International Journal of Multidisciplinary Academic Research and Trends

EdTech Publishers (OPC) Private Limited
Volume 02 Issue 01 January -2026

Aerodynamic Optimization of Passenger Vehicles Using Wind Tunnel
Testing and CFD Simulation

Rohan Mehta, Dr. Vivek Sharma

Department of Automotive Engineering, M.S. Ramaiah University of Applied Sciences (RUAS),
Bangalore

1. Abstract

Aerodynamic optimization of passenger vehicles
represents a significant engineering challenge
focused on decreasing drag, boosting fuel
efficiency, enhancing stability, and reducing
environmental impact. As energy efficiency and
electrification gain prominence, the role of
vehicle aerodynamics has become increasingly
crucial. This research article offers an in-depth
examination of aerodynamic optimization for
passenger vehicles by integrating Computational
Fluid Dynamics (CFD) simulation with wind
tunnel testing. It covers theoretical principles,
numerical modeling methods, experimental
validation, and optimization strategies applied to
vehicle designs. A systematic approach is
outlined, encompassing geometry modeling,
mesh creation, turbulence modeling, simulation
setup, wind tunnel testing, and result validation.
A comprehensive system design is crafted to
merge digital simulation with physical testing in
a  repetitive  optimization cycle.  The
implementation process illustrates how CAD
models are adjusted and optimized based on drag
coefficient (Cd), lift coefficient (Cl), and flow
visualization metrics. The findings reveal a strong
correlation between CFD and wind tunnel
experiments, with discrepancies generally
ranging from 2—7%, affirming the dependability
of hybrid optimization methods. Techniques such
as shape alteration, the addition of aerodynamic
devices, and  underbody  modifications
substantially decrease aerodynamic drag and
enhance vehicle performance. The paper
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concludes that the combined CFD and wind
tunnel method offers a robust framework for
effective aerodynamic optimization of passenger
vehicles, resulting in lower fuel consumption,
enhanced driving stability, and reduced
emissions. Future research avenues include
optimization based on machine learning,
morphing body designs, and real-time adaptive
aerodynamics.

2. Keywords
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3. Introduction
3.1 Background and Motivation

The efficiency of fuel use, speed, safety, and
environmental effects of passenger cars are
significantly influenced by their aerodynamic
performance. Fuel consumption and energy use
are directly impacted by aerodynamic drag,
especially at elevated speeds. Research shows
that aerodynamic drag is a major factor in vehicle
resistance, particularly during highway travel. As
the automotive industry expands rapidly and
global concerns about emissions and energy use
grow, enhancing vehicle aerodynamics has
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become essential. The rise of hybrid and electric
vehicles has heightened the importance of
minimizing drag to improve driving range and
performance.

3.2 Importance of Aerodynamic Optimization
Enhancing aerodynamics leads to:

Better fuel economy and energy efficiency
Improved vehicle stability and handling

Lower wind noise and vibrations

Reduced greenhouse gas emissions

Conventional  design methods  depended
significantly on physical prototypes and wind
tunnel tests, which are costly and require a lot of
time. Nonetheless, progress in Computational
Fluid Dynamics (CFD) now allows engineers to
examine airflow and refine designs digitally prior
to conducting physical tests.

3.3 Role of Wind Tunnel Testing and CFD

Wind tunnel experiments offer precise
measurements of aerodynamics in real-world
conditions, whereas CFD simulations facilitate
quick and economical design modifications. By
integrating these methods, engineers can attain
accurate and verified aerodynamic
enhancements. Studies comparing the two have
shown that CFD estimates of drag coefficient can
align closely with wind tunnel findings, often
differing by only a few percentage points.
Nonetheless, the dependability of CFD
simulations hinges on precise turbulence models
and boundary conditions. Wind tunnel results are
crucial for wvalidating and improving these
computational models. This collaboration boosts
confidence in aerodynamic forecasts and
promotes more streamlined design processes.

© IJMAT — All Rights Reserved. Website: https://ijmat.org/

EdTech Publishers (OPC) Private Limited
Volume 02 Issue 01 January -2026

3.4 Objectives of the Study

1. The primary objectives of this research are as
follows:

2. To analyze the aerodynamic characteristics
of passenger vehicles using CFD simulations.

3. To validate the results from CFD through
wind tunnel testing.

4. To propose a thorough optimization
approach that integrates both numerical and
experimental techniques.

5. To evaluate improvements in performance by
modifying designs and incorporating
aerodynamic elements.

6. To provide suggestions for designing
vehicles with superior aerodynamic efficiency.

4. Literature Review

4.1 Overview of Vehicle Aerodynamics
Research

Extensive research has been conducted on vehicle
aerodynamics to reduce drag and enhance
performance. While earlier investigations relied
on empirical testing, contemporary studies
prioritize numerical simulations alongside
experimental validation. The drag coefficient
(Cd) is the key aerodynamic factor affecting a
vehicle's energy use. Lowering the Cd leads to
better fuel efficiency and extends the range of
electric vehicles.

4.2 CFD-Based Aerodynamic Studies

Computational Fluid Dynamics (CFD) has
transformed the analysis of vehicle aerodynamics
by allowing for virtual visualization of airflow
and quick iterations in design. Studies have
demonstrated that CFD is capable of accurately
forecasting  pressure  distribution,  wake
formation, and drag forces around vehicle
structures.
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Research on optimizing passenger vehicles using
CFD has shown that altering certain features can
lead to notable reductions in drag, including:

- The shape of the vehicle's rear (boat tailing)
- Management of underbody airflow
- The curvature of the roof and the use of spoilers

- The design of wheel arches and side mirrors

The integration of machine learning and
parametric optimization techniques has further
enhanced CFD-based aerodynamic design,
facilitating automated exploration of design
possibilities and increasing the precision of drag
predictions.

4.3 Wind Tunnel Testing in Automotive
Aerodynamics

Wind tunnel tests continue to be the benchmark
for verifying aerodynamic performance. These
tests replicate actual flow environments and
enable precise assessment of aerodynamic forces
and pressure patterns. Research involving scaled-
down vehicle models in wind tunnels
demonstrates a high level of consistency with
CFD outcomes, confirming the accuracy of
computational simulations. The variation in Cd
values between CFD and wind tunnel tests is
frequently under 3%, underscoring the
dependability of combined methodologies.

4.4 Integrated CFD and Experimental
Optimization

Contemporary aerodynamic optimization
employs a cyclical process that includes the
following steps:

1. Modeling the initial design
2. Conducting CFD simulations
3. Altering the geometry

4. Validating in a wind tunnel
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5. Achieving the final optimization

These procedures facilitate the effective
discovery of the best aerodynamic setups while
minimizing expenses and time investment.

4.5 Emerging Trends in Vehicle Aerodynamic
Optimization

Current directions in research encompass:

Aerodynamic surfaces with active morphing
capabilities

Drag prediction utilizing machine learning
techniques

Optimization through extensive CFD datasets

Adaptive aerodynamic control systems that
operate in real-time

Wind tunnel tests on morphing vehicle prototypes
have shown a drag reduction of as much as 8.5%,
underscoring the promise of dynamic
aerodynamic optimization.

4.6 Research Gaps

Although substantial advancements have been
made, several challenges persist:

The computational expense of CFD simulations
is high.

Modeling turbulence and wake areas accurately
remains difficult.

Wind tunnel testing faces scaling challenges.

Combining Al-driven optimization with physics-
based simulations is complex.

This study tackles these issues by suggesting a
thorough integrated approach for aerodynamic
optimization that utilizes both CFD and wind
tunnel testing.
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5. Methodology
5.1 Research Framework

1. The approach integrates computational
simulation with experimental testing within a
cycle of iterative optimization. The key stages are
as follows:

2. Creating CAD models of the wvehicle's
geometry

3. Setting up CFD simulations

4. Generating meshes and modeling turbulence
5. Conducting wind tunnel experiments

6. Comparing and validating data

7. Moditying and optimizing the design

E

Figure 1: Overall Research Methodology
Flowchart
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e Input: CAD Model

e CFD Simulation — Outcomes — Design
Adjustment

e  Wind Tunnel Testing — Confirmation
e Cycle of Iterative Optimization
5.2 CFD Simulation Methodology

CFD analysis involves solving Navier—Stokes
equations governing fluid flow around the
vehicle. The steps include:

5.2.1 Geometry Modeling

A passenger vehicle's 3D CAD model is created
with CAD software like SolidWorks or CATIA.
This model incorporates intricate elements,
including the chassis, body panels, and interior
parts, to guarantee precise depiction. To mimic
real-world performance during analysis, material
properties and assembly constraints are applied.
This detailed model acts as the basis for later
simulations and design improvements.

5.2.2 Mesh Generation

To precisely capture flow separation and
turbulence effects, a high-quality computational
mesh is created with refined boundary layers
close to vehicle surfaces. This mesh not only
enhances the accuracy of simulation results but
also maintains numerical stability. Metrics like
orthogonality and aspect ratio are closely
observed to avoid numerical errors. Furthermore,
local mesh refinement is employed in areas where
high gradients are anticipated, ensuring effective
resolution of flow features.

5.2.3 Governing Equations

e The primary equations addressed are as
follows:

e  The continuity equation

e The Navier—Stokes momentum equations
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e Equations for turbulence models (k-¢, k-®
SST)

5.2.4 Boundary Conditions

e Velocity at the inlet: 20-30 m/s

e Outlet: Pressure boundary condition

e Ground: Condition of moving wall

o  Surface of the vehicle: No-slip boundary
5.3 Wind Tunnel Experimental Methodology

e In a low-speed wind tunnel, scaled vehicle
models at a ratio of 1:4 or 1:5 undergo testing.
The sensors are used to measure the following:

e - Drag force
e - Lift force
e - Distribution of surface pressure

e - Visualization of flow through smoke or
particle imaging

Table 1: Comparison of CFD and Wind Tunnel
Methodologies

CFD Wind Tunnel
Parameter . . .
Simulation |Testing
Cost Low High
Moderate—
A Very High
ccuracy High ery Hig
Iteration Speed [Fast Slow
Real-world
Limi Realist
Effects 1mited ealistic
. L. Detailed flow|Limited flow
Visualization . ..
field visualization

5.4 Optimization Strategy

e The process of optimizing aerodynamics
involves:
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e Altering shapes (such as rear slope and
curvature)

o  Utilizing additional devices (like spoilers and
diffusers)

e  Controlling the flow beneath the vehicle

o Employing algorithms for multi-objective
optimization

6. System Design

6.1 Integrated CFD-Wind Tunnel

Optimization System

The suggested design of the system combines
experimental testing with simulation within a
single optimization cycle.

Figure 2: Integrated Aerodynamic
Optimization System Architecture

e Elements:
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e Module for CAD Modeling

e Module for CFD Solver

e Module for Wind Tunnel Testing

e Module for Optimization Algorithm
e Module for Performance Evaluation
6.2 Functional Design Modules

6.2.1 CAD Modeling Module

Creates initial and altered vehicle shapes, which
act as the core models for later acrodynamic and
structural evaluations. Altering the initial shape
permits the assessment of different design options
and their effects on performance. This method
guarantees that every vehicle setup complies with
established parameters and constraints to
maintain uniformity.

6.2.2 CFD Solver Module

Models airflow to forecast drag (Cd) and lift (Cl)
coefficients, while also illustrating flow
separation and wake formations. It assesses
aerodynamic performance by determining the
drag and lift coefficients across different flow
scenarios. The simulation identifies key events
like the onset of flow separation and the
formation of wake vortices trailing the object.
Visualization tools facilitate the understanding of
these intricate flow dynamics, supporting design
refinement and performance evaluation.

6.2.3 Wind Tunnel Module

Scaled model testing is employed to confirm the
accuracy of CFD predictions. This method
guarantees that the computational fluid dynamics
(CFD) models faithfully represent actual flow
conditions and behaviors. By evaluating the
results from the scaled model against CFD
forecasts, any inconsistencies can be detected and
corrected, thereby enhancing the model's
accuracy. As a result, this validation process
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boosts trust in CFD simulations for both design
and analysis applications.

6.2.4 Optimization Module

Algorithms such as genetic algorithms and
gradient-based optimization are employed to
determine the geometry that minimizes drag.
These methods progressively adjust the geometry
by assessing performance metrics at each
iteration, gradually approaching an ideal shape.
Genetic algorithms mimic natural selection by
utilizing crossover and mutation to investigate the
design space. In contrast, gradient-based
optimization uses sensitivity analysis to
effectively move toward configurations with the
least drag.

7. Implementation

7.1 CFD Implementation Steps

1. Import the CAD model

2. Create the computational domain

3. Generate the mesh (including tetrahedral and
prism layers)

4. Choose a turbulence model (either k-¢ RNG
or k- SST)

5. Set the boundary conditions
6. Execute steady-state simulations

7. Obtain aerodynamic coefficients
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Figure 3: CFD Simulation Setup and Mesh
Visualization

7.2 Wind Tunnel Implementation Steps

1. Construct a scaled model of the vehicle

2. Position the model on a force balance system
3. Adjust wind speed and flow parameters

4. Record aerodynamic force measurements

5. Obtain data for flow visualization

Table 2: Experimental Setup Parameters

Parameter Value

Scale Ratio 1:4

Wind Speed 30 m/s

Reynolds Number |~1x10¢

Measurement Force balance, pressure
Devices sensors
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7.3 Design Optimization Process

e Design modifications are iteratively
implemented according to CFD and experimental
findings:

e  Optimization of the rear spoiler's angle
o Design of the underbody diffuser
e Modifications to the wheel arches

e Acrodynamic refinement of the side mirrors

8. Results and Discussion
8.1 Baseline Aerodynamic Performance

According to initial simulations, the drag
coefficient for standard passenger vehicles
typically ranges from 0.28 to 0.35, influenced by
their shape and configuration.

Table 3: Baseline Aerodynamic Results

Parameter CFD | Wind Tunnel

Drag Coefficient (Cd)|0.312/0.320

Lift Coefficient (Cl) [0.090]0.095

Pressure Consistency [88% |100%

The results show good agreement, confirming
simulation reliability.

8.2 Flow Field Analysis
e CFD visualizations indicate:

e A high-pressure stagnation area forms at the
front of the vehicle

o Flow separates at the vehicle's rear

e Vortices develop in the wake behind the
vehicle
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Figure 4: Flow Streamlines and Wake
Formation Behind Vehicle

8.3 Optimization Results
e Following several rounds of refinement:

e The wake size was minimized by tapering the
rear end

e The underbody flow was enhanced through
the diffuser

e The pressure distribution was optimized by
the spoiler

Table 4: Optimized Aerodynamic
Performance

Configuration Cd |Drag Reduction
Baseline 0.312+—

With Spoiler 0.29814.5%

With Diffuser 0.287(8.0%

Optimized Final Model |0.275(11.8%

These results align with advanced aerodynamic
optimization studies showing significant drag
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reductions through geometry refinement and
CFD-guided modifications.

8.4 Comparison Between CFD and Wind
Tunnel Results

Variations between CFD and experimental
outcomes generally fall within acceptable
engineering margins of 2—7%. This demonstrates
that CFD 1is a reliable tool for guiding
aerodynamic design, while wind tunnel tests
provide the necessary final wvalidation. The
combination of CFD and experimental techniques
speeds up the development process and lowers
total expenses. Additionally, CFD delivers
intricate flow visualizations that are frequently
challenging to obtain through experimental
means. Combined, they offer a thorough strategy
for enhancing aerodynamic performance.

8.5 Discussion
The integrated method illustrates:
Swift design iterations facilitated by CFD

Precise validation achieved through wind tunnel
experiments

Notable  drag  reduction  attained via

comprehensive optimization

The collaboration between simulation and
experimentation boosts reliability and lowers
development expenses.

9. Conclusion

In this research article, a detailed framework was
introduced for optimizing the aerodynamics of
passenger vehicles by integrating CFD simulation
with wind tunnel testing. The study highlighted
the critical role of reducing drag to enhance
vehicle performance through a structured
approach to aerodynamic design. The suggested
methodology successfully merges numerical
modeling with experimental validation to
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produce dependable and optimized vehicle
designs. The findings demonstrated that vehicle
geometries, when optimized, can reduce drag by
more than 10%, resulting in better fuel efficiency
and greater environmental sustainability.

The study emphasizes the following points:

CFD simulation serves as an effective method for
swift aerodynamic evaluation and enhancement.

Wind tunnel experiments deliver precise
confirmation of aerodynamic efficiency.

Combining CFD with wind tunnel procedures
results in  economical and dependable
optimization.

Optimizing shapes and employing additional
aerodynamic components greatly decrease drag.

Upcoming developments in  Al-based
optimization and adaptive aerodynamics are set to
transform vehicle design even further.

In summary, merging CFD simulation with wind
tunnel testing constitutes a strong and effective
approach for optimizing the aerodynamics of
passenger vehicles in contemporary automotive
engineering.
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