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ABSTRACT. A hybrid method is proposed to study the noise radiated in the high frequency range
by a gearbox inside an engine compartment. Due to its elastodynamic characteristics, the
vibratory behaviour of the transmission lies in the low frequency range. However, the noise
radiated is rather in the high frequency range facing the size of the acoustical cavity. Thus the
proposed hybrid method allows to couple a low-frequency vibratory approach to the radiative
transfer method used for the high frequency acoustical calculation. The coupling is realized
through equivalent energy sources introduced on the surface of the vibrating structure.

RESUME. Cette étude présente ['application d’'une méthode hybride pour étudier le
rayonnement acoustique d 'une boite de vitesses placée au sein d’un encapsulage moteur. Au
regard des caractéristiques élastodynamiques de la transmission, son comportement
vibratoire se situe en basses fréquences. En revanche, au regard de la taille du compartiment
ou se propage le son, le bruit rayonné se situe davantage en hautes fréquences. C’est
pourquoi une méthode hybride est proposée ici afin de coupler un calcul vibratoire basses
fréquences a un calcul acoustique hautes fréquences réalisé a l'aide de la méthode du
transfert radiatif. Pour réaliser ce couplage, des sources énergétiques équivalentes sont
introduites a la surface de la structure vibrante.
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1. Introduction

The prediction of the noise radiated by a structure located inside an acoustical ca-
vity is a complex problem. Indeed, in case only few vibratory modes of the structure
are excited, its vibratory behaviour is rather in the low frequency range. Neverthe-
less, with regard to the size of the cavity where the structure radiates, the number of
acoustical modes excited in the cavity is high enough so that the noise radiated lies
in the high frequency range. Thus, a vibratory low-frequency study has to be coupled
to an acoustical high-frequency one. This coupling gives rise to two main difficul-
ties. First of all, structural low-frequency approaches lead to the parietal velocity field
on the vibrating structure whereas acoustical high-frequency methods relie on energy
quantities. Hence arise a problem of data compatibility. Besides, at high frequencies,
wavelengths are small compared to the characteristic size of structures and numerical
approaches based on a spatial discretization become time-consuming. Thus, the finite
element method or the finite element method coupled to the boundary element method
classically used to solve a vibroacoustic problem require all the finer meshes as the
frequency increases and are not adapted to such a high frequency study.

A method called hybrid has been developed to realize this coupling. This method
is applied in this paper to predict the noise radiated by a gearbox integrated to a power
plant inside an engine compartment. With regard to the elastodynamic characteristics
of a gearbokx, its vibratory behaviour lies in the low frequency range so this study case
is adapted to the hybrid approach. The velocity field on the surface of the housing is
used as an entry data for the acoustical study carried out using the radiative transfer
method. This method relies on analogies with heat transfer as the radiosity method
well-known in room acoustics (Miles, 1984), (Kuttruff, 1997). The main point of the
hybrid method is the introduction of equivalent sources to ensure the coupling as des-
cribed in the first section of this paper. Then, the radiative transfer method is applied
to compute the radiated acoustical field. The final section is dedicated to the proposed
application and results are compared in terms of precision and computational time to
those given by the boundary element method.

2. Hybrid coupling with equivalent sources

Firstly, the vibrating structure is considered as if radiating in the free-field, that
is to say without its acoustical environment. The hybrid method is based on the in-
troduction of equivalent sources on the structure surface. To compute the amplitude
of these sources, an analogy is established between the energy density deduced from
the Kirchhoff-Helmholtz equation and the formulation as used in the radiative transfer
method (Reboul, 2005), (Sadoulet-Rebeuél., 2007).
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2.1. Derivation of the equivalent sources

The sound pressure field at pointr in the acoustical domain is given by the
Kirchhoff-Helmholtz integral equation which relates this pressure field to the sound
pressure and to the normal acceleratigrat pointq on the surface of the vibrating
structure (Lesueur, 1988),

p(r) = /S mn(Q)g(qm)er(q)%(%r) ds (1]

p denotes the fluid density(q,r) = e *" /471 is the Green’s function in the free
field, k = ko — jm/2 is the complex wavenumber whekg is the real part of the
wavenumber aneh is the atmospheric attenuation factor= |r — q| is the source-
receiver distance between poirfsandr, andd/dn is the derivative in the direction
of the outward normah, at pointq. The acoustical energy density is related to the
mean square of the pressure through the following equation,

(2]

¢ denotes the speed of sound. Substituting Equation [1] in Equation [2], the energy
density can be written as,

W) = / /S XSQp%P(Q)P*(q/) agg:l, r) 89*22’” ds’ ds [3]

+// Tpﬂn(q) v:(d)g(a,r) g*(q ,r)dS dS
Sx§ 4C

E “q 99°(d,1) 4o
+Re(//SXSCQ’Vn(Q)P(Q)9(Q,r) (4.1 45’ gs),

where * denotes the conjugate quantity. Equivalent sources are then derived using
a far-field approximation and taking the ensemble average of Equatior:[3]>
denotes the ensemble averaging operator. The difference of acoustical way between
two source points is estimated in the far-field, or yet as if plane waves were emitted. It
leads to formulations where the sources do not depend on the position of the receiver
pointr but only on the direction of emissiamtowards this point. Such formulations

are adapted to a ray method as the radiative transfer method (Let Bt 2000).
Finally, equivalent sources. are divided into three contributions,,,, o, ando.,,,
respectively called pressure, velocity and intensity sources such that,

Te = Opp + Oyy + Oyp- (4]
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They can be written as :

k|2 L g eos O
opp(q,u) = Re<87|pc(u~nq)2/stp(q,q)e ikod ~®ds>, [5]

P ! —jkod cos !
R{&tLRM%Me”d @w), ]

’

o . /
op(q,u) = Re(iwc (u-ng) /SRW((LQ)@ Jkudcosed5>- [7]

U’Y"/(Q7 u)

As depicted on Figure 1u is the unit vector from the source poirf to the
receiver pointr, nq is the unit outward normal at poing, d is the distance
between two source pointg and q', © is the angle of emission from the
source F/)Ointq. Ryp(q, q//) =< p(q)p*(q/) >, Ryy(q, q/) =< Wn(q)’y;‘l(ql) > et
R,p(d,9 ) =< vn(q)p*(q ) > are the pressure, acceleration and intensity cross-
spectral densities, that is the cross-correlation of two fields at pgiatsiq .

r

Figure 1. Equivalent sources are introduced at poipton the vibrating surface.
They emit in the directiom towards the receiver point. d is the distance between
sources at pointg; andq’, © is the angle of emission at point and ng is the unit
outward normal at pointy

Thus, the acoustical energy density is given by summing the contributions of the equi-
valent sources,

Wm:meMm@mw. 8]

G(q,r) = e~™" /4wr?c is the kernel function for energy density. The hybrid method
carries on the FAQP (Frequency Averaged Quadratic Pressure), simplified BEM, and
EBEA (Energy Boundary Element Analysis) methods (Guyadel, 2000), (Kim

et al, 2002), (Wanget al,, 2004).
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2.2. Numerical implementation

The surfaces of the vibrating structure is divided intotriangular or quadrangular
elements. One equivalent source is introduced at the baryagntfeeach element
The amplitude of each source denoted is assumed to be constant on each element
and depends on the direction of emissirirom the source poindj; to the receiver
pointr. Surface integrals are computed using a Gaussian quadrature rule. For instance,
velocity sourcesr.,, are written as :

0y,i(©) = [9]

ni',w ni/‘y

p < —j S
Re(87rc Z Z Z [Tiim| Wi W Ryr (@i, Qi) €7 F0 Ot <0 6)-

i’=1 =1 m=1

|Ji.m| and (¥;,W,,) are respectively the Jacobian determinant and the weight at the
integration poinig; ., on the:’-th element, which is the integration elemedt,, =

|gi — di,m| is the distance betweesy and qi.m. 77, andn; , are the number of
Gauss points along each dimension of théh element. Velocity and pressure fields

on the mesh associated to the equivalent sources are deduced from the known fields
on the structural mesh and the fields at the integration points are then computed using
the shape function on each element.

3. Acoustical field predicted from the radiative transfer method
3.1. Radiative transfer equations

The equivalent sources, are introduced in the radiative transfer method, and
fictitious sources ; are added on the structure and all the domain boundahen-
ceforth taken into account to model phenomena such as reflection, absorption (Le Bot
et al, 2000), or more recently diffraction (Rebcetl al, 2005). These sources follow
the Lambert’s law for diffuse reflection which states that the directional distribution
of the emitted intensity is proportional tos 6,

os(p,u) =os(p) cosd [10]

whered is the angle between the direction of emission and the unit outward normal at
pointp. Power balance equations on the boundary of the acoustical domain are solved
to evaluate the amplitudes of these fictitious sources,

U‘fip) = (1- a)[/s oe(q,u)H(q, p) - npdS

+ / o (p s H(p . p) - npdl” | [11]
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This equation links the amplitude of the fictitious sousgeat p on the domain boun-
dary to the amplitude of the equivalent soureesat q on the vibrating structure
emitting in the directioru towardsp, and to the amplitude of the fictitious souregs
atp onI emitting in the directioru” towardsp (Figure 2)H(q,p) = ¢cG(q,p)uis
the energy kernel for acoustical intensitydenotes the boundary energy absorption.

Figure 2. Fictitious sources introduced gt on the domain boundarly are linked to
the equivalent sources introduced @ton the vibrating structures emitting in the
direction u towardsp, and to the other fictitious sources pt onI" emitting in the
directionu’ towardsp

The radiated fieldV is then given by summing the contributions of all the sources,
equivalent and fictitious, so that,

W(r) = /oe(q,u)G(q,r)dS+ /Jf(p,u)G(p,r)dF [12]
s T
The radiative transfer method relies on the assumption of uncorrelated sources, va-
lid in the high-frequency range. The mesh is coarser than for standard finite element

methods that is a numerical advantage. Besides, computations are carried out on fre-
quency bands which contributes to decrease the computational cost.

3.2. Numerical implementation

The Fredholm equation of second order for sourcés solved using the colloca-
tion method. The boundaliyis divided into elements denot&yg where a collocation
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point py is introduced at the barycentre;(p) is assumed to be constant on each
element and its value is denoted . Thus, Equation [11] to solve is written as :

% - (1O‘)[E/SUe,s(e)H(qypk)cosgde

+ Z ot / cosf H(p/,pk) cos (b, dF,]. [13]
1 Iy

whered' is the emission angle at poipt, ¢ is the incidence angle at poipi. of the
acoustical ray coming from (first term of the right member) and from (second
term of the right member).

This equation can be written in matrix form as :

(Id—T)o=g [14]
where,
T =4(1 — ) / cost H(p ,px) cos¢ dI’ [15]
Iy
g =4(1 — ) /S 0e,s(0) H(q, px) cos¢dS. [16]

Integrals are solved using a Gaussian quadrature rule. Let us note that the matrix T
is a real, full and non-symmetric matrix. Its inversion is the most time-consuming
operation. Once the sources ; known, the energy fieldV is deduced from the
discrete form of Equation [12],

W(r) = Z /S 0e,s(0)G(q,r)dS + Z o G(p,r) cosfdl’ [17]
s k

Iy

4. Application
4.1. Model description

Let us consider a power plant inside the engine compartment of a truck with ab-
sorbent panels as depicted in Figure 3. The power plant is composed with the engine,
the clutch housing and the gearbox. Absorbent panels under the engine are intended
to reduce the noise radiated outside the compartment. The upper and the lower panels
are respectively made with foams &imm and25mm thick. This study focuses on
the noise radiated due to the vibrations of the upper face of the gearbox housing. The
gearbox is modelled as a two-stage train of helicoidal gears and the vibrations are in-
duced by an harmonic unit force inside the action plan of the gear mesh and normal to
the denture of the entry couple.
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Engine
Gearbox housing

Clutch housing

Absorbent panel

Absorbent panel Side member

1100 mm

Figure 3. Description of the power plant including the gearbox housing located inside
an engine compartment with absorbent panels

4.2. Acoustical radiation of the upper face of the gearbox housing

Firstly, the noise radiated in the free-field by the upper face of the gearbox housing
is computed using the equivalent sources as defined in Equation [5], [6] and [7]. This
comparison is intended to check the validity of the equivalent sources. Results are
compared to those obtained using the Boundary Element Method implemented in the
commercial software SysnoiSé. Figures 4 and 5 present the sound pressure level
respectively on a double plane surrounding the face, and on a plane perpendicular
to this one, computed with the BEM (Figures (a)) and with the equivalent sources
(Figures (b)). Maps obtained with the equivalent sources are in good agreement with
the BEM ones in terms of amplitude and directivity.

20 20

15 15

10 10

() (b)

Figure 4. Sound Pressure LevelB ref : 2.10~° Pa) radiated in the free-field by the
upper face of the gearbox housing on a double plane surrounding the power plant
computed with (a) the BEM, (b) the equivalent sources. Computations are carried out
on the octave band centred @600 Hz
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Figure 5. Sound Pressure Levell§ ref : 2.10~° Pa) radiated in the free-field by

the upper face of the gearbox housing on a plane perpendicular to the power plant
computed with (a) the BEM, (b) the equivalent sources. Computations are carried out
on the octave band centred @600 Hz

4.3. Acoustical radiation outside the engine compartment

Once again, results obtained with the hybrid approach are compared to those
given by the Boundary Element Method implemented in the commercial software
SysnoiséM. The BEM mesh is shown on Figure 6. It consistd 2769 quadrangular
elements and it is valid up 1120 Hz according to the criteria df elements per wave-
length. BEM calculations are carried out at pure-tone frequency &udiy. between
700 and1400 Hz. Computation time is abowt hours on &.53 GHz Pentium4 with
RAM 512 Mo. These calculations are then averaged on the third-octave band centred
on 1000 Hz. The mesh for the radiative transfer method inclusi&s triangular ele-
ments andr2 equivalent sources. Computation time is abbutour on a2.4 GHz
Pentium4 with RAM 512 Mo.

Figure 6. BEM mesh of the whole engine compartment

Figures 7 and 8 present the sound pressure level respectively on a double plane sur-
rounding the compartment, and on a plane perpendicular to this one, computed with
the BEM (Figures (a)) and with the hybrid method (Figures (b)). The proposed me-
thod allows to reproduce the mean acoustical radiated field, in particular the decrease
as the distance from the structure increases. Interferences are not reproduced because
of the assumption of uncorrelated sources. The main differences are observed above
the absorbent panel on the top of the gearbox. Indeed, contrary to the BEM, the hybrid
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method predicts no field in this area. These differences are assigned to the diffraction
phenomena which was not modelled in the radiative transfer method implemented for
this study. Indeed, an absorbent panel is located just above the energy sources on the
upper face of the gearbox, and so the acoustical field behind this panel is mainly due
to diffraction effects. Thus, the numerical implementation of this phenomena in the ra-
diative transfer method is under development based on the theoretical work published
in (Reboul, 2005).

20 20

E&.‘Qt |

ﬁ\*w\\ o /Lz

X (m)

(a) (b)
Figure 7. Sound Pressure Levell ref : 2.10~° Pa) radiated by the upper face of

the gearbox housing on a double plane surrounding the power plant computed with
(a) the BEM, (b) the hybrid method. Computations are carried out on the octave band

centred onl 000 Hz

@) (b)

Figure 8. Sound Pressure LevelB ref : 2.10~° Pa) radiated by the upper face of
the gearbox housing on a plane perpendicular to the power plant computed with (a)
the BEM, (b) the hybrid method. Computations are carried out on the octave band
centred onl000 Hz

5. Conclusion

The proposed hybrid method allows to apply the radiative transfer method to pre-
dict the noise radiated in the high frequency range by a vibrating structure from the
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knowledge of its vibratory behaviour. The main point of the method is the introduc-
tion of equivalent sources for which analytical formulations are given. The study of
the noise radiated around an engine compartment has shown that the method is adap-
ted to the prediction of the mean acoustical behaviour around the vibrating structure,
interferences are not described because sources are assumed to be uncorrelated. Main
interests of the approach are that computational costs are reduced compared to more
conventional analysis such as BEM analysis as meshes are coarser and as computa-
tions are carried out at the centre frequency of frequency bands.
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