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1. INTRODUCTION

The automotive industry has constantly been pursuing ways to reduce the vehicle noise and
vibrations in response to the ever-increasing customer demand on comfort and government
regulation on noise emission. Despite all attempts to incorporate noise, vibration, and
harshness (NVH) reduction into the early design stages, the complexity of a vehicle ensures
that many problems go unnoticed until after a prototype is built. Under these
circumstances, the attention often shifts to minimizing the propagation of sound and
vibration. Therefore, it is highly desirable to have an effective means to identify where and
how noise is transmitted into the passenger compartment as well as to the outside.

Over the past two decades, many methodologies have been developed to tackle this type
of problems. One such method is called spatial transform of sound field (STSF) [1], which
uses planar nearfield acoustic holography (NAH) to reconstruct the radiated acoustic
pressure field [2-4]. The use of planar NAH, however, limits the spatial transformation of
sound fields between planar surfaces. Moreover, the measurements must be equidistantly
spaced on a plane and the measurement aperture must be large enough to form a 45° solid
angle with respect to the source under consideration. These restrictions severely limit the
application of STSF because in engineering applications, the actual surface of a structure is
often arbitrary. Also, the presence of accessory components of a structure may conflict or
interfere with the placement of a microphone array. Consequently, one is often forced to
take measurements at certain distances away from the structure in order to avoid these
obstacles. The accuracy of the resultant reconstruction is therefore compromised because
the nearfield effects are lost in the input data.

Another method is the Helmholtz integral theory based NAH [5-8]. Thus far, however,
this methodology has not been embraced by the industry and its usage has been mainly
limited to the research laboratories. The main reasons for that are its heavy reliance on
spatial sampling and the requirement that measurements be taken over an enclosure
completely surrounding the source under consideration. To avoid aliasing in
reconstruction, the sound field must be sampled at a minimum rate of twice per wavelength.
The number of field measurements must be comparable to the number of discretized nodes
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on the source surface, which can easily run into hundreds for a complex structure such as an
engine block. While there is no restriction on the locations of measurements, the high
number of required measurements surrounding the source surface can make the
reconstruction process very slow and costly.

The work presented here is based on the Helmholtz equation least-squares (HELS)
method [9, 10]. While the HELS method is approximate, the resultant reconstruction has
been shown to be quite accurate even for an arbitrarily shaped structure that contains sharp
corners and edges [11, 12]. Furthermore, it requires a relatively small number of
measurements over any surface (planar or non-planar) and reconstruction can be done on
a piecewise basis. These unique features make this methodology a practical alternative to
other methods.

The main objective of this paper is to demonstrate the application of the HELS method
for reconstruction of acoustic radiation from a replicated vehicle front end based on simple
acoustic pressure measurements. The acoustic field thus obtained enables one to visualize
the paths through which acoustic pressures propagate from the engine to the exterior
region.

The structure under consideration has the same shape and size as a full-size passenger
vehicle front end. To simulate engine noise, an engine noise simulator (ENS) is installed
inside the vehicle structure at the location of the engine. This ENS is a solid object that has
the shape of an engine and gearbox with many loudspeakers on all sides, each emitting
white noise. The acoustic pressures radiated from the ENS may excite the structure into
vibrations and cause structure-borne sounds. Owing to the complexity of the structure, the
vibration response cannot be described analytically. Also, the excitation forces acting on the
structure from the inside are unknown. Hence, there is no way of determining the radiation
impedance and efficiency precisely.

2. THE HELS FORMULATIONS

The HELS method assumes that the radiated acoustic pressure is expressible in terms of
an expansion of basis functions (detailed derivations are given in references [9] and [11]
and only a brief outline is given here):

p(x, @) = 3, Cj() Fj(x, o), (M

where p(x, ®) is the complex amplitude of the acoustic pressure at an exterior point x, and
¥; are the basis functions obtained by Gram—-Schmidt orthonormalization of the particular
solutions ¥; to the Helmholtz equation with respect to the source surface:

Wy(x, 0) = hyix, o) — Y y(xg, 0), Vilxn, o)) F(xp, o), @)

i=1

where the inner product is defined by

h(xp, 0), Yi(Xp, w)) = f
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The particular solution i/; can be expressed in any spheroidal co-ordinates [13]. In the
spherical co-ordinates, i; can be written as

cos (me)

sin (m¢)’ @

lpi(xa CL)) = lpn,m(ra 97 ¢a (1)) = hn(kr)Pn,m (COS 9) {

where h,(kr) and B, ,, (cos 0) denote the spherical Hankel functions and associated Legendre
functions, respectively, and k = w/c is the acoustic wave number. The existence of analytical
expressions for the Hankel and associated Legendre functions in the spherical co-ordinates
makes this co-ordinate system a logical choice.

The unknown coefficients C; associated with the basis functions ¥; in equation (1) are
determined by matching the assumed-form solution to M measured acoustic pressures p,,,
m=1,2,..., M, leading to the linear system of equations

['P]ij{c}‘]xl = {ﬁm}Mxl‘ (5)

Note that the number of measurements M must exceed the number of basis functions J.
The least-squares solution can then be used to give the best fit of the unknown coefficients
to the measured data:

{C}Jxl :(['{’]}xM[W]ij)il[lll];xM{pAm}Mxl' (6)

Once C; are specified, the radiated acoustic pressure in the entire exterior region
including the source surface can be reconstructed using equation (1).

3. EXPERIMENTAL SET-UP

The goal of this study was to develop a cost-effective diagnostic tool to visualize sound
transmission from the engine compartment to the outside. With this goal in mind, a vehicle
front end was designed and fabricated as shown in Figure 1. This replica, henceforth
referred to as a front-end buck, has the same shape and size as a real vehicle. The windshield,
tires and rear-view mirrors were removed for ease of fabrication.

The basic shape of the front-end buck was formed by a skeleton of 6 mm steel rods. This
skeleton was covered by layers of wire mesh and papier-maché, followed by another layer of
joint compound. This construction yielded a surface with similar hardness and rigidity as
a sheet metal. Care was taken to provide ample space inside the buck and to leave the
undercarriage area unobstructed. The buck was then mounted inside an anechoic chamber
at the height of a vehicle.

To simulate the engine noise, an engine noise simulator ENS (see Figure 2) was installed
inside the buck at the location of the engine. The ENS was a solid structure 73 cm long,
62 cm tall, and 24 cm wide. All six sides of this ENS contained arrays of recessed speakers of
different sizes and its electronics were such that each speaker emitted white noise. The ENS
was controlled by a switchboard that allowed for selections of combinations of
loudspeakers on all sides.

Experimental validations were conducted on the top, front, and right-hand side surfaces
of the buck individually. The acoustic pressures were measured on two parallel planar
surfaces, one located 12 cm away (called measurement surface) and the other 1 cm away
(called reconstruction surface) from the surface of the buck (see Figure 3). The acoustic
pressures collected on the measurement surfaces were used as the input to the HELS
formulations to calculate the acoustic pressure spectra and distributions on the
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Figure 1. Experimental set-up showing the replicated vehicle front-end buck with the measurement frame inside
an anechoic chamber.

Figure 2. The engine noise simulator (ENS) system used to generate white noise inside the vehicle front-end
buck.

reconstruction surfaces. The results thus obtained were compared with those measured at
the same locations.

Due to the lack of a microphone array, the field acoustic pressures were collected using
a single microphone. Accordingly, the microphone was moved manually from one location



LETTERS TO THE EDITOR 967

Figure 3. Schematic showing the ENS, measurement, and reconstruction surfaces in relation to the front-end
buck.

to another, which prolonged the overall measurement time. To overcome a possible signal
level drifting during this long period of time, transfer functions between each measurement
point and a reference microphone fixed at close proximity to the ENS were measured. Once
the transfer functions at all points were taken, they were multiplied by the acoustic pressure
at the reference, which was equivalent to measuring acoustic pressures at all locations
simultaneously.

Figure 4 shows the effect of the presence of the buck on the noise spectrum of the ENS.
Without the buck, the spectrum was broadband, indicative of a typical white noise. The
presence of the buck, however, completely changed the resulting noise spectrum.
Measurements indicate that the buck acted as a series of band-pass filters, allowing for
sound transmission at certain frequency bands that coincided with the structural resonance
frequencies. Accordingly, the overall amplitude of the acoustic pressure was greatly reduced,
except at certain narrowband peaks. Meanwhile, part of the acoustic energy escaped from
the opening at the bottom of the structure to the exterior. Hence, the field acoustic pressure
consisted of both structure-borne and airborne sounds, which were much more complicated
than those emitted directly from the ENS in a free field.

4. RESULTS AND DISCUSSIONS

One unique feature of the HELS method is that it allows for a piecewise reconstruction of
the acoustic pressure field based on the measurements taken over a finite aperture
comparable to the size of the reconstruction. For example, the top surface of the vehicle
buck was approximately 90 cm deep and 120 cm wide. In conducting reconstruction of the
acoustic pressure on the top surface, the measurement aperture was set at the same size as
the top surface with a 12 cm clearance. The intervals between the neighboring measurement
points were 10 cm, thus resulting in 120 measurements. These measured acoustic pressures
were used to determine the expansion coefficients in equation (6), then to reconstruct the
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Figure 4. Effect of the vehicle front-end buck on the radiated acoustic pressure spectrum: —— without buck;
————, with buck.

acoustic pressure on the reconstruction surface at 1 cm atop the vehicle surface. The
reconstructed acoustic pressure spectra at various locations and distributions at different
frequencies were then compared with the measured data.

This procedure was repeated for the side and front panels of the buck, with the
measurement apertures set at the same sizes as the side and front surfaces with a 12 cm
clearance. For the given structure with a 10cm interval between the neighboring
measurement points, the total numbers of measurements were 66 and 49 respectively. This
small measurement aperture is in stark contrast to planar NAH where the measurement
aperture should be at least four times the size of the planar source surface [8], or to the
Helmbholtz integral theory based NAH where the measurement surface should enclose the
entire source under consideration.

It has been shown [11] that for any given number of measurements, there is an optimal
number of expansion functions J,, that yields the best reconstruction. The value of
J,» depends on the signal-to-noise ratio (SNR) and the standoff distance [14]. The higher
the SNR and the closer the measurement distance, the larger the value of J,, and the higher
the accuracy of reconstruction. In this study, the optimal number of expansion functions
was found to be less than 70 in all cases. This small number of expansion functions together
with a small number of measurements made the numerical computations extremely fast.
For example the reconstruction of a spectrum between 200 and 800 Hz can be accomplished
within a couple of minutes.

Figure 5 depicts the comparison between the reconstructed and measured acoustic
pressure spectra near the middle of the top surface of the buck. It is seen that satisfactory
reconstruction is obtained throughout the entire frequency span of 200-800 Hz. Here,
the lower bound of 200 Hz corresponds to the cut-off frequency of the anechoic chamber. The
accuracy of the reconstruction at low frequencies is actually very high [14]. Hence, the
truncation to the lower bound of 200 Hz was completely unnecessary. The upper frequency of
800 Hz is selected in accordance with the B&K Dual Channel Spectrum Analyzer Type 3550
so that the reconstructed acoustic pressures could be validated at every single frequency.
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Figure 5. Comparison of the reconstructed and measured acoustic pressure spectra near the middle of the top
panel of the vehicle front-end buck: ——, measured; - - - -, reconstructed.
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Figure 6. Acoustic pressure distribution on the top panel of the vehicle front-end buck at 204 Hz:
(a) reconstructed, (b) measured.
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Figure 7. Acoustic pressure distribution on the top panel of the vehicle front-end buck at 457 Hz:
(a) reconstructed, (b) measured.

The comparison in Figure 5 shows that an accurate reconstruction can be obtained up to
at least 800 Hz or to a dimensionless frequency ka =~ 15, which falls in the mid-frequency
regime that may present difficulties in numerical computation for many algorithms such as
finite elements method (FEM) or boundary element method (BEM).

Comparisons of the reconstructed and measured acoustic pressure distributions on the
top surface at 204 and 457 Hz are shown in Figures 6 and 7 respectively. The results show
that at 204 Hz, the structure is relatively passive and acting primarily as a barrier.
Accordingly, the resulting sound field is similar to what would exist without the presence of
the buck albeit greatly attenuated. The sound field, however, is very different at 457 Hz. At
this frequency, the interaction between sound and structure is strong and the buck is acting
as a source with its vibration modes quite evident in the resultant acoustic pressure field.

The comparison of the measured and reconstructed spectra at a location near the middle
of the front panel is shown in Figure 8. The results demonstrate that the reconstructed
acoustic pressures are remarkably accurate. Figures 9 and 10 display the comparisons of the
reconstructed and measured acoustic pressure distributions at 328 and 576 Hz respectively.
The effect of structural vibration is even more striking in this case. At 328 Hz, the maximum
acoustic pressure is found to be along the bottom edge of the front panel indicating that the
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Figure 8. Comparison of the reconstructed and measured acoustic pressure spectra near the middle of the front
panel of the vehicle front-end buck: ——, measured; - - - -, reconstructed.
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Figure 9. Acoustic pressure distribution on the front panel of the vehicle front-end buck at 328 Hz:

(a) reconstructed, (b) measured.
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Figure 10. Acoustic pressure distribution on the front panel of the vehicle front-end buck at 576 Hz:
(a) reconstructed, (b) measured.

ENS sound is transmitted primarily through the opening at the bottom of the buck. Clearly,
at that frequency, the buck is simply acting as a noise barrier. On the other hand, at 576 Hz,
the buck seems to be excited at one of its natural frequencies since the pressure on the
surface of the buck is higher than even that at the bottom where acoustic energy is passing
through unobstructed. Similar results are shown in Figure 11, which depict the
reconstructed and measured acoustic pressure distributions on the side surface at 543 Hz.
Once again, the structure vibration seems to be a major contributor to the external sound
field at this frequency. The amplitude of the acoustic pressure in the middle is
approximately the same as that at the bottom of the side panel of the buck structure.

5. CONCLUSIONS

The HELS method is shown to be capable of reconstructing the nearfield acoustic
pressures radiated from a complex vibrating structure based on simple acoustic pressure
measurements in the field, which consists of both structure-borne and airborne sounds.
Experimental results demonstrate that the HELS method enables one to obtain piecewise
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Figure 11. Acoustic pressure distribution on the side panel of the vehicle front-end buck at 543 Hz:
(a) reconstructed, (b) measured.

reconstruction using a measurement aperture comparable to the size of the surface on which
the acoustic pressure field is sought. This unique feature can make the HELS method very
flexible and versatile in reconstructing acoustic radiation from a complex structure in
engineering applications.
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