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The Standing Wave Apparatus

by
Per . Briiel. D. Sc.

As early as 1902 Tuma®*) gave a method for measuring acoustic absorption
coefficients by means of standing waves in a tube, This standing weve method
has been considerably developed in the course of time, and has contributed
greatly to the development of effective acoustic absorbents, which are the
most effective weapon at the command of modern building technique 1n 1ts
fight against noise.

In fig. 1 a sketch of the principles of the apparatus is shown. Sound of
pressure amplitude A is directed down the length of the tube by means of a
loudspeaker at one end, to strike the sample placed at the other end. When
the sound waves encounter the sample, part of the sound energy 1s absorbed
and another part reflected back through the tube at an amplitude B. As a result
of interference with the incident wave a partly stationary wave 1s formed 1n
the tube, which can be measured by means of the microphone probe mounted
in the small moveable microphone car. In fig. 2 it 1s shown how the sound
pressure develops as a function of position, both for complete reflection, that
Is to say, an absorplion coefficient a = 0, and for a partly absorbing sample.
The maximum sound pressures (A-}B) lie at distances of one-half wavelength
from each other, and In between these maxima lie the minimum points with
amplitudes equal to (A—B). At such maxima and minima the incident sound
wave is in phase or anti-phase with the wave reflected from the sample.

Fig. 1. Principle of the Standing Wave Apparatus for measuring acoustic absorp-
tion coefficients. The audio frequency generator used is the Briiel & Kjer
B.F. O. type 1012, while as selective amplifier either Analyzer 2105 (adjustable
to any frequency between 47 and 12,000 c/s) or Analyzer 2109 (for measure-
ments at the standardized frequencies according to table 1) may be used.

*) Tuma: Sitz. der Kails. Akad. der Wissenschaften, IIT 2 A, p. 402 (1902).



The measuring apparatus measures the relation n between the sound pressure
maxima and minima in the tube

(A+B)  Pmax
A=B) = fmin
The absorption coefficient of the sample is defined as the ratio between the
energy absorbed by the sample and the total energy striking the sample. As

the energy 1s proportional to the square of the sound pressure, we have

a____ B2 1 (l'l———].’___ 4
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It 1s thus particularly easy to find the absorption coefficient, provided one
knows the ratio between the maximum and minimum sound pressures. By
means of a suitable construction of the electronic amplifying equipment the

absorption coefficient can be read directly as a percentage on the instrument
scale.

n —

When a sample of an acoustic absorbing material is investigated in a standing
wave apparalus, the question arises as to what kind of absorption coefficient
one is measuring. It is well known from the acoustic literature that different
laboratories often measure widely different absorption coefficients for the
same material, with the result that many manufacturers and users of acoustic
material have a cerlain mistrust for acoustic absorption measurements. The
usual method for measuring the acoustic absorption of a material is the room
method, where the material is placed in an acoustically “hard” room. The
reverberation time of the room is measured both before and after the material
Is placed 1n it, whereafter, by using the well known Sabine formula, one can
calculate the absorption coefficient of the material by dividing the total absorp-
tion found, by the area of the test material: It must be pointed out that what is
really being measured in this room method is the given material’s acoustic
behaviour in the given room. One can both theoretically and practically de-
monstrale that even with the very same test material the acoustic effect is
different in different rooms, and again, in these rooms, is dependent on the
placing of the material on the wall or ceiling. Furthermore, the acoustic effect
(calculated as an absorption ccefficient) is dependent on the superficial area
of the test material in u.e room.

Thus, with the room method, it is in a way useless to speak of a definite
absorption coefficient when, at the same {ime, one has not precisely specified
the room’s size and shape, and the material’s superficial area and method of
siting, The absorplion coefficients measured by the room method are thus
not only dependent on the physical constants of the absorption material,
such as the mechanical construction thickness, density, porosity, elasticity,
homogeneity, etc., but also to a high degree influenced by the conditions under
which the material is measured. This state of affairs is easily understood,
when one considers that the absorption coefficients measured by the room
method are not based directly on the definition of the absorption coefficient
as the ratio between the energy absorbed by the sample and the total energy
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Fig. 2. Souna pressure as a function of the position of the microphone car, for
different terminations. Test frequency 1000 c/s.

a) Hard termination. The sound pressure is depicted logarithmically. T he
difference between the 1st maximum and the 1st minimum is greater than
50 db, which corresponds to a zero absorption of the tube less than 1.3%,

b) As a), with linear pressure scale.

c¢) With absorbent termination, logarithmic scale.

d) As c¢), with linear scale.
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striking it, but only indirectly, in that, by means of Sabine’s statistical reverbe-
ration formula (which postulates a series of conditions which no practical
room can satisfy) a reverberation coefficient is calculated.

The matter is quite different when it comes to the Standing Wave Apparatus
method. Here, the absorption coefficient is measured directly on the basis of
its definition, so that it i1s only dependent on the physical constants of the
material. This fact is again demonstrated if one sends different samples to
different laboralories with the request that they be measured in a Standing
Wave Apparatus. Provided the samples are uniform, and set up in the same
way in the apparatus, the results obtained will be the same, The Standing
Wave Apparatus is therefore eminently suited for the development of new
absorption materials and for continuous production control.

In recent years, with various room acoustic problems, such as the investiga-
tion of troublesame flutter echoes and similar phenomena which can arise
In radio studios, auditoria and so on, the sound waves in the room have been
calculated by solving the so-called wave equation, in which, as a boundary
condition for the room’s limiting surfaces, the specific acoustic impedance of
the wall coverings has been inserted. This is defined as the complex ratio
between the sound pressure and particle velocity at the material’s surface.
The complex form of the impedance arises because there is a phase difference
between the pressure and the particle velocity of the air at the surface. As a
rule the impedance 1s expressed as a complex number Z = R 4 jX = /Z/L'd)
The unit is the Rayl, which in the CGS system is g em™s™, and in the MKS
system is kg m™s™!, It is possible to measure this complex impedance of an
absorption material by means of the Standing Wave Apparatus, as will be
described later. '

Manufacturers and users of absorption material very otften have use for
a method of working out an absorbent which has a special absorption curve
as function of frequency. If, for example, the frequency spectrum of the
noise in a factory has been measured and found to be particularly accentuated
for certain frequency bands, it would be natural to try to produce an absorb-
ent for placing on walls and roof whose most powerful absorption lay just
in the frequency bands in question, whereby the most effective and economic
damping would be obtained. Very often, changes in the acoustic material,
such as changing the air spacing between material and supporting wall, chang-
ing the degree of perforation, changing the thickness of the plate and so on,
can shift the absorption maximum within very wide limits. The Standing
Wave Apparatus is indispensable for the working out and checking of such
investigations.

However, the Standing Wave Apparatus has also very great limitations.
Thus, it i1s only possible to take measurements on very small samples, as it
IS a condition for the mode of operation of the appa’ratus that the diameter
D be less than about half the length 1 of the sound. Theoretically one can
deduce that the condition 4>1.7 D must be satisfied in order that plane sound
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waves exist in the tube. It is thus not poussible to take measurements in the
Standing Wave Apparatus on absorbents whose absorptive effect is based
on the vibration of large surfaces as a whole. Similarly, the conditions under
which the samples are set up can often cause difficully, as it is easy when
inserting the samples in the tube to produce stresses in the different layers
of the material, and thus either change the resonance or even produce re-
sonances which do not appear in larger surface areas. These limitations are
of a fundamental nature, and in using the Standing Wave Apparatus one musl

sear them in mind at all times, as otherwise one is liable to obtain quite
meaningless results.

What demands may one make of a practical Standing Wave Apparatus?
The greatest possible frequency range is of course desired, but one is limited
as far as the lower frequency limit is concerned by reason that the apparatus
shall be a little more than a quarter wavelength long. That is to say, that if
the apparatus shall be held within a reasonable length, one can hardly
measure under 90—100 c¢/s. Upwards, one is limited by the necessity that the
diameter of the tube shall be less than 0.586 A, in that there is a possibility
for a first transverse resonance at this wavelength. As the tube method pre-
supposes a flat sound field in the measuring tube’s cross section, transverse
resonances can naturally not be allowed, as these would give rise to a varying
sound pressure in the tube’s transverse direction. To extend the frequency
range, the apparatus in its later form has two measuring tubes, one for the
lower frequency range of 95—1600 c/s, and one for the higher frequency
range from 800—6500 c/s. Measurements above approx. 5,000 ¢/s have no
significance whatever for the absorbents used in practice, as at these higher
frequencies most materials have a more than sufficient absorptive capacity.
To make do with a tube length of a little more than /4 wavelength, it is a
condition that the sound field be symmetrical throughout the whole length
of the tube, i.e., that the sound source be placed quite symmetrically at one
end of the tube. If this is not the case, it is necessary to extend the tube by
at least a half wavelength so as to give a sufficiently uniform transverse
distribution of the sound pressure in that part of the tube in which the
measurement 1s taking place. Another condition is that the measuring tube
shall be sufficiently stiff, so that no damping worth mentioning arises when
the sound waves move up and down in it. In practice, this means that the
measuring tube must be circular, and not square in cross section, as is often
constructed, as it 1s exceptionally difficult to make it so stiff that dangerous
damping can be avoided. When the tube is terminated by means of a solid
end holder, it should be possible to obtain a high ratio between maximum
and minimum, which is a sign that there is no damping in the sides of the
tube or the end holder. As the audio frequency oscillator used has often a
quite weak 2nd harmonic, whose maxima will lie exactly over the minima
of the fundamental, it is recommended in practice to use a selective amplifier
for measuring the maximum/minimum ratio.
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Fig. 3. a) Photograph and drawings of the Standing Wave Apparatus type 4002.
b) Photograph of the six different sample holders belonging to the apparatus.

IFor the apparatus to be practicable in use, it is important that the samples
can be set up in a simple manner, and that the holders, which are used to
receive the samples and to terminate the tube, fit the tube hermetically.

Description of the Standing Wave Apparatus type 4002.
Fi1g. 3 shows a photograph and drawings of the commercial form of the

Standing Wave Apparatus, which consists of two measuring tubes with dia-
meters of respectively 10 and 3 cm, covering a frequency range from 95 to
1600 ¢/s and from approx. 800 to 6500 c/s. These measuring tubes can be
screwed to a loudspeaker case which is placed symmetrically with respect
to the measuring tube, so that the sound field is plane at the start. A probe
microphone is inserted in the measuring tube, the microphone itself



being placed in a good insulated moveable measuring carriage running
on- rails. The position of the probe can be 1ead off on a scale parailel to the
rails. The probe itself, which protrudes from the measurin% carriage into
the me'asuring tube, is a thin brass tube, running down the centre of the
measuring tube and going through the loudspeaker’s centre mandrel. There
are two measuring probes, one for the small tube for the high freq.uencies
and one for the large tube. There arc three sample holders to each measuring
tube. One has a depth of 25 mm (1"}, the next has a depth of 50 mm (277), and
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Fig. 4. Freque.ncy Analyzer type 2105 and Audio Frequency Spectrometer type
2109, both suitable as amplifiers for the Standing Wave Apparatus type 4002.
I'he meter scales of these instruments, showing the spectal calibration for

reading absorption coefficients direct in %, are shown enlarged.



the third consists of a 15 ¢cm tube with a sliding piston with airtight packing
One can thus obtain any desired depth in the sample holders from 0—10 cm.
The Standing Wave Apparatus type 4002 is intended for operation from an
Audio Frequency Oscillator, for example the Beat Frequency Oscillator type
1012, and as measuring amplifier either the Frequency Analyzer type 2109
or Audio Frequency Spectrometer type 2109 should be used. Fig. 4 shows both
these analyzers, with their meter scales. At the bottom of these scales the
calibration, which allows the direct reading of absorption coefficients 1n
percent, can be seen.

The procedure is as follows: The microphone measuring carriage is placed
on a maximum as close to the sample as possible, which as far as the lowest
frequencies are concerned is that maximum which lies in the immediate vici-
nity of the sample. For frequencies above 200 c¢/s that maximum which lies
approx. /2 wavelength from the sample should be used. The analyzer is now
adjusted in its selective position to the frequency of the BFO, and the BFQ
and analyzer amplification so adjusted that a full deflection (100 %) is ob
tained on the analyzer meter. The microphone carriage is then moved to a
minimum position, and the absorption coefficient read off direct on the scale.
If the absorption coefficient is so small that this reading is notaccurate enough
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Fig. 5. Insertion of the samples in the apparatus. On the left, the insertion o}

a porous absorbent in the holder. On the right, the insertion of a resonance

absorbent with perforated front plate, and below, a complex absorbent in-
serted in the variable holder.
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Fig. 6. Absorption curves of three typical absorbents: (aa porous material,
b) a membrane absorbent and ¢) a resonance absorbent with damping material.

the amplification can be increased by 20 db (x.0; to achieve a sure reading
of the minimum. The lowest absorption scale 5n the meter should then be
used which ranges from 0—30 9%. With type 2109 it is possible to increase the
amplification /10 times, i.e., 10 db, and in that case the middle absorption
scale on 2109 should be used, ranging from 0—70 9;.

Fig. 5 shows some typical set-ups of absorption material in the materia)
holders. Porous matciials such as rockwool, glass wool, wood fibre board,
acoustic plaster and such like are placed in the base of the material holders,
provided the materials are to be used normally set up directly in contact with
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a hard back wall. The holder with the porous material is placed in the
Standing Wave Apparatus, taking great care that the edge of the container
1s quite clean, so that there is complete tightness between container and meas-
uring tube. If the degree of tightness is not sufficient, possibly becavse the
container edge 1s damaged, it should be made tight by means of a little

vaseline, Leakages will give rise to measurements of too high absorption at
the lowest frequencies.

An acoustic absorbent is often constructed of a perforated hard plate set
up on wood laths, usually 1” or 2” thick, so that there is a space between
the perforated hard front plate and the back wall. The space in between
can then be partly filled with a porous material to increase the resistance
part R of the impedance Z of the total construction. Such an absorbent 1is
easiest inserted in the apparatus by cutting the hard plate to a diameter just
equal to the holder’s outer diameter. By using respectively the 1” or 2” holder
the same result will be obtained as if the hard, perforated plate had a spacing
of respectively 1” and 2” from the back wall. If a damping matting is
used, inserted behind the perforated plate, it should be cut to a diameter
corresponding to the holder’s internal diameter and carefully inserted into
the holder.

With more complicated constructions, for example when there are several
layers in sequence, the variable holder is as a rule used. To obtain the correct
measurements, it is important that the different sections fit tightly to the
edge, so that the air particles cannot be set in motion in the space between
the material and the inner side af the holder. Thus, the samples should
be prepared with precision, and set up in the Standing Wave Apparatus

without strains arising in them, or any considerable degree of packing in
the case of soft materials.

Another important detail with measurements of materials where the
surface is perforated, is that the sample should have the same percentage of
perforations as is the average for a large area. Particular care should be

taken when cutting out samples for the small measuring tube, where the
area 1s small.

One often finds absorption material which is packed in paper or plastic.
and in this case it iy very importan{ when taking tube measurements that the
paper be not only cut precisely, but also glued internally to the holder, in
such a way that it is impossible for air to get past the edge. The acoustic
resistance of paper is often very great, so that even a very slight leak at the
edge of the paper will cause considerable changes in the conditions of ab-
sorption.

Fig. 6 shows three typical absorbents, with their absorption curves measured
as function of frequency. The different absorbents are: 1) Porous materials,
which have poor absorption at low frequencies, but high at higher frequen-
cies. 2) Membrane absorbents, consisting of the same porous material, but
covered with a thin plastic membrane., Here it is seen that the absorption is

11



Standard American 40-series|20-series|10-series| S5-series | Exact Valuel Mantissa
frequenciec | /3= Octave ' ' '
bandnumber 1 | I | 10000 000
1.06 10593 025
112 | 1.12 11220 050
100¢/s| 20 1.18 11885 075
125 | 1.25 | 1.25 12589 100
125 21 1.32 13335 125
14 | 1.4 14125 150
160 22 1.5 B 14962 175
16 | 1.6 | 1.6 15849 200
200 23 1.7 1.6 16788 225
1.8 | 1.8 17783 250
250 24 1.9 18836 275
2 2 2 19953 | 300
315 25 212 21135 325
| 224 | 2.24 22387 350
400 26 | 2.36 | 23714 375
500 27 25 [ 25 |25 [2.5 25119 | 400
2.65 | 26607 425
630 28 2.8 | 2.8 28184 450
3 29854 475
800 29 | 315 | 3.15 | 3.15 31623 500
3.35 33497 525
1000 30 3.55 | 3.55% 35481 550
3.75 37584 575
1250 3 4 4 | 39811 600
4.25 42170 625
1600 32 45 | 4.5 44668 650
4.75 47315 675
2000 33 5 5 50119 700
5.3 53088 725
2500 34 5.6 | 5.6 56234 750
110 . 6 | 59566 | 775
63 | 6.3 63096 800
4000 36 6.7 66834 825
74 | 7.1 70795 850
5000 37 7.5 74989 875
8 8 79433 900
63C0 38 8.5 84140 925
9 9 89125 950
9.5 94406 | 975

I'able I. Standard frequencies which shoutd be chosen when taking measure-

ments in the apparatus. The frequencies are based on the Rig series of the

international “Preferred Numbers”. A complete table of these socalled

“standardized Renard numbers” dividing a decade into 10 equal logarithmic
steps is shown at the right.

now higher at the lower frequencies and lower at the higher frequencies.
IFinally, we have 3) resonance absorbents, built up of a perforated plate,
simply placed in front of the porous material. Here one notes a peak on
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the absorption curve, so that there is powerful absorption at a medium
tfrequency range and lesser absorption at both lower and higher frequencies.
By changing the size of the holes, air separation behind the hard plate,
distance between holes and the thickness of the hard plate, it is possible, with-
in wide limits, to alter the frequency characteristic entirely as one desires.

In f1g 6, a, b and c, the results of the absorption measurements carried out
on both the big and the small tube are given. The continuous curve is valid
between 100 and 1800 c¢/s, the dotted curve between 800 and 6500 c¢/s. With
the glass wool sample of fig. 6 a and the glass wool covered with plastic of
fig. 6 b, the overlapping of the two domains is quite satisfactory. This is how-
ever far less the case with fig. 6 ¢, due to the fact that in order to obtain the
same percentage perforation for the panel used in both measurements, only
3 holes were allowed in the small measuring tube sample, With a hole diameter
of 4 mm and a rectangular spacing of 13 mm it was impossible in this case to
give each hole the same kind of back volume as the average hole had in the
bigger sample. However, even in this extreme case both measurements give
an idea of the absorption qualities of the given material in the complete fre-
quency range from 100 to 6500 c/s.

When making tube measurements, the absorption coefficient or impedance
should be determined at a series of different frequencies. For ordinary routine
investigations of absorbents, 1t is recommended to take readings at frequency
intervals of !/s octave. It is most convenient to use the so-called preferred
numbers, which are now standardized in most countries. In normal cases the
R10 series can be used (see table I), for more exact measurements the R20
series or the R40 series. When the analyzer 2109 is used as a selective ampli-
fier, the R10 series in facl corresponds to the middle frequencies of the 1/3
octave filters 1n that analyzer.

An absorbent whose acoustic impedance 1s real i.e., where there is no phase
difference between the pressure and the particle velocity at the surface of the
absorbent, will have a pressure maximum exactly at the surface of the
material, and a pressure minimum exactly a quarter wavelength away.

If the sample provides a complex impedance, of which one wishes to find
both the real and imaginary parts, one must first measure the ratio n ==

Pmax  One then measures the distance A by which the minimum has been

Pmin

displaced with respect to that position 1t would have had if the measuring
tube has been terminated by a hard surface. The distance 4 can be found in
two ways. 1) First, find the minimum position with the absorption material 1n
the holder, then removing the holder with absorption material, replace it by
an empty holder, reversed in position and find the new minimum position,
taking into account the difference in position which can arise between the
surface of the absorption material and the hard surface of the holder. The
difference between the minima positions gives 4 . 2} By measuring 1/2
between two minima and then calculating /4  as the difference between

13



Q

0

B bov g d Y * | - . —- r4 13- 4|.-r___ Er = 4 - n r i - T _._IJ..- By = .‘._...” - et il ._ 1%
58 th_iL + .f_.i: T b e ,nm - = H T IR et %ﬁ g g fhen bsae ipadvs .oad FFEER SR ERS
= ’ B r -+ |._ F- ! da — A . .1+ . - —— - |n|.. - [ -

-1 h |...._“:|Tr .n—ﬁlﬁ e .__H.. 1 1 .r._. .._WH .+._.. b ..".I - H_ __ 1 ..__|_....F L .u..Mll L..“.-._q... it T”_.W..m v - et h._.l._T_.rf tl.._”_..ln#-* ..“_..I._“-._.
. i o S T el L e . i = - 4 ¥ e i —j - - A et - - RN E
.” u-.ﬂ... H.. - _-.:.1|-. -T r.ih.-lﬁ le-.-1 ._. T..'thﬂ.mi.-ﬂ% _—I.ﬂ.._. .___”._". i._i-l.-.—.u .+1.-.|. MI 1 o -. . = ﬂl.“* - H. IH..I.-......_....—.... '...r. +._|.|H1.+I..._.1 u..n .....l.-l.'T oo ..1|l.......“. .IT.IH.-.._. H.I.*.-.IT.HH.I*....%.H.! —_—
t RESpiREcta] {iried jiise il 1 ats it oy S TERe chfbE o L SN e el g N g e,
- %.ﬁ...*..#: =l u..al*l_m_.urlh..nh.ql ol J 1_4.1._‘-r._“_ ) Y Al R s WA_ L k1 r*r1" - ”_.I+ i i : o e B L anat L e
PSS B S : IR ¥ A oo gy A S ol FRE PP SR S - = - ST T V-
] & abdfdebs Lﬁﬁ 338 38 i P 1 %H; .4 P e T N A [T HH., eppm W 0o o SRENTE FREEE 14 LF:
D ] 1. .. . ol | _ u . - o . h — o4 - ull - —— .
LY LT PSSt L by, SEetdlLe: i S Lot ) fan ol ehsithdek
s yavee v . 1 . T .. A sl f e S
RNl | Tl | _ 3. I3 SN TR T
ﬂ..#“—u ..rlﬂu_-. H-..? i 1 .__|...“.|...-I.f.-.._-r._ r.-..”_..._.._.ﬁ.._.r_._. =i |H.1..
* b =y = 1+ + l.l._...uq _H1H__ ._-” .n.p. (N E SR
E : — ﬁ”ﬂ ..J WI“.. ,__l.u.l._.._.++.+__..- PR ."..ﬂ. “"...1”
- - = o k- -da —-— Y 1 . ey F -
._.__ll..-._..u..".- ' _‘ln . “ —lml I_qﬁ. 4 L g h Fr .- .- i.l_ F __....r_- - - _. 1.m-r._-_“_|mu|”%.|” |-.”| .-_..-Imlm_.J
lap — g wog -4 + -d- ] . . | M 1 T . " - - L...._.
e ¥ - = T ¥ - - .I._.|.-.4..i|.| -~ .-..Iﬂ -r
5 1T 1. i 1 - - —r k- ' - L by o - " .._.l.““l - - ._r._|+-| i " L A LR
.HJ._,L. ._T:,*J.E.E- T 1 o AEAE T :mrw” @H-I; FL- I Jwr _,w 4rres Ly : ILﬂH: 1~ ﬁrﬁrm v m.,.w
‘ ] = ~agp— - - 25 3 . + - .l.rl_1... L ] P 1oy — |+|.T r
I1I__..Hl...i..“|.......p...&... Irqr."l.“ﬁlﬁlﬂ.r% '] ﬁlh.-ﬂ..l-—.lru.ulir ...qu+. — H .-+||_-. -l.—-v = e - .ml .l.“l _.qh.|__| -.|_T-1--I-..T. -.J*l_w.._.-.ur.. Tu_...fIH.H -.ﬁ.__
. LI Bl L - fnp L - ’ ) _...._. i ¥ ol il -— . o : i [ = w—rf
1 LIW..IH -5 w“rlq.u-.u.. .H._ ”Ilh_l.r._. _.LrlH.*_u.“l .-H.r .H..lllTiw.."h.-_.hL.# ...__ & .__H._.L...I-.-.Iﬁh ._.hlu .L—.l.H“.."__....-.J—IH” 1T ettt qw.ﬂ“.-l .L.._r._._-:Hr
. -4 k- . + » ..“ .lm_ .f.— r- A |1 T + ..-.Fi . -..‘..T.-l o SRR . .h.r . -.. i...-....__.._. —__“. I4.|+-.|. . !
T L AL T N _ gie—sa i TeH Bis it
Rllﬂlﬂl N _.. ﬁl.- -r..l. ...-. uriuﬁ&.htv —_ .._q._._‘ -w. .|H.. .I|_.|..__ T“. .-.._Irl - -y - Ilh L] .H..ql-_- .ﬁi
- . ._u i - - -1.-. + 4 Ih I.1 .T.l .E. I+. - _ - - —c..lll..l l.ﬂl.—. [] - ry - rm g LI - l."_. .-H — T
+ T £ [ *..T1.ﬂ._..._. -+ 4t | 4 - - ._._._.—”H._. 'Y ——— e it i e B N ] ._..".I_.._ +_ + ...I..".I|
u r4 I CHETH RS G ety — o iyt DA SESE St Eanil il o
- " .”. > - & . -...unl n o .I.._l “”.__.-. = . 4
R SRR R R R T R R IR S N 21> TR ™
u_l,w. rdm..m.u +h|;ﬂ Tk + ___.nhu —. ﬁr 1"...4 T “-. u.__. ._.JL £ T ot i.ml-. “.._. m..m..+++
+ o+ — = 1._-I._||.H -— i | = - i + 4 i, ~ =
— " - r ™71 1 . = H - . —— : - - *
| N Ny auni 4 v podd B 1 b - 4 _..m.- r = et R R B TR EE X 1=
& - I . da E - - = . - L rFA - L.il- - [ L arpd
prR e .TH: aRUNERS buanlavaten u_.f{ o B Set e eu FECEE I o b I any
| | . t L - X P p4 LR K [ el ekl g — - -4 Pk r ._1+
a L 4 I_n T .._1._4..4 ] L AT : 4 N
. 4 ™ .=|.|.. i T i L.1_ T r_.. ._. ..r.._. - [ 1. i T 1. I 1 - gl
e T e e T RS S o es B
- ERER s B . chitbhety ! Diph Suuge, aatih 1 i indelil B o
eaat| WSS SEETE STTSEIRHTE MM aasruSUA LAY 02 i o ftEsse
- ey —1- . I - _ S
$: [egias) EHILecd. SeRieass STRURER ] (IRS oSl bl snyan . ey S
T SRR LR T Hw o e g 08 B * et . 207 SRS P 1 B Mt A o ad
' A S aa kol | Bk slahod iSadeod Suahs Ay g
I M 3 - I M . b |..--. ._.-.l. ; ke a4 - - —§ - -— - -
S R b e e £ 1 e R T O IR T iaugy Asgssey 1100
- ' a ] .+ 1 |i # L] k H
b v + +15 H.l 4 MR A t 4@ . - = b4 w ! D eV & L _
r H- - —y— & .1:.1 =y 1 -k ] -k r
r i ‘Bl i - : - | - — g -
H : 1 et i
.-... | | -h .__
F -r —— L.-l
——— . . —1 @
g L .- - = -....*...,H.
bR S L e NG mwr SR TR s b gs = v SRERE S HICSAT &
e . h.“ H._ —.. u.h.lcr o +.___. __.....'J : il — u_q..-rlr g & . |#L_.“.|~|._
] - . - & " — d = T of - [ R . .
mi _+| -1 ..__..u“_ byd-g .“ r ._.__Im...m ' - JH-”.T . :HT“-", . ".uﬁ__._ﬁ.ﬂ
. b = - ) - - =N ER r .". . k- 3 - ¥
1 1 Tl L + p.w—..hﬁ. et . ”Ln.__“ -“r._._.|-._ .".—.._.__L_._r neoy dok
I ' g .__...“I.u HIN P 1 r LlTn_". .._.“...” MMER TR T Ly H
1 ' ¥- mk - R LI — - i PR R * r - -1 —_—
as -+ H .+-HI.H1.H._|__. - ' s Hw.._..m. .".T,," ..?.Hl_f.. ._.__;_.l.“,ﬁ.__
1 e 11 ’ P NI W Al el W il | DR B i ‘
nT ] I-...+ .-H l_._.-||.ﬂ .ﬁ o x — a4 & 4 ...Lr !rml".' .F mILmIH‘l i - H.
: . T -l - - —+ - | a -1 . Tk .- . -
4 ] ! w r.H.i..“. f F.m. . .__L...T_TT. ..._..JL.___._L.T q|m.1.___.._. 4 B R m.:r
ﬁ 4 . . . .|.-.4 [ ._I—.._. - » - -t = ”.“ e § .n.ln-.. 4 [N -
. - k L L] b r _
i [ L 1 . — iy ap | - 4-F; — +..-. Ak -k r 4 - o- 1 i -.+r "] ._.._.u. . H i
- — - -1 ' —r | 4+ - - . - - - . 4 ——— - 4= am f cp -
iR RACER ek pRisis, aint Gt n s st faae: sl ieey b po o il B e ity IOV 1P ofist U URH IhiE
- - - ey s - 3 * 1 .H. Wy B 1 ’ = i r o * TR . == vor "
= -4 1 ] : L_ . ] L.l ++ 1.. h .-..|_ e . - - , i - . by 3
Y T W 1 i . #M I . . 4 - ' - i — - o - K IE L Log o TRR T ' L UL
- rH._._...u. |_|H .al__..rﬁ N * ..HIF L] 1_..._ 1 . _.1 .-l:.u..ﬁr. "“.-._ .l.-ﬂ;..__ﬁ Tt lTn-._.l - + H oy Irm_. - t .qu“- b= 1- .._|._“.-||._ - E L] ] -_lh [ —..r.__..-.
- |..q ' #1 L & ] '] E . -+ ot B T T o 4.l - pra l.w 4 % i R D D S = - g =5 = . - HEE =+ iu_w—_
.H| lﬂ.*..u .l-. "_ " . .-.I.__.I M Mr. _I | F_ h Ll I L T r M- - ._ .—.. H.. _...-1 ..“l._.imr. - .-_...lu..hl - W - -_.f +..--I.r = |
+ - Wil ; | i 1 ......_ - - l._ ....r_... . » -4 * k .-... - - - - .H”-Il . '
OO G N A N N T | T e (35541 SRR R} Blvas o SF ALY SR Rt Lot LU (i Py w2f) TR
b 1 Y - — - B - -f - .- - - - % I r " L] (I | - -
T i ._._..h.nv i 1 il e H i — I i 1 ._..-Llp .__b_...l_... - _ L g i ' .H.HH_ -} . o ﬁ._.. W1 - ! sy 1"
m_ - -HL..._ - il IH - HM 1. Wil ﬁ : : - iyl ot — - - - - — = -
’ e , ¥ [ . T [ I b a4 b 4 - R A -as ' -
~+t- 444 b ,._.___mu_, v+ Fu. v Ay f SR kL ag d 4 § okt #- it & S50 4 & r.,__”....—.d_w: - e 7 e L 4 B _. . 1.0}
+11 +4 - 1 : - : - i i : i1
H . ,ﬁl 1 .._q..l_q-__ ..__.._u k r — ..-_!—!_HI .1_.||._.Th.l._. ..“. .wl_ bt ¥ - _J ._:-. e B kil - - + T T+ ...ﬁ+|-.... --.. .”.“l.+.. .r__l ._.._... rHul .hl H:p ‘1 1 ...n_. i._._ H._.l.
= LE I L.l_.. ._—_.r..r 4 L .H-._ - - 4 —_ L] - - il il n . r - T - ..._.
. . i r y ; — . _ 1|.h . - _1._ -} — - R P ﬁh..r. { = . - o - - -m oy - . - L
* - hq - ﬂl.-. ’ —._._ & ] - b + H .—_.- h-”. ! B ~-ffr-l = v [ -4 ~ " - - - - d— - ! oy b
» l.._.—. = B .—. % i | *4“ H. “T 4 ﬁ ._.H. *Lr =4 H HHI”! - ] I T .r....l#. ._-IW.H ....IhL. . ..m.lﬂ._ : m -_._ : . - Hu i“l . 1 ._...“. - - _ l.. _ F-- L L a .=
; ._“_ Aﬁ:.._.. 3 .__I .T“. - r.# . ..w.__ : Fi H_ul__.r.___ .k & +__. b4 4 e ...IT il A B - M.H.- — g . ' ._q . '
- Y IFI.EI.. b h e b . ‘ Py 1 lﬂu E A - - -—-
| 17 il .“. L - —. - — I..Hr : | + LT L) —_ —_ . .-“... s ook A - el 1 4
lseuft ek hnu PO TN i - CNOTR AR et A el } 155 fof ' Ph AN Al IRE OER b=
e w -+ -t - 1 X -- i-= - A s YR ol - = - i
L o IO il.—.. Hf|rl k. .."|H. WI.T 3 +_. - f.. - |L.- H Il"u.Hr " + u. 1 .._- am-—k —-t “-Fr—g¢* %~ LT -+ + - T - L] . . ....I roa - _-. -
L L § o
H - 1. L - - - ..r — - — 4. — ] r-k - -+ m i’ "W 1 - . P . . . ]
O [ e e R R G R TR AT AP T e SOl GOSN N BT T
i - e 4 - - * - ' . ¥ - r + - - - -1 ] - i - ] . : : |. X )
T = w..l.-.._. , ¥ +_ -u]f.l ﬁ.#.—.-.—.r.m:lhl i . .IM.I. - l...-..r 41 H.—.. - .M. ) ' Fr ..._._. o H -_l.-.. L * “.|+ t__1+ |.mH..r T I N _ P, i
b=t F ==t t ol PR i : a2 L. I . e bR T X B LEF .= . P L
-1.-. %.ﬁ.._ ..l.h._-. . |.HI ._uq b __ﬁT._... ﬁuLh .._I.—. .h!.:_ Iﬁl..".rl.__ _. M.*_‘ L I!Ilel + agm .—I h. .-I# ' W .“__.I._ * ; .-. : _.u h _ H .._..-Hh . . . * “.m. |.-.1 s o __. t r d “ “
Tl 4.+T_ 1T ._.-.._M.lh Ry P gEEERE ' { -1 - 4. i A_\ 4 Y] o 4 N N A - - ! —+ -~ - *
i b i 4 r— 4 . — ¥ T g T o
e M ! |H.-_I.r.hr 1-1 Lr.-.._. P L .h..ﬁl.._ 1 L- i 1 [ F o br-r - N ] ..._. - -4 ’ - r - .
ie S ETEIEIogde dukads RS TR MT e NI PONTENACT AN SN RS o p U ._ :
4 . Y ) N N A A - 4 -+ 1 1 il i . U ' a & i P -f - -
ct e TR R AT L MO LT ARk A6 B v $ 5B A e oo ¥ SR8 (B3 R0 T A0 . .
I+ vt F _ 4 o I N N - — 4.
+ ..'.ﬁ_ i * l-l..ru { kg oo PR { * i -.—.I ;! . T v - .| Hr.- . = 1 v“ .__u.-. N = H —_— H.. ..m.._. .- - 1 1
L | ‘.IW.L_ " |3 ._r-I””_-.._1“.I+_...__”._. . * . _..” .F-.I—. _-.th.i...l _H._r - | ﬂ- _._..+ -.H_r f._.—. 1.4. L -._ P *- i.w_. . .- - $ - _.- “
4 4+ - o Hl—rI-r .w. - q._. .._-.|F... T™TTr - ﬂ. +- Il y * * - b .-._. - - F b o - : o L - h-_ - - |.|.
L F| ._._1 i a i H Y ' ' R N b ._
. M | n 1 N f-+-f- . L R R | ..r. - - - -4 * - 1 1 _
- + | ] = | H _ 744 ..+.. 1 =l - -+ L -1 " - 4 __._ - r - m 1 - a !
.- b Tt P A B Wi | ! Y, S 5 i i, W A - | " 4 WE R e i 2 E . I :
[ ¥ F A n.i...ni“.r g - ﬂlmlhlw. 1 HI ._._..l._l.—...m.__..F ._._.,_ o - 4 4 ._1...1 i ' . T PR . - = 3 |“ “. - . - ] - q
+—4 ... * T+ . H - \ b . |k L - L] ! (L
u_.-L].,.:H .I.T.-- i 5 .ﬁ. .H.I.- : .T..I._H__._. LI-.-..«MHI%IW ._-NT .__.l_. .._Tq.-_r*u.n. 1 o be .__Lu.. L h 1 | i : > H . I ) ;
| | L...“H ¥ i i 1 s el o EL LTI piviia +3 gy 7, G0 AN Y % R e
Hli.. L ] H....Hlf1 -l + 4 % ; 1 ”|+-u.l_.1 *.H. k .1.-1.-_. 4+ JﬁH 1” . - —. i . " - - = & _ .. - _1 -
] 4 wprle—af .._l -4 N e b g - p ! *.F.q . - , - ] . - - I -
nlﬂr‘ H._.Ia I m.-.l_-. i. . 1 .”.-..I 1 .”._l...HJT F {- : . s L ] ...-w1 —lM.- _-..r |._.. .- ||.H k ! -+ ".__ \
m.ﬁf o ;- & o - " 1 I :
r H + ] ] ] ! 1
T
r e 1 1 Wi L ) i ﬁ.
o Wy I H : . . ‘ ] - .
v ' " \ R V" L L .
.-q | J .“- .‘ 1
- -
—* ] - = L] F -
] — - - - —h - -
.r.H.H . - _ H.."_
[ + < o - -k iy -
T r -+ F = | mo# ._11_ - ir _ " .
‘.. b ._f.—.. . - k - - ko= -
v ] 1
- =+ . + =" - N F - q.ﬁ
¥ +4 M b, JLIER B r - ..H LN H ..- - 1A 5.. [
- P r 1 - | BT ] v b - r . - d + . | - 'S
o0 + h : r n o s jaouiod ARaEAng R pea 3 INRNY B rm.r it il
we S ATy | SRR AL ROS 5. -H 4 - ST Tt SPane Lo Vit s { 6 ) Seavts SRRl 1/ § Juid sh-2 5 Riue e v
SRSty PN R e e eav] phohen SasS0% Snass el B {=a Sy bRy B LRXEN SERN4 ;20T SR METTCY R SH T £RLa & " Y WIR B84
8 idas 1551 8e boubaod? fressed Jaay tucree agsg iS¢ et fesesgeail ¢ maate |nkunttt 4 GRSkl 11 Eakk s | iEadl So THENST IS A0S M4 5 I
- e k4 a4 b L] r F - - ] r ' r

2 1% 1 15 16 17 18

10 11

9

7 |8

2110

n=10

12

20°

0,75

14

25°

|

30°

22

20

oY

35°

26
28~

n=3%0

55
65°

40

\ 20
75°

60

il

L

Q

45°

y

55° 50°

60°

70°

80°

129 100
85°

Il =

15

obtained in the

100 9,

A

Standing Wave Apparatus.

2
and A

max
pmin

Fig. 7. Circle diagram for estimating the complex impedance z =r T jxr = [z/@

from the measuring results n

14



O N NS SN Y
T TP N T 7 D

7
thin layer 2 perforated
plate

N

3
]

of qlasswoo!

S

—rl——

1

S P 7 L

per foration
percentage

6% (
/ |

—— 7\
 RSA

- al—

N OO SRS EOaOOESES Sy

el N R e F ol g
'\ﬁ

vels | ally 0 A cm | A/2 cm 25"& 100°%, r X 'z @
100 51/, 70 +~ 2.1 170,0 +25 25 =123 13,0 =80°
125 4 100 =49 1368 +36 07 =89 90 =85°
160 6 65 +~ 44 1072 =41 08 =77 719 +84°
200 8 48 = 5,0 86,8 -~ 5,8 0,4 5,6 5,7 —+—84,5°
250  101/2 36 ~ 6,0 687 =73 04 =43 43 +845°
315 1714 21 = 5,5 53,7 ~10,2 0,3 =3,0 3,0 =83)5°
400 33 10 ~ 59 430 =137 03 =22 22  =82°
500 57 48 = 6,5 34,7 =188 0,7 =+12 15 +5¢%°
630 87 2,1  + 7.1 270 =262 08 =05 1,0 ==37°
800 96 1,56 +10,1 216 4465 08 402 0,7 4+ 5°
1000 88 20 -+ 4,6 174 4262 07 406 04  +40°
1250 69 36 4+ 2.6 136 +190 08 412 15  +56°
1600 47 6.3 4+ 1,3 108 4120 08 +21 24  469°
2000 32 104 4+ 09 86 + 95 18 429 31  472°

Fig. 8. A resonance absorbent with a table of standard frequencies, with the

values of the absorption coefficient a, n = 2% A¢ ~ A/2 and r and x of the
Pmin
compler impedance z = r + jx, all at the standardized frequencies.
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the distance from the absorption material to the first minimum and the value
A/4. For these measurements the millimeter scale placed on the microphone
carriage track can be used. It is important, when inserting absorption material
in the apparatus, to first adjust the microphone probe by screwing it further
in or out of the microphone carriage, so that it is just touching the surface cf
the absorption material.

The real part R and the imaginary part X of the complex acoustic impedance
can then both be calculated with the aid of n and 4 . The half wavelength 1/2

YA

must also be known, and the ratio e expressed in percent. The upper half

of the diagram shown in fig. 7 will immediately give the impedances r and x

2
if the values of n and —ﬂ.é 7 are marked off. The lower half of the diagram

gives the complex acoustic impedance expressed by the modulus /z/ and the
angle @°. The figures given in the diagram are the so-called reduced 1mpe.
dances, which are non-dimensional. To find the impedances expressed in Rayls
(gem™“ s71), the values found must be multiplied by the acoustic impedance
of air. ¢ = 42 Rayls.*) Lastly the positive or negative sign of x (i.e. whethev
the reactance of the impedance can be assumed to be a mass or a compliance;
follows from the sign of A . With the distance sample to first minimum
>1/44, A and x will be positive, when <!/a4, /4 and x will be negative,

31y

{fo udJF:airr
bor

microphong O

'
measuring tubs
Py ————— S —— | probde e .:rpin-r
e, meeaeae E %

— o

— ] "_.-ﬂ"".—-".—.—.;'.-_-r- i T A — T v Tl el et il -_"._-;:-- )

e e _ T g

edjustable 002
Jupport

I'ig. 9. Set up for the automatic measurement of the absorplion coefficient witk

the aid of the Automatic Frequency Response Recorder type 2314, consisting

of the BFO 1012 and the High Speed Level Recorder 2304. The Microphone

Amplifier type 2601 has been used here as a linear amplifier. Frequency range
200—2000 c/s.

*) For the derivation of fig 7 see Fer V Briel: Sound Insulation and Room Acousticss,
p. 56-63, Chapman & Hall, L.ondon 1451.
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Fig. 10. The result of an automatic measurement-carried out on the set-up of fig.

9. The special scale for direct estimation of the absorption coefficient from

lhe recording diagram is inserted in both diagrams and shown enlarged at
the left side. The scale is effective for a 50 db potentiometer.

['ig. 8 shows a resonance absorbent as well as a table of the results measured
at the standardized frequencies 100—125—160—200 etc., for the absorption
coefficient a, n. 4 and 4/2 and acoustic impedance z=r 4+ jx. Between 100
and 250 ¢/s the values of 4/2 and therefrom / followed with this measurement
according to the first method described on p.13; from 250 to 2000 c/s the values
follow from the distance measurements of the first and second minima. The
latter method should be regarded as the more accurate of the two, as one
uses the same setting of the B.F.O., etc.

When developing new absorption materials one has often to carry out a
long series of measurements, often within a certain frequency range only. If,
In addition to a BFO 1012 and Analyzer 2105 or 2109, one has also access to
a Level Recorder 2304, it is practicable to be able to carry out the measure-
ments more or less automatically. Fig. 9 shows such a set-up, where a special
motor slowly moves the microphone carriage back and forward by means of
a simple connecting rod arrangement. The total range of movement of the
microphone carriage is approx. 50 cm.

17



The Level Recorder is connected to the BFO, so that the BFQO’s frequency
changes quite slowly at the same time as the paper moves on the Level
Recorder 1n synchronism with the frequency traverse of the BFO. When the
frequency has to change over a wide range, it is impossible to work with a
selective amplifier, unless one uses type 2109, synchronized with the BFO
and Level Recorder. In these measurements one therefore uses a linear ampli-
fier, e.g. the Microphone Amplifier 2601 or uses the linear frequency range of
Analyzer 2105 or 2109.

A logarithmic potentiometer of for example 50 db is used in the Level Re-
corder, whereby the ratio between pressure maxima and pressure minima can
be read off directly from the recording paper. For these measurements it is
possible to construct a scale as shown in fig. 10, left, from which the absorp-
tion coefficient can be read off directly when the scale is placed over the
recorded curve. On account of resonance phenomena in the measuring tube,
loudspeaker and microphone, the absolute amplitude will naturally vary very
much, as can also be seen in the examples shown in fig. 10. It is therefore
advantageous to use a 75 db potentiomeler on tl.e recorder when making this
measurement, so as to be able, without changing the amplification, to carry
out absorption measurements over a greater frequency range, with of course
a consequent increased inaccuracy in the reading of the absorption coefficients
from the special scale.

Another way of recording the absorption coefficient semi-automatically is
shown in fig. 11. Here, the Level Recorder with logarithmic potentiometer of
50 or 75 db is mechanically coupled to the 1/3-octave Analyzer 2109. Each
time the Analyzer switches to a new filler the BFO 1s set manually to the
mid-frequency value of that filter. The max./min. ratios are then recorded
by moving the microphone carriage slowly by hand a few times up and down

11. Set-up for the semi-automatic measurement of the absorption coefficient
with the aid of Level Recorder 2304 mechanically coupled to the Y3-octave
Analyzer 210y

18
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Fig. 12 Result of a semi-auliomatic measurement according to f[ig. 11.

for each filter, while the paper passes through the recorder at an appropriate
speed. The special scale of fig. 10, left, can then again be used to determine
the absorption coefficient at the standardized frequencies. The advantage,
compared with the foregoing method is that the measurement 1s carried out
selectively, which in principle is the only correct measuring procedure. How-
ever, for a preliminary investigation the difference between both procedures,

Selective measurement Linear Measurement with
with Analyzer 2109 Microphone Amphfier 2601
or Analyzer 2109 on “linear®
/ Pmax Pmax
v oS Pmin a Pmin a
200 c/s 30 db 12,5 % 29 db 16 9
250 c/s 27 db 17 9% 25 db 20 9%
320 c¢/s 24 db 23 9 21 db 30 9
400 c/s 21 db 30 % 18 db 39 % |
500 ¢/s 18 db 39 9 16 db 48 9
640 c/s 16 db 18 9, 14 db 55 9
800 c/s 12 db 64 9 10 db 73 9.
1000 c/s 9 db 77 9 8 db 82 9,
1250 ¢/s 6 db 88 9, 6 db 88 9,
1600 c/s 4 db 95 9% 4 db 95 9,
2000 c/s 1.5 db 99 9 1.5 db 99 9%

I'able 1I. Comparison of measuring results of the two measurements of
absorption coefficient according toe fig. 10 and 12.
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especially with higher absorption coefficients, is rather small. The higher the
absorption, the smaller the difference between max. and min. pressure in
the tube, and the less the influence of the higher order modes which are also
excited. The results, as shown in figs, 10 and 12, of the measurements carried
out according to figs. 9 and 11 on the same sample of glass wool, are repeated
below in tabular form to indicate the difference. Attention should be paid to
having the right matching impedance (62 for the connection to the loud-
speaker, so as to give minimum distortion, especially with the method ol
fig. 9. Further, in both methodscare should be taken that the writing speed
of the level recorder is high enough, and the speed of rotation in the motor of
fig. 9 or the manual speed of the movement in fig. 11 slow enough, to allow the
correct recording of the pressure drop at the minima (see the logarithmic
representation of pressure versus distance in the tube in fig. 3 a). With the
microphone car crossing the minima too quickly, the minima will be recorded
too high, and an erroneous absorption coefflicient will be oblained, A check
at the lower frequencies that the minima are actually passed is the recording
of the double minimum for only one maximum. This double tail (see figs. 10
and 12) only results if the probe really passes a minimum twice 1n one up
and down movement.
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