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Abstract: Under specific driving conditions, the airflow passing through the
vehicle's side mirrors can generate high-frequency noise with narrowband
frequency characteristics, commonly referred to as whistling. The causes of
whistling are multifaceted and include factors such as gaps, shape, and periodic
airflow motion. Different mechanisms of whistling generation necessitate distinct
solutions. In this paper, whistling was detected during subjective evaluation in the
wind tunnel. Through wind tunnel testing and acoustic array analysis, the
frequency of the whistling was identified, and the airflow velocity and yaw angle
were determined. Subsequently, numerical analysis of the wall-bounded airflow
near the side mirrors was conducted using a transitional transport function
incorporating intermittency and momentum thickness Reynolds number
corrections. The analysis revealed that the separation and reattachment of the
laminar boundary layer led to localized turbulence enhancement, which was
identified as the cause of whistling. Based on these findings, two optimization
schemes for promoting early transition of the laminar flow were proposed and
validated through simulations. The simulation results demonstrated that designs
incorporating steps or modifications to surface roughness could effectively
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prevent the separation of the laminar boundary layer, thereby eliminating the
generation of whistling. Moreover, the simulation results were found to be
consistent with the experimental findings. This study not only elucidated the
mechanism of whistling generation due to the shape of the side mirrors but also
provided a theoretical basis and technical support for the design optimization of
vehicle side mirrors.

1 Intruduction

As a complex mechanical system, a vehicle generates noise from multiple sources.
While traditional automotive noise arises from the powertrain, tires, and aerodynamic
effects, wind noise has become increasingly dominant, particularly with the growing
use of high-speed urban roads and electric vehicles. The absence of engine noise in
electric vehicles further amplifies the perception of wind-induced sound, making
aerodynamic noise control a critical factor in enhancing in-cabin sound quality. Wind
noise control typically involves three main strategies: leakage sealing, acoustic
package design, and aerodynamic shape optimization. Leakage control focuses on
sealing elements like glass and door seals; acoustic packages address broadband
insulation, especially across firewall and floor panels. In contrast, aerodynamic shape
design targets unsteady flow phenomena around exterior features-most notably the A-
pillar and rearview mirror, which are known contributors to wind noise. Among these,
the rearview mirror is particularly sensitive due to its protruding geometry. Unlike
sealing and acoustic strategies, mirror-induced whistling noise lacks a well-
established theoretical framework. Whistling is often triggered by shear flow
instabilities when the flow reaches a critical velocity. Chanaud!!! classified flow-
induced feedback mechanisms into three types: Type I involves purely hydrodynamic
feedback from vortex shedding; Type II includes near-field acoustic feedback; and
Type III covers far-field acoustic feedback, such as cavity resonance. Rearview mirror
whistling is generally associated with Type II or III, due to its coupling of flow and
sound. Although aerodynamic noise has been widely studied, mirror-specific
whistling research remains limited. Prior works have examined general flow
instabilities. Hucho!?! discussed some fundamental mechanisms of fluid, but this is
usually limited to the development of laminar and turbulent boundary layers on flat
plates or general shapes (airfoils or cylinders). Lucas believes that the basic
excitation mechanisms of whistling are mainly divided into mixing layers, jets, wakes,
vortices, and cavities. Yang!*! analyzed the feedback mechanism and considered that
the characteristic steps of feedback are the process of vortex generation, vortex
shedding, aerodynamic noise generation, vortex regeneration, re-shedding, and
aerodynamic noise regeneration. Vaik>%! studied an edge-tone configuration, which
consists of a planar free jet impinging on a wedge-shaped object. They conducted a
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parametric study on the velocity profiles of different types of jets by changing the
average exit velocity of the jet and the distance from the nozzle to the wedge
configuration, and proposed a set of formulas for predicting the frequency of edge
tones. Sun!’! investigated the flow instability of a two-dimensional open cavity by
varying the free-stream Mach number from 0.1 to 1.6 and provided stability curves
over a wide range of Mach and Reynolds numbers. Yamouni'®! conducted a global
stability analysis of open cavities, explaining that under incompressible conditions
(Ma<0.3), the flow is affected by global instabilities due to the Kelvin-Helmholtz
effect in the shear layer and, this instability is intensified by fluid dynamic pressure
feedback. Under compressible conditions, as the Mach number decreases, all unstable
global modes gradually transition to incompressible (Ma>0.3) shear layer modes.
Lounsberry® experimentally studied the fluid changes in the laminar separation
region on the rearview mirror housing. The boundary layer starts as laminar and then
transitions to turbulent, and attempts were made to induce turbulence in the boundary
layer early to eliminate whistling. Huang Lina!'” used the oil flow method in wind
tunnel tests to observe the flow state on the vehicle's longitudinal symmetry plane and
the side window position of the rearview mirror, but did not observe and analyze the
flow phenomena on the surface of the rearview mirror. Guan Peng et al.'! analyzed
and optimized whistling and broadband noise through a combination of simulation
and experiments, but did not find a specific method for analyzing rearview mirror
whistling. Jiang Zuxiao et al.['?! measured the aerodynamic noise characteristics in the
rearview mirror wake region through wind tunnel tests, analyzed the noise
performance of the rearview mirror at different vehicle speeds, and solved the
rearview mirror whistling problem through experimental research. Wu Haibo et al.['*]
used a new transition model to simulate the fluid changes in the laminar boundary
layer on the rearview mirror surface and validated the effectiveness of the method
through wind tunnel tests. However, none of the above studies have provided a
comprehensive explanation of the rearview mirror shape whistling problem.

In this study, wind tunnel experiments on a clay prototype vehicle revealed a whistling
phenomenon at specific flow speeds and yaw angles. Acoustic arrays were used to
localize the sound source and identify its narrowband frequency. The cause was traced
to geometric features of the rearview mirror. A numerical simulation using the Local
Correlation-based Transition Model (LCTM) was conducted to analyze shear stress,
momentum thickness, and turbulent kinetic energy near the mirror surface. The results
showed that laminar boundary layer separation and reattachment led to localized
turbulence amplification, which triggered the whistling. Based on the findings, two
design strategies-introducing a step and modifying surface roughness-were proposed
to promote early transition and prevent separation. Wind tunnel validation confirmed
the effectiveness of these solutions, providing practical guidance for the aerodynamic
design of noise-optimized rearview mirror.
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2 Problem identification and diagnosis

2.1 Problem identification

2.1.1 Test facility

The experimental tests were conducted at the Full-Scale Aeroacoustic Wind Tunnel
of the Shanghai Ground Transportation Wind Tunnel Center, Tongji University. This
facility is a 3/4 open-return wind tunnel with three open sides at the nozzle and one
side connected to the ground. During testing, the prototype vehicle was fixed at the
center of the turntable located on the wind tunnel balance platform. For this study,
both the boundary layer suction system and the moving ground belt were deactivated
during operation, as per standard acoustic testing protocols!!#!.

2.1.2 Subjective and Objective Evaluation

The evaluation was divided into two parts: subjective assessment and objective testing.
Subjective evaluation focused on the overall perception of the external acoustic field
in the wind tunnel under different speeds and yaw angles. Objective testing included
external field measurements and acoustic imaging to verify the presence and
characteristics of aerodynamic noise.

Based on the known generation and propagation mechanisms of aerodynamic noise,
the tests considered the following key factors:

(1) Aerodynamic noise becomes dominant at high speeds, typically above 100 km/h.

(2) Crosswind conditions not only affect driving stability but also significantly
influence wind noise characteristics. Therefore, yaw angles were introduced during
the tests.

Accordingly, the subjective evaluation was conducted at speeds between 100 km/h
and 140 km/h and yaw angles of £5° and +10°. During evaluation, a distinct whistling
noise was audibly detected on the right-hand side of the vehicle exterior when the yaw
angle was -5° and the wind speed approached 125 km/h.

To confirm the existence of the whistling noise, objective testing was conducted. The
center of the balance turntable was defined as the origin (0, 0, 0), with a diameter of
11 m. The X-axis pointed from the nozzle toward the collector, while the Y-axis was
perpendicular to it. Two free-field microphones were placed symmetrically at a height
of 1.2 m from the ground, located at coordinates (0, £6 m, 1.2 m), as illustrated in
Figure 1.
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Figure 1: Schematic diagram of the test setup

The data acquisition period was 10 seconds, and the frequency range for noise analysis
was 500-10,000 Hz. The FFT results are shown in Figure2.
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Figure 2: SPL results from external flow-field microphones

As shown in Figure 2, the sound pressure level (SPL) on the vehicle’s right-hand side
generally decreases with increasing frequency. However, a narrowband peak is
observed at 6668 Hz, where the right-side SPL is 8.3 dB(A) higher than the left side.
This result aligns with the subjective evaluation, confirming the presence of a
whistling noise originating from the vehicle's right-side exterior flow field.

2.2 Diagnostic Process

Whistling noise can originate from various aerodynamic sources, including gap-
induced whistling, geometry-induced resonance, and periodic flow instabilities. To
identify the precise source and location of the noise, multiple experimental techniques
were employed within the wind tunnel.
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2.2.1 Acoustic Array Testing

An acoustic array is a visual-acoustic measurement system composed of multiple
synchronized microphones, as illustrated in Figure 3. It can generate acoustic images
or animations to help localize and characterize noise sources. In this study, a 120-
channel spiral microphone array was positioned on the right-hand side of the test
vehicle, carefully placed outside the influence of high-speed airflow.

Targeted acoustic imaging and scanning were performed for key regions including the
front grille, front wheels, and rearview mirror. The objective was to identify the spatial
distribution of aerodynamic noise across these areas.
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Figure 3: Acoustic array test setup Figure 4: Acoustic imaging result from
microphone array

The measurement results from the acoustic array are shown in Figure 4. A clear tonal
peak was observed in the frequency band between 6149 Hz and 7095 Hz, consistent
with the previously identified peak at 6668 Hz from the external field SPL
measurements. These findings strongly confirm that the whistling noise originates
from the rearview mirror region.

2.2.2 Source Confirmation of Whistling Noise

Following the acoustic array localization, the rearview mirror was confirmed as the
origin of the whistling noise. However, the exact noise generation mechanism
remained unclear. Based on structural analysis, two possible mechanisms were
hypothesized: gap-induced whistling and geometry-induced resonance. To eliminate
the first possibility, all gaps on the mirror surface were sealed with adhesive tape to
block airflow entering internal cavities. After sealing, the whistling noise persisted
during testing. Therefore, the source was attributed to an unfavorable surface
geometry, suggesting that the noise was primarily caused by geometry-induced
whistling.
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3 Analysis of Underlying Mechanism

3.1 Linear Stability Theory

Boundary layer disturbances are inherently complex, and the transition from laminar
to turbulent flow remains a key topic in fluid dynamics. Among various predictive
models, linear stability theory (LST) is one of the most widely used. LST assumes
that disturbances superimpose linearly on a steady base flow and that their amplitudes
are sufficiently small not to affect the mean flow. Under this framework, the flow can
be decomposed into a base state and small-amplitude perturbations, often expressed
as temporal or spatial waves. By examining the growth rate of these disturbances, LST
provides a theoretical means to predict flow instability onset conditions!>].

Although LST cannot fully describe the physical mechanisms of transition or predict
nonlinear developments, it remains a powerful tool in understanding early-stage
instability and guiding flow control strategies. It has also helped researchers analyze
natural and bypass transition processes by capturing the evolution of Tollmien—
Schlichting (T-S) waves and their interaction with vortical structures!'®),

3.2 Tollmien=Schlichting (T-S) Waves

According to Chanaud’s classification of whistling mechanisms, the rearview mirror
noise can be attributed to a Type II feedback loop. This involves laminar boundary
layer instabilities triggered by external disturbances, which manifest initially as two-
dimensional T-S waves. These waves propagate along the surface, gradually evolving
into three-dimensional structures, inducing low-amplitude pressure fluctuations while
the flow remains nominally laminar.

As disturbances amplify, secondary instabilities emerge, generating turbulent patches
and localized noise radiation. Part of the acoustic energy feeds back into the upstream
flow, promoting earlier transition to turbulence near the mirror front. The resulting
turbulence further energizes the feedback loop, forming a self-sustained T-S cycle that
leads to discrete tonal peaks in the sound spectrum——characteristic of aerodynamic
whistling consistent with Type II resonance.

This phenomenon, first hypothesized by Prandtl and later formalized by Tollmien and
Schlichting!!”!, forms a natural instability pathway in low-turbulence environments.
In particular, laminar separation bubbles provide a fertile ground for T-S wave
amplification, with separation and reattachment enhancing the flow’s receptivity to
acoustic excitation. Such feedback between unstable shear layers and surface
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geometry drives the sustained tonal noise observed in this study.

The interaction between weak acoustic perturbations and transitional shear layers not
only underscores the sensitivity of the boundary layer to external forcing but also
demonstrates how seemingly minor acoustic energy can reinforce turbulence. This
feedback loop offers critical insight into the physical mechanism behind mirror-
induced whistling and supports the use of T-S wave theory in aerodynamic noise
diagnostics.

4 Numerical Analysis

In aerodynamics, transition is typically the result of flow instability, where small
disturbances grow exponentially and ultimately trigger nonlinear breakdown into
turbulence. One key mechanism is separation-induced transition, in which a laminar
boundary layer separates under an adverse pressure gradient. Transition then develops
within the detached shear layer, and the now-turbulent boundary layer may reattach
under a strong favorable pressure gradient.

In this study, a transition model based on turbulence modeling was applied—
specifically, the Local Correlation-based Transition Model (LCTM). The LCTM is a
transport-equation-based model that relies exclusively on local flow variables,
enabling efficient and practical integration into Reynolds-Averaged Navier—Stokes
(RANS) simulations. It is particularly well-suited for predicting transitional flows
where laminar regions exist within a predominantly turbulent boundary layer, as is
common in aerodynamic whistling problems.

4.1 y — RegTransition Model

The LCTM adopted in this study is based on the two-equation correlation-based
transition model developed by Menter et all'®'). This hybrid model retains the
original turbulence model formulation near the wall and modifies it in the outer
boundary layer to account for transition onset and progression. The governing
transport equations for intermittency (y) are expressed as:

2(px)
%+V'(pUK)=V'<(M+Z—;)VK>+PK—DK (1)

9(pw) . —v. He Yp _ 2
o TV (pUw) =V <(M+UK)V(1)>+WP,C Bpw* +...
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The terms, P.and D, in the model represent the production and dissipation of
turbulent kinetic energy. p denotes the fluid density. U is the velocity field. p, is
the turbulent viscosity. w 1is the specific dissipation rate of turbulence.

The baseline turbulence model is inherently suitable for fully turbulent boundary
layers. However, to accurately simulate laminar boundary layers and transitional
regions, modifications to the production and dissipation terms of turbulent kinetic
energy are required. For this purpose, a variable known as turbulence intermittency
(v) is introduced, which represents the time-averaged fraction of turbulent fluctuations
within the boundary layer.

a(py) U, U
— TV -(pUy) =V ((u+a—i)V)/)+Py—Dy (3)
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The terms , P.and D, in the model represent the production and dissipation of

turbulent kinetic energy. p denotes the fluid density. U is the velocity field. p, is
the turbulent viscosity. w is the specific dissipation rate of turbulence.

The baseline turbulence model is inherently suitable for fully turbulent boundary
layers. However, to accurately simulate laminar boundary layers and transitional
regions, modifications tu the production and dissipation terms of turbulent kinetic
energy are required. For this purpose, a variable known as turbulence intermittency
(y) is introduced, which represents the time-averaged fraction of turbulent fluctuations
within the boundary layer. Thr transport equation for intermittency is expressed as:

7]
%+v-(pw)=v-<(ﬂ+g—;)Vy>+Py—Dy (3)

The production term of turbulence intermittency y governs the length and onset of
the transition region P, . It is defined as:

Py = FlengthcalpS(VFonset)o's(1 - Cel)/) (4)

Here, S is the local strain rate magnitude. Fiengen is @ non-dimensional function
controlling the length of the transition region. F,,s.; 1s another non-dimensional
function used to control the onset location of transition. Both of them are non-
dimensional functions used to control the intermittency transport equation within the
boundary layer. They modulate the growth and onset of intermittency based on local
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flow conditions. The destruction or relaminarization source term in the intermittency
equation is defined as:

Dy = co2pQY Feyrp (Ce2y — 1) (5)

Here, Q represents the vorticity magnitude, which serves to prevent the destruction
of intermittency in the freestream caused by high strain rates. The model constant:

Cq1 = 2.0, ¢4y = 0.06, It controls the strength of the destruction term and ensures

that the entire term remains less than the turbulent Prandtl number c,; = 1.0, ¢, =
50.0. It sets the lower bound of intermittency, and a threshold value of 50 is
sufficiently low to preserve laminar flow in the boundary layer. F,,.,It is used to
deactivate the destruction term in fully turbulent regions!'®!.

4.2 Numerical Simulation Model

To reproduce the whistling caused by the rearview mirror geometry, a simplified
vehicle model was constructed. Non-critical features such as the front grille,
underbody, and minor grooves were sealed to reduce computational cost. Key flow-
affecting elements—such as the A-pillar, windshield, and detailed mirror geometry
(gaps, steps)—were retained. A half-car model was used based on wind tunnel
observations indicating whistling on the right side. The computational domain was
defined with the inlet placed 4 car lengths ahead of the front, the outlet 8 car lengths
downstream, lateral boundaries 5 car widths from the side, and the top boundary 8 car
heights above the roof. The setup is shown in Figure 5, and boundary conditions are
listed in Table 1. According to wind tunnel data, the inlet velocity was set to 125 km/h,
and the outlet pressure was set to 0 Pa.

Symmetry boundary condition

Pressure outlet

Velocity inlet

Ground

Figure 5. Computational domain of the numerical simulation model.

Table 1. Boundary conditions of the numerical simulation model.

Boundary Type Rematks
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Inlet Velocity inlet 145km/h, non-reflecting

Outlet Pressure outlet 0 Pa, non-reflecting
Symmetry

Side boundary slide
condition

Table 2 summarizes the numerical discretization schemes used in the simulation.
Table 2. Discretization schemes employed in the CFD simulation.

Equations Scheme
interpolationSchemes linear
snGradSchmes limited corrected 0.33
gradSchemes cellLmited Gauss linear 1

div( phi, U):bounded Gauss
divSchemes linearUpwindV grad(U)

bounded Gauss upwind
Gauss linear limited corrected

laplacianSchemes 0.33

To accurately capture the flow near the rearview mirror, local mesh refinement was
applied to critical components including the mirror body, A-pillar, and windshield.
Table 3 presents the mesh parameters used. The maximum surface mesh size in the
computational domain was set to 512 mm. A total of 12 prism layers were generated
near walls to resolve boundary layers, with the first-layer height of 0.01 mm and a
growth rate of 1.2.

Table 3. Mesh parameters of the simulation model.

Main parameters

Min_0.25
Rearview mirror H2OMM Bont side window glass 1mm
Max_0.5mm
A/B pillars & rain strips ~ 1mm Rear window glass 2mm
Windshield 8mm Remaining areas 20mm

To better capture the whistle-generating flow near the side mirror, the mesh around
the mirror was refined with 15 boundary layer layers, starting from a first-layer height
of 5e-6 m and a growth rate of 1.3. A local refinement zone of 4 mm was also added
near the mirror.

4.3 Flow Field Analysis
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Using the LCTM transition model, simulations were conducted under a 125 km/h inlet
velocity and a yaw angle of -5 degree, with 5000 steady-state iterations. Flow
characteristics near the side mirror were evaluated via wall shear stress, momentum
thickness, and turbulent kinetic energy (TKE) to assess the potential for tonal noise
generation.

4.3.1 Wall Shear Stress

Figure 8 presents the surface velocity contour around the side mirror. As shown in the
red-circled region, there is a notable reversal in wall shear stress direction (from
negative to positive), indicating a progressive deceleration of near-wall airflow,
potentially down to zero velocity- as further illustrated in the velocity field in Figure
7. This variation in velocity results in a local increase in wall shear stress, suggesting
that intermittency in the laminar boundary layer is beginning to rise in this area.

Figure 6. Wall Shear Stress Figure 7. Surface Velocity
4.3.2 Momentum Thickness

As shown in Figure 8, the momentum thickness decreases after initially increasing,
indicating a transition from laminar to turbulent boundary layer. The enhanced
momentum mixing due to velocity fluctuations in the turbulent layer leads to an
increase in momentum thickness. In other words, the variation in momentum
thickness reflects the occurrence of boundary layer separation. Momentum thickness

is closely related to surface drag. According to the von Karman integral relation, its

rate of change is directly linked to wall shear stress-consistent with the changes
observed in shear stress in Figure 6. Furthermore, Figure 7 shows a sequence of
thickening followed by thinning of the momentum thickness. This trend confirms that
increased momentum loss within the boundary layer causes separation, which
significantly raises drag and reduces flow efficiency. When flow velocity drops to zero,
momentum thickness reaches its maximum. However, as turbulence intensity and
momentum transfer improve, the flow reattaches to the mirror surface. This also
suggests that the intermittency criterion within the governing function is no longer
satisfied-intermittency gradually returns to zero, deactivating Equation (4), allowing
the boundary layer to thin out and re-laminarization.
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Figure 8. Momentum Thickness
4.3.3 Turbulent Kinetic Energy

TKE influences eddy viscosity and boundary layer stability, directly impacting
transition onset and extent. According to Eq. (4), its distribution is critical for
transition prediction. The adopted transition model incorporates separation-induced
correction terms to better capture TKE evolution near the mirror.

TKE distribution indicates weak turbulence on the mirror surface, suggesting possible
transition or laminar separation. The low TKE levels imply the boundary layer

remains largely laminar, with instabilities likely triggered by T-S waves. Combined

with the momentum thickness variations in Figure 7, the flow is inferred to separate
and reattach, enhancing turbulence and pressure fluctuations. This behavior is
consistent with the generation of tonal noise and potential acoustic feedback.

Figure 8. Turbulent Kinetic Energy

5 Optimization

Two mirror modification strategies were proposed to suppress tonal noise: (a)
introducing a surface step to trigger early transition, preventing laminar separation;
and (b) increasing surface roughness to promote flow attachment and reduce
sensitivity to small disturbances. The modified areas are indicated by green lines in
Figure 9.
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(a) Step Addition Design (b) Rough Surface Design

Figure 9 Modified Mirror Configurations
To verify the effectiveness of both designs, wind tunnel tests were conducted. As
shown in Figure 10, neither modified mirror exhibited tonal noise, confirming the
suppression of shape-induced whistling.
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Figure 12 Wind Tunnel Test Results at 140 km/h and -5° Yaw
Based on the previous analysis, numerical simulations were conducted under the test
condition of 140 km/h and -5 degree yaw. Flow field results confirmed the role and
variation of key parameters during the laminar-to-turbulent transition, offering a
predictive approach for early-stage design against tonal noise.

6 Conclusion

This study identified tonal noise issues around the vehicle's side mirror using wind
tunnel experiments and investigated the underlying mechanisms via the LCTM
transition model. The main conclusions are as follows:

(1) Whistling Identification:

Wind tunnel testing revealed that at 140 km/h and -5degree yaw, the SPL at 6668 Hz
was significantly higher than adjacent frequencies, with a peak difference of
8.3 dB(A), confirming the presence of tonal noise on the right side-consistent with
subjective evaluation.

(2) Mechanism Determination:
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Simulations using the LCTM model analyzed wall shear stress, momentum thickness,
and turbulent kinetic energy. Results indicated that the primary cause of mirror-
induced tonal noise was laminar boundary layer separation and subsequent
reattachment on the mirror surface.

(3) Design Optimization:

Two mirror design optimizations were proposed. Adding a step to promote early
laminar-to-turbulent transition. Introducing surface roughness via an L-shaped feature
to trigger transition. Both approaches were validated by wind tunnel tests to
effectively eliminate tonal noise.

(4) Engineering Implications:

The combined use of simulation and experimental validation effectively resolved the
mirror tonal noise issue. This approach is particularly suitable for early-stage vehicle
development. Given the diversity of tonal noise types and mechanisms in vehicle
design, future work can explore advanced simulation techniques and optimization
algorithms to further refine prediction accuracy and coverage.
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