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RESEARCH ARTICLE 

Optimal Configuration of a Rear Wing to Improve Stability and Aerodynamic 
Efficiency of a Sedan Using Computational Fluid Dynamics 
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1Universidad Tecnológica del Perú, 15046 Lima, Perú 
2Multidisciplinary Transport Research Group, Universidad Nacional de Ingeniería, Av. Túpac Amaru 210, Lima, Perú 

ABSTRACT – The rear wing mounted on a sedan's trunk is primarily designed to enhance the 
car's aerodynamics, particularly when driving at high speeds. This component generates a 
downward force, which increases ground adhesion, improving stability during driving. This study 
aims to determine the optimal configuration of a rear wing installed on the trunk of a sedan to 
improve its stability and aerodynamic efficiency. Using the mesh selected from the 
independence study, through Computational Fluid Dynamics (CFD) method, we compared the 
lift (Cl) and drag (Cd) coefficients, as well as the lift to drag ratio (Cl/Cd) for different rear wings 
shaped by NACA 4412, SD7032, E387, NASA SC(2)-0714, and S826 profiles to find their 
optimal configuration. The simulations include angles of attack (α) between 0 and 15° and 
vehicle speeds of 36, 72, 108, and 144 km/h. Subsequently, we studied the fluid behavior around 
the sedan with and without the rear wing. Then, the rear wing height ratios (b/H) that show the 
best aerodynamic performance were analyzed. Apart from the NACA 4412 profile, the profiles 
used here have not been previously analyzed in rear-wing applications on sedans, which adds 
to the value of this research. The results show that, at various driving speeds of the sedan, 
different rear wings achieve the best Cl. The suitable configurations are NACA 4412 at α = 9° 
(for 36 km/h speed), S826 at α = 7° (for 72 and 108 km/h), and NASA SC(2)-0714 at α = 10° 
(for 144 km/h). 
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1. INTRODUCTION 

Vehicle manufacturers persistently research innovative methods to increase car efficiency [1]. These options are not 

limited to energy efficiency but also include integrating technologies to improve the vehicle's stability and 

maneuverability, especially during high-speed driving [2]. At high speeds, vehicle stability and maneuverability improve 

through modifications to aerodynamic forces, including lift (Fl) and drag (Fd) [3]. It's worth noting that a pressure 

differential generates lift, primarily due to the pressure difference between the object's top and bottom surfaces [4]. 

Notably, the air flowing around the vehicle separates at the rear, creating a large, turbulent, low-pressure region known 

as the wake, contributing to increased drag. Drag is unfavourable for vehicle movement as it opposes forward motion [5]. 

Therefore, appropriate vehicle design significantly influences drag reduction. According to [6], a car's Fd is determined 

by its geometry and surface. Therefore, researchers optimise vehicle shape to reduce its Fd [1]. The vehicle's shape affects 

fuel consumption, potentially saving about 3% in fuel during urban driving and 11% on highways by reducing Fd [7]. 

Accessories like rear wings and diffusers improve aerodynamic performance by enhancing downforce and road grip [4]. 

Aerodynamic car improvements can be achieved through experimentation or simulation using Computational Fluid 

Dynamics (CFD), relying on mass, momentum, and energy conservation principles. CFD allows us to simulate airflow 

patterns interacting with vehicle surfaces, predicting the aerodynamic forces generated [1]. Highway testing requires 

significant time and cost due to the numerous variables to investigate [4, 8]. In contrast, CFD dramatically reduces the 

time and expense of physical testing and prototyping [7]. Additionally, it is noteworthy that CFD results were only 2.68% 

different from experimental validation data [9], demonstrating the high accuracy of CFD-based numerical models. 

Consequently, this study uses CFD simulation to predict Fl and Fd, which are a-dimensionalized through the lift (Cl) and 

drag (Cd) coefficients. 

Additionally, [1] highlights that the vehicle's rear is distinctive, with each body style, such as a sedan or hatchback, 

having unique aerodynamic characteristics that demand a specific geometric solution to optimise airflow. Reference [6] 

classifies a vehicle as a hatchback if the rear slope is between 0 and 22° and a sedan if the rear is stepped. They affirm 

that sedans offer significant efficiency, handling, and cost advantages compared to SUVs. They also affirm that sedans 

are lighter, which enables lower fuel consumption and provides a more agile and comfortable driving experience, 

especially in urban environments with narrow streets and limited parking. Although SUVs accounted for around 47% of 

global car sales in 2023 and sedans about 20-21%, sedans still hold a substantial market share in Latin America, about 

30-35% in markets like Brazil, where popular models like Toyota Corolla and Nissan Versa rank among the best-sellers 

[10]. Hence, we chose a sedan for this study. 
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Reference [11] mentions that sedan vehicles have two separate recirculation regions at the rear window and trunk, 

unlike hatchbacks with a large recirculation region. Installing a rear wing on the sedan prevents the formation of a 

recirculation zone above the rear window by generating high pressure with the wing. Reference [4] found that the car's 

performance with a rear wing was superior, displaying more excellent aerodynamic properties than the vehicle without a 

rear wing. Notably, the rear wing is one of the most important and commonly used aerodynamic features at the rear of 

cars [2]. For example, [12] simulated airflow around two car models, a hatchback and a sedan. When they installed a rear 

wing in both cars, they achieved the most considerable reduction of 36% decrease in the sedan's Cd with an angle of attack 

(α) of 0°. The most significant Cd reduction for the hatchback was approximately 43% at α = 0°. In contrast, when [13] 

added a rear wing to sedans, they found a Cd increase from 0.1923 to 0.28307 (47% increase). This increase is primarily 

due to the rear wing design. The first car has a smoother, more fluid shape, which helps reduce air resistance, while its 

rear wing has a more angular and robust design. Meanwhile, the second vehicle has a more rectangular shape, creating a 

nearly right angle between the roof and trunk, and its rear wing has straight edges with a more rectangular appearance. 

These findings demonstrate that rear wing shape significantly influences the car's aerodynamics, making it necessary to 

study each type of rear wing added to the vehicle individually. 

For optimal rear wing configuration, [2] affirmed that designers must determine the value of α and the rear wing height 

(b) to achieve maximum performance. For this reason, they evaluated angles between 0 and 20°, with 0.5° increments, in 

the study of rear wings shaped by NACA 0012, NACA 4412, and NACA 6412 profiles. The chosen α was 8°, as it yielded 

the highest lift-to-drag ratio, Cl/Cd, for the NACA 6412 rear wing, with Cl = −0.1 at a speed of 72 km/h. This study clearly 

shows that each type of rear wing has a distinct optimal configuration, which provides the best aerodynamic performance. 

Additionally, they analysed different rear wing height ratios, b/H (b/H relates the rear wing height from the trunk surface 

to the height from the trunk to the vehicle's roof), precisely 0.17, 0.39, and 0.61. They obtained the best results with b/H 

= 0.61, where the Cl/Cd ratio was 3.44. Their results demonstrate that rear wing height impacts the vehicle's aerodynamic 

efficiency, which makes it necessary to analyse b/H ratios and determine the one that enhances aerodynamics when adding 

a rear wing to a sedan. 

Additionally, [3] used α = −7, −4, −1, 2, 5, and 8° for rear wings with NACA 0012, NACA 4412, and S1223 profiles. 

They obtained the best results for positive α values. They chose α = 6° as it provided the highest Cl/Cd for the S1223 rear 

wing (Cl between 0 and −0.2) with vehicle speed (U) of 149 km/h and b/H = 0.39. Additionally, [13] simulated a sedan 

with and without a rear wing for U = 144 km/h, corresponding to a Reynolds number, Re, of 105. They obtained Cl and 

Cd values equal to 0.03957 and 0.19230 in simulations of cars without a rear wing. Meanwhile, the vehicle with a rear 

wing showed a 510.77% decrease in Cl (from 0.03957 to −0.16254) and a 47.2% increase in Cd (from 0.19230 to 0.28307). 

Adding a rear wing to the sedan significantly increases downforce, improving driving stability. 

The analysed literature indicates that the rear wing's shape and optimal configuration play a significant role in vehicle 

aerodynamics. Therefore, further investigation into new rear wing configurations is necessary to determine the potential 

improvements in stability and efficiency for sedans. Consequently, this study aims to define the optimal rear wing 

configuration to improve a sedan's stability and aerodynamic efficiency through 2D CFD simulations. In these 

simulations, rear wings generated with NACA 4412, SD7032, E387, NASA SC(2)-0714, and S826 profiles are tested at 

low vehicle speed (for example, U = 36 km/h), medium (U = 72 and 108 km/h), and high speed (U = 144 km/h). In this 

context, we first performed a mesh independence study of the domain formed by the car and the rear wing to identify the 

mesh at which additional refinements no longer influence the results. With the selected mesh, we simulated the 

aforementioned rear wings and calculated Cl, Cd, and Cl/Cd values to determine the optimal rear wing configuration (using 

α between 0 and 15°) to enhance the vehicle's aerodynamics. Next, the fluid behaviour around the sedan with and without 

a rear wing is analysed. Afterwards, we examined the rear wing height ratios (b/H) with the best aerodynamic 

performance. Finally, the last section presents the conclusions and proposes ideas generated from this study for future 

research. Apart from the NACA 4412 profile, the profiles used here have not been previously analyzed in rear-wing 

applications on sedan cars, which contributes to the value of this research. 

2. METHODS AND MATERIAL 

2.1 Reynolds-Averaged Navier-Stokes Formulation 

The Reynolds-Averaged Navier-Stokes (RANS) equations for a steady, incompressible Newtonian fluid flow are 

presented in [14], representing the conservation of mass and momentum, respectively: 

𝜕𝑢𝑖
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= 0 (1) 
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𝑢̅𝑖 and 𝑢𝑖
′ represent the mean and fluctuating velocities, respectively. 𝑝̅ is the average pressure. 𝜌 and 𝜇 are the density 

and kinematic viscosity. 
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The simulation of cars with rear wings was primarily conducted using the Standard 𝑘 − 𝜀 [15], the Realizable 𝑘 − 𝜀 
[9, 12, 16] and the SST 𝑘 – ω [17] turbulence models. In the past, both the 𝑘 − 𝜀 and 𝑘 – ω turbulence models had various 

results in the predictions of Cl [4]. For example, [4] simulated a Land Rover Discovery and concluded that the Realizable 

𝑘 – 𝜀 turbulence model produced more accurate results compared to the Standard 𝑘 – ω model, showing a variation of 

57.79% for the vehicle without a rear wing and 1.29% for the car with a rear wing in terms of Cl. These results lead us to 

recognize that the Realizable 𝑘 − 𝜀 model provides better results than other models when simulating cars with rear wings. 

Consequently, this study uses the Realizable 𝑘 − 𝜀 turbulence model with Enhanced Wall Treatment, which has shown 

better numerical results when compared to experimental measurements, as evidenced in the research by [18]. 

According to Fu et al. [19], the Realizable k-ε model represents a suitable choice when seeking a balance between 

accuracy and computational efficiency in CFD simulations. Compared to other models, such as the SST k-ω, the 

Realizable k-ε model stands out for its improved ability to predict flows with complex shear stresses and recirculation 

regions, common conditions in aerodynamic applications. Furthermore, the Realizable k-ε model is an alternative that 

correctly predicts the global flow behavior without requiring detailed treatments in the boundary layer of the 

computational mesh. The steady-state transport equations for the Realizable 𝑘 − 𝜀 turbulence model [20] for the turbulent 

kinetic energy (𝑘) and the turbulent dissipation rate (𝜖) are, respectively: 
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where µt is the turbulent viscosity. Pk represents the production of 𝑘. In other words, Pk is the generation of 𝑘 due to 

buoyancy. YM is the contribution of fluctuating dilation to the total dissipation rate. σk, σ𝜖, C𝜖1 and C𝜖2 represent the 

closure coefficients of the turbulence model, incorporated into the solver Fluent 24.1. 

We used the SIMPLE algorithm to solve the differential equations. The least-squares cell-based method is employed 

for gradient evaluation, and second-order schemes are applied for pressure, momentum, 𝑘 and 𝜖. 2D simulations require 

lower computational costs compared to 3D simulations [8], but the latter provide accurate results. Despite this, 2D 

simulations are used in this study due to computational resource limitations. According to Bambhania et al. [21], 

aerodynamic drag, represented by Cd, directly influences fuel consumption. Therefore, reducing Cd helps to decrease the 

air resistance that the vehicle faces when moving, which in turn improves fuel efficiency. 

2.2 Geometry, Domain and Boundary Conditions 

Figure 1 shows the geometry of the sedan used in this study. As illustrated in Figure 1, simplifying the sedan's original 

geometry is essential to prevent excessive detail that would considerably increase the computational mesh's element count 

[22]. 

 

Figure 1. Sedan car geometry model 

In previous studies on vehicle simulations, various speeds have been employed, such as 72 km/h [2], 123.12 km/h [17], 

140 km/h [1], 144 km/h [1, 12], 150 km/h [5], 180 km/h [18], ranges between 70 km/h and 130 km/h [7], between 96.55 

km/h and 128.74 km/h [8], as well as between 144 km/h and 162 km/h [15]. Based on these references, a minimum speed 

of 36 km/h (equivalent to 10 m/s) was chosen in the present study. This value is lower than those reported in the literature, 

and it was selected with the aim of exploring aerodynamic behaviour at low speeds, which are relevant in urban contexts 

or under traffic conditions where vehicles operate with reduced incident airflow. In addition, a maximum speed of 144 

km/h (equivalent to 40 m/s), as reported in [1, 12, 15], was adopted to represent high-speed driving conditions. Between 

these two extremes, two intermediate speeds were selected: 72 km/h and 108 km/h. These values follow a regular 

sequence of 36, 72, 108, and 144 km/h, allowing the progressive evolution of the vehicle's aerodynamic behaviour to be 

analysed. The intermediate speeds were strategically chosen since significant differences in flow behaviour are expected 

to occur at these points. 

At the outlet of the domain, a gauge pressure of zero is applied in a similar way as in previous studies [9]. The car and 

rear wing surfaces are treated as no-slip walls, while the upper and lower boundaries of the domain are considered as 

symmetry walls [13]. As in [23], a domain height of 2L was used. Regarding the domain length (distance between the 

inlet and outlet), an intermediate value between those proposed in previous works was selected: 12.17L [15] and 15.8L 

[23]. A length of 13.25L was chosen for the present study. The computational domain includes two refinement zones (R1 

and R2) around the vehicle, as in [14], which allow for a smooth transition in mesh element sizes, from larger elements 
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in the far-field domain to smaller ones on the surfaces of the car and rear wing. Further details about the domain 

dimensions and the refinement zones R1 and R2 are presented in Figure 2. 

Figure 3 illustrates the geometries of the airfoil profiles used to model the sedan’s rear wing. The profiles chosen have 

shown favourable aerodynamic properties in prior studies [24, 25, 26, 27, 28, 29, 30], which justifies their selection for 

this research. Here, these profiles are simulated at α from 0 to 15°, with 1° increments. Notably, to the best of the authors' 

knowledge, the selected profiles (excluding the NACA 4412) have not been previously analyzed for rear-wing 

applications on sedans. 

 

Figure 2. Computational domain 

  
(a) (b) 

  
(c) (d) 

 
(e) 

Figure 3. Geometry of the rear wings: (a) NACA 4412, (b) SD7032, (c) E387, (d) NASA SC(2)-0714, and (e) S826 [27] 

2.3 Mesh Independence Study 

An initial mesh independence study is conducted to determine the characteristics that the mesh used in the rear wing 

simulations should possess for various U and α. This study analyzes changes in the rear wing's Cl, as the mesh is refined. 

In this analysis, the sedan's rear wing is modelled using the NACA 4412 airfoil profile, and simulations are conducted for 

U = 144 km/h and α = 15°. Three mesh configurations are used: Base, Medium, and Fine, with equal element sizes in the 

far-field domain area. Remarkably, refinements are applied in the regions R1 and R2 and on the surfaces of the car and 

rear wing. The meshes are composed of triangular elements, a common choice due to their ability to adapt to the curved 

shapes of the vehicle and rear wing. Details of the element sizes in each region are provided in Table 1. For the 

configurations used, the Base, Medium, and Fine meshes contain 209 942, 453 840, and 995 968 elements, respectively. 

Table 1. Element sizes used in the mesh independence study 

Mesh Domain (m) R1 (m) R2 (m) Car (m) Rear wing (m) Elements 

Base 0.1 0.050 0.075 0.0050 0.0010 209 942 

Medium 0.1 0.020 0.030 0.0020 0.0004 453 840 

Fine 0.1 0.011 0.017 0.0011 0.0002 995 968 

The boundary layer is essential for achieving accurate results in simulations; therefore, it is crucial to pay special 

attention to its modelling [4]. The reliability of numerical results related to velocities and pressures near walls is directly 

affected by the mesh element size in this zone, which must be small enough to capture flow characteristics within the 

boundary layer. Mesh elements near the surface are known as inflation. Previous studies used first cell sizes (y) of 5x10⁻⁴ 

m [9] and 10⁻³ m [15]. This study applies 10 boundary layers to the car and rear wing surfaces, with a y of 10⁻⁵ m and a 

growth rate of 20% between elements. The dimensionless initial cell sizes (y+) maintain values below 5 for all 

simulations, as recommended when applying the Realizable k-ε turbulence model with Enhanced Wall Treatment. Based 
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on the mesh configuration selected from the mesh independence study, an additional validation procedure is conducted 

using a two-dimensional cylinder, which has been extensively investigated in the literature [31, 32], to validate the 

numerical model results. Subsequently, multiple simulations of the profiles are performed, and their results are compared 

from both quantitative and qualitative viewpoints. The validated numerical framework was subsequently applied to the 

aerodynamic analysis of the rear wings and the sedan vehicle under the same modelling assumptions. 

3. RESULTS AND DISCUSSION 

3.1 Mesh independence study 

Table 2 presents the results of the Cl for the NACA 4412 rear wing, obtained for the different mesh configurations 

studied. The Cl results from the Medium and Fine meshes are very similar, showing a difference of only 1.52%. Therefore, 

the Medium mesh is selected for the subsequent simulations, as it is suitable for predicting the aerodynamics of the rear 

wing without incurring high computational costs. 

Table 2. Cl of the NACA 4412 rear wing obtained in the mesh independence study 

Mesh Cl Error (%) 

Base −0.17338 3.49 

Medium −0.17944 1.52 

Fine −0.18216  

Figure 4 provides details of the Medium mesh. Figure 4(a) shows the size of the elements in the far-field domain, 

while Figure 4(b) illustrates the refinement zones R1 and R2. The area with the highest refinement is located around the 

car and rear wing, where greater precision in results is sought and where fluid interaction with the surfaces of the studied 

objects occurs. The detail of the mesh around the rear wing is illustrated in Figure 4(c), where the highest concentration 

of mesh elements is found at the leading and trailing edges of the profile due to their curvature. These areas are critical 

for capturing flow behaviour interacting with the rear wing, especially in predicting flow separation and turbulence. 

Additionally, the details of the boundary layers on the car and rear wing surfaces are shown in Figure 4(d) and (e), 

respectively. 

 
(a) 

 

  
(b) (c) 

  

  
(d) (e) 

Figure 4. Details of the Medium mesh: (a) domain, (b) car-rear wing, (c) rear wing, (d) car wall, and (e) rear wing wall 

3.2 Validation 

In the absence of experimental measurements for the present configuration, a comparative validation of the numerical 

model was conducted using a benchmark case widely accepted in the literature: the flow around a two-dimensional 

circular cylinder. This benchmark has been extensively investigated both experimentally and numerically and is 

commonly employed to assess the reliability of CFD models in aerodynamic applications. We performed the validation 
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using a two-dimensional cylinder by comparing the experimental data reported in [32] with the numerical results obtained 

by Rosetti and Fujarra [31], as well as with those of the present study. It is important to note that Rosetti and Fujarra [31] 

carried out transient flow simulations around the two-dimensional cylinder. In contrast, in this work, we adopted steady-

state simulations owing to limitations in the available computational capacity, since transient analyses require a 

considerably greater numerical effort. Furthermore, we justify the choice of the steady-state approach by the nature of the 

subsequent analyses conducted on the aerodynamic profiles and the sedan-type vehicle. The mesh generated for the 

validation is shown in Figure 5. 

 

Figure 5. Details of the two-dimensional cylinder mesh 

The simulations were carried out considering the cylinder position as specified in [31] and by evaluating different 

Reynolds number values (Re = 1,000, 10,000, 100,000, and 500,000). Under these conditions, the drag coefficient (Cd) 

obtained in the present study exhibited a trend consistent with the experimental data reported in [32] (see Figure 6), 

although some discrepancies were observed with respect to the results reported in [31]. Overall, the Cd value decreased 

progressively with increasing Re. For Re = 1,000, 10,000, 100,000, and 500,000, Cd values of 1.12859, 0.68240, 0.44681, 

and 0.59554 were obtained, respectively. This behaviour can be associated with flow regime transition and boundary-

layer separation phenomena. The discrepancies between the numerical results obtained in this work and the experimental 

data can be primarily attributed to the limitations of the turbulence model employed, the type of simulation adopted, and 

the two-dimensional simplification considered. In particular, steady-state simulations are unable to capture the temporal 

fluctuations and vortex shedding characteristic of the flow around a cylinder. Nevertheless, despite the simplifications 

inherent to the steady-state approach, the overall prediction of the flow behaviour was found to be satisfactory. 

On the other hand, the differences observed between the Cd values reported in [31] and those obtained in the present 

study are mainly due to the type of simulation performed, namely transient simulations in [31] and steady-state 

simulations in this work. It is worth noting that transient simulations allow a more accurate representation of temporal 

fluctuations and flow dynamics around the cylinder when compared with steady-state simulations. As shown in Figure 6, 

for Re = 1,000, the results of the present study are in closer agreement with the experimental data, whereas for Re = 

100,000, a better agreement is observed for the results reported in [31]. This benchmark case was selected because it 

allows the evaluation of aerodynamic force coefficients under flow conditions that are representative of those analysed 

in the present study, thereby providing a meaningful basis for assessing the predictive capability and robustness of the 

numerical approach adopted. 

 

Figure 6. Numerical results of the present work [31], and experimental data [32] from the Cd for different Re 
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Overall, despite the inherent limitations associated with steady-state simulations and two-dimensional modelling, the 

comparative results demonstrate that the numerical model employed in this work is capable of reproducing the main 

aerodynamic trends of the benchmark case in a physically consistent manner. Consequently, this comparative validation 

supports the reliability and reproducibility of the numerical methodology applied in the subsequent analysis of the rear 

wings and the sedan vehicle. 

3.3 Optimal Configuration of the Rear Wings 

Figure 7 compares the Cl values of the control surfaces made from the NACA 4412, SD7032, E387, NASA SC(2)-

0714, and S826 airfoil profiles as a function of α between 0 and 15° and U = 36, 72, 108 and 144 km/h. The optimal 

airfoil has the lowest drag coefficient Cl, for each speed analyzed, as shown in Figure 7. This airfoil generates the highest 

negative lift, which is desirable in car rear wings, as it improves stability during vehicle handling. Figure 7(a) illustrates 

that for U = 36 km/h, the S826 airfoil has the lowest Cl for α from 0 to 4°; however, for α higher than 5°, the NACA 4412 

airfoil shows the best Cl. The E387 airfoil, on the other hand, presents relatively high Cl values for almost all α. The 

SD7032 and NASA SC(2)-0714 airfoils generally show intermediate Cl values, surpassing the other profiles only when 

α = 7°. The NACA 4412 airfoil shows the best Cl (−0.19358) at α = 9° for U = 36 km/h. 

On the other hand, for U = 72 km/h (see Figure 7(b)), it is observed that the S826 airfoil has the lowest Cl at 0°< α < 

5°. Moreover, this profile shows good Cl values for 7° < α < 9°, with the best Cl = -0.21445 at α = 7°. The NASA SC(2)-

0714 airfoil shows the best Cl for 10° < α < 12°, suggesting that this profile is more effective at relatively high α values. 

The NACA 4412 airfoil stands out for α > 12°, having the lowest Cl. In contrast, the E387 airfoil presents relatively high 

Cl values, especially for α higher than 5°. The SD7032 airfoil generally shows intermediate Cl values within the studied 

α range. Similarly, at a speed of 108 km/h, Figure 7 (c) shows that the S826 airfoil exhibits the lowest Cl in the range of 

0° < α < 7°, but for higher α values, the NASA SC(2)-0714 airfoil displays superior Cl values. Furthermore, the best Cl 

for U = 108 km/h applies for the S826 profile at α = 9° (−0.21883) and α = 7° (−0.21838). The E387 airfoil presents 

relatively high Cl values at most angles, especially for α higher than 7°. The NACA 4412 and SD7032 airfoils present 

medium Cl values across the entire α range studied. 

Finally, for a speed of 144 km/h (see Figure 7(d)), the S826 airfoil has the lowest Cl for 0° < α < 9°, while for higher 

α values, the NACA 4412 and NASA SC(2)-0714 profiles show better Cl values. Furthermore, the NASA SC(2)-0714 

airfoil shows the best Cl for this speed, with a value of −0.22829 at α = 10°. The E387 airfoil shows the worst Cl values 

at almost all α values, and the SD7032 airfoil, similar to the other studied speeds, also shows intermediate C l values. In 

general, for all speeds, the E387 airfoil shows the worst Cl values for α higher than 5°, while the SD7032 and S826 airfoils 

present intermediate Cl values for α higher than 8°. Notably, Figure 7 shows that the S826 airfoil presents the best Cl for 

α higher than 4° (U = 36 and 72 km/h) and for α higher than 9° (U = 108 and 144 km/h). Additionally, the NACA 4412 

and NASA SC(2)-0714 profiles show the lowest Cl for α higher than 9°. 

  
(a) (b) 

  

  
(c) (d) 

Figure 7. Lift coefficient of the rear wings for speeds of (a) 36 km/h, (b) 72 km/h, (c) 108 km/h, and (d) 144 km/h 

The findings presented in this section suggest that, for several driving speeds of the sedan car, various rear wings 

incorporated into it exhibit the best Cl, with the suitable configurations being the NACA 4412 profile at α = 9° (U = 36 

km/h), S826 at α = 7° (U = 72 and 108 km/h), and NASA SC(2)-0714 at α = 10° (U = 144 km/h). Therefore, depending 
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on the typical driving speed of the sedan car user, the vehicle designer should choose the type of airfoil and angle for the 

rear wing, or the vehicle must be capable of changing α. 

Figure 8 presents the optimal Cl/Cd values for the NACA 4412, SD7032, E387, NASA SC(2)-0714, and S826 rear 

wings at U = 36 and 72 km/h. The Cl/Cd ratio indicates the aerodynamic efficiency of an airfoil in generating lift relative 

to the drag it produces. In the context of a vehicle’s rear wing, a high Cl/Cd ratio is desirable as it indicates better efficiency 

in generating aerodynamic load for vehicle stability while minimizing drag. In this regard, as seen in Figure 8(a), the best 

Cl/Cd ratios belong to the S826 (44.92) and E387 (36.66) profiles, at α = 12° and 10°, respectively, for U = 36 km/h. The 

SD7032 profile presents intermediate Cl/Cd values. Figure 8(b) shows that the S826 and SD7032 profiles have the best 

Cl/Cd ratios for U = 108 km/h, with values of 111.47 and 78.46, respectively, at α = 13°. In general, the NACA 4412 and 

NASA SC(2)-0714 profiles show the lowest Cl/Cd ratios for most of the α values studied at both 36 and 108 km/h. 

Therefore, the S826 profile is an excellent option for a rear wing (at both low and high speeds) when maximizing 

aerodynamic load (better stability in driving) while minimizing drag (lower fuel consumption) is required. 

It is important to note that the rear-wing's optimal configuration will depend on its adhesion's main objective, that is, 

whether you are looking to improve driving stability (lower Cl), the vehicle designer should select the NACA 4412 (U = 

36 km/h, α = 9°), S826 (U = 72 and 108 km/h, α = 7°), or NASA SC(2)-0714 (U = 144 km/h, α = 10°) profiles accordingly. 

On the other hand, if the objective is to achieve a balance between enhanced stability (lower Cl) and reduced drag (lower 

Cd), the S826 profile is a good selection at α = 12° (low driving speeds, U = 36 km/h) or α = 13° (high speeds, U = 108 

km/h). 

  
(a) (b) 

Figure 8. Cl/Cd of the rear wing for speeds of (a) 36 km/h and (b) 72 km/h 

Additionally, the flow behaviour around the NACA 4412 (α = 9°), S826 (α = 7°), and NASA SC(2)-0714 (α = 10°) 

rear wings for U = 36, 72, 108, and 144 km/h is analyzed qualitatively (with more details in Figure 9). Furthermore, the 

α values chosen for each rear wing correspond to those that generate the lowest Cl (see Figure 7). Figure 9 illustrates the 

velocity contours around each rear wing, with a colour scale ranging from red (indicating higher velocities) to blue 

(indicating lower velocities). As expected, the stagnation point (zero velocity) is located on the upper surface of the rear 

wing. In contrast, the area of highest velocity is found on the lower surface, where the air accelerates as it passes over the 

curved surface. For all profiles, the flow velocities over the upper surface are lower (higher pressures) compared to those 

on the lower surface (lower pressures), which generates a downward force (negative lift). 

In Figure 9(a) to (c) for U = 36 km/h, the NACA 4412 rear wing shows a larger area with relatively high velocities 

(green colour) beneath its lower surface (lower pressures), compared to the other rear wings, which causes it to have the 

lowest Cl (−0.20334). Figure 9 (d) to (f) for 72 km/h and Figure 9 (g) to (i) for 108 km/h show that the S826 rear wing 

has the largest area with high velocities (beneath its lower surface), which is why it shows the best Cl values for U = 72 

km/h (−0.21445) and 108 km/h (−0.21883). Finally, in Figure 9 (j) to (l), it can be seen that the NASA SC(2)-0714 rear 

wing generates the highest fluid velocity beneath its lower surface, which results in the lowest Cl of −0.22829 for U = 

144 km/h. The results suggest that the maximum velocity or a larger area of high velocities (low pressures) directly 

influence the Cl generation of the rear wings studied in this work. These results can be explained using Bernoulli's 

principle, which states that as a fluid's velocity increases, its pressure decreases, accounting for lift generation. When rear 

wings are installed on the vehicle, the regions of positive pressure on the upper surface grow, enhancing the car's C l. 

Based on the simulation results, the velocities on the upper side of the rear wing are lower than those on the lower 

side. This velocity difference results in higher pressure on the rear wing's upper surface than on the lower surface, thereby 

increasing the negative lift. A low-pressure region forms as the flow accelerates underneath the rear wing, amplifying the 

downward force exerted on the vehicle. 
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Figure 9. Flow distribution around the NACA 4412, S826, and NASA SC(2)-0714 rear wings for velocities of  

(a-c) 36 km/h, (d-f) 72 km/h, (g-i) 108 km/h, and (j-l) 144 km/h 

3.4 Study of the Car with and without the Rear Wing 

Figure 10 shows the flow distribution around the vehicle in two configurations (without rear wing and with rear wing) 

for U = 36, 72, 108, and 144 km/h. The rear wings are simulated with their configuration of lowest C l, that is, NACA 

4412 with α = 9°, S826 with α = 7°, and NASA SC(2)-0714 with α = 10°. Generally, the airflow pattern in front of the 

vehicle is similar in both configurations. However, significant differences are observed at the rear due to the presence or 

absence of the rear wing. The recirculation zone over the trunk is larger when there is no rear wing, as seen in Figure 

10(a) to (d). Additionally, as the vehicle speed increases, the turbulent zone at the rear, represented by very low velocities 

(blue colour), also increases. The Cd values for the vehicle without a rear wing are 0.14371, 0.14349, 0.14363, and 0.14391 

for U = 36, 72, 108, and 144 km/h, respectively. Furthermore, these values show a less than 0.2% variation between them. 

As for the Cl of the car without a rear wing, values were found for the mentioned speeds of −0.43516, −0.48028, −0.51191, 

and −0.54918, with an average decrease of 8% as U increases. 

Figure 10(e) to (h) show the flow distribution around the car with a rear wing. Furthermore, there is a larger flow 

separation zone behind the vehicle with a rear wing (blue colour), indicating a larger turbulent zone. This larger zone, 

compared to the car configuration without a rear wing, generates a higher Cd on the car, with values of 0.21669 (generated 

by the NACA 4412 rear wing), 0.21201 (S826), 0.23396 (S826), and 0.23336 (NASA SC(2)-0714) for U = 36, 72, 108, 

and 144 km/h, respectively. This indicates that the rear wings added to the car cause its Cd to increase by 50.79%, 47.75%, 

62.89% and 62.16% for U = 36, 72, 108, and 144 km/h, respectively. On the other hand, there is an improvement in the 

Cl, decreasing its value by 202.34%, 208.14%, 245.93% and 220.29% for the same speeds mentioned. The findings 

demonstrate that the rear wing improves the vehicle's stability during driving (lower Cl) but generates higher aerodynamic 

drag (higher Cd), which increases fuel consumption. Despite this, improving the vehicle's stability, which translates into 
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better safety and control during driving, may justify the increased fuel consumption, making prioritizing stability the 

preferred decision in many cases [13]. 

Car without wing 

  
(a) (b) 

  

  
(c) (d) 

  

Car with wing 

  
(e) (f) 

  

  
(g) (h) 

Figure 10. Flow distribution around the car without a wing for (a) U = 36 km/h, (b) U = 72 km/h, (c) U = 108 km/h, and 

(d) U = 144 km/h; and around the car with a wing for (e) U = 36 km/h (NACA 4412), (f and g) U = 72 and 108 km/h 

(S826), and (h) U = 144 km/h (NASA SC(2)-0714) 

3.5 Flow analysis for Different Rear Wing Heights 

This section analyzes the flow around the sedan for various b/H. b refers to the height from the trunk surface to the rear 

wing, while H represents the height from the trunk to the vehicle's roof (see Figure 11). Figure 12 presents the results of 

the airflow simulations around the sedan with a rear wing. The rear wing has three height ratios (b/H = 0.17, 0.39, and 

0.61). The profiles used in these simulations correspond to the NACA 4412 (α = 9°, U = 36 km/h), S826 (α = 7°, U = 72 

and 108 km/h), and NASA SC(2)-0714 (α = 10°, U = 144 km/h). From a qualitative standpoint, the wake formed behind 

the car and rear wing (blue colour) corresponds to low velocities and high turbulence, contributing to increased drag 

generation. 

 

Figure 11. b and H heights of the sedan vehicle 
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Regarding U = 36 km/h (see Figure 12(a) to (c)), the Cl obtained with the NACA 4412 rear wing (car and rear wing) 

is -0.78585 for the lower height ratio (b/H = 0.17), while for a higher height ratio, the C l decreases to −1.31568 (b/H = 

0.39). For the highest b/H ratio of 0.61, the Cl is −0.92140. Concerning Cd, its lowest value of 0.16429 is calculated at 

b/H = 0.17, followed by values of 0.17209 and 0.21669 for the b/H ratios of 0.61 and 0.39, respectively. These findings 

suggest that if the goal is to maximize vehicle stability, vehicle designers should select the b/H = 0.39 rear wing height 

ratio, as it provides the lowest Cl, although it significantly increases the Cd. On the other hand, the b/H = 0.61 configuration 

offers a balance between Cl and Cd. 

b/H = 0.17 b/H = 0.39 b/H = 0.61 
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Figure 12. Flow distribution around the car at different wing heights for (a-c) U = 36 km/h (NACA 4412), (d-f) U = 72 

km/h (S826), (g-i) U = 108 km/h (S826), and (j-l) U = 144 km/h (NASA SC(2)-0714) 

The Cl values of S826 airfoil wing achieved for the b/H ratios of 0.17, 0.39, and 0.61 are −0.56724, −1.47995, and 

−0.98939, respectively, for U = 72 km/h. Figure 12 (d) to (f) further detail the fluid behaviour. Similarly, the Cd values 

calculated for the mentioned heights are 0.12134, 0.21201, and 0.17358, respectively. As with the NACA 4412 rear wing, 

the S826 rear wing shows the lowest Cl at b/H = 0.39, while the lowest Cd is generated when b/H = 0.17. Notably, for U 

= 108 km/h, the S826 rear wing provides the lowest Cl (−1.77083) at b/H = 0.39, and the lowest Cd (0.16389) at b/H = 

0.61 (see Figure 12(g) - (i)). For U = 144 km/h (Figure 12 (j) to (l)), the Cl values generated by the NASA SC(2)-0714 

rear wing are −1.12896, −1.75895, and −1.17070 for the b/H ratios of 0.17, 0.39, and 0.61, respectively. Meanwhile, for 

the mentioned heights, the Cd values are 0.18070, 0.23336, and 0.18165, respectively. Similar to the other rear wings 

mentioned, the b/H = 0.39 provides the best Cl, and the b/H = 0.17 generates a balance between Cl and Cd. 

4. CONCLUSIONS 

In the present study, we determined the optimal configuration of a rear wing installed on the trunk of a sedan by 

comparing the Cl and Cd, as well as the Cl/Cd ratio of different rear wings shaped from the NACA 4412, SD7032, E387, 
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NASA SC(2)-0714, and S826 profiles. Good aerodynamics are crucial for reducing both lift (positive) and drag, thereby 

improving aerodynamic efficiency and driving stability. Next, we conducted a mesh independence study for the numerical 

model of the sedan and rear wing. The results indicated that the Medium mesh is ideal for the other simulations, as it 

effectively predicts the aerodynamics of the rear wing without incurring high computational costs. Notably, the calculated 

error between the Medium and Fine meshes was only 1.52%. Afterwards, we defined the Cl, Cd, and Cl/Cd ratios for 

different α values of the rear wings. Using the Medium mesh, we performed simulations for the rear wings in various 

configurations with α ranging from 0° to 15° and U = 36, 72, 108, and 144 km/h. When comparing the Cl/Cd ratios of the 

rear wings, we found that the S826 rear wing was the most efficient from an aerodynamic standpoint, as it showed the 

best results at both low (Cl/Cd = 44.92, U = 36 km/h) and high speeds (Cl/Cd = 111.47, U = 108 km/h), making it ideal 

for maximizing aerodynamic load with minimal drag. It is worth noting that the E387 rear wing excelled at low speeds, 

while the SD7032 performed well at high speeds. In contrast, the NACA 4412 and NASA SC(2)-0714 rear wings showed 

the worst Cl/Cd ratios. In this regard, the selection of the rear wing will depend on the desired balance between stability 

(lower Cl) and drag (lower Cd). 

Additionally, we identified the optimal rear-wing angle at different vehicle speeds. The analysis revealed that at 36 

km/h, the NACA 4412 rear wing was most effective at α = 9°, with a Cl of -0.20334. At 72 km/h, the S826 rear wing 

generated negative lift at α = 7°, with a Cl of −0.21445. At 108 km/h, the S826 remained the best, with a Cl of −0.21883, 

maintaining the same α. Finally, at 144 km/h, the NASA SC(2)-0714 rear wing excelled with α = 10° and a Cl of -0.22829. 

The airflow behaviour around the car, both with and without the rear wing, was also analyzed. In the qualitative airflow 

analysis, the airflow behind the car was less turbulent without the rear wing, resulting in a lower Cd of 0.14369. The use 

of the NACA 4412 (U = 36 km/h, α = 9°, Cd = 0.21669), S826 (U = 72 and 108 km/h, α = 7°, Cd = 0.21201 and 0.23396), 

and NASA SC(2)-0714 (U = 144 km/h, α = 10°, Cd = 0.23336) rear wings increased the turbulence, and consequently the 

Cd, reflecting higher drag and energy consumption of the vehicle. Despite this, the rear wings improved the vehicle's 

stability by significantly reducing the Cl at all speeds studied. 

Finally, despite the increase in drag, the rear wings improved the vehicle’s stability by significantly reducing the lift 

coefficient (Cl) under all driving conditions studied. In this context, the following profiles were employed: NACA 4412 

with α = 9° at 36 km/h, S826 with α = 7° at 72 and 108 km/h, and NASA SC(2)-0714 with α = 10° at 144 km/h. Based 

on these configurations, the optimal rear wing height was determined by evaluating b/H ratios of 0.17, 0.39, and 0.61. 

The results showed that, in general, as the b/H ratio increases, the Cl improves, but the Cd also increases. The configuration 

with b/H = 0.39 yielded the highest aerodynamic load (lowest Cl), while b/H = 0.17 produced the lowest drag coefficient. 

Lastly, the b/H = 0.61 ratio represented a compromise between improved stability (lower Cl) and energy efficiency (lower 

Cd). Although this study provides valuable insights into the aerodynamic performance of rear wings on sedan-type 

vehicles, it is important to acknowledge the limitations stemming from the use of idealised simulation conditions. For 

future work, it is recommended to expand the analysis by incorporating real-world driving factors, such as crosswinds, 

yaw angles, and unsteady flow conditions. Moreover, transient and 3D simulations should be conducted to evaluate the 

aerodynamic behaviour under more realistic operating conditions, including vehicle motion, variable turbulence 

intensities, and road-induced disturbances. These enhancements will not only improve the physical fidelity of the 

simulations but also support the design of rear wings that are robust under actual driving environments. Complementary 

wind tunnel or on-road testing is also encouraged to further validate the numerical findings and bridge the gap between 

simulation and practice. 
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