Available online at www.sciencedirect.com

SCIENCE@DIHECT° JOURNAL OF
SOUND AND
ACADEMIC VIBRATION
PRESS Journal of Sound and Vibration 264 (2003) 499-521

www.elsevier.com/locate/jsvi

Prediction of acoustic fields radiated into a damped cavity by
an N-port source through ducts™

M. Boudoy?, V. Martin®*

* Faurecia Systemes d’Echappement, Bois-sur-Pres, 25550 Bavans, France
bElectrorrzagnetism and Acoustics Laboratory, Swiss Federal Institute of Technology, Lausanne, CH-1015, Switzerland

Received 28 January 2002; accepted 21 June 2002

Abstract

The use of two parameters—source impedance and source strength—to model a fluid machine radiating
fluid-borne sound via ducts has led to excellent predictions when the source, a ventilator, propagates in one
or two plane-wave ducts. Can such previously published methods successfully be applied to the case of a
multi-port source radiating via ducts into a damped cavity? The case under study here is a car ventilation/
heating unit and the aim was to predict the pressure spectrum inside the passenger compartment caused by
the noise propagated through the ventilation ducts. The progressive validation procedure used indicated
how and why as the system increases in complexity, predictive accuracy diminishes. The final results are
nevertheless convincing and the hypotheses, which can be further refined to reflect the reality better and
provide higher quality results, are clearly defined.
© 2002 Elsevier Science Ltd. All rights reserved.

Introduction

In most propagation issues, the sources are considered to be the origin of the propagations,
unaffected by them. In equations, the source terms are second members or boundary conditions.
Thus, the moving part of a loudspeaker, strongly influenced by its acoustic load, cannot be
considered as a source. To attempt to describe a fan in terms of source parameters is obviously
more difficult than to describe a loudspeaker and characterizing such complex sources has long
been a subject of study [1]. In the frequency domain, by analogy with electrical circuits, it is
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accepted intuitively that an acoustic source is a pressure generator with an internal impedance,
and this will be demonstrated. In the electrical analogy the load is a scalar. In acoustics, under the
plane-wave hypothesis, this scalar load is the radiation impedance transferred back from one
extremity of a duct to the ventilator placed at the other. In this case, the source is called a one-port
source. Implicitly, such a description rests on the linear and time-invariant behaviour of the
source. For such a model to be used, it was necessary to find measurements which could identify
the pressure and impedance parameters of the source itself. These two unknowns can be deduced
by measuring the pressure resulting from just two distinct and known loads. Indeed, since there
are two source data, there is now a system of two linear equations with two unknowns [2,3]. This
method, which only uses the source to be identified, is rivalled by another which uses an external
source. The latter method [4] is in two steps which consist, firstly, in measuring the source
impedance by exciting the source with the sound field from an external source, and secondly, in
determining the source strength without the external source by measuring the pressure when a
known load (or several, to obtain a mean) is applied. The external source signal can be a harmonic
noise in which case the measurements are taken frequency by frequency, or a random signal,
where spectral densities have to be measured. The impedance measurements are taken according
to the transfer function technique [5] which by-passes the need for acoustic velocity
measurements. Note that in the case of a passive two-port, the measurements were taken with
a transient signal [6].

When the ventilator propagates noise both downstream and upstream, it becomes a two-port
source, which can be modelled as having one source upstream and one downstream as long as
there is no interference between the two, in other words, among other things, as long as the load
impedances are totally independent. In this case, the measurements to be taken are the same as
those for a one-port source. Noise predictions in ducts obtained using this method can be of
excellent quality, i.e., they agree perfectly with the measurements.

When, however, the source is truly a two-port source, the intuitive approach is no longer
appropriate, and formulating the propagation operator will specify better what is meant by
interaction or absence of interaction between the loads, and will provide the grounds for what will
be needed to deduce the source parameters and ultimately obtain the propagation inside the
passenger compartment .

Can this method be developed today for use with a source which has more than two ports,
keeping the plane-wave hypothesis ? At each port, the load becomes a plane wave either because it
is continued by a plane-wave duct, or because it is continued by a cone-shaped wide-mouthed
duct. Such a situation exists in the automotive field with the vehicle air conditioning unit. Indeed,
the air conditioning box usually has six exit ducts, directed towards the sides, the floor and the
windscreen (the defrosting ducts) through which the sound propagates before it radiates inside the
passenger compartment, which is considered a priori to be sufficiently damped for the loads to be
independent.

It should be emphasized here that source characterization is only the first step in the
development of a global predictive methodology. Previous work has been done on the prediction
of the pressure spectrum radiated in a free space through a duct connected to a one-port source
[7], and on calculation of the sound generated in ducts by a two-port source [8,9]. The question is
to find out how to extend these previous works to the case of a multi-port sound source connected
with ducts radiating inside a damped cavity.
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It is this global predictive problem, split into two parts, which is presented in this paper. The
methodology is first generalized to a multi-port source connected to one-dimensional (1-D) pipes,
and then to the case of two wide-mouthed ducts, where the plane wave is no longer the only
propagative mode. The measurements taken in each case are the same as those taken for a two-
port source.

In Section 2, a simple presentation is given, defining the source pressure and impedance
in the case of a one-port source, while in no way detracting from the generality of the approach.
The principle of the measurements necessary to determine source pressure and impedance
arises from the formulation. We then proceed to carry out the actual measurements, justifying
the different techniques chosen. Subsequently, by formulating the propagation operators inside
the cavity, the method for measuring the radiation impedance of the duct inside the cavity is
derived, and the transfer path between the duct exit and the target points in the cavity is
determined.

In Section 3, the formulation will be generalized to two-port sources, with attention being paid
to the question of load coupling which could be significant here. The measurements in this case
also derive from the formulation. All the elements will now be in place to tackle experimentally
the problem of a four-port source, each being loaded by impedances transferred back through a
plane-wave duct.

Finally, in Section 4, we will deal with the case of the noise from the defrosting ducts
with the propagation modelled as a two-port source with impedances transferred back
via multi-modal guides. Predictive pressure spectra will be compared with in situ measure-
ments.

Although the prediction results are satisfactory, as the system increases in complexity,
the accuracy of the prediction diminishes and the progressive procedure adopted shows the
areas where further improvements in the method can be made. Nevertheless, there is no doubt
that the strategy presented to tackle the global problem is entirely appropriate and our conclusion
gives the reasons for our confidence in it. As far as we know, the methodology used to deal
with the case studied has not so far been generalized nor has attention yet been drawn to its
main features.

Before starting on the subject, some clarification regarding the use of the word “‘prediction”,
frequent in this paper, is needed. The procedure presented consists in treating the whole acoustic
domain by assembling sub-domains. By analogy, in linear algebra a global matrix may be dealt
with by sub-structuration, whereby the solution must be the same as that obtained from the whole
matrix. To ascertain that this is the case amounts to numerical verification. Similarly in this study,
if all acoustic characteristics of each sub-domain result from measurements, the assembling
ought to lead to the results measured in the whole domain (as long as the measurements are
perfect and linearity is present). To ascertain that this is the case would amount to experimental
verification. On the contrary, when one (or more) sub-domain(s) is modelled either by equations
describing physical phenomena and/or by approximate numerical methods, the assembly of all
sub-domains will not necessarily lead to the measured result in the whole domain. In this case,
the results arising from the assembly constitutes a prediction that will be compared with the
measured reality which amounts to experimental validation. However, when modelling the sub-
domain gives a well-known reliable description, the term “‘prediction” is perhaps not totally
appropriate.



502 M. Boudoy, V. Martin | Journal of Sound and Vibration 264 (2003) 499-521
2. One-port source radiating in a cavity via a plane waveguide

Let us consider the case of two cavities Q; and 25 coupled by duct ©Q, in the context of a vehicle
ventilation system (Fig. 1). A sound source is connected to the first cavity Q; at section S. The
connection sections between 2; and €2,, and between 2, and 25 are respectively, I'a and ['p.

The global problem, in its most simplified form associated with some drastic hypothesis could
be written as follows: considering 2 = QU Q, U Q5 of internal surface Q2 with a sound source at
section S, the acoustic operator for acoustic pressure p(x) inside Q could be

Hp(x) = (A+KkK)p(x) =0 in Q,
P = —ipwuv, on S,
pa=0 on O02\.S,
where 1 = \/—1, w is the radian frequency, k the wave number, p the density of the medium, p, is
the spatial partial derivative of the pressure along the normal, and v, the acoustic normal velocity.
The ratio p/(pcv,) is called the specific acoustic impedance and the inverse is the specific
admittance noted f.
More precisely, inside volume €, with an acoustic load of impedance Z, on I', and with
source S active, a more general acoustic operator for acoustic pressure ¢(x) could be
Hg(x) =0 in Q,
qn+ikP,g =f on S,
gn+ikpg=0 on Iy,
dn+1kfig =0 on 0Q\(SUTy),
which is solved by using the Green function g(x,x’) of cavity ; which, for example, satisfies the
same passive boundary conditions as g(x) on 0Q;\[I 4:
ng(X7 XI) = 5(X9 Xl) in Ql 5
gn+ikpyg =0 on S,
gn+1kpig=0 on 0Q1\S

(1)

passenger compartment
Q3 ? E \

Fig. 1. Schematic diagram of the car ventilation system with only one duct.

conditioning
box
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resulting in the boundary equation for acoustic pressure ¢(x) inside Q;:
q(x) = — / g, X (x) dx" —ik(B; — B | q(x"g(x,x’) dX'.
S Iy

Assuming a uniform acoustic field on section I", this equation for pressure ¢4 on I" 4 becomes

Js 9(x4, X )f (x) dx/ . fFA g(x4,x’) dx’
g4 = — —— —— + i . ——Baq4, (2)
L+ikpBy [r, 9(x4,X') dx L+ikpy [r, 9(x4,X') dx
44 = Ps + Zs P 4qa, 3)
Ds
= 4
(A @

where p; is the source pressure and Z; the source impedance. Both parameters are independent of
the load applied on I' 4. It should be noted that with another elementary solution ¢'(x,x’) which
satisfies, for instance, the operator

H.gd(x,x') =d(x—x) in Q,
g, +ikpg =0 on 09,

the expressions for p; and Z; would be more complicated but would obviously not change the
value of these parameters.

From Eq. (3), a test procedure for measuring source parameters p;, and Z, can be directly
deduced. Indeed, this equation is linear relative to the unknowns p, and Z, so the measurement of
pressure ¢4 and of load admittance 4 with successively two different load conditions leads to the
source parameters. Using more than two loads induces over-determination which increases the
accuracy of the results [10,11], but Shridha and Crocker [12] have highlighted the weaknesses of
this method. Another solution is to use a two-step procedure, the first step consisting in measuring
the source impedance Z, with the help of an external sound source connected to section I" 4. In the
second step, the source pressure is deduced from a measurement of ¢4 and from the previous
determination of Z by applying a known acoustic load on I' ;. Using more than one load allows
the results to be averaged.

The boundary equations can be used to clarify the source impedance determination method
with an external source. When the main source S is turned off and the external source is turned
on, the acoustic pressure r(x) inside ; verifies the following system:

Hr(x) =0 in Q,
rn+ikf,r=0 on S,

Fu+ ikﬂ},r =h on Iy,
ro+ikfir=0 on 02\ (SuTly).

()

Writing the boundary equation for pressure r4 on section I' 4, with the assumption that the
acoustic pressure and velocity fields on section I' 4 are uniform, yields

uzawm/gmmmwwﬁ/memf
FA FA
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or

ol ik fFA g(x4,x") dx’

- = Z,. 6
Fnd 1 + ikp, fr,, g(x4,x) dx’ (6)

It is worth noting that both the admittance f, and the solicitation / are included in the term
r.4. The above equation, in association with Eq. (2), shows that the source impedance can be
obtained by connecting an external sound source to section I', and by measuring the resulting
impedance on this section. In practice, the source impedance is deduced from the measurement of
a transfer function between two pressure signals at two microphones located in a duct connecting
the external sound source to section I' 4, using to the transfer function technique [5]. With an
antenna of three microphones instead of two, flow noise is suppressed by measuring the coherence
functions between each sensor.

When the pressure on I 4 is sought via Eq. (4), with the source parameters p;, and Z, being
previously measured, the last parameter to be determined is the load admittance f,.
It is calculated by transferring the impedance Zz on section I'z back to section I', with the
help of the duct transfer matrix. The main difficulty is to obtain the admittance on section I3 as
the latter reveals the acoustic behaviour of the cavity €3 which may be quite complex. Again, a
better clarity of the situation is obtained by writing the acoustic operator over pressure s(x) in
cavity €25 as isolated from the rest of the system and with an external sound source connected to
section I'g:

Hs(x) =0 in Qs,
sp+ikf,s=¢ on I, (7)
Sp+1kf3s =0 on 023\ I 5.
Let us call g; the Green function of cavity Q5 which verifies the following system:
Hyg3(x,x') = 6(x —X') in Qs,
gsn +1kf393 =0 on 0Qs.

The boundary equation with the uniform acoustic field over I'g, leads to:

.. SB ik f]‘ g3(xp,x’) dx’
—lk— = ZB = B 5
Sup L+ ikBs [y, 95(x5. X)) X'

()

If the cavity geometry and behaviour are simple enough for Green function g; and wall
admittance 3 to be perfectly known, impedance Zp is calculated. Otherwise it is measured in the
same way as the source impedance was, i.e., by using the transfer function technique.

Knowing the three parameters p,, Z, and 4, the sound pressure on section I' 4 results from
Eq. (4). However, in most cases, the pressure spectrum inside cavity €5 is sought, which is why
pressure ¢4 is propagated towards section I'p via the duct transfer matrix in order to obtain ¢p.
Then acoustic pressure ¢; on the target point x5 in cavity Q5 can be calculated if the transfer
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function Q(x3) between section I'p and x5 is available as g3 = Q(x3)gp. This transfer function
0(x3) is determined with cavity Q3 isolated from the rest of the system. Writing the boundary
equation associated with acoustic operator (7) for target point x5 inside 23, one obtains after
several simplifications:

_s(x3) _ik.33ZB —1

00x) =~ 7

/ g3(x3,X) ¥ )
I'p

Once again, if cavity Q5 is simple enough for the Green function g3 to be perfectly known, the
transfer function Q(x3) is calculated. Otherwise, it is measured.
To sum up, the prediction of the acoustic pressure inside 23 follows this procedure:

® The source parameters p; and Z; are determined as well as the cavity parameters Zg and Q(x3)
which can be calculated or measured. The duct transfer matrix is also calculated.

® The load impedance on I is transferred back to section I' 4 thanks to the duct transfer matrix.
Then, Eq. (4) results in the acoustic pressure on I"4, which is propagated through Q, towards
section 'z in order to obtain pressure ¢p. Finally, the acoustic pressure on the target point of
cavity 5 is the product of ¢z and Q(x3).

To conclude this section, it should be pointed out that the acoustic operators were chosen for
the sake of simplicity, but this does not affect the generality of the procedure.

3. Multi-port sound source connected to a cavity via several plane waveguides
3.1. The specificities of an N-port source

Having dealt with the presentation of a one-port source in the previous section, we now
focus on a cavity €, with N exits, called a N-port source. The whole system configuration,

in the case of a two-port source, is shown in Fig. 2 (again in the frame of the automotive industry).
The two exit sections of 2, are called I' 4 and I' - while the two entry sections of the main cavity

conditioning
box

Fig. 2. Schematic diagram of the car ventilation system with two lateral ducts.
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Q4 are I'g and I'p. The acoustic operator for pressure ¢(x) inside €, is, for instance:

Hqg(x)=0 in Q,
gn+ikp,g=f on S,
qnt+ikByg=0 on I, (10)

qu+ikBeg=0 on I,
gn+ikfig=0 on 02\(Sul4uTl().
Here also, this particular operator does not affect the generality of the demonstration as long as

the load impedances on sections I 4 and I' ¢ are independent. The case of dependent loads will be
tackled later on. Let us call g(x,x’) the Green function of cavity Q, which verifies the operator:

H.g(x,x')=6(x—x) in Q,
gntikp,g=f on S,
gn+ikpig=0 on 0Q1\S.
The acoustic field is regarded as uniform on I' ; and I' - so the acoustic pressures on I' ; and I' - are

called p4 and pc, respectively. Inserting the notation simplifications g4 = g(x4;-), gc = g(xc, ),
classical calculation yields

(o=l ] -l S) 02

{fs} M] (]
1e.,
{I’j ! } = ([0+kp M) ) + ik (0-+ikfy M) 'V [B]{f; ! } (1)
{0} (2] —
p,nA
l/ik{ }
PnC

or, in matrix notation:
p=p+ ZSZflp. (12)

In the case of signals that are random functions of time, Eq. (12) is modified by considering
spectrum and cross-density matrices (S; and S) as variables instead of acoustic pressure vectors (p;
and p):

AV
Ss = ps(ps)c = <S;4A S:‘C
CA cC

) and S=pp) = (SAA SAC>,

Sca Scc
where superscript ¢ refers to the conjugate transpose. Eq. (12) is thus transformed into
S, =(1+ 72/ 's[1 + z,z;)] . (13)

The load matrix [f] (and Z, =[f]™") is diagonal due to the assumption of independent
loads on I', and I'¢, but it is worth mentioning that the boundary conditions may have the
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P.nA . ﬂAA ﬂACj| {pA } o {0}
k = d .
{P,nc } . [ﬁCA Beel Lpc 0 on Iaand Fe

This form occurs, in particular when the two guides end in the same cavity (here €).
Nevertheless, it has been assumed that the guide exits I'g and I'p are spaced out enough for the
extra-diagonal terms of matrix [f] to be negligible compared to the diagonal terms.

Concerning the relation between Z; and M, it should be noted that ikM is the source impedance
matrix, where the inner walls of Q; are rigid.

The procedure used to measure source parameters S; and Z; originates from that used in the
one-port source case. Indeed, it is a two-step test procedure, with an external sound source to
measure the source impedance matrix. Here matrix Z; has four components and two different
acoustic configurations are needed. They are obtained by putting the external source successively
at each exit of Q; (i.e., I'4 and I' ). Again, the antennae of three microphones placed on I' 4 and
I' ., and the measurement of two transfer functions with the associated coherence functions for
each loudspeaker position determine the source impedance matrix. Concerning the measurement
of source strength matrix S, two loads of known impedances are connected to I' 4 and I', and S;
is obtained without an external loudspeaker by measuring the auto and cross-spectrum densities
as well as the associated coherence functions at the exits of ;. Several pairs of loads allow the
results to be averaged.

What is the difference between two one-port sources and a two-port source? If matrix M, and
consequently matrix Z, is diagonal, Eq. (12) is equivalent to two one-port source equations (3)
for I' ; and I' . This means that the load on I - would have no impact on the acoustic pressure and
velocity on I' 4 and conversely. Therefore, the extra-diagonal terms of matrix Z, relative to the
diagonal terms quantify the coupling of the guide entrances I' 4, and I' - through the cavity Q4. For
instance, a fan in a duct would act as two one-port sources if the radiations upstream and
downstream were independent, but this absence of coupling can only be judged after the source
matrix of the two-port source has been measured.

following form:

3.2. Radiation of the multi-port source in a cavity via plane waveguides

To calculate the auto and cross-spectrum densities matrix S at the cavity Q; exits, the load
impedance matrix Z; has to be determined. It is obtained by transferring impedance matrix Z4 at
the duct exits back to the duct entrances via the duct transfer matrices. The impedance matrix Z,
reveals the acoustic behaviour of cavity 4. The description of this behaviour in terms of acoustic
operator and boundary equations will illustrate this effect. Let us consider that cavity Q4 is
isolated from the rest of the system and that an external sound source is connected to section I'p.
An acoustic operator of this configuration is

Hg(x)=0 in Qg
gn+ikp,g=e on I,
qn+ikp,q=0 on I'p,

gn+1ikfsg =0 on 0Qs\(I'pulp).

(14)
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As previously, writing the boundary equation associated with this configuration, with the
hypothesis that the acoustic fields on sections I'pz and I'p are uniform, the following system of
equations is obtained:

—ik{ 1 } = ik (1] + ikﬁ4[M4])l[M4]{

qp

q’”B} with [Z4] = ik (1] + ikBM]) " [Ma], (15)
4q.nD

where the components of matrix My are integrals of the Green function g4(x,x’) of Q4 (g4 is built
similarly to g3 in Section 2).

When cavity Q4 has a geometry such that the Green function g4 and the wall admittance 34 are
calculated, then matrix Z, is also calculated. Otherwise, it is measured with a test procedure
similar to that used to measure the source impedance matrix.

The second step in characterizing the cavity determines the transfers Qp(x4) and
Op(x4) between the duct exit sections I'p and I'p, and the target point x4 in Q4. If again
the boundary equations associated with the acoustic operator (14) are considered, pressure at

point xy4 is
CI(X4) = —ik (ﬁ4</1;1; 9 ~/FD g4>[Z4] N </FB 9 /FD g4>> [24]1{ ZLB; }

q(xs) = {Op(xy), QD<X4)>{ » }
qp

or

According to the geometry of the cavity, Op(x4) and QOp(x4) will either be calculated or
measured. In the second case, the external loudspeaker will be successively put on I'z and on I'p.

Below, the procedure for predicting the pressure spectrum at a target point of €4 caused by the
radiation of a multi-port source via plane-wave ducts is summed up:

® Measurement of source parameters: Source impedance matrix Z; and source strength matrix S;
of the N-port-source consisting of cavity 2, with N exits are measured.

e Determination of cavity 4 parameters
—Radiation impedance matrix Z,4 at cavity 4 openings is calculated or measured.
—Transfer functions between each cavity opening and the target points are measured.

e Prediction of the acoustic spectrum at the cavity target points
—Load impedance matrix Z; is calculated by transferring matrix Z4 back to the duct entrances
with the help of the duct transfer matrices.
—As all the needed parameters are known, Eq. (13) gives the auto and cross-spectrum density
matrix at cavity ; exits.
—The latter propagates to the cavity €4 openings thanks to the duct transfer matrix resulting
in S4.
—Pressure spectrum at the cavity target points is calculated as

Sxa) =D > Oilxa) Qj(xa)’ Sy

i=B,D j=B.D
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3.3. Experimental results

As already mentioned, the motivation behind this work was in the prediction of the sound
pressure spectrum inside the passenger compartment caused by the radiation of the air-
conditioning box. The experimental results are to show to what extent the theoretical approach
described in the last section fits the complex reality of a technological object such as an
automobile air-conditioning system. At this stage, the defrosting ducts are not taken into account
as they have too large an exit nor are the central ventilators which are too short for the single
plane wave to be established. The air-conditioning box considered in this chapter is thus a four-
port source with its four exits towards the lateral and floor level air ducts.

3.3.1. Experimental results in a semi-technological situation

The method to measure the multi-port source parameters was first validated in a semi-
technological situation consisting of the air-conditioning system removed from the car and freely
radiating in an anechoic chamber via straight guides. For this experiment, three ports of the air-
conditioning box are considered: the left lateral, the right defrosting and the left floor-level exits.
The other exits are not closed but connected to absorbent stoppers. The fan rotation was set at
about half the maximum speed which induces an air flow speed at the car air outlets of between
3.2 and 4.2m/s.

The source impedance matrix and the source strength matrix were measured successively with
three different sets of loads (ducts of various lengths and expansion chambers) in order to average
the results. The modulus of the source impedance matrix terms and the diagonal terms of the
source strength matrix are shown in Figs. 3 and 4 respectively. It is seen that the three curves for
the various sets of loads can be superimposed indicating that the source parameters are
independent of the loads and that the measurements are correct.

A comparison in Fig. 5 of the predicted and measured sound pressure spectra just at the
extremity of straight ducts or of an expansion chamber connected to the conditioning box and
freely radiating into the anechoic room shows a very good correlation. It indicates that the
hypothesis of the source linear behaviour is fulfilled.

Fig. 6 gives a comparison between the predicted and the directly measured spectra now with
real ventilation ducts minus the defrosting duct. The results are of slightly poorer quality than
those in Fig. 5, but they are still convincing. The loss of quality arises mainly from the difficulty in
calculating the transfer function of the car ventilation ducts accurately due to their complex
geometry (their section varies continually; the bends are not concentric).

It should be mentioned that, in the present experiment, the predicted results with three one-port
sources are similar to those obtained with a three-port source. As seen in the previous section, this
is because the off-diagonal terms of the source impedance matrix are, for most of the frequencies,
negligible in comparison with the diagonal terms as can be seen on Fig. 3, and also because the
duct exits are considered to be independent as they freely radiate in an anechoic room, so the load
impedance matrix is diagonal. Nevertheless, the diagonality of the source impedance matrix for
the three-port source may be specifically linked to this configuration and it should not be assumed
that this would still be the case with other box exits. Moreover, further experimental results on a
six-port source have shown that Z; is not diagonal if the ports are located close to each other.
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Fig. 3. Modulus of the source impedance matrix Z,.

3.3.2. Experimental results in a technological situation

Another experimental validation of the methodology was carried out on a complete vehicle,
from which the central and the defrosting ducts had been removed. With these conditions, the
noise predicted inside the passenger compartment was caused by the ventilation sound guided
through the two lateral and two floor-level ducts. Fig. 7 shows a diagram of the air-conditioning
box and of the ventilation ducts.

The source parameters derive from measurements taken on the global six-port source, made up
of the conditioning box at the two lateral, two floor-level and two defrosting exits. These
measurements were taken in a normal (i.e., non-anechoic room) so the source parameters are less
well defined than those of the three-port source in Figs. 3 and 4.

The measurements on the vehicle (passenger compartment characterization and direct sound
level measurements) were made in a semi-anechoic chamber. The transfers between the air outlets
and the target points were obtained by connecting a loudspeaker emitting a white noise to the rear
of the considered air outlet and by measuring the transfer functions between the pressure signals
of a microphone in front of the outlet and others at the target points of the passenger
compartment. The experimental set-up for this transfer measurement is shown in Fig. 8 (the
microphones at the target points are not drawn). Two target points were located at the driver’s left
ear level and at the front passenger’s right ear level (80 cm above the lower part of the seat and a
10 cm lateral shift from the middle of the headrest). The third target point was halfway between
the two others.

Regarding how the radiation impedance matrix at the ventilation duct exit sections was
determined, as the passenger compartment is of complex shape and partly absorbent, it was
decided to approximate this matrix by a diagonal matrix composed of the impedance of a guide
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Fig. 4. Modulus of the diagonal terms of the source strength matrix.

running into a half-space limited by an infinite plane intended to model the influence of the
dashboard.

The predicted sound pressure spectra from lateral and floor-level air outlets are compared to
direct measurements of the auto-spectra on the three microphones at the target points of the
passenger compartment. The curves are superimposed in Fig. 9. It appears that the correlation
between predictive calculation and direct measurements is good, except in frequencies lower than
200 Hz. Beyond the dependent charges, this lack of correlation for low frequencies could be
explained by the fact that, for direct measurements, the microphones were not protected with
round windscreens when they were under the lateral outlets air flow. Indeed, two remarks results
from experiments. On the one hand the difference between predictions and measured results for
low frequencies is greater at the passenger headrest where the air flow speed is 3.6 m/s than at the
driver headrest where the air flow speed is 3m/s. Concerning the third microphone at the middle
that receive less air flow, the difference is the smaller. On the other hand, the direct measurement
for microphones at the headrests were more noisy than for the third microphone at the middle.
The two phenomena could be related and if so, the use of windscreens would have led to better
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Fig. 5. Predicted and directly measured pressure spectra at the end of simple ducts connected to the three-port source.

measurements and perhaps would have diminished the differences with the predictions. For
frequencies greater than 200 Hz, the measurements are of poorer quality than the results predicted
at the end of ducts outside the vehicle (see Fig. 6). Two reasons can be reasonably suspected. The
source parameters were not measured in an anechoic room nor with a sufficiently powerful
external loudspeaker and they are thus tainted with slightly more experimental noise than those in
Figs. 3 and 4. Moreover, modelling the ventilation ducts, and the passenger compartment with a
half-space for the medium and high frequencies, might not be quite satisfactory. The latter reason
is probably of the second order compared to the former. There, is however, no doubt that the
accuracy of the results, sufficient here for our needs, can be improved if needed.

4. Two-port source connected to a cavity via two multi-modal guides

As seen in Sections 2 and 3, the acoustical model of multi-port sources implies a uniform
acoustic field on each port. When the ducts connected to the ports are plane waveguides, this
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Fig. 6. Predicted and directly measured spectra at the end of the lateral and the floor-level ventilation ducts.

Fig. 7. The air-conditioning box and the four ventilation ducts.

condition is verified provided a few precautions are taken. This hypothesis is actually fulfilled for
the lateral and the floor-level ducts, but it is not the case for the two defrosting ducts. However,
the defrosting duct entrance sections are considerably smaller than those at the exit and also



514 M. Boudoy, V. Martin | Journal of Sound and Vibration 264 (2003) 499-521

microphone

Fig. 8. Measurement of the transfer paths between an air outlet and the target points.
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Fig. 9. Pressure levels predicted and measured directly at the target points.

smaller than the wavelength, which means that the plane-wave contribution is much greater than
that of the other modal amplitudes at the duct entrances (which are also the air-conditioning box
exits). This is why the multi-port source model is also appropriate for the defrosting exits of the
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air-conditioning box. In this section, defrosting will be studied independently of aeration, and as
there are two defrosting ducts on the test vehicle, the present source is a two-port one.

In order to extend the predictive methodology to the case of complex ducts with modal
propagation several adjustments are necessary. Firstly, multi-modal impedance matrices have to
be transferred from the duct exits back to the entrances and the plane-wave component has to be
extracted to obtain the load impedances. Secondly, the pressure at the air-conditioning box exits
calculated thanks to Eq. (12) must be propagated through the defrosting ducts to the nozzles,
where the acoustic pressure is established on several modes. Various methods can be used to do
these operations. The finite element method, which is universal, fits any geometry. Although very
adaptable, it requires a variational description of the acoustic problem. The only acoustic variable
is the pressure but the impedance transfer can be done using elementary properties of linear
algebra. However, to keep close to what was done in the case of 1-D, it was decided to start with
the finite stairs method, whereby the differential equations are directly solved by modal
decomposition and the acoustic variables become vectors of pressure and velocity modal
amplitudes. By analogy, the matrix which links the pressure modal amplitudes vector to that of
the velocity is called the modal impedance matrix. The duct geometry is approximated by a
succession of elementary elements (for instance, simple section discontinuities and straight guides)
along the privileged propagation direction, and the impedance back-transfer is thus achieved step-
by-step [13].

4.1. Integration of the finite stairs method into the predictive methodology

Only the broad outlines of the classic finite stairs method are given here before tackling the
problem of characterizing the main cavity 4. Indeed, considering the defrosting duct exit sections
which are considerably larger than those of the 1-D ducts, both the radiation impedance
calculation and the transfer path measurements are more complex.

4.1.1. The finite stairs method

The relation between the modal amplitude vectors at the entrance and at the exit of a guide can
only be calculated for simple geometries such as rectilinear elements or simple area discontinuities,
as far as analytical methods are envisaged. This explains why, with the finite stairs method, the
duct geometry is approximated by a succession of stair steps, the length of which must be small
enough in relation to the wavelength for the sound propagation inside such a discontinuous duct
to resemble closely that observed in the real duct.

The modal decomposition of acoustic pressure and velocity in a section of a rectilinear element
gives

px,y,2)=ipw Y (ae ™ 4+ bye® )¢, (v, 2) = ipa{$,) {ps}=ipow ¢,

) A . (16)
o(x,y,2) =1 ky (a,,e_‘knx — bnelk"x)(bn(y, z) = <q’),,>{vn} =¢'-v,
n
where ¢,(y,z) is the nth transversal eigenfunction of the guide. Modal amplitude vectors © and v
are the state variables. Equation 1 = Z - v defines the modal impedance matrix Z. The vectors and
the matrix are theoretically of infinite size but in practice, they are truncated to a certain number
N of modes.



516 M. Boudoy, V. Martin | Journal of Sound and Vibration 264 (2003) 499-521

The modal impedance matrix Z,,, at the exit of the rectilinear element of length L can be
transferred back to the entrance with the following equation [14]:

1 1 1 o
Zin = - . Zout + . P
k tan(kL) k sin(kL) k tan(kL)/ k sin(kL)

where k is the diagonal matrix of wave numbers k,. Then the velocity modal vector can be
propagated from the duct entrance to the exit:

. 1
Vour = k sin(kL) (Z,-n + m) Vip.

These expressions are not the most straightforward available, but they allow the problem of
numerical instability to be overcome.

Considering the whole discontinuous guide, elementary straight duct elements are connected to
each other by applying the pressure and velocity continuity equations so as to be able to transfer
back the modal impedance and to propagate the modal velocity vector.

4.1.2. Radiation modal impedance matrix at the defrosting nozzles

The radiation modal impedance matrix at a duct exit takes into account the main cavity
response, and it was decided to calculate rather than measure it. Thus, in the case of a single
defrosting nozzle of section Iy, term (n,q) of radiation modal impedance matrix Z, is [13]

2y =" [ 4 d20,0/.2) [ drdzgutr.z0' 20,000 (17)
n Jr, Ty

where g4 is the cavity Q4 Green function. The latter can only be calculated analytically in certain

specific cases, for instance if Q4 can be assimilated to a half-space limited by an infinite rigid plane.
With the defrosting ducts, the exit sections of which are I', and Iy, the radiation modal

impedance matrix is defined by

where 7; and v; are, respectively, the modal pressure and velocity vectors on section I';. In the
present work, the mutual influences of one duct exit section on the other have been ignored, so the
radial modal impedance matrix is

Z 0
[Z4]=[ ’ ]

0 Zy

4.1.3. Transfer paths measurement between the defrosting nozzles and the target points in Qy

To obtain a complete characterization of the main cavity 4, the transfer paths between the
defrosting nozzles and the target points in the passenger cavity must be determined. Previously,
when the only propagative mode in the ducts was the plane wave, these transfer paths were
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characterized by transfer functions. Now, considering the dimensions of the duct exit sections,
another approach will achieve the goal.
The acoustic operator of cavity 4 with non-zero velocity fields on sections I', and I'y; is

Hp(x) =0 in Qq,
pa = —lpckvy on I,

. (18)
pan = —lpckvy on Iy,
Pat+ikfyp =0 on 0N\ (T'pUTly).
The associated boundary equation for a point x4 of the passenger compartment is
9= [ goxpax) dx = —ipk [ gx.x) ox) d. (19)
Fbul"d FbUF,j

By splitting sections I', and I'; into a number N, of elementary sections I';, and by
approximating the acoustic velocity distribution on I', and I'; by a curve V, . which is constant on
the elementary sections I, the previous equation becomes

N, esc

p(x)=— Y vl Ri(x) where R(x)=ipck / g(x,x") dx’
—1 T

J

Note that only the value of the acoustic velocities v/ . counts here, and not the modal amplitudes
of the velocity. This remark could give an advantage to the finite element method over the finite
stairs method.

The transfer path parameters are thus the transfer impedances Rj(x4) which are measured using
an external loudspeaker connected successively to the rear of each elementary section, while the
rest of the ducts exit sections are rigidly closed. The transfer impedance is then the ratio of the
pressure measured on a target point to the velocity on the elementary section I';. The latter is
again the ratio of the measured pressure on I'; to the impedance at the same point. The impedance
is measured with a two microphone antennae to apply the transfer function technique [5]. The

experimental set-up is shown in Fig. 10.

/

I ali
[

Q) O

7 r
I."

Fig. 10. Experimental setting for the transfer impedances R/(x4) measurement.
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Numerical simulations have been carried out in order to evaluate the influence of two major
approximations of the method. Firstly, the fact that the velocity distributions on the defrosting
nozzles are approximated by curves which are constant on a number N, of elementary sections
may cause errors. The simulations indicate that if N, is equal to or even greater than the number
of modes in the finite stairs model, the impact of the velocity distribution decomposition on the
prediction is small. Secondly, an approximation is done to calculate the radiation modal
impedance matrix. According to the numerical simulation results, the hypothesis of radiation in a
half-space instead of a cavity leads to error peaks. The more absorbent the cavity, the lesser the
peaks.

4.2. Experimental results

An experiment on a vehicle was carried out to validate the methodology for predicting sound
levels at target points in the passenger compartment, caused by the propagation of ventilator
noise through the two defrosting ducts. The source strength and impedance matrices S, and Z;
were extracted from the measurements on the global six-port source made up of the conditioning
box at the lateral, floor-level and defrosting exits. The target points in the passenger compartment
are the same as in Section 3.3.2.

The finite stairs model of the two defrosting ducts takes into account all the propagative modes
and five evanescent modes. The viscothermal losses were taken into account. The duct geometry is
shaped with 30 stair steps on their whole length of 11 cm. The calculations were made in the
frequency range from 100 to 2000 Hz with steps of 10 Hz.

To measure the transfer impedance, each defroster nozzle section was split into 11 elementary
sections of 3.5cm length. Moreover, the transfer impedance was also measured between the two
defroster nozzles and the target points.

Direct measurements of the sound pressure spectra at the three target points due to defrosting
have also been done and are seen as reference curves for the evaluation of the predictive method
accuracy. Results are given in Fig. 11.

Although the main trends are respected, the results are less satisfactory than those obtained
with the 1-D ducts. Three main factors may be the cause. Firstly, the defrosting noise was
measured in presence of the air outlets whereas the prediction does not take into account the noise
generated by the impact of flow noise on the flanges. The predicted noise is lower than that
measured at high frequencies, which is typically the frequency range of a noise generated by
pressure turbulent fluctuations on an obstacle. Secondly, the defrosting duct is difficult to model
due to the fact that it splits into two at the exit. Lastly, a drastic simplification of the cavity
response was made to calculate the diagonal radiation modal impedance matrix and this may be
responsible for the error peaks.

5. Conclusion

Considering the acoustical and geometrical complexity of the air-conditioning box and
passenger compartment, a complete model of the automotive air-conditioning system from the
fan to the passengers’ ears is still inconceivable. For the time being, a predictive approach can only
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Fig. 11. Predicted and directly measured pressure spectra at the three target points of the passenger compartment.

be undertaken insofar as the acoustical behaviour of the ducts is well-mastered and can be
calculated, while measurements describe the acoustic behaviour of the two cavities isolated from
the rest of the system. Calculations then couple the domains.

The conditioning box, with its exits towards aeration and defrosting ducts constitutes a
six-port source. Here aeration and defrosting have been dealt with separately. The predic-
tion relies on the identification of source parameters and on the description of the
passenger compartment behaviour by a diagonal load impedance matrix considering distant
outlets and defrosting nozzles, and acoustic absorption, perhaps a fragile hypothesis for low
frequencies.

Through a progressive procedure the experimental validation shows the influence of the
increasing complexity of the system on predictive accuracy. Very good experimental results were
first obtained when a conditioning box with only three exits connected to straight ducts
radiated in an anechoic chamber. The acoustic behaviour of each port independent of the loads
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applied to the others emphasizes the diagonality of both source impedance and load impedance
matrices, a property lost in later results when the conditioning box exits are located close to each
other.

Then, dealing with aeration noise, i.e., with four exits of the conditioning box radiating into the
passenger compartment via plane waveguides, the results, although convincing, have lost the
quality observed previously, probably because the air jet noise was absent from the preliminary
measurements, the radiation impedance matrix was not diagonal for low frequencies and errors
may have occurred in modelling the car ducts and compartment.

Lastly, concerning predictions of noise through defrosting ducts, the trends remain but the
results are less satisfactory than for the previous configurations, for the same reasons as before
and with greater consequences. Therefore, further investigation is needed: measurements of flow
noise generated at the outlet flanges, validation of the defrosting ducts finite stairs model either
experimentally or by comparison with a finite element model and improvements in the radiation
modal impedance matrix to prove whether it could bring about significant gains in predictive
accuracy.

Despite these shortcomings, the validity of the strategy has been shown experimentally and fully
justifies optimism about improving predictive accuracy in these complex technological situations.
The parameter setting of this model according to the duct shapes and materials now opens
perspectives for the design of acoustically optimized ventilation ducts according to attenuation
criteria defined on target ranges of frequencies.

Finally, with what degree of realism is it possible to extend the prediction made for un-built cars
based in part on measured data from existing vehicles? This question, which was asked by a
referee of this paper, concerns two possible definitions of an ““un-built” car. In the first case, it
may be a car belonging to the same series as the existing vehicle(s). Here it would be possible to
guarantee a sound level in the passenger’ compartment from the prediction in the existing vehicle
and the known acoustic characteristic dispersion of the series. This type of procedure has already
given realistic results in active noise control to define a guaranteed minimal attenuation (Gronier—
Martin). On the other hand, un-built car may also be even slightly different from the existing
vehicle. What would then be the variations in the measured acoustic behaviour of the cavities, in
the absence of a sufficiently precise numerical model, in particular for the conditioning box? At
present no answer can be given. However, a possible direction to investigate could be further
research based on the comparisons between different acoustic fields resulting from the use of
different methods to deal with the same acoustic problem (Courtois—Martin): more similarity has
been observed in the variations of a field due to a modification in the configuration than in the
field itself in the initial configuration. This could perhaps lead the way to changing the measured
characteristics with the help of variations calculated on a simple numerical model of the existing
vehicle modified to simulate the future car. As far as we know, such research has not yet been
carried out.
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