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In the modern automotive engineering landscape, the pursuit of refined driving experiences has shifted the focus
from traditional mechanical noise to more complex phenomena. As internal combustion engines become quieter
and electric vehicles (EVs) rise to dominance, the contribution of Aerodynamic Loads to the overall Noise,
Vibration, and Harshness (NVH)profile of a vehicle has become a critical area of concern. Aerodynamic NVH
analysis involves understanding how fluctuating air pressures around a moving vehicle translate into structural
vibrations and interior noise. This comprehensive guide explores the theoretical frameworks, numerical
approaches, and practical measurement solutions required to master full-vehicle NVH in the context of
aerodynamic loads.

1. Fundamentals of Aerodynamic NVH

NVH is a multifaceted discipline describing the dynamic behavior of vehicles across a wide frequency range.
Historically, NVH focused on low-frequency vibrations (0-200 Hz) emanating from the powertrain and road-tire
interactions. However, aerodynamic noise—often referred to as wind noise—typically occupies the mid-to-high
frequency spectrum (above 500 Hz), though unsteady aerodynamic loads can also influence low-frequency vehicle
handling and stability.

Defining Aerodynamic Loads

Aerodynamic loads are the forces and moments exerted by the air on the vehicle body. These loads are generally
categorized into two types:

e Steady Aerodynamic Loads: These are time-averaged forces that determine vehicle drag, lift, and fuel
efficiency.

¢ Unsteady Aerodynamic Loads: These are time-varying or fluctuating pressures caused by turbulence, vortex
shedding, and gusts. In NVH analysis, it is these fluctuations that act as excitation sources for the vehicle's
structural components.

The Mechanism of Aero-Induced Noise

The transition from fluid flow to perceived sound involves three stages: Generation, Transmission, and Radiation.
Turbulence generated at the A-pillar, side mirrors, and cowl area creates pressure fluctuations on the exterior
surfaces (greenhouse). These fluctuations vibrate the glass and body panels (Transmission), which then radiate
noise into the cabin (Radiation).

2. Core Concepts and Theoretical Framework

To analyze aerodynamic loads effectively, engineers must leverage several core theoretical concepts, including
Aeroacoustics and Energy Flow Analysis.

Lighthill’s Acoustic Analogy

Modern aeroacoustic analysis is often rooted in Lighthill's analogy, which reformulates the Navier-Stokes equations
into a wave equation. It identifies that the sources of aerodynamic noise are related to the stress tensor of the



turbulent flow. For vehicle NVH, Curle’s extension of this analogy is particularly relevant as it accounts for the
influence of solid boundaries (the vehicle body) on the sound field.

Structural Energy Flow Analysis

As mentioned in specialized technical studies, Energy Flow Analysis (EFA) is used to describe how mechanical
energy, induced by aerodynamic loads, propagates through the car structure. By treating the vehicle assembly—
including the Body in White (BIW), frames, and closures—as a network of coupled subsystems, engineers can
predict how energy dissipates or concentrates in specific areas, leading to localized NVH issues.

Frequency Response Analysis (FRA)

FRA is a CAE (Computer-Aided Engineering) technique used to determine the structural response of the vehicle to
a harmonic load. In the context of aerodynamics, the input is the fluctuating pressure field derived from
Computational Fluid Dynamics (CFD), and the output is the displacement or acceleration of the interior panels.

3.Technical Analysis: Numerical Approaches

Numerical simulation has become the backbone of NVH study, allowing for the prediction of interior noise long
before a physical prototype is built. The following table summarizes the primary numerical approaches used in
aerodynamic NVH analysis.



Method Frequency Range Primary Use Case Computational Cost

RANS (Reynolds-Averaged Very Low (Steady) Drag and lift coefficient Low
Navier-Stokes) estimation.

LES (Large Eddy Mid-to-High Capturing unsteady Very High
Simulation) turbulence for wind noise.

SEA (Statistical Energy High (&gt; 1000 Hz) Broadband noise Medium
Analysis) prediction in the cabin.

FEA (Finite Element Low-to-Mid (&It; 500 Hz) Structural vibration and Medium to High
Analysis) modal response.

Step-by-Step CFD to NVH Workflow

A standard industrial workflow for predicting aerodynamic interior noise involves several rigorous steps:

1. Surface Modeling: Creating a high-fidelity CAD model of the full vehicle, including mirrors, wipers, and
underbody details.

2. Meshing: Generating a volume mesh with refined layers near the walls to capture the Boundary Layer and
turbulent eddies.

3. Transient CFD Simulation: Running a time-accurate simulation (e.g., Lattice Boltzmann Method or LES) to
extract the Surface Pressure Fluctuations (SPF).

4. Fourier Transformation: Converting the time-domain pressure data into the frequency domain using Fast
Fourier Transform (FFT) algorithms.

5. Structural-Acoustic Coupling: Mapping the pressure data onto an FEA model of the vehicle's BIW and
acoustic cavity.

6. Interior Noise Prediction: Solving the coupled system to calculate the Sound Pressure Level (SPL) at the
driver's ear position.

4. Measurement Solutions and Field Testing

While simulation provides the blueprint, physical testing remains essential for validation. Modern NVH
measurement solutions utilize a combination of contact and non-contact sensors.

Non-Contact Laser Sensors

Advanced non-contact Laser Doppler Vibrometers (LDV)are frequently used to measure the vibration of car
bodies and HVAC components without adding mass to the structure. This is critical for aerodynamic studies where
the attachment of traditional accelerometers might alter the flow field or the structural response of thin panels like
the roof or door skins.

CAN Bus and Accelerometer Integration

In real-world driving conditions, engineers use signals from the vehicle's Controller Area Network (CAN bus) in
conjunction with accelerometer sensors. By correlating vehicle speed, steering angle, and throttle position with
vibration data, estimators can determine the aerodynamic drag coefficientand rolling resistance dynamically.
This data helps in identifying how unsteady aerodynamics influence vehicle handling and driver comfort under
varying wind conditions.

Human Body Vibration Standards



It is important to evaluate aerodynamic vibrations not just as sound, but as whole-body vibrations. Engineering
standards provide specific limits on the load of vibration on the human body, ensuring that the aerodynamic
buffeting (often felt at high speeds or with open sunroofs) does not lead to driver fatigue or discomfort.

5. Comparison: Aerodynamic vs. Mechanical NVH Sources

Understanding the distinction between these sources is vital for effective troubleshooting. The following comparison
matrix highlights the key differences.



Characteristic Aerodynamic NVH Mechanical NVH (Engine/Road)

Frequency Profile Primarily Broadband (High Frequency) Tonal and Harmonic (Low/Mid
Frequency)
Speed Sensitivity Increases exponentially with velocity Increases linearly or related to RPM/
(V"6 resonance) Road surface
Primary Path Airborne and Structure-borne Structure-borne (Mounts/Suspension)
(Greenhouse)
Key Components A-pillars, Mirrors, Sunroof, Underbody Tires, Bushings, Crankshaft, Gears

6. Practical Implementation: Optimizing the Mirror Housing

A common case study in full-vehicle NVH is the optimization of the side mirror. Mirrors are a primary source of
Aeolian tonesand broadband turbulence. Using CFD analysis, engineers investigate flow characteristics at three
major points: the mirror cap, the base, and the gap between the mirror and the side window.

Optimization Procedures:

* Vortex Shedding Control: Modifying the trailing edge of the mirror housing to break up large coherent
structures into smaller, less energetic eddies.

¢ A-Pillar Drainage Channels: Designing channels that manage rainwater while also minimizing the separation
of airflow that causes high-frequency "hissing" noise.

e Seal Integrity: Ensuring that the fluctuating pressures do not excite the door seals, which can lead to
"aspiration noise" where air is perceived to be leaking into the cabin.

7.Troubleshooting Common Aerodynamic NVH Issues
When unexpected noise or vibration occurs during track testing, a systematic approach is required to identify and
resolve the root cause.

Issue: High-Speed Cabin "Booming"
Potential Cause:Resonance between unsteady aerodynamic loads and the vehicle's acoustic cavity, often
triggered by a sunroof or window being partially open (Helmholtz resonance).

Solution:Implement aero-deflectors or modify the cabin's structural damping to shift the natural frequency of the
panels away from the excitation frequency.

Issue: Whistling at Specific Velocities

Potential Cause: Small gaps in the front grille or exterior trim acting as an organ pipe, creating a tonal whistle.

Solution:Use smoke visualization in a wind tunnel to identify the leakage path and apply sealing or geometric
smoothing to the trim piece.

Issue: Excessive Vibration in the Steering Column

Potential Cause:Unsteady flow over the wheel wells or underbody creating low-frequency buffeting that transmits
through the suspension.

Solution:Optimize underbody shielding and wheel arch liners to streamline flow and reduce the magnitude of the



pressure fluctuations.

8.The Future of NVH: EV Challenges and Virtual Prototyping

The transition to electric mobility has fundamentally changed the requirements for aerodynamic NVH. Without the
masking effect of the internal combustion engine, wind noise becomes significantly more noticeable at speeds as
low as 60 km/h. This has led to an increased reliance on Full Vehicle Engineering CAE, where the acoustic cavity
and the structural BIW are modeled with extreme precision.

Future trends include the integration of Artificial Intelligence (Al) for real-time aero-drag and NVH estimation. By
training neural networks on large datasets of CFD results, engineers can predict the NVH impact of design
changes in seconds rather than days. Furthermore, the use of Active Noise Cancellation (ANC)systems
specifically tuned for aerodynamic broadband noise is becoming a standard feature in premium vehicle segments.

In conclusion, the mastery of aerodynamic loads within a full-vehicle NVH analysis is no longer an optional
refinement but a core engineering necessity. By combining sophisticated CFD numerical approaches with high-
precision measurement solutions like laser vibrometry, automotive manufacturers can ensure that vehicles are not
only efficient and stable but also provide the acoustic comfort expected by modern consumers. The integration of
structural energy flow analysis and frequency response modeling allows for a holistic approach to vehicle design,
where aerodynamics and acoustics are balanced to reach the pinnacle of automotive excellence.
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