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Foreword

ISO 10534-1:1996(E)

ISO (the International Organization for Standardization) is_aw
eration of national standards bodies (ISO member bodies).
preparing International Standards is normally carried ~out
technical committees. Each member body interested in

which a technical committee has been established has th
represented on that committee. Internationalklerganizations,

orldwide fed-
The work of
through 1SO
h subject for
e right to be
governmental

and non-governmental, in liaison with ISOalso take part in the work. I1ISO

collaborates closely with the Internatjonal Electrotechnical
(IEC) on all matters of electrotechnical’standardization.

Draft International Standards adépted by the technical co
circulated to the member bodies for voting. Publication as ar
Standard requires approvalby-at least 75 % of the member
a vote.

International Standard,|SO 10534-1 was prepared by Technic
ISO/TC 43, Acousties, Subcommittee SC 2, Building acoustic

ISO 10534 censists of the following parts, under the gener
tics — Determination of sound absorption coefficient and
impedance tubes:

Part 1: Method using standing wave ratio

Part 2: Method using two microphones

Annexes A, B and C form an integral part of this part d
Annex D is for information only.

Commission

mmittees are
International
odies casting

al Committee

.

bl title Acous-
impedance in

f 1ISO 10534.
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ISO 10534-1:1996(E)

Acoustics — Determination of sound absorption coefficient and

impedance in impedance tubes —

Part/1:
Method using standing wave ratio

1 Qerhna
L ] P va

1.1 T:I\is part of ISO 10534 specifies a method for
the defermination of the sound absorption coefficient,
reflectipn factor and surface impedance or surface
admittgnce of materials and objects. The values are
determlined for normal sound incidence by evaluation
of the|standing wave pattern of a plane wave in a
tube, Which is generated by the superposition of an
incident sinusoidal plane wave with the plane wave
reflect¢d from the test object.

This method can be used for the determination of the
sound |absorption coefficient of sound absérbers for
normall sound incidence. It can further bé _used for the
determjination of the acoustical surface impedance or
surfacg admittance of sound-absorkiing materials. It is
well suited for parameter studies-and for the design of
sound [absorbers, because oply 'small samples of the
absorbpr material are needed:

1.2 There are sofe  characteristic differences be-
tween|this method ‘and the measurement of sound
absorption in a-reverberation room (see ISO 354).

The im pedance tube method can be used for the de-

Sound absorptiop coefficients exceeding

are therefore sometimes obtained.

the value 1

The impedance tube method requires semples of the
test object which are the size of the dross-sectional
area.of.the impedance tube. The reverberation room
methiod requires test objects which arg rather large
and can also be applied to test objects with pro-
nounced structures in the lateral and/or| normal direc-

tions. Measurements with such obfects
impedance tube must be
(see 9.1).

in the

interpretdd with care

For the computational transformation qf the test re-
sults from the impedance tube method (normal inci-

dence) to the situation of diffuse sound
annex D.

ncidence, see

1.3 This part of ISO 10534 gives preflerence to nu-
merical methods of evaluation instead of graphical

methods, because computers which
these computations are assumed to

can perform
be available.

Some of the quantities in the formulag are complex.
The arguments of trigonometric fungtions are in

radians.

terminatier—efthe—reflection—tfactorand—ealso—the—m
pedance or admittance. The sound is incident normally
on the object surface. The reverberation room method
will (under idealized conditions) determine the sound
absorption coefficient for random sound incidence.

The impedance tube method relies on the existence
of a plane incident sound wave and gives exact values
under this condition (measuring and mounting errors
excluded). The evaluation of the sound absorption co-
efficient in a reverberation room is based on a number
of simplifying and approximate assumptions concern-
ing the sound field and the size of the absorber.

2 Normative references

The following standards contain provisions which,
through reference in this text, constitute provisions of
this part of ISO 10534. At the time of publication, the
editions indicated were valid. All standards are subject

to revision, and parties to agreements
part of ISO 10534 are encouraged to i

based on this
nvestigate the

possibility of applying the most recent editions of the
standards indicated below. Members of IEC and ISO
maintain registers of currently valid International Stan-

dards.
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ISO 266:—"), Acoustics — Preferred frequencies.

ISO 354:1985, Acoustics — Measurement of sound
absorption in a reverberation room.

3 Definitions

For the purposes of this part of ISO 10534, the follow-
ing definitions apply.

3.1 sound —6k

sound powgr entering the surface of the test object
(without return) to the incident sound power for a
plane wave gt normal incidence.

3.2 sound| pressure reflection factor at normal
incidence, 4: Complex ratio of the pressure amplitude
of the reflected wave to the incident wave in the refer-
ence plane for a plane wave at normal incidence.

3.3 referefce plane: Cross-section of the imped-

ance tube f
pedance Z
which is us
assumed to

3.4 fieldi
ure plx) to
test object)

br which the reflection factor r or the im-
br the admittance G are determined and
Lally the surface of flat test objects. It is
beatx=0.

pedance, Z(x): Ratio of the sound press-
he particle velocity vix) (directed into the
bt a point x in the sound field.

3.5 impedance in the reference plane, Z: Ratio at

the referen

sound partid

Z.=plv

e plane of the sound pressure p tosthe
le velocity v:

3.6 surfacg impedance, Z: Complex~ratio of the

sound press
sound partig

3.7 surfac

normal com
to the sounq

3.8 surfac

at, and norn

ure p(0) to the normalcomponent of the
le velocity v(0) at the-reference plane.

b admittance,{. G:" Complex ratio of the
ponent of thesound particle velocity v(0)
pressure-p(0) in the reference plane.

p admittance, G;: Admittance component
afto; the surface of the test object.

©1S0

3.10 normalized impedance, z: Ratio of the imped-
ance Z to the characteristic impedance Z:

= Z/ZO

3.11 normalized admittance, g: Product of the
admittance G and the characteristic impedance Z;:

gZZOG

3.12 standing wave ratio, s: Ratio of the sound
pressure amplitude at a pressure maximum, |pmax|,

, pmin| (if
necessary after correction for varying valuds at the
minima due to sound attenuation inithe injpedance
tube):

§= |Pmax|/|Pmin|

3.13 standing wave ratio with attenuation, s,
Standing wave ratio_6f,the ath maximum t¢ the nth
minimum.
3.14 free-field\wave number, kg
ko = CD/CO = 275]‘76‘0
wherg
o is the angular frequency;
f is the frequency;

co Is the speed of sound.

In general the wave number is complex, so
ko = ko' = jko”

where

ko’ is the real component (kg = 21/Ag);

ky” is the imaginary component which s the at-
tenuation constant in nepers per metre.

3.15 phase of reflection (factor), @: Restlts from
the representation of the complex reflection [factor by
magnitude and phase:

r=r'+jr":|r|.ej¢’ =|r|(COS ¢+j5in D

3.9 characteristic impedance, Z;: Field impedance
(in the direction of propagation) in a single plane wave:

Zy = Poco

where

Po is the density of the medium (air);

cg Is the speed of sound in the medium.

1) To be published. (Revision of ISO 266:1975)

|r|=r'2+r"2

”

r
@ =arctan —
’

r’=|r|cos @

r’ = |r| sin®
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3.16 working frequency range, f: Range within
which measurements can be performed in a given
impedance tube:

fi<f<fy
where f; and f, are the lower and upper frequency

limits, respectively.

3.17 test section: Section of the impedance tube
with no higher modes, in which the standing wave

ISO 10534-1:1996(E)

5 Fundamentals
5.1 General conditions

The method of this part of ISO 10534 relies heavily on
the fact that there exist only plane incident and re-
flected waves propagating parallel to the tube axis in
the test section of the tube (the section where the
standing wave pattern is explored). The generation of
other wave forms (higher modes) shall be avoided

(see annex B).

It is further assumed that the sound

can be[explored.

3.18
tube in

nstallation section: Section of the impedance
which the test object is installed.

4 Principle

The tept object is mounted at one end of a straight,
rigid, spnooth impedance tube which is a tight fit (see
figure 1). The incident plane sinusoidal sound wave p;
is gengrated by a loudspeaker at the other end of the
tube. [The superposition p =p;+ p, of the incident
wave p; with the wave reflected from the test object,
p, progluces a standing wave pattern in the tube. The
evaluation proceeds from the measured quantities
(either|in a linear or in a logarithmic scale) of the sound
pressure amplitudes |p(xmm)| at pressure minima
(one dr more), and |plxna) | at pressure maxima.
These [data are sufficient to determine the sound ab-
sorptign coefficient. In addition, the distance xp,j, 1 of
the firgt sound pressure minimum from the reference
plane it x = 0 (which is usually the-plane where the
surfacg of the test object is placed), and the sound
wavelgngth Ay must be determined to give the reflec-
tion fakctor r and the impedance Z or the admittance
G=1/L.

wave propagates in the tube without attenuation. Cor-

rections can be applied for residua
due to friction and thermal lossesab t
Methods for the determination 'ef-the
are given in annex A.

5.2 Formulae

attenuations
e tube walls.
e corrections

NOTE 1 The time-factor e/®? is omitted in the following

formulae.

The incident sound wave p; is assume
harmonic)in time with frequency f an

quency. m = 2rnf, without attenuation (fd

l to be plane,
d angular fre-
r a correction

of attenuation, see annex A), and diredted along the

axis of the
%direction)

impedance tube (in

pi(x) = poe’™o*

o _ 2nf
€0

ko =
0]

where the amplitude pg is arbitrary.

the negative

(1)

-(2)

The wave which is reflected from the tg¢st object hav-

ing a reflection factor r is then

pe(x)=r-po-e 0¥

- (3)

|p(xmax ’l)l %
ID(x)I /\ /-\/
, —————————— ‘;(Xml 2)|
/,/”’— |p(xmm1)| "

X min,1

X min.2

NOTE — The first pressure maximum to be measured shall normally be chosen to lie between the first two minima, as shown.

Figure 1 — Standing wave pattern in a test tube
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The particle velocities of the waves (counted positive A pressure minimum occurs when they are in oppo-
in the negative x-direction, see figure 1) are, respec- site phases
tively
1 |Prvin] = pol-(1=1r1) (11)
Vv :—Z——pi(_x) ... (4)
0 Using the standing wave ratio
1
Vr(x)=—Z—OPr(x) ... (5) s=|pmax|/|pmin| (12)
The field impedance (in the negative x-direction) in the then
standing waye-ts
ikl d (13)
. . + s= an .
Z(x) = pi(x)+ pe(x) A pi(x) + pr(x) (6) 1- |r|
Vi (x) + % (x) pi(x) = pr(x)
=22 (14)
5.3 Inter-relationships s+1
At the refergnce plane x = 0, therefore
5.5 Sound absorption coefficient
T+r
= = A7 ) .
z=20)=% 1—-r 7 The sound absoOrption coefficient then follows from
equations (9)5.(12) and (14) with the measurg¢d ampli-
from which follows tudes lpmax|and |pmin| at a given frequency,
_ﬂzo)—1 ) If the-sound pressure in the impedance tube [is meas-
r= (Z1|Zy)+1 ' uredyin a logarithmic scale (in decibels), and the differ-

The sound apsorption coefficient « for plane waves is

a=1-]

where I ]
quantity.

|2 9

indicates the magnitude of a complex

Equations (7) to (9) are the inter-relationships between
the quantitigs which are determined according to this

part of ISO
face of a fla
face imped
sound incid

0534. If the reference-plane is in the sur-
| test object, these. guantities are the sur-
ance, the reflection factor (for normal
bnce) and theabsorption coefficient (for

normal sound incidenceg) of the test object, respec-

tively. If the
ject (x>0)
unchanged;
Z will cha

referencevplane is in front of the test ob-
the~absorption coefficient remains
the. reflection factor r and the impedance

aZtn oiantitine

wihich ara ocaid +4 A
vYWrheH—are—ocha—to—e

ence in level between the pressure maximum and the
pressure minimum is AL dB, then

s = 10AL/20 ... (15)
The sound absorption coefficient then follows| from

4 x 10AL/20

5.6 Reflection factor
The phase angle @ of the complex reflection flactor

r=|r|-efq) .17

TOTqoaTITtiT S

“transformed to a distance”, namely the distance
between the reference plane and the object surface.
This concept is used sometimes in connection with
structured test objects (see 9.1 and clause 10).

5.4 Standing wave

A pressure
when p; and

|Pmax| = IPOI'O + |’|)

maximum in the standing wave occurs
p;arein phase, i.e.

... (10)

follows from the phase condition for a pressure mini-
mum in the standing wave
(D+(2n—1)n=2k0xmin‘n L. (18)

for the nth minimum (n = 1, 2,...) in front of the refer-
ence plane (towards the sound source).

From this it follows that

4x i
O=n| —0 _2p 41
;LO

... (19)
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and for the first minimum (n = 1)

dx .
CI):n(M—q ... (20)
Ao

The complex reflection factor is then

ISO 10534-1:1996/(E)

The test equipment shall be checked before use by a
series of tests. These help to exclude error sources
and to secure the minimum requirements. Procedures
for these tests are given in annex B.

6.1 Impedance tube

r=r'+jr” ... (21)

6.1.1 Construction
r’:lrl.cos¢ (22)

The impedance tube shall be straight, with a constant
r|=|r| - sin® . (23) cross-section (to within 0,2 %) and with|rigid, smooth,

5.7 Impedance

From gquation (7) one obtains the normalized imped-
ance z = Z/Zy.

z¥z +jz” ... {249
_ 2 _ 2
e dzre-re .. (25)
(1 - r')2 +r"2
2 ”n
' 4 ... (26)

(=Y 42

5.8 Wavelength

The wavelength A, at the frequency f of the sound
signal follows either from the equation

A = coff ... (27)
where|cq is the sound yeloeity (for the determination
of ¢y spe annex A), orfiom the distance between two
pressyre minima of )the standing wave (with a rigid
terminition of th&”mpedance tube) which are num-
bered p and mrespectively [see equation (19)]

M= 2 (xmin,n - xmin,m) ... (28)

1 1
a3 1212

non-porous walls without holes ofslifs in the test
section. The walls shall be heawy~and| thick enough
(preferably made from metal’or; for tlibes of larger
cross-sections, from tight.and smooth|concrete) not
to be excited to vibration by the sound $ignal, and not
to show vibration resonances in the| working fre-
quency range of the.tube. For metal walls, a thickness
of about 5 % or @beut 10 % of the crosg-dimension is
recommended for circular or rectangdlar tubes, re-
spectively. Tabe walls made out of corjcrete shall be
sealed by’a smooth tight and highly adhesive finish.
The same holds for tube walls made of wood. These
should*be re-inforced and damped bl an external
coating of steel or lead sheets.

The shape of the cross-section of the tube is arbitrary,
in principle. Circular or rectangular cross-sections are
recommended (if rectangular, then prefgrably square).

If rectangular tubes are composed from plates, care
shall be taken that there are no slits |n the corners
(e.g. by sealing with adhesives or with a|finish).

6.1.2 Working frequency range

The working frequency range (fi<f<f) of an imped-
ance tube is determined by its length and cross-
dimension. In order to be able to explorg two pressure
minima even for unfavourable reflectign phases, the
length of the test section of the jube shall be
1 = 32y/4 at the lower frequency limit f;.

The loudspeaker will generally producg¢ higher wave

6 Test equipment

The test equipment consists of an impedance tube, a
test-sample holder, a probe microphone, a device to
move and position the probe microphone, signal-
processing equipment for the microphone signal, a
loudspeaker, a signal generator, possibly an absorber
termination of the impedance tube, and a thermome-
ter.

modes besides the plane wave. They will die out
within a distance of about three tube diameters or
three times the maximum lateral dimension of rectan-
gular impedance tubes below the lower cut-off fre-
guency of the first higher mode. Test objects with
laterally varying acoustic qualities (e.g. resonators) will
produce higher-mode contributions to the reflected
wave.

The test section of the impedance tube shall avoid
both ranges of possible higher modes. Thus the tube
length I between the front surface of the test object
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and the loudspeaker is related to the lower frequency
limit f; of the working frequency range by the condition

1 = 250/f + 3d ... (29)

where
I is the length, in metres;
f is the frequency, in hertz;

d is the inside diameter (or the maximum side
length), in metres.

© 1SO
d < 0,584, ... (32
fud < 200 ... (33)

for circular tubes with the inside diameter 4 in metres.

6.2 Test-sample holder

The sample holder is either integrated into the im-
pedance tube or is a separate unit which, during the
measurement, is tightly fixed to one end of the tube.

The upper limit of the working frequency range, f,, is '
given by the possible onset of propagating higher The length of the sample holder shall be-faigg enough
modes. The pondition for f, is to install test objects leaving air spaces_of a |required
depth behind them.
If the sample holder is a separate unit, it interior
fud <170 ... (31) shape and dimensions shall(¢onform to those of the
impedance tube to within.0,2 %. The mounting of the
for rectangular tubes with f, in hertz and the maxi- tube shall be tight, without insertion of elastic|gaskets
mum side lehgth d in metres; and (vaseline is recommended for sealing).
=N
= @W
& : .
|
t b
a) With removable cover
A
X y, |
IR
SRR
SR8 —_—
® |
t b
|

b) With a separate unit

Figure 2 — Sample holder
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It is recommended to integrate the sample holder into
the impedance tube and to make the installation sec-
tion of the tube accessible by a removable cover in
order to insert the test object. The contact surfaces of
this removable cover with the tube shall be carefully
finished and the use of a sealant (vaseline) is rec-
ommended to avoid small leaks. Generally, with rec-
tangular tubes it is recommended to install the test
object from the side into the tube (instead of pushing
it axially into the tube); it is then possible to check the
fitting and the position of the test object in the tube,
to check the position and the flatness of the front sur-

ISO 10534-1:1996(E)

pressure minima and for the acquisition of sound
pressure amplitudes (or levels) in the maxima and
minima of the standing wave.

Either the microphone moves outside the impedance
tube, in which case it is connected to a probe tube
with a sound pick-up opening in the impedance tube,
or the microphone itself is placed (and is movable) in
the impedance tube. The blockage of the cross-
section of the impedance tube by the microphone
and/or supports and/or other installations shall not be
larger than 5 % in any cross-section of the test section.

f ol 4 e + faraman nlan~ nranionhy 10
ace, apatoreposttotrtheferereReeprahe-prectSery—h

relatior] to the front surface. A sideways insertion also
avoids [the compression of soft materials.

The bakk plate of the sample holder shall be rigid and
shall bg fixed tightly to the tube since it serves as a
rigid tg¢rmination in many measurements. A metal
plate of thickness not less than 2 cm is recommended.

For sofne tests a volume of air behind the test object,
with a flepth of A¢/4, acts as a pressure-release termin-
ation. Movable plugs in the sample holder are used
sometimes as rigid terminations, which allow for a
variable depth of this air gap. They should be used
with gfeat care, because even tiny leaks between the
plug and the wall of the sample holder will lead to er-
roneoUs results (for corrections for distances other than
Aof4, sge annex C).

6.3 Microphone

A moy\able microphone registers the standingwave
pattern in the impedance tube, for the localization of

6.3.1 Microphone with probe tube

The probe tube shall be of metahwith sufficient wall
thickness to avoid cross-talk of the sounf field into the
probe tube through the walls: The boring of the tube

should be relative to itsMength; a long
small diameter may have too high an in
tion (for a check, sée annex B). In a ho
ance tube, a centrally mounted probe

probe tube of
ernal attenua-
izontal imped-
tube shall be

supported to ‘avoid flexion of the probg tube, as this

might give rise to higher sound modes

The supports

shall not'be close to the sound pick-up opening.

In avertical impedance tube with the irjstallation sec-
tion/at the lower end, the microphonel or the probe
tube may hang freely in the impedance fube.

In a rectangular impedance tube, the
rotated around its axis by about 45°

tube may be
(see figure 3)

and the probe placed into the lower cofner; then any

supports can be avoided. A further

advantage of

this position is that structure-borne viljrations of the

Figure 3 — Microphone probe tube in a corner of the impedance tube
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impedance tube are smallest in the corners (see an-
nex B for a check of structure-borne cross-talk). In
principle, the sound pick-up opening can be in a cor-
ner, too. For registration of the sound pressure on or
near the axis of the impedance tube, an eibow termi-

nation with the pick-up opening can be used.

Mechanical contacts between the probe and the im-
pedance tube which can transmit vibrations to the
probe tube shall be avoided, especially at the opening
where the probe tube enters the impedance tube. At
this opening, a soft foam support for the probe is rec-

© |SO

The dynamic range of the signal-processing unit
should be higher than 60 dB. The errors due to non-
linearity, reading errors, instability and temperature
sensitivity shall be less than 0,2 dB, or less than 2 %
with a linear reading of the sound pressure. Sound
level meters of class 0 normally fulfil the require-
ments.

There shall be sufficient filtering in the microphone
circuit to ensure that noise and the harmonic content
of the signal with the microphone or the probe at a
pressure maximum are at least 50 dB below the fun-

ommended.

6.3.2 Microphone in the impedance tube

For the max
phone and it
tation of the
is difficult to

mum permissible blockage of the micro-
B supports, see 6.3. Structure-horne exci-

microphone shall be avoided, because it
check for such bypass excitations.

6.3.3 Acoustic centre of the probe microphone

The position
pick-up of tH
be different
termination (

of the acoustic centre of the pressure
e microphone or of the probe tube may
rom the geometrical centres. For the de-
f the acoustic centre, see annex A.

6.4 Devic:]s for moving and positioning the

micropho

The device f
reading the
for a precis
linearly incre
to 50 Hz, to
positioning o
the direction
reversal of d

A movable T
rule on zero
microphone
be convenier

e

or moving the probe microphone @and for
osition of its acoustic centre should’allow
ion of +0,5mm. This tolerance may
ase for frequencies below( 300 Hz down
a maximum tolerance ‘of) £ 2 mm. The
f the microphone shall be independent of
of motion of the microphone (no bias on
rection).

heasuring _riale* which permits placing the
when the)acoustic centre of the probe
s in thewreference plane may be found to
t.

damentafrequency signat:

6.6 Loudspeaker

A membrane loudspeaker (of~a pressure ¢hamber
loudspeaker for high frequencies with a hdrn as a
transmission element to~the impedance tubg) should

i i 1 +|+h A
be the termination of ¢h¢&“impedance tube at|the end

opposite to the sample holder. The surfacg of the
loudspeaker membrane (or of the horn exit) shall
cover at least-two-thirds of the cross-sectional area
of the impedance tube. The loudspeaker axig can be
either coaxial with the tube [see figure 4 a)l, or in-
clined [see figure 4 b)], or connected to the tupe by an
elbow’[see figure 4 c)] to give space for the introduc-
tion.of the probe tube.

The loudspeaker shall be contained in a|l sound-
insulating box in order to avoid airborne cross-talk to
the microphone. Elastic vibration insulation [shall be
applied between the impedance tube and the frame of
the loudspeaker as well as to the loudspegker box
(preferably also between the impedance tube|and the
transmission element) in order to avoid sfructure-
borne sound excitation of the impedance tube

If more than one loudspeaker is used (e.g. for large
tubes), then the phase of the loudspeakers should be
checked in order to reduce the generation qf higher
modes.

6.7 Signal generator

A device whi
microphone

ch allows continuous motion of the probe
at a constant speed is useful for the

checks described in annex B.

6.5 Signal-processing equipment

The signal-processing equipment consists of an am-
plifier, a filter, a meter for the sound pressure or the
sound pressure level (relative to an arbitrary but fixed
reference pressure) and, preferably, a continuous re-
corder for the standing wave pattern.

The signal generator consists of a generator for sinu-
soidal oscillations, a power amplifier and, possibly, a
frequency counter.

The precision of frequency tuning and reading shall be
better than 2 %. This is also the tolerance for uncon-
trolled frequency variations during a measurement.

The generation of higher harmonics by the signal gen-
erator, the power amplifier and the loudspeaker shall
be such that the harmonic content of the signal after
filtering in the microphone circuit will not exceed the
value specified in 6.5.
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a) Straight Lloudspeaker termination

..........

o7 K

i

b) Termination/with inclined Loudspeaker with insertion of microphone probe tube

c) Loudspeaker connected to the tube with an elbow with insertion of microphone probe tube

Figure 4 — Types of loudspeaker termination
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6.8 Loudspeaker termination

Resonances of the air column in the impedance tube
may arise if the mechanical impedance of the loud-
speaker membrane is high. They are an annoyance
because the sound pressure level in the tube changes
strongly with frequency. In that case one can apply a
porous absorber coating inside the impedance tube in
the area near to the loudspeaker.

6.9 Thermometer

© SO

The front surface of flat test samples shall be
mounted normally to the tube axis. Their positions
shall be specified with minimum tolerances, for ob-
jects with flat and smooth surfaces, within + 0,5 mm.
With porous materials of low bulk density, it may be
helpful to fix and to define the surface by a thin, non-
vibrating wire grid with a wide mesh.

At least two samples should be used in repeated
measurements.

If the test object has a regular lateral structure (e.g.

The temperpture in the impedance tube shall be
measured ahd kept constant during a measurement

with a tolerg
¢g and the W
[see equatio

7 Prelim

nce of £ 1 K, because the speed of sound
avelength Ay are temperature dependent
N (A.5)].

nary tests and measurements

The test eqlipment shall be checked before use by a

series of te
and secure
shall be rep
ment. They

Another seri
preliminary

ment for m
tioned aboV
termination

bts. These help to exclude error sources
the minimum requirements. The checks
pated after any modification to the equip-
hre described in annex B.

es of measurements can be performed as
measurements before use of the equip-
aterial tests and after the checks men-
e. They are all performed with a rigid
bf the empty impedance tube. Their.aitm'is

the determination of the acoustic centre of thie probe

microphone
the impedar]
tenuation in
measureme
be repeated
tube or the

8 Mount

The impeda

the wavelength or the sound velocity in
ce tube, and the corrections-for the at-
the impedance tube. These preliminary
hts are described in annex A. They shall
after any modificatioh-to the impedance
robe microphone:

ing of the test sample

he¢e, and absorption coefficient of a ma-

perforated cover sheets, resonator arrays; gtc.), the
test samples shall be cut out along lines ©f;symmetry
of that structure. If the dimensions of\multigle struc-
tural units of the test object do not it .with the cross-
dimensions of the impedance tube, the rneasure-
ments shall be performed with ‘Several test [samples
cut at various positions rélative to the structure.
Repetition of the measurements with test |samples
cut from different parts_of the test object [are also
necessary with materials which are laterally|inhomo-
geneous (such as mineral fibre products).

9 Test methods

9.1 Specification of the reference plane

The first step in the measurement of the reflection
factor and/or of the impedance after mounting of the
test sample according to clause 8 is the spegification
of the reference plane (x = 0). It is usually the surface
of the test object. If, however, the test objdct has a
surface profile, the reference plane shall be placed at
some distance in front of the test object. |h a final
step of the evaluation (see clause 10), the neflection
factor and/or the impedance can be transfoymed by
computation into a plane which is well defingd by the
structural criteria of the object.

For objects which have lateral structures, it is rec-
ommended to place the reference plane spme dis-
tance in front of the test object, because lateral as

well as profile structures will generate highgr modes
inthe reflected wave

terial can be

££ + ol 1+ e | NP N '
ATTOLUITU YUItT otTUTigly Uy TTIVUTItinTg LOUTT

ditions, and these shall be carefully controlled and
specified in order to obtain consistent results. The
general requirements are that the test sample fit
snugly in the holder, so that errors are not introduced
by motion of the test sample as a whole when excited
by the sound signal, or by absorption in, or shunting
impedances due to, the crack around the edge. The
test sample shall not be compressed unduly when
mounted in the sample holder. Sealing the crack with
vaseline or plasticine is recommended. The test sample
can be held more firmly, if necessary, by greasing the
entire edge.

10

The distances of the reference plane and the first
minimum from the surface of the test object, which
are used for evaluation in these cases, shall not be
less than twice the tube diameter for circular tubes or
the maximum lateral dimension for rectangular im-
pedance tubes. Even with flat and apparently homo-
geneous test objects, it is recommended not to use
minima which are positioned within this distance
(spurious higher mode excitation; change of the
acoustic centre of the probe on approximation to the
object surface) for the evaluation.
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For the computational transformation of the reflection
factor and impedance from the reference plane back
to the surface of the test object, see clause 10.

9.2 Specification of frequencies

The working frequency range shall be covered by
frequencies with steps preferably not wider than one-
third octave. Use frequencies at the centre frequen-
cies of the one-third-octave bands in accordance with
ISO 266_where possible. Other frequencies may be

ISO 10534-1:1996(E)

For survey measurements, |pmax| and |pmin| are
measured at the first maximum and minimum, re-
spectively, and then the sound absorption coefficient
ais evaluated from equation (14).

9.6 Determination of the reflection factor

The standard procedure consists in measurement, at
each frequency, of the amplitude |p(xmin,1)| and pos-
ition xpin 1 Of the first minimum, as well as of the
amplitude |D(xmv,1) | of the first maximum.

necessary for resonating test objects in order to re-
veal thd resonances.

9.3 Determination of wavelength and
attenuation

Before ptarting a measurement, determine the sound
velocity] ¢g in the tube in accordance with annex A,
from which the wavelengths at the frequencies of
measurpment are obtained. This determination of ¢
shall bel performed in the tube with rigid termination.

Determjne the attenuation of the tube (i.e. ky”Ay/4)
shall bg performed in the same preliminary measure-
ment in the tube with rigid termination in accordance
with anhex A.

The wayelength and the attenuation so determined far
the mepsuring frequencies can be used for all dater
evaluatijons provided that neither the tube .nor- the
temperature has been changed.

9.4 Selection of the signal amplitude

The sighal amplitude shall be selected to be preferably
more than 10 dB and at Jéast 5 dB higher than the
backgrdund noise in theCdéepest pressure minimum
at that frequency.

9.5 Degtermination of the sound absorption
coeffi<1ient

From these data, compute

§1 = Ip(xmaxJ) I/|P(xmin,1)|

then the magnitude |rl'of the reflection factor is
evaluated from equation)(A.12). Next, lcompute the
phase @ from equation (20) and, finally, gbtain the real
and imaginary cemponents of the reflection factor
from equations (22) and (23), keeping |in mind that
equation (20) gives the phase angle @ in fadians.

9.7 .Determination of the impedance

Commence the procedure of measyrement and
evaluation as in 9.6 for the reflection fagtor, and then
evaluate the normalized impedance z frgm equations
(24) to (26). In order to obtain the dimengioned imped-
ance Z, multiply the result by the characteristic im-
pedance Z,. The value of Z, in pascal |seconds per
metre is obtained from

ZO = poCo =7 064/ﬁ

(Pa-s)/m ... (34)

where T is the temperature during the measurement,
in kelvin.
9.8 Determination of the admittance

After determination of the impedance [, the admit-
tance G = 1/Z follows from

Z/ — jZ”

F~F’+ iGY —

The standard procedure consists of measurement, at
each frequency, of the amplitude |p(xmin'1)| and posi-
tion xpn ¢ Of the first minimum, as well as of the am-
plitude |p(xmax'1)| of the first maximum. From these
data compute

s1= | plmax. 1) /] plemin 1) |

and then find the magnitude || of the reflection fac-
tor from equation (A.13) with n = 1. Finally obtain the
absorption coefficient o from equation (9).

. (35)

J

Z2+27"2

10 Transformation of reflection factor
and impedance

The reflection factor r and the impedance Z, according
to the procedure described in clause 8, are deter-
mined for the reference plane x = 0. If, following 9.1, it
is necessary to place the reference plane at a distance

1
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D in front of the surface of the test object, meaning
that the object surface is positioned at x = — D, then

the reflectio

n factor r and the impedance should be

corrected for the distance D in a final step.

The transformed reflection factor at any position x is

given by:

r(x) = pr(x)/ pi(x) = r-e~2Jkox =

=r

[cos (2kox) - j-sin (2kox)] ... (36)

profile height, if any,

layers, including air spaces,

dimensions of structural units,

© SO

lateral dimensions and total thickness,

flatness of the surface or characteristic

number, arrangement and thickness of

such as

resonators, and their arrangement,

positions of the cuts of the test sample

relative to characteristic lines of test ob-

If x = — D, then the components of the reflection fac-
tor transfornped to the object surface are

r(— D)

The normali
the position
pedance is 3

4(x) z-COSkox + j-sinkgx

= [ cos (2koD) - r”-sin (2K D))+
- [r”~COS (2k0D)+ r’-sin (ZkOD)] ... (37)

ved impedance z{x) which is corrected for
x from x =0 where the normalized im-
is obtained by

jects with lateral structures

structure, thickness and (por

bsity of

covers such as grids, jand pg¢rforated

metal sheet;

2) material data such as

bulk density dnd; if available, air
sistivity of porous materials,

materials.of the components of
object;

3) constlction characteristics such as

flow re-

the test

er (glued

irface in

the tube;
[

b and its

without

decibels)

nd if so,
ected to

ar and/or

2(x) =3 - ... (38) == connection of layers to each oth
The normalized impedance at the object surface - pr?rtmon vt\)/_alls.normal to the s
x =— D is therefore the test object;
7 e) mounting conditions of the test object in
Z(_D)= o 2 , . 2 +
(copkoD +2”-sinkyD)" + (¢’ sinkoD) f)  number of test samples of the test objec
j[z"(0082 kpD — sin? koD) - (1 -2 z”z)sin koD -cos kOD] g) inner dimensions of the impedance tub
5 shape;
cos koD + z”-sinkgD)” + (z'y SinkoD)
... (39 h) material and thickness of the tube walls;
i} type of probe microphone (i.e. with of
probe tube);
11 Test feport _ _ _
_ ) maximum value and minimum value (in
The test redort/shall contain the following items: .Of the stanqlng wave ratio in the test seption an_d
in the working frequency range from thela tests in
A D.
a) name of the test laboratory; IR
b) date of the test: k) distance of the reference plane from the surface
' of the test object, if larger than zero, a
c) name of the producer and tradename of the test l(r;c:(;at')t.lggt Z\lljf:;aatlgsrorﬂ;it.results are corr
object, if it is a commercial product; ) '
d) description of the test object including its acous- d ftzten:tent as 10 r\]/vhegher or rl".Otd? correction for
tically relevant characteristics, i.e. ube attenuation has been applied;
1) structural data such as m) representation of the test results in tabul

12

in graphical form;
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n) temperature and atmospheric pressure;

o) statement that the tests were performed in
agreement with this part of ISO 10534, if this is
true in all details.

If more than one test sample is tested for one test
object, both the individual results for each test sample
as well as the average shall be given. If different im-
pedance tubes were used for a wider frequency range
of tests, the working frequency ranges of the tubes
shall overlap by about one octave. Test results from

ISO 10534-1:1996(E)

If the sound absorption coefficient a has values
higher than 0,9, it is recommended to plot (on the
same scale as o) the magnitude |r| of the reflection
factor.

The reflection factor r can either be represented by its
components r and r” or by its magnitude |r| and
phase @. The unit for @ (in degrees or radians) shall be
indicated.

If impedances and/or admittances are determined,
they shall preferably be represented as a normalized

differen illlpb‘ddllbb‘ tubes—shattrot—be avclagcd at
the oveflap frequencies but shall be given (and plot-
ted) separately.

If the spund absorption coefficient is determined and
represeited in graphs over frequency, the abscissa
shall be| logarithmic with a scale of 100 mm per fre-
qguency |decade, and the ordinate shall be linear with
100 mm for the range between 0 and 1, or otherwise in
the samg proportions as the coordinates (see ISO 354).

impedance (z = Z/Zy) or as a normalized admittance
(g = GZO)

If the results are presented in tabular form, the values
for o shall be rounded to two<significany figures, and
the values for z and g shall-be rounded to| three signifi-
cant figures.

13
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Annex A
(normative)

Preliminary measurements

A.1 Determination of the acoustic centre
of the probe microphone

The positior

termined fo

6:%(3Ymin,‘l _ymin,Z) ’

of sound pressure minima must be de-
the evaluation of equation (19) or (20) and

equation (28). Since the acoustic centre of the pick-up
opening of {he probe tube or microphone may be dif-

ferent from

measurements of sound pressure minima),

their geometrical centres (especially with
the

acoustic ceftre of the probe microphone must be de-

termined. T

nis shall be performed at frequencies over

all the work|ng frequency range with mutual distances

not larger t

han one-third octave and with the sample

holder empty (rigid termination).

Then the pr

Xmin,n =

bssure minima are at distances

(2n—NAg/d withn=1,2,..) ...(A1)

from the rigid back plate, which is assumed to be at

x=0 (see
geometrica

figure A.1). Let y be the position of the
centre of the probe and let y =0 corre-

spond to thee position of the rigid termination. If yq s
and ymin 2 dre the positions of the probe microphane

(when posi

ioned at the first and the second minima,

respectively) then the correction 8, by which the
acoustic centre of the probe is to the left «(see fig-

ure A.1) of

he geometrical centre, is given'by

This correction shall be applied to all readingg
for the evaluation of equations (19) and 420):

X,

mina = Yminn ~ o .

© ISO

. (A2)
of Ymin.n

.. (A3)

(6 will be negative for an acoustic’ centre to thie right).

A.2 Determination of the wavelength

The determifation of the wavelength in the

imped-

ance tube i§ preferably performed experimgntally by
an intermediate determination of the sound Velocity cq

in the impedance tube. Then the wavelength
fromequation (27). The determination of cg

follows

shall be

performed with a rigid termination of the imppedance

tube at frequencies in steps of one-third oc
all the working frequency range.

ave over

For this, the wavelengths Ay(f) are determipned from

the positions of pressure minima x, , Using
(28). The sound velocity is then

co(f) =Ao(f) f .

14

Ymin2
¥ min
6 6
-
——— o \ [
[ptx)] \‘ _xz
- |,;(—X_T_1i’_ [P4x min 2|
|
X min,1
X min.2

Figure A.1 — Determination of the acoustic centre of the microphone

equation

.. (A.4)
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The curve of these values, when plotted over the fre-
peaks in this plot are indications of faults in the ex-
perimental set-up (leaks in the impedance tube, higher
modes, irregular frequency and/or position readings,
etc.).

If the determination of ¢y was performed at a tem-
perature T (in kelvin) in the impedance tube but the

ISO 10534-1:1996(E)

!D(xmav")! =!p0."!eko maxn 4 !r!,e-ko man

The numbering n = 1, 2, 3, ... starts with the leftmost
minimum to the right of the plane of reference and
with the first maximum to the right of the minimum
number 1.

Defining the standing wave ration s, of the ath mini-

results are to be applied to measurements at which mum and the ath maximum (n = 1, 2, 3, ...) by
the temperature is T (in kelvin), then the values shall
be corrected for the temperature T from .
ec P D(xma,y \ ok Xeay | el ok xog
Sy = = L (A.10)
[o6) (T) =Cp (TO MT/TO ... (AD) p(xminn) ek()”xmin,n _|r|.e_k0”xmin,n
The soupd velocity at the test temperature can, alter- the magnitude of the reflection factor becbmes
natively, |be determined from
L s -ekO”Xmin,n —eko”xmax‘n
co(T)=34330T/293 m/s ... (AB) |r| =_-n (A
Sy .e_kO Xidn M- e_ko”xmax,n
Since
A.3 Determination of corrections for
the tube attenuation Xmagn Xmina + 40 /4 .- (A12)

The incident sound wave pj(x) and the reflected sound
wave p,(x) will in general be attenuated during propa-
gation dlie to viscous and thermal losses. The main
effect of this attenuation is a monotonic increase in
the amplitudes of the sound pressure minima
|P(Xmm,n | with increasing distance from the reflecting
surface. |Corrections shall be applied for this_in“the
evaluatign of quantities which are determined;in ac-
cordance with this part of ISO 10534.

The attgnuation can be described analytically by re-
placement of the real wave numper.k, by a complex
wave number

thexmragnitude of the reflection factor in jts final form
is

, — ako"Ayl4
Ir| = 6% Smina| S ZE€0 0 . (A13)
s, +e~k Ao/t
Writing
ko”xmin,n = 4(k0” 10/4) (xmin’n /). o) e (A1 4)

it is recognized that the quantity ky”A0/4 i$ needed for
the correction. This quantity is determined in the

ko F ko' —J-ko” A7) empty tube with a rigid termination, | r| =|1.

kO, =21'C/2,0 ... (A.8) Then
where k¢” is th&attenuation in nepers per metre. The 4 _ e ( . )
wavelength.¢an still be determined from equation (27) lp(xm'”'”) 2|po|-sinh {ko" ¥, -+ (A19)
or (28) [ifthe attenuation is in a tolerable range ,
(see B.1): |p(xmax'n)‘ =2|po|-cosh (ko”xmax,n) ... (A18)

The amplitudes of the sound pressure minima
|p(xmm,,,)| and of the sound pressure maxima
PWmax ) | are then given by

= |p0| X ekO”xmin,n _ |r| . e_koﬂxmin,n )

Ip(xmin,n)

... (A9)

If the pressure amplitudes are measured in the min-
ima numbered n and n + 1 as well as in the maximum
number n between them, and if the quantity 4, is de-
fined as

\p(xmin,nﬂ)' - ip(xmin,n)

A =
‘P(xmax,n)

n

... (A7)

15
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then

A, =2

and hence

ko”l 0

sMh(&{lo/4) . (A18)

f 2
=arcsinhA—"=In A—”+ A—"+1 .. (A19)
2 2 4

which is the required exponent, and for the exponen-

tial factor

ik()”/l_

e 4

© ISO

and then substituting for sq in this equation, taking sg
from

2x
A i 1T
SO §9 /10 S1 S2

where s, and s, are the standing wave ratios of the
first and the second minima, defined with the press-
ure maximum |p(xmax’1)| between them. This cor-
rected standing wave ratio sy shall be applied in
equation (14) in place of s.

... {A.22)

... (A.20)

> +1
— ..A_K’..+ ﬂ_’_‘]
2 4

The phase ¢ of the reflection factor is still determined

from equati

termined

bn (19) or (20).

ccording to these formulae after each

The attenu{ion constant ky” of the tube shall be de-

modificatio

For small d
the first an
larger than
derived b
method de
a straight

x=0.Inco
correction
test object

The fictive

of the tube.

fferences in level (less than 2 dB) between
d second minima, and if xpi, 1/Ag is not
D,3, a correction for the attenuation can be

another, approximate, method. This
ives a corrected standing wave ratio s by
pxtrapolation of the minima to the plane
htrast to the method described above, this
by extrapolation must be applied for each
bt each frequency.

amplitude |p0| of the first minimugy; if it

were at the object surface x = 0 (see figure A2), can

For survey measurements, and at the dower end of
the working frequency range, if ng‘two [pressure
minima can be explored with suffigient precision, the
attenuation constant can be estimated numefically by:

N

k" =1,94x10-2 (f(é>d ) .. (A23)

where

d is thediameter, in metres, for a cirg¢ular tube
or thé ratio of four times the crosstsectional
area to the perimeter for a rectangular tube;

f “\His the frequency, in hertz.

This estimation, however, does not considef sources
of attenuation such as porous walls and objects in the
tube. Thus it can be considered as a lower limit.

If one is not sure whether such additional| contribu-
tions of attenuation do exist, it is recommended to de-
termine the attenuation using equation (19) |or (20) at
mid and upper frequencies of the working frequency

be approxjmated by first defining the\ corrected .
standing whve ratio s, by range, and to extrapolate to the lower frequepcies.
|P(xmax,1)‘
So=—T+—"7T— ... (A21)
|Pol
S Y
R =— 7 (X pax, 1)

X
000
X
X
o

16

,r” Ip(xmin,1)|

‘p(xmin,Z)l

Petetet020 202020203620 % % %0 0%

9.0.0.0.9.9.0.9.9.9.0.0.0.9,

000

3555
2L

X min1

X min,2

Figure A.2 — Correction for test tube attenuation
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Annex B
(normative)

Verification of the test equipment

B.1 Verification of the standing wave

ratio

be corrected for; see annex A). There shall be no rip-
ples on the standing wave patterns (see figure B.2).

The sta
shall be

nding wave patterns in the impedance tube
recorded (preferably by a slow continuous

movemgnt of the probe microphone through the test

section)
ation by
recordin
working
larger th
shall be
patterns
frequen

The sta
shall no
ments g
envelop
zontal o
speaker
An incre
permiss

with an empty sample holder (rigid termin-
the back plate of the sample holder). The
gs shall be repeated at frequencies in the
frequency range with frequency steps not
an one-third octave. Intermediate frequencies
added if strong variations of the recorded
are observed for adjacent one-third-octave
Cies.

nding wave ratios of the recorded patterns
be less than 45 dB (this allows for measure-
f absorption coefficient a as low as 0,04). The
b of the pressure minima shall be either hori-
have a monotonic increase towards the loud-
end of the impedance tube (see figure B.1).
ase between succeeding minima of 1 dB s
ble (its influence on the measuring resultsccan

If these requirements are not fulfilled,
may be as follows.

a) There is too strong an increase in t

the reasons

he lower en-

velope with standing wave ratios which are too

small.

Reason: too large ‘ah~attenuation ir

ance ,ube

(rough, poroys,

the imped-
vibrating

walls,leaks in the corners, cables and

repes’in the test section).

b) The standing wave ratios are too sm4ll.

Reasons: — the signal processing equipment has
too small a dynamic range (electronic
and/or acoustic noise, tdo high an at-
tenuation in the probe tube);

— airborne or structure-borne cross-talk

(insufficient insulation
speaker, vibrations of
tube).

\

Figure B.1 — Regular standing wave pattern with test tube attenuation

bf the loud-
the probe

Figure B.2 — Ripples on the standing wave pattern

17
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c) There is a non-monotonic increase of the lower
envelope (see figure B.3).

Reasons: — higher modes in the test section (too

d) Therea
Reason

e) The mir
Reason

Several phg
Resonant e
usually not
the position

B.2 Dyn
microphg

In a first g
ground noig
frequencies

strong an excitation of higher modes
by the loudspeaker; higher modes
generated by the probe tube or the
microphone or the supports or other
objects in the test section; vibrating
tube walls; leaks in the tube walls);

— structure-borne sound in the imped-
ance tube and/or in the probe tube.

©|SO

and probe microphone positions, and it shall be at
least 10 dB higher than the background noise level, in
the first check.

If the second requirement is not fulfilled, use higher
signal amplitudes (avoiding electronic and acoustic
nonlinearities) and/or more effective filtering. If the
first requirement is not fulfilled, check whether the
probe tube attenuation is too high (wider probe tube),
whether there are vibrations on the impedance tube
and/or on the probe tube (better vibration insulation)
and whether there is airborne cross-talk (better insul-

re ripples on the standing wave patterns.

higher harmonics in the signal (insuf-
ficient filtering; nonlinearity of a signal-
generating component; rattling of an
object in the test section, such as the
probe tube or supports).

ima are rounded off.

signal in the minima is below electronic
or acoustic noise level (too high an at-
tenuation in the probe tube; too small a
signal amplitude, etc.).

nomena and reasons may be combined.
Xcitation to vibrations of the probe tube
bnly depends on the frequency but also on
of the probe.

amic range of the probe
ne

heck the (electronic and acoustichack-
e levels shall be determined at the/same
as in B.1 with the signal switched off. If a

continuously moving microphone is used\in the meas-
urements, these checks shall be perfarmed with the
moving micfophone.

In a second check the sound ‘pick-up opening of the
probe tube [shall be sealed"and the checks of B.1 re-
peated at the same frequencies, but with the signal
switched on with the.sarme amplitude as in B.1.

The signal receivediin B.1 shall be at least 5 dB higher
than the signalin the second check for all frequencies

Ftiomof thetoudspeaker:

B.3 Check of structure-borne excitation
of the tube

After the direct structure-borngé excitation of the probe
microphone has been checked (and eliminategd) by the
tests given in B.2, and if the standing wave rgtio found
in B.1 is less than 45-dB, the structure-borre excita-
tion of the impedance tube may be responsibple for its
insufficient performance.

For a check)of this, install a plug of mineral|fibre ab-
sorber material of length about 0,5m to 1 m (bulk
densityonot less than about 20 kg/m3 and mot more
than@bout 100 kg/m3) in the impedance tulbe at the
limit of the test section towards the loudispeaker.
Cover this plug on both sides by cover platg¢s with a
mass per unit area of not less than about 20 kg/mZ2.
The cover plates shall be mounted in the tubg without
direct mechanical contact with the tube walls and
shall be sealed (e.g. with plasticine) arodnd their
edges. Introduce the microphone (probe) intp the im-
pedance tube through the test sample section. Record
sound pressure levels for the frequencies used in the
tests in B.1 (with the same loudspeaker anpplitudes)
with the probe microphone moving along |the free
section of the impedance tube.

The sound pressure levels so recorded shall|be lower
than the levels at the minima found in the tegts of B.1.
If the levels at the pressure minima in the present
check agree with those from B.1, the vibration isola-
tion between the loudspeaker and the inmppedance
tube shall be improved.

-

|

Figure B.3 — Irregular standing wave pattern due to superposition of higher modes
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