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Summary

A damping device, consisting of an annular tail-pipe, has been developed. It is applicable in situations
wherein acoustic damping is required in combination with low flow resistance. The device consists of
a central tube surrounded by a narrow slit. The central tube has an acoustic mass which impedance
increases with frequency while the slit resistance remains constant. When the frequency has been
increased sufficiently, a considerable part of the acoustic flow passes through the slit where it will
be damped. In this way, acoustic energy can be dissipated while the flow experiences a low flow
resistance. The acoustic properties of the device will be investigated using an electrical equivalent
circuit. The impedance will be measured using an impedance measurement duct, from which the
slit resistance will be deduced. The resulting slit resistance consists of a linear part depending on
the air viscosity, and a non-linear part which is caused by the loss of kinetic energy of the fluidum
through the slit. The presence of a laminar mean flow does not effect the acoustic performance of
the annular tailpipe, only some minor effects are observed in the low frequency range. Even with a
mean turbulent flow, the acoustic damping mechanism still remains intact.

PACS no. 43.25.Ed, 43.50.Gf, 47.15.Rq

where it will be damped. In this way, acoustic energy
can be dissipated while the flow experiences a low flow
resistance.

1. Introduction

Several applications require high acoustic damping in
combination with low flow resistance. These appli-
cations concern for example gas flow machines such
as ventilation systems, turbo-engines, intake and ex-
haust systems for internal combustion engines. In sev-
eral cases, absorption is realized by placing resistive
materials in the flow, such as fibre materials, foams,
perforated plates or metal weaving. They are quite ef-
ficient to suppress noise, however they can generate a
considerable pressure drop.

In this paper, a damping device will be presented,
consisting of a central tube with negligible flow re-
sistance surrounded by a narrow slit to generate the
acoustic damping. The central tube behaves as an
acoustic mass which impedance is proportional to fre-
quency. The slit acts as a resistance and remains ap-

A measurement setup has been developed, consist-
ing of an impedance duct with an annular tail pipe
at the end. The acoustic damping capability of the
device will be investigated in two phases. First, the
impedance of the damping device will be measured
without mean flow using the two microphone trans-
fer function method according to ISO 10534-2 on an
improved measurement wave guide [1]. An electrical
equivalent model has been used to validate the mea-
surement results and to extract the resistance of the
slit from the measurements. A non-linear analysis has
been performed to investigate the slit resistance in
terms of frequency and acoustic excitation level. Sec-
ond, a mean flow is superposed on the acoustic excita-
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proximately constant in terms of frequency. When the
frequency has been increased sufficiently, a consider-
able part of the acoustic flow passes through the slit
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tion. The impedance measurements will be corrected
for the mean flow [2]. The effects on the mean flow on
the acoustic damping will be presented. Ultimately,
it will appear that the effects of a laminar flow on
the acoustic damping of the device will be negligible.
With turbulent flow, the acoustical resistance of the
slit decreases in the low frequency range.
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Figure 1. Scheme of the damping device.

Figure 2. Photo of the damping device.
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Figure 3. Electrical equivalent circuit of the damping de-
vice.

2. Configuration of the damping de-
vice

The construction of the damping device is presented
in figure 1. A photograph of the device is presented
in figure 2. At the left side situates the wave guide
through which the waves are incoming. The wave
guide consist of a duct with radius R = 20 mm. The
damping device consists of a central tube with length
L = 45 mm and radius r = 15 mm. Between the cen-
tral tube and the wave guide wall, the narrow slit is
situated. The slit has a length [ = 1.5 mm and is
t = 0.2 mm wide. Both the central tube and the slit
are connected to the atmosphere at the right side.
The analysis of the damping device is carried out
using an equivalent electrical circuit, which is pre-
sented in figure 3. The voltage U represents the pres-
sure p at the left side of the central tube in figure 1.
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The current I represents the acoustic flow ® which di-
vides in a current I; through the slit and I through
the central tube. The slit is represented by its resis-
tance R, and its acoustic mass L. The central tube is
represented by the wave guide T with characteristic
impedance Z. = £% and is closed by the spherical
radiator Z,, representing the atmosphere.

In order to determine the acoustic dissipation in the
slit, the currents in the two branches in the circuit
have to be determined. Therefore, the impedance of
each branch has be determined. The impedance of the
branch containing the central tube is determined from
the transfer matrices:

U .coskL j Z.sink L 10 U,
L7 | Lsinkl coskL € 1 0 (1)
Ze Zq

wherein k is the wave number, j = /—1, L the length

of the central tube, Z. the characteristic impedance

of the central tube and Z, = £5 1 ik,: the spherical
J T

radiator impedance representing the atmosphere. p is

the air density, ¢ the speed of sound and r the central

tube radius. The impedance of the central tube Zs

results then from equation (1):

Zy=—= < (2)

j 1
ZicsinkL+Z—acoskL

Ze
g coskL—i—jZ—sinkL
I

The impedance Z; of the upper branch containing the
slit will be:

Zi =R+ jwL, (3)

with w=2n f = % the angle frequency, R, the slit
resistance and L, = #ﬁh the acoustical mass of the
slit, with 2 # R the slit circumference and t the slit
width. The total impedance of the device will be

AR

L ==
Zy + Z

(4)
which will be measured using the two microphone
transfer function method from which the slit resis-
tance R, will be determined.

3. Impedance and particle velocity
measurement method

In the case of still-standing medium, the impedance
Z of the device will be measured using the two mi-
crophone transfer function method according to the
standard ISO 10534-2 [3]. The particle velocity u at
the reference section will be calculated from the lin-
ear spectra measured at the two microphone locations
using Euler’s law:

Ap

Np  PIwlUe (5)
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Figure 4. Comparison of the impedance of the device with
open slit in magnitude (red line),(reference 0dB= Z,) and
phase (blue line) and the impedance with closed slit (green
line).

wherein Ap is the pressure difference between the mi-
crophones, Az the distance between the microphones
and u. the particle velocity in the center between the
microphones. The particle velocity u = % at the
reference section will then be determined from the
particle velocity u.:

1-T 6
¢ eiw(@ita)/(2¢) T e—Jw (m1tz2)/(2¢) (6)

Uu=1u

in which I' is the reflection coefficient to the damp-
ing device, determined from its impedance Z and
the characteristic impedance of the measurement duct
Zy. For moving medium, the expressions for the
acoustic wave number k£ and the duct’s characteristic
impedance Z are adapted using the Mach number as
proposed by Munjal [2].

4. Measurement results

The measurements are carried out on the impedance
duct using a dynamic signal analyser SRS785 with
two PCB106B microphones. A 60W loudspeaker is
excited using different voltages i.e. 10V, 20V, 30V,
60V and 100V to vary the particle velocity at the
device. For each voltage, the transfer functions be-
tween the two microphones and the linear pressure
spectra at each microphone have been measured to
determine the impedance Z and the particle velocity
u. Then, from expression (4), the resistance R of the
slit will be determined and its dependence in terms of
frequency and particle velocity will be investigated.
In first instance, the measurements are carried out
in still-standing medium. Figure 4 presents the mea-
sured device impedance Z in magnitude (red line) and
phase (blue line) when 60 V has been applied on the
loudspeaker. The measured impedance of the closed
slit has been plotted over it (green line). The phase
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Figure 5. Magnitude of the slit resistance in terms of fre-
quency for different loudspeaker excitation levels. Lowest
curve: 10V, curve above 20V and so on for 30V, 60V to
the upper curve 100V.
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Figure 6. Phase of the slit resistance in terms of frequency
for different loudspeaker excitation levels.

delay between the closed and open slit impedance in-
dicates a considerable effect of the slit resistance on
the total impedance.

The slit resistance, obtained from the measured
impedance, is presented in figure 5 in magnitude (ref-
erence 0 dB= Z;) and in figure 6 in phase for all ap-
plied voltages to the loudspeaker. The resistance mag-
nitude increases with the loudspeaker level, i.e. the
lowest curve is measured using 10 V, the curve above
with 20V, then 30V, 60V until the upper curve with
100 V. The phase of the slit resistance, presented in
figure 6, situates for all loudspeaker levels around the
zero degrees, which confirms the resistive nature of
the slit. The phase curves do not follow the sequence
of the loudspeaker levels such as the resistance mag-
nitudes do.

The real part of the slit resistance (thick red lines)
in terms of the particle velocity through the slit is
presented in figure 7 for different frequencies. Each
curve consists of five points and exhibits a linear re-
lationship between the slit resistance and the particle
velocity through it. There is no definite sequence of
the curves in terms of frequency, which suggests that



R. Boonen et al.: Acoustic...

EuroNoise 2015
31 May - 3 June, Maastricht

2000
—
1500 -
§ 5304
= Z
3 465Hz =" 380Hz
§ 1000 566
g )
2 To0H, ——
o /@/M
Z —
500 />
| o5z
0
0 5 10 15 20 25 30
particle velovity (m/s)

Figure 7. Slit resistance in terms of particle velocity
through the slit for different frequencies (thick red lines:
measured, thin blue lines: simulated using expression (18))
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Figure 8. Measured slit reactance in terms of particle ve-
locity through the slit for different frequencies.

there is no relation between the slit resistance and
frequency. The imaginary part of the slit impedance,
wherein the acoustic mass of the slit is included, is
presented in figure 8. The reactance magnitude is con-
siderably smaller than the resistance.

5. Analysis of the slit resistance

The slit resistance can be considered as the sum of
a linear part (constant resistance) and a non-linear
part, which depends on the particle velocity through
the slit. The linear resistance R,, can be obtained
using [4]:

127l
“ = RE g

wherein 7 = 18.6-107%Ns/m? is the dynamic viscosity
of air, [ the slit length, 27 R the slit circumference and
t the slit width.

To obtain the velocity dependent part, the loss of
kinetic energy of the flow will be considered [5, 6].
Figure 9 shows the situation. During the time span
d 7, before entering the slit, the mass p S us d 7 has
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Figure 10. Particle velocity uo before the slit (thin blue
line) and us through the slit (thick red line) while con-
tracting from the surface Sp to S with a loudspeaker ex-
citation level of 100V.

a velocity ug and flows through an area Sy which is
larger than the slit cross-section S. When this mass
has to flow through the slit, is has to contract from
the surface Sp to S = 27 Rt of the slit and the
mass accelerates until it reaches the velocity u,. This
is demonstrated by the measurement displayed in fig-
ure 10, where the slit velocity (thick red line) increases
until 15 times the incoming particle velocity wuo (thin
blue line) due to the surface contraction from Sy to S.
When this mass exits the slit at the other side, a jet
will be formed due to the sudden area jump and the ki-
netic energy of the mass will be dissipated. When the
flow alternates, this process happens at both sides of
the slit. Although the geometric situation is different
at both sides of the slit, it is assumed that the pro-
cess is the same at both sides. For alternating flow, the
difference in kinetic energy W of the mass p Susd 7
moving through the slit compared to before entering
the slit, expressed for a half period T, will be:

T/2 W — 2
W:/ pSuSSTOdT (8)
0

The kinetic energy W presented in expression (8) is
valid when the flow through the slit is uniform. This
will be not the case as the Reynolds number:

ust  25-0.2- 103

Re=—-= 5100

=330<2300 (9)
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Figure 11. Velocity distribution in the slit during forma-
tion of hydrodynamic developed flow.

wherein ug is the velocity through the slit, obtained
from figure 10, ¢ = 0.2 mm the slit width and v =
15-107%m? /s the kinematic viscosity of air. The tran-
sition from laminar to turbulent flow takes place when
the Reynolds number Re > 2300 [7]. The analysis of
the Reynolds number points out that the flow in the
slit can be laminar. The second condition for laminar
flow is that the flow has to be fully hydrodynamically
developed. At the entrance of the slit, a shear layer is
formed at both sides which agglomerate after a cer-
tain travel distance x as presented in figure 11.
This distance = will be [7]:

x = Ret0.011 =330-0.2-0.011 = 0.7 mm (10)

which is smaller than the slit length | = 1.5 mm.
Consequently, the slit velocity u will be paraboli-
cally distributed over the slit height coordinate y as
uly) = 3 (1 - %) us. Introducing this parabolic
velocity distribution in expression (8) results in:

T/2 L 3,92
Wz/ psz/i Mdym (11)
0 2

wherein 27 R is the slit circumference. The evaluation
of the inner integral of the velocity distribution results
in:

T/2 ¢ 54
W = / p27rR§us(au§—u%)dT with o = 6 (12)
0

wherein « is a collection of constants resulting from
the integration operations.

The volume velocity before the slit and in the slit
will be equal, so ® = ug Sy = us S. The surface ratio,
which is also called the contraction ratio, between the
cross-section which the flow passes through before the
slit and the cross-section of the slit itself is o = S% =
2. Substituting ug by o us in equation (12) results
in:

T/21
W:/ ipSui’(a—UQ)dT (13)
0

wherein 2 7 R is the slit circumference.
In case of harmonic excitation, i.e. ug = w sinwt,
the velocity through the slit will be uy = %329t The
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integral will be evaluated for a half period of the sine
wave, resulting in:

2 a—o?

W=—pS

3w o3

u? (14)

In analogy to electrical engineering, the resistance R,
will be determined from the dissipation energy:

T/2 T/2
W:/ Rsu@sz:/ Ry, S?u2dr  (15)
0 0

u sin wt

Replacing us by
gral (15) results in:

and evaluating the inte-

2

T U

W = Rg, — S — 16

2w o2 (16)

The non-linear part of the slit resistance R, will re-
sult by comparing expression (16) with (14):

4 pa—o?

378 o

Ry, u (17)

The total resistance of the slit is the sum of the linear
part (7) and the non-linear part (17):
1271 2

ST OnRE

4 pa—o
318 o

u (18)

The numerical values for the geometry and viscos-
ity are substituted in equation (18). The cross-section
ratio o = 0.067 is deduced from the particle velocities
from figure 10. The result is plotted over the measured
resistances in figure 7 in thin blue line. The lower line
is simulated for a slit of 0.22mm width and the upper
line for 0.20mm width. The viscous part of the slit re-
sistance is very sensitive to small variations of the slit
width. The measured slit resistances are situated be-
tween the two calculated lines. From expression (18),
the non-linear part of the slit resistance appears to
be proportional to the particle velocity u and inde-
pendent of frequency. The analysis provides a good
estimation of the measured values.

6. Mean flow effects.

The effects of a mean flow on the acoustic damping
are investigated by introducing a mean flow in the
impedance tube. The mean flow is introduced uni-
formly around the duct circumference at the loud-
speaker end, such that a developed uniform flow is
present in the measurement section and the annular
tailpipe. The flow volume velocity is measured by a
Ritter volumetric gas meter. The flow velocity has
been taken into account in the device impedance cal-
culation by introducing the Mach number in the wave
number k£ and in the characteristic duct impedance Zg
according to Munjal [2].

The resistance of the slit has been measured with
a loudspeaker voltage of 20V for different mean flow
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Figure 12. Slit resistance in terms of particle velocity
through the slit for different frequencies (thick red lines:
measured, thin blue lines: simulated using expression (18))
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Figure 13. Slit resistance in terms of particle velocity
through the slit for different frequencies (thick red lines:
measured, thin blue lines: simulated using expression (18))

velocities ranging from 0 to 6.63m/s in the duct cross-
section. The transition from laminar to turbulent flow
in the duct situates around the velocity v < 0.9-
1.6 m/s.

Figure 12 presents the slit resistance magnitude in
terms of frequency for the different flow velocities. The
effect of laminar flow on the resistance is barely notice-
able. When the flow becomes turbulent, which hap-
pens when the flow velocity exceeds 0.9-1.6 m/s, the
resistance drops at low frequencies, however, at high
frequencies, the resistance tends to the still-standing
medium resistance.

Figure 13 presents the phase of the slit resistance.
The phase remains around zero degrees which indi-
cates its resistive nature. For turbulent flow, the phase
tends to 20degrees, which still is mainly resistive. The
effects of the presence of a mean flow are rather small
and the damping mechanism of the slit remains intact.
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7. CONCLUSIONS

A damping device, consisting of a central tube sur-
rounded by a narrow slit, has been investigated. It
has a neglectable flow resistance. The impedance of
the acoustic mass of the central tube increases with
frequency, while the slit resistance remains approx-
imately constant in terms of frequency. At higher
frequencies, a considerable part of the acoustic flow
passes through the slit, where it will be damped. The
damping mechanism is two fold: a linear part of the
slit resistance in which the viscosity of the air is in-
volved and a non-linear part wherein the slit resis-
tance is proportional to the particle velocity of the air
through the slit. In this part, the loss of kinetic energy
of the pulsing flow due the abrupt cross-section jumps
before and after the slit causes additional flow induced
damping. The effects of the presence of a mean flow
are rather small and the acoustic damping mechanism
of the slit remains intact.

Ultimately, this research will result in development
rules for such devices and to optimize the geometry
of the annular tube for specific applications.
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