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ABSTRACT
Most vehicles in modern times have a problem with high-speed driving, in which car balance, fuel efficiency, and a better environment are major criteria for car manufacturers. When a vehicle travels from place to place, the fuel consumption is affected by the aerodynamic drag, lift weight, side forces, and thrust. Aerodynamic resistance increases at high speeds, resulting in increased fuel consumption and environmental degradation. By adding a rear end spoiler, it is attempted to improve the aerodynamic behavior of the Toyota HiAce (midibus Dolphin). The influence of the spoiler is studied clearly. The analysis was performed using a spoiler with different angles of inclination using computational fluid dynamics (CFD). At a scale of 1:12, the vehicle was modeled with and without an add-on device. A vehicle model without an add-on device is used as the baseline model for comparison. The models were analyzed by varying the speeds, and the obtained drag and lift coefficients were compared. Spoiler with inclinations of 0, 8, and 12 degrees reduced the drag by 15.21%, 3.44%, and 2.02%, respectively, when compared to the baseline model. The drag reduction resulted in a reduction of fuel consumption by 9.12%, and the lift coefficient of the baseline was also reduced by 65.9%, 33.87%, and 26.43% for the spoiler with an 8°, 12°, and 0° angle of inclination, respectively, at 120 km/h. The vehicle's stability increases at high speeds with a reduction in lift coefficient. The obtained results were validated using previous research works. The addition of a spoiler improved the aerodynamic performance, stability, and fuel economy of the vehicle.
 Keywords: Add-on device, Aerodynamics, CFD, Drag and Lift coefficient, Spoiler.
1. Introduction
The subject "Aerodynamics" studies air flow passing over the automobile and also the behavior of air flow with the help of experimental setups like a wind tunnel as well as theoretical (analytical or semi-analytical) and computational fluid dynamics (CFD) approaches, respectively. It is primarily the way of a flowing gaseous medium, which might be air, helium, or any other gas that depends on the condition. When something passes through air, the effect of aerodynamics is visible, such as a rocket launch or a kite flying in the sky.  Even cars passing through air is also affected by aerodynamics effect. CFD analysis is the only reliable device to evaluate particular design parameters of a generic automobile shape. CFD is a branch of fluid mechanics that is used in the analysis of numerical methods and algorithms that involve fluid flows. The study of the system is related by way of computer-based simulation. Nowadays, around 50% of fuel is consumed by ground vehicles worldwide, with 60% of greenhouse gas emissions caused by gas emissions from fuel consumption. In recent times, it has been concluded that increasing the greenhouse effect in a global warming world to reduce CO2 emissions by increasing the performance of automobiles by lowering the coefficient of drag by using various methods such as passive flow control systems (ex. Ahmed body), add-on devices, and VG (Shinde&Shende, 2017). The effect of aerodynamic design is increasing fuel efficiency, reducing drag, and improving the stability of automobiles at high speeds (Cheah et al., 2007). In our country, Ethiopia, 35% of road traffic accidents are caused by passenger cars (Abegaz&Gebremedhin, 2019). 
When a driver drives at a higher speed, which is above 110 kmph, especially at high speeds, the vehicle can have a tendency to lift over. This happens because there is a high pressure area in front of the wind shield, causing a drop in pressure. The lower pressure then causes higher pressure at the lower part of the vehicle as it passes through the top part of the vehicle. which in turn affects the performance of the vehicle. As a result, efforts are made to improve the performance and fuel economy of road vehicles. It is critical to add extra parts to the body of a vehicle such as rear spoilers, lower front and rear bumpers, air dams, and many more aerodynamic aids because the aerodynamic properties of the vehicle have a significant impact on the vehicle's performance, handling, safety, and comfort. And this additional component is intended to reduce vehicle drag, which is necessary for increased stability. A rear spoiler is a component that is used to decrease the overall drag and increase the downward force of a vehicle, especially a passenger car. It is an aerodynamic device that is designed to "spoil" unimportant air motion across a car body. The main fixing location is at the rear portion, which depends on the shape of the rear portion, whether the car is square-backed, notch-backed, or fast-backed. Not all rear spoilers can be fixed at any type of rear portion of a car. However, as an air dam, a spoiler can be attached to the front or rear bumper. The use of a rear spoiler can contribute to the reduction of drag. Lowering drag force can save fuel, and spoilers can also be used to control cornering stability. Besides reducing drag, it can reduce rear-axle lift.
2. Methodology
A numerical simulation was done in this work. First, the baseline model simulation was done. The CFD process followed to perform the simulation of all models is given below. Pre-processing, solving, and post-processing are the steps involved in the CFD process.
2.1 Baseline model
SOLIDWORKS is used to generate the baseline model of Toyota HiAce LWB 1/12 scaled down model. The actual dimensions of the body were considered in preparation of the benchmark model.
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Figure 1: Selected Passenger (Dolphin) vehicle



Table 1: Basic Dimension of Toyota HIACE LWB
	Parameters
	Actual Dimension (mm)
	Scaled-down 1/12th Dimension (mm)
	Parameters

	Length
	5160
	430
	Length

	Width
	1800
	156.6
	Width

	Height
	1995
	166.25
	Height

	Wheelbase
	3430
	285.8
	Wheelbase



Criteria for selecting generic Toyota HIACE LWB(Dolphin) vehicle (baseline model) 
• It’s one of the basic vehicle used in Ethiopia for transportation 
• To reduce lift and drag of vehicle when driving at high speed 
• The generic model of this vehicle is selected for validation purpose.
2.2 Add-on device for drag reduction
Simulation of different arrangements of add-on devices was done using ANSYS Fluent. The obtained results were compared with each other and with the baseline model. Due to the addition of the rear spoiler, the flow separation was pushed a little rearward, which reduces the size of the wake and leads to a reduction in drag. Air swirling behind the vehicle reduces the 22mm slant length of the spoiler is the same for all the models. The angles of inclination are 0, 8, and 12 degrees in the 1st, 2nd, and 3rd models, respectively.
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Figure 2:. Model 1(slant angle of 00) 			Figure 3:. Model 2 (slant angle of 80)
   Figure 4:. Spoiler                                                                                    Figure 5: Model 3 (slant angle of 120)
The angle of inclination of the spoiler is chosen with the goal of minimizing drag and improving stability by assisting the tire in maintaining contact with the road in mind. Spoiler is designed in the shape of an aerofoil. The aerofoil shape helps in avoiding flow separation until the trailing edge of the spoiler. The NACA catalog was used to design a drag-reducing aerofoil. In the study, a sedan was used without changing the outer profile of the car by using a vortex generator as an add-on device to reduce drag and lift forces. The outer profile of the sedan car was generated using 3D modeling software. Therefore, without modifying the car profile, a reduction of 6% of drag and a negative lift force can be attained by adopting a vortex generator as an aerodynamic add-on device (Selvaraju et al. 2015).
The spoiler airfoil shape was selected from the NACA catalog. The NACA 4412 airfoil was selected, and the coordinates were imported into Solid Works for modeling the model spoiler with a length of 22 mm. The models are configured with 0, 8, and 12 degrees of inclination.
2.3 Modeling of Turbulence
The transport equations for k and Ꜫ are similar in the standard, RNG, and realizable models. The two transport equations independently solve for the turbulent velocity and length scales (Cable, 2009). The realizable k- ꜫ was used for turbulence modeling. For solving each numerically, the solver ANSYS 19.2, which used the contour volume method, was used. The implicit pressure base solver was selected. The momentum and continuity problems were solved sequentially. The equation was solved using the upwind method with first and second order, assuming the flow is steady and incompressible.
The distribution of all flow variables needs to be specified. Inlet boundary conditions are mainly for flow velocity, and this type of boundary condition is common and specified mostly where inlet velocities are known. In outlet boundary conditions, the flow tends to reach a fully developed state where no change occurs in the flow direction when the outlet is selected far away from the geometrical center. Distributions in such a region could be outlined in a gradient where all variables except pressure equated to zero in the flow direction. A CFD study on the aerodynamic effects of a rear wing or spoiler on a passenger vehicle, when the vehicle is moving at a certain velocity, the viscous effects in the fluid are restricted to a thin layer called the boundary layer (Cakir, 2012). Wall boundary condition: the most common boundary that comes up in confined fluid flow problems is the wall. This is also commonly known as the "no slipboundary condition." This is appropriate for the velocity condition of the wall, with the normal component set to zero and the tangential component set to the velocity of the wall.
Table 2: Boundary conditions
	Boundary conditions

	Inlet boundary condition 
	Speed of car (22.22,27.87,33.33) m/s 

	Outlet boundary conditions 
	Standard pressure(1atm=101.325kPa) 

	wall boundary condition 

	Top wall 
	Car speed (22.22,27.87,33.33) m/s 

	
	Left side wall 
	Car speed (22.22,27.87,33.33) m/s 

	
	Right side wall 
	Car speed (22.22,27.87,33.33) m/s 

	
	Road 
	Car speed (22.22,27.87,33.33) m/s 

	Car boundary condition 
	Stationary car ( zero velocity) 


2.4 Wind Tunnel (virtual)
The wind tunnel is the enclosure formed in ANSYS surrounding the model. Fluent recommendations are used to design enclosures to obtain good results. The size of the tunnel was to be in proportion to the size of the model. The physical characteristics of the fluid motion can usually be described through fundamental mathematical equations, usually in partial differential form, which govern a process of interest and are often called governing equations in CFD (Sivakumar et al., 2019). A ground surface is the enclosure formed in ANSYS surrounding the model. Fluent recommendations are used to design enclosures to obtain good results. The size of the tunnel was to be in proportion to the size of the model. The physical characteristics of the fluid motion can usually be described through fundamental mathematical equations, usually in partial differential form, which govern a process of interest and are often called governing equations in CFD (Sivakumar et al., 2019). A ground surface, a wall, an outlet, and an inlet exist in a wind tunnel. The outlet position is at a distance of about five times the length of the model. The inlet is approximately three times the length of the model from the front of the model. 
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Figure 6: Virtual wind tunnel targeted for CFD simulation
2.5 Meshing
After defining the geometry, meshing is the next important step in the preprocessing stage. A mesh was generated on the surface of the model, and the domain medium relevance was used. Big size elements were used far from the model, and small size elements were used for the surface of the model and its curvature. In the vicinity of the model, high smoothness was achieved with an increased number of smoothing iterations. Generally, the finer mesh in the areas of large changes, the more accurate the solution. The fineness of the grid also determines the computer hardware and calculation time needed (Taha, 2005).
[image: ]
Figure 7: Mesh after surface sizing (Baseline model)

3. Result and Discussion
3.1 Distribution of pressure and velocity
[image: ]
Figure 8:. Pressure of model one at 80 kmph
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Figure 9: Pressure of model two at 80 kmph
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Figure 10. Pressure of model three at 80 kmph
[image: ]Figure 11. Velocity contour of model one at 80 kmph
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Figure 12. Velocity contour of model two at 80 kmph
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Figure 13. Velocity contour of model three at 80 kmph
3.2 Comparison between Models
Table 3: Comparison of drag
	
	Models 


	Speed(m/s) 
	Baseline 
Cd 
	Model one 
Cd 
	%diff. from Baseline 
	Model two 
Cd 
	%diff. from Baseline 
	Model three Cd 
	%diff. from Baseline 

	22.22 
	0.550895 
	0.46708 
	-15.2143 
	0.53193 
	-3.4425 
	0.53974 
	-2.024 

	27.78 
	0.544352 
	0.53410 
	-1.8833 
	0.53354 
	-1.9862 
	0.53089 
	-2.473 

	33.33 
	0.532913 
	0.54728 
	-2.7873 
	0.53122 
	-5.6400 
	0.52504 
	-6.737 



The values of the drag coefficient and its variation compared to the baseline model are given in table 3. There is a reduction in drag compared to the baseline model. The highest drag reduction of 15.2% is achieved with Model 1 at a speed of 80 kmph, followed by Models 2 and 3 with a drag reduction of 3.44% and 2.02%, respectively. Model three has the best drag reduction of 2.47% at 100 kmph, model one has a drag reduction of 1.88%, and model two has a drag reduction of 1.98% when compared to the baseline model. At a speed of 120 kmph, model three has the maximum improvement in drag reduction (6.73%), followed by model one with a drag reduction improvement of 2.78%, and model two with 5.64%. At this speed, all models' drag coefficients are lower than their baselines. So, driving the models at this speed will not increase the drag coefficient because they have a lower drag coefficient than the baseline model.
[image: ]
Figure 14: Drag coefficient Vs speed

Table 4: Comparison of Lift
	
	Models 


	Speed(m/s) 
	Baseline 
Cl
	Model one 
Cl
	%diff. from Baseline 
	Model two 
Cl
	%diff. from Baseline 
	Model three 
Cl
	%diff. from Baseline 

	22.22 
	0.220021 
	0.11525 
	-47.6186 
	0.08197 
	-62.7444 
	0.24691 
	12.22 

	27.78 
	0.266892 
	0.22325 
	-16.3519 
	0.05648 
	-78.8378 
	0.04249 
	-84.07 

	33.33 
	0.243112 
	0.14352 
	-40.9654 
	0.06651 
	-65.9089 
	0.12901 
	-33.87 





[image: ]
Figure 15: Lift coefficient Vs speed
The summary of the lift coefficients and their variations compared to the baseline model is given in table 4. There is a maximum increment of 84.07% in lift coefficient for model 3 at a speed of 100 kmph. At this speed, the lift improvement for model one is 16.35% and for model two, it is 78.83%. The least lift improvement at 80 kmph is 47.61%, which corresponds to model one; for the same speed, the percentage lift coefficient difference from the baseline model is 62.75% for model two; and for model three, the lift increases and passes the baseline model.It is shown in the table above that Model 1 has reduced the baseline lift by 16.35% at 100 kmph. Model two has increased lift by 78.83%, while model three has increased lift by 84.07%. 
From the table above, models one and two when driven at all speeds will not compromise the stability of the vehicle, but driving model three when it approaches 100 kmh will result in the best lift reduction of the corresponding models, and the stability of the vehicle is better improved at this speed.
3. 3 Validation of the result
The findings of this study are validated by comparison with other research studies. A comparison of streamlines and surface pressure distribution on the vehicle was made between the results.
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Figure 16.Streamline on symmetry plane (BayindirliCihan, 2019)
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Figure 17: Streamline on symmetry
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Figure 18: Pressure distribution (BayindirliCihan, 2019)
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Figure 19: Pressure distribution
From above, we can see that both the streamlines and pressure distribution on the minibus vehicle from BayindirliCihan (2019) and the present study are almost the same. The air swirls at the back of the minibus vehicle and the air flows in the wake region are similar in both studies. The surface pressure distribution on the vehicle surface in both cases changes between maximum and minimum values, whereas on the underbody of the vehicle the surface pressure change is very small. Additionally, as noted in the literature of different papers, the drag coefficients (Cd) of passenger vehicles range from 0.3 to 0.5, therefore the drag coefficient found in this simulation is within range. The results obtained from the computational process were plotted on a graph, and the conceptual assumptions were verified as the lift was reduced and the drag was increased, which obeys the basic function of a spoiler (Mashud et al. 2012).

3.4 Calculation of Fuel Consumption
Table 5: Fuel Consumption Reduction
	Models
	Speed(m/s)
	%diff. from baseline
	%of fuel saving

	Baseline

	22.22
	
	

	
	27.78
	
	

	
	33.33
	
	

	Model one

	22.22
	-15.2143
	9.12858

	
	27.78
	-1.8833
	1.12998

	
	33.33
	-2.7873
	1.67238

	Model two

	22.22
	-3.4425
	2.0655

	
	27.78
	-1.9862
	1.19172

	
	33.33
	-5.6400
	3.384

	Model Three

	22.22
	-2.024
	1.2144

	
	27.78
	-2.473
	1.4838

	
	33.33
	-6.737
	4.0422


From Table 5, we can see that the maximum fuel amount of 9.12% can be reduced in the model one vehicle traveling at 80 kmph. Model One uses 1.12% and 1.67% less fuel when compared to the baseline model at speeds of 100 kmph and 120 kmph, respectively. Model two has the least fuel reduction. The other better reduction is from Model 2, with 2.06%, 1.19%, and 3.38% at speeds of 80 kmph, 100 kmph, and 120 kmph, respectively. Model 3 reduces fuel consumption by 1.21%, 1.48%, and 4.04% at speeds of 80 kmph, 100 kmph, and 120 kmph, respectively, and Model 3 as a whole, i.e., in terms of reducing drag, lift, and fuel consumption, has a better aerodynamic effect compared to the baseline model.
4. Conclusion
Analysis of flow around a scaled-down 1/12 Toyota passenger midibus (dolphin) using computational fluid dynamics (CFD).A steady-state formulation was used in the present analysis. The objective of the present study was to analyze the aerodynamic effect of a spoiler on the vehicle. The spoiler was attached in a different arrangement. 
· Model one has a spoiler that is attached to the rear end of the roof of the vehicle with a 0° angle of inclination. 
· Model two's spoiler was attached at the same place as model one's, which is at the rear end of the roof of the vehicle with an 8°  inclination, and 
· Model three's spoiler is attached at the rear end of the roof of the vehicle with a 12° inclination. 
· SOLIDWORKS was used for modeling. A realizable k-epsilon turbulence model was used, and ANSYS was used for the analysis.
There is a very high pressure difference between the front and rear of a baseline model due to the vertex formation on the back of the vehicle. The addition of spoilers reduced the wake zone by pushing the flow separation point a little rearward, which reduces the drag.
· After the analysis of all models, the spoiler minimized the amount of swirling air at the back of the vehicle and hence reduced the amount of drag coefficient compared to the baseline model. 15.2% aerodynamic drag reduction was found for model one. 
· The reduction in drag for models 1, 2, and 3 reduces fuel consumption by 9.12%, especially for model 1. On all three models, withincreasing vehicle speed, the drag and lift coefficients were reduced.
·  So, with respect to the angle of inclination, a spoiler with a 0° angle decreases the drag, while a spoiler with a 12° angle reduces the lift. 
· Model 3 as a whole, i.e., in terms of reducing drag, lift, and fuel consumption, has better aerodynamic effects compared to the baseline model. From the analysis, we can say adding an add-on device greatly helped the vehicle in reducing the drag and lift, which in turn reduces fuel consumption on the vehicle and also increases the vehicle's stability when traveling at higher speeds.
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