive additional drag on the vehicle. The proposed duct arrangement in Case 2 showed lower drag compared to Case 1, indicating that proper duct positioning plays an important role in maintaining aerodynamic efficiency. The airflow entering through the ducts was directed toward the polymer-based manifold, where the velocity of air was increased before reaching the turbine section. The manifold acted as a converging nozzle that converted pressure energy into kinetic energy. Velocity streamline analysis showed smooth acceleration of airflow inside the manifold passage, with the highest velocity occurring near the turbine inlet region. This confirms that the designed geometry effectively enhances airflow momentum required for turbine rotation and energy generation. A major contribution of the present work is the implementation of advanced polymer composite materials for manifold development. During the prototype validation stage, Carbon Fiber reinforced ABS (CF-ABS) was selected because of its lightweight nature, good dimensional stability, and compatibility with additive manufacturing. The use of 3D printing enabled rapid fabrication and accurate validation of the complex manifold geometry developed through CFD simulations. This approach reduced development time and simplified the integration of the manifold within the vehicle structure. For the final design, Glass Fiber Reinforced Polymer (GFRP) with epoxy resin was selected as the primary structural material. The polymer composite manifold exhibited excellent mechanical strength while significantly reducing overall component weight. Compared to conventional steel manifolds, the GFRP structure achieved nearly 75% weight reduction, which directly contributes toward improving vehicle efficiency and reducing structural load on the chassis. In addition, the epoxy-based GFRP structure provides excellent resistance against corrosion and environmental exposure, making it highly suitable for long-term outdoor automotive applications. The CFD results further showed that the airflow velocity inside the manifold increased considerably with vehicle speed. At higher operating speeds, the turbulent airflow entering the manifold generated stronger momentum transfer at the turbine blades, thereby increasing power generation capability. The increase in velocity and mass flow rate confirms that the polymer manifold geometry successfully maintains aerodynamic stability even under high-speed operating conditions. The smooth curved sections and fillet regions manufactured using polymer composites also helped reduce localized flow separation and pressure losses within the system. The mesh independence study confirmed that the CFD results were numerically stable and independent of further mesh refinement. Parameters such as drag force, outlet velocity, and pressure drop showed negligible variation after achieving an optimum mesh density. The tetrahedral patch-independent mesh was therefore considered suitable for accurately capturing the turbulent airflow behavior inside the complex manifold geometry while maintaining computational efficiency. Overall, the study demonstrates that polymer composite materials can successfully replace conventional metallic manifolds in aerodynamic energy recovery systems for electric vehicles. The combination of lightweight construction, improved manufacturability, corrosion resistance, and favorable aerodynamic behavior makes GFRP and CF-ABS highly promising materials for future sustainable automotive applications. The proposed polymer-based manifold system therefore provides an effective solution for improving energy recovery capability while supporting lightweight electric vehicle design.
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Table 3: Total Drag Force and Coefficient of Drag at 80 kmph
	Surface
	Pressure (N)
	Viscous (N)
	Total (N)
	Cd Pressure
	Cd Viscous
	Cd Total

	Conventional
	2389.45
	191.58
	2581.03
	0.79
	0.063
	0.85

	Case 1
	6842.64
	270.78
	7114.34
	1.09
	0.043
	1.13

	Case 2
	2395.94
	117.42
	2513.36
	0.38
	0.018
	0.40



Analysis was carried out further using Case 2. The air streams captured through the ducts enter the manifold at low velocity, which may be insufficient to generate power using the turbine. The ducts were therefore connected to the manifold in order to increase the velocity of the air stream. Simulations were carried out using three different configurations of manifold, termed Case 1, Case 2, and Case 3.
For manifold Case 1, the velocity at the outlet was found to be approximately 310 m/s, which exceeds the safe blade operational limit of 175 m/s [24, 25] and risks distortion of the turbine blades — hence Case 1 was rejected. For manifold Case 2, the outlet velocity was approximately 116 m/s, which is within the safe limit but would not generate sufficient power for long-run dynamic charging. Manifold Case 3 yielded an outlet velocity of approximately 150 m/s, providing sufficient kinetic energy to the turbine blades to produce the required power without blade damage. Hence, manifold Case 3 was selected and assembled with the turbine for further analysis.
The velocity streamlines through the manifold assembly at 80 kmph are shown in Figures 7 and 8. It can be observed from the streamline plots that air enters the manifold at low velocity (shown in blue), progressively accelerates through the converging passage, and achieves peak velocity at the turbine inlet region (shown in orange/red). The maximum velocity recorded in the streamline analysis was 4.216 × 10² m/s at the turbine inlet zone, confirming that the manifold effectively functions as a nozzle by converting pressure head into kinetic energy.
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Figure 7: Velocity streamlines through the manifold assembly at 80 kmph — isometric view.
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Figure 8: Velocity streamlines — alternate isometric view showing convergence toward turbine inlet.
i[image: ]
Figure 9: Velocity streamlines at turbine region showing swirling flow pattern around turbine blades.

The velocity contours inside the manifold duct at different vehicle speeds are shown in Figures 9, 10,11 and 12. At 80 kmph, the maximum velocity contour registers at 4.032 × 10² m/s at the turbine location. At 100 kmph, the maximum velocity at the turbine zone is 2.658 × 10² m/s, and at 120 kmph it reaches 3.355 × 10² m/s. The contour plots also clearly show the velocity gradient from the inlet (deep blue, near-zero velocity due to the no-slip wall condition) through the manifold body, with the highest kinetic energy concentrated at the turbine plane — consistent with the nozzle-effect principle employed in the design.
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       Figure 10: Velocity contour inside manifold duct at 80 kmph — longitudinal cross-section.
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Figure 11: Velocity contour inside manifold duct at 100 kmph.
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Figure 12: Velocity contour inside manifold duct at 120 kmph.

The velocity of wind measured at the outlet of manifold Case 3 was given as the input to the turbine blades. An axial flow turbine was selected in order to determine the speed of rotation as shown in Figure 7. The turbine is further connected to the generator for developing power. A rotating domain was predefined while setting up the boundary conditions to the outer shell of the turbine blades. Using ANSYS probes, the angular velocity of the turbine was determined at its center to calculate the speed in rpm. Wind power was calculated using the formula P = 0.5 × ρ × A × Cp × V³ × Ng [26], where ρ is the air density (1.23 kg/m³), A is the rotor swept area (0.1 m²), Cp is the coefficient of performance (0.4), Ng is the generator efficiency (0.85), and V is the wind velocity at the centre of the turbine.
Simulations were further carried out for 100 kmph and 120 kmph using the best design of duct and manifold. The maximum operating speed considered for this analysis was 120 kmph, beyond which simulations were not extended. The key performance parameters — drag force, mass flow rate, and net power output — were evaluated at the three speed conditions and are summarized in Tables 4, 5 and 6 respectively, with graphical results shown in Figure 13.
Table 4: Drag Force vs. Vehicle Speed
	Speed (kmph)
	Drag Force (kN)

	80
	6.6

	100
	10.4

	120
	15.0



Table 5: Mass Flow Rate vs. Vehicle Speed
	Speed (kmph)
	Mass Flow Rate (kg/s)

	80
	8.5

	100
	10.1

	120
	12.2



Table 6: Power Output vs. Vehicle Speed
	Speed (kmph)
	Power Output (kW)

	80
	146.7

	100
	288.4

	120
	479.1
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Figure 13: Vehicle performance at 80, 100 and 120 kmph — (a) Drag Force, (b) Mass Flow Rate at turbine inlet, (c) Net Power developed by turbine.
As seen from Figure 11a, as the speed of the vehicle increases from 80 to 120 kmph, the drag force increases proportionately from 6.6 kN to 15.0 kN. While this leads to power loss on the vehicle drivetrain, the increased speed also increases the mass flow rate of wind through the manifold, as seen from Figure 11b — rising from 8.5 kg/s at 80 kmph to 12.2 kg/s at 120 kmph. This increased mass flow rate accelerates the velocity of wind projected on the turbine blades, leading to a more turbulent flow regime characterized by rapid fluctuation and swirling motion of fluid particles. Due to intense mixing, the fluid particles enhance momentum and energy transfer rates, more than compensating for the drag penalty.
Consequently, as shown in Figure 11c, the net power generated by the turbine increases significantly with vehicle speed — from 146.7 kW at 80 kmph, to 288.4 kW at 100 kmph, and reaching 479.1 kW at 120 kmph. This non-linear increase in power output with speed is consistent with the cubic relationship between velocity and wind power in the formula P = 0.5 × ρ × A × Cp × V³ × Ng. The power developed at all speed conditions substantially exceeds the energy demand of the battery charging system, confirming the viability of this approach for dynamic in-motion charging of electric buses.
5. Conclusions
This paper presents a technique to charge the Electric vehicle during its dynamic condition using the concept of aerodynamic drag and wind energy. In addition, the detailed computational design aspects of different components such as duct, manifold and turbine in the context of charging of Electric vehicles were discussed. Wind energy imparting aerodynamic drag was used to produce electricity for charging the vehicle for the long run. It was demonstrated that the velocity of the wind stream captured through ducts can be effectively enhanced using a manifold of appropriate shape. The kinetic gain of the air stream during this process was utilized to rotate the blades of the turbine to generate electricity.
A two-phase material strategy was adopted for the manifold: CF-ABS via additive manufacturing was used for prototype geometric validation, followed by GFRP with epoxy resin for the final design. The GFRP manifold achieves a 75% weight reduction over steel, excellent water resistance without surface treatment, and tensile strength of 200–350 MPa — fully adequate for the operating pressure differentials confirmed by CFD. This material selection represents a significant contribution toward lightweight and durable EV charging system design.
The net power developed by this technique using computational simulations was found to be 146.7 kW, 288.4 kW and 479.1 kW when the vehicle speed was 80, 100 and 120 kmph respectively. The power developed is more than sufficient to meet the energy demand of the bus at all operating speeds. This technique helps in saving the waiting time at charging stations. Moreover, it assists in reducing the stress of overnight charging issues. Such technology can be implemented in designing electric vehicles which would reduce environmental pollution and also assist in achieving sustainability goals for urban and inter-city transportation.
References
[1] C. J. Beckers, I. J. Besselink, H. Nijmeijer. Assessing the impact of cornering losses on the energy consumption of electric city buses. Transportation Research Part D, 86 (2020).

[2] J. Dixon, W. Bukhsh, C. Edmunds, K. Bell. Scheduling electric vehicle charging to minimise carbon emissions and wind curtailment. Renewable Energy, 161 (2020) 1072–1091.

[3] A. Lajunen. Energy consumption and cost-benefit analysis of hybrid and electric city buses. Transportation Research Part C, 38 (2014).

[4] B. J. Bhagyashree, A. Sardar. Electric Road system With Dynamic Wireless charging of electric buses. IEEE Transportation Electrification Conference (ITEC-India), (2019).

[5] A. El-Shahat, E. Ayisire, Y. Wu, M. Rahman, D. Nelms. Electric Vehicles Wireless Power Transfer State-of-The-Art. Special Issue on Emerging and Renewable Energy: Generation and Automation, (2019).

[6] J. Dong, C. Liu, Z. Lin. Charging infrastructure planning for promoting battery electric vehicles: an activity-based approach using multiday travel data. Transportation Research Part C: Emerging Technology, 38 (2014) 44–55.

[7] J. Mullan, D. Harries, T. Braunl, S. Whitely. Modeling the impacts of electric vehicle recharging on the Western Australian electricity supply system. Energy Policy, 39 (2011) 4349–4359.

[8] C. Weiller. Plug-in hybrid electric vehicle impacts on hourly electricity demand in the United States. Energy Policy, 39 (2011) 3766–3778.

[9] J. Axsen, K. S. Kurani. Anticipating plug-in hybrid vehicle energy impacts in California: constructing consumer-informed recharge profiles. Transportation Research Part D, 15 (2010) 212–219.

[10] J. Kang, W. W. Recker. An activity-based assessment of the potential impacts of plug-in hybrid electric vehicles on energy and emission using 1-day travel data. Transportation Research Part D, 14 (2009) 541–556.

[11] N. Daina, A. Sivakumar, J. W. Polak. Electric vehicle charging choices: Modelling and implications for smart charging services. Transportation Research Part, 81 (2017) 36–56.

[12] Y. Yang, E. Yao, Z. Yang, R. Zhang. Modeling the charging and route choice behavior of BEV drivers. Transportation Research Part C: Emerging Technology, 65 (2016) 190–204.

[13] N. Daina, A. S. Kumar, J. W. Polak. Modeling electric vehicles use: a survey on the methods. Renewable and Sustainable Energy Reviews, 68 (2017) 447–460.

[14] A. R. Bhatti, Z. Salam, M. J. B. A. Aziz, K. P. Yee, R. H. Ashique. Electric vehicles charging using photovoltaic: Status and technological review. Renewable and Sustainable Energy Reviews, 54 (2016) 34–47.

[15] M. Hannan, F. Azidin, A. Mohamed. Hybrid electric vehicles and their challenges: A review. Renewable and Sustainable Energy Reviews, 29 (2014) 135–150.

[16] A. Poullikkas. Sustainable options for electric vehicle technologies. Renewable and Sustainable Energy Reviews, 41 (2015) 1277–1287.

[17] D. B. Richardson. Electric vehicles and the electric grid: A review of modeling approaches, Impacts, and renewable energy integration. Renewable and Sustainable Energy Reviews, 19 (2013) 247–254.

[18] G. Valenti, C. Liberto, M. Ferrara, M. Nigro, C. Villante. The impact of battery electric buses in public transport. IEEE, (2017).

[19] X. Hu, N. Murgovski, L. Johannesson, B. Egardt. Energy efficiency analysis of a series plug-in hybrid electric bus with different energy management strategies and battery sizes. Applied Energy, 111 (2013).

[20] J. Vepsalainen, K. Kivekas, K. Otto, A. Lajunen, K. Tammi. Development and validation of energy demand uncertainty model for electric city buses. Transportation Research Part D, 63 (2018).

[21] B. Qia, J. Liu. Multi-objective dynamic economic emission dispatch based on electric vehicles and wind power integrated system using differential evolution algorithm. Renewable Energy, 154 (2020) 316–336.

[22] Gadave NM, Kothmire PP. Thermo-hydraulic performance evaluation of shell and tube heat exchanger with different tube geometries. International Journal of Engineering and Technology. 2019;9:2249–8958.

 [23] Pawar A, Halikhede S, Umbarkar A, Kedar A, Waghmode P, Kothmire PP. CFD analysis of different designs of greenhouse. Proceedings of the Conference on Fluid Mechanics and Fluid Power. 2022:277–288.

[24] Powar S, Chitrakar N, Chacharkar L, Adarsh P, Karhale S, Patil R, Kothmire PP. Effect of surface roughness on boundary layer thickness. Proceedings of the Conference on Fluid Mechanics and Fluid Power. 2022:371–380.

 [25] Yadav P, Kothmire PP. CFD analysis of exhaust pipe of a diesel engine. AIP Conference Proceedings. 2021;2417:060002.

[26] Karlekar O, Barve S, Kothmire PP. Thermo-hydraulic enhancement of annular finned shell-and-tube heat exchangers using epoxy-based polymer composites: A material–geometry coupled CFD investigation. Journal of Polymer & Composites. 2026;14(Special Issue 02):669–684.

[27] Karkal P, Barve S, Kothmire PP. Experimental and CFD investigation of an epoxy-based thermally conductive polymer composite U-tube shell-and-tube heat exchanger. Journal of Polymer & Composites. 2026;14(Special Issue 02):685–700.

[28] Patil R, Kamble S, Kokare P, Goudar M, Kothmire PP. Investigation to enhance performance of finned U-tube shell-and-tube heat exchangers using epoxy-based polymer composite. Journal of Polymer & Composites. 2026;14(Special Issue 02):618–633.

[29] Patel A, Gujar S, Bhalerao Y, Kothmire PP. Influence of epoxy-based thermally conductive polymer composites on the thermo-hydraulic performance of finned helical coil heat exchangers. Journal of Polymer & Composites. 2026;14(Special Issue 02):586–602.

[30] Dabhade T, Gawari T, Nawale P, Shah B, Jain S, Kothmire PP. Corrugated tube shell-and-tube heat exchanger using epoxy-based polymer composite coatings for lightweight and efficient thermal systems. Journal of Polymer & Composites. 2026;14(Special Issue 02):603–617.

[31] Dhanawade N, Joshi S, Wankhade P, Bhalerao V, Kothmire PP. Thermal dissipation performance of metal–polymer composite heat exchanger for enhanced thermal management in compact geysers. Journal of Polymer & Composites. 2026;14(Special Issue 02):618–651.

[32] Kapure S, Rathod P, Patil A, Rai H, Kothmire PP. Multiphysics optimization of polymer–metal hybrid electrode geometry in electrostatic precipitators. Journal of Polymer & Composites. 2026;14(Special Issue 02):701–716.

[33] Mankar B, Gopale Y, Balghare S, Jadhav P, Kothmire PP. Thermo-electrical performance enhancement of a lightweight polymer–metal hybrid electrostatic precipitator. Journal of Polymer & Composites. 2026;14(Special Issue 02):652–668.

[34] Dixit S, Londhe K, Patil A, Kanase S, Goudar M, Kothmire PP. Characterization and performance of a multiphase lignocellulosic–polymeric composite growth media in an IoT-automated NFT hydroponic system. Journal of Polymer & Composites. 2026;14(Special Issue 02):542–555.    







image4.png
1835

1830

25

1820

1915

1920

outet velocity (s}

196

1994

192

1490

188

s

8.4

182

o

o5

)

To 12
esh Elements (villon)

(@)

T

s

Ts

o

o6

)

Yo 12
Mesh Elements (il

(b)

1o

e




image5.jpeg




image6.jpeg
o
e

Bose





image7.jpeg
e
Sz eas





image8.jpeg




image9.jpeg
WIND TUNNEL

O anroo orane JhCueneraron

BUS MODEL (stationary)

PRESSURE TACHOMETER
SCANNER ing REM)

1—Wind tunnel
2—Bus model (staionary)
3—Duct(wind intake on 00f)

4= Y-Manifld (fow acceleraor)

5 —Turbin (converts wind — rotation)
6 — Generator (rotaton — electicly)

Component key
17— Power metor (Watimeter) 13— Pressure scamer
8 Battry charger (AC/DC) 14— Tachometer (tubine RPM)
9— EV battery pack 15—DAQ/ PC inteface.
10— SOC montor 16— Blower / Wind tunnel fan
11— Piottube (wind velociy) — Yellow ine: lectical power fow
12— Load coll (ag force) — Biuo artows: windiair fow drecon

WIND TUNNEL TEST RIG.

EVWIND-001 - RevA
Wind speed: 2 mis (80 kmoh)
Bus: statonary i tunnel
‘System: Duct — Manfold — Tubine
Outut:EV batery chargng





image10.jpeg
Veloci
Streamline 1

4.216e+02

3.162e+02

2.108e+02

1.054e+02

0.000e+00
[m 1]

X.
— " —

0z 037





image11.jpeg
View1 ¥

Velocit

S'relﬂwne 1
4.216e+02
3.162e+02
2.108e+02

1.054e+02

0.000e+00
[msr-1]

0500 (m)





image12.jpeg
2.108e+02

1.054e+02





image13.jpeg
Veloci
a1

4.032e+02
3.780e+02
3.528e+02
3.276e+02
3.024e+02
2.7726+02
2.520e+02
2.268e+02
2.016e+02
1.764e+02
1.512e+02
1.260e+02
| 1.008e+02
- 7.5500+01__
£ 5.040e+01
2.520e+01]
0.000e+0
[ms*-1]

o 0250 0500 (m)

iz Oers




image14.jpeg
Velocil
Ll

2.658e+02
2.492e+02
2.326e+02
2.160e+02
1.994e+02
1.828e+02
1.661e+02
1.495e+02
1.329e+02
1.163e+02
9.968e+01
8.307e+01
6.646e+01
4 984e¢01[

3.323¢+01
1.661e+01
0.000e+00

[ms"-1] \ 1

0500 (m)

¥




image15.jpeg
Velocit
il

3.355e+02
3.145e+02
2.935e+02
2.726e+02
2.516e+02
2.306e+02
2.097e+02
1.887e+02
1.677e+02
1.468e+02

6.290e+01

4.193e+0
2.097e+0
0.000e-+0
[m s*-1]

1.258e+02
1.048e+0;

8.387e+0

2
1

i

o1

0500 (m)




image16.png
g 8 &8 B 8§ g
(W) ancinG samoy

4 4 4 8 8 @ =
(5/61) 1€y Mol ssew

(N 93104 Beig

05 10 15 120

100
Speed (kmph)

00 105 o us 120
Speed (kmph)

%

&

85 % 95 00 105 10 115 120
Speed (kmph)

£




image1.jpeg
Manifold Genel

us direction





image2.jpeg




image3.jpeg
o 35000 000 (m)





