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AEROACOUSTIC RESPONSE OF DIFFUSERS AND
BENDS: COMPARISON OF EXPERIMENTS WITH

QUASI-STEADY INCOMPRESSIBLE FLOW MODELS
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Experimental results were obtained in the study of the aeroacoustic response of diffusers and
abrupt expansions. An experimental study on the aeroacoustics of bends has also been carried
out and shows similar results. In both cases, the low-frequency aeroacoustic behaviour can be
predicted by a quasi-steady flow model when the flow separation point is fixed by sharp edges
in the geometry. At smooth pipe discontinuities, nonlinear effects are more important and the
response is essentially unsteady. # 2002 Elsevier Science Ltd. All rights reserved
1. INTRODUCTION

Bends and changes in cross-section (Figure 1) are typical pipe discontinuities
encountered in gas-transport systems. Bends are inevitable to keep systems compact.
Diffusers are used to reduce energy losses after a local increase of the flow velocity U0 from
about 20m/s (Mach number of 0�05) up to 80m/s (Mach number of 0�2). Such an increase
of the flow velocity allows the use of smaller regulation valves or volume flow meters,
which reduces considerably the costs of the system. Strong self-sustained oscillations of the
flow can appear due to a coupling between vortex shedding at a closed side branch and
acoustical standing waves in the pipe system (Bruggeman et al. 1989; Kriesels et al. 1995
Ziada & Shine 1999). As strong pulsations scale with r0c0U0 (where r0 is the density and c0
is the speed of sound), an increase of the flow velocity U0 by a factor of four implies an
increase of amplitude of such pressure oscillations by at least a factor of four. Therefore,
the prediction of such self-sustained oscillations becomes crucial. This prediction is
difficult. When a bend is placed a few pipe diameters upstream of a closed side branch, it
can strongly interfere with the pulsating closed side branch (Ziada & Shine 1999). This
interaction vanishes for distances between the bend and the closed side branch of more
than eight pipe diameters (Coffman & Berstein, 1979). It is expected from quasi-steady
flow theory that the bend will then damp acoustical oscillations. One of the questions
arising is, therefore, whether a quasi-steady flow theory can be used to describe the
aeroacoustical response of bends. Such a theory is common in engineering practice to
describe the response of a pipe system to imposed pulsations (Munjal 1987; Davis 1988).
For abrupt sharp-edged pipe expansions, extensive literature exists on the frequency

dependence of the aeroacoustical response on low-amplitude pulsations (Ronneberger
1967, 1987; Cummings 1975; (AAbom & Nilson 1995, Aur!eegan 1999). The linear response of
a sharp-edged open pipe termination is also well understood (Rienstra 1981; Cargill 1982;
89-9746/02/070957+13 $35.00/0 # 2002 Elsevier Science Ltd. All rights reserved
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Figure 1. Configurations studied.
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Munt 1990; Peters et al. 1993). Similar data are now available for thin sharp-edged orifices
(Ingard & Ising 1967; Cummings 1983; Durrieu et al. 2001; Hofmans et al. 2001).
Recently, Dequand et al. (2001) carried out a detailed study of the 908 bend with a sharp
inner edge. Measured scattering matrices were compared with a quasi-steady flow theory
and numerical flow simulations based on the Euler equations for inviscid and compressible
flow. As for bends with a sharp inner edge, the sharp-edged abrupt expansions, the orifices
and the open pipe terminations, the quasi-steady flow theory appeared to provide a
reasonable prediction up to Strouhal numbers pfD=U0, based on the pipe diameter D and
the frequency f of the acoustical perturbations, of order unity. The aeroacoustical
response of pipe discontinuities at which the flow separation point is not fixed by a sharp
edge is much more complex and cannot easily be predicted numerically. Examples are the
whistling behaviour of lip-shaped orifices (Wilson et al. 1971), thick diaphragms (Blake
1986) and rounded pipe terminations (Peters et al. 1993). Similar whistling behaviour was
observed by van Lier et al. (2001) for a typical industrial diffuser placed at the junction of a
pipe with a reservoir. His observations confirm the results of Kwong & Dowling (1994).
This whistling phenomenon can be understood qualitatively in terms of the vortex sound
theory of Howe (1998) and is similar to that of a whistler nozzle (Hill & Greene 1977;
Hussain & Hasan 1983, Hirschberg et al. 1989). An interesting feature is that, in contrast
to the behaviour of discontinuities with a flow separation point fixed by a sharp edge, the
aeroacoustical behaviour of the diffuser is amplitude dependent (van Lier et al. 2001). At
low amplitude, a spectacular whistling phenomenon is observed. It disappears for high
acoustical particle velocities ju0j compared to the main flow velocity U0. When ju0j=U0 is of
order unity, the response of the diffusers is essentially quasi-stationary.
In the first part of this paper, we summarize the results obtained for a diffuser, stressing

its essentially nonlinear behaviour. A more extensive discussion is provided by van Lier
et al. (2001). We then consider the sound absorption by a 908 bend. We know that, in such
subsonic isentropic flows, the aeroacoustical source responsible for this absorption has a
dipole character and is associated with the modulation of the vortex shedding in the bend
(Howe 1998). It is, therefore, obvious that the bend will be most effective in absorbing
sound when it is placed at a pressure node in a standing wave within a pipe system. The
simplest procedure to measure the sound absorption, due to the presence of a bend, is to
compare the reflection coefficient of a pipe terminated by an open end without bend, with
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the reflection coefficient of the same pipe with a bend placed at a pressure node. Placing
the bend close to the open pipe termination, within one or two pipe diameters, would not
be representative for a bend in a long pipe. We, therefore, placed the bend a wavelength
upstream of the open pipe termination. This, however, makes the experiment difficult to
carry out with a variable frequency. We, therefore, worked at a fixed frequency and varied
the flow velocity.
We limit our theoretical analysis to a quasi-steady incompressible flow theory. We

present data for an abrupt pipe expansion and we compare them to data obtained for a
diffuser with a diverging angle of 288. We then compare the absorption of 908 bends with
ratios r=D ¼ 0�5, 1 and 3, respectively (where r is the radius of curvature and D the pipe
diameter).

2. EXPERIMENTAL METHOD

2.1. Description of the Experimental Set-up

The experimental method and set-up used are described in detail by Peters et al. (1993),
Hofmans et al. (2001) and Durrieu et al. (2001). By means of the two-microphone method,
the pressure reflection coefficient Rp is measured as a function of the Mach number
M ¼ U0=c0 for different pipe discontinuities (Fig 1). The Mach number is varied in the
range 05M50�3 corresponding to Reynolds numbers Re ¼ U0D=n up to 2� 105, where n
is the kinematic viscosity of air and U0 is the main flow velocity upstream of the
discontinuity. A siren is used as a source of sound, which can modulate the
flow periodically with an adjustable frequency f . The acoustical pressure is measured by
means of piezoelectric microphones (type PCB 116A) coupled to charge amplifiers (Kistler
type 5007). The signals are transferred to a data acquisition system (HP 3565S)
which provides the transfer functions Hij ¼ #ppi= #ppj between the signals of the two
microphones at positions xi and xj. The pressure reflection coefficient is then determined
from the transfer function Hij , the position of the microphones xi and xj, and the
wavenumbers kþ and k�:

k� ¼
1

1�M

2pf
c0

� ia0Z
� �

; ð1Þ

where a0 is the damping without mean flow (Kirchhoff) and Z is the wall impedance as
measured by Ronneberger (1977) and Peters et al. (1993). We used a fit of the Peters et al.
data for Z as proposed by Hofmans et al. (2001).
In the following two sections, the geometry of the configurations studied is described

more accurately. In all experiments, the pipes have a circular cross-section and the wall
thickness is 5mm. The pipes are smooth within 0�1 mm. The bends and diffusers have a
wall roughness of 50�01mm.

2.1.1. Diffusers

In the experimental study of the diffusers, the frequency f ¼ 289Hz is used. The ratio of
the downstream cross-section Sd to the upstream cross-section Su of the diffusers is
Sd=Su ¼ 25=9 (the pipe diameters downstream and upstream are respectively Dd ¼ 4�99
and Du ¼ 3�00 cm). Measurements have been carried out on an abrupt expansion and on a
diffuser with a diverging angle y ¼ 288. This value corresponds to a typical diverging angle
of industrial diffusers. The reflection coefficient was measured just upstream of the diffuser
at x ¼ 0 (Figure 2). The positions of the pressure transducers were: x1 ¼ �0�1097m,
x2 ¼ �0�2135m, x3 ¼ �0�4107m, x4 ¼ �0�5084m and x5 ¼ �0�6977m.
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The diffuser was placed upstream of a pipe segment of length Ld ¼ 1�2m which
corresponds to one wavelength. In order to be allowed to use a fit of the experimental data
of Peters et al. (1993) and to use the theory of Cargill (1982), special care was taken to have
a sharp-edged open pipe termination.

2.1.2. Bends

In the experimental study of the bends, the pipe diameter was D ¼ 3 cm. The frequency
oscillations of the source was fixed to f ¼ 343Hz, except for the bend with centre-line
radius r ¼ 3D where the frequency was fixed to f ¼ 344�5Hz. The reflection coefficient
was measured at Lopen ¼ 1�001m from the open pipe termination. The position of
the bends (x ¼ 0) relatively to the open pipe termination was different for each bend
(Figure 3): (i) for the bend r ¼ D=2: L ¼ 0�519m; (ii) for the bend r ¼ D: L ¼ 0�505m, (iii)
for the bend r ¼ 3D: L ¼ 0�441m.
The relative positions of the pressure transducers were: x2 � x1 ¼ �0�1895m,

x3 � x1 ¼ �0�2870m, x4 � x1 ¼ �0�4843m and x5 � x1 ¼ �0�5880m.
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2.2. Determination of the Reflection Coefficient

Our experiments were carried out in the presence of a mean flow. Therefore, we
present our experimental results for the reflection coefficient RB of the acoustic
enthalpy:

jRBj ¼ jRpj
1�M
1þM

; ð2Þ

rather than the pressure reflection coefficient Rp. The advantage of using the enthalpy
reflection coefficient RB is that it provides a direct measure of the energy absorption which
is the most interesting information for designing pipe systems.
The reflection coefficient at the open pipe termination is calculated from

Rend ¼ �ð1þAMÞ 1�
1

2

pfD
c0

� �2 !
eiF; ð3Þ

where A is a fit of the theory of Cargill (1982) proposed by Hofmans et al. (2001):

AðSrÞ ¼

Sr2=3 for 0� Sr51

ð2Sr� 1Þ=3 for1� Sr51�85

0�9 for 1�85� Sr

8>>><
>>>: ; ð4Þ

with Sr ¼ pfD=U the Strouhal number, D the pipe diameter and U the main flow velocity
(D ¼ Dd and U ¼ Ud for the diffuser). The phase F of the reflection coefficient at the pipe
termination [equation (3)] is determined from the end corrections dend measured by Peters
et al. (1993):

F ¼ �2kdend; ð5Þ

with dend � 0�31D and k the wave number.
The reflection coefficient was determined at a fixed position x ¼ 0 from the open

pipe termination. This reduces differences due to damping during wave propagation
along the pipe between the reference straight pipe and the pipe with bend. As the losses
are determined by the difference between RB measured with and without bend,
we automatically compensate for the acoustics of the room. This, however, is not
perfect because the position of the pipe termination is moved within the room
by introducing the bend. Because we displace by a distance of a wavelength in a
direction parallel to the walls of the room, this effect will be very small for
most room modes. Furthermore, our laboratory was very large, so that the
confinement effects were limited. Detailed information is provided by Peters et al.
(1993).

3. PREDICTION OF THE REFLECTION COEFFICIENT

3.1. Scattering Matrix Representation

The scattering matrix representation is a common way to describe discontinuities in ducts.
Below the cut-off frequency fc, the solution of the wave equation can be written as a
d’Alembert solution, that is to say a superposition of two plane waves: one travelling wave
in the positive x-direction and another in the negative x-direction. Figure 4 shows the
representation of plane waves in a duct where the discontinuity is replaced by an acoustic
two-port at the position x ¼ 0.
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Figure 4. Plane waves decomposition in a duct.
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In the scattering matrix representation, the wave upstream of the discontinuity is
decomposed into two waves: an incoming wave pþu and an outgoing wave p

�
u . The same

decomposition is made downstream of the discontinuity. The scattering matrix S relates
the outgoing plane waves p�u and p

þ
d to the incoming plane waves p

þ
u and p

�
d :

pþd

p�u

8<
:

9=
; ¼

Tþ
p R

�
p

Rþ
p T

�
p

� 

|fflfflffl{zfflfflffl}

S

pþu

p�d

8<
:

9=
; ¼

1

2þMCd

2 MCd

MCd 2

2
4

3
5 pþu

p�d

8<
:

9=
;; ð6Þ

where Cd is the loss coefficient discussed further in Section 3.2.2. The components R
þ
p and

Tþ
p of the scattering matrix represent, respectively, the reflection and transmission
coefficients of the incoming wave pþu when the downstream termination is anechoic
(p�d ¼ 0). R�

p and T
�
p have a similar interpretation.

3.2. Quasi-Steady Flow Theories

3.2.1. Bends: incompressible quasi-steady flow theory

At low Strouhal numbers pfD=U0 
 1, we can predict the scattering matrix defined in the
previous section by means of a quasi-steady flow model as developed by Durrieu et al.
(2001) and Hofmans et al. (2001) for the orifice. We compare our experimental data
obtained for the bends at Strouhal numbers in the range 0�35pfD=U053 with an
incompressible quasi-steady flow theory. In the incompressible flow model, three
equations are written: the mass conservation law, the Bernoulli equation in the jet and
the momentum conservation law across the turbulent mixing region downstream of the jet.
Different assumptions are made: (i) only plane waves propagate far away from the
discontinuity; (ii) compact source region; (iii) flow separation at the discontinuity and jet
formation (vena contracta effect); (iv) incompressible and irrotational flow in the jet; (v) no
wall friction in the turbulent mixing region after the jet (Figure 5).
The sharp bend (r ¼ D=2) is better described by a compressible quasi-steady flow

theory. However, the difference between the incompressible and the compressible flow
theories becomes significant only at high Mach numbers (typically U0=c0 > 0�1).
In the case of smooth bends (r ¼ D and 3D), it is not obvious anymore to assume a free

jet formation with a vena contracta effect at the pipe discontinuity. The experimental data
obtained for the smooth bends could be compared to a Fanno model. Modelling the
smooth bend r ¼ 3D as a straight pipe with a finite friction region would intuitively be
more adapted (Figure 6).
A vena contracta ratio is, however, deduced from the values of the loss coefficient Cd

reported by Blevins (1984) for different bend curvatures, and the experimental data are
compared to an incompressible quasi-steady flow theory.
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Figure 5. Quasi-steady behaviour of the flow in a sharp bend.

Figure 6. The smooth bend as a straight pipe with a finite friction region.
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3.2.2. Loss coefficient

The loss coefficient Cd is defined as the ratio between the pressure difference Dp ¼ pu � pd
and the upstream dynamic pressure:

Cd ¼
pu � pd
1
2
r0U

2
0

: ð7Þ

The value of the loss coefficient Cd gives an estimation of the vena contracta effect which is
a contraction of the jet occurring after the flow separation. Cd depends on the geometry of
the discontinuity and on the Reynolds number U0D=n (where U0 is the main flow velocity,
D a typical length of the system, and n the kinematic viscosity).
For the bends, at small r=D, losses increase because of separation. At larger r=D, losses

increase due to increasing length of the bend. Following Blevins (1984), because our
Reynolds numbers are typically between 104 and 105, we chose Cd ¼ 0�4 and 0�25 for the
bends r ¼ D and 3D, respectively. For the sharp bend (r ¼ D=2), the vena contracta ratio
was calculated by means of a method based on potential flow theory. We found Sj=S ¼
0�5255 which corresponds to a loss coefficient Cd ¼ ðS=Sj � 1Þ

2 ¼ 0�8153 (with Sj the jet
cross-section and S the pipe cross-section) (Dequand et al. 2001).

3.2.3. Diffusers: two quasi-steady flow limiting cases

In the case of diffusers, the aeroacoustic behaviour will depend on the amplitude of the
acoustical velocity relatively to the main flow velocity ju0j=U0. For weak perturbations, the
behaviour of the diffuser will be compared to the steady state behaviour without flow
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Figure 7. Two quasi-steady flow limiting cases in a diffuser.
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separation. For strong pulsations, the behaviour will alternate between two quasi-steady
flow limiting cases each half of the oscillation period: one quasi-steady flow model without
flow separation, and one quasi-steady flow model with flow separation (Figure 7).
When the acoustic acceleration is in the same direction as the mean flow, the acoustic

pressure gradient counteracts the stationary adverse pressure gradient and the separation
point moves downstream. When the perturbation is strong enough, the separation point
can disappear completely. Half an oscillation period later, the acoustic acceleration
changes sign. The separation point is moving upstream and for strong enough
perturbations, the separation will start at the diffuser inlet (the flow separation will be
complete). If we assume that the acoustical perturbations are harmonic, then the
behaviour of the diffusers is expected to be the geometrical mean of the two quasi-steady
flow models (with and without flow separation).
In the quasi-steady flow theory without flow separation, three equations are written: (i)

the mass conservation, (ii) the Bernoulli equation, (iii) the isentropic gas relation.
In the quasi-steady flow theory with flow separation, we write again the two first

equations, but the isentropic gas relation is not valid anymore because there is an entropy
generation due to the dissipation in the turbulent mixing region (Ronneberger 1967). The
third equation is obtained by writing the momentum conservation law applied to the
turbulent region.

4. RESULTS

4.1. Aeroacoustic Behaviour of Diffusers

4.1.1. Abrupt expansion placed in a long pipe

In the case of an abrupt expansion in the presence of a mean flow, a jet is formed at the
junction between the upstream and the downstream pipe. When the abrupt expansion is
placed in a long pipe, the jet flow becomes unstable and a turbulent mixing region appears.
After a distance of several pipe diameters Dd , the flow becomes stable again. This
phenomenon can be described by the quasi-steady flow theory with flow separation
(Ronneberger 1967) explained roughly in the previous section. The study of such a
configuration was an interesting test-case for the quasi-steady flow theory.
Figure 8 presents the Mach number dependence of the reflection coefficient jRBj for the

enthalpy. The measurements have been carried out with a downstream pipe of a length
close to one wavelength and at a fixed frequency f ¼ 289Hz (Section 2). The prediction of
the reflection coefficient by the quasi-steady flow theory is good even for high Strouhal
numbers pfD=U0 ¼ Oð1Þ while the model is expected to be valid only for low Strouhal
numbers pfD=U0 
 1. We can notice the influence of the room acoustics on the reflection
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coefficient by comparing the limit U0=c0 ! 0 of the model with the measurements without
mean flow.

4.1.2. Diffuser placed in a long pipe

In the case of a diffuser, nonlinear effects are important. The behaviour of the diffuser will
depend on the amplitude of the acoustic perturbations. The separation point is not fixed as
in an abrupt expansion but may move along the diverging walls of the diffuser. The
measurements were made on a 288 diffuser placed in a long pipe (Ld ¼ 1�2m) for three
different perturbation amplitudes: ju0j=U0 � 0�1, 0�4 and 1. The results show quite a
spectacular behaviours for the diffuser (Figure 9).
At relatively low perturbation amplitudes (ju0j=U0 � 0�1 and 0�4), oscillations of the

reflection coefficient are observed and indicate either a sound production or a sound
absorption depending on the Strouhal number. The behaviour is essentially nonlinear and
is not predicted by the quasi-steady flow model. At Mach number U0=c0 ¼ 0�13, the
maximum of the sound production is the most distinct. The fact that RB is larger than the
theoretical value without flow separation confirms sound production. In the case of a
diffuser placed close to the open pipe termination, RB can even become larger than unity.
This indicates that the system can induce self-sustained oscillations (van Lier et al. 2001).
The influence of the perturbation amplitudes is quite obvious when we compare the
maxima of the oscillations for ju0j=U0 � 0�1 and 0�4. The decrease in the sound
production with increasing amplitudes appears because of a saturation of the sound source
due to the discrete vortex formation (van Lier et al. 2001). When the perturbation
amplitude is decreasing further than ju0j=U0 � 0�1, the sound production becomes again
independent of the amplitude.
At higher pulsation amplitudes (ju0j=U0 ¼ Oð1Þ), the diffuser shows a different

behaviour. The diffuser becomes a strong absorber. For low Mach numbers
U0=c0 � 0�04, the reflection coefficient jRBj is well predicted by the quasi-steady flow
model with flow separation over half an oscillation period (Section 3.2.3). For higher
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Figure 9. Enthalpy reflection coefficient jRB j in terms of the Mach number U0=c0 for a 288 diffuser with
Sd=Su ¼ 25=9. Influence of the amplitude of the acoustical perturbation: �; ju0j=U0 � 0�1 ; o, ju0j=U0 � 0�4;
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Mach numbers, the behaviour of the diffuser can be predicted by an intermediate case
between the quasi-steady flow theory with flow separation and the quasi-steady flow
theory without flow separation.

4.2. Aeroacoustic Behaviour of Bends

4.2.1. Sharp bend

The experimental data obtained for the sharp bend (r ¼ D=2) are compared to an
incompressible quasi-steady flow theory. The results are presented for the reflection
coefficient jRBj for the total enthalpy in terms of the Mach number U0=c0.
In Figure 10, experimental and theoretical results for a straight pipe of the same length

as the bend are also shown. It is quite obvious that the quasi-steady flow model gives a fair
prediction of the aeroacoustic behaviour of the sharp bend. The influence of the presence
of a sharp bend in a pipe is important.

4.2.2. Smooth bends

In the case of smooth bends, the prediction of the reflection coefficient by means of a
quasi-steady flow theory is not reliable anymore. In such a case, it seems better to assume
that the bends behave as a straight pipe segment.
Figure 11 shows the reflection coefficients of the smooth bends r ¼ D and 3D, and for a

straight pipe of the same length (L ¼ 1�001m) in terms of the Mach number. The
incompressible quasi-steady flow theory is applied to each bend. As mentioned earlier, it is
not obvious that a free jet is formed in the case of smooth bends. The aeroacoustic
behaviour of a smooth bend might depend on the amplitude of the acoustical
perturbations as in the case of a diffuser. However, the influence of the acoustical
perturbation amplitude has not yet been systematically studied.
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The results show that it is better to assume that there is no bend at all, rather than
predict the behaviour of smooth bends by means of a quasi-steady flow theory based on
measured values of Cd . The observed difference between the behaviour of a r ¼ D bend
and a straight pipe is negligible, while the quasi-steady flow theory does predict a
significant difference. For a r ¼ 3D bend, we observe only about 30% of the predicted
difference.
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It is noticed that the theory does not converge towards the experimental results at the
limit U0=c0 ! 0. This is due to the influence of room acoustics as in the case of the
experiments with the diffuser.

5. CONCLUSION

A parallel can be made between the aeroacoustic behaviour of bends and diffusers. In
the cases of an abrupt expansion and a sharp bend (r ¼ D=2), a jet is formed after the flow
separation at the sharp edge. This behaviour is well predicted by an incompressible quasi-
steady flow model up to Mach numbers U0=c0 of the order of 0�3 and for Strouhal
numbers pfD=U0 less than three.
In the case of a diffuser, the aeroacoustic response depends strongly on the amplitude of

the acoustical perturbations. For relatively low perturbation amplitudes
ju0j=U0 ¼ Oð10�1Þ, the behaviour is essentially nonlinear and is not predicted by the
quasi-steady flow model. For high perturbation amplitudes ju0j=U0 ¼ Oð1Þ, the aero-
acoustic response can be predicted by a quasi-steady flow model, alternating each half of
an oscillation period between a model with flow separation and a model without. The
study of the aeroacoustic response of smooth bends shows a quite similar behaviour. The
reflection coefficient of a smooth bend is not predicted by an incompressible quasi-steady
flow theory. It seems better in such a case to assume that there is no bend at all, rather than
to use a quasi-steady flow model. As for the diffuser, the behaviour of a smooth bend is
nonlinear. It would be interesting to study the influence of the amplitude of the acoustic
perturbations on the aeroacoustic response. This has not yet been studied.
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