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Abstract

There are well-known methods to use an impedance tube with two microphones to
obtain the acoustic characteristics of material samples. This setup can also be used to
measure the absorption coefficient in-situ on road surfaces, as a non-destructive alter-
native to fit drilled out road samples into the tube. Moreover, impedance tubes can
also be used to obtain the non-acoustic parameters of a porous material using multiple
microphones and transfer function calculations.

In this thesis, the impedance tube measurement methods are investigated and devel-
oped to satisfy requirements in standards related to specifications of test tracks that are
used for vehicle pass-by noise measurements. Measurements have been conducted to
ensure the conditions for low internal loss, to investigate sealant materials and to make
comparisons with related road surface measurements. An alternative transfer function
method has also been investigated using three microphones. Via semiphenomenologi-
cal models one would be able to obtain acoustic and non-acoustic material parameters.

The developed impedance tube measurement method can be considered as valid for
in-situ measurement on road surfaces, in accordance with the current standards for
noise measurements on test tracks. In comparison to previous measurement results,
the developed impedance tube showed reasonable results for the in-situ method. The
initial three-microphone method did however not show measurement results that were
useful to obtain additional acoustic and non-acoustic material results. Additional mea-
surements of the transfer function over the sample material showed reasonable calcu-
lation results and narrowed down possible sources of errors.

Keywords: Impedance tube, Kundt’s tube, absorption coefficient, absorption material,
open porous asphalt, ISO 10844:2011, ISO 13472-2:2011
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1. Introduction

The aim of this thesis has been to investigate the possibilities to measure the sound ab-
sorption of a test track using a developed impedance tube according to recently revised
standards. A secondary aim was to investigate what other possibilities there are to ob-
tain other characteristics of absorption materials by using this impedance tube. This
thesis was done in collaboration with the Noise and Vibration Laboratory at AB Volvo
in Gothenburg, which has supplied equipment, test samples and know-how.

The theory behind the use of two microphones in an impedance tube will be pre-
sented in Chapter 2l The concept of impedance tube measurement can be described as
measuring the reflection from an incident sound wave generated by a loudspeaker in a
tube. The sample under test will alter this reflection depending on the impedance at the
surface of the test sample. This setup will cause a standing wave that can be measured
by the microphones in the tube to be able to calculate the normal incidence absorption
coefficient, since a part of the energy in the incident sound will be absorbed and dis-
sipated to heat within the material. This kind of measurement method is well-known
and standardized methods can be applied. Furthermore, a well built impedance tube
can be seen as a specifically controlled test environment at a low cost. The test mate-
rial samples used are also rather cheap to produce and the amount of cut-out material
is small compared to other measurement methods. Assuming some additional limi-
tations, one can use three microphones and apply the theory described in Chapter
to obtain additional non-acoustic parameters derived from Biot’s theory of poroelastic-
ity. The described material parameters are presented in more detail in Chapter @] along
with separate measurement methods. The measurement results presented in this thesis
were obtained using a measurement instruction [36] containing calculations according
to these theory chapters.

There are regulations which specifies the noise limit for vehicles sold in the EU, mea-
sured according to methods where the vehicle is driven on a test track. This test track is
constructed to ensure that the noise propagation is not dependent on the test track itself,
which is achieved by an asphalt surface causing low sound absorption. The additional
requirements for an impedance tube measurement method to measure in-situ on road
surfaces are described in Chapter 5| Measurements were conducted, and presented in
Chapter [6| and [7] to evaluate the developed impedance tube against the standardized
requirements of the respective methods, followed by the summarized conclusions in

Chapter
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2. Impedance tube theory - Transfer
function method using two microphones

Sound radiation in an impedance tube can be described as a plane wave traveling in a
duct. This is true, if one assumes that the wave length of the highest frequency is longer
than the lateral tube diameter, since modes will fit the cross-section of the tube causing
unwanted non-plane wave modes. For this reason, the standard ISO 10534-2:1998 [2]
sets the upper frequency limit for a circular impedance tube to

€o

d

where ¢ is the speed of sound in air and 4 is the inner diameter of the tube.
The upper frequency is also limited by the distance between the measurement points

along the tube, since one must ensure a certain phase difference of at least half a wave-

length,

fu <058 2.1)

ﬁ<0%% 2.2)

where s is the distance in between the microphone positions, often denoted as micro-
phone spacing.

The lowest available frequency is limited to the wavelength that are so long that the
pressure at the microphones are very similar and no clear pressure difference can be
measured,

ﬁ>Q%? (2.3)
With these set demands on the impedance tube, the complex sound pressure propa-

gating in the incident and reflected direction can then be described as

pr = ﬁle(—jk0x+g01)ejwt (24)

pR — ﬁRe(jk0x+¢R)eth (25)

where pr and pr are the magnitudes of the incident and reflecting waves respectively,
@1 and ¢g are the phase shift of the incident and reflecting waves respectively, k is the
real wave number in air and x is a position in the tube from the front surface of the
sample. Hereafter are the phase and time notation included in amplitude p; and pr.



2. Impedance tube theory - Transfer function method using two microphones

Mic 1 Mic 2
Speaker | | Rigid end
P —t+>
] Sample

PR <t+H++—

/

Y
A
Y

Figure 2.1.: A sketch of an impedance tube configuration for two microphones, describ-
ing the incident and reflected wave and the positions of the microphones,
speaker and sample.

The complex sound pressure at the position of the microphones, see Figure can
then be calculated as

p1 = pi(x1) + pr(x1) = pre ™ + preon (2.6)
p2 = pi(x2) + pr(x2) = pre/2 + pre 7Hox2 (2.7)

where x; and x; is the distance from the reference point, denoted 0 in the mentioned
tigure, to microphone position 1 and 2 respectively.

In order to correct for internal amplitude and phase mismatch between the micro-
phones, one can use the microphone interchange method, also known as the micro-
phone switching technique. This means that measurement is also conducted with the
two microphones in a switched position, to obtain the transfer function between the mi-
crophones. This method opens up the opportunity to use low-cost and non-matching
equipment, since the use of the transfer function will reduce minor irregularities be-
tween the microphones.

In this thesis the general form of a true transfer function is defined as in Equation
However, all the transfer functions are in practice the estimates, H, of multiple
single-sided auto-spectrum’s, AG, averaged over N iterations, see Equation[2.9]

P _piri
T pin;

(2.8)

a. AGij N Lpip;

ij — - (29)
' AGi  LXpip
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Moreover, the transfer function of the incident and reflecting waves between the mi-
crophone positions are defined as

—jkox2 .
H, — pr(x2) _ pre /% ks (2.10)
pr(x1)  prerkon
jkoxa )
He = PROR2) _ PREOZ s (2.11)

where s = x — x; is the distance between the microphone positions, see Figure
Using Equation 2.6/and one can obtain the transfer function Hy, as

H p2 ﬁle_fkoxz + ﬁRefkoxz e—j(k0x2+<p) + Rej(k0x2+¢)
12 = = —

a B ﬁ]t’*/koxl + ﬁRefkoX1 - e~ (kox1+¢) + Rei(koxi+¢) (2.12)

where R denotes the reflection coefficient, defined as the ratio of the complex reflected
and incident pressure. This equation can be further derived to show the reflection co-
efficient at microphone position 1, x = x1, by including Equation and

Hip —H;  Hyp —elko
Hg —Hiz e /%5 — Hy,

However, the reflection coefficient of interest is the one of the material, which only
can be obtain at the position of the material surface x = 0, see Figure An additional
term must be added to Equation to compensate for the distance from microphone
1 at x1 to the surface of the sample [19],

Ryey, = (2.13)

Ry=0 effox
Rey o foom (214)

Ry—g = Ry—y,e/f 0?0 (2.15)
The reflection coefficient at the sample surface, x = 0, can therefore be derived as

_ Hi, — H;
Hr — Hypp

The general definition of the sound absorption coefficient is the fraction of incident

R efko2x (2.16)

energy propagating into a sample material versus the energy propagating out. A part
of the incident energy will be absorbed into the sample material, or rather converted to
heat energy caused by the friction between the moving air molecules and the porous
structure inside the sample material. Since the impedance tube is assumed to be an
acoustically closed system, this must imply that the part of the incident propagating
wave that is not reflected by the material must be absorbed, therefore

«=1—|R] (2.17)

5 CHALMERS, Master’s Thesis 2012:164



2. Impedance tube theory - Transfer function method using two microphones

The surface impedance of the material, calculated by Equation is often pre-
sented in real and imaginary terms respectively. The real part describes the energy
losses whereas the imaginary part describes the phase changes caused by the material.
[20]

1+R
1—-R
where Zy = pocy is the acoustical characteristic impedance of air.

Zs = Zp (2.18)

CHALMERS, Master’s Thesis 2012:164 6



3. Impedance tube theory - Transfer
function method using three
microphones

3.1. Acoustic characteristics

The two-microphone measurement technique can be improved to obtain further mate-
rial characteristics, by an additional microphone mounted flush and air tight with the
inner wall of the rigid end-piece, see Figure Note that this method is limited to
only measure homogenous and isotropic materials, i.e. the material properties must
be spatial uniform independent by direction. By calculating the transfer function from
both sides of the material, one is able to obtain the characteristic impedance and wave
number of the material exclusively. Moreover, these measurement results can be used
to obtain the equivalent bulk modulus and equivalent density of the material, based on
the rigid and limp models, further described in Section

The three-microphone measurement method was originally developed by Iwase et
al. [35], however the enhanced version presented in this thesis was developed by Salis-
sou et al. [32] that uses the similar switching microphone concept as used in the two-
microphone method, see Chapter 2| This method is carried out by first measure the
transfer function Hjz, and then switch to Hz;. The transfer function Hj, that corre-
sponds to the one presented in the two-microphone method, can be obtained by

Hijp = — 3.1
=g 6D

which allows one to avoid moving the microphone mounted in the rigid end-piece.

The transfer function, Hzg, from the surface of the material, x = 0, to the rigid end-
piece, x = x3, cannot be directly obtained using the evaluated measurement set-up,
however calculated by

Hy=P0 = PoP2 _ Poy,
p3 p2 P3 p2

p p 1+R
P1+ Pr H +

= . . = — —H 3.2
ﬁle*]koxz + ﬁRg]koxz 32 e—ikox2 4 Reikoxa 32 (3.2)




3. Impedance tube theory - Transfer function method using three microphones

Mic 1 Mic 2
Speaker | | Rigid end
P —F++>
] Sample Mic 3
Pr<tH+—
i s % L | d x
O—)X

Figure 3.1.: A sketch of an impedance tube configuration for three microphones, de-
scribing the incident and reflected wave and the positions of the micro-
phones, speaker and sample.

where R is the reflection coefficient at position x = 0, as calculated in Equation[2.16, and
Hz is the transfer function between microphone 2 and 3, including a compensation
for the distances between the sample surface and microphone 2, L, and the depth or
thickness of the material sample, d,

H32,x2 _ ]ko(L+d)

Hzp =

B EijkO(L*FxS) — H32,X2 (3‘3)

where the subscript x, denotes reference position of the transfer function.

The reflection coefficient, absorption coefficient and surface impedance can be calcu-
lated by Equation to using the transfer function Hyp, see Equation This
latter equation requires the transfer function Hs; calculated to including a compensa-
tion for the distance between the microphones, s,

H _ efko(s+L+d)
Hy = (3:4)
e J%0 3/ — H31,x1

where the subscript x; denotes reference position of the transfer function.
Allard et al. [12] described a transfer matrix method relating the sound pressures and
air particle velocities on both sides of a material sample

Po Ty Ti P
= 3.5
[ () ] [ T T [ (2 ] (3:5)

where the transfer matrix elements T are the transmission coefficients. Song et al. [34]

were also able to show two additional equations describing that if the sample is sym-

CHALMERS, Master’s Thesis 2012:164 8



3.1. Acoustic characteristics

metrical and reciprocal in x direction, described in Equations [3.6{and [3.7| respectively,
the first transfer matrix element can be reduced to equal the previously shown transfer
function over the sample, Hz, since the air particle velocity at the rigid end-piece can
be defined to vy, = 0, see Equation

Ty =T (3.6)

T11Too — Ty =1 (3.7)

— pX3UX3 + povo = pOUO = H30 (3.8)

pOng, + pX3UO pX3UO

Allard et al. [12] show that if one is considering a finite depth layer and homoge-
neous isotropic material one can calculate the complex wave number and characteristic
impedance using models for limp or rigid materials,

T11 T12 _ COS(kmd) jsin(kmd)Zo (3 9)
T21 Tzz jsin(kmd) /Zo COS(kmd) '

where k,, is the complex wave number of the air inside the material. The latter can be
derived, as described by Salissou et al. [32], considering Equation 3.8/ and the substitu-
tion made in Equation 3.2}

1 1 1+R
kyn = 708 (Hso) = 5 cos <ejkox2 T Rofo H32> (3.10)

where Hj is the transfer function previously derived in Equation
Using the mentioned models, one is also able to obtain the surface impedance, Zs,
and the characteristic impedance of the material, Z.

Zs = Z, coth(jkyd) (3.11)

V4
Z, = S A
coth(jk,d)
Doutres et al. [21] have also shown an expression to calculate the transmission coef-
ficient from the mentioned parameters

= Z, tanh(jk,,d) = —jZ, tan(k,,d) (3.12)

Z. 1

=2j jkod
=27, 277 cot(knd) + 22/ Zo sin(kpd) (3.13)

One can also derive a relation between the characteristic impedance and complex
wave number to the effective density, p, Ff effective bulk modulus, K, Ffr

9 CHALMERS, Master’s Thesis 2012:164



3. Impedance tube theory - Transfer function method using three microphones

ZC = 4 /Keffpeff (314)

K = w, | 2L (3.15)
Kegs

describing the respective material property as experienced by the propagating wave,
rather than by direct measurement of the normal and well-known density and bulk
modulus definitions [12]. Both quantities are useful as inputs in various porous ab-
sorption prediction models and are often given in material data specifications. More-
over, Doutres et al.[21] described a relation to indirect calculate the effective density
and effective bulk modulus,

Zcky

pogy = PEC (3.16)
. (])ch

Kipp = "4 (3.17)

where ¢ is the porosity and w = 27t f is the angular frequency.

3.2. Non-acoustic characteristics

Allard et al.[12] and Atalla et al. [14] describe that the classical Biot theory [15][16]
can be used to model homogenous and isotropic poroelastic materials in FEM calcu-
lations using Biot’s poroelasticity equations. This theory is a complete description of
the motion and strain tensors of the fluid and the porous skeleton of the porous ma-
terial. However, these type of calculations are complex and not very computational
efficient. To model a three dimensional structure, one would need four or six DOF per
node, depending on the model. The scope of this thesis is not to benchmark the va-
lidity of various FEM calculations, rather to show how the Biot theory can be used to
obtain non-acoustic parameters that can be indirectly measured using an impedance
tube. This section will provide as a background to the theory behind the limp and
rigid limited models and the associated assumptions and limitations. These include,
besides material parameters, the effective density and effective bulk modulus that was
previously mentioned in Equation to and can be used to model absorption
characteristics of a material in the design-stage.

CHALMERS, Master’s Thesis 2012:164 10



3.2. Non-acoustic characteristics

3.2.1. The mixed displacement pressure formulation based on the Biot
theory

Biot’s theory is describing the so-called elastic frame model, where three waves are
considered to propagate inside the porous material: the elastic compression wave, the
acoustic compression wave and the elastic shear wave. Further assumptions are that
the porosity is uniform throughout the material, which is the case for most porous
materials on a macroscopic level, i.e. the skeleton pore sizes are much smaller than the
longest wavelength of interest.
Atalla et al. [14] describe the displacement formulation of the coupled Biot poroelas-
ticity equations as derived from the classical equation of motion in elastic solids,
divo® = p11ii® + ppiif + b (0° — if) (3.18)
div oS = ppiif + ppaii® — b (@ — if) '

where u® and u/ are the microscopic displacement vectors of the solid and fluid phase
respectively, 0° denotes the partial stress for the aggregate particles of the skeleton ma-
terial and 0/ = —¢p the partial stress related to the average pressure prevailing in the
fluid, e.g. air inside the material, ¢ is the porosity of the poroelastic material. The vis-
cous damping coefficient, b, can be related to the flow resistivity of the material. The
tilde sign, 5 denotes that the coefficients account for damping and frequency depen-
dence. The densities p1; and py are mass coefficients based on the fact that the flow
through the pores is not uniform, related to the mass density of the solid material, ps,
and the fluid, pg. The density p;» can be described as an interaction coefficient for the
inertia forces of the solid and fluid phases,

p11 = (1 —¢)os — p12 (3.19)

P22 = $po — P12 (3.20)

From the mentioned Biot’s displacement formulation, Allard et al. [12] have derived
an exact mixed displacement-pressure formulation,

{wzﬁnus + wppuf +dive* =0 521)

w?ppuf + w?ppu’ —pVp =0

Assuming a harmonic time dependence, ¢/“*, the complex effective densities can be
described as

b
p11 = p11 + iw (3.22)

11 CHALMERS, Master’s Thesis 2012:164



3. Impedance tube theory - Transfer function method using three microphones

b
022 = p22 + ]Z (3.23)
3 b
P12 = p12 — iw (3.24)

The second equation in Equation can be expressed as,

fo b g, P25y 3.25
" wW?pn P ﬁzzu (3:25)

and by replacing the first equation in Equation

wpu’ + ‘PEZ Vp +dives =0 (3.26)

where the effective density, g, is expressed as

P=011— = (3.27)

3.2.2. Solid phase equation in terms of solid phase displacement and the
pressure

The Equation however is not only dependent on the solid phase displacement u®
and the pressure p as wanted but also dependent on the fluid phase displacement,
0* = ¢*(u®,uf). In the Biot theory there is a stress-strain relation

(3.28)

o*(u®,u/) = Adivu’l +2Ne* + Q div u/T
—¢pl = Rdivu/T+ Qdivu’l

where I is the identity tensor, A and N are the Lam coefficients for elastic solids, O
is the potential coupling coefficient and R = ¢K £ One can further express the elastic
coefficients A, Q and R with dependencies of the bulk modulus of the skeleton in vac-
uum, K, the bulk modulus of the elastic solid, K, and the bulk modulus of the air in
the pores, K s

(1-9)(1=¢—K/K) K+ ¢ (K/R) Ky 2, (3.29)

1—¢—Ky/Ks + pKs /Ky 3
(1 - 4) —Kb/Ks) ¢KS

1—4)—Kb/Ks+¢Ks/Kf

A=

0=

(3.30)

CHALMERS, Master’s Thesis 2012:164 12



3.2. Non-acoustic characteristics

- $*Ks
R = = 31
1_¢_Kb/Ks+(PKs/Kf (33)

where N in this case denotes the shear modulus of the skeleton in vacuum including
the structural damping.

Now, by combing the coupled equations in Equation [3.28 one can define the variable
0°, that only depends on the solid phase displacement vector

< ~ «

o (u®,uf) = <A — %) div u’I +2Ne® — cp%pl =0°(u®) — gb%pl (3.32)
~ 02

0°(u’) = <A — R) div u’l + 2N¢° (3.33)

By substituting Equation into Equation the mentioned fluid phase displace-
ment dependency is eliminated. The solid phase equation in terms of the solid phase
displacement u’and the pressure p, can now be expressed as

div &° (v®) + w?pu’ +5Vp =0 (3.34)
where ¥ is the volume coupling coefficient,

s _ (P2 _Q
T=¢ < 02 R) (3.35)

3.2.3. Fluid phase equation in terms of solid phase displacement and the
pressure

One can take the divergence of Equation

dive/ = & Ap— P2divus =0 (3.36)
w*022 022
where A is the Laplace operator, with the second equation in Equation one will
obtain the fluid phase equation in terms of solid phase displacement and the pressure,
expressed as

Ap + %wzﬁ T ‘;fjwzdiv w =0 (3.37)

13 CHALMERS, Master’s Thesis 2012:164



3. Impedance tube theory - Transfer function method using three microphones

3.2.4. Poroelasticity equation in terms of solid phase displacement and the
pressure

Now, by combining the solid phase equation and the fluid phase equation, see Equation
and respectively, one is able to express the Biot poroelasticity equation, see
Equation in terms of solid phase displacement and pressure

(3.38)

{div 0°(u®) + w?pu* + 45 Vp =0

Ap+E2 W% + %ﬁwzdiv w=0

Panneton [29] present an alternative set of coupled equations, see Equation [3.39} that
can be related via equivalent fluid models or other semiphenomenological models to
non-acoustic parameters. Here, the first two terms in both equations are respectively
representing the dynamic behavior of the solid material in vacuum and the dynamic
behavior of the fluid when the frame is rigid. The third term in both equations couples
the dynamics of the solid and fluid phases.

(3.39)

{div 0°(u®) + w?pu’+5Vp =0

2 Ap+z

oo p—odivu® =0

¢
eff
where 7 is the volume coupling coefficient and p; the effective solid phase density, both
complex and will vary with frequency, expressed as

= Z”;‘; + % -1 (3.40)
Ps = P1+ Ppo (1 - z;) (3.41)

where K; is the bulk modulus of the elastic frame material, K, is the bulk modulus of
the frame material in vacuum and p; is the bulk density of the material in vacuum.

3.2.5. Rigid frame limitation model

Panneton [29] describes that the rigid frame model is assuming a motionless rigid frame
material, i.e. the frame displacement is u = 0. This imply that the first coupled equa-
tion in Equation will be neglected and the second equation is reduced to form a
simplified Helmholtz equation,

Ap+ 20 wp =0 (3.42)

where p,; = p;ff is the effective density and Ky = % is the effective bulk modulus.
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3.2. Non-acoustic characteristics

This simple model is used for rigid and heavy porous materials, where one assume
no elastic coupling between the fluid and solid frame and only the acoustic compres-
sion wave propagation is concerned. The characteristics of the material is, in this model,
mainly dependent on the geometry and the orientation of these pores [24]. For fibrous
materials the frames are defined as long, thin and cylindrical strings of rigid material,
where as for granular material frame material is assumed to be spherical rocks, aggre-
gates or sediments that are packed to contain inter-connected air pockets.

3.2.6. Limp frame limitation model

Panneton [29] also describe that the limp model assumes that the porous material is
flexible and do not make any resistance to external excitations, so the stiffness of the
frame can be neglected, i.e. the bulk modulus of the frame in vacuum is approxi-
mated to zero, K, ~ 0. Also, the stress tensor of solid phase is neglected , &° ~ 0.
In the poroelasticity equation, see Equation the first equation will be reduced to
w?psdivu® + vy Ap = 0. By substituting this equation to the second equation in Equa-
tion[3.39] one will obtain the so-called limp frame equivalent fluid equation,

Ap + Peadimp (2, g (3.43)
Keq
where K, is the equivalent bulk modulus as used in the rigid frame model and ¢ i
is the equivalent limp density,

PsPeq
ps+ e y?

If one assumes that the bulk modulus of the elastic material is much larger than the
bulk modulus of the frame, K; < K, which is the case for most porous materials, the
equivalent limp density can be approximated by

Peq limp = (3.44)

PtPeq — £
Pt + Peq — 2.00
where p; = p1 + ¢po is the total density of the equivalent fluid limp material.

~

Peqlimp =~ (3.45)

3.2.7. Comparison of the rigid and limp frame limitation models

The mentioned effective quantities can be used to calculate the complex equivalent
characteristic impedance and complex equivalent wave number, see Equation 3.14]and
3.15| respectively. By accepting the assumptions for the respective model, one is able to
use these effective quantities in the transfer matrix, see Equation to further cal-
culate various acoustic parameters, such as the complex wave number and surface
impedance.
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3. Impedance tube theory - Transfer function method using three microphones

The rigid frame model is suggested [12] [29] to be used when the material frame is
heavy and the porous material is freely suspended, i.e. no rigid body motion. The
limp frame model are rather used when the material is constrained or mounted to a
structure. In the case of an impedance tube measurement, the limp model is often
preferred since the measurement requires that the sample is constrained, however still
free to move inside the tube, i.e. sliding boundary conditions, and that the sample is
set flush with the rigid end-piece. The limp model have also shown a better correlation
with measurements in the lower frequency range.

Another suggested rule of thumb given in [12] is to use the limp frame model when
the bulk modulus ratio between the medias are

K.

K, <02 (3.46)
where K. and K¢ are the bulk modulus of the fluid in the pores and the bulk modulus of
the frame in vacuum, respectively. Since the fluid in our case is air, with an isothermal
value of approximately 100 kPa, one should consequently use the limp frame model
when Ky is lower than 20 kPa.

3.2.8. Semiphenomenological models to relate to non-acoustic parameters

The limp and rigid frame modeled effective densities can be approximated by simula-
tion in various semiphenomenological models. The model presented in Johnson et al.
[23] has been shown to be accurate in comparison with measurements [29],

Koo . O 40(%0
Pegq,Johnson = PO¢ (1 - ]CUPOquoo 1 +]02¢217/€2w> (3.47)

where py is the density of air, ¢ is the static flow resistivity of the material, a« is the
tortuosity of the material, A, viscous characteristic length and # ~ 1.81 - 1075 is the air
viscosity at the temperature of 20°C .

Since the effective density already can be obtained by impedance tube measurements,
one are able to use this model to derive further parameters by using analytical inversion
methods. Key to these calculations are to separate the complex parts of the mentioned
effective density, see Equation The static flow resistivity, o, denotes the pressure
difference the air flow encounters when passing through the material, i.e. at 0 Hz.
One is able to obtain an approximation for this quantity by using Equation with
a reasonable accuracy of approximately 20 % [20], if data is gathered for a sufficiently
low frequency,

o= —Llim (Im(wpeq)) (3.48)

w—0
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3.2. Non-acoustic characteristics

Moreover is one able to derive the tortuosity, ., viscous characteristic length, A,
and thermal characteristic length, A’, see Equation to The latter two param-
eters are depending on the micro-geometries of the frame material and describing the
viscous and thermal dissipation phenomena in porous materials, in detail described by
Panneton and Olny [20] [30]. To be used in macroscopic models, they are often obtained
by calculations since the hard nature to measure them. In the mentioned models, they

2
Koo = plo (Re(Peq) \/Im(Peq)z - <ZP> ) (3.49)

2001
Ao 3.50
: \/Wlm(Peq) (Potteo — Re(peq)) 020

b K o\ \ —1/2
AN =62 <Im ((4) — 7%) )) (3.51)

where Ka is the adiabatic bulk modulus, ¢y = 1.01 is the ratio of specific heat in air,
O = 4/ p % P is the Prandtl number where P, = 0.77 at the temperature of 20 °C.[28]

are presented as

3.2.9. The Delany-Bazley empirical model

Delany and Bazley have derived an empirical model that estimates the complex wave
number and characteristic impedance of a material [31]:

—0.595
kg = 2 (1 +0.0978 (p of > — j0.189 (p of ) > (3.52)

o

—0.754 —0.732
Ze,DB = 0Co (1 +0.0571 (Pof ) — j0.087 (P of ) ) (3.53)

This model is well-known and often used for a to preliminary investigation of the
acoustic characteristics of fibrous absorption materials. The model is based on the
function of density of the air multiplied with the quotient of the frequency and flow
resistivity. This latter quotient should be inside the limits of 10 < g < 1000, for this
model, to be inside the range of validity [31].
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3. Impedance tube theory - Transfer function method using three microphones
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4. Absorption material parameters

4.1. Production of material samples

The theory presented in Chapter 2| or 3| only considers normal incidence measurement
cases. The shape of the front surface of the sample should therefore not be of any
wedged or extreme shape, since one must be able to define a mean sample thickness.
The back surface must however be flat, since any cavities will create an unwanted
Helmholtz resonator. The cut-out of the samples must be done with high precision,
since the samples must be cylindrical and straight cut with preferably flat and parallel
surfaces, see reference [36] for a more extensive description of the production of mate-
rial samples.

4.2. Static flow resistivity

To be able to obtain sound absorption inside a material, the inner structure of the mate-
rial must reduce the wave propagation intensity. This transformation of sound energy
to heat energy is analogous to how well the air flow is able to pass through the material.
The static flow resistivity is a parameter that can be described as the pressure difference
the air flow encounters when passing through the material. The internal microscopical
material structure is key to what extent a material is able to absorb sound. The flow re-
sistivity is commonly measured by the direct or alternating air flow methods described
in ISO 29053:1993 [9], see Figure

P2

P4
lqv

Figure 4.1.: Sketch of the direct air flow method to measure the flow resistivity.
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4. Absorption material parameters
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Figure 4.2.: Sketch of the difference between open and closed pores in the material
structures.

The direct method is based on the pressure drop difference between the sample mate-
rial and the reference material. This pressure difference over the material Ap, = py, — p,
is then used to be able to calculate the static flow resistivity to

c=R—- 4.1
v @1)
where R; is the measured flow resistance of a reference material, Ap; is the pressure
drop over the reference material, S is the cross-section area and [ is the length or thick-
ness of the material. The mentioned standard defines g, = 0.5- 1072 m/s as the constant
air flow rate through the material sample under test.

4.3. Porosity

Porosity is defined as the fraction of air volume occupied inside a total material volume,
often also denoted as open porosity. This parameter might seem straightforward, how-
ever keep in mind that in some materials, like cell foams, many pores are closed and
no air-flow is passing through the material. A material is considered sound absorptive
if the pores are inter-connected and therefore allow air flow. In this sense, one can also
understand that fibrous materials often have an open porosity close to unity and open
porous asphalt surface layers of 0.20, see Figure [20]

The open porosity can be measured by using a piston that alters the pressure V;y in
a container and the pressure difference Ap is measured at the connection to a volume
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4.4. Tortuosity

Piston

Ap Vext

Po

Figure 4.3.: Sketch of the work principle of a porosimeter.

with initially static pressure pg. By applying the Boyle-Mariotte law for perfect gases,
pV = cte, one is able to calculate the volume of the air in the material to

+ A
Vf == <p0 Ap pAV+ Vext> (4-2)

and to calculate the open porosity by

_ Y 43
T (4.3)
where V; is the volume of the sample, see sketch in Figure Another standard-

ized measurement procedure for can also be found in ASTM D6226 and ISO 4590:2000,
where the latter is exclusively for measuring on cellular materials [31].

4.4. Tortuosity

Tortuosity describes the relation between the length of the actual path and the direct
path of the air flow passing through the material. The word itself can be explained
as a tortuous and twisted shape, and some are denoting this parameter as form factor.
In case of measuring this parameter in an impedance tube for an anisotropic material,
one need to notice that the outcome is most dependent on the orientation of the pores
inside the material relative to the normal incident sound waves. This parameter is
key for a material with high sound absorption, since different inner structural material
geometries with different pore shapes can absorb sound more or less efficient. If the
flow through the material is complex with a low flow resistance, i.e. the pores are not
considered as straight cylindrical tubes, the material will absorb more efficient [20].
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4. Absorption material parameters
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Figure 4.4.: Sketch of the principle of an tortuosity meter

This parameter can be measured by saturating the material with a conductive non-
viscous fluid and measuring the resistivity between two electrode plates on each side
of the material [31], see Figure The resistivity can, as an analogy to electrical cir-
cuits, be seen as multiple parallel and serial connected resistors made up of the inter-
connected saturated pores. The tortuosity can then be calculated as

Re
= ¢p— 4.4
Ko = ¢ " (4.4)

where R, and R is the resistivity measured with and without the sample respectively.
This resistivity relation can be calculated to

R, I, Ualo

—=1-= 4.5

Reo LT Ul (+5)
where U,; and U, are the voltages in the respective electrodes and ! and [y the lengths
which can be read out by referring to Figure .4,
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5. Measurement related to ISO standard
test tracks

5.1. Introduction

The ECE Regulation 51 [11] specifies the noise limit for vehicles sold in the EU. It spec-
ifies that the method in ISO 362-1 [10] should be performed to measure the noise emis-
sion from an accelerating driving-by vehicle, as typically under urban traffic conditions.
To make the measurements comparable between test sites it is required to construct the
test surface area so that the noise propagation is not dependent on the road surface, see
a sketch in Figure This can be achieved by using surface properties causing low
sound absorption, to reflect the noise from various sources of the vehicle. This means
that the asphalt surface layer should not be of an open porous asphalt, OPA, rather a
dense asphalt concrete, DAC, in which the aggregate is of an interlocking structure, not
to create inter-connecting pores in the surface layer causing unwanted sound absorp-

tion.
Propagation | i Drive
area . area
Mic Mic
° °

Figure 5.1.: Sketch of the test track as specified in ISO 10844.
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5. Measurement related to ISO standard test tracks

The design specifications for this type of test track are given in ISO 10844 [3] [4] de-
manding the average absorption coefficient not to exceed a given value, see Section
According to these mentioned standards, the absorption coefficient should be mea-
sured, according to ISO 10534-1:1996 [1] and ISO 13472-2:2011 [6], on drilled out sam-
ples in an impedance tube and to use the impedance tube in-situ to measure on top of
the surface layer respectively, see Section ISO 10844 [3] [4] also mentions alterna-
tive methods to relate the noise emission to the surface layer. One is to measure the
residual void content, which is similar to porosity; the ratio of air to asphalt, see Section
Another method is to either perform the sand-patch method or estimate the texture
depth by scanning, see Section|5.5/and [5.6|respectively.

5.2. Comparison of 1ISO 10844:1994 and 1SO 10844:2011

The standard ISO10844:1994 [3] specifies a method with drilled out samples to mea-
sure and calculate the residual void content and the mean sound absorption coeffi-
cient. The standard demands that either one of these fulfills the requirements of 0.08
and 0.10 respectively, since it was thought that the residual void content parameter was
familiar and preferred by road constructors, see further description in Section The
sound absorption coefficient should, according this standard, be measured by fitting
the drilled out sample in an impedance tube and using the standing wave ratio method
as specified in ISO 10534-1:1996 [1]. The result is calculated by averaging the highest
third-octave band absorption coefficient in the two ranges 400 Hz to 800 Hz and 800 Hz
to 1600 Hz for each of the drilled out samples. These two ranges are then averaged for
all the samples to represent the measured absorption coefficient. In addition to these
requirements, the ISO 10844:1994 standard requires a measurement of the mean texture
depth, MTD, to be equal to or greater than 0.4 mm, using the volumetric patch method.

The standard have been revised to ISO 10844:2011 [4], including more restrictive con-
struction and measurement specifications to be able to reduce the variation between test
sites. The sound absorption coefficient shall be measured in-situ on the asphalt surface
layer according to ISO 13472-2 [6]. The requirements in ISO 10844:2011 are that the
mean sound absorption coefficients should be equal to or less than 0.08 and 0.10 in the
drive lane and propagation area respectively. These demands should be fulfilled by
each third-octave band in the range from 315 Hz to 1600 Hz. The mean profile depth,
MPD, should be measured to be 0.5 mm =+ 0.2 mm for eight sections in the driving
lane, with equipment specified in ISO 13473-1, see further in section Furthermore,
any road surface irregularities should be measured with a 3 m straightedge to ensure
no irregularities over 2 mm, according to EN 13036-7:2003 [5]. The expected pass-by
noise level difference, ENDT, can be used to estimate the noise level by comparing the
measured texture profile data with a given reference.
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5.3. Impedance tube measurement method in-situ according to ISO 13472-2:2011

Impedance tube ——

Y

O-ring

|
]

In-situ fixture —>

Sealant

Surface layer \

Figure 5.2.: Sketch of a typical in-situ test fixture.

5.3. Impedance tube measurement method in-situ according
to 1SO 13472-2:2011

The measurement method specified in ISO 13472-2:2011 [6] is closely related to ISO
10534-2:1998, with a similar microphone switching technique and signal processing.
ISO 13472-2:2011 is specifically used when measurements are conducted in-situ on a
road surface, without damaging the road surface when drilling out core samples. The
ISO 13472-2:2011 requires specific dimensions of the tube, microphone positions and in-
situ test fixture end-piece, as specified further down. The purpose of this standard is to
measure on top of smooth reflective surface layers, such as specified by ISO 10844:2011,
where the absorption do not exceed 0.15. Moreover, in this standard there is an added
demand of a reference base accounting for loose sealing and other irregularities of the
inner-wall. This empty tube reference is accomplished by a measurement on a totally
reflective sample, e.g. a thick steel plate. The absorption coefficient for this test sam-
ple must be measured to be less than 0.03 in each third-octave band. This reference
base is considered as parasitic absorption of the tube that should be subtracted from
the measurement results. One must also ensure that the background noise level is not
interfering with an ongoing measurement, hence, one should perform a SNR level mea-
surement without a switched on noise source, to meet the requirement of 10 dB in each
third-octave octave band.
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5. Measurement related to ISO standard test tracks

ISO 13472-2:2011 requires that the measurement result is presented as third-octave
bands with the center frequencies from 250 to 1600 Hz. The dimensions of the impedance
tube defines the available measurement frequency range calculated according to ISO
10534-2:1998, see Section However ISO 13472-2:2011 requires an inner tube diameter
of 100 mm, which allows an upper frequency of approximately 2000 Hz, see Equation
Another requirement is that the microphone spacing shall be 81 mm £ 4 mm,
which defines an approximate frequency range from 210 to 1900 Hz, see Equation
and 2.2 respectively. The in-situ test fixture as specified in the standard should practi-
cally be constructed with a wide outer dimension to be able to attach a sealing bed and
to stand up-right onto the surface, see Figure [5.2| on the previous page. The fixture is
attached, so that the inner diameter of the impedance tube is air tightly sealed-off to
the atmosphere by filling the asphalt texture irregularities with a sealant material or an
O-ring.

The contributions of measurement uncertainties are listed in ISO 13472-2:2011 Annex
B. The mentioned sources of uncertainty are

¢ The normal incidence measurement method itself. This includes flaws of linearity
in the microphone switching technique, the construction of the tube and all the
signal processing devices.

¢ Deviations caused by measuring outside a well-controllable laboratory, such as
meteorological variations and various external noise sources.

* The uncertainty of the reference measurement procedure. The parasitic absorp-
tion coefficient cannot be guaranteed to be stable throughout all the measured
positions.

¢ The difference in air-leakage between the in-situ fixture and the asphalt for the
averaged measurement positions.

The standard lists these uncertainties and suggests an estimated input quantity for each
source of uncertainty. The suggested total standard uncertainty could then be added
up to 0.015 and the expanded uncertainty to 0.029 at 95 % confidence level for all third-
octave band frequencies of interest, see ISO 13472-2:2011 Annex B. Moreover, the stan-
dard mentions a general expression of a corrected sound absorption coefficient, where
one add on all these mentioned uncertainties to the reference base corrected mean ab-
sorption coefficient. This general expression can be seen as a worst-case-scenario of
the measurement reproducibility, and would in such case be useful as a proof of the
demanded maximum surface layer absorption of 0.08 and 0.10 is fulfilled for the drive
lane and propagation area respectively. Still, it should be mentioned that the expanded
uncertainty is not a requirement by the standard, rather for informational use. In this
thesis, the suggested expanded uncertainty is presented in all third-octave band filtered
plots along with the standard deviation within the population.
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5.4. Residual void content

5.4. Residual void content

For a regular road with dense asphalt concrete, DAC, the tyre/road noise can be re-
duced by constructing the surface to avoid high level peaks in the macro texture of the
road surface. On the other hand, if the DAC is too even and smooth, the air drainage
in the asphalt is reduced. This comes with the consequence of the amplifying horn ef-
fect between road surface and tyre, and ultimately a higher noise radiation from the
tyre. Therefore, one must take in consideration to construct the road surface texture
that combines both of these mentioned aspects for tyre/road noise reduction. In the
case of heavy vehicle tyres, a rougher road surface texture can reduce the noise levels
and differences between tyres. Also to mention is that the noise caused by the slip-stick
motion and adhesive stick-snap is increased on an even and smooth surface, this is also
true for the tonal components related to the pitch of the periodical thread pattern. [3]
[22]

For an open porous asphalt, OPA, the acoustic sound absorption caused by inter-
connected air voids in the surface layer is the most important surface characteristic that
influences the vehicle noise in tests according to ISO 362-1. This is, as previously men-
tioned, due to the inter-connected air voids reduces the horn effect and ultimately the
tyre/road noise. Moreover, the air drainage will work as a regular acoustic absorbent,
the amount of reflected sound energy will be reduced from all sources of the vehicle.
Due to this relation between air voids and sound absorption, one would either be able
to measure the sound absorption coefficient or the residual void content, which is al-
lowed according to ISO 10844:1994.

Residual void content can be described, similar to porosity, as the ratio of air volume
to the total volume of the material. This can be seen as the percentage of air pockets
situated in the surface layer, calculated as

Void = (1 — P4 . 100 (5.1)
PR

where p4 and pg is the bulk density and theoretical density respectively,

m
A=y (5.2)

where m is the total mass of the drilled out core sample and V is the volume excluding
the volume of the air.

mp +my

=2 4 5.3
PR Ve +Va ©:3)

where the subscripts used are representing the two components of the asphalt, A for
aggregate and B for binder.
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5. Measurement related to ISO standard test tracks

0% fraction of smaller grains 100%

100% fraction of larger grains 0%

Figure 5.3.: Sketch of how the sieving of the stone chippings will create voids in the
surface layer. This figure is adapted from reference [33].

The construction of open porous roads are not common, due to that the absorption
effect is reduced after only a few years because debris are clogging the inter-connecting
pores and that the softer binding material is worn out due to heavy vehicle traffic [22].
Moreover are the requirements of skid resistance often considered substandard on icy
porous surfaces. So, instead of focusing on a high residual void content and the poros-
ity, one could change the surface texture, altered by the sieving process, and the surface
layer temperature at the road construction. The surface texture can be divided into
macro and micro texture level, 0.5 mm to 50 mm and below 0.5 mm respectively. The
stone chippings in the micro texture range are in direct contact with the tyre and can
have a noise reducing effect if the texture is negative from the mean texture depth. The
noise contribution due to the macro texture are on the other hand somewhat related to
the type of vehicle. A texture that is optimized for a car could have an negative noise
effect for heavy vehicle traffic. To produce a porous asphalt, the sieving should be done
so that a range of stone chipping size is skipped, to make voids in the surface at a macro
texture level, see Figure[5.3]. Another aging effect associated with porous asphalt layers
is heat caused by direct sunlight [26]. At a specific temperature, the binding material
is melting and will clog the negative macro texture in the surface that will decrease the
inter-connecting voids at the deeper parts of the surface with the result of an increase
noise level.
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5.5. Mean texture depth, MTD

Figure 5.4.: Photo of performing the sand patch method. When this photo was taken, it
just recently started to rain, hence the spots on the bright sand bed.

5.5. Mean texture depth, MTD

The mean texture depth, MTD, is describing the average depth in the macro texture
range of a surface layer. This is measured by using the volumetric patch technique,
also called the sand-patch method [3]. The concept is to pour out a given volume of a
well defined type of fine sand mixture, i.e. solid glass spheres, on the surface layer, see
Figure[5.4. A rubber pad, e.g. an ice-hockey puck, is used to circularly rub over the area
with slight pressure, in order to spread out the sand patch to a circle until the rubber
pad is nudging the surface of the highest level of aggregate. Since the volume of sand
is known, one can divide this with the sand patch area to deduce the average macro
texture depth,

4V

where V is the volume of sand mixture in milliliter and D is the measured diameter in
millimeter of the sand patch, averaged from four measurements per circle.
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5. Measurement related to ISO standard test tracks
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Figure 5.5.: Sketch of how the MPD measurement result should be interpreted and
calculated.

5.6. Mean profile depth, MPD

The mean profile depth, MPD, described in the ISO 13473-1 [7] is an alternative method
to the volumetric patch technique, see Section[5.5] to determine the average macro tex-
ture depth of a surface layer. The concept is to use a profilometer to measure a profile
of the pavement texture in the macro texture range over a specified baseline of a given
length, i.e. 100 mm. The standard specifies that the profilometer system should use
a sensor technique that output an electrical signal proportional to the sensor reference
plane, e.g. acoustical, laser, stylus, electro-optical type of sensor, see further in ISO
13473-2 [8]. This method is not as easily biased by the test technician, in comparison
with the previously mentioned volumetric patch technique. The mean profile depth is
obtained by arithmetically average the peak levels of the profile depth, PD, and sub-
tract the average level, see the sketch in Figure By using the estimated texture
depth, ETD, one can approximate the MTD with the MPD by

MTD ~ ETD = 0.2 mm + 0.8 - MPD (5.5)

5.7. Expected pass-by Noise level Difference from Texture
level variation of road surface

The Expected pass-by Noise level Difference from Texture level variation of road sur-
face, ENDr, is a single number rating based on measurements of the texture profile
relative to a reference surface. It can be seen as an estimation of the expected overall
noise level radiated from the vehicle on the evaluated test track, based on the input of
the texture profile and stated reference values. This measured texture profile is calcu-
lated to a third-octave texture profile spectrum, L;, 5, which includes the contribution
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5.7. Expected pass-by Noise level Difference from Texture level variation of road
surface

of the main two tyre/road noise generation mechanism [4]. The first is the texture in-
duced structure-borne vibration of the tyre belt, caused by the impact of the tyre threads
onto the road surface. The second is the air-pumping phenomenon, whereas the air is
moving in and out of cavities of the tyre surface or between tyre threads and small void
cavities in the road surface. [22]

The ENDr is calculated as,

ENDr = 10l0g(5) — C (5.6)
A =) 10 Eni b ALi) /10 (5.7)
B =Y 10fm/10 (5.8)

C = 0.25A Lty 5mm (5.9)

where L,,; are the reference levels given in Table A.3, b; are the fixed factors given in
Table A.4,i = 1...13 is the index corresponding to the third-octave center frequency 250
Hz to 4000 Hz, AL;, ; are linearly interpolated as,

Ath,/\ = th,A - th,ref,)\ (5-10)

where ALy, ) is the measured third-octave texture profile spectrum and Lyy f,1 is the
reference ISO 10844 Test Track spectrum given in Table A.2 in ISO 10844:2011. The
subscript 5 mm in Ly 5 refer to the texture wavelength A = 5 mm.

The ENDr rating is not yet a normative part of ISO 10844:2011 since more results for
validation is needed. Equation [5.6|is restricted to cases where elastic binding material
is not used in the surface layer. If the surface layer would be considered as permeable,
one should remove the term C in the mentioned equation, since this represents the high
frequency noise caused by the air-pumping phenomenon. [25]
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6. Validation of the method by in-situ
measurements

6.1. Reference measurement to validate the impedance tube

The in-situ measurement specified in ISO 13472-2:2011 requires a reference measure-
ment to validate the equipment in use. This type of measurement is conducted with
an empty impedance tube, i.e. the sample-end of the tube is rigidly terminated with
a steel plate, see Figure The maximum absorption coefficient should not exceed
0.03 in any of the third-octave band central frequencies from 400 to 1600 Hz, that could
occur due to the parasitic absorption caused by irregularities of the impedance tube
inner wall and minor air leakages. The similar sealant material should be used for
both the reference measurement and the measurement on the asphalt surface layer. In
Figure to one can see the measured absorption coefficient, performed using
both microphone spacing setups. From these plots one can deduce that that the 80
mm microphone spacing is the only one fulfilling the mentioned requirement. The rea-
son for this difference is not due to the microphone spacing, rather the position of the
microphones along the length of the tube. It is important that any microphone is not
positioned in a pressure anti-mode, since this would result in a poor signal-to-noise
ratio. To completely avoid these pressure anti-modes by carefully chosen microphone
positions is not possible since there are numerous anti-modes in the frequency range
of interest. One should rather focus on avoiding to position the microphones at lower
frequency anti-modes, since the higher modes are multiples of the lower ones. In the
plot of the average auto spectrum for the reference measurement using the 50 mm mi-
crophone spacing, see Figure one can see major magnitude dips in the frequencies
555 Hz, 952 Hz and 1296 Hz. These can also be seen in the corresponding coherence
plot, see Figure i.e. the dips are a result of a measurement non-linearity between
the microphone signals. For similar measurement using the 80 mm microphone spac-
ing see Figure andA 9 respectively. Here, one can see major magnitude dips in the
frequencies 437 Hz, 738 Hz and 1309 Hz.

It would be easy to calculate and relate the position of these pressure anti-modes by
the well-known equations for resonances in pipes and ducts, however one must decide
if the speaker-end of the tube should be defined as open or closed. One can assume that
higher frequencies are reflected in the speaker membrane, though one also could argue
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6. Validation of the method by in-situ measurements

that the input noise signal to the speaker cone can result in an inter-modulated reflec-
tion. At lower frequencies one should include the effects of the absorption material-
tilled speaker-box behind the speaker cone, making the termination act as closed. In
Figure and one can see plots of the first pressure anti-modes of interest in the
tube, assuming that the speaker-end termination is closed respectively open. In these,
one can see that microphone position A used in the 50 mm spacing is positioned in a
point of many anti-modes. One can moreover see that the microphone position A, used
in the 80 mm spacing, is also positioned in an anti-mode, although in a point of a high
mode so it should not be seen as a problem. By this, one can assume that the 80 mm
spacing is valid for in-situ measurements with this frequency range of interest.

Measurements were conducted without any sealant between the in-situ fixture and
the surface layer, see Figure By this, one would be able to investigate the ten-
dency of this air leakage and the maximum absorption coefficient this might be causing.
As one can see, the increase in absorption coefficient is exclusively in the lower third-
octave bands, whereas the upper third-octave bands could be comparable to a similar
measurement conducted with sealant, see Figure As specified in ISO 10534-2,
the standard for impedance tube measurements, the microphone closest to the sample
should be positioned at least one lateral diameter from the sample surface; to guar-
antee that the only measured reflecting waves propagating from the sample are plane
waves. In this case, where the in-situ fixture is unsealed, the higher frequencies have a
sufficiently short wave length so that the non-plane waves have faded out at this dis-
tance, whereas the lower non-plane frequencies have a too long wavelength and will
be added to the measurement result.

6.2. In-situ measurement on ISO 10844:1994 specified test
track

In-situ measurements were conducted at a test patch next to AB Volvo's test track in
Hallered. Since the test patch was constructed according to the ISO 10844:1994 stan-
dard, it requires that the absorption coefficient shall not exceed 0.10 at any point of the
test surface. This measurement was done to prove that the developed impedance tube
was able to obtain similar or reasonable values compared to previous measurements
on the test track. In Figure to one can see the mean absorption coefficients
of four measurement positions with three types of in-situ fixture sealants: Plastilina
(petroleum modeling clay), Vaseline (petroleum jelly) and Tack-It (synthetic polymer
including clay) respectively, where the plotted mean absorption coefficients are relative
to the empty tube reference measurement on a steel plate. These specific sealant mate-
rials were chosen to investigate the sealing performance and the amount of remaining
residue on the test surface after measurement, see photo in Figure
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The measurement results are similar, however the Tack-It sealant result displays a
slightly lower absorption coefficient for all the third-octave bands of interest. More-
over, from the mentioned figures one can see that Plastilina and Tack-It sealants shows
a better standard deviation within the measured patches. The reason for this could
be the material properties of the sealants. The Plastilina and Tack-It materials are in a
more solid state in normal outdoor temperature than the Vaseline which can almost be
considered slippery on the test surface. This becomes a problem if Vaseline is displaced
into the patch to be measured, which can occur when the in-situ fixture is accidentally
moved around when attaching it to the impedance tube. This would unintentionally
seal the inter-connecting pores in parts of the test surface sample and absorption prop-
erties of the sealant would distort the measurement. Vaseline also leaves unwanted
residue circular patches, as can be seen in Figure that will spread out to a greater
sound reflecting patch if smeared out when driven over by a vehicle. One can also see
that the Plastilina sealant also will leave a little quantity of residue. When returning to
the measurement site after a month, the residue is still clearly visible, even though it
have been subject to rain and most likely driven over by trucks, see Figure The
Tack-It sealant is not included in these figures, as it did not leave any visual residue on
the test site at all. This sealant can therefore be recommended to be used to measure
without distorting the test track.

Tack-It was the only sealant used to measure in-situ at the actual propagation area of
an ISO 10844:1994 test track, see Figure[A.17] since it would not clog and distort the sur-
face layer. By comparing these measurement results with the ones previously presented
for the test patch, one can notice an increased absorption coefficient for the propagation
area on the test track. These differences must be considered normal, since the test track
has been regularly cleaned to remain at an absorption coefficient of 0.1, whereas the test
patch is left uncleaned for many years, with the natural result of clogging with dust and
other debris.

The plots in Figure displays a comparison of an in-situ measurement and an
alternative way to measure the absorption coefficient on drilled out core samples. The
latter samples are mounted into an impedance tube and measured according to ISO
10534-2, conducted by SP [13]. As one can see in the mentioned figure, the core sam-
ple measurement displays a lower absorption coefficient in all the third-octave bands
of interest, however the measurement results are not strictly comparable due to some
systematic errors; the core sample measurement was performed when the road surface
was recently cleaned, in contrary to the in-situ measurement where the surface was
suffering from wear, and the pores could be partly filled, however not clogged, with
debris causing an increased absorption. When mounting the drilled out core samples
in the impedance tube, a core sealant is used to make a tight seal to the inside wall
of the tube. In this case, the sealant could have been applied in such way that it was
causing parasitic sound absorption. In the in-situ measurement, there is always a mi-
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6. Validation of the method by in-situ measurements

nor parasitic absorption due to the included absorption of inter-connecting pores in
the material outside of the intended lateral diameter. Moreover, as one can see in the
previously mentioned figure, the noticeably higher standard deviation within the pop-
ulation of samples for the in-situ measurement can be solved by an even more precise
sealing and repetitions.

6.3. In-situ measurement to relate the absorption with the
texture depth

In-situ measurements were also performed on a dense asphalt concrete, a regular road
and a porous asphalt to investigate if the measured mean texture depth, MTD, can
be directly related to the measured absorption coefficient. In Figure and to
[A.22]one can see the plots of the measured absorption coefficient filtered in third-octave
bands for the separate measurement sites. Photos of the surface layers on the measure-
ment sites can be seen in Figure to where all the measurements were con-
ducted on the propagation part of the road surface. The sound absorption coefficient,
averaged as according to ISO 10844:1994 and ISO 10844:2011 see Section is pre-
sented together with the measured mean texture depth, MTD, and the approximated
mean profile depth, MPD, in Table on page

In this table, it is easy to interpret the relation between the MTD and the photos of
the measurement sites; the mean texture depth is increasing with the roughness of the
surface as can be seen in the mentioned photos. However, this relation cannot be seen
when relating the MTD to the measured sound absorption coefficients, despite the dif-
ferent type of average calculations. Instead, by relating the MTD with the plots of the
third-octave band filtered sound absorption for the different measurement sites, see the
tigure references in the mentioned table, one can see that the regular road concrete and
the dense asphalt concrete displays similar measurement results, despite that the MTD
for the regular road concrete is twice as deep. Moreover, one can deduce that the porous
asphalt have a MTD that is much deeper than the other surfaces, but still show a sound
absorption similar to the other surfaces in the high frequency region, from 800 Hz to
1600 Hz, and a lower absorption in the lower frequency region from 400 Hz to 800 Hz.
The latter region displays a poor standard deviation compared to the other measure-
ments, since the sealant was not correctly applied for all the measurements at this site.
That the sound absorption is increased in the lower frequency range, if the sealant is
not correctly applied, can also be seen Figure where no sealant was used between
the in-situ fixture and the surface. The measured porous asphalt is situated at road
Hogsboleden in Gothenburg and was constructed year 2006. The absorption efficiency
after six years are expected to decrease, although this measurement was conducted in
the propagation area and not in a drive lane.
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In the mentioned TablgA.1} one can see that the in-situ and core sample measure-
ments of the test track have equal mean sound absorption coefficient averages accord-
ing to ISO 10844:2011. As previously mentioned in Section the propagation area
must be measured to a maximum absorption coefficient of 0.10, which should be ful-
filled by each third-octave band in the range from 315 Hz to 1600 Hz. Note that the
mentioned standard do not specify that the highest absorption coefficient shall be pre-
sented as a single value, this is done in this thesis for comparison purposes only. All
third-octave bands of interest should rather be presented as a graph or table, which
seems natural if one would compare the plots in Figure used as input data in
TabldA.1l

The mean profile depth, MPD, should be measured to be 0.5 mm + 0.2 mm in the
driving lane, according to ISO 10844:2011. All the approximated values for the different
measurement sites in Table[A.T|are above these values, although the MPD for the dense
asphalt concrete is inside the vicinity of the required value. The MTD was excluded in
the revised ISO 10844:2011 standard, since it was thought that the measurement proce-
dure could be intentionally, or unintentionally, biased by the test technician. The test
could be underestimated if the test technician applies to little force that the rubber pad
is almost not touching the highest peak of aggregate. The test could also be underesti-
mated if the test technician is not careful that all of the sand mixture is leveled out.
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7. Validation of the three-microphone
method

7.1. Two-microphone vs. three-microphone measurement
method

A comparison was performed to relate the well-known ISO 10534-2:1998 standard us-
ing two microphones with a method using three microphones, as described in Chap-
ter |2 and [3| respectively. The two methods were conducted to correspond as much as
possible with the only discrepancy of the rigid end-piece backing the sample, i.e. the
measurements were performed on a single sample that was not refitted between each
measurement. In Figure B.1|and |B.4|one can see the measurement results of these mea-
surements, and it is clear that the absorption and coherence are similar for the two
measurement methods. The absorption material sample was initially covered by a thin
plastic screen and attached onto a heavy layer with an adhesive. These were carefully
removed to ensure that the material could be assumed isotropic. As one can see in the
mentioned figure, a clear resonance is appearing at approximately 500 Hz, one can by
this assume that the top layer of the absorption panel is still covered by glue which
could act as a mass in a mass-spring system. This phenomena is discussed in [35],
where it is suggested to suppress these resonant vibrations by fixating multiple thin
nails from the surface to the rigid end of the sample. The external company Matelys
have presented measurement results [27] for samples extracted from the same unique
material as previously discussed. Looking at the grey dispersion plot in the left subfig-
ure in Figure 2 on page 10 in [27], one can draw the conclusion that the measurement
results are similar to the absorption coefficient results plotted in Figure [B.1jand
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Figure 7.1.: A sketch of the impedance tube configuration using two microphones close
to the surface at each side of the sample.

7.2. Additional acoustic parameters using the
three-microphone measurement method

Using the three-microphone method presented in Chapter 3, one should be able to ob-
tain various acoustic material parameters. The investigated sample is similar to the
one used in the previous section. In addition to this, the sample is assumed to be an
homogenous and isotropic porous non-woven material for which the acoustic and non-
acoustic parameters are well documented, see data in Table

The calculated complex wave number and normalized characteristic impedance us-
ing the three-microphone method can be seen in Figure and In both figures
one can also so see a plot based on the empirical model of Delany & Bazley, with a
modeled flow resistivity of 20000 N-s-m %, and the measurement result of an so-called
inside tube measurement. The latter was conducted by the setup of a microphone at
the sample surface, x = 0, and one at the rigid backing, x = d, to directly measure the
Hj transfer function over the actual material, including the usage of the microphone
switching technique as described in Chapter 2} See a sketch of the mentioned setup in
Figure By using this method, one is able to measure the accurate Hs transfer func-
tion, which in the three-microphone method case have to be calculated by Equation 3.2]
to 3.8, These Hjg transfer functions are compared in Figure from which one can
deduce that the transfer functions are not similar and one can conclude that the calcu-
lations in the three-microphone method is not equal to the measured Hzp. Moreover,
by comparing the plots in Figure and one can see that the direct measurement
of the Hj transfer function has a curvature in the similar range as the plot based on the
empirical model of Delany & Bazley.
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More acoustic and non-acoustic parameters, described in Chapter(3|and 4, have been
calculated using the Hjg transfer function obtained using the inside tube measurement,
see Table In the first row of this table, the single values are the means of the en-
tire valid frequency range. In comparison to the calculations and measurements made
on the similar material by the external company Matelys, see the second row of the
mentioned table, one can conclude that some of the obtained values are reasonable and
in the similar range. Deviations between the measurements are expected, since the
measured sample could still include some adhesive that would close pores and add
mass at both surfaces and the sample is not equally compressed throughout the mate-
rial. Hence, the initial assumption that the material is homogenous and isotropic is not
valid.

In summary, the alternative three-microphone method did not show measurement
results that was useful to obtain additional acoustic and non-acoustic material results.
However, it was shown that by measuring the Hys transfer function, one could show
calculations results that are reasonable and in the similar range as those made by an
external company.
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8. Conclusion

The developed impedance tube measurement method can be considered as valid for ab-
sorption material measurement and in-situ measurement on road surfaces, according to
the current standards ISO 10534-2:1996 and ISO 13472-2:2011 respectively. In compari-
son to external measurement results using other equipment, the developed impedance
tube shows similar and reasonable absorption coefficient results for the in-situ method.
It was shown that the position of the microphones in the tube is important to obtain
an acceptable signal to noise ratio for further calculations using the transfer function
method.

In-situ measurement results on road surfaces showed the importance of the seal-
ing method and the choice of sealant. It was shown that Plastilina (petroleum mod-
eling clay) and Tack-It (synthetic polymer including clay) sealants are two preferred
sealants. In addition to a low standard deviation within population, these two also
holds the properties of being in a solid state in normal outdoor temperature and leaves
low amount of residue after a completed measurement. The Tack-It sealant can be rec-
ommended if no sealant residue is allowed to be left on the test track.

In the revised ISO 10844:2011, the Mean Texture Depth, MTP, is replaced by Mean
Profile Depth, MPD. Although the latter was only approximated, one could determine
that the MTP for the measured test track should be lowered to pass the new require-
ments. The investigation of the relation between Mean Profile Depth, MTD, and the
normal incidence sound absorption coefficient showed that they are not related for reg-
ular road asphalt surfaces.

The alternative three-microphone method did not show measurement results that
were useful to obtain additional acoustic and non-acoustic material results. However,
it was shown that by measuring the Hysz transfer function, one could show results that
are reasonable and in the similar range as external measurements.
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A. Two-microphone method measurement results

Figure A.1.: Photo of the in-situ test fixture attached to a thick steel plate used to per-
form an empty tube measurement.
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Figure A.2.: Plot of the mean absorption coefficient, filtered in third-octave bands, from
an in-situ measurement on a steel plate. The microphones were setup in
the 50 mm spacing.
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Figure A.3.: Plot of the mean absorption coefficient from an in-situ measurement on a
steel plate. The microphones were setup in the 50 mm spacing.
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Figure A .4.: Plot of the mean absorption coefficient, filtered in third-octave bands, from
an in-situ measurement on a steel plate. The microphones were setup in
the 80 mm spacing.
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Figure A.5.: Plot of the mean absorption coefficient from an in-situ measurement on a

steel plate. The microphones were setup in the 80 mm spacing.
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Figure A.6.: Plot of the averaged auto spectrum from an in-situ measurement on a steel
plate. The microphones were setup in the 50 mm spacing.
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Figure A.7.: Plot of the averaged auto spectrum from an in-situ measurement on a steel
plate. The microphones were setup in the 50 mm spacing.
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Figure A.8.: Plot of the averaged auto spectrum from an in-situ measurement on a steel
plate. The microphones were setup in the 80 mm spacing.
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Reference measurement on a Steel plate, 80 mm microphone spacing
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Figure A.9.: Plot of the averaged auto spectrum from an in-situ measurement on a steel
plate. The microphones were setup in the 80 mm spacing.
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Figure A.10.: Mode-shapes in the impedance tube if the speaker-end termination is as-
sumed closed
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Modeshapes in the impedance tube, open speaker—end termination
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Figure A.11.: Modes-shapes in the impedance tube if the speaker-end termination is
assumed open

Table A.1.: Table of mean of maximum absorption, w1994, absorption coefficient, w11,
mean texture depth, MTD, and the approximated mean profile depth,

MPD. The latter is obtained according to Equation 5.5
Measurement site (Figure reference) ‘ &1994 [-] ‘ a2011[-] | MTD [mm] ‘ MPD [mm] ‘
ISO 10844:1994 test track, in-situ (IA.18|) 0.10 0.10 1.1 [18] 1.08
ISO 10844:1994 test track, drilled Core(]A.18[) 0.08 0.10 0.91 [17] 0.93
Dense asphalt concrete (A.20) 003 | 0.03 0.63 0.70
Regular road concrete (IA.ZO[) 0.03 0.04 1.22 1.18
Porous asphalt (IA.ZOI) 0.03 0.03 1.86 1.69
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A. Two-microphone method measurement results

Measurement on 1ISO10844:1994 test patch, using Plastilina as in-situ fixture sealant
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Figure A.12.: Plot of an in-situ measurement on a ISO 10844:1994 test track, filtered in
third-octave bands. Plastilina was used as in-situ fixture sealant to the
road surface.

Measurement on 1SO10844:1994 test patch, using Vaseline as in—situ fixture sealant
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Figure A.13.: Plot of an in-situ measurement on a ISO 10844:1994 test track, filtered in
third-octave bands. Vaseline was used as in-situ fixture sealant to the road
surface.
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Measurement on 1SO10844:1994 test patch, using Tack-it as in—situ fixture sealant
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Figure A.14.: Plot of an in-situ measurement on a ISO 10844:1994 test track, filtered in

third-octave bands. Vaseline was used as in-situ fixture sealant to the road
surface.

Figure A.15.: Photo of the test surface used for the in-situ measurement on a test patch.

57

The eight circles is the in-situ sealant residue patches. The upper three
patches seen in the photo is the residue from Plastilina, whereas the lower
four are from Vaseline. In the upper left corner one can see the lower part
of the impedance tube while performing a measurement.
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A. Two-microphone method measurement results

Figure A.16.: Photo of the test patch one month after the measurement case shown in

Figure

Measurement on 1SO 10844:1994 test track, Propagation area
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Figure A.17.: Plot of an in-situ measurement on the propagation area of an a ISO
10844:1994 test track, filtered in third-octave bands. Tack-it was used as
in-situ fixture sealant to the road surface. Note the y-axis limitation from
0to0.2.
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Comparision of in—situ vs. core sample measurement on a ISO 10844:1994 test track
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Figure A.18.: Comparison plot of an in-situ measurement, using Plastilina as sealant,
versus a drilled out core sample fitted into an impedance tube. The mean
is made over a population of four samples for both the in-situ and core
measurements.

Measurement on a regular road, using no in-situ fixture sealant
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Figure A.19.: Plot of an in-situ measurement on a regular, filtered in third-octave bands.
No sealant was applied between the in-situ fixture and the surface layer.
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A. Two-microphone method measurement results

Measurement on a Dense Concrete Asphalt, using Vaseline as in-situ fixture sealant
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Figure A.20.: Plot of an in-situ measurement on a Dense Concrete Asphalt, filtered in
third-octave bands. Vaseline was used as in-situ fixture sealant to the road
surface.

Measurement on a regular road asphalt, using Plastilina as in—situ fixture sealant
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Figure A.21.: Plot of an in-situ measurement on a regular road, filtered in third-octave
bands. Plastilina was used as in-situ fixture sealant to the road surface.
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Measurement on a porous asphalt, using Plastilina as in-situ fixture sealant
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Figure A.22.: Plot of an in-situ measurement on a porous asphalt, filtered in third-

octave bands. Plastilina was used as in-situ fixture sealant to the road
surface.

Figure A.23.: Photo of the ISO 10844:1994 specified test track surface layer. The inner
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diameter of the sealant circle is 80 mm. This photo shows the Tack-It
sealant between the in-situ fixture and the surface layer. This sealant will
be removed completely resulting in no residual debris, as seen for other
sealants in Figure @
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A. Two-microphone method measurement results

Figure A.24.: Photo of the measured dense asphalt concrete surface layer. The inner
diameter of the sealant circle is 80 mm.

Figure A.25.: Photo of the measured regular road surface layer. The inner diameter of
the sealant circle is 80 mm.
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Figure A.26.: Photo of the measured porous asphalt surface layer. The inner diameter
of the sealant circle is 80 mm.
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A. Two-microphone method measurement results
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B. Three-microphone method
measurement results
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B. Three-microphone method measurement results

Homogeneous fibrous absorption material, Two—-Microphone method
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Figure B.1.: Plot of the mean absorption coefficient of a homogenous fibrous absorp-
tion material, using the two-microphone method. Note that the standard
deviation within population is close to zero in the shown frequency range.

Homogeneous fibrous absorption material, Two-Microphone method
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Figure B.2.: Plot of the coherence of a homogenous fibrous absorption material, using
the two-microphone method.
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Homogeneous fibrous absorption material, Three—Microphone method
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Figure B.3.: Plot of the mean absorption coefficient of a homogenous fibrous absorp-
tion material, using the three-microphone method. Note that the standard
deviation within population is close to zero in the shown frequency range.

Homogeneous fibrous absorption material, Three—Microphone method
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Figure B.4.: Plot of the coherence of a homogenous fibrous absorption material, using
the three-microphone method.
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B. Three-microphone method measurement results

Result | d g ¢ | ae | A N E i o
Unit | mm | Nsm™ | - - |ym| pym |[10°N'm2| - |kgm>

Thesis | 30 3323 - | 1.71 | 102 | 26437 97 - -

Matelys | 30 19700 | 096 | 1.01 | 104 | 116 55 0.08 81

Table B.1.: Table of characteristics of acoustic and non-acoustic parameters. The second
row is made by an external company and adapted from Table 1 in reference

[27], denoted as “Felt 30 mm - characterization”.
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Figure B.5.: Comparison plot of the calculated complex wave number of the material

and the empirical Delany and Bazley model.
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Comparison of the normalized charateristic impedance ZC
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Figure B.6.: Comparison plot of the normalized characteristic impedance of the material
and the empirical Delany and Bazley model.

Comparison of the transfer function H30
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Figure B.7.: Comparison plot of the transfer function Hjzy obtained by the three-
microphone method compared to the direct measurement inside the tube.
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