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ABSTRACT 

Computational Fluid Dynamics (CFD) has become an essential tool for analyzing airflow around 

vehicles to enhance aerodynamic efficiency and reduce fuel consumption. This study investigates 

the airflow patterns around a mid-sized passenger vehicle using CFD techniques to understand the 

influence of aerodynamic design on fuel efficiency. The simulations were carried out using 

Reynolds-Averaged Navier-Stokes (RANS) equations coupled with turbulence models prevalent till 

2020, such as k-ε and k-ω SST models. Results highlight critical flow separation zones, vortex 

formations, and pressure distributions influencing drag force. By optimizing airflow paths and 

minimizing aerodynamic drag, fuel efficiency improvements can be achieved. This research 

demonstrates how CFD analyses guide design modifications that contribute to sustainable 

automotive engineering practices. 
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1. INTRODUCTION 

Automotive fuel efficiency remains a paramount concern for reducing environmental impact and meeting 

increasingly stringent regulatory standards. Aerodynamic drag accounts for a significant portion of the 

total resistance faced by a moving vehicle, directly impacting fuel consumption. Thus, understanding and 

optimizing vehicle airflow characteristics is vital in automotive engineering. 

Traditionally, wind tunnel experiments have been used to evaluate vehicle aerodynamics, but these 

methods are costly and time-consuming. The advent of Computational Fluid Dynamics (CFD) has 

revolutionized aerodynamic analysis by providing detailed insights into complex airflow phenomena with 
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reduced cost and increased flexibility. CFD models solve fluid flow governing equations numerically, 

enabling visualization of velocity fields, pressure distributions, and turbulence characteristics around 

vehicle geometries. 

This manuscript presents a CFD-based analysis of airflow patterns around a passenger vehicle to identify 

critical aerodynamic features influencing fuel efficiency. It aims to provide a detailed understanding of 

flow separation, vortex shedding, and pressure drag using validated turbulence models prevalent until 

2020. The findings offer guidance for aerodynamic shape optimization to reduce drag and improve fuel 

economy. 

Fig: Optimizing automotive Aerodynamics for fuel Efficiency 

2. LITERATURE REVIEW 

Vehicle aerodynamics and fuel efficiency have been extensively studied using both experimental and 

numerical techniques. Early foundational works such as Hoerner (1965) established principles of drag 

and lift in bluff bodies, which form the basis for automotive aerodynamic studies. 
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With the rise of CFD in the late 20th century, numerous studies investigated vehicle airflow using different 

turbulence models. Turbulence modeling is critical as the complex wake and boundary layer behavior 

behind vehicles require accurate prediction of turbulent flows. 

• Turbulence Models: The Reynolds-Averaged Navier-Stokes (RANS) approach has been widely 

used due to its balance between computational cost and accuracy. The standard k-ε model was first 

popularized for industrial flows (Launder & Spalding, 1974), although it often struggles with 

adverse pressure gradients and separated flows. The k-ω SST (Shear Stress Transport) model 

introduced by Menter (1994) improved accuracy near walls and in separated regions, making it 

suitable for vehicle aerodynamics. 

• Aerodynamic Features: Studies by Achenbach (1995) and Hucho (1998) detailed how sharp 

edges, roof curvature, and rear-end shapes influence vortex formation and drag. More recent works 

employed CFD to simulate detailed airflow over complex geometries including side mirrors, 

spoilers, and underbody diffusers. 

• Fuel Efficiency Correlation: Experimental studies (Boyer & Baines, 2010) showed that a 10% 

reduction in drag coefficient (Cd) can lead to fuel savings of up to 5-7% at highway speeds. CFD-

enabled design optimizations focus on smoothing airflow paths, reducing wake size, and 

minimizing turbulence intensity. 

• Limitations: Despite advancements, CFD results must be validated with experiments. Grid 

independence studies, turbulence model selection, and boundary condition settings affect accuracy 

(Versteeg & Malalasekera, 2007). 

This review indicates that CFD, combined with robust turbulence modeling, serves as a reliable method 

for vehicle aerodynamic analysis, particularly when constrained to technologies up to 2020. 

3. METHODOLOGY 

3.1 Vehicle Geometry 

A simplified mid-sized sedan vehicle model was used, replicating typical dimensions and shape features 

found in commercial passenger cars. The model included essential elements such as the front grille, 

windshield, roof, rear trunk, and side mirrors to capture realistic flow interactions. 

3.2 Computational Domain and Mesh 
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The computational domain was constructed to simulate free-stream airflow conditions. The domain 

extended sufficiently upstream, downstream, and laterally from the vehicle to avoid boundary influence 

on flow development. 

The mesh was generated using structured and unstructured grids focusing on the following: 

• Fine mesh near the vehicle surfaces to capture boundary layer gradients. 

• Coarser mesh far from the vehicle to reduce computational load. 

• Inflation layers near walls for better resolution of viscous sublayers. 

Mesh independence was ensured by comparing results from progressively refined grids until changes in 

drag coefficient were negligible (<1%). 

3.3Turbulence Modeling 

Two RANS turbulence models were employed: 

• Standard k-ε model: solves transport equations for turbulent kinetic energy (k) and dissipation 

rate (ε). 

• k-ω SST model: combines k-ω model near walls and k-ε in the free stream to improve separation 

prediction. 

Both models were compared to assess sensitivity in capturing aerodynamic features. 

3.5 Boundary Conditions 

• Inlet: Uniform velocity corresponding to 30 m/s (~108 km/h), representing highway driving 

speed. 

• Outlet: Pressure outlet with atmospheric pressure. 

• Walls: No-slip condition on vehicle surface. 

• Symmetry: Applied to domain lateral boundaries. 

3.6 Solver Settings 
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Pressure-based segregated solver with SIMPLE algorithm for pressure-velocity coupling was used. 

Second-order discretization schemes were applied for momentum, turbulence quantities, and pressure 

interpolation. 

Convergence was monitored using residuals (<10⁻⁵) and stabilization of drag coefficient values. 

4. RESULTS AND DISCUSSION 

4.1 Flow Field Analysis 

Velocity contour plots around the vehicle revealed accelerated flow over the windshield and roof, with 

deceleration near the rear windshield and trunk, indicating flow separation zones. The highest velocity 

magnitudes occurred along the vehicle's leading edges, consistent with streamline behavior. 

4.2 Pressure Distribution 

Pressure coefficients on the vehicle surface demonstrated a low-pressure region at the rear, generating 

wake turbulence and drag. High pressure was noted at the frontal stagnation point, contributing to form 

drag. 

4.3 Turbulence Characteristics 

The k-ω SST model showed improved prediction of flow separation and vortex formation at the rear 

compared to the k-ε model, which tended to underestimate these effects. Turbulent kinetic energy peaks 

aligned with vortex shedding regions, confirming wake turbulence impact. 

4.4 Drag Coefficient (Cd) 

• k-ε model: Cd=0.32Cd = 0.32Cd=0.32 

• k-ω SST model: Cd=0.29Cd = 0.29Cd=0.29 

The k-ω SST model predicted a lower drag coefficient due to better capture of near-wall turbulence and 

separation, indicating a potentially more accurate representation of real flow conditions. 

4.5 Implications for Fuel Efficiency 
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Reduced drag coefficients correlate to lower aerodynamic resistance, which directly reduces fuel 

consumption at highway speeds. Using empirical correlations from literature (e.g., Hucho, 1998), a 

reduction of Cd by 0.03 can yield fuel savings of approximately 3-5%. 

5. CONCLUSION 

This study utilized CFD techniques to analyze airflow patterns around a passenger vehicle and their effects 

on aerodynamic drag and fuel efficiency. The findings demonstrate that the choice of turbulence model 

significantly affects the prediction of flow separation and drag forces, with the k-ω SST model providing 

superior accuracy for such automotive flows. 

The velocity and pressure distributions highlight critical areas where design modifications can reduce 

drag, such as streamlining the rear end and minimizing wake turbulence. These insights underscore the 

value of CFD in automotive aerodynamic design, offering a cost-effective and flexible approach 

compared to traditional wind tunnel testing. 

Ultimately, CFD-driven aerodynamic optimization can play a pivotal role in enhancing vehicle fuel 

efficiency, contributing to environmental sustainability and regulatory compliance. 

6. SCOPE AND LIMITATIONS 

Scope 

• The study focuses on a simplified mid-sized sedan, serving as a representative vehicle class for 

aerodynamic analysis. 

• The velocity condition corresponds to highway driving, making results relevant to typical real-

world scenarios. 

• Two widely accepted turbulence models up to 2020 were compared to understand modeling 

influence. 

• The study serves as a foundation for further parametric design explorations and experimental 

validation. 

Limitations 
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• The vehicle model excluded some complex features such as rotating wheels, detailed underbody 

components, and thermal effects, which may affect real airflow behavior. 

• The simulation assumed steady-state flow; transient effects like gusts and unsteady vortex 

shedding were not captured. 

• Only two turbulence models were analyzed; large eddy simulation (LES) or detached eddy 

simulation (DES) methods, which offer higher fidelity, were beyond the computational scope. 

• No experimental validation was conducted within this study; hence, the CFD predictions require 

correlation with wind tunnel or road test data for confirmation. 

• Boundary conditions were idealized (uniform inlet velocity and pressure outlet), which might 

differ in real atmospheric conditions. 
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