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This paper experimentally investigates the acoustic properties of an orifice with bias flow
under medium and high sound level excitation. Orifices with two different edge configu-
rations were tested.The study includes a wide range of bias flow velocities, various acous-
tic excitation levels and different frequencies. The nonlinear acoustic scattering matrix was
identified by a finely controled two-source method. Acoustic properties, such as impedance,
nonlinear scattering matrix and the eigenvalues were compared and discussed. Experimen-
tal results also show that bias flow makes the acoustic properties much more complex com-
pared to the no bias flow case, especially when the velocity ratio between acoustic particle
velocity and mean flow velocity is near unity.

1 Introduction

Orifice plates and perforates appear in many technical applications where they are exposed to high
acoustic excitation levels and either grazing or bias flow or a combination. Examples are automotive
mufflers and aircraft engine liners. Taken one by one the effect of high acoustic excitation levels, bias
flow and grazing flow are reasonably well understood. The nonlinear effect of high level acoustic exci-
tation has for instance been studied in Ref. [1–10]. It is well known from this literature that perforates
can become non-linear at fairly low acoustic excitation levels. The non-linear losses are associated with
vortex shedding at the outlet side of the orifice or perforate openings [9, 10]. The effect of bias flow
has for instance been studied in Ref. [11–17]. Losses are significantly increased in the presence of bias
flow, since it sweeps away the shed vortices and transforms the kinetic energy into heat, without fur-
ther interaction with the acoustic field. The combination of bias flow and high level acoustic excitation
has been discussed and studied in Ref. [18] and some experimental investigations have been made in
Ref. [19]. Luong [18] derived a simple Rayleigh conductivity model for cases when bias flow dominates
and no flow reversal occurs. However, bias flow does not always play a positive role for sound dissipa-
tion of the orifice. Especially for orifices with some thickness, the whistling potentiality brings the risk
for additional sound production in the orifice. In Ref. [20], the whistling potential was studied in terms
of the eigenvalues of the two-port matrix for the orifice.

The purpose of the present paper is to make a detailed study of the transition between the case when
high level nonlinear acoustic excitation is the factor determining the acoustic properties to the case
when bias flow is most important. As discussed in Ref. [18], it can from a theoretical perspective be
expected that this is related to if high level acoustic excitation causes flow reversal in the orifice or if the
bias flow maintains the flow direction, which is illustrated as Region 1 to Region 3 shown in Fig.1. In the
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Figure 1: Flow directions through the orifice for different regions.

first section, the finely controlled two source method is introduced for the nonlinear scattering matrix
identification based on the assumption that the acoustic nonlinearity is only related to the amplitude of
acoustic pressure difference. The scattering matrix is derived from impedance for low frequency. In the
second section, the impedance of two orifices with different configuration is measured and discussed.
The nonlinear acoustic matrix and its eigenvalues are investigated to study the potentiality of acoustic
energy dissipation or production.

2 Theoretical background

Consider a small orifice installed between two uniform pipe segments. Low porosity gives relative high
acoustic flow velocity in the orifice while it is much lower in the pipe where it is assumed that linear
acoustic propagation applies. It is also assumed, supported by experimental evidence, that nonlinear
propagation effects can be neglected. This makes it possible to use the two-microphone wave decom-
position method [21–24] to identify the wave components on both sides of the orifice as shown in Fig.2.
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Figure 2: Forward and backward traveling wave components.
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where k± are the wavenumbers for forward and backward planar waves. Following a model proposed
by Dokumaci [25], the effect of viscos-thermal damping in pipe was included as

2



Lin Zhou, Hans Bodén

k± = ω

c0

K0

1±K0M
, (2)

where

K0 = 1+ (
1− i

s
p

2
)(1+ γ−1p

Pr
), (3)

where s = R
p
ω/ν is the shear wavenumber; R is the duct radius; ν is the kinematic viscosity; γ is the

ratio of specific heats and Pr is the Prandtl number; M is mean flow Mach number in the pipe.
With the planar wave components (Pu+,Pu−,Pd+,Pd−) on both sides, the oscillating velocity V̂ in the

orifice and acoustic properties, such as the normalized impedance can be given as

V̂ = Pu+−Pu−
ρ0c0σ

, (4)

Z = Pu++Pu−−Pd+−Pd−
ρ0c0V̂

, (5)

where σ= (r /R)2, r is the radius of orifice hole.

2.1 Nonlinear scattering matrix identification

In order to reach acoustic nonlinearity in the presence of mean flow, the acoustic flow velocity should
be of the same order of magnitude as the mean flow velocity. Both Mach numbers for mean flow and
acoustic flow is much less than unity in the main pipe. Therefore, both the nonlinear acoustic energy
flux and the part involving mean flow can be neglected, which gives the approximation for energy flux
in the pipe as,

I = (1+M 2) < pv >+M [(< p2 > /(ρ0c0))+ρ0c0 < v2 >] ≈< pv >, (6)

which is the same as for linear acoustic propagation in the pipe without mean flow. What in Ref. [26] is
denoted the energy scattering matrix of an orifice, which using the assumption that mean flow effects
can be neglected in the main pipe is the same as the ordinary scattering matrix, can be expressed as[

Pu−
Pd+

]
= S

[
Pu+
Pd−

]
. (7)

The nonlinear energy scattering matrix (S = [S11,S12;S21,S22]) has four elements and to identify them
we need two sets of different acoustic load cases. In the framework of small perturbation, which belongs
to linear scattering matrix identification, either two-load or two-source methods [27] can be used with
any low level acoustic excitation for the identification. However, in the region of high acoustic excita-
tion the scattering matrix vary with the level of acoustic excitation. A reasonable assumption could be
that the nonlinearity of the scattering matrix is only based on the acoustic pressure difference over the
orifice or the acoustic velocity in the orifice, but not individually depended on the acoustic pressure
on each side. This assumption makes it possible to use either the two-load or two-source method for
the identification. In Ref. [28–30] two or multi-load methods were used to study nonlinear harmonic
interaction effects for perforates without bias flow.The additional condition which should be added is
to keep the same magnitude of acoustic pressure difference or the same magnitude of acoustic flow
velocity in the orifice. It can be expressed as P I

u− P II
u−

P I
d+ P II

d+

= S

 P I
u+ P II

u+

P I
d− P II

d−

 , (8)

|P I
u −P I

d| = |P II
u −P II

d |, (9)
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where P I,II
u = P I,II

u+ +P I,II
u− ,and P I,II

d = P I,II
d+ +P I,II

d− .

2.2 Eigenvalues of I−S∗S for low frequency

In the presence of mean flow, the eigenvalues of the energy scattering matrix are indicators for the
potentiality of acoustic dissipation or generation [26]. For low frequencies the thickness of the orifice is
quite small compared with the wavelength and one can assume that the acoustic velocity is the same
on both sides. In addition to eqn (5), one can get

[
Pu

V̂u

]
=

 1 ρ0c0Z

0 1

[
Pd

V̂d

]
, (10)

where V̂u = (Pu+−Pu−)/(ρ0c0σ),and V̂d = (Pd+−Pd−)/(ρ0c0σ). With eqn (7) the energy scattering matrix
can be expressed as

S = 1

2+Z /σ

 Z /σ 2

2 Z /σ

 . (11)

So the eigenvalues of I−S∗S is

λ1 = 0,λ2 = 4(Z∗+Z )/σ

(2+Z /σ)∗(2+Z /σ)
, (12)

which means that for the resistance Re(Z )>0, there is a positive eigenvalue and the acoustic energy is
dissipated, while for Re(Z )<0, the eigenvalue is negative and the acoustic energy is generated.

3 Experimental setup
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Figure 3: Schematic of the experimental setup, dimensions in millimeters.

The experimental setup is illustrated in Fig.3. The test object is an orifice plate mounted in a duct
with a diameter of 40 mm. Six microphones were divided into two groups and symmetrically installed
on both sides of the test sample so that the two-microphone wave composition method could be used
to identify the sound wave components on each side. Two different transducer separations (24mm
and 180mm) gave a frequency arrange from 80Hz up to 5000Hz. On both sides, a high quality loud-
speaker was mounted as the excitation source. For most acoustic impedance identifications, only the
loudspeaker on the upstream side was used, while both were used for the nonlinear scattering matrix
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Figure 4: Orifice geometry, Orifice1: chamfer-edged, Orifice 2: thick sharp-edged.

identification. The acoustic excitation levels were finely controlled so the amplitude of oscillating veloc-
ity in the orifice could be kept constant. Pure tone acoustic excitation was used and we made sure that
nonlinear harmonics were sufficiently small when performing high pressure measurement. In order to
measure the mean flow velocity, on the upstream side, a laminar flow meter was employed during the
experiment. A sound attenuation system, including a tunable Helmholtz resonator and a muffler, was
designed to attenuate the sound to less than 126 dB at the position of the laminar flow meter, to reduce
the measurement error caused by the fluctuating flow. During the experiment the steady pressure drop
over the orifice was also monitored by two pressure sensors installed further away from the test sample
than the microphones. The mean flow discharge coefficient could be calculated as

CcM = U√
2∆P/ρ0

. (13)

In the study, a wide range of mean flow (0-19m/s in the orifice), sound levels (100-155dB) and frequen-
cies (100-1000Hz) were considered. Two orifice plates were tested, which have the same thickness and
hole diameter, but different edges, as shown in Fig.4. Orifice1 does not have a perfect sharp edge on the
upstream side. Instead it has an equivalent thickness about 0.6mm for the hole with diameter of 6mm.

4 Results and discussion

4.1 Acoustic impedance without bias flow
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Figure 5: Pressure difference level plotted against inverse Strouhal number (V̂ /ωr ), frequency range:
100-1000Hz, (a): Orifice 1, (b): Orifice 2.

A wide range of frequencies and acoustic excitation have been studied in the test campaign. The
range of frequency is from 100Hz to 1000Hz with a step of 100Hz. As show in Fig.5, the pressure differ-
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Figure 6: Normalized acoustic impedance divided by Helmholtz number (ωr /c0) plotted against inverse
Strouhal number (V̂ /ωr ), frequency range: 100-1000Hz, (a): Orifice 1, (b): Orifice 2.

ence is from below 120dB up to about 155dB plotted as a function of acoustic inverse Strouhal number.
Fig.6 shows the normalized impedance divided by the Helmholtz number, which makes the curves for
different frequencies collapse. There is a fairly good agreement between experimental resistance and
the analytical results which is from the resistance model eqn (24) in Ref. [31] with discharge coefficient
0.75 for Orifice 1 and 0.72 for Orifice 2.

For the reactance the analytical results, which is following the empirical Cummings effective length
model as eqn (3.5) in Ref. [18] have a qualitative consistence with our experimental results as shown in
Fig.6. The experimental results show that the reactance have a constant value with an effective length
l = lw + 2l0 (lw is orifice thickness, and l0 = (π/4)r is the one-side end correction as in Ref. [18]) at
low acoustic levels; decrease with higher acoustic excitation levels; and tend to a constant level with a
small value at high excitation levels. This minimum reactance value seems to vary with different orifice
geometries. Compared with the thick orifice (Orifice 2) the reactance for the thin orifice (Orifice 1) is
much more sensitive to the acoustic excitation.

4.2 Acoustic impedance with bias flow

Table 1: Measured bias flow velocity and mean flow discharge coefficient

Orifice1 Orifice2
Bias flow
velocity U(m/s)

Reynolds
number
2Ur/ν

Discharge
coefficient
CcM

Bias flow
velocity U(m/s)

Reynolds
number
2Ur/ν

Discharge
coefficient
CcM

2.8 1084 0.663 3.9 1510 0.799
7.8 3019 0.676 7.4 2865 0.610
11.5 4452 0.697 11.7 4529 0.687

14.5 5613 0.645
18.6 7200 0.684

In the presence of bias flow the acoustic properties becomes quite complicated, since it is not only
a function of acoustic excitation level and frequency but also influenced by mean flow velocity. In view
of the flow pattern, both bias flow and acoustic flow can be laminar or turbulent depending on their
Reynolds numbers. Table 1 provides parameters for the bias flow in two orifices used in the experiments.
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The mean flow discharge coefficient is calculated according to eqn (13). In most cases the values are
between 0.6 and 0.7 which are typical for turbulent flow in orifices. The exception is the case with low
Reynolds number for Orifice 2 where the discharge coefficient is around 0.8.
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Figure 7: Mean flow velocity and pressure drop as a function of acoustic flow velocity, Orifice 1, fre-
quency: 200Hz.
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Figure 8: Mean flow velocity and pressure drop as a function of acoustic flow velocity, Orifice 2, fre-
quency: 200Hz.

Under the disturbance of high level acoustic excitation, both the mean flow velocity and pressure
drop could not be kept constant, since the high level acoustic pulsation increases the mean flow resis-
tance of the orifice. Therefore, the mean flow discharge coefficient varies with the flow disturbance. Fig.
7 and Fig. 8 show the mean flow velocity and mean flow pressure drop according to different acoustic
excitation levels. The mean flow pressure drop depends not only on the mean flow velocity but also on
the acoustic flow velocity. Also the mean flow velocity exhibit a slight decrease as the acoustic velocity
increases.

Fig.9 and Fig.10 compare acoustic impedance results for the two orifices with different bias flow ve-
locities and low to high acoustic excitation levels, which is from Region 3 (U > V̂ ) to Region1(U = 0 or
U << V̂ ). The results show that the acoustic resistance firstly decreases with an increase in acoustic
excitation level, and then tend to increase and approach the result without bias flow. The minimum is
obtained when the acoustic velocity is similar in magnitude to the bias flow velocity. The reason could
be related to the difference in values of mean flow discharge and acoustic discharge coefficient, oth-
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Figure 9: Normalized acoustic impedance for different bias flow velocities, Orifice 1, frequency: 200Hz.
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Figure 10: Normalized acoustic impedance for different bias flow velocities, Orifice 2, frequency: 200Hz.

erwise the resistance should increase according to Cummings equation [6, 18].The reactance, which is
plotted divided by the Helmholtz number, has varying values for low acoustic excitation depending on
mean flow velocity and orifice geometries. The values are even smaller than the one-sided end correc-
tion for relative high bias flow levels. Compared with the no bias flow case, even a very small bias flow
can decrease the reactance substantially for low acoustic excitation levels. With increase of acoustic ex-
citation, the acoustic reactance starts to increase to a maximum value. Then it behaves similar to that
in the no bias flow case. This transfer point for acoustic flow velocity depends on the bias flow velocity.
The higher the bias flow velocity, the higher acoustic excitation is required.

The acoustic impedance is also frequency dependent as illustrated in Fig.11 and Fig.12 where the
values of acoustic impedance for different frequencies with the same bias flow velocity for both orifices
are shown. For Region 3 (U > V̂ ), low frequencies and low acoustic excitation, the value for resistance
is quite close to the analytical result, which is U /(c0CCMCC) according to Cummings equation. In this
case, the flow jet kinetic energy changes slowly. So the flow discharge coefficient (CC) should be quite
stable and close to the value in the absence of acoustic excitation(CC =CCM), which was measured and
used for the analytical model. For higher frequencies the dimension of unsteady vorticity out of the
imcompressible jet should be in the order of magnitude ∼U /ω , which means that the scale of turbu-
lence decreases with increasing frequency. Therefore additional irrotational flow is developed and the

8



Lin Zhou, Hans Bodén

2013-06-02 54 

N
o
rm

al
iz

ed
 r

es
is

ta
n

ce
  
R

e(
Z

) 

 

Im
(Z

)/
H

e 

𝑙 = 𝑙w+2𝑙0 

𝑙 = 𝑙w+𝑙0 

𝑙 = 𝑙w 

Acoustic flow velocity 𝑉  , m/s 

 
Acoustic flow velocity 𝑉  , m/s 

 

𝑈

𝑐0𝐶CM ∙ 𝐶C
 

Figure 11: Normalized acoustic impedance for different frequencies, Orifice 1, U=11.5 m/s.
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Figure 12: Normalized acoustic impedance for different frequencies, Orifice 2,U=11.7 m/s.

flow discharge coefficient increase with the vena contracta area expansion. As stated in Ref. [18], this
irrotational response in exterior fluid must become essentially similar to that in the absence of the jet
(bias flow).So higher frequencies decrease the acoustic resistance and increase the acoustic reactance,
as shown in Fig.11. Comparing the thick orifice (Orifice 2) to the thin (Orifice 1), the resistance for some
high frequencies even decreased to a negative value and the reactance sharply increased at low acous-
tic excitation. The reason is that these frequencies (800-1000Hz) fall into the range of flow instability,
where the Strouhal number based on orifice thickness and bias flow ( f lw/U ) equals 0.2-0.35 [20]. Even
though increasing acoustic excitation increases the resistance to positive values. This means that high
acoustic levels seem to decrease the flow instability.

4.3 Nonlinear acoustical energy dissipation/production

The scattering matrix is a full map of acoustic properties of an sample. For linear scattering matrix the
acoustic properties are assumed to be independent of the acoustic excitation level. Here it is assumed
that the elements of the scattering matrix can vary the amplitude of pressure difference or the acoustic
flow in the orifice. The varying acoustic excitation was obtained by loudspeaker excitation on the up-
stream side (S1) and downstream side (S2). Some results are shown in Fig.13. For high level excitation
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Figure 13: Normalized acoustic impedance for different acoustic excitation position, Orifice 2,U=14.5
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Figure 14: Scattering matrix without bias flow, Orifice 2.

under high frequencies, there is some difference for the resistance. It could be related to interaction
from the acoustic field with the asymmetrical out of orifice turbulent flow.

The nonlinear scattering matrix is quite symmetrical as previously discussed and the measured re-
sults are shown in Fig.14 for the cases without bias flow and in Fig. 15 for the cases with bias flow. For
the no bias flow cases, both the reflection (S11,S22) and transmission(S12, S21) decreases with increasing
levels of acoustic excitation as well as increasing frequency. The exception is only for the resistance for
high acoustic levels with high frequencies. For the cases with bias flow the reflection increases sharply
in the unstable acoustic excitation level region, where the eigenvalues of are negative as shown in Fig.16.
The high level acoustic excitation increases the acoustic energy dissipation especially for low frequen-
cies as shown in Fig.16(a). Fig. 16(b) shows that for the frequencies far from flow instability bias flow can
also greatly increase the dissipation for low and medium acoustic excitation. The unstable flow region,
where the eigenvalues tend to be negative coincides with the region of negative resistance as shown
in Fig. 13. This means that for thin orifices and low frequencies the resistance could be an alternative
indication for the prediction of flow instability. It also seems that higher level acoustic excitation can
influence the flow pattern and bring back the flow to a stable level.
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Figure 15: Scattering matrix with bias flow, Orifice 2, U=14.5 m/s.
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Figure 16: Eigenvalues representing the ratio of dissipated acoustic power, Orifice 2, (a): U=0 m/s, (b):
U=14.5 m/s.

5 Conclusions

In this paper, the nonlinear acoustic properties of orifices under high acoustic excitation and with
bias flow have been studied for different frequencies. It was seen that without bias flow the acoustic
impedance is only dependent on the inverse acoustic Strouhal number and there is a reasonably good
agreement between analytical model results and measurements for the acoustic resistance. The reac-
tance model based on Cummings effective length model catches the initial decrease with increasing
excitation but has larger errors for high excitation levels. For the case with bias flow, when acoustic exci-
tation is low, the resistance decrease with frequency, while the reactance increases. Orifice thickness in-
fluences the flow stability and the resistance tends to be negative while the reactance increases sharply
with a relative small increase of acoustic excitation level for a specific range of flow Strouhal numbers.
For medium acoustic excitation levels, both resistance and reactance increase with the acoustic exci-
tation. A minimum frequency dependent value exists for resistance when the acoustic flow velocity is
of the same magnitude or slightly smaller than the bias flow velocity. For high acoustic excitation the
acoustic impedance is similar to that for the no bias flow case.The novel idea of a nonlinear, excitation
level dependent scattering matrix has been introduced and experimentally tested. It was found that this
nonlinear scattering matrix is useful for investigating the energy dissipation of the orifice. The acoustic
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energy dissipation potentiality can be increased either by high level acoustic excitation, or by the bias
flow for low and medium acoustic excitation and frequencies far from the unstable region. Experimen-
tal results also show that high level acoustic excitation can influence the flow instability, as well as the
mean flow values.
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