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Abstract. Muﬄers are widely applied in industrial ﬂow duct systems
or internal combustion engines, to reduce the amount of noise carried
by the upstream ﬂow. Although the ﬂow in the duct of the muﬄer is
commonly unsteady, complex and turbulent, which generates noise by
itself. The ﬂow noise should be considered for design and optimization
of the muﬄer. By means of a three-dimensional numerical simulation integrated CFD (computational ﬂuid dynamics) and CAA (computational
aeroacoustics), the paper investigated two typical muﬄers. The ﬁrst one
has an expanded chamber in the duct, and the second one has the same
chamber but whilst has a perforated wall between the duct and the
chamber. The nonlinear acoustic solver is implemented to model noise
generation and transmission from an initial statistically-steady turbulent ﬂow, which provided by RANS (Reynolds-averaged Navier-Stokes)
simulation, and to simulate the noise in near ﬁeld. The radiated far-ﬁeld
noise of the muﬄers was predicted by FW-H (Ffowcs Williams-Hawking)
acoustic analogy. The mechanisms of the vortex and sound generation
were revealed, and results indicate that the perforated tube muﬄer has
much lower ﬂow induced noise level. The solver of the numerical simulation has been parallelized with MPI, and run on a HPC cluster, due to
the large computation cost.
Keywords: computational ﬂuid dynamics (CFD), computational aeroacoustics (CAA), ﬂow induced noise, muﬄer.

1

Introduction

Muﬄers (or silencers) are commonly used as silencing elements in HVAC ducts,
automotive exhaust systems or other internal ﬂuid machineries, to attenuate the
noise emitted by upstream sound sources. The acoustic attenuation mechanisms
in the absence of ﬂow medium have been quite well understood. However, ﬂow
in the duct and chamber of muﬄer is commonly unsteady, complex and turbulent, which generates noise by itself. The ﬂow induced noise should be carefully
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considered for design and optimization of the muﬄer, especially at high speed
[1–6].
With development of computational ﬂuid dynamics (CFD) and computational
aeroacoustics (CAA), numerical simulation should be able to applied to predict
the ﬂow excited noise. The methods of CAA can be classiﬁed in two basic approaches, the ﬁrst one is directional approach, also called as directional noise
computation (DNC) and the second is hybrid approach [7, 8]. Because the acoustic perturbation is much smaller than the ﬂow dynamic quantities, the directional
noise computation often costs a lot and the numerical error should overwhelm
the acoustic quantities. In order to accurately simulate sound in the ﬂow with acceptable computational amount, hybrid approach is commonly adopted, that is
of two-step, i) acoustic source computation and ii) sound propagation computation, where diﬀerent methods are used in corresponding domains and integrated
through data transmission. The ﬁrst step should be accomplished by directional
computational ﬂuid dynamic simulation, through RANS/LES/DNS approach,
where the ﬂow perturbation and acoustic source are computed or modeled. The
second step, in general, consists of sound computation in near ﬁeld and far ﬁeld,
of which the former is to solve the partial derivative equation of acoustic perturbation and the later is to solve the acoustic analogy equation or other similar
equations. In present work, the numerical method is based on the NLAS (nonlinear acoustic solver) approach, derived by Batten et al [9, 10]. NLAS provides
a more sophisticated sub-grid treatment that allows the extraction of acoustic
sources from the temporal variation within the (modeled) sub-grid structures.
The main advantage of this approach is that the noise in the near ﬁeld can be
simulated with less computation cost comparing to the directional noise computation approaches with traditional LES, hybrid RANS/LES, because the grid
requirements is relaxed in the near-wall region. Furthermore, it has the important
advantage of being able to account for both for broadband, turbulence-related
noise and discrete tones arising from coherent structures or resonance, which can
not be neglected in present study on the ﬂow noise issues of muﬄers.
Two typical kinds of muﬄers were studied in this paper, one of which is constructed by a expanded chamber in the duct, and another with a perforated wall
between the chamber and the duct. With the qualitative and quantitative comparison with experimental measurement shows that the simulation has credible
results. The results helps to understand the mechanisms and control of the ﬂow
induced noise in the typical muﬄers, which is great useful for the muﬄer design.

2

Numerical Methods

In present work, the hybrid approach of CAA, NLAS was implemented. The
strategy can be described as the four steps as below. Firstly, the CFD simulation is performed to obtain the averaged ﬂow ﬁeld, with a conventional RANS
method. Followed that, the noise source ﬂuctuations are generated by the synthetic reconstruction of turbulence. Then, the acoustic perturbation equations,
called nonlinear disturbance equation (NLDE), are solved though the NLAS.
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Finally, the far-ﬁeld sound pressure is computed by the FW-H acoustic analogy.
Following subsections present the details of the methods.
In order to compute the broad-band sound noise, because of the large computational cost, the parallel computation is implemented in the RANS step, and
in the NLAS step. The domain partition was done with the tool package of
metis [11].
2.1

Noise Source Computation

Firstly, the standard RANS with k- model is chosen to model the turbulence
in the study. The governing equations of the viscous compressible Navier-Stokes
equations of perfect gas are given with index notation as:
∂Gi
∂Q ∂Fi
+
−
= Ṡ ,
∂t
∂xi
∂xi

(1)

where Q is the dependent variable vector; Fi is the inviscid ﬂux vector; Gi is the
viscous ﬂux vector; and Ṡ is the source term vector, equal to zero here. They
are given as:
⎞
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where ρ is the density, e is the total energy, p is the pressure, ui is the velocity, θi
is the heat ﬂux, and τij is the viscous stress tensor. With linear turbulence models, the dynamic viscosity coeﬃcient μ in the constitutive relationship becomes
to μ + μt and the thermal conductivity k becomes to k + kt .
The two-equation nonlinear (cubic) k- model is used to obtain Reynolds
stresses from the modeled eddy viscosity (μt ) and the available mean-strain
tensor. The model equations are written as:
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Because the ﬂow in the muﬄers is entirely low-speed (M = 0.03), the preconditioning approach [12] is adopted to overcome the numerical issues encountered
by the standard algorithm of compressible ﬂow equations.
Secondly, the synthetic reconstruction of turbulence is used to generate the
a full-spectrum noise source from the set of RANS turbulence statistics. This
step is important for use with acoustic wave propagation equations solver, either
numerical or analytic methods. Details of the synthetic method adopted in the
study can be found in [10].
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Noise Propagation Computation

The hybrid CAA approach NLAS, was developed by Batten et al [9, 10], advanced from the derivation of Morris et al [13]. The governing equations are referred to as nonlinear disturbance equations (NLDE), derived from the origninal
Navier-Stokes equations (1), by rearranging for ﬂuctuation and mean quantities,
written as:
∂Fi
∂Q
∂Gi
∂Q ∂F i
∂Gi
+
−
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=−
+
,
(4)
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Neglecting density ﬂuctuations and taking time averages leads to:
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In above equations, the mean-ﬂow quantities are obtained from the separate
solution of the RANS equations (1), and the unknown perturbation quantities
are obtained from the time-dependent nonlinear disturbance equations (4). The
key step in NLAS is to obtain the unknown perturbation terms in Ri , from the
RANS. Once the mean levels and sub-grid sources established at the initial time,
by the synthetic reconstruction of turbulence mentioned above, time-dependent
computations can then be made to determine the transmitted perturbations
about this mean using the above set of disturbance equations (4).
The far-ﬁeld sound can be computed at the speciﬁc observer points using
FW-H (Ffowcs Williams-Hawking) acoustic analogy [14], before that, the timedependent surface data was computed and saved in each NLAS step. In the
present study, the sound surface is speciﬁed as the whole outlet surface, to compute the radiation to far-ﬁeld, since the outlet is the only surface where the ﬂow
induced noise radiated through. While the sound pressure p (t) in time domain
obtained from FW-H method, the sound pressure level should be given with
FFT tools.
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Fig. 1. The grids of (a) muﬄer-A , exterior view, without perforated wall, (b) muﬄerB, interior view to show the perforated wall.

2.3

Physical Model and Boundary Conditions

The two kinds of muﬄers is referred to muﬄer-A, an expanded chamber without
a perforated wall, and muﬄer-B, with the perforated wall along the duct, which
are of the common forms of an acoustic ﬁlter. The diameter of the ends of
both muﬄers is 100 mm, and the total length is 400 mm; the chamber is with
diameter of 300 mm and length of 350 mm. As to muﬄer-B, the diameter of the
holes of the perforated wall is 5 mm, and the porosity ratio of the wall is 25%.
The tetrahedral/pyramid/prism mixed-type unstructured grids were generated.
The grids around all of the walls were densiﬁed, especially around the holes,
because the holes is relatively very small. The models’ grids are showed in Fig. 1.
The number of total elements of muﬄer-A is 779784, and that of muﬄer-B is
10400946, noted that the later is much larger than the former. The ﬂow speed
though the muﬄer is 10 m/s. For muﬄer-A, cases of ﬂow speed 5 m/s and 8 m/s
were also simulated.
The standard atmosphere air state, i.e. pressure 101325 Pa and temperature
298.5 K, was set as the free-stream condition, which was speciﬁed at outlet. The
inlet turbulent degree is set as 0.01. The non-slip, adiabatic condition were set
at solid wall.
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Fig. 2. Streamlines in the middle cross section (x = 0 plane) in the muﬄers, shaded
with the velocity magnitude, (a) muﬄer-A, (b) muﬄer-B. Note that the seeds to compute the streamlines is at z = 0, ±0.05, ±0.10, ±0.15, and − 0.20.

3

Results and Discussions

In order to distinguish the diﬀerences between muﬄer-A and muﬄer-B, results
are given below with comparisons between them.
3.1

Mean Flow Physics

The mean ﬂow is computed by RANS. The mean ﬂow ﬁelds of velocity and
pressure are showed in Fig. 2 and Fig. 3, respectively.
In fact, muﬄer-A is identical to a cavity in a duct, such ﬂow has been studied
by many previous works. With respect to muﬄer-A, the ﬂow from the inlet
encounters a backward facing step at ﬁrst, and a forward facing step before the
end of the duct. The ﬂow structures change a lot, that the crosswise ﬂow and
reﬂuence happen, inﬂuenced by the expanded chamber, or cavity, comparing to
the basic pipe ﬂow, which is referred to Poiseuille’s ﬂow. On the other hand, to
muﬄer-B, because of the existence of the perforated wall, the inﬂuence of the
chamber is reduced quite a lot, the ﬂow in the duct remain almost the same as
the basic Poiseuille’s ﬂow. Fig. 2 reveals these characteristics. It can be seen that
ﬂow in the ﬂow ﬁeld has a discontinuity across the perforated wall in muﬄer-B,
in Fig. 2 and Fig. 3.
Moreover, the velocity proﬁle, Fig. 4, shows this characteristic diﬀerence more
clearly. Note that, free shear layer dominates the ﬂow around the steps in muﬄerA, and the shear layers is quite thick. Furthermore, in the expanded section there
exists reﬂuence and large vortex structures, like the ﬂow in a cavity. However, as
to muﬄer-B, the boundary layer dominate the ﬂow around the perforated wall.
It looks like that ﬂow in the chamber and ﬂow in the main duct are separated
by the perforated wall, that is, ﬂuid in the chamber retains quiescence almost
and the ﬂow in the main duct seems to have no change.
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Fig. 3. The mean pressure ﬁeld in the muﬄers (a) muﬄer-A, (b) muﬄer-B
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Fig. 4. The velocity proﬁle at the middle cross section (z = 0) of muﬄer-A and
muﬄer-B

3.2

Sound Field at Near-Field

The near-ﬁeld sound ﬁeld are shown in Fig. 5 represented by the quantity of
acoustic pressure, which is deﬁned as p = p(t) − p, where the transient pressure
p(t) is computed by NLAS, and p is obtained via RANS. It can be observed that,
ﬂow in muﬄer-A, mainly along the down stream of the backward step, generate
remarkable ﬂuctuation. Otherwise, in muﬄer-B, the magnitude of the pressure
ﬂuctuations is much smaller, and there is few visible ﬂuctuated regions.
The noise source mechanism of muﬄer-A can be considered as the result of
the shear layer, where vortexes shed from the backward facing step periodically.
Moreover, the shear layer and vortexes impinge into the down corner of the
expanded chamber in the down stream. Although, such large and strong vortex
shedding does not happen in muﬄer-B because of the existence of the perforated
wall, while small eddies can be observed around the perforated wall, holes and
the corner region neighbor to the outlet.
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Fig. 5. The acoustic pressure ﬁeld in the muﬄers (a) muﬄer-A (b) muﬄer-B
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Fig. 6. Sound pressure level spectrum of the pressure ﬂuctuation at the near-ﬁeld observer point (Exp.) in muﬄer-B, comparing with the simulation results of the observer
points (18 and 21 ) close to the measuring point, close to the outlet in the axis

With respect to the muﬄer with perforated wall, muﬄer-B, the measurement
has been done by the authors. Therefore, results were compared to experimental
measured, as presented by Fig. 6, where the 18 and 21 represent the observer
points located in the axis, close to the outlet in the simulation, near the experimentally measured observer point. It can be considered that the level and
spectrum shape results from the simulation are in well agreement with reality.
3.3

Noise Radiation at Far-Field

The far-ﬁeld radiation was computed at observer points at a semi-circle about the
center of outlet, in order to compute the directivity of the sound radiation from
the outlet. The radius of the semi-circle is 1 m, and the points were arranged with
equal circumferential interval of 15 degree. The sound pressure level spectrum
is showed by Fig. 7, where SP L represents sound pressure level. It can be seen
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Fig. 8. The directivity of far-ﬁeld noise, in the speciﬁed frequencies and the over-all
(OA) value, (a) muﬄer-A, (b) muﬄer-B

that, the spectrum of z direction and of y direction coincide mostly. However,
the sound pressure level of muﬄer-A is remarkably larger than that of muﬄer-B,
in most frequency bands.
The far-ﬁeld noise directivity is shown in Fig. 8. According to Fig. 8, the
noise radiated from the muﬄers can be regarded as spherical, for the noise level
appears equal in almost all directions, except in some single frequencies. Thus,
the sound power of the noise radiated from the outlet can be regarded as the
sum of the sound power integrated on the unit semi-sphere (R = 1 m), so the
sound power level may be calculated as Lw = SP L + 10 lg(2πR2 ) = SP L + 8.0
(dB).
Varying the ﬂow speed, the sound pressure level varies. Table. 1 shows results
of these cases, with total sound pressure level and sound power level listed.
With increase of the ﬂow speed, the noise level increases. The sound power level
of muﬄer-A with ﬂow speed of 10 m/s is 79.6 dB, 14 dB larger than that of
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Table 1. The sound power level and sound pressure level of the muﬄers
muﬄerA
ﬂow speed (m/s) 5
SP L (dB)
59.6
67.6
Lw (dB)

A
8
67.9
75.9

A
10
71.7
79.6

B
10
57.7
65.7

muﬄer-B with the same ﬂow speed, which is qualitatively correct. Because the
experiment is diﬃcult, no quantitive data of noise induced purely by ﬂow has
been obtained by the authors.

4

Conclusions

The ﬂow-induced noise of two kinds of the typical muﬄers were investigated, by
means of numerical simulation, with a sophisticated approach of computational
aeroacoustics. The method has advantages in high accuracy and low computation
cost in acoustic simulation. Results show good agreement with the practical
measurement in quality and quantity. Several conclusions on the mechanisms
and characteristics of the ﬂow physics and ﬂow induced noise of muﬄers may be
drawn as below.
– The main noise generation mechanism of the muﬄers is the shear layer and
vortex shedding behind the ﬁrst cavity corner of the expanded chamber.
– The muﬄer with the perforated wall produces much smaller ﬂow induced
noise than that without the wall in the expanded chamber, in that perforated
wall reduces the aﬀection of the chamber and suppress ﬂow ﬂuctuation.
– The radiation from the muﬄer outlet of the ﬂow induced noise presents
spheric directivity, for both muﬄers.
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