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Abstract

Experiments were performed in order to investigate the vibration response and the sound radiation of a
viscoelastically supported, rectangular aluminum plate excited by turbulent flows. The primary goal of this
investigation was to assess the influence of seal mechanical properties and geometries on the noise
generated from side-glass windows in road vehicles. The modal properties of seal-supported plates were
determined in the experiments. Measurements of surface wall pressure fields were performed using small-
diameter condenser microphones. Two different types of turbulent flow excitation and two different types
of sealing systems used as supports of the plate were investigated. The measured results were in good
agreement with predictions from an analytical model described in previous publications. The study
confirms the postulated mechanism for vibration energy dissipation at the boundary, the reduction in
amplitude of the plate vibration at resonance, and the reduction of the associated radiated sound.
r 2003 Elsevier Ltd. All rights reserved.

1. Introduction

Aerodynamic noise is an important source of interior noise in road vehicles [1]. The front
windows are located near driver and front passenger ears, and the sound radiated from the front
window panels is thus considered a primary source of aerodynamic broadband noise [2,3],
although other flow-excited structural elements are also believed to contribute [4]. The study of
aerodynamic noise generated from flow-excited structures involves the investigation of the wall
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pressure fluctuations on the structure, the structural vibrations excited by the surface pressure
field, and finally the sound radiated from the vibration of the structure. The direct radiation of
sound from the unsteady pressure field will be neglected in the following.
The dynamic pressure fluctuations generated by the interaction of unsteady or turbulent flows

with flexible structures have received a considerable amount of attention [5]. Velocity fluctuations
within the turbulent boundary layers contribute to the wall pressures on the structure. Due to the
complex nature of the turbulent flow, statistical descriptions of the wall pressure fields are widely
used.
When the surfaces of the structure are irregular, the turbulence intensity of the grazing flows is

significantly increased relative to flows grazing over smooth and flat surfaces. Farabee and
Casarella [6,7] conducted experiments for two different types of irregularities: backward facing
and forward facing step flows in a low noise wind tunnel. The flow reattachment zone was
revealed as a source of large amplitude, low-frequency fluctuations.
Strawderman and Brand [8] used the cross-power spectral density of wall pressure fluctuations

to study the structural response of simply supported rectangular plates. The Corcos wall pressure
model [9] was used. The plate response was calculated using a modal expansion method. Han et al.
[10] measured the wall pressure spectrum over a flat plate in a quiet wind tunnel facility and used
the energy flow analysis (EFA) method to predict the flow-induced vibration response. The
Corcos model [9] was used for the regions under separated or reattached flows. The EFA method
was found to yield approximate predictions of the frequency-averaged transverse velocity
response of flow-excited plates at high frequencies.
Until now, there have been few investigations on flow-induced vibrations of plates with

arbitrary boundary conditions. Most studies of flow-induced vibrations of plates have been
devoted to simply supported, clamped, or free rectangular plates because of their practical
importance. The influence of the dynamic mechanical properties of the elements supporting the
plate was investigated analytically in Ref. [11]. The Rayleigh–Ritz method was used using beam
functions as the trial functions. Theoretical methods to calculate the optimal support stiffness
were presented in Ref. [12]. It was found that the modal response is strongly regulated by the
energy dissipation at the edges, which determined the amplitudes of the spatially averaged
vibration response and the radiated sound power.
In this study, the physical parameters influencing the vehicle interior noise are measured in a

controlled laboratory set-up to investigate the noise generated from flow-induced vibration of a
viscoelastically supported plate. Especially the effects of viscoelastic supports are determined by
experiments. The measurement results verified the prediction of an analytical model presented in a
previous publication by the authors [11,12].
Specific procedures are listed in the following. Experimental modal analysis tests were

conducted to accurately measure the modal parameters of the seal-supported plate. The measured
modal parameters were used to estimate the mechanical properties of the viscoelastic seal
supports. The statistical characteristics (assumed stationary and homogeneous) of the wall
pressure field in the wind tunnel facility were measured. The pressure field was expressed by a
cross-correlation function, assuming exponential decay with position and time of frozen flow
structures convected with the mean flow. The sound power radiated from flow-induced vibration
of the rectangular plate was measured. Finally, the comparison of the results with analytical
model enhances the understanding of the wind noise generating mechanisms.
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2. Experimental apparatus

Experiments were performed using a custom-built test fixture installed in a low-speed wind
tunnel (open-circuit type), as depicted in Fig. 1. A rectangular, flat aluminum plate supported on
all four edges by a glass-run sealing system was mounted on a rigid aluminum frame connected to
a rectangular, acoustically treated enclosure. The aluminum plate was used to approximate a glass
window plate. The plate was 47 cm long, 37 cm wide and 0.34 cm thick. The frame was flush with
the wind tunnel test section floor and structurally isolated from the vibration of the wind tunnel
walls using a foamed rubber and silicone. The wind tunnel included many vibration isolation and
muffling devices. These minimized the acoustic noise in the wind tunnel test section, the
turbulence level of the inflow at the wind tunnel inlet, and the mechanical vibrations of the test
section walls. The rectangular test section measured 61� 46� 152 cm3. The maximum obtainable
flow velocity was 50.9m/s with 1% spanwise uniformity. More details of the design, construction,
and validation of the wind tunnel are given in Ref. [13].
Test fixtures for two different seal designs (a flange-mounted seal and a channel-mounted seal)

were used, as shown in Fig. 2. Both seals were made of foamed rubber and plain rubber
compounds, with a low-friction coating. The seals are representative of many seals currently used
in cars and trucks. Efforts were made to ensure a uniform support around all four edges of the
plates. The corners were cut at a 45� angle and sealed using silicone and vacuum grease.
The vibration response of the plate was measured using a scanning Polytec laser vibrometer

(Fig. 3), equipped with a controller processor model OFV-3000, a laser beam shutter model OFV-
302, and a scanning controller system model OFV-042. The laser vibrometer was suspended
vertically, 1.5m above the wind tunnel test section ceiling, which was made of 1.25 cm thick
Plexiglas for optical access. The plate velocity response was measured at 80 equally spaced points
over the plate surface. To maximize the intensity of the reflected laser beam, the plate was coated
with a mixture of paint and glass particles. The frequency range was limited to 0–1.4 kHz by the
relatively low excitation levels at high frequencies, the limited dynamic range (or amplitude
resolution) of the laser, and the reflections of the laser beam off the wind tunnel ceiling Plexiglas
panel. The sound radiated from the plate was measured using a 13mm condenser microphone
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J. Park et al. / Journal of Sound and Vibration 275 (2004) 249–265 251



ARTICLE IN PRESS

Fig. 2. Cross-section of sealing systems used in the experiments: (a) flange-mounted sealing system, (b) channel-

mounted sealing system.
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Fig. 3. Schematic of the wind tunnel test section, the laser vibrometer and the velocity measurement locations on the

plate.

J. Park et al. / Journal of Sound and Vibration 275 (2004) 249–265252



(Br .uel & Kjær Type 4189) located inside the enclosure. A four-channel data acquisition system
was used to acquire and process the data.
Measurements of the frame vibrations were performed and revealed that the top of the sound

receiving enclosure was not perfectly rigid. This resulted in a low-frequency resonance of the
frame/plate assembly in the frequency range between 30 and 70Hz. This low-frequency resonance,
which stands out in all the experimental results, involves the rigid body translation of both the
frame and the plate, and almost no relative displacement between the frame and the plate.
Therefore, this low-frequency resonance was not considered as a genuine mode of the plate. Since
the natural frequencies of this low-frequency resonance were smaller than the fundamental
frequency of the viscoelastically supported plate, the low-frequency resonance was neglected in
the following analysis.

3. Turbulent wall pressure measurements

The Corcos model was used to obtain a statistical description of the wall pressure field. The
advantage of the Corcos model is its simplicity compared to other wall pressure models. The
cross-power spectral density between the pressures measured at two points on the plate is
expressed as

#Gppðxx; xy;oÞ ¼ FpðoÞe�gx oxx=Ucj je�gy oxy=Ucj je�ioxx=Uc ; ð1Þ

where Uc is the flow convection speed, Fp is the wall pressure spectral density, xx and xy are the

separation distances, gx and gy are the decay rates, and i=
ffiffiffiffiffiffiffi
�1

p
:

To determine the parameters of the Corcos model, the wall pressure spectra over the plate were
measured. The microphone array consisted of five condenser microphones (Knowles Electronics,
Type EK-3024) mounted flush with the wind tunnel floor as shown in Fig. 4. The distance between
two adjacent microphones in the microphone array was 12.7mm. Each microphone had an
effective circular sensing diameter of 1.37mm. The microphones were calibrated by comparison to
a 13mm condenser microphone (Br .uel & Kjær Type 4189) using an intensity calibrator (Br .uel &
Kjær 3541 sound intensity calibrator).
Fences were installed upstream of the test plate in order to increase the surface pressure level

(Figs. 1 and 4). The enhanced excitation level increased the sound radiated from the plate into the
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enclosure relative to other noise sources, including the sound from the operation of the wind
tunnel and the structural sound radiating through flanking paths. Two different fences were used:
(1) a uniform fence (hf ¼ 4:3 cm) located 49 cm from the leading edge of the plate; and (2) a
corrugated fence (hf ¼ 8:5 cm) located 15 cm from the leading edge of the plate. For the uniform
fence, the fence location was such that the flow reattachment line was approximately at the
leading edge of the plate [10]. Thus, a reattached flow was generated on the plate surface when
the uniform fence was installed. The corrugated fence was used to achieve greater pressure in the
frequency range between 400 and 1500Hz, which improved the quality of the laser vibrometer
signals. When the corrugated fence was installed, separated and reattached flows co-existed on the
plate surface and designated as the separated/reattached flow in the following sections. The
convection velocity depends on the frequency, flow speeds, and boundary layer thickness [14]. In
this study, the turbulence convection velocity was approximated as Uc ¼ 0:50U0 for the
separated/reattached flow and the reattached flow, and Uc ¼ 0:65U0 for the equilibrium flow
(a flow with no fence installed) where Uo is the free stream flow speed [10].

3.1. Auto-power spectrum of the wall pressure

Fig. 5 shows the wall pressure spectra measured for different flow speeds and fence types. Non-
dimensional pressure and frequency parameters were formed using free-stream flow velocity and
the height of the fence. For the equilibrium flow, the measured boundary layer thickness (2.9mm)
reported by Brown and Mongeau [13] was used instead of the fence height. For each fence type,
the non-dimensional pressure measured for the different flow speeds collapsed into a single curve.
The experimental data show that the wall pressure spectra for the reattached flow are very rich in
low frequency energy. Similar trends were observed in the comparison between the equilibrium
flow and the separated/reattached flow. The amplitude of the wall pressure spectra at low
frequencies was greater by more than 30 dB for the reattached and the reattached/separated flow
than that for the equilibrium flow, which is indicative of highly energized, organized turbulent
flow.
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Fig. 6(a) shows wall pressure spectra measured at four different locations on the plate under the
reattached flow. The variation with streamwise position was negligible. In the reattached flow, the
flow was more spatially homogeneous compared to the separated/reattached flow. Fig. 6(b) shows
the streamwise variation of the measured wall pressure spectra for the separated/reattached flow.
More variations were observed compared to those of the reattached flow.

3.2. Coherence variation

Fig. 7 shows the ordinary coherence function between the two wall pressure signals for the two
flow velocities and two separation distances in the streamwise direction measured for the
equilibrium flow. In agreement with the assumption of the Corcos model, the coherence variation
with the non-dimensional parameter, oxx=Uc; collapsed into an exponential decay curve. The
estimated value of the decay rate, gx, was 0.14. This decay rate was similar to the values found in
the literature [8,10,14] for equilibrium flows.
Figs. 8(a) and (b) show coherence variations in the streamwise and spanwise directions,

respectively, measured for the reattached flow at the center of the plate. The coherence variation
was in good agreement with the exponential decay functions. The decay rates, gx and gy; were
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estimated as 0.375 and 0.75, respectively. Figs. 8(c) and (d) show the coherence variations
measured for the separated/reattached flow at the leading edge of the plate. The decay rates, gx

and gy; were estimated as 0.50 and 0.90, respectively. The estimated decay rates are much higher
than those estimated for the equilibrium flow, which is indicative of the increased turbulence level
by the installed fence. Although the measured wall pressure spectra differed significantly between
those measured for the reattached flow and the separated/reattached flow (Fig. 5), the decay rates
were similar to each other.

4. Experimental modal analysis

Experimental modal analysis test were performed to measure natural frequencies, damping
ratios, and mode shapes of the plate. The plate was first tested in its free state and then with the
seals and fixtures attached. In order to approximate a free boundary condition, the plate was
suspended using a very compliant support (compliant cord). The seal-supported plate was
mounted onto the sound-receiving enclosure, which was used for the wind tunnel tests in order to
account for possible coupling with low-frequency acoustic cavity modes. Then, the plate surface
was subdivided into 80 equally sized square elements. A single-input and single-output method
was followed and a roving hammer and a fixed accelerometer were used. The frequency response
functions were measured in the frequency range of 0–500Hz with a resolution of 1.25Hz, using a
‘‘box-car’’ window. Experimental modal analysis was performed using commercially available
software (STAR Modal, Spectral Dynamics Inc.).
Figs. 9 and 10 show the measured modal parameters—mode shapes, natural frequencies and

damping ratios. For the free plate, Fig. 9, nine modes were identified with natural frequencies in
the 0–500Hz range for the free plate. The damping ratios were less than 1% for all nine modes.
Some modes had very similar natural frequencies. When the plate was supported by the sealing
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Fig. 9. Measured mode shapes, natural frequencies, and damping ratios of the free plate.

J. Park et al. / Journal of Sound and Vibration 275 (2004) 249–265 257



systems, the damping ratios were much higher, between 3% and 6%. Obviously, the rubber seals
absorb energy and add a significant amount of modal damping to the plate. Consequently, the
resolution of closely spaced modes becomes difficult. Only the three modes shown in Fig. 10 could
be confidently identified for the seal-supported plate in the 0–500Hz range. For all three modes,
the natural frequency of the plate supported by the flange-mounted seals was higher than that of
the plate supported by the channel-mounted seals.
Table 1 shows the comparison between the measured modal parameters and the estimated

values. In order to estimate the modal parameters, the Rayleigh–Ritz method [11] was used. The
energy loss due to material damping within the plate itself was neglected because the experimental
modal analysis suggested that most of the energy dissipation was produced by the sealing systems.
Since the mode shapes measured for the seal-supported plates, as shown in Fig. 10, were very close
to those of the plates supported by translational springs only, the rotational stiffness values of the
seals were neglected. Thus, the viscoelastic properties of the sealing systems were modelled as
translational springs with complex stiffness at the four edges of the plate, and assumed to be
frequency independent. The stiffness of the seal has a strong influence on the natural frequencies
of the plate, and the loss factor on the modal damping ratio. These two parameters were adjusted
in the Rayleigh–Ritz method to match the measured modal properties of the plate, and the results
are shown in Table 1. A translational spring with complex stiffness, #St ¼ 2:2� ð1þ i0:25ÞMPa
was used to approximate the flange-mounted seal and #St ¼ 1:2� ð1þ i0:30ÞMPa to approximate
the channel-mounted seal.

ARTICLE IN PRESS

Fig. 10. Measured mode shapes, natural frequencies, and damping ratios of the plate supported by two different

viscoelastic supports—channel- and flange-mounted seals.

Table 1

Measured modal properties of the plate

Type of supports Modal parameter 1� 1 2� 1 2� 2

Flange-mounted seals Natural frequency (Hz) 87 (87) 178 (179) 301 (289)

Damping ratio (%) 3.78 (2.24) 3.11 (3.37) 4.29 (5.15)

Channel-mounted seals Natural frequency (Hz) 83 (82) 143 (162) 251 (249)

Damping ratio (%) 3.97 (3.98) 6.72 (5.76) 4.85 (8.10)

Calculated modal properties in parenthesis.
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5. Flow-excited response of viscoelasticaly supported plate

5.1. Flow-induced vibration

Fig. 11(a) shows the sound radiation from forced vibrations of a viscoelastically supported
plate. This configuration is intended to idealize a seal-supported vehicle side-glass window.
Fig. 11(b) shows a schematic of the viscoelastically supported rectangular plate. The numerical
model can handle a restraint of the motion of the four edges via translational and rotational
springs. Following the results of the mode shapes in Section 4, in the present application of the
model to estimate the stiffness of the seal and the flow-induced response, the rotational stiffness of
the seal was assumed to be negligibly small.
To calculate the forced vibration response, the frequency response function between a harmonic

excitation at one location and the resulting harmonic transverse displacement response at another
location was used. With the turbulent flow excitation specified as the cross-spectral density of the
wall pressure, the spatially averaged mean square velocity of the plate, vav, is calculated as [11]

vavðoÞ ¼
XN2

j¼1

jo #HjðoÞj2
Z

A

Z
A

#Cjðs1Þ #C�
j ðs2Þ #Gppðs1; s2;oÞ ds1 ds2; ð2Þ

where #Hj are the frequency response functions for the generalized co-ordinate, A is the plate
surface, s1 and s2 are the position vectors, and #Cj are the modal shape functions. The Rayleigh–
Ritz method was used applying beam functions as the trial functions to calculate the modal shape
functions and the natural frequencies. Details of the Rayleigh–Ritz method and the calculation of
flow-induced vibration when the Corcos model is used as cross-spectral density (Eq. (1)) were
described in Ref. [11].
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Fig. 11. (a) Sound radiation from the forced vibrations of a seal-supported rectangular plate. (b) Geometry of the

rectangular plate and its boundary conditions. The supports are shown from a side view of the plate.
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5.2. Sound radiation from a viscoelastically supported plate

Assuming a baffled plate mounted on an infinite rigid plane surface, the radiated sound power
was calculated as the integral of the far-field acoustic intensity over a hemisphere surrounding the
plate as described in Ref. [12]. When the Corcos model is used as cross-spectral density, the
radiated sound power may be calculated, assuming inter-modal terms are negligible, using

Wr ¼
racab

2

XN2

j¼1

sjðoÞjo #HjðoÞj2
Z

A

Z
A

#Cjðs1Þ #C�
j ðs2Þ #Gppðs1; s2;oÞ ds1 ds2; ð3Þ

where sj is the radiation efficiency of the jth mode, ra is the density of air, and c is the speed of
sound in air. The numerical procedures to calculate the radiation efficiency, sj; were described in
Ref. [12].

6. Results

6.1. Velocity response of the plate

The plate transverse velocity spectra were measured using the laser vibrometer. Typical results
are shown in Figs. 12(a) and (b), where the velocity level in the 160Hz one-third octave band is
plotted as a function of position for the plates supported by two different sealing systems. The
center frequency of this band corresponds approximately to the natural frequency of the 2� 1
mode of the plate (Table 1). The velocity distribution (Fig. 12) exhibited the main characteristics
of the 2� 1 mode very clearly. This frequency was selected for presentation because the damping
ratio of the plate with the channel-mounted seals was almost twice that of the plate with the
flange-mounted seals for the 2� 1 mode, and the associated natural frequencies were significantly
different. For a given excitation level, the velocity response of the plate was much larger for the
flange-mounted seals (3.11% damping ratio) than for the channel-mounted seals (6.72% damping
ratio) in the 160Hz one-third octave band.
Fig. 13 shows measured spatially averaged velocity levels. The velocity levels reflect the

characteristics of the wall pressure spectra—large low-frequency fluctuations (Fig. 6). The results
of the model predictions are included too. The measured wall pressure spectra and the Corcos
model were used as the distributed excitation over the plate in the predictions.
For the plate excited by the reattached flow, the velocity signals were uncorrupted only up to

500Hz due to the limited dynamic range of the laser vibrometer used in the experiments. The
predicted velocity spectra were greater than the measured values around the fundamental
frequency region (which is around 87Hz). The underestimated damping ratio caused an
overestimation of the velocity response near the fundamental frequency region. In frequency
regions away from this region, the difference was less than 3 dB. For the separated/reattached
flow, the measured wall pressure spectra at the leading edge of the plate were used as the
excitation to predict the velocity response. Trends are very similar to the results for the plate
excited by the reattached flow except the difference in the level of the velocity response.
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different sealing systems: (a) flange-mounted seals and (b) channel-mounted seals.
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From a comparison between the velocity response of the plates supported by the flange-
mounted seals and the channel-mounted seals, Fig. 13, the differences were less than 3 dB in
general. The estimated seal stiffness of the channel-mounted seals was approximately 54% than
that of the flange-mounted seals. Although considerable differences were found at low frequencies
(near the fundamental frequency of the plate), the overall response of the plate was not sensitive to
the seal mechanical properties for the flange-mounted and channel-mounted seals investigated
here.
A more systematic investigation of the effects of translational stiffness on the plate vibration

response was performed in Ref. [12]. Fig. 14 shows the variation of the velocity response with the
translational stiffness, St from which the optimal translational stiffness was determined. The delta
function was used as a correlation function for the distributed pressure fields. The results for
octave bands centered at 250, 500, 1000 and 2000Hz are shown together with the measured
translational stiffness of the sealing systems used in the experiments, and the corresponding
spatially averaged mean square velocities. Although the loss factor used in this simulation is
different from the measured values in Section 4, the dependence of the optimal support stiffness
on the loss factor was negligible if the loss factor is less than 0.4 [12]. The stiffness for both sealing
systems is near the optimal translational stiffness especially for the 250Hz octave band. The
sensitivity to variations in support stiffness around the optimal values was weak, which explains
the trends observed in the experimental data.

6.2. Sound radiation

The radiated sound power was calculated using Eq. (3). Assuming the radiated acoustic
pressure to be uniformly distributed over a semi-spherical surface, the radiated sound power was
calculated from the measured acoustic pressure at a single point in the receiving enclosure. The
predictions from Eq. (3), along with the measured sound power are plotted in Fig. 15. The noise
of the wind tunnel exceeded the radiated sound pressure at low frequencies (below 80Hz). The
sound measurements were corrupted by noise from the wind tunnel. Several factors may have
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contributed to the discrepancies between measurements and predictions. The sound absorbing
treatment of the cavity was not perfect, thus cavity resonance inside the receiving enclosure may
have played a role at low frequencies. Similar to the velocity response, the differences in the
radiated sound power between the plates supported by the flange-mounted seals and the channel-
mounted seals were not significant.

7. Conclusions

The vibration response and the sound radiated from a flow-excited viscoelastically supported
rectangular plate were investigated in a controlled laboratory setup. It was found that the
viscoelastic supports—actual vehicle seals—significantly influenced the vibro-acoustic properties
of the supported plate. The seals were found to add a considerable amount of damping to the
system, and this suggested that dissipation of vibration energy occurs mostly at the supports
rather than within the seal-supported plate itself.
Two different types of seals were tested—channel-mounted and flange-mounted seals.

The wall pressure on the plate surface was measured to determine the excitation from the wind
flow. Considerable differences in the velocity response of the plate supported by two
different sealing systems were observed near the fundamental frequency. Overall, within the
frequency range of interest, the two sealing systems produced similar flow-induced vibration
responses and sound power radiations. The investigation confirmed that the properties of both
sealing systems were close to the optimal stiffness values that minimize the velocity response of the
plate.
The damping treatments at the boundaries increase the system damping ratios and reduce the

aerodynamic noise generated from the window significantly. The presented experimental
procedures together with the analytical methods can be used as systematic methods to test the
performance of seals as damping treatments and to guide the design of sealing systems.
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Appendix A. Nomenclature

c speed of sound in air (m/s)
f frequency (Hz)
#Gpp wall pressure cross-spectral density (Pa2/Hz)

hf fence height (m)

#Hj frequency response functions in terms of generalized co-ordinates
pref reference pressure, 20mPa
#St complex stiffness of translational spring (Pa)
Uc convection velocity (m/s)
Uo free stream flow velocity (m/s)
vav spatially averaged mean square velocity of plate (m2/s2/Hz)
vref reference mean square velocity, 10�12 (m2/s2)
vo0 spatially averaged mean square velocity in octave bands (m2/s2)
Wr radiated sound power (W/Hz)
Wref reference power, 10�12 (W)
xf distance from fence in x direction (m)
gx; gy decay rate in x and y directions
#Cmn modal shape functions of plate
xx; xy separation distance in x and y directions (m)
ra density of air (kg/m3)
sj radiation efficiency of the jth mode
Fp pressure spectral density (Pa2/Hz)
o circular frequency (rad/s)
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