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Experiments to simulate the flow induced vibration and noise radiation from a car window are described. Two

cases are considered: flow over a backwards-facing step and flow over a half-cylinder placed on a flat plate. The

first configuration represents the flow separation and subsequent re-attachment into a turbulent boundary layer

generated by the A-pillar of a car. The second configuration is representative of the turbulent flow over a side

window produced by a car wing mirror. Measurements were carried out in an open jet anechoic wind tunnel at

the Institute of Sound and Vibration Research, where a very low noise flow of up to 40 m/s can be achieved. Wall

pressure fluctuations were measured using a streamwise array of microphones, from which the Power Spectral

Density, coherence and cross-correlation of the pressure fluctuations were obtained. The vibrational response of

the test panel was measured on a grid of points and noise radiation was measured using sound intensity mapping

and a fixed microphone in the acoustic far-field.

1 Introduction
The noise reduction achieved in cars for noise sources

such as the engine, power train and tyres, has in recent years

increased the relative importance of aerodynamic noise. Wind

noise can be perceptible for velocities of 100 km/h, and may

become dominant for velocities higher than 130 km/h. The

front side car window is positioned close to the driver’s ear

and vibrates when excited by the turbulent air flow, so it can

be considered as an important source of interior aerodynamic

noise.

Many attempts have been made to develop theoretical

models of the aerodynamic excitation using CFD (Compu-

tational Fluid Dynamics), but the complete process of sound

transmission into the car interior must also take account of

the coupling of external acoustic waves and convected pres-

sure fluctuations to the window, the dynamics of the window

and its sound radiation characteristics. It is considered that

the optimal solution to the problem of predicting the sound

radiation must be a solution that integrates empirical, exper-

imental and numerical methods [1]. Whilst there have been

a number of publications describing measurements of the

Wall Pressure Fluctuations (WPF) generated by a Turbulent

Boundary Layer (TBL), very little research has been carried

out to characterise the other factors in the sound transmission

process.

The aim of this research is to measure a high quality set

of data that can be used to validate a complete simulation of

any such model for the case of a window excited by either a

separated flow due to an upstream step or the turbulent wake

cause by a 3-D object such as a car door mirror.

2 Experiment Design
The experimental design was a challenging task. First, a

facility with low background noise is required. The acous-

tic energy present in the WPF is several orders of magni-

tude lower than the energy in the TBL, so acoustic com-

ponents could easily be masked by background noise. The

same masking effect must be avoided during the sound ra-

diation measurements on the receiver side of the test panel.

The Institute of Sound and Vibration Research (ISVR) open

jet anechoic wind tunnel was used because it provides a high

speed flow with very low noise and low turbulence [2] in a

free field environment.

Two setups were designed to evaluate the effect of the

A-pillar and the wing mirror in the flow. The A-pillar can

be approximated as a backwards facing step, this case also

being a good benchmark experiment which has been the sub-

ject of previous work. For the wing mirror experiment a half

cylinder was placed in the flow upstream of a flat panel.

For the WPF measurements the car window was substi-

tuted by a ”rigid” 8 mm thick Perspex panel. This mini-

mized the effect of panel vibrations on the fluctuating pres-

sures measured, and it was also easy to drill the holes for the

microphone array.

For the measurements of vibration and sound radiation

of the structure a panel with similar dynamic properties to a

standard glass window is necessary in order to obtain rele-

vant data. Evaluating the dispersion curves and coincidence

frequency of a standard glass car window 4mm thick and

panels of different materials it was found that an aluminum

panel 4 mm thick provided very similar performance. Both

test panels were fixed in position by screwing them to a frame

so as to approximate an idealised zero displacement bound-

ary condition at the edges.

The test panel was surrounded by an acoustic baffle in or-

der to minimised the noise generated by flow interaction with

the edges of the panel and also diffraction of sound around

the panel. The panel and baffle were not directly connected

so as to avoid the transmission of vibration between them.

The acoustic baffle was built from a 15mm thick MDF board,

covered with a dense acoustic foam on the flow-facing side.

This isolated the structure of the baffle from both the acoustic

field and the turbulence in the flow. The acoustic baffle was

supported by stands clamped to the floor of the chamber to

stabilize the whole set-up. Figure 1 shows the front view of

the set-up built up for the step and wing mirror cases, where

the foam layer of the acoustic baffle can be appreciated (the

part of the baffle surrounded the test panel was covered with

a thin plastic layer to make it less rough).

For the microphones a small physical size was required,

to allow closely spaced measurements, and the effect of the

flow on its response had to be considered. Previous work to

characterize the dependence of the resolution of the pressure

fluctuation under a turbulent boundary layer with the size of

the microphone was done by Corcos in 1962 [3]. Subse-

quents studies revealed a clear tendency to the reduced r.m.s

value of the surface pressure with increasing diameter of the

microphone [4].

Reducing the size of microphones is difficult, and so the

alternative is to place the microphones behind small pin-holes

in the test surface. A comparison between pin-holes and flush

mounted transducers was made by Bull and Thomas [5]. This

pinhole configuration was chosen here in order to reduce the

effect of the flow on the transducer membrane, avoiding the

distortion due to excessive levels of dynamic and static pres-

sure. Figure 2 shows the details and relevant dimensions of

the set-up used.

For the measurements of the WPF an array of transduc-

ers with different separation between them is recommended
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Figure 1: General view of the experiment set-up for the step

case and the wing mirror case.

Figure 2: Sketch of the pin holes configuration used for the

electret microphones set-up.

by Bremner and Wilby in order that the desired wavenumber

components can be captured [1]. Maidanik and Jorgensen

proposed a circular platform where a stream-wise line of mi-

crophones were flush mounted. By rotating the platform us-

ing different angle steps, multiband vector-filters can be ob-

tained even in the span-wise direction [8]. This and other

arrangements were used in several other experiments by Ar-

guillat et al., Mein et al. and others [6], [9].

For the tests carried out here a number of linear arrays

were specified. One line stretches along the panel in the

streamwise direction and three lines cross the panel in the

spanwise direction. The length of the array was chosen such

that information in the recirculation area, reattachment point

and reattached area can be measured. With the design de-

tailed above the minimum achievable distance between mi-

crophones is 10 mm so the filter effect between acoustic and

convective is expected to be effective up to a maximum fre-

quency of 1120 Hz, this is for a mean flow velocity of 40

m/s to provide the minimum wavelength required in order to

avoid spatial aliasing taking into account that the minimum

wavelength has to be greater than 2.5 times the distance be-

tween microphones. For the acoustic excitation lower spatial

resolution is necessary. Calculations were done using Eq. (1)

and Eq. (2) where Uc is the convective velocity and λmin is

the minimum wavelength required

Uc � 0.7 × U∞ (1)

fmax =
Uc

2.5 × λmin
(2)

The final design of the array comprised a streamwise line

of 75 electret microphones covering the whole length of the

panel and three spanwise line arrays at distances of 20 cm,

40 cm and 70 cm from the upstream edge of the panel. The

distance between adjacent pinholes is 10 mm.

The calibration of the electret microphones in the array

was done by measuring the Frequency Response Function

(FRF) between a Gras condenser microphone used as refer-

ence and each electret. A broadband noise was generated by

a sound source approximately 2m from the array and the ref-

erence microphone was positioned adjacent to each electret

microphone in turn. In order to calibrate not only the micro-

phone but also the effect of the pin-hole set-up the calibration

was done with the electret microphones mounted insitu.

3 Postprocessing and Results
The PSD of the WPF was calculated using Welch’s method

that gives the average PSD from the Fourier transform of the

truncated function xT (t). Eq. (3) and Eq. (4) considers a sig-

nal of length T segmented into q time slices each of them of

time Tr (without overlap)

Ŝ xxi ( f ) =
1

Tr
|X∗Tri

( f )|2 (3)

S̃ xx( f ) =
1

q

q∑
i=1

Ŝ xxi ( f ) (4)

Figure 3 shows the basic similarity of the PSD for the

step and half cylinder cases, though the latter has less low

frequency energy and more high frequency energy.

Figure 3: Comparison of the spatial average PSD for the

step case and the half cylinder case.

The coherence between different microphones was calcu-

lated according to Eq. (5)

Cxy( f ) =
|S xy( f )|2

S xx( f )S yy( f )
(5)

In this case, signals that were recorded inside the same

eddy are expected to be correlated and in consequence the
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coherence will be high. If the two microphones are not in-

side the same eddy then the coherence will be low. Results

obtained for coherence evaluated between the position 58 of

the streamwise array and positions 59 to 65 are shown in Fig-

ure 4

Figure 4: Coherence for the array positions 58 to 65 in the

streamwise direction taking microphone number58 as

reference, step case.

As expected, the larger the distance between microphones

the lower the coherence. Also, a decrease of coherence with

increasing frequency is apparent. If the frequency is related

with the wavenumber by Uc = k/ω and the wavenumber

is expressed by means its relationship with the wavelength

k = 2π/λ it can be seen how with increasing frequency the

length scale of the eddies is reduced. When the length scale

is smaller than the distance between two microphones then

the coherence between them will be low.

Values of coherence of 0.1 and 0.3 were chosen so for

each microphone the particular frequency where these val-

ues of coherence were reached were selected. The results

obtained are show in Figure 5 for d equals to the distance

between microphones (1 cm). It can be seen how the coher-

ence decay is faster when the distance between microphones

is bigger.

Figure 5: Spatial coherence decay for microphones number

58 to 65 for values of coherence of 0.1 and 0.3 for the step

case.

Delays on the arrival of the propagating eddies at different

microphones compared with a reference microphones were

obtained using the cross correlation function expressed by

Eq. (6)

R̂xy(m) =

{ ∑N−m−1
n=0 xn+my∗n m ≥ 0

R̂∗yx(−m) m < 0
(6)

In non-uniform flow the eddies propagate downstream at

a convected speed Uc which is less than the free stream ve-

locity. By means of the cross-correlation function the de-

lay between the arrival of the propagating eddy at two differ-

ent microphones can be detected and from that the convected

speed can be calculated. Figure 6 shows the results obtained

for the step case taking position 58 of the streamwise array

as a reference and evaluation the crosscorrelation between it

and positions 59 to 65.

Figure 6: Delay between the microphone number 58 and

microphones number 59 to 65 in the arrival of the convected

eddies.

The x-axis shows the time lag (in terms of sample num-

ber) between the signals. The maximum value of the cross-

correlation function corresponds to the lag in the eddy arrival

time between the reference microphone and the other micro-

phones evaluated. Then, the number of samples can be con-

verted to time delay by means of equation Eq. (7) where fs

is the sampling frequency used for the data acquisition. The

convective speed can then be calculated from the time delay

by using equation Eq. (8) where d is the distance between

microphones.

tdelay = lag/ fs (7)

Uc = d/tdelay (8)

The convective speed of the propagating eddies in differ-

ent sections of the streamwise microphone array are gath-

ered in Table 1 for the step and half cylinder cases. For the

step case the convective speed increases with distance from

the step as the flow is decelerated by the flow separation and

reattachment process, then increases again after the reattach-

ment. The same effect is observed for the half cylinder case

but this time, for positions close to the obstacle, the convec-

tive speed has a negative sign possibly indicating that the re-

circulating flow is propagating upstream.

The flow induced vibration response of the panel was

measured in a grid of 24 points covering the whole panel

using a roving accelerometer. Repeatability of the measured

data was ensured by using a fixed accelerometer as a ref-

erence. Figure 7 shows the response at the 24 points, and

also the spatial average of those points. The noticeable peaks

that appear in the panel vibration response correspond to the

panel modes of vibration being excited by the turbulent flow.

The high vibration at very low frequencies is partly due to

vibration of the acoustic baffle which was not fully isolated

from the test panel in that range.

The sound intensity radiated by the panel was measured

by a Microflown p-u intensity probe using the scanning method
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Table 1: Propagation speed of the convected eddies in

different regions of the microphone array.

Microphones

Uc(m/s)

Step Half Cylinder

1 vs 8 34.3 -10.2

9 vs 16 23.4 -3.7

17 vs 24 24.1 17.2

25 vs 32 24.5 18.3

33 vs 40 24.9 18.6

41 vs 49 25.6 19.3

50 vs 57 27.8 20.7

58 vs 65 28 21.1

66 vs 73 29 21.9

Figure 7: Mean squared acceleration for the 24 points of

measurement and spatial average.

called Scan and Paint. First analysis of the measured data

showed that sound was leaking through the seal between the

test panel and the acoustic baffle. Foam lined barrier mate-

rial was placed behind these leaks to reduce their effect so

the sound radiated by the panel alone could be characterised.

A scan of the whole baffle also enabled other weaknesses to

be identified. Some low frequency noise from the trailing

edge of the baffle still masked the panel noise below 100 Hz

but its effect was negligible above this frequency. Figure 8

shows the sound intensity map of the whole structure in the

frequency range between 200 Hz and 2 kHz.

The Sound Pressure Level (SPL) radiated by the panel

was measured by placing a free-field condenser microphone

at a distance of 0.4 m from the panel, simulating the distance

between the car window and the driver’s ear. Figure 9 shows

the SPL radiated by the panel for the step case and the ’back-

ground noise’ measured with the panel flush mounted with

the acoustic baffle (i.e. the noise of the smooth flow TBL is

still contributing here). The effect of the step is to increase

the noise level by 3 dB across most of the spectrum.

Taking into account that the frequency range chosen is

Figure 8: Sound intensity map of the test panel and acoustic

baffle in the frequency range between 200 and 2000 Hz for

the half cylinder case.

Figure 9: Background noise versus SPLradiated by the

panel at 0.4 m from the panel, step case.

above the frequency of the plate’s first mode of vibration,

and also below the critical frequency of the plate at which the

radiation efficiency reaches a peak, the noise radiation in this

frequency range is expected to be dominated by the corners

and edges of the panel. The results shows in Figure 10 are

thus in general agreement expectations.

Figure 10: Radiation efficiency in octave bands for the half

cylinder case.

The radiation efficiency shown in the previous graph was

obtained from the sound power radiated by the panel using

Eq. (9) where σ is the radiation efficiency, ρ is the air density,

c0 is the speed of sound and v2 is the panel surface-average

mean squared speed measured by the sound intensity probe

in the panel near field.

σ =
Wrad
ρc0S v2

(9)

Figure 11 shows the sound power calculated from the
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near-field sound intensity measurements.

Figure 11: Sound Power level radiated by the panel for the

half cylinder case.

4 Conclusion
An experiment to validate a complete aero-vibroacoustic

numerical solution for the transmission of flow induced noise

of a car window was designed and executed. Two cases were

studied: flow over a backward facing step exciting a panel

and flow over a half cylinder exciting a panel. The data gath-

ered include the distribution of the wall pressure fluctuations

(WPF) over the panel, the vibration response and the sound

radiation in the near- and far-field.

Preprocessing of the data showed that a good set of data

was obtained. The ISVR open jet anechoic wind tunnel pro-

vided a smooth flow with low noise and low turbulence mak-

ing it possible to achieve the necessary signal to noise ratio.

Every part of the experiment was carefully designed: The

choice of the microphone array to allow the measurement of

the WPF without distortion, with the possibility to spatially

filter acoustic and convective excitation below 1120 Hz; The

test panel and acoustic baffle were uncoupled to minimise

the effect of the baffle vibration response on the test panel.

Leakages and weakness in the sound transmission loss of the

panel and baffle were detected using sound intensity tech-

niques and corrected using barrier materials.

The WPF results show similar PSDs for the step and half

cylinder case but with higher energy in the last case for fre-

quencies above the vortex shedding frequency. Coherence

between microphones shows a decay with increasing dis-

tance and frequency as expected. The convective speed of

the propagating eddies was calculating using crosscorrela-

tion between microphones showing an increase of the speed

with distance downstream of the step, and probably a recir-

culation region close to the half cylinder. Vibration response

measured in a grid of 24 points over a aluminum panel shows

the panel modes excited by the pressure fluctuations. Near

field sound intensity mapping shows a higher radiation com-

ing form the edges and corners of the panel in clear agree-

ment with the expected theoretical results. Moreover, the

sound power radiated by the panel was calculated.

Further analysis is proceeding to obtain the decomposi-

tion of the acoustic and convective energy of the WPF in the

wavenumber-frequency domain and linking the PSD of the

WPF with the flow induced panel vibration response and the

consequent sound radiation.
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