Influence of wind turbine mounted on vehicle on aerodynamic drag and energy gain
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Abstract: This study aims to genate electrical energy using a wind turbine mounted in the
front of a vehicle. In this study, the impact of the wind turbine on vehicle aerodynamics is
evaluated, particularly in terms of aerodynamic drag, pressure, and flow velocity, while
highlighting tre potential benefits of energy production. The results showed that the
aerodynamic drag coefficient of the vehicle increased by approxinta&8yo due to the

wind turbine.However, the net energy gain produced by the wind turbine mounted on the
vehiclewhile the vehicles moving at a speed of 27 nWgs observed to be approximately
6.51% of the aerodynamic energy loss of the master model vehicle. In conclusion, this type
of wind turbine system has the potential to enhance fuel efficiency and reduce
environmental pollution. This study demonstrates that the use of wind turbines in electric

vehicles can have positive effects on energy management.

Keywords: aerodynamic aerodynamic drag coefficientaerodynamic energy loss;
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1. Introduction

Air pollution and the supply of clean enerareimportant for all countries and people
in the world. Fossil fuels are generally used for the supply of energy in the world. Similarly,
fossil fuels in the transportation sectmcupya significant amouraf fuel consumption and
areregarded as one of theajor causes of air pollutidd]. The byproducts produced during
the combustion of fossil fugtause global warming and pose a great threat to raiameh
especially childres'health and future generatiofg. In addition, solutions with new and
efficient energiesire required in order to reduce the operating costs of vehicles daufie
increases in oil price3]. During the supply of energy, the world is polluted because of
continuous and uncontrolled emissions due to the dangerous and polluting elements that are
usually thrown into the atmosphere. One of the most important contributing factbes is
combustion of fossil fuels in industrial and transportation sectors. The world is constantly
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and uncontrollably polluted as a result of the burning of fossil fuels in the industrial and
transportation sectors. Moreover, fossil fuels are limitew heir prices are increasing
steadily asa result of increasing demaid. There are studies on various alternatives to
reduce fossil fuel comsnption andoollution emissions worldwidgs]. One of these studies

is the reakation of designs that have lower emissions and reduce environmental pollution in
internal combustion vehicles where fossil fuels are used. In this context, taking into account
the potential world energy crisis and its contribution to the solution ohoese gas
formation, electric vehicle@EVs) have gained considerabattention in the last decafy.

For this purpose, with the aim of using renewable energies in the transportation sector and
eliminating exhaust emissions, itliMontribute to the use of clean energy by tngnto
vehicles that use green enel@y}. Manufacturers have investigated the use of renewable
energy sources to reduce the fossil fuel consumption of vehicles and to redskarthef
environmental pollution by utilizing renewable energy sources and to reduce air resistance
losses. Thus, since there are no exhaust fumes in electric vehicles running with renewable
energies, it will contribute to the air quality in the cities hrdce to the health of peopla
addition, the energy use efficiency of electric vehicles is higher than that of internal
combustion enginpowered vehicles and this provides additional advantages for electric
vehicles in terms of energy gain. In gengealarge part of the fuel energy is consumed as
friction and heat losses in internal combustion vehicles. Due to the fewness of power train in
electric vehicles, the motor is smaller and it works more efficiently acagptdirinternal
combustiorengine[8].

For electric and hybrid vehicles, studies are generally carried out on energy management,
powe train and power distributiof©-13]. Some of these studies have investigated the
optimum power distribution and the driving range of thhiele and the lifecycle of the
energy storage system depending on the batteniesdotric and hybrid vehicld44-16].

Electric vehicles are powered by electricity stored in battetesctlls and ultre@apacitors
[17-18]. Electricity supply is usually met by conventional electricity generation techniques.

In recent years, renewable energy sourcagehgained importance and studies on the
application of these resourcts electric vehicles continud 9-21]. Regarding the energy

gain, regenerative braking and thermoelectric generators have also gapwthnce in
electric vehicles[22]. In the twentieth centy, vehicle technology such as integrative
technology and control technology is developing rapidly. Limiting driving distance is still an
obstacle to the development of electric vehicles. This problem can be solved by regenerative

braking. This method hdsecome one of the ways to improve the driving range as it can
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increase the dring range of an EV by-25%([23]. In the energy management system for
hybrid vehicles, batteries can be charged at a certain rate during regenerative braking. In
hybrid vehicles, energy can be stored in the batteries witbr#tkéng energy and can supply
continuous energy depending on theige and discharge time cy¢ft]. Electric vehicles

are largely dependent on energy storage technologies. For this reason, electric vehicles
usually need to be connected to thi gvith current technology. This will cause charging
problems due to the need for additional energy for electric vehicles to make driving range
long. The electrical energy supplied with the help of renewable energy sources can be used
to operate the eleatal motor stored in battery systems and other storage systems and to
operate the basic systems foe operation of the vehic|25].

The energy consumption of vehicles is generally erathin two categoriesirban and
extraurban traffic. In urban traffic, since the vehicles generally as stoandgo, the
temporary situation action of the vehicle is more dominant. In-exban traffic, since the
vehicles usually move at constant and high speeds, the steady state action of the vehicle
comes to the fore in this type of travel. Theshimportant loss component wdhicles in
extraurban travelemerges as aerodynamic losses. The determination of the force and
moment system affecting the moving vehicle, the properties of the flow around the vehicle
and thus the aerodynamic characterssdetermination othe vehicle is one of the main
problems of aerodynamics. A passenger car with a speed of 100 km/h spends 60% of its
power to defeat the drag resistance force. By improving the aerodynamic properties of the
vehicle, a significant redtion in fuel consumption is supplig@6]. Since aerodynamic
losses increasguadraticallywith the speed of the vehicle, many studies have been made in
the literature to improve the aelynamic properties of vehicl¢g7-30].

In order to improve the performance of the vehicle and minimize the fuel consumption,
the resistances actingn the vehicle must be reducelllany studies have been done
experimentally and numerically on imggement of vehicle aerodynamig&l-33]. In a study
conducted by keffer et al. the front and side wings of a racing car were analyzetbby S
CD CFD (computational fluidlynamis) which uses thek) mo de | and examine
for different dtack angles and ground effgd#]. Dong Sun et al. developed an electrically
operated small aircraft as a result of aerodynamic experiments. They tested two types of
winged body prototypes in wind amhter tunnels. They concluded that the triangle model
has a higher lift coefficient than the square, less vortexrargdtetter dynamic performance
[35]. Xiang et al. conducted experimental studies in a wind tunnel to examine the

aerodynamic properties of moving vehicles under cross winds. They determineddhefeffe
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these factors on the aerodynamic properties of the vehicle by determining the forces acting
on the vehicle at differemind directions and velocitid86]. Chowdhury et al. determined
the impact of its devices in the hood of a commercial vehicle on aerodynamic resistance and
fuel consumption. They used a wind tunnel to determine the aerodynamic dragematedfici
the vehicle. The aerodynamic drag on the vehicle has been measured at different vehicle
velocities and for different combinations. The results indicated that they could reduce
aerodynamic drag Wi changes in the vehicle bo[87]. Ozawa et al. examined the solar car
in terms of aerodynamics. They usbe MAC (Marker andCell) method based oGFD,
taking into account the pressure distributions on the surface fanddgsis ofthe upper
vehicle body desig{88].

In this study, in order to recover some of dlieeodynamic energy losses that occur during
the movement of the vehicles, an alternative system is proposed to recover some of the
aerodynamic loss energy and to convert the gained energy into electrical energy by using
wind speed. As is known, a relatimend speed acts on the vehicle moving at a certain speed,
especially in front of the vehicle, and this lost energy must be met in order to maintain the
speed of the vehicle. The main motivation of this study is the idea that some of this energy,
which islost due to the wind hitting the front of the vehicles, could be recovered. In parallel
with this purpose, the aerodynamic drag coefficient and energy loss of a vehicle of certain
dimensions have been examined numerically. Then, a wind turbine has begadiothe
front of the vehiclén order to use the wind energy generated by air hitting the front of the
vehicle during movement. Since the wind turbine has been mounted in the front of the
vehicle, the aerodynamic drag coefficient of the vehicle has tEmalculated to determine
how much additional loss the proposed wind turbine formed. Also, the amount of energy to
be generated from the mounted wind turbine has been calgwdatkthe net energy gain to
be obtained has been determined numericallyndgJ#ie simulation results obtained, it has
been determined at the end of the numerical calculations that a wind turbine to be mounted
in the vehicle can recover 6.51% of aerodynamic losses. This recovered energy can be used
to meet the electrical energyeaus of the electric / hybrid vehicle or to charge the batteries

of the vehicles. Thus, the vehicle can be drif@monger distances with the same battery
group.
2. Materials and Methods

Aerodynamic drag is an important element in vehicle design. lal@®ct effect on
vehicle stability, driving comfortand fuel consumption. In a vehicle with an average speed
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of 100 km/h, about 75% of the resistances to movement are aerodynamic resistances.
Therefore, the reduction of the aerodynamic drag coefficientmportant for fuel
consumption Aerodynamic forcesccuron objects with external airflow aroutidlem The
aerodynamic characteristics for these objects are expressed as the aerodynamic drag
coefficient Cq) and the aerodynamic lift coefficien,j. Because of the external geometric

form of an object, the drag forcEd) applied by the air flow in the direction of flow on the
object acts on the vehicle surface in the direction of air flow. The drag force results in a
dimensionless aerodynamic drag caééint valug and theCq constant depends on the shape

of the object exposed to the air flovAccordingly, the aerodynamic drag coefficient value

with the help of dag force can be determined[39]:

F
C,=q—

2

whereFq is the total drag force acting on the mogle§ density of fluid,V is the free airflow
speedandA s the frontal area of body.

In the same way, the lifting forc&j applied in the direction perpendicular to the flow
results in the dimesionless lift coefficient@). The lift coefficient can be calculated as

follows:

R
~ VA (2)

CI:

NI

whereF, is the total lift force acting on the model.

The value of the aerodynamic characteristics varies depending on the surface geometric
form of an object. As the dimensionless aerodynamic drag coefficient decreases, a significant
decrease in energy consumption will be observed since the amount of thiaethe objects
will spend to overcome the air resistance will decrease. In most geometries, the drag
coefficient remains constant at high Reynolds numbers. However, espéatiRgynolds
numbers less than 4,ahe aerodynamic drag coefficiesiépends omhe Reynolds number
In the external flow, the Reynolds number can be expressed as follows:

_rvL
m

Re (3)

The energy consumedtd) against the aerodynamic drag force at the travelled distance (s)

during the movement oheé vehicle can be expressed43:
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Ed:Fds%CdrA\fs 4
The amount of power generated in the wind turbine system cancoéated as
P= 1 C.r AV
=5 G/ ©))

whereC,; is power coefficient.

The flow is generally considered to teeedimensional, isothermal, incompressible,
viscous and turbulent when the external flow in vehicles is examiii&ds, the Navier
Stokes equations, which include continatydmomentum equations, are usedi&ine the
external flow ared41]. In practice, it is difficult to solve these equations analytically.

Therefore, these equations are solved numerically usingigagkograms

3. Numerical Analysis

In this paper, it is aimed to perform a numerical study of aerodynarect®Hnd energy
loss in a particular vehicle and to recover some of the energy loss with the lashpnoff
turbine mountedon the vehicle. For this purpose, a specific vehicle was designed and
modeled with SolidWorks.

Numerical analysis of the front past the vehicle designed according to the grid and
wind turbine status was carried out using ANSYS Fluent. Then, the aerodynamic drag
coefficient, velocity and pressure distributions of each vehicle model were examined. The
amount of energy loss of eackhicle model and the amount of energy produced with the
help of the wind turbine were calculat&the 1ow chart of numerical analysis is shown in
Figurel.

3.1. Modeling of the Vehicle

In this paper, vehicle models to be modeled for flow analysis wergngeisby surface
modeling with the help of SolidWorks, mesh process and analyses were done using ANSYS
Fluent. The vehicle model shownkigure?2 is designed to study the aerodynamic effects in
the proposed vehicle model with wind turbine.

The necessary adifications have been made the designed vehicle model for the
analysis of the formation of aerodynamic effects on the propeller to be mountbe on
vehicle. In the designs, the master model vehicle is defined as,MiMMhe vehicle model
with wind tubine is defined as VMWT. When designing the MMV, as showRigure 3,
grids were placed on the central surface on the front surface of the model, on a total area of
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60x30 cm.To discharge the air inside the hoodtbé vehicle, three air discharge duck
14x25 cm size have been formed on both sides of the vedscéown irFigure 3.

Then, a 50 cm diameter hole was drilled on the front surface of the vehicle as shown in
Figure4, and it is aimed to recover some of the aerodynamic lagglkeghe help of wind

energy with the system created in this way.

3.2. Grid Generation for CFD Simulation

Vehicle models modeled the SolidWorks are imported to the geometry module of Fluent
software in ANSYS to create solution geometry. Vehicle views created for the purpose of
solution geometries in Fluent software are giveRigure5.

In order to simulate passenger vehicle moving on a real road, the flow area is designed
as shown irigure6.

The wind tunnel area waseatedas shown irFigure 7 to analyze the flow around the
vehicle. The air inlet surface is designated as inlet, the air outlet surfestgaated as outlet
and the remaining surfaces are designated as wall. The size of the computational domain has
been chosen so that the aerodynamic forewmisaffected by the area sida.order for the
analysis to give accurate results, the air volisrtaken as a minimum distance of 3 vehicles
in front of the vehicle and a distanceatfleast 5 vehicles behind&9].

In this wind tunnel, a mesh structure has been formed with a dense mesh around the
vehicle. The meshes V& been generated using a mhitick diagram with triangular
elementsA smaller size mesh has been used near the surfaces of the vehicle body in order
to correctlyanalyzethe flow in the boundary layem addition,a grid independence study
has beerarried out to determine that element size does not affect the r@dtgariation
of the drag coefficient was investigated according to six different mesh structures. Grid
independence studies have shown that the drag coefficient converges at apgphpxima
689642 nodes and 3859758 elemeittse relative error of the drag coefficient of the selected
mesh according to the thinnest mesh is less than 0f&&generated mesh structures are

shown inFigures 8 and9.

3.3. Methodology for CFD Analysis

In this paper, the solution analysis of the misdeas done using ANSYS Fluern the
study, the solutin has been considered as thd@aensiongland the double precision has
been activated in order to increase the accuracy of the anétyti® method usedf the
solution, Reynold#Averaged NaviefStokes equationgicluding the continuity equatiome
momentum equatiqrare solved. For the SAEociety of Automotive Engineersjandard
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atmosphere, thenalysesave been carried out in a steady state wrgference pressure of
101325 Pa and a temperature of the air of 15 °C, in adiabatic and completely turbulent
conditions. These standard atmospheric conditions have been used in the calculation of
density and viscosity.

The vehicle speed for the externldw has been taken as 27 m#smd atmospheric
pressure has been accepted for the outlet boundary condition. Accordingly, the reference
velocity of the air flow has been determined as 27 m/s and Re = 7639x10

Since the rotation, boundary layers underréneerse pressure radians, separatom
recirculation containing flows provide superior performance, -8 k mo d e | can k
implemented around the walls. Thé)k t ur bul ence model integrate:
been proven to provide the bdst with experimental result§42]. The aerodynamic
simulation condition of the vehicle has been accepted asléntbiThe solution properties
are given in Table 1.

4. Results and Dscussions

In this paper, static pressure contours, velocity contoamsl aerodynamic drag
coefficients of the MMV and VMWT have been determined using AN&Y@&nt and the
obtained valug are given in this section. The aerodynamic drag coefficient and aerodynamic
drag force for the vehicle models as a result of the solution are given in Table 2.

Figure10 shows a front view of the static pressure cordofithe MMV and VMWT.

As shown in the figure, the high pressure range is marked as red. The highest pressure value
has occurred in the front of the vehicle as a result of the effect of air flow on the body of the
vehicle. It has been observed that there is a lower air prassiine windshield area of the
vehicles. At the top of the vehicle models, there is apoessure zone marked in blue,
leading to high air velocities. In addition, low pressure has occurred in the bottom of vehicle
models and on the side surfaces.

In theanalysis of the pressure distribution of the air around the vehicle body, it has been
observed that the pressure losses in the front part of the vehicle constitute the main region.
The results of the air pressure contour on the vehicle body revealed seuilts to other
existing studie$39].

The velocityviews vectors of the MMV and VMWT are given ihigures 11 and 12,
respectively. In addition, velocity streamlines for vehicle models are showigunes 13
and 14. It has feen observed that there is a lower air velocity zone in the vehicle rear
compared to the front of the vehicle. Also, the low speed zone was seen in the windshield

area of the vehicle, and theflected air streams circulai®m the top surface to the rear
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gap. Meanwhile, the high speed zone has been seen at the exit of the roof area. This case can
be caused by overlapping air stresaim the top region dhevehicle[43].

Pressure and velocity contours from the cross section taken along the z axis of the vehicle
models are given iRigurel5andFigurel6, respectively.

For all vehicle models, it was observed that the flow in the air streams around the vehicl
body was not distorted and there was no turbulent flow. Accordingly, the air flow separated
from the front bumper region of the vehicle is continuously flowing as a laminar flow around
the vehicle. Behind the rear of the vehicle, a virtual tail was fdrde to the Kammback
effect caused by air streams. According to the assumptions of the Kammback effect theory,
the air stream creates the virtual tail of the vehicle. The air flowing towards the roof of the
vehicle tended to connect with the air flowirgyviards the bottom of the vehicle. In these
cases, velocity vectors in front of the vehicle exhibited local turbulence and turbulent flow.
In addition, an asymmetric irregular air circulation has occurred around the modifications
formed in the front of thgehicle.

The effect of aerodynamic drag coefficient on energy consumption and fuel consumption
is important for vehicles. In this context, the effects of design modifications on aerodynamic
energy gain and aerodynamic energy loss are presented. The aespadaificationof the
MMV are shown in Table 3.

4.1. Effect of Aerodynamic Drag Coefficient on Energy Consumption

The work done against the aerodynamic drag force can be expressed ag4h Eq
Accordingly, the energy consumption of the models against aerodynamic force has been
calculated with the help of E¢4) and is given irrigurel?. As seen irFigurel?, at a speed
of 27 m/s, the aerodynamic energy consumption for the MMV is 7k248hile it is 75533
kJ for the VMWT. This indicates an approximate increase of 0.38% in aerodynamic energy
loss.

The power generated from the wind turbine in VMWT has been calculstegEg. (5).

The energy generated by the turbine has been deterimrteting into account the driving

time of the vehicleln this casethe additional aerodynamic energy loss differenEgsg in

the VMWT relative to the MMV the energy generatell.() by the wind turbine, and the
energy gain Kgain) of the WMWT compared to the MMV are shownHigure 18. In this
context,Ensswas calculated as 290 K8y as 5192 kJ, anHgain as 4902 kJAccordingly, it

has been observed that the additional energy loss due to aerodynamic drag can be offset, and
electrical energy can be generated using the wind turbine mounted on the vehicle. This
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enables the recovery of aerodynamic energy loss by converting wind speed into electrical
energy during vehicle movement. Consequently, this approach contributes tadrégklce
consumption, promoting more environmentally friendly vehicles in the transportation sector.

Additionally, the percentage of aerodynamic energy loss in the VMWT compared to the
MMV is approximately 0.38%, while the percentage of energy gain frortutbae in the
VMWT relative to the MMV is about 6.51%, as shown in Figure 19

5. Conclusions

The main objective of this study is to generate electrical energy using a wind turbine
mounted on the front part of a vehicle. Additionally, the effects ofvihd turbine mounted
on the vehicle on aerodynamic drag, pressure, and flow velocity have been investigated. The
main findings are summarized below:

1 Pressure and Flow Velocity Distributions: It was observed that the pressure was
higher on the front surfasavhere the vehicle was directly in contact with the wind
during the movemenit was observed that velocity streamlines were formed covering
the shapes of both vehicle models.

1 Aerodynamic Drag Coefficient: The aerodynamic drag coefficient of the VMWT
increased more compared to the MMV by 0.38% due to the air mass in the turbine
region. The vortices caused by the wind turbine have a significant impact on the
aerodynamics of the vehicle. By designing a suitable wind turbine, it is suggested that
this increas in aerodynamic drag coefficient could be reduced below that of the
simulation model.

1 Energy Gain and LosseAt a vehicle speed of 27 m/s, the aerodynamic energy loss
in VMWT increased by approximately 0.38% compared to MMV. However, the net
energy gaingenerated by the wind turbine was about 6.51% of the aerodynamic
energy loss of the MMV. This case shows that the wind turbine system can
compensate for the additional aerodynamic energy loss and provide an energy gain.

1 Hybrid Application and Future Prosgs: This desigrcan meet part of the energy
consumption of the vehicle while in motion, regardless of environmental conditions.
In electric vehicles, implementing this system may enable smaller battery sizes and
contribute to reduced fuel consumption amyironmental pollution.

Consequently, this study showed that the use of wind turbines in electric vehicles can have
positive effects on energy efficiency.
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Figure 1. Flow chart of numerical analysis.
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Figure 2. General views of the designed model vehicle.

Figure 3. Front and side views of the MMV.

Figure 4. Modifications of the front part of the VMWT.
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Figure 5. Isometrc views of the MMV and the VMWT.

Figure 6. View of wind tunnel and designed model vehicle.
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Figure 7.Inlet and outlet surfaces of the wind tunnel.
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Figure 8. General mesh view of wind tunnel and vehicle.
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Figure 9. Mesh structures of MMV and VMWT.

Figure 10. Static pressure contours (a) MMV, (b) VMWT
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Figure 11.View of velocity vectors of MMV (a) isometric view, (b) front view.

(b)
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Figure 12.View of velocity vectors of VMWT (a) isometric view, (b) front view,
(c) velocity vectors around the turbine.

Figure 13.View of velocity streamlines of MMV (a) isometric view, (b) side view.

Figure 14. View of velocity streamlines of VMWT (a) side view, (b) front view, (c)

velocity streamlines around the turbine.



