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a b s t r a c t

A non-expensive insulation box for aero-acoustic experiments at moderate Reynolds numbers
Re < 2 � 104 and low Mach numbers M < 0.2 is presented. Its performance is evaluated with particular
attention to unwanted noise sources inherent to the flow facility. Objective acoustic parameters of the
insulation box are assessed.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The current technical note results from the need to perform
aero-acoustic experiments in an ordinary laboratory room
equipped with a flow facility. The flow facility consists of com-
pressed air circulating in a uniform tube with diameter 1 cm for
which the volume flow rate can be imposed by means of a pressure
regulator (Norgren type 11-818-987) and a manual valve. The oil-
injected rotary screw compressor (Copco GA7) is isolated in a sep-
arated room. The geometries and volume flow rates of interest are
such that studied flows are characterised by moderate Reynolds
numbers Re < 2 � 104 and low Mach numbers M < 0.2. Sound fre-
quencies of interest are less than 10 kHz.

The presence of the pressure regulator and airflow circuit in the
room is a source of constant broadband background noise, which
cannot be filtered out using basic signal processing techniques
since it affects all frequencies. Additional constant noise sources
are due to the experimental procedure such as computers ventila-
tion noise during data acquisition. Besides unwanted noise sources
inherent to the airflow facility or experimental procedure, several
punctual and random unwanted noise sources are related to inside
activities of colleagues or outdoor activities of passengers or traffic.
Consequently, instead of isolating individual noise sources it has
been chosen to integrate a non-expensive experimental box in
the ordinary room which is suitable for aero-acoustic experiments
for flows in the range of interest and serves as an insulation room.

In the following, the design of the insulation box is outlined and
its performance is evaluated in terms of insulation and

quantitative objective acoustic parameters. The design of the box
is successful in case noise produced during aero-acoustic experi-
ments at moderate Reynolds and low Mach numbers can be stud-
ied in acceptable flow and acoustic conditions.

2. Design and instrumentation

The box is inserted in an ordinary room with no acoustical
treatment of volume 49.8 m3 and dimensions 4.45 � 4 � 2.80 m,
length �width � height. Due to the location of windows, entrance
door, space required for experimental material and instruments
(such as the settling chamber for flow experiments) and manufac-
turing issues, the external dimensions of the box are reduced to
2.07 � 2.10 � 2.14 m, length �width � height. A two-dimensional
spatial overview of the ordinary room and insulation box is given
in Fig. 1a.

The insulation box is built in rigid flat wooden fibre board insu-
lation panels with thickness 2.5 cm to which acoustic foam (SE50-
AL-ML, Elastomeres Solutions) with thickness 5 cm is added. The
foam consists out of a basis layer of PVC (polyvinyl chloride 5 kg/
m2) to which PU ether (polyurethane) is added. Therefore, the final
insulation panels of the insulation box are three layered – wood,
PVC, PU ether – with a total thickness of 7.5 cm as illustrated in
Fig. 1b. The foam absorbs frequencies in the range from 100 up
to 10 kHz which is ‘a priori’ suitable for broadband noise sources
such as pressure regulator and PC ventilator. The efficiency of the
acoustic foam depends on the noise frequencies. Characteristics
of the insulation box are summarised in Table 1.

Three trapdoors allow access for instrumentation cables. In
addition, trapdoors can be used to insert the nozzle to be studied.
Trapdoors are made of the same rigid wood panels as the box and
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have internal dimensions 20 � 20 cm, 20 � 20 cm and 70 � 70 cm.
The trapdoors are placed at middle panel height and their positions
are indicated in Fig. 1a. A wooden access door of internal dimen-
sions 70 � 200 cm (width � length) and thickness 4.5 cm, is in-
stalled to allow access inside the box for setting up the
instrumentation. Acoustic foam is added to trapdoors and access
door as well.

Besides insulation from outdoor noise sources, the presence of
acoustic foam intends to avoid acoustic volume resonance frequen-
cies which depend inversely upon the characteristic lengths of the
resonating volume, indicated Lx,y,z in Table 1.

Finally, note that, if required, the whole structure can be dis-
mounted and remounted.

3. Performance and discussion

In the following, the flow and acoustic performances of the
insulation box are evaluated for the aimed range of Reynolds and
Mach numbers.

3.1. Flow performance

Confinement is known to influence the flow [13,6]. The influ-
ence of the reduced volume of the box on the flow is studied for
a typical nozzle geometry of interest such as a free jet issuing from
a round nozzle with diameter d 6 25 mm [15]. The nozzle is placed
central in a wall panel so that the degree of confinement is similar
in all directions.

Jet development involves jet spreading. A spatial overview of
the geometrical maximal jet spreading angle h(x,y) is given as:

h
x
y

� �
¼ arctan

x
y

� �
; ð1Þ

with streamwise direction x and transverse direction y. The origin
(x = 0, y = 0) is taken at the centre of the nozzle’s exit. Based on a
typical value of d 6 25 mm and a far field expansion angle of
h = 9� it is seen that jet development can be studied in the near
and far field up to P80d [13]. Consequently, the dimensions of
the insulation box are satisfying with respect to jet development
experiments.

Besides jet spreading, confinement is known to affect momen-
tum conservation [13,6]. The momentum constraint M/M0 is ex-
pressed as:

M
M0

x
d

� �
¼ 1þ 16

pK2

x
d

� �2 A0

Ar

� ��1

; ð2Þ

with tube exit diameter d, tube exit area A0 ¼ 1
4 pd2, jet centreline

distance downstream the tube exit x, Ar cross-sectional area of the
room at a given x/d-location, total momentum M0, local jet momen-
tum M and centreline decay constant K. Thus to first order, the local
momentum M in the jet-like part is diminished as x/d increases.
Therefore, Eq. (2) can be used to estimate the return of momentum
in the jet for given decay parameter and room size. A typical value
of the decay parameter for a nozzle with exit diameter d = 25 mm
yields K = 5.9 [15,5]. The two-dimensional cross-section of the box
yields Ar = 3.88 m2 using dimensions given in Table 1. The resulting
momentum constraint M/M0 is illustrated in Fig. 2. The streamwise
distance is expressed with respect to the streamwise length Lx in-
stead of to the nozzle diameter d, which facilitates interpretation
regardless of the diameter d. It is easily seen that for the cross-sec-
tion Ar a momentum loss in the jet smaller than 10%, 20% and 30%
corresponds to streamwise positions of 45%, 65% and 85% of the
streamwise length Lx. As a reference also values for half and twice
the cross-sectional area Ar are shown, indicating that the stream-
wise extent is increased with 20% for 2 � Ar and decreased with
about 15% for Ar/2. Consequently, the current dimensions are
judged to offer a good balance between cross-sectional area and
momentum constraint since for d 6 25 mm jet development can
be studied up to x/d P 36 for M/M0 P 0.9.

3.2. Acoustic performance

An omni directional microphone Bruel & Kjaer (type 4192) with
associated pre-amplifier (B&K 4165) and additional amplifier
(0 6 G 6 50 dB) and power supply (B&K 5935L) is used to perform
sound measurements in the untreated room and in the insulation
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Fig. 1. (a) Two-dimensional spatial overview of experimental room without acoustical treatment with entrance D0, room windows W, compressed air supply �, insulation
box (dashed rectangle) equipped with 3 trapdoors P and door access D1. (b) Illustration of a section of the three-layered insulation panel.

Table 1
Relevant insulation box characteristics. Internal dimensions correspond to length,
Lx �width, Ly � height, Lz. Corresponding values of the absorption coefficient of the
foam af for different frequency ranges are indicated [1].

Values and range

Internal dimensions Lx = 1.92 m, Ly = 1.95 m, Lz = 1.99 m

Internal volume, V 7.45 m3

Internal wall surface, S 22.9 m2

Absorbing foam 98% (af = 0.98) 2500 < F < 10,000 Hz
(Elastomeres Solutions) 80% (af = 0.8) 1000 < F < 2500 Hz
(SE50-AL-ML) <80% (af 6 0.8) 100 < F < 1000 Hz

(linear increase)

Wall thickness 7.5 cm
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box. Sounds are recorded during 10 s consecutively for steady
sources at 216 samples per second. The sensitivity of the micro-
phone is determined with a calibrator (B&K 4231).

3.2.1. Attenuation of external sources
The acoustic performance is firstly evaluated with respect to

unwanted noise sources which are inherent to the measurement
procedure and to the flow facility. Signals are high-pass filtered
with a fifth order Butterworth filter with cutoff frequency
100 Hz, so that the electrical network frequency of 50 Hz and
low frequency noises are excluded. In addition, attenuation below
100 Hz is expected to be insufficient due to the poor attenuation of
the foam as indicated in Table 1. All sound pressure levels are ex-
pressed in dB SPL as:

SPL ¼ 20log10
prms

pref

 !
; ð3Þ

where pref = 2 � 10�5 Pa and prms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

PN
i¼1p2

i

q
, with pi the ith instan-

taneous acoustic pressure out of N = 655,360 samples.
The attenuation of external noise sources is quantified using a

simple additive model for the sound pressure level so that an un-
wanted source is considered to have no influence in case the differ-
ence between wanted and unwanted source DdB is more than
25 dB.

The attenuation of background noises measured inside and out-
side the insulation box due to airflow supply (180 l/min and 110 l/
min) and PC usage is given in Table 2. In addition, the attenuation
of human conversational speech is shown. SPL-values measured in
the non-treated room are >80 dB for airflow supply, 68 dB for com-
puter usage and 70 dB for the voice sample. Recall that the SPL
level of the voice sample is within the range expected for human

conversational speech [11]. The value of computer usage and voice
are of the same order of magnitude whereas the SPL values mea-
sured for airflow supply are >10 dB larger, so that airflow supply
is the most important source of background noise during the mea-
surements. From Table 2 it is observed that corresponding attenu-
ated values measured in the insulation box approximate the
reference level of 36 dB. In addition, it is seen that all background
noise sources are attenuated with more than 25 dB. Consequently,
the attenuation of SPL for unwanted noise sources inherent to the
measurement procedure and airflow supply is satisfactory.

Next, the spectral attenuation of the insulation box is consid-
ered. Fig. 3 illustrates the attenuation with respect to the reference
level for unwanted noise sources inherent to the experimental pro-
cedure, i.e. airflow supply 110 l/min and PC usage. Both sources are
broadband noises for which the spectrum covers the entire fre-
quency domain when measured in the non-treated room. It is ob-
served that the corresponding spectra measured inside the
insulation box match the reference level for f P 300 Hz and that
for f < 300 Hz the difference with the reference level is less than
10 dB. Note that despite the approximately square shape of the
insulation box, the attenuation is independent of its acoustical
modes. Consequently, as for the attenuation in SPL, the spectral
attenuation of the insulation box for unwanted noise sources
inherent to the measurement procedure and airflow supply is
satisfying.

3.2.2. Acoustic behaviour
The homogeneity and reverberation time of the insulation box

are estimated.
A driver unit of a horn speaker (SHOW/SKY TU-100) is used as a

transducer for producing an arbitrary sound source. A cylindrical
cone is mounted to the driver unit in order to generate a point
source. Electrical signals are connected to a PC through a National
Instruments BNC-2090 Card and a National Instruments (PCI-MIO-
16XE-10) acquisition card. The sent/acquired data are processed
using LabView 8 (National Instruments). Sinusoidal signals are
fed to the driver unit. The frequencies of the sinusoidal signals
are varied between 100 and 10 kHz with frequency steps of
25 Hz. The sound power of the source for all frequencies yields
53 ± 3 dB SWL when assuming a point source.

In order to evaluate the homogeneity of the insulation box dif-
ferent microphone positions are considered for a fixed source loca-
tion in the centre of the box at a height of 18 cm above its floor.
Measurement positions are symmetrical around the source
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Fig. 2. Momentum constraint M/M0(x/Lx) for d = 25 mm, K = 5.9 and Ar = 3.88 m2

(thick solid line), 2 � Ar (dashed line), Ar/2 (thin solid line).

Table 2
Performance of the insulation box for typical background noise due to the
measurement procedure: measured sound pressure levels (SPL) for air supply (180
and 110 l/min) and PC usage in the non-treated room (R) and in the insulation box (I).

Noise Measured SPL levels

Non-treated room
(SPLR)

Insulation box
(SPLI)

Attenuation
(SPLR � SPLI)

180 l/min 92 dB 36 dB >25 dB
110 l/min 82 dB 36 dB >25 dB
PC 68 dB 37 dB >25 dB
Voice 70 dB 38 dB >25 dB

Reference level 36 dB

102 103 104
0

20

40

60

80

100

120

PS
D

 [d
B 

SP
L]

f [Hz]

ref.
air I
air R
PC I
PC R

Fig. 3. Performance of the insulation box for typical background noises due to the
measurement procedure: Power Spectral Density (PSD) for 110 l/min air supply and
PC usage in the non-treated room (R) and in the insulation box (I).
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position at half-height of the room at a distance of 1.32 and 1.03 m
from the source as schematically indicated in Fig. 4.

The measured mean SPL levels as function of frequency for
microphone positions at a distance of 1.32 m from the source are gi-
ven in Fig. 5a and yield 41.7 ± 2.7 dB. The standard deviation for the
different positions is indicated as well. The maximum standard
deviation is less than 5 dB and its mean yields 1.7 dB corresponding
to 4% of the mean dB value. For measurement positions at a distance
of 1.03 m, the general tendency of the curve is maintained. The
mean value for all frequencies increases to 43.0 ± 3.8 dB. In addi-
tion, the mean standard deviation for each frequency yields
1.5 dB corresponding to less than 4% of its mean value.

Consequently, the absorption coefficient varies depending on
the frequency whereas spatial homogeneity for a given frequency
has an accuracy of 4%. From the general tendency it is seen that
absorption is reduced for frequencies less than 2500 Hz which is
in accordance with the foam characteristics given in Table 1. In
addition, absorption is observed to be reduced around 8100 Hz.

Fig. 5b illustrates the modelled decay of a point source as a
function of distance r from the source [10,7]. As for experimental
data, the source strength is set to 53 ± 3 dB SWL. The decay is mod-
elled assuming uniform directivity as:

p2
rmsðW; S;a; rÞ ¼ qc

W
4pr2 þ

4Wð1� aÞ
aS

� �
; ð4Þ

with total wall surface S, averaged absorption coefficient a, source
power W and density of air q. The first term corresponds to the di-
rect field the point source and the second term indicates the diffuse
field. Recall that in (4) absorption due to air is neglected due to the
small volume of the insulation box, so that for the highest frequency
of 10 kHz the additional surface is less than 3% of S. Predicted dB SPL
values for 0.8 6 a 6 0.95 provide an accurate estimation for mea-
sured mean dB SPL values as illustrated in Fig. 5b for a = 0.9. Recall
that 0.8 6 a 6 0.95 is in accordance with Table 1 for f P 1000 Hz.
Corresponding reflection coefficients b are defined as b2 = 1 � a so
that 0.44 P b P 0.22 holds.

The critical distance from the source rc(a) for which the diffuse
and direct field are of equal strength is estimated as:

rcðS;aÞ ¼
aS

16pð1� aÞ : ð5Þ

The critical distance decreases rapidly with a, e.g. rc(a = 0.9) =
4.1 m, rc(a = 0.8) = 1.8 m and rc(a = 0.7) = 1.1 m, for a fixed value
of S corresponding to the insulation box given in Table 1. Conse-
quently, the sound field in the insulation box is not diffuse.
Nevertheless, the reverberation time Tr, i.e. the time required
for the sound pressure level to decrease by 60 dB [3,10], is esti-
mated experimentally from the measured impulse response h(t)
of a balloon burst, illustrated in Fig. 6, by means of the Schroeder
integral E(t) as [10]:
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Fig. 4. (a) Overview of the installation of source and microphone. Grids are removed during the measurements. (b) Spatial overview of 6 microphone positions (+) in the plane
corresponding to Lz/2 placed symmetrically around the central position of the point source (o labelled A) in the plane corresponding to 0.1 Lz. Positions B, D, E and G are at
1.32 m from the source and positions C and F are at 1.03 m from the source.
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Fig. 5. (a) Mean and standard deviation as function of frequency for the measured SPL resulting from 4 different microphone positions at 1.32 m from the source as function
of frequency f. The horizontal line indicates the background level. (b) Decay as function of distance d from source for a point source of 53 ± 3 dB SWL following (4) for a = 0.9.
The direct field (thin full line), diffuse field (horizontal line) and total field (thick full line) are indicated. Vertical dashed lines correspond to a distance of 1.03 and 1.32 m from
the source. Values of the total dB SPL corresponding to the measurement positions are indicated (�).
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EðtÞ ¼ 10log10

Z 1

t
h2ðsÞds

� �
; ð6Þ

Trm ¼ 60 dB
tð�35 dBÞ � tð�5 dBÞ

ð�5 dBÞ � ð�35 dBÞ ; ð7Þ

where t(�XdB) denotes the time when the energy decay E(t) has de-
creased to XdB below its start value. The resulting reverberation
time, estimated from 12 measured impulse responses, yields Trm

= 59 ± 10 ms. Denoting the measured mean value Trm ¼ 59 ms,
the impulse is modelled as:

ĥ2ðtÞ ¼ e
�13:8t

Trm ; ð8Þ

since 10log10(ĥ2(t = Trm)) = �60 dB.

In order to validate the influence of the absorption coefficients
a(f), Fig. 7 illustrates the estimated Trm for each octave band in
the range from 89 Hz up to 22.5 kHz. The low frequency range
f 6 355 Hz, corresponding to the first two octave bands, is charac-
terised by large reverberation times Tr > 60 ms with high standard
deviation of 17%. For octave bands with f > 355 Hz, the mean Trm

and its standard deviation decreases gradually to reach
Trm(f P 1400 Hz) = 31 ± 2 ms and the standard deviation reduces
to 6%. For intermediate frequencies 355 < f < 1400 Hz, the reverber-
ation time varies in the range 30 < Trm (355 < f < 1400 Hz) < 60 ms.
The retrieved values are summarised in Table 3. For comparison,
estimations of the reverberation time by Sabine’s equation
TrsðV ; S;aÞ ¼ 24Vlogð10Þ

caS [12], by Norris-Eyring theory Trne ¼ � 24Vlogð10Þ
cSlogð1�aÞ

[4] and by the image source method Trism (ISM) [2,8] are summa-
rised in Table 3 and indicated in Fig. 7. It is seen that Norris-Eyring
estimation of the reverberation time is a good approximation for
f P 1400 Hz and Sabine’s formulation can be used for low frequen-
cies 89 < f < 355 Hz. Moreover, for f P 1400 Hz the reverberation
time can be approximated by a constant value independent from
frequency.

Finally, the Schroeder frequency Fc [3,14,9],

Fc ¼ 2000

ffiffiffiffiffi
Tr
V

r
; ð9Þ

based on the estimated reverberation time 30 6 Tr 6 60 ms yields
125 6 Fc 6 180 Hz. Consequently, statistical models can be used
for f P Fc.

4. Conclusion

A non-expensive insulation box for aero-acoustic experiments
at low Mach and moderate Reynolds numbers is integrated in an
ordinary room equipped with air supply. Consequently, its design
is a compromise between flow and acoustic experimental needs
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Fig. 6. (a) Illustration of setup used to generate an impulse response in the insulation box due to a balloon burst. A trapdoor is used to cause the balloon burst without an
experimenter present. (b) Example of normalised measured impulse response h(t) (full line) and modelled impulse response ĥðtÞ ¼ e

�13:8t
Trm (dashed line). (c) Example of

Schroeder integral E(t) obtained from the measured (full line) and modelled (dashed line) impulse response.

Fig. 7. Estimated mean (�) and standard deviation (vertical error bars) of the
reverberation time Trm for each octave band in the range from 89 Hz up to 22.5 kHz.
The centre frequency of each band is indicated. For comparison also the averaged
measured Trm (thin full line), the averaged high-pass filtered Trm(f P 1400 Hz) (thin
dashed line), modelled Trs (thick dashed line) and modelled Trne (thick full line) are
indicated.

Table 3
Overview of predicted and measured reverberation times Tr. Modelled values are obtained for an averaged absorption coefficient in the range 0.8 6 a 6 0.95.

Symbol Method Value (ms) Main error Accuracy

Modelled Trs Sabine’s equation 61 ± 5 Small V, high a Overestimation
Trne Norris-Eyring 28 ± 5 Overestimation a Underestimation
Trism Image source method 25 ± 5 Overestimation a Underestimation

Measured Trm Impulse response 59 ± 10 Biased E(t) Overestimation
Filtered impulse response 31 ± 2 f P 1400 Hz High f

Total Tr 30 6 Tr 6 60 Order of magnitude
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as well as practical limitations. The main characteristics of the
insulation box can be summarised as follows:

� The insulation box has a volume of 7.45 m3 and a total surface
of 22.9 m2. Absorbing foam is used in order to provide absorp-
tion in the frequency range from 100 Hz up to 10 kHz. If needed,
the applied design allows the room to be displaced since it can
be dismounted and remounted.
� The influence of the confinement due to the box on the flow is

evaluated by considering jet development. It is seen that for the
aimed range of Reynolds and Mach numbers the influence is
negligible.
� The box insulates external broadband noises which are inherent

to the aero-acoustic experimental setup and procedure such as
noises due to the air supply regulation system and PC use.
� The homogeneity of measured dB SPL is estimated to have an

accuracy of 4% for all frequencies in the interval 100 Hz up to
10 kHz. An averaged absorption coefficient is estimated from
matching modelled and measured decay behaviour of a point
source to be 0.8 6 a 6 0.95, which is in the characteristic range
of the foam. The corresponding reflection coefficient varies in
the range 0.44 P b P 0.22. The critical distance for this range
of absorption coefficients yields rc P 1.8 m and the predicted
reverberation time yields Trne(0.8 6 a 6 0.95) � 28 ± 5 ms.
� From the measured and modelled Tr values, it is seen that the

insulation box is characterised by a short reverberation time
in the range 30 6 Tr 6 60 ms, which can be approximated by a
constant value Tr � 31 ± 2 ms for frequencies f P 1400 Hz. The
associated Schroeder frequency yields 125 6 Fc 6 180 Hz.

Therefore, integration of the insulation box in an ordinary room
equipped with air supply enables to perform aero-acoustic exper-
iments at low Mach and moderate Reynolds numbers in acceptable
flow and acoustic conditions.
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