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Abstract

A new method to measure the acoustic behaviour of sound absorbing material in an impedance tube is

presented. The method makes use of anovel particle velocity sensor, the microflown, and a microphone. The

so-caled p-u method is compared to three other methods of which the two microphone technique is well
known. It is shown that the combination of a microphone and a microflown provides direct information on
the acoustic impedance, the sound intensity and the sound energy density. The experimental results are
compared to the results obtained with the conventional impedance tube measurements. To be able to repeat
the measurements in a reliable way a well described test sample with a quarter-wave resonator is used.
Furthermore it is shown that the viscothermal effects on the wave propagation are important, i.e. for the
guarter-wave resonator and to a lesser extent for the impedance tube itself.

The first technique made use of the measured
1. Introduction standing wave ratio (SWR) in the tube for a specific
frequency. Next, in 1980 Chung and Blazer [1]

A number of measurement techniques can be usedRfesented a technique which is based on the transfer
quantify the sound absorbing behaviour of poroufinction of two fixed microphones (see Figure 1).

materials. In general one is interested in one of thEN€ standing wave pattern in their case is built up
following properties: the sound absorptionfrom a broadband stationary noise signal. With the

coefficient a, the reflection coefficienR, or the measured transfer function the incident and reflected
surface impedancg The techniques can be dividedWaves are separated mathematically. This leads to
into three categories: the reflection coefficienR of the sample for the

«  Reverberant field methods complete frequency band.. The normgl impedafice

«  Free field methods and the sound absorption coefficient can be

. Impedance tube methods (Kundt's tube) derived as well. The transfer function technique,

. . . : ere called the2p method, has proven to be
The impedance tube technique is the topic of thgfﬁcient and reliable (see ISO 10534-2 1998).
present investigation (see Figure 1

rigid tube microphones  backing plate With _the development of th_e first acoustic part_lcle
—l velocity sensor, the microflown, alternative

AN 3 measurement techniques become possible in the
PB <\/\p§ R impedance tube. These techniques are presented in
SSPIRY section 4:
| loudspeaker test sampleg e The2u method
Figure 1 Outline of an impedance tube. * Theu/p method

) e Thep-u method
At one end of the impedance tube a loudspeaker he two latter methods make use of the combination

placed and at the other end a sample of the t€gf 5 microphone and a microflown to determine the
material is placed. In the tube a standing wavg., dic behaviour of a sound absorbing sample.
pattern is established as a result of the forwgd, The p.y method is a new technique and makes use of
and backwardp,, travelling waves. The frequency the measured sound intensity and sound energy
of the sound waves is kept low enough to assulgansity. By using the p-u method a good indication
plane propagating waves in the tube. of the quality of the measured sound intensity and



energy density is obtained. The first results of the
p-u method are presented and compared to the three
other methods.

Furthermore it will be shown that the
combination of a microflown and a microphone, in a
slightly different set-up, is useful to calibrate the
microflown with respect to a calibrated microphone

Acoustic wave

o]
(see section 5.1). In section 5.2 the experimental %T
results of the different methods are mutually ig
compared. Furthermore they are compared to the g
theoretical sound absorption coefficient of a well b
described sample with a quarter-wave resonator. In 2 AC(;uSﬁc wave present
thll_s t\)/;/ay the measurements can be repeated in a £ || Stationary situation
reliable way. m -
First the microflown is described in section 2. S1 82 Position
osition

The theory for the viscothermal wave propagation in
the impedance tube and the resonator is given in  Figure3 Photograph of the sensors on top and
section 3. estimated temperature profile.
It follows from Figure 3 that a travelling acoustic
2.The microflown wave causes movements of the air and as a result
heat is transferred from one sensor to the other

The microflown (oru-flown) was developed by De (harmonically for a single frequency). This causes a

Bree et al. [2]. Instead of pressure the microflowrflifference in temperature of the two sensors. The

measures the average acoustic particle velocity oftf@mperature difference between both sensors causes
small finite volume of air. The measurement? differential electrical resistance variation which is

principle of the microflown is based on themeasured. To realise a temperature difference that is

temperature difference between two resistivdligh enough to be able to measure the resistance
sensors which are 4m apart as shown in Figure 2 variation the sensors are heated by a DC current up
and Figure 3. The microflown consists of two!@ aPout400-600 degrees Kelvin.

cantilevers of silicon nitride with a platinum pattern 1€ sensitivity of the microflowns shows
on top. The size of the cantilevers is 830x1 um approximately a first order low pass behaviour. The
(Ixwxh). corner frequency, above which the sensitivity drops

6 dB per octave, is between 300 Hz and 1kHz. More
practical characteristics of the microflown are:
e The directional sensitivity varies cosine-like (as

A in a figure of eight). Therefore the sensors can
- . be aligned accurately by hand.
Acoustic

* The absence of a resonance mechanism.

e The low costs due to simplicity and batch size.

e The ability to measure the particle velocity in
the near field where the sound intensity
technique with two closely spaced microphones
breaks down.

e The wvulnerability of the two sensors. A
protective package may be used (see also
section 4).

Ss.. Power supply . Die ¢ The microflown has to be positioned outside a

Signal Breaking groove . .
boundary layer whereas a microphone is usually
flush-mounted in the impedance tube wall.

A new design of the microflowns is shown in Figure

4. The cantilevers of the two sensors are supported

at both sides for extra stability. Furthermore, the

sensors are smaller to gain extra sensitivity. For the
sake of completeness also a microflown with three

Two sensors on top (40 pm apart)

waves

Ma

Figure 2 Photograph of the microflown.



pairs of sensors is depicted in Figure 5 which
measures the three orthogonal velocity components.
In this way the measurement of the sound intensity
vector becomes relatively easy.

Figure5 A microflown for three dimensions.

3.Viscothermal wave propagation

3.1 The wave propagation coefficient

In small tubes the wave propagation is affected by
the viscosity and the thermal conductivity of the
fluid. There is a variety of literature on the
viscothermal wave propagation. Tijdeman [3] and
Beltman [4] give a complete overview of the
different analytical solutions. It is shown there that
the approach of Zwikker and Kosten leads to an
efficient and accurate solution. They assumed a
constant pressure across the tube cross-section and
included the effects of inertia, compressibility,
viscosity and thermal conductivity of the fluid. For a
prismatic tube as shown in Figure 6 the harmonic
pressure perturbation p(x) and the harmonic velocity
perturbation u(x) are given by (1) and (2).

Figure 6 A prismatic tube.
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where u(X) is the averaged velocity over the cross-
section so that a one-dimensional model arises. The
viscothermal effects are present in the wave
propagation coefficient /-

The solution of Zwikker and Kosten was
rewritten in a dimensionless form by Tijdeman. In
the so-called ‘low reduced frequency model’ four
dimensionless parametess,k;, o andycharacterise
the wave propagation (see Appendix: List of
Symbols). The shear wave humisés a measure for
the ratio between the inertial and viscous forces and
can be seen as an unsteady Reynolds number.

s=1 [Po% ©)
u

For small values ofs the viscous effects are
dominant. In that case a tube is called ‘narrow’. For
s » 1 the tube is called ‘wide’. Beltman has
demonstrated that for most acoustic problems the
low reduced frequency model is sufficient.
Compared to other models, like the simplified
Navier Stokes model, the low reduced frequency
model is a relatively simple one.

The wave propagation coefficientis a complex
number, i.e/ = Re(") +i Im(/"), wherecy/ Im(/7)
represents the effective phase velocity and/Re(
represents the attenuation of a propagating wave. It
is noticed that/” is a function of the shear wave
numbers and therefore a function of the frequency.

In the present investigation» 1 applies for the
tubes. As a result a first order approximation of the
low reduced frequency solution can be used. For
large values of the shear wave numbei.e. for
‘wide’ tubes, the propagation coefficieAt can be
estimated according to Kirchhoff:

. i+l[y-1+0
+—

r =i e = b 4)



The accompanying velocity coefficient G is:

i
G=-— 5
= ®)
From (4) it can be seen that both viscous and
thermal effects are included. These effects are taken
into account for the impedance tube and the quarter-

wave resonator.

3.2 The reflection coefficient

The amplitudes pg and ps of the forward and
backward travelling waves in the tube are governed
by the boundary conditions at both ends of the tube.
In Figure 7 the possible boundary conditions are
shown.

by, x p,- pressure perturbation
U @ @ u;- velocity perturbation
Q L G- scaled acoustic impedance

Figure 7 One-dimensional tube and possible
boundary conditions.

For a tube terminated with a sound absorbing
material an impedance condition can be used. The
specific acoustic impedance is denoted by Z, and
relates the pressure, at a specific position or at a
surface, to the norma velocity. In the present
investigation the impedance is scaed to the
characteristic impedance of atravelling plane wave.
The characteristic impedance of a freely plane
propagating wave is pCo. However, in a duct where
the viscothermal wave propagation is included the
characteristic impedance igoel/G. Therefore the
scaled (dimensionless) impedartigecomes:

G p(¥

{09=—27,(0=
PoCo U(X)

6
PoCo ©

More convenient quantities for sound absorbing
materials are the reflectiorR and the sound
absorption coefficientr. The reflection coefficient
is the ratio between the reflected and the incidert>

wave and by using equation (1) gives:

I kx
e
_Pa€® @)

R(x) = =
pg e I kx

The acoustic energy in a plane wave is proportional

whereq is the fraction of the incident energy which
is dissipated.

With known amplitudep, andpg the impedance
{(X) can be determined and with the use of the
definition of the reflection coefficieri®(x) one can
derive:

{(x-1

RO= 701

9)

3.3 A quarter-wave resonator

A sample with a single tube, a quarter-wave
resonator, is placed at the end of an impedance tube
with a square cross-section. The sample is depicted
in Figure 8.

R =0.0046 m

L =0.07m
d=00028m 4

A = (0.04)?m? e

2R

Figure 8 Sample with a quarter-wave resonator.

Due to inlet effects the effective lengthy of the
resonator is longer than the actual lengtihe end
correctiond for a tube centrally located in another
tube with radiusx; is [5]:

8R .
=—r-125 with <0.6
371@ %2 @ %z

For the square cross-section the radiBs is
estimated by, = 0.04m.
With the use of (1), (2) and (6) the impedance at
the entrance of the resonator is deduced:
cosh(/ KLg )

sinh(/ KL )

(10)

{(x=0) = (11)

The impedance of the samptedlf is calculated by

ing a reference frame across the surface of the
sample. The pressure and the mass flow on the left-
and right-hand side of the reference frame are equal,
S0 one has:

2 -1
R =0

Csample = (12)
""HAH

to the squared amplitude of the pressure. Therefore
IRF is the ratio of the reflected energy to the incident

energy.
The sound absorption coefficiemtis defined as

a=1-|R[? (8)



4.The impedance tube 4.3 The 2u method

4.1 Experimental set-up The measured transfer function is:

u, _ Sy
The impedance tube is sketched in Figure 9. The Hay :u_zsz_zul (15)
four methods are shortly discussed in the next 1 1
sections: the 2p, 2u, p/u and the p-u method. With Ha, and the theory presented in section 3 the

reflection coefficienR becomes:

s =0.045m

Hoy _e ks orkL

R(x=L) = (16)

B
™ _elks g TkL

4.4 The p/u method

The transfer functionHy, is measured in the
frequency domain according to:

_ Seu (17)

" Suy
The microphone positions for the 2p method are _ _
indicated byp; andp,. The same positions are used!f the microphone and the microflown are located at
for the 2u method but then two microflowns areX = O then the impedance at the sampbe=at,, is:
used. For the p/u and the p-u method the positions of H pyu cosh(7 kL) - poco sinh(7 kL)
the microphone and the microflown are indicated by {(x=L) = (18)
p andu, respectively. Notice that for the latter two

methods there is no separation distas@nd that  gqation (18) is obtained by using the theory for the
the distance to the sampld is different ,nha gimensional wave propagation.

(L = 0.407 m). The microphones for the 2p method  acqustic impedance measurements with the plu

are ¥ inch Kulites. For the p/u and p-u method a ‘pethod were first performed by Schurer in 1996
inch B&K microphone and a %2 inch IGRflown  gjrectly in the throat of a horn [6].
Technologies is used.

C|'o

Figure 9 Impedance tube and sensor positions. Hpu =

Poco cosh(/ kL) +H y/ sinh(/KL)

4.5 The p-u method
4.2 The 2p method

By measuring the sound intensity and the sound

The measured transfer function is: energy density (at x = 0) it is possible as well to
p, S derive the amplitude reflection coefficient |R|. Fahy
Hop=—2= szpl (13)  [7] shows that in a tube the mean speed of the
P1 PPy energy transport ¢, is the ratio between the mean
wherep, andp, are the pressures in the frequencyintensity and the mean energy density:
domain, S, is the cross-spectrum aighy, is the r 1—|R|2
auto-spectrum. The transfer functidty, can be Ce===Cg > (29
measured directly with a two channel FFT analyser. E "R

With the theory for the one dimensional WaV€s; the reflection coefficient |R| at the surface of a

propagation as presented in section 3 one can der'¥§nple(at x = L, see also equation (7)), and by taken
the reflection coefficient at the surface of theinto acoount ’the viscothermal | o’sseﬁ in the

sample, i.e. at = L: impedance tube, is:

ks
H2p -€ e _ _
=1)= kL
R(x=L) = TH. 1o kS De—/'kL (14) R2=E%-l e
2p Eco+l [kt

The time averaged energy density is defined as:

2

(20)




Ezlpouu*_'_ pp (21) 10" T T T
4 4p0002 i — Measurements
10° I — - Theory
and the active intensity (also time averaged) is:
- * Laran) L -_
I = 1Re{ pu} (22) 110 7%
2 z | ]
where p and u are complex amplitudes in the L 10—2; E
frequency domain. P ]
- _ N ~
Using atwo channel FFT analyser one has: 103y \\ Y \\, \\/ \,/ \”f\’/ \\, VAV
i I
=1 1 SN T O T vy ll!
E =—pPo SJU + > Spp (23) 10_4 | [ | ] L1 \ I !
2 2p0Co 0 1000 2000 3000 4000
Frequency [Hz]
active = RE{ Spu} (24) Figure 11 Transfer function H, (magnitude).

With (23), (24) and (20) the value of |R| can be From the measured and theoretical values (theory:
determined. without gain) a correction function is obtained as a
The results of the new p-u method are compared function of the frequency. The difference for the
to the results of the other methods in section 5.2. amplitude and the phase is given in the Figure 12
and 13. As a first approach a third order polynomial

5. Experimental results is used for the final interpolated correction.
Before the reflection coefficienR (or the sound -40 ' ' '
absorption coefficient) of a sample with a quarter-
wave resonator is measured the sensors are _50
calibrated. The procedure and the calibration results o’
for the combination of a microphone and a %
microflown are described in the following section. 2 50
(O]
. . (]
5.1 Calibration results ?DE
=70
For the calibration of thecombination of the — - Measured
microphone and the microflown the position of both — Interpolated
sensors is indicated in Figure 10. -80 ' ' '
0 1000 2000 3000 4000
i ] Frequency [Hz]
M . Figure 12 Amplitude differencein dB.
) microphone 300 T T T
microflown
0
Figure 10 Set-up for the calibration measurements. 8 2501
The measured and theoretical transfer funckigp §)
are given in Figure 11. A minimum occurs when the 3200_
velocity has a minimum value at the location of the %
microflown. The right-hand side of the impedance & |
tube is approximately acoustically hard(L) = -E 150} g
1000) so that there is always a pressure maximum. I — - Measured
(kL) — Interpolated
_ -G . CO! kL 100 1 1 ]
Hum = %”h(r =) E (25) 0 1000 2000 3000 4000

Frequency [Hz]

Figure 13 Phase differencein degrees.



For the present tests the measured transfer function
Hup is corrected in the following way:

20l0g|Hy/p| ~ 2010gHyp|+Correction  [dB]  (26)

u/p‘

arg(Hy/p) — arg(Hyp) + Correction

[deg] (27)

5.2 A sample with a quarter-wave resonator

The measurement set-up is in Figure 9 and the
results are presented in the Figures 14, 15 and 16.
For the results with the 2u method reference is made
to [8] where it is shown that the 2u method provides
the same results as the 2p method.

0.2r — Measurements|
= - Theory
500 1000 1500 2000

Frequency [Hz]

Figure 14 Reflection coefficient (magnitude) using
the 2p method.

0.2r — Measurements|
— - Theory
500 1000 1500 2000

Frequency [Hz]

Figure 15 Reflection coefficient (magnitude) using
the p/u method.

0.2r — Measurements|
— - Theory
500 1000 1500 2000

Frequency [Hz]

Figure 16 Reflection coefficient (magnitude) using
the p-u method.

The figures show that the three methods provide
identical results for the frequency range where the
guarter-wave resonator is effective, i.e. from 1000 to
1400 Hz. For the lower frequency range the u/p and

the p-u method are less accurate. This may be
improved with a more accurate calibration of the
transfer functionHy,. It is noted that the phase-
calibration can be performed with the microphone
flush mounted. In this way the microphone shows
the same phase-response behaviour because the
incident sound field is the same as for the
experiments with a sound absorbing sample. In this
respect it has to be remarked that the calculation of
R for an acoustic hard wall is very sensitive to
measurement inaccuracies.

The figures also reveal that the theoretical model
of section 3 predicts the acoustic behaviour very
accurately for the complete frequency range. This
indicates that the viscothermal wave propagation is
correctly modelled.

It has been shown that the p-u method is a practical
technique to measure the reflection coefficient, the

sound intensity and the sound energy density. Next,
the transmission loss in an impedance tube and the
sound intensity vector and the energy density

outside a pipe can be measured.

6. Conclusions

Four methods to measure the acoustic behaviour of
sound absorbing material in an impedance tube have
been presented: the 2p, 2u, p/u and the p-u method
and the results have been mutually compared Three
methods make use of a novel particle velocity
sensor, the microflown. It has been shown that the
microflown can be an attractive alternative to
microphones. Furthermore, the combination of a



microphone and a microflown provides direct
information on the acoustic impedance, the sound
intensity and the sound energy density. Besides it
has been demonstrated that for narrow tubes the
viscothermal effects on the wave propagation are
important, i.e. for a quarter-wave resonator and to a
lesser extent for the impedance tube itself.

Acknowledgements

The authors would like to thank W.F. Druyvesteyn
and G.JM. Krijnen for their fruitful discussions.
The comments of H. Tijdeman, R.M.E.J. Spiering,
PJM. van der Hoogt and T.G.H. Basten are
gratefully acknowledged. This research is supported
by the Dutch Technology Foundation (STW).

References

1. Chung, J.Y., Blaser, D.A. Transfer function method
of measuring in-duct acoustic properties. |. Theory, J.
of the Acoust. Society of America, 68(3), 907-913
(1980)

2. Bree, H-E. de, Leussink, P.J., Korthorst, M.T.,
Jansen, H.V., Lammerink, T., Elwenspoek, M. The
Microflown: a novel device measuring acoustical
flows, Sensors and Actuators A, 54, 552-557 (1996)

3. Tijdeman, H. On the propagation of sound waves in
cylindrical tubes, J. of Sound and Vibration, 39(1), 1-
33 (1975)

4. Beltman, W.M. Viscothermal wave propagation
including acousto-elastic interaction, part I: theory, J.
of Sound and Vibration 227(3), 555-586 (1999)

5. Bies, D.A., Hansen, C.H. Engineering Noise Control,
theory and practice, E& FN SPON, London (1996)

6. Schurer, H., Annema, P., de Bree, H-E., Slump, C.H.,
Herman, O. Comparison of two methods for
measurements of horn input impedance, J. Audio Eng.
Society, 44, 649 (1996)

7. Fahy, F.J. Sound intensity, E&FN SPON, London
(1995)

8. Eerden, FJM., de Bree, H-E., Tijdeman, H.
Experiments with a new acoustic particle velocity
sensor in an impedance tube, Sensors and Actuators
A, 69, 126-133 (1998)

Appendix: List of Symbols

A Surface [m?]
Co  Undisturbed speed of sound [m/g]
Ce Mean speed of energy transport [m/s]
C, Specific heat at constant pressure [JkgK]
Cyv Specific heat at constant volume [JkgK]

d  Length increment dueto inlet effects [m]

E Timeaveraged sound energy density per unit volume
G  Parameter for the velocity u(x)

H,, Transfer function of two microphones

i=+-1 Imaginary number

I Timeaveraged or mean sound intensity ~ [J/(m?s)]
k=a/c Wave number [m™]
ke =la/c Reduced frequency

I=R Half the characteristic length of the cross-section[m]
L  Lengthof atube [m]
p  Pressure perturbation [Pa]
R  Reflection coefficient

R Radius [m]
s=l,Jwpg/u  Shear wave number

s  Distance between two microphones [m]
S Cross-spectrum

Sp  Auto-spectrum

t  Time [s]
T  Kinetic energy per unit volume [Im?]
u  Particle velocity perturbation [m/g]
U  Potential energy per unit volume [Im?)
X  Cartesian co-ordinate [m]
Z. Acoustic impedance [kg/(m?s)]
a  Sound absorption coefficient

y=Cp/Cy  Ratio of specific heats

I~ Viscothermal wave propagation coefficient

A Thermal conductivity [JmsK]
M Dynamic viscosity [Pasg]
0o Mean density [kg/m?]
g

= |ucC p //\ Square root of the Prandtl number
w Angular frequency
Q Porosity of asurface
{ Acoustic dimensionless impedance

[rad/s]

Re{} Rea part
Im{} Imaginary part
|| Amplitude

*

Complex conjugate



