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Abstract

The reflection coefficient of acoustic absorbing materials is often measured in a standing wave tube. This
method has some drawbacks. Here a novel technique, that is capable to determine the reflection coefficient
in a fast way in-situ, real time, oblique and without the use of a standing wave tube, is presented. The method
is based on the simultaneous measurement of normal acoustical particle velocity and sound pressure at the
same position. These values are determined with the use of a Microflown (Titan sensor-element) and a sound
pressure microphone. Theory is presented and supported by verifying measurements.

1 Introduction

In order to obtain a good acoustical climate in buildings and rooms, lots of acoustic absorbing materials are
used. To model the performance of these materials in practice, researchers are interested in the reflection
coefficient for different angles of sound incidence. Most techniques used to determine the angle dependent
reflection coefficient make use of a measurement of sound pressure at different positions and/or particle ve-
locity, together with an assumption of the exact nature of the wave field at the measurement position(s). The
accuracy of the calculated reflection coefficient depends on the measurement precision and the exactness of
the assumption of the pressure field.

A proven technique to determine the angle dependency of the reflection coefficient is described by Tamura
[1]. In this method, sound pressure is measured in two planes and a two dimensional Fourier transformation
is used to calculate the angle dependent reflection coefficient. Thus, no assumptions about the exact nature of
the wave field are made. However, a drawback of the method is the rather complicated measurement setup,
the need for a large test sample and long measuring times. Nowadays, the alternative techniques are also
based on the measurement of sound pressure [1, 2].

In this article, a new technique for determining the reflection coefficient, based on the simultaneous mea-
surement of sound pressure and particle velocity, is described. In a first paragraph, a brief description of
the measurement principle and calibration mechanism of the particle velocity is presented. A comparison of
measurements in Kundt’s tube with the new technique and with a known pp-technique, described by Chu [3],
is given. Afterwards, results of measurements in a semi-anechoic room, executed with the new technique
and with the Tamura technique are shown.



2 Microflown

The Microflown, developed by de Bree et al. [4, 5], is that part of the pu-probe which measures the acoustic
particle velocity. The measurement principle of the device is based on the temperature difference between
two resistive sensors. A travelling acoustic wave causes a heat transfer from one sensor to the other and the
temperature difference at the sensors, induced by the acoustic wave, causes a differential electrical resistance
variation which is measured.

Inherent in the physical working principle of the transducer, the frequency response of the Microflown de-
creases with frequency due to diffusion effects and heat capacity. The sensitivity of the Microflown can be
approximated by formula (1).

(1)
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Ifs [’% - poc] is the sensitivity of the Microflown &50 Hz. f; and f,. are roll-off frequencies caused by
diffusion effects and thermal inertig. is a roll off at a low frequency. This roll off has a typical frequency
in the range30 — 100 H z, fy lies typically in the rang&00 — 1500 H z, f3. has a higher valuet(00 H z to
In the pu-probe of Microflown Technologies, a Microflown sensor and a miniature pressure microphone are
placed close together. With this pu-probe, impedance can be measured directly.
The phase difference of a Microflown relative to the included microphone can be approximated by formula

@ C f f
Phasenricroflown = arctan “1 _ arctan 2 — arctan - (2)
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2.1 Calibration
Several calibration methods can be used. The standing wave tube calibration is used for lower frequencies

(30 Hz-4 kHz). A calibration in a semi-anechoic room can be used in the frequency eaigd > —
20kHz.

2.1.1 Kundt's tube
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Figure 1: calibration of pu-probe in standing wave tube

In figure (1) a standing wave tube with a perfect reflecting ending is drawn. In this tube, the pressure at a
positionz is given byp(z,t,w) = (Ae™™*® + Be**)e@t, The particle velocity is given by(z,t,w) =

—1 8p(g,t,w) _ (Ae*“” o Beikz)eiwt
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To calibrate the pu-probe, a reference microphone is placed at the rigid reflecting enirig («(1) = 0) of




the standing wave tube. At the other end, a loudspeaker is placgf))se p,. These boundary conditions
lead to formulae (3) and (4) for pressure and particle velocity at a positioithe tube respectively.

p(z,w) = pow (3)

Do isin (k(l —x))
u(z,w) = e cos (k) (4)

If the pu-probe is placed at a positierin the tube, the ratio between the pressure microphone of the pu-probe
and the reference microphone is given py.f,.. = p(x)):

Pprobe (w)

Pres () = cos (k(l — z)) (5)

The ratio between the patrticle velocity at the probe and the pressure at the reference microphone equals:

uprobe(w> o L . .
7pref(w) oy sin (k(I — x)) (6)

To calibrate the phase difference between the Microflown and the pressure microphone of the pu-probe, the
ratio of both is measured. Theoretically, this ratio should equal:

Uprobe(w) ? uprobe(w) o
= tan (k(l — x)) — phase{ ———=} = £90 @)
pprobe(w) PoC ( ( )) {pprobe w) }

In figure (2) and figure (3) an example of the amplitude calibration of the microphone and the Microflown of
the pu-probe are shown respectively. The pu-probe is placed at a distahee 54 cm from the rigid ending

of the standing wave tube. A swept sine measurement with lock-in detection is used. At each frequency, the
sound pressure and particle velocity signals are integrated during the larde62i m.s and50 periods of

the source frequency.

The calibration curve of the phase difference between the miniature microphone and the Microflown of the
pu-probe is shown in figure (4). The sensitivity of the microphone of the pu-probe is for thiszjr.dbé%.

At low frequencies, the sensitivity of the Microflowhf() is 162.13 % - poc and the roll-off frequencies

fer faandfy. are0 Hz, 911 Hz andoo respectivelyC, Co, andCs are51 H z, 885 H z andoo respectively.
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Figure 2: calibration of microphone of pu-probe Figure 3: calibration of Microflown of pu-probe
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Figure 4: calibration of phase of pu-probe

2.1.2 Semi-anechoic room

Since no reflections are present in a semi-anechoic room if absorbing wedges are placed at the floor, a free
field measurement can be performed. For a free spherical sound wave, induced by a spherical sound source
at positionr = 0, the frequency dependent impedance at a distarfizam the source, is given by formula

(8).

p(r,w,t ikr
2wy = HRD T ®)

Uy (r,w, t)
The ratio will alter in formula (9) ifér is much larger than unity, so if the source is placed far enough from
the measurement position.

Z(r,w) = poc 9

The calibration setup in the semi-anechoic room is shown in figure (5).

Figure 5: calibration of pu-probe in semi-anechoic room

In figures (6) and (7), the calibration values of the impedance amplitude (divided by the characteristic
impedance in airp,c) and phase are given for different distances probe-source. The measurements were
corrected for the near field effect (the calibration value is dependent of the distance probe-source (see for-
mula (8)). A 'dip’ in the frequency response of the probe arod2) H z is clearly noticeable. This dip can

be explained by the electrical tuning of the pu-probe.
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Figure 6: calibration of amplitude of pu-probe Figure 7: calibration of phase of pu-probe

In figure (8) and figure (9), the calibration values of the impedance amplitude (dividegcpgnd phase

are given for different angles of sound incidence at the probe. The vertical distance probe-source was held
constant and the probe was moved horizontally in a plane parallel to the top of the absorbing wedges. In
figure (8), an approximation of the calibration values for the incidence angtesnd60° is made based on

the calibration values found at normal incidence by dividing these valuessiBywith 0 the incidence angle.

As expected, the signal to noise ratio falls drastically at higher incidence angles and at higher frequencies
(frequencies higher thas000 H z) the phase response shifts for larger incidence angles. A better signal to
noise ratio can be obtained if the source is rotated and directed to the probe.
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Figure 8: calibration of amplitude of pu-probe Figure 9: calibration of phase of pu-probe

3 Theoretical background

3.1 Kundt’s tube

Since the acoustic field in a Kundt tube is very well known, experiments were started in this tube to examine
the usefulness of the new measurement technique. A sketch of the measurement setup is given in figure (10).

In this kind of tube, a one-dimensional acoustic field is generated with a speaker placed at one end of the
tube. A first incoming plane wavef, (z,t,w) = p,e’“#2)) travels from the source to the absorbing
material placed at the other end of the tube. A second wayg(f,t,w) = R(w)p.e'“~*2)) travels in

the opposite direction from the sample to the source. This second wave is the resulting wave after phase



X

-
—
Pin
-—
Pout
'sample
loudspeaker pu-probe
(a)
123 X
o
T p
: «—
Pout |
'sample
loudspeaker microphone

reference microphone

(b)

Figure 10: Kundt tube, measurement setup

rotation and attenuation of the incoming wave at the sample surface. The reflection coefficient is frequency
dependent. In the tube, a standing wave is established as a result of the incoming and outgoing wave. So, the
resulting pressure field in the tube can be described by:

Ptot (37, t7 UJ) = Pin (1’, t7 w) + Pout (Cl:', t? w) = po(ei(Wt+kx) + R(w)ei(UJt—kI)) (10)

From the equation of momentum conservation, the particle velocity in the tube can be derived:

L [ Opiot(z,t,w) Po  i(wt+ka) {(wi—kz)

o .t — — (W T) 2 (w T 11

Utot (T, T, w) Po/ e dt poc(e R(w)e ) (11)

The impedance at a positianin the tube is defined by formula (12).
Drot(x,w) e** 1 R(w)e~ =

Z = N = PoC— ;
O s, 0) P R(o)e T

(12)

So, if sound pressure and sound particle velocity at a distariicam the sample surface can be measured,
the reflection coefficient and surface impedance of that sample can immediately be deduced:

Z(wvw) — PoC

_ 2ikz 1
R(w) =e Z(z.0) T poc (13)
1+ R(w)
Z(0,w) = PoC— R() (14)
The acoustic absorption coefficient of the sample can be calculated by:
a(w) =1—|R(w) (15)

3.2 Semi-anechoic room

After measuring the absorption coefficient at normal incidence in a Kundt tube, measurements in a semi-
anechoic room are performed. In this room, there can also be measured at oblique incidence. If a point
source is considered, intensity will reduce proportionally with the square of the distance. Pressure amplitude
reduces proportionally with the distance.

Figure (11) shows the setup for the measurement in the semi-anechoic roofrbd_tie specular angle of
incidence, given by = arctan ;.
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Figure 11: Free field setup, oblique incidence

The incident wave which is travelling from the source to the probe is, at the position of the probe, given by
pin(0,d, t,w) = %’e“mm) with r; the distance between the source (S) and the probe. In this formula,

d is the normal distance between the probe and the sample. To include the reflection of the sample, a
mirror source (S’) is placed behind the sample at the same distance as the physical source is placed from
the sample (see figure (11)). This assumption is only valid if the vidlyds sufficiently large [6]. The

wave which is travelling from that mirror source in the direction of the probe is given,hyo0, d, t,w) =

R(w, 9)%ei(wt+kr2).

So, the total pressure at the positiond) is given by formula (16).

ptOt(07d7t7w) - pzn(07d7t7w) +p0ut(07d7t7w)
ei(wt+kr1) ei(wt+kr2)
= po(———— + R(w,0)——)

1 T2
ikry ikra

+ R(w, )T )ett (16)
1 T2

e

= po(

Formula (17) for the particle velocity, which is normal to the impedance plane, can now be deduced.

Un,tot(07d7t7w) = un,in(0>d7taw)_un,out(0>dataw)
Po . 1 —ikry etkr 1 — ikro _ekr2 ot
= — 0, — R(w,0 0]e™ 17
poc[( —ikry ) r oY (w,0)( Tikre | g % le A7)

Formula (18) for the impedance at the position of the probe is obtained.

ptot(())d?w)
2(0,d,w) = Lo
( ’ 7w> utot(07d7w)
ikry ikro
4 R(w, )¢
= pOC ; ikr = 2 . ikr (18)
(LEry €™ cos , — R(w, 0)(1502) €2 cos 0

From this last equation, a formula for the reflection coefficient of the absorbing surface can be deduced:

4 Z(0,d, w) (=) cos 6 — poe
R(w,0) = etklri—r2)2 ( )(1—?’;’"1 ) P (19)
1 Z(0,d,w)(=7=22) cos b, + poc

—ikro




If the pu-probe is placed very close to the surfatés(very small),0 ~ 6, andr; ~ ro. So, equation (19)
becomes:

Z(0,d,w)(1=E01) cos 6 — pyc

—ikry

Z(0,d, w) (=401 cos 6 4 poc

—1kry

R(w,0) ~ (20)

Since the mirror-source-model is only validiif; is sufficiently large, formula (20) becomes formula (21),
which equals the formula for plane sources.

Z(0,d,w) cos @ — p,c

R(w,0) ~
(w,9) Z(0,d,w) cos B + poc

(21)

4 Experimental results

4.1 Kundt's tube

The properties of the absorbing sample are given in table (1). A prediction of the absorption coefficient can
be made based on the model of Biot-Johnson-Allard [7, 8] from the parameters of table (1).

Thickness| Density | Tortuosity | Porosity | Flow resistivity | Viscous length| Thermal length
m] | p[25] | aw ¢ o [2 A [pm] A’ [pm]
0.03 14 1.09 0.98 10500 100 150

Table 1: Properties of studied porous material

The results of a measurement of the porous material in a Kundt tube (see figure (10(a))) with diameter
3.9 cm and the pu-probe placed at a distance éfcm from the sample surface, are given in figure (12).

The considered frequencies are low enough to assure plane propagating waves in the tube (cut-off frequency
fe ~ 5000 Hz). A good correspondence between the simulated curve and the pu-technique is reached. Since
the calibration in Kundt’s tube is valid up to 3200 H z, only the results up to this frequency are shown. A
second measurement is also shown in this figure. This measurement is done by measuring the sound pressure
at two positions in the tube, called the pp-technigue (see figure 10(b)). The dip in this measurement curve is
due to the fact that one of the microphones lies at a pressure minimum at that frequency.

simulation vs. measurement
T T

absorption coefficient [-]
o
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- simulation
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Figure 12: Kundt measurement, simulation vs. measurement



4.2 Semi-anechoic room

Measurements in the semi-anechoic room were executed on the same test material (properties, see table
(1)). An absorbing sample surface D2 m? was used and the measurement time to obtain the absorption
coefficient for a certain incidence angle was less than 10 minutes for the chosen frequency range.

First, a measurement of the impedance at normal sound incidence was performed. The source was placed at
different heights above the pu-probe, which was placed directly on the absorbing surface. So, the distance
between the sample and the Microflown and microphone-wésnm. The probe-source distances were

taken equal to the values chosen for the calibration in the free field conditions. The absorption coefficient
of the material can be calculated with formula (20) and formula (2%} if> 1. The results of this mea-
surements, together with a simulation based on the model of Biot-Johnson-Allard are given in figure (13).
Next to the measurements with the pu-probe and the simulation based on the theoretical model, a last curve
is shown. These measurements are deduced from a Tamura measurement on a sample sttthee of

A measurement time of hours is needed to deduce the absorption coefficient for all incidence angles in
the chosen frequency rang®( Hz — 8 kH z). There’s a good correspondence between the results of both

measurement techniques.
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Figure 13: Measurement in semi-anechoic room, incidéfice

Next to the measurement at normal incidence, measurements at oblique incidence were performed.
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The vertical distance probe-source was Keptm and the probe was moved over the absorbing surface.

The results for an incidence angle 4f° and60° are respectively shown in figure (14) and in figure (15).

As expected, these measurements are, at higher frequencies, influenced by noise. The results of the Tamura
measurement are also shown in both figures.

5 Conclusion

In this paper, results of measurements with a pu-probe, consisting of a Microflown and a miniature micro-
phone are presented. In first order, a few calibration mechanisms in a Kundt tube and in a semi-anechoic
room are presented. In both methods, measurements are compared to the well known sound field to obtain
the calibration values of the pu-probe.

Afterwards, the absorption coefficient of a sound absorbing sample is measured in a Kundt tube and in a
semi-anechoic room. It's shown that the pu-probe can be a very attractive measurement technique. The sen-
sitivity of the Microflown to the direction of the waves is very useful and makes measurements very simple.
The advantages of the measurement with a pu-probe are the smaller sample size, the smaller measurement
time and the simpler mathematics compared to the Tamura technique. Another advantage is the fact that out
of the measurement at a certain position the absorption coefficient for that incidence angle can be deduced.
The Tamura technique needs a measurement at all angles before one can deduce the absorption coefficient
for a certain incidence angle.

6 Further research

A better signal to noise ratio can be obtained by directing the source to the pu-probe and by integrating the

signals over a longer time period. So, a rotating and smaller source can be used in further research. Also a
smaller protective cap can probably deliver more accurate measuring results. In figure (16) a possible new
design of the pu-probe is shown.

Figure 16: New design of the pu-probe

Before one can start using the pu-technique for in-situ measurements, the influence of the distance sample-
probe on the necessary size of the sample has to be investigated.
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