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List of symbols 

a 

al 

a2 
A 

Co 

Cp,Cv 

dlam 

f 
Hba 
l 

k 
ka 
Lp 
M = uo/Co 
Mac = u'/Co 
p 

pipe radius 
outer pipe radius 
inner pipe radius 
area of pipe cross section 
adiabatic sound speed 
specific heat at constant pressure resp. constant volume 
thickness of viscous sublayer 
frequency 
transfer function from position a to position b 
integer number used as an index 
complex wavenumber 
dimensionless frequency (Helmholtz number) 
perimeter of duet cross section 
Mach number based on mean flow velocity 
Mach number basedon acoustic velocity 
total pressure 

p pressure 
p complex amplitude of pressure 
Pr = CpJ.L/ K Prandtl-number 
Re = 2au0 / v Reynolds-number 
RE energy refiection coefficient 
R, Rp pressure refiection coefficient 
Rz pressure refiection coefficient at axial position x 
Sr0 Strouhal number basedon the mean flow velocity 
Srac Strouhal number basedon the acoustic velocity 
T temperature 
To mean temperature 
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t 
u 
uo 
u' 
v* 
x 

bA = bvor 
b1 = bAu.,.fv 
bT =bent 
E, E* 

(o,(;,(l 
K 

À 

1-l 
v = 1-l/ Po 
Pw = '!: p 

cP 
<Pv 
1/J 
Po 
O'ij 

T 

w 

Subscripts: 
w 

time 
flow velocity 
mean flow velocity 
acoustic velocity 
friction or shear-stress velocity 
axial coordinate 
impedances of shear and heatconduction wave 
normalized impedances of shear and heatconduction wave 

damping coe:fficient of sound waves 
estimate for damping coe:fficient derived by Kirchhoff 
Poisson ratio 
end correction 

= J2v jw, thickness of acoustic boundary layer 
dimensionless thickness of acoustic boundary layer 

= "~' thickness of thermal boundary layer 
parameters of expansion, see eq. (E.38) 
coe:fficients in eq. (E.38) 
heat conduction coe:fficient 
wavelength 
dynamic viscosity 
kinematic viscosity 
normalized density 
phase 
volume flux 
friction factors 
mean den si t y 
mechanica! stress 
shear stress 
radial frequency 

value taken at the wall 
± direction of propagation: up- or downstream 
tm values at the position of the turbine meter 
Superscripts: 
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+ ( wi th lengths) dimensionless made wi th 11/ v* 
complex amplitude 

Miscellaneous: 

I·· ·I 
~[···] 
S'[·. ·] 

absolute value 
real part of imaginary number 
imaginary part of complex number 
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Chapter 1 

Preface 

This report deals with the propagation of sound waves in a long duet in which 
a turbulent air flow is present. This investigation is initiated and supported 
by the NV Nederlandse Gasunie and FOM/STW and fits into the doctoral 
study of ir. M.C.A.M. Peters. 

During the transportation of gas, sound waves created by instahilities of 
the flow at discontinuities in the transport system such asT-joints and even 
complete compressor stations can be a cause of trouble. High amplitude 
standing sound waves can cause serious damage to the equipment. Therefore 
fundamental research is needed to predict and prevent these problems. 

The reader should be aware of the fact that the partitioning of this report 
is not a usual one. The second chapter contains a short introduetion on the 
experiment and the measuring method and a presentation of the experimental 
results with conclusions. The rest of the chapters are regarcled as appendices 
containing detailed explanations of the background and most important items 
mentioned in the second chapter. 

The goal of this partitioning is to provide the reader and user of this work 
an easy way to use the second chapter as a start or part of a publication or 
thesis. Another advantage of the fact that the second chapter focusses on 
the direct results of the measurement is that the experienced reader is not 
confronted with many details. After this chapter the reader has a global 
view on the experiment and is free to face the details of the experimental 
setup, the measurement method and the applied theories. The reader who 
is not familiar with the topics discussed in this chapter will find in the later 
chapters the details of the theoretica! background and can therefore prefer 
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to read these chapters fi.rst. 
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Chapter 2 

Results 

This chapter can be regm·ded as standing alone and summarising 
the rest of this report. This chapter starts with a short compen
dium of the experimental setup and the measurement method. A 
detailed description of these items can be found in the appendi
ces. After this introduetion the results of the measurements will 
be presenled logether with the conclusions. 

2.1 Introduetion 

This work deals with the propagation of low frequency sound waves in duets 
in the preserree of a mean flow. In genera!, sound waves in a duet are reftected 
at discontinuities and lose energy during their propagation. In the perfor
med experiments only plane sound waves are considered and air is used as 
the medium ftowing through the duet. When measuring reftections the main 
discontinuity examined is the end of a duet on which different pipe termi
nations can be mounted. The energy loss of the sound waves is due to the 
tbermal-viscous damping of the sound waves during their propagation th
rough the duet, the acoustic radiation towards the room(~ free space) and 
the vortex shedding at the pipe end. 

The measuring method used is the 'two-microphonemethod', see [CHU 80] 
and [SEY 88], which is expanded to a set of six microphones. The reftection 
coefficient and the damping are calculated from the measurement of the 
pressure at the wall of the pipe at six fixed positions. This method has the 
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advantage over the 'traversing probe' method, see (ROB 71], in which a mo
veable pressure transducer mounted on a longprobeis used todetermine the 
pressure profile along the duet, that no moving parts are presentand that the 
perturbation of the pressure profile by the measurement equipment is mini
mal. Furthermore, the measurement is instantaneous for the two-microphone 
method while the traversing probe method involves time consuming measu
rements. 

The two-microphone method has strongly developed since the availability 
of modern digital data acquisition systems and signal processing methods 
which make the two-microphone method easy to perform. However, the 
inaccuracy in the data presented in the literature is rather large. An error of 
3% in the refleetion coefficient at an open pipeend is typical (see (AND 68], 
(ING 75] and (MUN 90]) and one of the aims of the present project is to 
obtain a higher accuracy. 

2.1.1 The experimental setup 

The measurements are performed in a long duet in which a turbulent air flow 
can he established. A description of the experimental set up will he given with 
the use of fig. (2.1 ). 

sirene 

1870 1871 
,.. --- duet 

~ 
temperature probe 

Hp9000-360 

char~e-amplifier 
I I I 

1459 1510 I I 
1 1511 1513 

1, 

Figure 2.1: The experimental setup. 

In this figure, a duet of about 5 m length with an inner radius a = 15.0 
mm is shown together with a set of six different microphones mounted in 

10 



the wall of the duet. These micropbones and their pressure signals are reffe
red to by theserial number of the particular microphone (: 1513, 1511, .... , 
1871, 1870). The pressure measured by these pressure gaugesis registered by 
a computer system connected to the pressure gauges via charge amplifiers. 
This computer system consistsof an Analog-Digital conversion unitand faci
lities to perform Fast Fourier Transformations and other calculations on the 
measured pressure signals. 

The sound field in the duet is created by a sirene mounted at the entrance 
of the duet. This sirene is able to create sound with a fundamental frequency 
between 10- 500 Hz. 

The air flow through the duet is ereated by making a conneetion between 
the entrance of the sirene to the high pressure system of the building. With 
the help of a few valves and buffer vessels it is possible to ereate turbulent 
flowsin the duet within a Mach number M ranging from 0.005 to 0.5 which 
corresponds with a Reynolds number range of 103 < Re < 105 • 

A variabie bypass is mounted over the sirene to control the amount of 
air flowing through the sirene or, in other words, to control the amplitude u' 
of the acoustic velocity fluctuations imposed on the main flow through the 
duet. The value of u' is usually measured at the pipe end. 

At the end of the duet different pipe terminations can be mounted for 
which theoretica! calculated refleetion coefficients are available. 

The damping coefficient will be obtained by the comparison of two ref
leetion eoeffieient measurements performed at two different positions along 
the pipe. 

At various places in the duet the temperature of the wall is measured. 
These temperatures are needed to calculate the speed of sound Co which 
determines for a given mean flow veloetiy u0 the Mach number M = u0 / Co 

of the mean flow. The mean velocity u0 is calculated from a volume flux 
measurement obtained by means of a turbine meter mounted in the supply 
duet to the experiment. The calculation of u0 involves a correction for the 
pressure and temperature variation along the duet. 

A more detailed explanation of this experimental set up is given in appen
dix B. 
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The setup of Konijnenberg 

As we have performed an extensive calibration of the pressure gauges we 
will present a recompilation of the experimental results of Konijnenberg 
[KON 91]. Konijnenberg performed various experiments to measure the ref
lection coefficients of the pipe terminations mentioned above in absence of 
a mean flow. Furthermore, Konijnenberg used in his experiments a loud
speaker as a sound souree instead of the sirene mentioned above. These 
differences result in a somewhat different experimental setup. In fig (2.2) 
the setup used by Konijnenberg is given. This setup can he regarcled as a 
'subset' of our experimental set up. 

HP 9000/300 

HP-VISTA 
charge amplifier 

pressure gauge 

--- Figure 2.2: The experimental setup used by Konijnenberg [KON 91]. 

2.1.2 The two-microphone method 

Below the first cutoff frequency of the duet the sound field in the duet will 
consist of plane waves travelling in the positive axial (: x-) direction and, 
because of the reflection at the end of the duet, also of plane waves travelling 
in the negative x-direction, see fig. (2.3). 

When consiclering harmonica! waves with a radial frequency w, the total 
pressure P at a position x in the duet can he written as: 

(2.1) 
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x=O 

Figure 2.3: Sound waves in a duet. 

where P±(O) is the complex amplitude of the acoustic pressure at x= 0 and 
the other parameters are the distance x to the origin and the waverrumhers 
k+ and k_. The subscript ± denotes the propagation direction of the sound 
wave. The waverrumhers k± consist of a real part representing the phase 
velocity and an imaginery part accounting for the damping of the sound 
wave. 

The reflection coefficient 

The pressure reftection coefficient at a certain position x is defined as the 
ratio between the complex amplit•1de of the wave propagating in the negative 
x-direction and the wave propagating in the positive x-direction: 

R = P- (x) = IR I i</> 
z • ( ) z e 

P+ x 
(2.2) 

At a pipe termination the pha.se cjJ of the reftection coefficient can be repre
sented as an end correction 8 which is a dista.nce rela.ted to the phase by the 
waverrumher k. For an open pipe termina.tion the relation is: 2k8 = cjJ- 1r 

and for a closed pipe termination: 2k8 = c/J. 

By measuring the pressure in the duet with two micropbones it is possible 
to calculate the transfer function H21 between these microphones. This func
tion is defined as the ratio between the Fourier transforms of the measured 
pressure signals: 

H _ P(2,w) 
21

- P(l,w) 
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When assuming values for k± and Co (see eq. (2.1)), this equation can be 
used to solve for the reflection coefficient at the end of the duet : 

(2.4) 

An explanation of the derivation of this equation is given in appendix A. 

During the measurements the adiabatic value (Co= }((~)s) of the speed of 
sound is used. For the wavenumber k± we use the fo lowing approximation: 

k _ w/eo + (1 - i)a± 
±- 1±A1 (2.5) 

where M is the mean Mach-number of the flow and a± the damping coef
ficients of the sound waves. In most cases the estimate a± = a 0 for the 
damping in a circular duet in absence of a mean flow derived by Kirchhoff, 
see [PIE 89], is used and appears to be sufficiently accurate. 

In the experimental setup, see fig. (2.1), the four rightmost micropbones 
are used to measure the reflection coefficient at the end of the duet. In this 
situation these four micropbones are divided into three pairs with the 1513 
gauge common. The deviation between the three independent results gives 
an indication of the accuracy of the measurement. 

The damping coefficient 

In the previous section a theoretica! available value of the damping coefficient 
was used todetermine the reflection coefficient. However, the determining of 
the actual damping of the sound wave in the experiment is another goal of 
this work. 

When measuring the damping coefficient use is made of four micropbones 
contigured as two pairs. The pairs used are the rightmost (1513,1511) and the 
leftmost (1871,1870) gauge pa.ir, see fig. (2.1). In fig. (2.4) a representation 
of these pairs is given. While the distance between the microphones within 
each pair is notmore than 0.3 m, the distance between the two pairs is made 
as big as possible ( ~ 5 m) to get the greatest influence from the damping on 
the sound waves. 

With the individual pairs it is possible to measure the reflection coeffi
cients at the positions of the micropbones 1 and 2 with assumed values for 
the speed of sound c0 and the damping coefficients a±. Consiclering the fact 
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~.3 .. 
• • 1. 

:.R, 
I 

Figure 2.4: Configuration for measuring the damping. 

that these reflection coefficients are the ratio's of the waves propagating in 
the positive and negative direction and assuming an exponential decrease 
in the amplitude's of the sound waves which is dependent on the damping 
coefficient and the distance, it is possible to calculate the damping factors 
a± for both waves. The result is: 

and: 

1-M 
(2.6) 

where .6.x12 is the distance between microphone 1 and 2, R1 and R2 the 
measured reflection coefficients at the positions of microphone 1 and 2 and 
H 21 the measured transfer function from microphone 1 to 2. The derivation 
of these equations is given in appendix A. 

The only approximation in this procedure is made when calculating the 
reflection coefficients at the two microphone positions. In this situation esti
mates for the damping coefficients a± are used. This problem is dealt with 
by using an iterative process in which the assumed values of the damping 
coefficients are replaced in each iteration by the measured values until the 
difference between the estimate and resulting values is smaller than an ac
ceptable error. In most cases the first guess is already a fare approximation 
so that the process converges within a few steps. 
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2.1.3 The calibration 

Before performing the actual measurements, a calibration of the measure
ment equipment has been made in a frequency range of 10- 500 Hz. All six 
measuring channels, consisting of a particular pressure gauge and the rest 
of the equipment in that particular measuring channel, have been calibrated 
against a calibration unit. A measured transfer function between two micro
phones now has to be multiplied by a complex correction factor TJ dependent 
on the microphones used to get the actual transfer function: 

Hactuaz(w) = TJ(w) * Hmea&ured(w) 

During the calibration a dependenee of the correction coefficients TJ on the 
amplitude of the sound pressure was found. Applying higher sound pressure 
amplitudes caused an increase in the uncertainty of the measured correction 
coefficients. Therefore the calibration and measurements are confined to the 
low amplitude region. This calibration problem at high amplitudes is not 
understood at the present time. 

The typical uncertainty in TJ is 10-4 in the absolute value ITJI and 0.1 
degree in the phase arg( TJ ). These values correspond with the accuracy of 
the equipment used. 

A more detailed explanation of the calibration is given in appendix C. 

2.2 Previous measurements 

In this section the measurements made by Konijnenberg [KON 91], who con
centrated his workon the reflection coefficients of different pipe terminations 
in the absence of a mean flow will be analysed in the light of the calibra
tion mentioned in the previous section. The comparison of these results with 
theory can be found in the report of Konijnenberg. 

In his experiments Konijnenberg used the sameduet and four mieropho
nes contigured as three pairs. lnstead of a sirene a loud speaker which made 
no direct mechanica! contact with the duet was used as a sound source, see 
fig. (2.2). 

In contrast with our experiments in which the air is dry, the air in the 
experiments of Konijnenberg was humid. In the calculations of the sound 
speed we considered the relative humidity of the air which was, according to 
Konijnenberg, ~ 50 %. 
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The calibration of the temperature gauge (type PT1 00) indicated a sy
stematic error of 0.3°C which was added to the measured temperature. 

The reflection coefficient data is corrected for the presence of reflections 
from the sound waves at the floor of the room in which the experiments 
were performed. Resonances of the room are neglected assuming free space 
conditions with a hard floor. 

In the period between the calibration performed by Konijnenberg and the 
one used in this report, the adjustment of the charge amplifier belonging to 
the 1511 gauge unfortunately has been changed by someone for an unknown 
reason. Although a correction has been applied for this change, the results 
obtained with the (1513,1511) pair still reveal a minor difference with the 
results obtained with the other two microphone pairs. 

Because the differences between our results and the results obtained by 
Konijnenberg are not significant the actual results of Konijnenberg are not 
presented herebut are, in order to he complete, given in appendix F. 

When presenting the results use is made of the dimensionless frequency 
represented by the parameter ka where k = w/C<J is the wavenumber of the 
sound and a the pipe radius. The end corrections 8 are also made dimensi
onless with the pipe radius a. 

2.2.1 The closed end 

The reflection coefficients presented here are measured at the end of a closed 
pipe, see fig. (2.5) and a comparison is made with fig. (1.8) in the work 
of Konijnenberg (see appendix F). In this case within the accuracy of the 
measurements we should find a reflection coefficient R = 1 (: IRI = 1 and 
8 = 0). 

The differences between our results and the results obtained by Konij
nenberg are not significant and in general we do not abserve a systematic 
deviation of 8 from the theory. However for the reflection coefficient IRI 
the experimental data is on the average 10-3 lower than the theory. This 
deviation is not understood. 

The scatter in the absolute value of the reflection coefficient is about 
2 · 10-3 and in the end corrections about 0.02 a. 

The increasing errors as ka ---+ 0 and around ka = 0.12 and ka = 0.24 are 
due to the large sensitivity of the measurement for small errors. This is due 
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Figure 2.5: The reileetion coefficient of a closed end. Excitation channel1513, 
response channels 1511 (: o), 1510 (: x) and 1459 (: 6). Distances to the 
end of the pipe: x(1513) = 51.8 mm, 1:(1511) = 189.5 mm, x(1510) = 384.1 

mm, x(1459) = 434.9 mm. 
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to the spacing between the transducers which is for these frequencies equal 
to the half wavelength of the sound (: ~). 

2.2.2 The unfl.anged pipe 

The measurements presented here are the reflection coefficients measured 
with a pipe termination representing an unflanged pipe end, see fig. (2.6). 
The result are given in fig. (2.7) and the comparison is made with fig. (1.9) 

20 ·J -_ -_-_ 
Figure 2.6: Geometry of pipe termination representing an unflanged pipe. 

in the work of Konijnenberg. A comparison of the measured reflection 
coefficients is made with the theory of Levine and Schwinger see [LEV 48]. 
This theory gives an estimate for the reflection coefficient at the end of an 
unflanged pipe taking into account the energy loss due to vortex shedding at 
the pipe end. 

In the higher frequency region our measurement of the absolute value 
of the reflection coefficient approaches the theoretica} limit of Levine and 
Schwinger better and the scatter in our results is in this region smaller then 
in the results of Konijnenberg. 

The difference in the measured end corrections is not significant, however 
the scatter in our results is somewhat smaller. 

The difference between the data from the different transducer pairs in
dicates a relative uncertainty of 0.2 % in the reflection coefficient IRI and a 
relative uncertainty of 3 % in the end correction b. 

The large discrepancies between the measured data for IRI and the theory 
in the range 0.06 < ka < 0.15 are expected to be due to resonances of the 
room in which the experiments are performed. 
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Figure 2.7: The reftection coefficient of an unftanged pipe. Excitation channel 
1513, response channels 1511 (: o), 1510 (: x) and 1459 (: 6). Distances to 
the end of the pipe: x(1513) = 86.8 mm, x(1511) = 224.5 mm, x(1510) = 
419.1 mm, x(1459) = 469.9 mm. The solid curves represent the theoretica! 
result of Levine and Schwinger [LEV 48]. 
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2.2.3 Pipes with finite wall thickness 

The next measurements are made with pipe terminations having a ratio 
between the inner pipe radius a2 and outer pipe radius a1 smaller then unity, 
see fig. (2.8). 

Figure 2.8: Pipe terminatien with certain ratio between the inner and outer 
pipe radius a2/ a1. 

The measured reflection coefficients are compared with theory's of Levine 
and Schwinger, [LEV 48], and Ando, see [AND 68] and [AND 69]. These 
theory's give an estimate for the reflection coefficient at the end of a duet 
when taking into account the energy loss due to vortex shedding. 

Ratio ad a 1 = 0.85 

The first measurement series has been made with the ratio ad a1 = 0.85 and 
is presented in the fig.'s (2.9) and (1.10) of Konijnenberg. 

For the measured absolute values the samecernment as for the unflanged 
pipe can be given, namely that the agreement of our results with the theory 
is somewhat better at higher frequencies. 

The measured end corrections are in our case somewhat lower and the 
scatter in our results is smaller. 

A comparison between the various data sets indicates an accuracy of 0.2 
%in IRI and of 2% in 8. 
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Figure 2.9: The reftection coefficient of a pipe with ad a1 = 0.85. Excitation 
channel 1513, response channels 1511 (: o), 1510 (: x) and 1459 (: 6). 
Distauces to the end of the pipe: x(1513) = 86.8 mm, x(1511) = 224.5 
mm, x(1510) = 419.1 mm, x(1459) = 469.9 mm. The solid curves in both 
figures represent the results of Ando, [AND 68] and [AND 69], for a pipe 
with a2 / a1 = 0.85 and the results of Levine and Schwinger [LEV 48] for an 
unflanged pipe. 
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Ratio al/ a1 = 0. 70 

The next measurement series has been made with a ratio a2/ a1 = 0. 70 see 
fig. 's (2.10) and (1.11) of Konijnenberg. 

The absolute value of the measured reflection coefficient agrees in our 
situation somewhat better with the theoretica! values given by Levine and 
Schwinger [LEV 48] and Ando [AND 68] and [AND 69]. The scatter in the 
results is the same and the accuracy in the measurement of IRI is 0.2 %. 

The values of the measured end corrections are about the same while the 
scatter in our case is somewhat smaller. The accuracy of the measured end 
correctionsis 2 % and the difference with the value given by Ando [AND 69] 
about 3 %. 

In view of the disagreement of Ando's theory with the experimental results 
obtained with a ratio al/ a1 = 0.85, it seems most likely that for this case 
there has been made an error in the graphical representation of Ando's theory. 
For other ad a1 ratio' s we do not find such a large discrepancy. 

2.2.4 Horn 

The measurement series presented here has been made with a circular horn 
attached to the end of the pipe, the geometry of the horn is given in fig. 
(2.11). The results are presented in the fig.'s (2.12) and (1.12) of Konijnen
berg. 

Compared with the results for an unflanged pipe, the modulus of the ref
lection coefficient of ahorn showsasharp drop above ka= 0.15. This proves 
the well-known property of horns of effectively radiating high frequencies. 
The end correction ó has been calculated from the place where the circular 
flare begins. 

A comparison of the measured absolute values and end correction reveals 
no significant difference. The scatter in our end corrections is somewhat 
higher. 

The accuracies in the measured values of IRI and ó are 0.2 % and 3 %. 

2.2.5 Influence of vortex shedding 

Using the unflanged pipe and the pipe with a2/a1 = 0.70, measurements were 
performed at fixed frequencies of 27 Hz, 53 Hz and 84 Hz for various acoustic 
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Figure 2.10: The reftection coefficient of a pipe with a2/a1 = 0.70. Excitation 
channel 1513, response channels 1511 (: o), 1510 (: x) and 1459 (: .6). 
Distances to the end of the pipe: x(1513) = 86.8 mm, x(1511) = 224.5 
mm, x(1510) = 419.1 mm, x(1459) = 469.9 mm. The solid curves in both 
figures represent the results of Ando, [AND 68] and [AND 69], for a pipe 
with ad a1 = 0. 70 and the results of Levine and Schwinger [LEV 48] for an 
unftanged pipe. 
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Figure 2.11: Geometry of circular horn in mm. 

amplitudes u' at the end of the duet. A comparison is made with the theory 
of Disselhorstand van Wijngaarden [DIS 80] which gives an estimate for the 
dimensionless averaged energy absorbed at the pipeend by vortex shedding. 
This absorbed energy is represented by the parameter (1 -IRI 2

)/ Mac, where 
IRI is the modulus of the pressure refleetion coefficient and Mac the acoustic 
Mach number u'/ Co 

The results are given as a funetion of the acoustic Strouhal number Srac = 
(!aju') which is based on the acoustic velocity u' at the pipe exit and are 
presented in the fig.'s (2.13) and (2.14) and (1.14) and (1.15) of Konijnenberg. 

In our situation a constant correction of -0.05 has been applied on the 
presented theory of Disselhorst and van Wijngaarden [DIS 80) for the unf
langed pipe. This correction coefficient represents the difference between the 
theory and our measurements. 

There is no significant difference between our results and the results of 
Konijnenberg. 

2.3 Latest measurements 

In this seetion the results of the measurements are presented obtained with 
the experimental setup described in the introduction. The main differences 
between the setup used by Konijnenberg and the setup used here are the 
sound souree (a sirene in our case) and the possibility to establish a mean 
air flow in the duet. The frequency range in which the measurements are 
performed is 10 - 500 Hz. 
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Figure 2.12: The reflection coefficient of a pipe with a horn attached to it. 
Excitation channel1513, response channels 1511 (: o ), 1510 (: x) and 1459 (: 
6). Distances to the end of the pipe: x(1513) = 117.4 mm, x(1511) = 255.1 
mm, x(1510) = 449.7 mm, x(1459) = 500.4 mm. The solid curve in the 
figure with the measured absolute values represents the theory of Levine and 
Schwinger [LEV 48]. 
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2.3.1 Reileetion coeffi.cients 

The closed end 

The fi.rst measurements of the reflection coefficient were made using a closed 
end to perferm a test of the accuracy of the equipment. In this situation 
a T-junetion is mounted in the duet a short distance from the exit of the 
sirene, see fig. (2.15). This junction is used as an outlet for the air flowing 

exhaust pipe 

duet 

sirene T-junction 

Figure 2.15: Contiguration for making measurements at a closed end. 

through the sirene which produces the sound in the duet. On this T-junction 
a duet with an inner diameter of 24 mm and a length of 0.86 m is mounted. 
When making high amplitude measurements a silencer can be mounted at 
the open end of this exhaust pipe. 

Numerous measurements were made and the results are presented in fig. 
(2.16). 

In the very low frequency range ka < 0.015, the measured absolute values 
and the end corrections deviate significantly from the theoretica} value IRI = 
1, 8 = 0. This effect is however in agreement with our error analysis (see 
appendix A) of the measurement method which prediets such large scatter 
at low frequencies. 

For the transducer pair (1513,1511) the measurements in the rest of the 
frequency range are about 1 · 10-3 lower than unity and the scatter is about 
2 · 10-3 . However, at frequencies of ka~ 0.10 (: 365 Hz), ka~ 0.05 (: 182 
Hz) and ka ~ 0.04 (: 146 Hz) there is sudden deviation in the measured 
absolute value which is indicated by arrows. These deviations are probably 
due to vibrations introduced by the sirene which is mounted directly at the 
inlet of the duet. In the measurements of Konijnenberg the loud-speaker 
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Figure 2.16: The reileetion coefficient at a closed end. Excitation channel 
1513, response channels 1511 (: o), 1510 (: x) and 1459 (: ~). Distances to 
the end of the pipe: x(1513) = 51.8 mm, x(1.511) = 189.5 mm, x(1510) = 
384.1 mm, x(14.59) = 434.9 mm. 
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used was mounted on an apart frame and made no direct mechanica! contact 
with the inlet of the duet. 

For the two other microphone pairs the measured absolute values begin 
to deviate from unity when approaching ka ~ 0.12- 0.14. This effect is in 
agreement with our error analysis of the two-microphone method. 

In the measured end corrections there is a large deviation in the results 
of the (1513,1511) pair at a frequency of ka ~ 0.06. Furthermore when 
ka ~ 0.04 the end correction measured with the three pairs reveal large 
deviations which are not explained by the uncertainties in our data. When 
decreasing the frequency from this point the obtained results again agree 
with our error analysis. 

In the high frequency region the mean value of the end corrections is ~ 0 
with a scatter of~ 0.02 a. 

The deviations in the results of the (1513,1459) pair at ka = 0.12 are in 
agreement with our error analysis. 

The unflanged pipe 

For the unfianged pipe termination measurements have been made for two 
different values of the Mach number. According to Munt, see (MUN 90) and 
fig. (2.17), the absolute value of the measured pressure reileetion coefficients 
can become greater than unity depending on the Mach number. 

However, the value of the energy reileetion coefficient RE, defined as: 

where Rp is the pressure reileetion coefficient, will be, depending on the Mach 
number, smaller than unityin the preserree of a mean flow. 

The first measurements presented have been made with a Mach number 
M = 0.017 and are given in fig. (2.18). 

Another measurement series has been made with a Mach number M = 
0.053 and the results are presented in fig. (2.19). 

The ratio's between the acoustic velocity u' and the mean flow velocity 
u0 are~ 0.24 for M = 0.017 and ~ 0.08 for M = 0.053. 

Comparison of the data obtained with the three pairs of pressure transdu
cers show that the accuracy of the measured reileetion coefficients increases 
in the preserree of a mean flow, which can be explained by the diminishing 
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Figure 2.17: The measurement of the reflection coefficient for different Mach 
numbers together with a few theoretica! estimates. The solid line represents 
the theory of Munt [MUN 90]. 
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Figure 2.18: The pressure refiection coefficient at a an unfianged pipe ter
mination in the presence of a mean flow with M = 0.017 (u'ju0 ~ 0.24, 
Re= 1.1 ·104 ). Excitation channel1513, response channels 1511 (: o), 1510 
(: x) and 1459 (: 6). The rigid lines in the measured end correct i ons are the 
theoretica! values derived by Levine and Schwinger [LEV 48] and Rienstra 
[RIE 79]. 
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Figure 2.19: The pressure reflection coefficient at a an unflanged pipe ter
mination in the presence of a mean flow with M = 0.053 (u' ju0 ~ 0.08, 
Re= 3.6 ·104 ). Excitation channel1513, response channels 1511 (: o), 1510 
(: x) and 1459 (: 6). The rigid lines in the measured end corrections are the 
theoretica! values derived by Levine and Schwinger [LEV 48] and Rienstra 
[RIE 79]. 
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of possible temperature gradients and errors introduced by vibrations by the 
mean flow. The scatter in the higher frequency region is in agreement with 
the error analysis. 

A comparison of the absolute values with the results of Munt is difficult. 
The end corrections approach the limit of Levine and Schwinger [LEV 48] 
clearly, the limit of Rienstra [RIE 79] seems to he somewhat to high. 

·In the following figures the two measurements are combined and given 
as a fundion of the Strouhal number and the reciprocal Strouhal number 
(Sro = fafu 0 ) basedon the mean flow velocity u0 , see fig. (2.20) and (2.21). 

Instead of the energy reflection coefficient RE the difference between the 
measured energy reflection coefficient and the energy reflection coefficient 
given by Levine and Schwinger RE(L.S.) is presented tagether with the corre
sponding end corrections 8/ a. The resulting val u es of .ó.( RE) (: RE- RE( L.s.)) 
are in agreement with measurements of de Leeuw, see [LEE 91]. However, 
the measurements of de Leeuw where made in a range of 1 - 15 for the re
ciprocal Strouhal number. Our measurements reveal a sharp drop when the 
reciprocal Strouhal number becomes smaller than unity. The figure presen
ted as a fundion of the Strouhal number clearly reveals this decrease in the 
value of .ó.(RE)· The measurements made with the (1513,1511) pair(: o) 
are in the higher Sr0 region more reliable than the measurements made with 
the other two pair. 

For high Strouhal numbers the measured end correetions approach the 
estimate of Levine and Schwinger [LEV 48). For low Strouhal numbers the 
measured end corrections are somewhat lower than the estimation given by 
Rienstra [RIE 79]. 

2.3.2 The damping coefficient 

The damping of plane sound waves in ducts is mainly caused by energy 
dissipation at the walls of the duet. Before presenting the results of the me
asurements the estimated damping coefficients given by the a fe models used 
by us will he derived using an intuitive approach. More detailed explanations 
of the applied models can he found in the appendices E and D. 

In the absence of a mean flow and when neglecting the energy dissipation 
in the interior of the duet the energy flux I through a cross section of the 
duet, see fig. (2.22), is equal to: I= p'u'A where p', u' and A are the sound 
pressure and velocity and the area of the duet cross section. When giving an 
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Figure 2.20: The difference between the measured energy reflection coefficient 
and the value predicted by Levine and Schwinger for an unflanged pipe as 
a function of 1/ Sr0 based on the mean flow velocity. Excitation channel 
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Figure 2.22: Cross section of the duet. A and Lp are the surface and perimeter 
of the cross section. 

estimate for the energy dissipation at the wallof the duet per unit length ~ 
the following equation can be derived: 

~dl= -C 
I dx 

(2.7) 

The salution of this equation is: I = ! 0e-Cz where 10 is the energy flux at 
x = 0 and the constant C represents the damping. Using the fact that the 
energy is proportional to the square of the pressure results in: p1 = p~e-tz. 
Therefore the damping coefficient a of the sound wave is equal to C /2. 

Theory of Kirchhoff 

Kirchhoff used the impedance Z of a plane surface to derive an estimate for 
the damping of sound waves in a duet. This approximation is only valid 
when the thickness of the acoustical boundary layer bA ( = J2"Pwhere vis 
the viscosity of the air and w the frequency of the sound) is much smaller 
then the radius a of the duet. The impedance Z for a plane surface is given 
by: 

1 Û
1 

• nwall 1 ( . ) W c ( (1 - 1 ) ) - = - = - 1 + z -o 1 + ...:.....__=,..:... 
Z P1 2 PoCÖ A y'"Pr-

(2.8) 

where 1Îwall is the normal at the surface, 1 the ratio between the specific 
heats Cp and c;, and Pr the Prandtl number. 

An estimate for the energy dissipation u1p1 at the wallis given by: 

I I p 
12. 

pu=-/t[Z] 
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where ~ [Z] is the RtltL part of the impedance. The total energy dis
sipation dl per unit length dx of the duet is equal to p'u' Lp where Lp is 
the perimeter of the duet. Substituting this result in eq. (2.7) and using 
p' = p0 C{)u

1 which is valiel for plane sound waves yields: 

Lp w ( (!- 1)) 
a = C /2 = 4A co ó). 1 + y'Pr- (2.9) 

A formal derivation of this equation is given in appendix D. 

Quasi-static approximation 

In this approximation the empirically based friction factor 'Ij; depending on 
the wall roughness is used to give an estimate for the energy dissipation at 
the wall in the presence of a mean flow. This quasi-static approximation is 
derived by Ingarel and Singhal, see [ING 74). 

The factor 'Ij; is used to calculate pressure drops in ducts per unit length 
for the stationary situation: 

dp 'Ij; 1 2 

dx =~ct ( 2pouo) 

where u0 is the mean flow velocity. 
An estimate for the pressure perturbation of the sound field at the wall 

is given by: 

(2.10) 

The resulting energy dissipation at the wall per unit length is: 

d I d p' I ( 1/J ) 12 

d x = d x u = tct Pottou 

where use is made of: p' = p0 C{)tt
1

• Substituting this in eq. (2.7) yields: 

a= C/2 
'lj;M 

4a 
(2.11) 

where M = u0 / CfJ is the Mach number of the mean flow and a the radius 
of the duet. In our situation 'Ij; is equal to 0.02. Ingarel and Singhal simply 
add in their approximation to this damping coefficient the damping derived 
by Kirchhoff. A discussion of the validity of this operation and the formal 
derivation of the quasi-static approximation are given in appendix E. 
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The rigid plate model 

This model derived by Ronneberger, see [ROB 77], gives an estimate for the 
damping coefficient of sound in the presence of a turbulent mean flow. This is 
clone by regarding the propagation of the shear wave in the laminar sublayer 
and the turbulent region of the flow. This shear or, so called, viscous wave 
is caused by the boundary conditions at the wall of the duet imposed on 
the sound field. In this model the turbulent core of the flow is regared as 
totally reflecting the shear wave caused by an oscillating wall, see fig. (2.23). 
The important parametelS are the distance dzam from this rigid plate to the 

l>ucr w'ALI.. 

Figure 2.23: Rigid plate model 

oscillating wall which is equal to the thickness of the laminar sublayer of the 
flow and the acoustical boundary layer thickness 8A. 

A derivation of the equations descrihing this model is given in appendix 
E. 

The quasi-laminar model 

In this model, derived by Ronneberger, see [RON 75], a quasi-laminarmodel 
for the propagation of the above mentioned shear wave in the turbulent region 
of the flow is used to calculate the damping of the sound wave. Because of 
the mathematical and physical complexity of this model only the resulting 
damping coefficients will be used here. A short compendium of this model 
and the important equations are given in appendix E. 
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Situation without flow 

The first damping coefficients are measured in the absence of a mean flow 
and with a closed end, see fig. (2.24). 

Because of the absence of a mean flow the damping coefficients a+ and 
a_ are equal and therefore the scatter in the results gives an estimate of the 
overal accuracy of the measurement which is :::::::: 5 - 10 %. Ho wever, when ka :::::::: 
0.03, ka:::::::: 0.06 and ka:::::::: 0.12 (indicated by arrows) the obtained accuracy 
is higher. Furthermore, the difference between the measured damping and 
the estimate given by Kirchhoff slightly increases with increasing frequency. 

Situation with flow 

When establishing a turbulent air flow in the duet the interaction between 
the sound wave and the turbulence in the flow causes a change in the damping 
coefficient of the sound wave. 

As stated above, the important parameters descrihing this interaction 
are the acoustical boundary layer thickness 8A and the thickness dlam of the 
laminar sublayer of the turbulent flow. When the acoustical boundary layer 
thickness becomes greater then the thickness of the laminar sublayer the 
shear wave which is excited at the wall starts to penetrate the turbulent 
region of the flow. This effect results in an increase in the damping of the 
sound. The ratio between dlam and 8A is given by the dimensionless acoustic 
boundary layer thickness 8_!. When 8_! ::::::: 15, 8A is equal to dtam· 

Many theories have been developed giving estimates for the damping 
coefficients a± of the sound waves propagating in the up- and downstream 
direction of the flow in the presence of a mean flow. In this section we will 
compare our results with the above given theory's and estimates. 

The damping was measured in a situation with a mean flow for Mach 
numbers of 0.017 (: Re= 1.1 · 104, 8_! = 0.8697/vfG) and 0.053 (: Re = 
3.6 · 10\ 8_! = 2.3523/vfG), see fig. (2.25) and (2.26). In these figures the 
results of the different models are also presented. 

From both figures can he concluded that the damping coefficients given 
by the quasi-static model are too high. This can be explained by the simple 
adding in this model of the quasi-static damping and the damping derived 
by Kirchhoff. The Kirchhoff theory uses approximations which are in contra
clietion with a quasi-stationary approximation and hence it is not surprising 
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Figure 2.24: The measured damping coefficients O:± for the situation without 
a mean flow, a+ : ( o ), a_ : (x). The rigid line represents the damping 
coefficient a 0 according to Kirchhoff [PIE 89]. 
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Figure 2.25: The measured damping coefficients 0'± for the situation with a 
mean flow and Jvf = 0.017 (Re= 1.1·104 ), a+: (o), a_: (x). (-): the 
estimate of Kirchhoff, (-·-·-) : the quasi-static model, (----): rigid plate 
model, (. ······-···) : the quasi-laminar model. The upper lines of the different 
models represent a_ while the lower lines represent a+· The horizontalline 
represents the quasi-stationary limit yt!-. 
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Figure 2.26: The measured damping coefficients a± for the situation with a 
mean flow and M = 0.053 (Re= 3.6 ·10\ a+: (o), a_: (x). ( ) : the 
estimate of Kirchhoff, (-·-·-) : the quasi-static model, (---- -): rigid plate 
model, ( ............ ) : the quasi-laminar model. The upper lines of the different 
models represent a_ while the lower lines represent a+. The horizontalline 
represents the quasi-stationary limit ytf-. 
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that the addition of the two results is not valid. 
The estimate of Kirchhoff gives better results. However, the difference 

between a+ and a_ is too small. 
The values given by the rigid plate model are in the higher frequency 

region equal to the estimate given by Kirchhoff. It is interesting to note that 
in the lower frequency region the rigid plate model begins to deviate from this 
estimation and almost becomes equal to the value of the quasi-static model 
when the stationary situation (ka = 0) is reached. This result is explained 
by the fact that both the quasi-static and the rigid plate model make use 
of the same stationary approach when regarding the energy dissipation at 
the wall of the duet. The small difference is due to the use of an analytic 
approach of Blasius, see (SCH 79] in the rigid plate model and the use of a 
graphical determined value for 1/J in the quasi-static model, see appendix E. 

The best results are obtained with the quasi-laminar model. However, in 
the measurement with a Mach number A1 = 0.053 the agreement between 
the quasi-laminar modeland the measurements is rather poor. A comparison 
between our results and the results obtained by Ronneberger [RON 75) is 
given in fig. (2.27). Although there is a difference in the radii of the 
ducts used and the frequency at which the experiments were performed, the 
difference between our results and the quasi-laminar theory is smaller than 
the scatter in the results of Ronneberg which is about 5%. 

2.3.3 Conclusions 

Applying our calibration when calculating the results of the measurements 
presented in the work of Konijnenberg, see [KON 91], reveals no significant 
differences between our calibration and the calibration of Konijnenberg. A 
minor difference is present in the measurements made with the (1513,1511) 
gauge pair: the reflection coefficient data obtained for this pair using our cali
bration are ~ 1 · 10-3 lower than the results of Konijnenberg. This difference 
is due to an unfortunate change in the adjustment of the charge amplifier 
belonging to the 1511 gJ:.:ge. Another difference is the better agreement in 
the higher frequency region of the results obtained with our calibration for 
the open ended ducts with the theoretically predicted values. 

The energy and pressure reflection coefficients measured in the presence 
of a mean flow, with Mach numbers of Af = 0.017 and M = 0.053, agree 
with the theory of Munt [MUN 90] and the earlier measurements of de Leeuw 
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Figure 2.27: Results obtained by Ronneberger in a duet with a radius of 20 
mm and a frequency of 630 Hz. Our measurements: 6.: M = 0.017, f = 4 70 
Hz; x: M =0.053, f = 440 Hz. 

46 



[LEE 91]. The corresponding end corrections agree well with the theoretica! 
limits given by Levine and Schwinger [LEV 48] for high Strouhal number. 
However, the limit given by Rienstra [RIE 79] is for low Strouhal numbers 
somewhat to high. Furthermore, a sharp drop in the difference between the 
measured energy reflection coefficient and the one predicted by Levine and 
Schwinger [LEV 48] was noticed for values of the reciprocal Strouhal number, 
basedon the mean flow velocity, lower than unity. 

The obtained accuracy in the above given reflection coefficient measure
ments is a bout 2 ·1 o-3 , a value much lower than the 3 % accuracy of earlier 
data presented in the literature. 

The measurement of damping coefficients of the sound waves in the ab
sence of a mean flow gives values about 5 % higher than the estimate derived 
by Kirchhoff [PIE 89] for this situation. The maximum error is about 10%. 
However, at certain values of the frequency ka this error is much smaller. 

In the preserree of a mean flow comparisons are made with four models. 
The quasi-static model of Ingard and Singhall [IN G 7 4] disagrees with our 
measurements. The quasi-laminar theory of Ronneberger [RON 75] agrees 
well with our low Mach number measurement. At high Mach numbers strong 
deviations are observed from the quasi-laminar theory. 

The val u es of the rigid plate model from Ronneberger and Ahrens [ROB 71] 
and the theory of Kirchhoff coincide except in the very low frequency region. 
The averaged value of these estimates agrees well with the averaged measured 
damping. The predicted difference between the damping for the sound waves 
propagating in the up- and downstream direction is too small compared with 
the measured difference. 

The low frequency limit of the rigid plate model approaches the quasi
static model, therefore the rigid plate model can be regarcled as a model 
descrihing the transition between the stationary and instationary situation 
well. 

A comparison between our results and the results obtained by Ronneber
ger [RON 75] reveals that the errors in both measurements are almost equal: 
about 5%. 

It would be usefull to make future measurements as a function of the fre
quency for higher Mach numbers. Other usefull measurements can be made 
at a constant frequency while the Mach number is varied. The frequencies 
of interest are ka ::::::: 0.03, ka ::::::: 0.06 and ka ::::::: 0.12 (indicated by arrows 
in fig. (2.24)) because forthese frequencies the accuracy obtained with our 
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experimental setup is high. 
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Appendix A 

The Two-Microphone Method 

A.l 

With the two-microphone method acoustic properties in ducts, as, 
for example, refiection and damping coefficients, can be calcu
lated from a transfer function measu1·ement between two micro
phones. This method has proven to be considerably Jaster and 
more convenient than the conventional traversing-probe method, 
see [ROB 71}, used for measurement of one-dimensional acoustic 
properties of a duet. 

In this chapter a description and an erro1' analysis will be given 
of the two-microphone method as used in our experiments. 

The transfer function 

Sound wavescan he regarcled as small pressure perturbations and their propa
gation in waveguides is described by the solution of the Helmholtz equation. 
Fora circular duet a cutoff frequency Wcutoff can he determined below which 
only plane waves propagate: 

Co 
Wcutoff ~ 1.841-

a 
(A.l) 

where Co is the speed of sound and a the radius of the duet. Substituting the 
experimental parameters results in a cutoff frequency of ~ 6. 7 kHz, a value 
much greater than the maximum frequency used in our experiments (! < 1 
kHz). Therefore the sound waves in the experiment can he regarcled as plane 
waves. 
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The sound field at an arbitrary axial position x can be written as a 
composition of a wave P+(x, t) propagating in the positive and a wave p_(x, t) 
propagating in the negative direction, see fig. (A.1): 

P(x, t) = P+(x, t) + p_(x, t) (A.2) 

When consiclering harmonie waves of radial frequency w and relating the 

Figure A.1: Sound waves in a duet. 

pressures at position x to pressures at an arbitrary reference point Xref, we 
have: 

where P±(Xref,w) is the complex amplitude of the acoustic wave P±(x, t) at 
the reference point Xref· The other parameters are the distance x to the 
reference point and the wavenumbers k+ and k_. 

In the absence of a mean flow in the duet we have: 

k+ = k_ = w + (1 - i)ao 
Co 

(A.4) 

where Co is the speed of sound and a 0 the damping coefficient which will 
be discussed in the following chapters. For both parameters a theoreticaly 
determined value will be used. 

When including a subsonic flow in the positive x-direetion with a uniform 
mean velocity u0 over the duet cross section, the following definition is used: 

k _ wjC{) + (1- i)a± 
±- 1 ±M (A.5) 

where M = u0 / Q1 is the mean Mach-number of the flow and a± are the 
damping coefficients of the waves propagating in the positive and negative 
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x-direction. This equation will only be used for low values of the Mach 
number. For the dampingcoefficients a± the approximation a± = a 0 will be 
used. 

If the duet can be assumed to be a linear acoustic system, there will exist 
a linear relationship between the pressures at any two points in the duet. 
This transfer funetion H21 from position 1 to position 2 is defined as the 
ratio between the Fourier transfarms of the acoustic pressures of the sound 
waves at the positions 1 and 2: 

H _ P(2,w) _ P+(2,w) + .P-(2,w) 
21

- P(1,w) - P+(1,w) + .P-(1,w) 
(A.6) 

where P( i, w) (i = 1, 2) is the Fourier transfarm of the pressure signal P( i, t) 
and P±(i,w) the complex amplitude of the pressure. 

When using the same substitutions which led us from eq. (A.2) to eq. 
(A.3) eq. (A.6) can be written as: 

By mounting a pair of micropbones in the wall of the duet and by using a 
FFT-analyzer, we measure this transfer funetion between the two micropho
nes. 

A.2 The reflection coefficient 

A.2.1 Theory 

The ratio between the complex amplitudes of a wave propagating in the ne
gative x-direction (: reilected wave) and the wave propagating in the positive 
x-direction (: incident wave) at a certain position x in the duet is defined as 
the pressure reileetion coefficient at that position: 

R ( ) = P-(x,w) =IR I i,P 
:z:W • ( ) :z:e 

P+ x,w 
(A.8) 

This reileetion coefficient is a complex variabie consisting of an amplitude 
IR:z:l and a fase </> denoting the ratio between the amplitudes and the phase 
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shift between the reflected and incident wave. Combining equation (A. 7) and 
(A.8) gives: 

(A.9) 

and solving this equation for the reflection coefficient yields the following 
important relation: 

H21e-ilc+(zl-Z~et)- e-ilc+(z3-Z~et) 

Rz~et(w) = élc-(z2-Z~et) _ H21 eilc-(zl-Z~et) (A.lO) 

In words: by measuring the transfer function H21 between a pair of micro
phones mounted at positions 1 and 2 in a duet and knowing the damping 
coefficients a±, the speed of sound Co and the Mach number M, it is possible 
to calculate the reflection coefficient at any position x".ef in the duet. 

In the rest of this report two special cases are of interest, namely the case 
in which X".ef = 0 and the case in which x".ef = Xt. 

In the fi.rst case we measure the pressure reflection coefficient of any pas
sive duet termination by setting the reference point at the end of the duet: 
x".ef = 0. Equation (A.lO) now reduces to: 

(A.ll) 

where lx11 and lx21 are the distances from the microphones to the end of the 
duet. The phase cP of the reflection coefficient at the end of a duet is often 
expressed as a distance called the end correction 8. For an unflanged pipe 
this end correction can be viewed as the distance from the end of the duet 
to the first hypothetical pressure node. For a closed end an end correction 
8 is introduced as the virutal place where ~~ = 0. The relation between the 
phase and the end correction is equal to: 

2k8 = cP- 7r 

for an unflanged pipe and equal to: 

2k8 = cP (A.l2) 

for a closed end. 
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In the second case we measure the reflection coefficient directly at micro
phone position 1. Equation (A.lü) then becomes even more simple: 

(A.13) 

where .óx = x2 - x1 is the distance between the two microphones for which 
the transfer function is measured. 

A.2.2 Measurement 

In the previous section it was already explained that by measuring the trans
fer function between to microphones and knowing O± and Co, it is possible 
to calculate the pressure reflection coefficient in a duet. In the experiments 
this method is used not with only two microphones but with the use of six 
microphones. In this way it is possible, when measuring the transfer func
tions between different pairs, to get independent results. The scatter in the 
results will give an indication of the measurement accuracy and, in the case 
of large deviations in camparsion with the scatter, of possible errors in the 
measurements or calculations. 

For the unknown parameters Co and O± estimates are used, who's values 
are calculated in the following way: 

eo: The speed of sound is assumed to be dependent only on the temperature 
and the relative humidity of the air: 

Co = Co,rh r:-vr::; (A.14) 

where co,rh is the speed of sound at 20°C in air with an arbitrary relative 
humidity which can be found in tables (see ref. [CRC]), T the absolute 
temperature of the air and Tref = 293.16 J( the reference temperature. 
The air used in the experiment can be regarcled as completely dry and 
the corresponding value of Co,rh = 343.z-7 mfs. 

o 0 : the following equation will be used as an estimate for the damping coef
ficient: 

(A.15) 
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where Pr is the Prandtl-number, Lp the perimeter and A the surface 
of the duet cross-section, v the kinematic viscosity and 1 = ep/ c" the 
Poisson ratio. This equation is an approximation made by Kirchhoff 
for the damping of plane waves in a duet in the absence of a mean 
flow. The derivation of this equation will be examined in the appendix 
covering the theory of sound. 

When using air the values of the parameters in eq. (A.15) are: 

Pr = 0.72 , 1 = 1.4 , v = 1.5 ·10-6 m 2 fs 

A.3 The damping coeffi.cient 

A.3.1 Theory 

In the previous section where the methad used for reflection coefficient meas
urements is explained, a theoretica! first order approximation for the damping 
coefficient is used. However, in many situations the actual damping coeffi
cient will differ from this approximation and therefore the measurement of 
the actual damping coefficients of the sound waves is another goal of our 
experiments. Especially in the presence of a mean flow we expect the diffe
rence between the approximation and the actual damping coefficient to be 
significant because of the interaction of the sound wave with the mean flow. 

The effect of the damping is demonstrated by substituting eq. (A.5) in 
eq. (A.3) while taking Xref = 0: 

a+-i(~+a+) a_+i(~+a_) 

P(x,w) = P+(O,w)e- HM :z: + p_(O,w)e 1-M :z: 

Looking at the absolute values of the pressure amplitudes of the individual 
sound waves propagating in the positive and negative direction reveals the 
main influence of the damping: 

lfi+(x)l = lfi+(O)Ie-l:tz 

lfi-(x)l = lfi-(O)Ie 1~"Mz (A.l6) 

The amplitudes of the sound waves show an exponential decrease and in 
the presence of a mean flow the damping of the sound wave propagating in 
the downstream direction is smaller than the dc..mping of the sound wave 
propagating in the upstream direction: a+/(1 + M) ::; a_f(l - M). 
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A.3.2 Measurement 

The determination of the actual damping coefficients depends on the me
asurement of reileetion coefficients and therefore use is made of the in the 
previous section presented methods for measuring these reileetion coefficients. 

The configuration used to measure the damping consists of four micro
pbones configured as two pairs. The distance between these pairs is taken 
as large as possible (: ~ 5 m) w hile the distance between the mieropho
nes forming a pair is made relatively small (: < 0.3 m), see fig. (A.2). 

1' I I 'f. 
I 

: ,q, 

Figure A.2: Configuration used for measuring the damping coefficients. 

With these pairs the reileetion coefficients at the microphone positions are 
measured using local parameters such as the temperature and therefore the 
influence of possible gradients of the parameters along the duet is minimized. 

With the rightmost pair of micropbones (microphone 1 and 1 ') the ref
leetion coefficient RI at the position of microphone 1 is measured using eq. 
(A.13). When also knowing the amplitude of the total pressure P(1) at the 
position of this microphone it becomes possible to calculate the amplitudes 
of the individual waves propagating in the positive (: P+(1)) and negative 
direction (: .P- (1)) at that position. This is clone with the help of eq. 's (A.3) 
(making x and x.,.ef equal to xi) and (A.8): 

or, when solving for I.P+(1 )i: 

I.P (1)1 = IP(1)1 
+ ll +Ril 

(A.17) 
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For lfi- ( 1) I the following equation can be deduced: 

(A.l8) 

With the leftmost pair of microphones ( microphone 2 and 2') it is possible 
to calculate for position 2 the amplitudes of the individual waves propagating 
in the positive and negative direction in the same way as clone for the waves at 
position 1. Furthermore, the total pressure amplitude P(2) can be calculated 
with the use of eq. (A.6): 

IP(2)l = IH211 * IP(l )I 

Now, by using the exponential decrease of the amplitudes of the sound 
waves given in eq. 's (A.16): 

it is possible to solve for a+ and a_ individualy: 

1 ln(IP+(2) I)= 1 In( IH2lll1 +Ril) 
l~xnl P+(1) l~x12l 11 + R2l 

Q'_ 1 P- (1) 1 RlP+ ( 1) 
l~x121ln(l fi-(2) I)= l~xul 1n(l R2P+(2) I)= 1- Af 

1 ln(jRtl I1+R2I ) 
l~x12l R2 IH21111+Rtl 

(A.19) 

where l~x12 1 is the distance between microphone 1 and 2. 
Ho wever, in order to be able to determine the reileetion coefficients ~ (i = 

1, 2) an estimate (a± = a 0 ) for the damping coefficients a± was used so that 
the calculated valnes of Cl'± are not exact. To overcome this problem an ite
rative proces is used in which the calculated damping coefficients are used 
as new estimates in the equations for calculating the reileetion coefficients. 
The iteration proces is stopped when the difference between the estimated 
and calculated damping coefficients is smaller than an arbitrary small error. 
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A.4 Error analysis 

The accuracy that can he obtained with the two-microphone metbod is inf
luenced by the errors in the experimental parameters such as the measured 
transfer function, temperature and flow speed. In this section an investiga
tion of the various measurement errors that can occur and their effect on the 
calculated quantitites is made. 

This analysis been made in a 'graphical' way: a number of 'test' transfer 
funetions has been calculated only depending on the distance between the 
microphones, the temperature (: 20°C) and the reileetion coefficient at the 
end of the duet. When introducing artificial errors in the different input pa
rameters their infiuence on the calculated reileetion and damping coefficients 
can he determined. We choose the magnitude of the artificial errors in ag
reement with the estimate of the experimental errors for the corresponding 
parameters. 

In the determination of the factor kx = xw I Co there is a relation between 
the infiuence of errors in the frequency f, the distance x and the speed of 
sound c0 which is dependent on the square root of the temperature T. 

A little algebra shows that a relative error in the frequency has the same 
influence as a relative error in the distance: ~~I f = ~x I x. Because the 
frequency is determined with an accuracy of ~ 0.1% which is equal to the 
error in the distance only the infiuence of an error in the distance will he 
regarded. Between the error in the temperature and distance the relationship 
is: ~xlx = -t~TIT. The infiuence of errors in these parameters will he 
regarded. 

Fora more detailed discussion on the error analysis of the two-microphone 
metbod the reader is referred to [ABO 86] and [ABO 88]. 

A.4.1 The measurement interval 

In this paragraph the infiuence of the spacing between the micropbones on 
the validity of eq. (A.7) which is used to calculate reileetion coefficients 
is investigated. Making in eq. (A.7) Xref equal to Xt yields the following 
equation: 

H _ P(2) _ P+e-ile+(zl-z1) + _p_éL(zl-zd 
21 

- P(l) - P+ + .P- (A.20) 
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A condition for the validity of this equation is that the nominator representing 
P(2) and the denominator representing P(1) of this equation are linearly 
independent. In the absence of a mean flow (: k+ = k_ =: k0 ) this is 
equivalent to: 

where ,\ is the wavelength of the sound. 
From this equation an interval for the frequency f can be determined in 

which the results of the two-microphone method will he valid: 

where fv is the frequency for which the pressures P(1) and P(2) in eq. (A.20) 
are linearly dependent. For higher frequencies it appears from the analysis of 
Ábom and Bodén ([ABO 86] and [ABO 88]) that the uncertainties increase 
drastically so that the two-microphone method should preferably he used for 
J < fv· 

Substituting the microphone spacings in our experiment and using Co ~ 

340 mf s yields: 

1. 1513---+ 1511 : lx2- x1l = 0.1377 m ---+ fv ~ 1234 Hz, ka ~ 0.338 

2. 1513---+ 1510: lxa - x1l = 0.3323 m ---+ fv ~512Hz, ka~ 0.140 

3. 1513---+ 1459: lx4- x1l = 0.3831 m ---+ fv ~444Hz, ka~ 0.122 

4. 1513---+ 1871 : lxs - x1l = 4.8582 m ---+ fv ~ 35 Hz, ka ~ 0.0096 

5. 1513---+ 1870: lxs- x1l = 5.0176 m ---+ fv ~ 34 Hz, ka ~ 0.0093 

6. 1871 ---+ 1870 : lxs- xsl = 0.1594 m ---+ fv ~ 1067Hz, ka~ 0.292 

When combining these results with the fact that the 1513 gauge is mounted 
close to the end of the duet the condusion can be made that only the first 
three pairs can be used to measure reflection coefficients at the end of the 
duet with a reasonable accuracy. Apart from the fact that the large distance 
within the fourth and fifth pair will introduce errors due to, for instance, 
temperature gradients in the tube, the frequency intervals in which these 
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pairs can he used are practically seen inconvenient. Therefore the 1871 and 
1870 gauges are only used as a pair to measure the refiection coefficients at 
the position of the 1871 gauge. In this case the frequency interval is large 
enough to he convenient and to give accurate results. 

A.4.2 Reflection at a closed end 

In this section the infiuence of errors in the experimental parameters on 
the refiection coefficient of a duet with a closed end will he regarded. This 
refiection is measured with the first three microphone pairs denoted in the 
previous section. Only the results obtained with the first and thirth pair will 
he given here, the results of the second pair will lie between the results of 
the first and thirth pair. 

The first microphone pair 

The distances x1 and x 2 of the microphones 1513 and 1511 forming the first 
pair to the end of the duet are -51.8 mm and -189.5 mm. 

Temperature The temperature has a direct infiuence on the value of the 
sound speed and in the experiments the maximum error in the measured 
temper at ure is ±0.1 oe. The effect of introducing this error on the refiection 
coefficient is given in fig. (A.3). 

The infiuence on the absolute value is negligible while the dimensionless 
end correction 8/ a reveals an error of~ ±0.003. 

The fact that at very low values of ka even the unperturbed results ( o) 
differ from zero is due to the data format with an accuracy of 5 respectively 
6 digits used in the data files to represent the absolute value IHI and phase 
4> of the transfer functions. 

The fact that an error in the temperature has the greatest infiuence on the 
end correction can he explained by the fact that the temperature is primarily 
used to calculate the speed of sound Co· An error in Co yields an error in the 
wavelength À which is responsabie for the deviaton in the end correction. 

Increasing the error in the temperature mainly increases the error in the 
end correction, in fig. (A.4) the results are presented for an error of 1.0°C in 
the temperature. 
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Figure A.3: Influence of an error of b.T ± 0.1°C on the reflection coefficient. 
b.T = 0.0: (o); b.T = +0.1: (x); b.T = -0.1: (6). 
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Figure A.4: Influence of an error of ± 1.0°C on the reflection coefficient. 
!:l.T = 0.0: (o); !:l.T = +1.0: (x); !:l.T = -1.0: (6). 
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Transfer function The next error is introduced in the transfer function 
which consists of an absolute value IHI and a phase </>. These parameters 
are measured with a maximum accuracy of ~ 2 · 10-4 which results in an 
accuracy of~ 0.05° in the phase </>. Apart from this machine accuracy there 
is also an error in the calibration of the pressure gauges with a value equal 
to the machine accuracy. The total error in the transfer function therefore 
is~ 5 · 10-4 and 0.1°. 

Absolute Value First an error is introduced in the absolute value of 
the transfer function between the two microphones. The effect of introducing 
the above determined error of 0.05% is given in fig. (A.5). Although the 
influence on the absolute value of the reflection coefficient is small: in the 
very low frequency region a maximum error of 1.2 ·10-4, the influence on the 
phase of the reflection coefficient is greater: an exponential increase of the 
error when decreasing the frequency from ka ~ 0.05. 

Furthermore, applying a positive error in the absolute value of the transfer 
function results in a decrease in the absolute value IRI and end correction b 
of the reflection coefficient. 

When increasing the error to 0.1% the deviations in the reflection coeffi
cient increase, see fig. (A.6). Especially the error in the end correction has 
increased in the low frequency region. 

Phase The deviations in the reflection coefficient resulting from intro
ducing an error of 0.1° in the phase cf> of the transfer function are given in 
fig. (A. 7). 

This figure reveals that this error mainly has an influence on the absolute 
value of the reflection coefficient: when ka~ 0.015 the deviation ~IRI = 2% 
while the influence on the end correction b is small. 

Distance The distances are measured with an accuracy of 0.05 mm and 
when introducing errors in this parameter, first the effect of replacing the 
micropbones individually and secondly the effect of replacing the microphone 
pair as a whole will he regarded. 

first gauge The effect of deplacing the microphone dosest to the end 
of the duet ±0.05 mm which is equal to a relative error of~ 0.1% is given 
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Figure A.5: lnfluence of an error of ± 0.05% in the absolute value of the 
transfer function on the reflection coefficient. ó.IHI = 0.0% : ( o ); ó.IHI = 
+0.05%: (x); ó.IHI = -0.05%: (6). 
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Figure A.6: Influence of an error of ±0.1% in the absolute valueofthe transfer 
function on the reileetion coeffi.cient. A lH I = 0% : o, óiHI = +0.1% : x, 
óiHI = -0.1%: 6.. 
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in fig. (A.8). 
While the infiuence on the absolute value of the refiection coefficient is 

negligible, the infiuence on the end correction decreases from 0.001 for low 
values of ka to zero for ka ~ 0.125. This can be explained by the fact that 
when ka ~ 0.125 : ~ ~ 0.189 m there is a pressure node at the position x2 

of the second microphone. In this situation an error in the position XI of 
the first microphone has no infiuence on the measured wavelenght À and end 
correction b. 

second gauge Changing the position x 2 of the second microphone with 
±0.05 mm: ( ~ 0.03%) also has a much greater infiuence on the end correction 
than on the absolute value of the refiection coefficient, see fig. (A.9). 

The mean value of the error in the dimensionless end correction is ~ 0.004 
which is equivalent to b ~ 0.06 mm. When increasing the frequency, the 
error decreases and becomes equal to zero when there is an pressure node at 
position x1 which eventualy will happen when ka ~ 0.455. 

moving the pair Now the infiuence on the refiection coefficient of rep
lacing the microphone pair ±0.1 mm (~ 0.07%) will be regarded, see fig. 
(A.10). 

Again, the infiuence on the absolute value is minimal while the error in 
the dimensionless end correction is ~ 0.007 which is equal to b ~ 0.1 mm. 
This result is explained by the fact that when moving the microphone pair a 
small distance in the direction of the end of the duet, the end correction will 
increase with the same amount. 

The thirth microphone pair 

Here the results will be presented for the thirth microphone pair with distau
ces XI and x 4 to the end of the duet of respectively -51.8 mm and -434.9 
mm corresponding with the gauges 1513 and 1459. Because in this situation 
the relative errors in the distance will be smaller than in the first microphone 
pair, only the errors resulting from deviations in the transfer function and 
temperature will be regarded. 

Temperature The infiuence of an error of 0.1 oe in the temperature is 
presented in fig. (A.ll). 
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Figure A.8: lnfluence of moving microphone 1 ± 0.05 mm on the reileetion 
coefficient. ~x1 = 0: (o), ~x1 = +0.05: (x), ~x1 = -0.05: (~). 
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The effect on the absolute value of reflection coefficient is almost the 
same as for the first microphone pair. As predicted, the error in the refiec
tion coefficient increases strongly at the above calculated value of fv for this 
microphone pair: fv ~444Hz: ka= 0.122. 

Because the temperature is used to calculate the sound speed which on 
its term is used to determine the wavelength À, the influence on the end 
correction of an error in the temperature has the same shape as the result 
from introducing an error in the distance, see also fig. (A.8). 

Transfer Function Again, the infiuence of errors in the absolute value 
and phase of the transfer function will be regarcled separately. 

Absolute value The effect of introducing an error of 0.05% m the 
absolute value of the transfer function is given in fig. (A.12). 

Just as with the first microphone pair, this type of error has the greatest 
inftuence on the end correction 8. The strong increase of the errors in the 
refiection coefficient at ka ~ 0.122 has been explained above. 

Phase lntroducing an error of 0.05° in the phase of the transfer func
tions results in a strongly increasing deviation of the absolute value of the 
reflection coefficient while the influence on the end correction stays minimal, 
see fig. (A .13 ) . 

Conclusions 

From the above given analysis can be concluded that in the situation of a 
duet with a closed end the largest error in the measured reflection coefficient 
will be introduced by errors in the measured transfer function. Introducing 
an error in the absolute value of the measured transfer function has the 
greatest infiuence on the measured end correction and introducing an error 
in the phase of the transfer function has the greatest inftuence on the absolute 
value of the reflection coefficient. 

A.4.3 Situation with flow 

In situations with a flow the Mach number M is determined with an accur
acy of ~ 1%. To investigate the influence of this uncertainty the results of 
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the measurements made with the (1513,1511) gauge pair are presented here 
together with the results obtained when introducing an error of ±1% in the 
Mach number. The resulting differences give an indication of the influence 
of the Mach number on the accuracy of the measurement. 

For the reflection coefficient a measurement with M = 0.017 has been 
taken and the results are presented in fig. (A.14). 

For the damping coefficient the same measurement is taken and the results 
are presented in fig. (A.15). In this figure the values of a+ (: o) and CL (: 

x) are given together with the values calculated with the above given error 
of 1% in the Mach number. These deviating values are also represented by 
o's and x 's. However, the resulting differences are so small that they can 
not be distinguished in this figure. 

From these figures the condusion can he made that an error of 1 % in 
the Mach number has a negligible influence on the measured reflection and 
damping coefficients. 
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Figure A.14: lnftuence of an error of ± 1% in the Mach nurnber on the 
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Figure A.15: Influence of an error of± 1% in the Mach number on the dam
ping coefficient. a+ : o, a_ : x. The deviating values are also represented 
by circles and crosses. The rigid line represents the estimate of Kirchhoff. 
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Appendix B 

The Experimental Setup 

B.l 

In this chapter a description is given of the equipment used to 
measure refiection coefficients and damping factors. Also an ex
planation is given on the way in which the important parameters 
of the experiment are measured. 

The equipment used 

In appendix A the principle of the acoustical measurement was explained. 
Reileetion and damping coefficients were calculated from given transfer func
tions between microphones mounted in the wallof a duet. The transfer func
tions were computed from the Fourier transform of the measured pressure 
signals. These computations and transformations are clone with the use of a 
measurement unit which is controled by the sofware package HP-VISTA in
stalled on a HP 9000/'.!iJO computer system. Apart from this software package 
a number of computer programs were written to make further calculations 
and represent the measured data. The sound source, being able to produce 
its fundamental frequency between 10 and 500Hz, is a sirene mounted at the 
entrance of the duet. To make measurements with a mean flow in the duet, 
dry air is taken from a high pressure system and introduced in the duet after 
passing a buffer vessel, a flow measurement unitand a settling chamber. The 
temperature of the air in the duet is measured with the help of three PTlOO 
probes mounted in the wall close to the different pressure gauges. 

After this short introduetion a more detailed description of the different 
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items in the experimental set up will he given with the help of fig. (B.1 ), m 

high pressure system 

bypass 

1870 1871 
r---

sirene 

duet 

HP9000/360 

I I 
I I 

ADC 

char~e-amplifier 
I I I 

1459 1510 I I 
1 1511 1513 

Figure B.1: The experimental setup. 

this figure the following items are shown: 

Tube: the phenomena to he investigated take place in a circular duet with 
a radius a of 15.0 mm and a wall thickness of 0.5 cm. The totallength 
of the duet is ::::::::: 5 m but can he varied with the use of spare duct
parts. The inner-wall roughness is O.lJlm and therefore the duet can 
he regarcled as hydraulicaly smooth. The duet is placed 66 cm above 
the ground and is supported by a heavy frame in which it is mounted 
at randomly chosen positions. 

Transducers: in the wall of the duet six piezo eleetrical pressure gauges, 
type PCB-116A, are mounted. The pressure gauges are referred to by 
their serial-number (: 1513, 1511, 1510, 1459, 1871 and 1870). 

A schematic picture of the mounting of the pressure gauges is given 
in fig. (B.2). The gauges have a diameter of 10.3 mm makinga fl.ush 
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mounting in the duet wall impossible. So the gauges are mounted in a 
cylindrical cavity with a diameter and height of 10.3 mm respectively 
0.5 mm. This cavity is connected to the duet by small hole of 3.5 mm 
diameter and a length of 1.5 mm. An important factor is the volume 

10.3 
t- ~ 

0.5 

I 
ft 

Figure B.2: The mounting of the pressure gauges. 

of the cavities, when the cavities are too big, unwanted refl.ections and 
evanescent modes will affect the axial-dependence of the acoustic pres
sure signal in the duet. If the cavities are too small, the pressure at 
the gauge surface might he infl.uenced by viscous effects. In practice, 
uncertainties in the gauge respons have been eliminated by means of a 
calibration procedure. 

Charge-amplifiers: all pressure gauges are connected by low-capacity coax 
cables to charge-amplifiers who convert the charge delivered by the 
gauges into a voltage. The amplifiers are of Kistier type 5007 or 5008 
and have a bandwidth of 0.1 Hz to 22 kHz. 

Measurement unit: the voltage produced by the charge-amplifiers is deli
vered through coax cablestoa HP3565S data acquisition system. This 
unit consist of six AD-converters and a calculation unit being able to 
make reai-time computations on complex variables. 

Computer: The manipulation of the HP3565S unit and the measured data 
is controled by a software package called HP-VISTA running on a HP-
9000/360 computer system under UNIX. The measurement unit is con
nected to the computer by a HP-Interface-Bus (:IEEE bus). On this 
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computer system programs were developed in the languages C and 
FORTRAN to make further calculations on the measured data. 

Sirene: The sound souree used is a sirene mounted at the entrance of the 
circular duet. In fact this sirene is a hollow cylinder with a number of 
holes driven by an electromotor, see fig. (B.3). The frequency of the 

0 __.. duet 

Figure B.3: The sirene. 

sound produced is controlled by the rotation frequency of the cylinder 
and the number of holes. By mounting cylinders with different numbers 
of holes it is possible to change the frequency range of the sirene. The 
rotation frequency is contraled by varying the voltage supplied to the 
electromotor. The experiments are made in a frequency range from 
10 - 500 Hz. In order to he able to control the pressure of the sound 
waves produced by the sirene, a bypass is mounted over the sirene. 
With this bypass it is possible to introduce the air directly in the duet 
instead of leading it through the sirene before entering the duet. 

Pipe terminations: one of a set of four different pipe terminations can 
be mounted at the end of the duet. The terminations have a distinct 
geometry for which theoretica! estimates for the reflection coefficients 
are available. Most of the experiments are clone with a termination 
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ha vingasharp edge (wedge angle of 20°) which represents an unflanged 
p1pe. 

The flow system: The flow system delivers air with a dew point of -40°C 
from the main high-pressure system of the building (60 bars) to the 
experiment. Because of this low dew point the air is regarcled as being 
completely dry (: relative humidity ~ O% ). First, the air is taken 
into a buffer vessel, in which the pressure can he adjusted between 
0 and 15 bars. The amount of air flowing from this buffer vessel to 
the experiment is contraled by a set of valves and just before entering 
the sirene the air passes through a muffier to suppressnoise from the 
upstream valves. The volume flux of the air is measured with the use 
of a turbine meter and the value of the absolute pressure of the air, 
needed to calculate the actual flow speed in the duet, is measured with 
a common barometer. 

Temperature probes: temperatures are measured with a few temperature 
probes (: PT100) mounted on the duet in the vicinity of the pressure 
gauges. 

B.2 The measurements 

In this section an overview is given on the way in which the different para
meters of the experiment are measured .. 

B.2.1 Transfer functions 

The measurement of transfer funetions consists of the measurement of pres
sure signals, transforming these time-dependent signals into the frequency 
domain and computing from these frequency-dependent signals the desired 
transfer functions. 

Before being able to measure pressure signals, the software package HP
VISTA requires the definition of at least one so called 'excitation channel' or 
'excitator'. This excitation channel is taken as the reference channel for the 
measurement and in all the experiments the pressure gauge 1513, which is 
placed dosest to the end of the duet, will be defined as the excitator. All the 
other channels are referred to as 'response channels' or 'responders'. Signals 
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from the exication channel (: 1513) will cary a subscripted x and signals 
from a response channel (: 1511, ... , 1871) a subscripted y. 

The actual measurement of the pressure signals is straightforward: the 
pressure signals are transformed into a voltage by the pressure gauges and 
the charge-amplifiers. These voltages are digitized by the AD-converters in 
the HP3565S data acquisition system, giving the time dependent signals: 
Pz;y(t). The resolution of the AD-converters is 13 bits (: 1.22 · 10-4

), and 
the relative phase error between the different channels is 0.1° for calibrated 
channels. 

The signals Pz;y(t) undergo areal-time Fast Fourier Transformation, clone 
by the calculation unit in the data acquisition system, into frequency de
pendent signals Pz;y(w) with the use of an algorithm present in the data 
acquisition system. 

The calculation of the transfer functions is controled by the software 
package HP-VISTA. First the auto-power spectrum G:~:z(w) of the excitation 
channel is calculated: 

(B.1) 

where the superscripted asterix * denotes the complex conjugate of a com
plex signal. Examining this auto-power spectrum gives the frequency of the 
fundamental and higher modes of the plane waves in the duet. Apart from 
this auto-power spectrum, the cross-power spectra G:~:y(w) are computed for 
the different response channels: 

(B.2) 

Now, by dividing eq. (B.2) by (B.1), the transfer function Hyz from the 
excitator x to a particular responder y is computed: 

(B.3) 

An important parameter also computed by HP-VISTA is the correlation 
coefficient COyz(w) for a particular response channel: 

(B.4) 
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This coefficient has a value smaller then unity if the signa! in the response 
channel is not linearly related to the signa! in the excitation channel or when 
the signa! is influenced by non-correlated noise. A non-linear behaviour of 
the system also results in a correlation coefficient smaller th n unity. During 
the experiments, only measurements with a coherence coe:fficient greater than 
0.999 where accepted as valid. 

The transfer functions were measured in the range of 10 to 500 Hz while 
using 8192 samples which gives a frequency resolution of~ 0.06 Hz. In most 
cases two averages were sufficient to get a coherence greater than 0.999. For 
all measurements a Hanning window was used in the Fast Fourier Transfor
mation. 

B.2.2 Temperature 

Measuring temperatures is clone with three PT-100 probes having a tempe
rature dependent resistance. The resistance of the probes is measured and 
converted to a voltage. 

One of the probes is mounted near the 1513 gauge at the end of the duet, 
a second one in the measurement unit of the flow speed and the thirth one 
in the vicinity of the 1871 and 1870 gauges almost in the middle of the duet. 

The probes show a linear behaviour, giving the following temperature
voltage relation: 

T = e · Vm + To (B.5) 

where Vm is the measured voltage, T the actualy measured temperature in 
degrees Celcius, Ca coefficient equal to 10 oe jV and T0 an offset temperature 
equal to 0.3 oe for the first probe and equal to 0.0 oe for the other two probes. 
The accuracy with which the temperatures are measured is 0.1 oe. 

B.2.3 Flow 

The flow speed is measured with the use of a turbine meter. A calibration of 
this meter has been made with the use of Prandtl-tube with which the flow 
speed at the center axis of the duet has been measured. Assuming a Rey
nolds dependent velocity profile of the turbulent flow as given by Schlichting, 
see [SCH 79], for fully developed turbulent flows, the mean velocity can be 
computed. The results are equal to the calibration made by the 'Dienst van 
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IJkwezen' from the 'N.V. Nederlandse Gas Unie' giving an accuracy of 1% in 
the measurement of the flow speed. The calibration made by the 'Dienst van 
IJkwezen' is given in fig. (B.4). 
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Figure B.4: The Calibration of the turbine meter. 

sfiii 

The actual velocity is calculated in the following way. At the position of 
the turbine meter the volume flux <I>v, the pressure Ptm and the temperature 
Ttm are measured. Using the mass conservation law results in: 

where Ptm is the density of the air in the turbine meter, p1 the density of the 
air in the duet and A the cross sectional area of the duet (A= 1ra2

). Solving 
this equation for the velocity in the duet u1 yields: 

_ (Ptm)<I>v 
Ul---

P1 A 

With the use of the ideal gas law the ratio between the densities can he 
replaced: 

Ul = ( Ptm )( T1 ) <l>v
2 Patm Ttm 1ra 

where Ptm is the absolute pressure in the turbine meter and T1 the tempera
ture in the duet. 
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B.2.4 Distance 

Distances are measured from the end of the duet to the mountings of the 
transducers. For distances shot-ter than 60 cm an instrument was used with 
an accuracy of 0.05 mm. Distances greater than 60 cm were measured with 
a ribbon with an accuracy of 0.5 mm. A very accurate measurement with 
an accuracy of 5JI.m has been made with the help of the labaratry for length 
measurements for the pipe unit consisting of the end of the duet and the 
transducers 1513, 1511, 1510 and 1459. 

The actual distances from the end of the duet to the center of the sensitive 
area of the gauges are calculated by adding to the above measured distances 
the half of the widht of the mounting of the gauges in the duet which is 
10.0 ± 0.05 mm. The in this way determined distances are given in fig. (B.5). 

S"/.8 

/'tij /f/0 ll'll /S"/.1 

Figure B.5: The measured distances in mm. 

However, it should he noted that the above given geometrical positions 
may differ from the actual acoustic distances because of, for instance, un
certainties in the position of the acoustic center on the gauges. This effect 
is very important in condensator gauges as reported by Ábom and Bodén 
[ABO 86]. 
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Appendix C 

The Calibration 

C.l 

In this chapter an explanation on the culibration of the measu
rement equipment is given. This culibration is needed to mini
mize the in.fiuence of the hardware on the measured transfer coef

ficients. The procedu1'e used here is in principle the same as used 
by Konijnenberg, see ref. [KON 91}. However we have carried 
out a much more extensive calibration. 

Intro cl uction 

An important assumption made when calibrating the hardware is that the 
response of all the aparatus used is linear. In figure ( C.l) a schematic picture 
of the measurement equipment is given. When measuring the transfer func
tions, the pressure signals to be measured are inftuenced by the equipment in 
the experiment. Per measuring channel the following items have an inftuence 
on the actual pressure signal: 

• the geometry of the cavity in which the pressure gauge is mounted 

• the pressure gauge tagether with its charge amplifier 

• the AD-converter 

• the calculation unit which performs the Fast Fourier Transformation 
and computes the transfer fundions 
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Figure C.1: Schematic picture of the measurement equipment. 

The calibration procedure has the purpose to eliminate all the effects of the 
above mentioned items and to ensure that the transfer function calculated 
from two measured pressure signals is correct. 

In order to keep the calibration reliable, all pressure gauges are given 
a particular charge amplifier and a particular analog input on the AD
converter. Furthermore, the mounting of the pressure gauges in the wall 
of the duet has been sealed to avoid changes due to the (un)-tightening of 
the gauges themselves. 

C.2 Calibration Procedure 

The calibration procedure is as follows: every pressure gauge is calibrated 
against a special calibration unit. This unit consists of a closed duet ter
mination with a pressure gauge (: 1509) mounted ftush in the flat end of 
the termination, see fig. ( C.2). The calibration unit is mounted in such a 
way that the distance to the pressure gauge to be calibrated (let's say the 
1513 gauge) is minimaL The reason for this is that previous calibrations by 
Konijnenberg revealed that increasing the distance between the gauges resul
ted in increasing uncertainties in the calibration. Now a number of transfer 
function measurements is made in the range of 10- 500Hz. This is the range 
in which the sirene is able to produce its fundamental frequency. Knowing 
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1509 

Figure C.2: The calibration unit with the 1509 pressure gauge. 

the pressure reflection coefficient at the position of the calibration unit (: 
closed end, I.Hpl = 1 and 8 = 0), it is possible to predict the transfer function 
between the 1509 gauge and the 1513 gauge. The difference between these 
predicted and measured values are interpreted as correction coefficients for 
the 1513 gauge. These complex correction coefficients are defined as: 

17(1509--+ 1513) = Hpredicted 

Hmea6ured 
(C.l) 

In this way for all gauges a calibration against the 1509 gauge is made. 
A note should be placed at the assumed reflection coefficient of the cali

bration unit, the small cavities between the wall of the duet and calibration 
unit, see fig. ( C.2) could cause a change in the reflection coefficient resulting 
in an error in the correction coefficients. 

In order to get the correction coefficients for the transfer functions be
tween the pressure gauges mounted in the wall of the duet, or in other words 
to eliminate the 1509 gauge out of the calibration, the ratio between the 
above measured correction coefficients has to be calculated. For instance, 
the correction coefficient for the transfer function between the transducer 
pair 1513 and 1511 is: 

( 3 ) 
17(1509--+ 1511) 

17 151 --+ 1511 = ....;._o_ ___ ~ 

17(1509--+ 1513) 
(C.2) 

A measured transfer function H(1513--+ 1511) now has to be multiplied with 
its correction coefficient to get the corrected transfer function: 

H(1513--+ 1511) = 17(1513--+ 1511) * Hmea~ured(1513--+ 1511) (C.3) 
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C.3 Representation and use 

Because it is in practice not possible to make all the calibrations against the 
1509 gauge at exactly the same frequency, the measured calibration coeffi
cients need to be represented by a fit. Konijnenberg used in his calibration 
the following fitting scheme: in the low frequency region an exponential and 
in the middle and high frequency region a linear fit and his results are good. 
In this report a more elaborate fitting scheme is used, expecting the final 
results to become even better. 

A number of methods for makinga fit on experimental data is available, 
but for our purpose the easiest methods are polynomial or spline fitting. 
Fitting with polynomials has the advantage of a simple representation of the 
fit by a number of coefficients equal to the order of the polynomial. When 
writing computer programs this greatly simplifys the procedures to be used. 
However, a disadvantage of polynomials is that when increasing the order of 
the polynomial in order to get a more precise fit in a particular range of the 
experimental data, the quality of the fit in another range will decrease as a 
result of instability of the polynomial. This argument has led us to the choice 
of making fits with splines, taking for granted the increase of work that has 
to be clone to represent and use the data of these splines. The procedures 
used to make the fits are the NAG-library routines E02BBF and E02BAF, 
see [NAG]. 

The fits on the calibration data of the different pressure gauges against 
the 1509 gauge are present in 'calibration files'. To use these coefficients, two 
procedures have been written: 

1. Corr.init: this procedure opens the calibration files and reads the pa
rameters of the splines. 

2. Corr.factor: this procedure computes fora given frequency the correc
tion coefficients for a number of gauges against the 1509 gauge. 

In practice, a measured transfer function is corrected by multiplying it by 
the correction coefficient of its responder and dividing it by the correction 
coefficient of its excitator, see eq.'s (C.2) and (C.3). 

89 



C.4 The correction coefficients 

With the use of the above given procedure two calibrations have been made 
using different averaging procedures for different values of the amplitude of 
the pressure on the 1509 gauge. 

The need for different averaging procedures is a result of the unstability 
in the frequency produced by the sirene. In some cases a frequency drift 
of a few Hertz was noticed during the experiment. Making a long duration 
measurement with a high number of averages produces in these circumstances 
a relatively braad transfer function spectrum with a low peak value. On the 
other hand, a short duration measurement consisting of only one 'average' 
yields a sharp peaked spectrum with a higher peak value. However, using 
the latter averaging procedure increases the time needed to make a complete 
and reliable set of measurements enourmously in comparison to the long 
duration measurement where the measurement unit takes the greatest part 
of the overhead. 

The above given considerations resulted in the measurement of two ca
libration curves for each pressure transducer. The first one is made in the 
(higher) amplitude region of 2400 Pa with one average per measured trans
fer function, the second one in the (lower) amplitude region of 700 Pa with 
ten averages per measured transfer function. As an example the measured 
transfer functions H(1509-+ 1513) are given in fig. (C.3) and (C.4). 

These figures show little difference in the measured absolute values of the 
transfer functions. In the figures with the measured phases the effect can 
he noticed that in the higher region (J > 100 Hz) of the higher amplitudes 
measurement the scatter has increased enourmously. It is checked that this 
dependency on the pressure amplitude is notaresult of the different averaging 
procedures used. 

To investigate the influence of the pressure amplitude further, a few other 
transfer functions measurements have been made. The outcome of these 
measurements is that in the lower frequency region (J < 100Hz) the influence 
of the pressure amplitude on the transfer function is negligible while in the 
higher frequency region especially the influence on the phase of the measured 
transfer function is significant. 

In fig. ( C.5) a measurement is presented made at a constant frequency 
of 17.5 Hz as a function of the pressure amplitude. At this low frequency 
the absolute value and phase of the measured transfer function are almast 
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Figure C.3: Pressure amplitude: 2400 Pa, each point represents one average. 
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Figure C.4: Pressure amplitude: 700 Pa, each point represents ten averages. 
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Figure C.5: Transfer function as a function of the amlitude on the 1509 gauge 
at a constant frequency of 17.5 Hz. 
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constant over a range of six decades. 
Another example of this amplitude dependenee is given in fig. ( C.6) where 

for three frequencies a few transfer fundions were measured while keeping 
the amplitude of thesound pressure at a constant high value. The increase 
in the scatter above 100 Hz in the measured transfer function is obvious in 
this figure. 

To investigate a possible influence of the measurement equipment, trans
fer functions were measured while presenting harmonie signals at the inputs of 
the charge amplifiers. The measured responses of the six measuring channels 
do not reveal a amplitude dependenee which could influence the calibration. 
In fig. (C.7) the frequency response of the measuring channel of the 1510 
gauge is presented as an example. These results eliminate possible influen
ces from the measurement equipment and focus the amplitude dependenee 
on the gauges and their mountings. 

To investigate the influence of the shape of the cavity in which the gauges 
are mounted measurements were performed with the inner edges of one cavity 
rounded, see fig. (C.8). The results are presented in fig. (C.9), the absolute 
deviation between the two measurements is due to the (un-) tightning of 
the particular pressure gauge for which the dimensions of the cavity were 
changed. The resulting influence of rounding the edges can he regarcled as 
minimal because of the unchanged scatter in the measured transfer function. 

Finally the two measured calibration curves were combined to give one 
definitive curve. In this process a combination was made of the lower region 
(J < 100 Hz) of the higher pressure calibration and the complete lower 
pressure calibration. To avoid effects of the pressure amplitude dependency 
we confined our measurements to the low pressure region. 

In order to he able to reproduce the measurements made by Konijnenberg 
the calibration curves were extrapolated to 1000 Hz using a linear extrapo
lation. 

In the following figures the correction coefficients for the six transducers 
used in the experiments are presented. The complex correction coefficients 
shown are split into a correction factor for the absolute value and a correction 
factor for the phase of the measured transfer function. The extra points in 
the figures when f > 500 Hz are the result of the extrapolation mentioned 
above. 
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Figure C.6: The scatter in the measured transfer function for three different 
frequencies at a constant pressure amplitude of 2400 Pa. 
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Figure C.7: Frequency response of the measuring channel of the 1510 gauge. 
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Figure C.8: Rounding of the inner edges of one cavity. 

97 



1.000 

•b•{H) 

• .. . 
• 

• 

O.INSO '-----'---'----'-----'----'----'---'---..__---''-----' 
-4.000 1.000 

10 log {•mp{riii8{Y*VIl 

1.1SOO 

• 

•rg(H) 

0 

• . .. 

0 

-0.400 '-----'---'----'------'-----'----'---'---..___.____. 
-4.000 1.000 

Figure C.9: lnfluence of rounding the edges of a gauge cavity, f = 130 Hz. 
o : normal shape, •: rounded 

98 



Freq. Hz 

Freq. Hz 

Figure C.10: 7J(1509 --+ 1513) 
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FigureC.ll: 7J(1509--+ 1511) 
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Figure C.12: 7J(1509--+ 1510) 
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Figure C.13: 77(1509 - 1459) 
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Figure C.14: 7J(1509---+ 1871) 
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Figure C.15: 7J(1509 -+ 1870) 
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Appendix D 

Theory of sound 

In this chapter a forma[ introduetion is given on the theory of 
sound which is a summary ofthe treatmentgiven by Pierce [PIE 89}. 
Starting with the linear theory neglecting viscosity, the basic wave 
equation and dispersion 1·elation wilt be derived for plane sound 
waves propagation in a duet with flow. 

After the introduetion of the inviscid approximation, the basic 
equations of energy dissipation and acoustic damping will be pre
senled with the linear theory including the effects of viscosity. 
Finally, the estimate given by Kirchhoff for the damping of a 
plane sound wave in a circular duet in the absence of a mean 
flow wilt be derived. 

D .1 Linear inviscid theory 

D.l.l Basic equations 

The equations used when deducing the linear or acoustic approximation are 
the exact non-linear equation of mass conservation: 

Bp +V · (pil) = 0 at 
the equation of momenturn conservation for an inviscid fluid: 

Dit 
P Dt = -V'p 
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and a pressure density relation: 

P = p(p, S) (D.3) 

The substantial derivative gt stands for :t + Ü · V. 
Furthermore, the assumption of negligible heat flow and dissipation imp

lies that the entropy of a fluid partiele is conserved: 

DS =O 
Dt 

(D.4) 

Now, by regarding the acoustic disturbances as smali-amplitude pertur
bations to an ambient state, it is possible to write the pressure p, the density 
p, the fluid temperature T and velocity t7 as follows: 

p(x, t) = Po(x) + p'(x, t) 

p(x, t) = Po(x) + p'(x, t) 

T(x, t) = To(x) + T'(x, t) 

ü(x, t) = üo(x) + ü'(x, t) (D.5) 

where p', p', T' and ü' represent the acoustic contributions to the overall 
pressure, density, temperature and velocity fields. The ambient state descri
bes the medium through which the sound propagates and is represented by 
p0 , p0 , T0 and Ü0 . In the rest of this paper these parameters are regarcled as 
being uniform over the duet. Substituting the eq.'s (D.5) in (D.1) and (D.2) 
while neglecting the second- and higher-order terms yields the following linear 
aproximations: 

ap' ( --+ ") I 'f'7 _" 0 at + Uo . V p + Po V • u = (D.6) 

a .... , 
Po( a~ + (uö · 'V)ü') =-'\lp' (D.7) 

Making a Taylor-series expansion of the pressure density relation (D.3) 
gives the following result: 

I ap I 1 a2p ( /)2 p-a p+2a2 P + ... 
p s p s 

(D.8) 
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or, when taking only the first order term for the ambient state: 

P' _ c2 p' 
- 0 ' 

2 Öp 
Co=-

Öp s 
(D.9) 

where Co is the speed of sound. 
To these linear acoustic equations an equation for the temperature per

turbation T can be added. From the thermadynamie relation T = T(p, S) 
with S = S0 , one has: 

which can be reexpressed by: 

T' = öT p' 
Öp s 

T' = f3To p' 
poep 

(D.lO) 

where j3 =- ~~~P is the coefficient of thermal expansion and Cp = T :~lp 
the specific heat at constant pressure. 

D.1.2 The wave equation and dispersion relation 

In the rest of this paragraph the primes denoting small disturbances from 
an ambient state will be ommited while the ambient state will still cary a 
subscripted zero. 

The wave equation can be deduced from the linear acoustic equations 
given above, first pis eliminated from eq. (D.6) with the use of (D.9): 

(D.ll) 

Secondly, eq. (D.ll) tagether withits time derivative: 

ö2p a ( __ 2 aa 
öt2 + öt Uo · V)p + c0 po V · (at) = 0 

is used to eliminate ü out of the divergence of eq. (D.7): 

(D.12) 
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These steps result in the following wave equation: 

2 1 ( f) ( .... ))2 V p- - - + u0 • V p = 0 
c2 fJt 0 

(D.13) 

When takinga configuration as shown in fig. (D.1) in which a duet with 

Figure D.1: Contiguration used. 

a circular cross section and a mean flow i10 in the positive x-direction are 
gtven, eq. (D.13) takes the following form (V ---+ ;z and Ü0 ---+ uo): 

fJ2p 1 f) f) 2 

fJx2 - C2 ( fJt + Uo a) p = 0 
0 

(D.14) 

Now, we will confine the solutions to harmonica! plane waves propagating in 
the up- and downstream direction with a constant radial frequency w: 

(D.15) 

where k± is the wavenumber, P± the complex amplitude of the pressure and 
the indices ± denote the propagating direction of the wave. Substituting 
these solutions in eq. (D.14) yields the following dispersion relation k = k(w): 

w/eo 
k± = 1 ±Af 

where M = u0 / Co is the Mach-number of the mean flow. 

(D.16) 

Furthermore, arelation between the velocity and pressure disturbance of 
the sound wave can be derived by substituting the eq.'s (D.15) and (D.16) 
in eq. (D.ll ): 

.... p .... 
u= --n 

PoCo 
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where ii is the direction of propagation of the sound wave. 
When looking at a situation without a mean flow (u0 = 0---+ M = 0), eq. 

(D.13) turns into the well-known wave equation found in many text hooks 
on acoustics and the wave-number becomes independent of the propagation 
direction: k = w/C<J. 

D.1.3 The speed of sound 

When using the simple principle that the propagation of sound occurs with 
negligible internal heat flow, the following ideal gas equation for adiabatic 
processes can be used for air at atmospheric pressure: 

p = J(p'Y 

where 1 = ep/Cv is the specific heat or Poisson ratio (1.4 for air) and [{ a 
factor remairring constant in time. Substituting this equation in eq. (D.9) 
gives the following relation: 

}, ""-11 /Po =!\P' =-
s 5 Po 

(D.18) 

where p0 and p0 are the ambient pressure and density. When using the 
i deal-gas equation p0 = p0 RT, one accordingly has: 

(D.19) 

where Ris the universa! gas constant. With this equation the speed of sound 
is calculated in the rest of this thesis. 

D.2 The Influence of viscosity 

Here the effects of viscosity will be introduced in a formal way using the 
notation convention and equations of reference [PIE 89]. The main goal of 
this section is to derive the estimate given by Kirchhoff of the damping of 
plane sound wave in a circular duet in the absence of a mean flow. Therefore 
the mean :flow, in the previous section represented by Ü0 , will be discarded 
here and the only velocity component left will be the acoustic disturbance 
ü'. 
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First the linear equations of sound will be given incorporating the effects 
of viscosity. 

With these linear equations the propagation of plane sound waves in free 
space will be regarcled resulting in an estimate for the 'classica!' damping ac~. 

After this, an approximate salution of the linear equations for plane sound 
waves will be presented in a formal way. Finally, the above mentioned esti
mate of Kirchhoff will be derived with the use of these solutions. 

D.2.1 The linear equations 

As was told in the beginning of this section, when deriving the linear equati
ons the ambient state will be regarcled as homogeneaus and quiescent, such 
that Ü0 = 0 and p0 , p0 , T0 and s0 are independent of position and time. 

The basic equation relating the deviations p1
, p1

, T 1 and s1 are p = p(p, s) 
and T = T(p, s ), whose linearized versions give p1 and T 1 as linear combina
tions of p1 and s 1

• 

When using the thermadynamie identities Cp = T :;lp' c5 = ~~s and 

j3 = p 8~~~ lp representing the specific heat at constant pressure, the square 
of the sound speed and the coefficient of thermal expansion, the result is: 

1 Pof3To pi= -pi---
c5 Cp 

si (D.20) 
p 

T l _ To/3 1 + To I 1 - --p - s 
PoCp Cp p 

(D.21) 

The remaining linear equations are the linearized equation of mass conserva
tion: 

8pl t'7 .... 1 

Bt + p0 v ·u = 0 

the linearized Navier-Stokes equation for Newtonian ftuids: 

Po 8aül =-\lp+ Ji['V2ül + ~V(V· ül)] 
t 3 

and the linearized energy equation: 

8sl 2 I 

poTo- = K'V T 
8t 
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where the values of J1 and "' are constant. 
In the rest of this section the primes denoting the small deviations from 

the ambient state will he omitted. 

D.2.2 The energy equation 

Taking the dot product of eq. (D.23) with Ü and adding to it pf Po times 
(D.22) and T/T0 times (D.24) and using the following abbreviations: 

1 2 1 p2 1 poTo 2 w = -pou + --- + ---s 
2 2 pocÖ 2 Cp 

(D.25) 

(D.26) 

1 "" 2 1\, )2 V= -11 ~</>ij+ -CvT 
2 .. To 

t) 

(D.27) 

where </>ij is the rate-of-shear tensor yields the energy equation for the situ
ation including viscosity: 

aw .... 
-+\1·1=-V at (D.28) 

The factor V is the energy los per unit volume and time, the two terms in 
this factor are the dissipation rate caused by viscosity and the lossof energy 
due to thermal conduction. 

The factor w is the acoustic energy, the difference with the inviscid case 
is the presence of a term proportional to the square of the entropy deviation 
s. When using an adiabatic approach this term is negligibly small compared 
with the other two. 

The energy flux vector fhas terms representing the work clone by viscous 
stresses and the energy-ftux associated with heat conduction. 

D.2.3 Attenuation of plane sound waves 

When calculating the attenuation of a plane sound wave with a constant 
frequency w propagating in the x-direction in free space: 
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where pis the complex amplitude of the wave, the relations (D.10) and (D.17) 
between the acoustic pressure p, velocity Ü and temperature deviations T can 
he used: 

and 

T ~ f3Top 
PoCp 

.... p .... 
u~ --ez 

PoCo 

where ë:~: is the unit vector in the x-direction. 
Using these equations and the fact that in the wave ~ 

following approximations can he deduced: 

VT ~ ( To/3 )( -~) ap 
PoCp Co at 

V . ü = auz ~ __ 1_ ap 
ax pocà at 

(D.29) 

(D.30) 

-~!ll! the 
c 8t' 

(D.31) 

(D.32) 

4 au:ll 2 au:ll ( ) 
</>zz = 3 ax ' </>yy = <l>zz = -3 ax D.JJ 

Substituting these equations in eq. (D.27) gives the dissipation per unit 
volume and time: 

'1"'\ [4 (t-1)~>:] 1 (ap)2 
V~ -J-L + -

3 Cp (poc5)2 at 
(D.34) 

where the thermadynamie identity 1 - 1 = T0 f3 2cU Cp is used. 
The average of (~)2 is w2(p2)av which is equal to w2poeolav where Iav is 

the intensity in the direction of propagation. This implies: 

(D.35) 

where 

(D.36) 

rfhe subscript cl stays for classica! and Pr is the Prandtl number J-LCp/ ~>:. 
Since the time average of eq. (D.28) requires that 8~;· = -'Dav, equation 
(D.35) gives: 

lav = lav,oe-2ac1z , lfil = IPI(z=O)e-aclz (D.37) 

The second relation follows because Iav is proportional to the square of the 
pres.sure field amplitude. Thus acl give::. the attenuation of the pressure 
disturbance. 
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D.2.4 Vorticity, entropy and acoustic fields 

In this section the plane wave solutions of the linearized equations will he 
regarded. Suhstituting plane-wave solutions with an angular frequeny w and 
waverrumher k: 

(D.38) 

where B stands for the pressure p, the entropy s or the velocity il, etc., in 
the equations (D.22), (D.23) and (D.24) yields: 

p Pof3To A .... ~ 
w(- - --s) - pok · u = 0 ca Cp 

A _.. A 1-+_,A 
- iwp0 i1 = -ikp -11(k2 i1 + -k(k · ü)) 

3 

' A "' k2 (A f3 A) zws = -- s + -p 
PoCp Po 

(D.39) 

(D.40) 

(D.41) 

where ;z is replaced hy ikz, :Y hy iky, :z hy ikz and %t hy -iw. Also the 

eq.'s (D.20) and (D.21) are used to replace pandT hy pand .S. 
Taking the cross product and dot products of k with eq. (D.40) gives: 

( -iwpo + 11k2 )(k x a)= 0 

(wp0 + ~i11k2 )k ·i;= k2p 

Equation (D.42) allows two possihlè solutions: 

1. k x i; = 0: this possi hili ty requires i; to he parallel to k. 

(D.42) 

(D.43) 

2. P = iwp0 j 11: this possihility, with P replaced hy iwp0 j J1 in eq. 's 

(D.43), (D.39) and (D.41 ), requires zero values for k ·a, p and .S. In 

particular k and i; must he perpendicular. This gives one possihle 
plane-wave mode for the fluid: k x i1 =f 0, k · i1 = 0, the remairring field 
quantities p, p, Tand s all zero and P = iwpj 11· 

The first possihility can he simplified when using the following ahhrevia
tions: 

2k2 4 
X. = ~ . /1W . K,W 

W
2 ' t,.,. = z -3 --2 ' tK. = z 2 

PoCo PoCoCp 
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The eq.'s (D.41) and (D.43), with k · fr taken from eq. (D.39), represent two 
simultaneous linear solutions fors and p which can be written with the above 
given abbreviations and the identity 1 - 1 = /PT0c5J Cp as: 

(D.44) 

A non trivia} salution exists if the determinant is equal to zero, which yields 
the following quadratic relation ( the Kirchhoff's dispersion relation): 

(D.45) 

When realising that in our situation both lc~-'l and lc"l are much less than 
unity, the roots of eq. (D.45) can be expressed as truncated power series in 
E~-' and E" yielding the following dispersion relations: 

V ( ) A E/(j3p 
.'\ ~ 1 +El-'+ I- 1 El( ' s ~ ---

Po 

and 

Vorticity field 

The second possibility P = iwp0f p. leads to the ditfusion equation: 

l"72 .... _ Po 8Üvor 
V Uvor- ---

Jl. at 
tagether with the following equations: 

V ' Üvor = 0 , Pvor = Svor = Tvor = Pvor = 0 

(D.46) 

(D.47) 

(D.48) 

(D.49) 

This corresponds to an incompressible flow that does not alter any of the 
thermodynamic state variables. Because V x Ü ..; 0 this field is called the 
vorticity field. 
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Acoustic field 

The dispersion relation eq. (D.46) leads to the partial differential equation: 

(D.50) 

where Öct is defined by eq. (D.36). This is the wave equation for acoustic 
disturbances with a slight correction for viscosity and thermal conduction. 
The differential-equations for this field, with all terms of first or higher order 
in t~-' and EK. deleted, are: 

V X llac = 0 , Sac ~ 0 , 
OÜac 

PoBt ~ -VPac 

To/3 Pac 
Tac = --Pac ' Pac = -2 

Poep Co 
(D.51) 

Entropy field 

The dispersion relation eq. (D.4 7), with the retentien of only the leading term 
_ _!_ on the right side, leads to the thermal-ditfusion equation of conduction 

~ .. 
heat transfer: 

tï2 _ PoepOSent 
V Sent- -K-Eit (D.52) 

The equations for the other parameters, with all termsof first or higher order 
in t~-' and EK. deleted, are: 

f3ToK 
Pent ~ 0 , Üent ~ 2 V Sent , V X Üent = 0 

poeP P 

To Pof3To 
T = - Sent , Pent ~ - -- Sent 

epp ep p 
(D.53) 

The subscript 'entropy' is used because the entropy fluctuations are a major 
feature, this in contrast to the acoustic field where the entropy fluctuations 
are relative small a.nd the vorticity field where they are totally absent. 
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D.2.5 Solutions of the vorticity and entropy fields 

In this section extra attention will be paid to the solutions of the voriti
city and entropy fields because these fields are of a major importance when 
consiclering the propagation of sound waves in ducts. 

The equations of both fields have the following similar form: 

(D.54) 

where G stands for Uvor or Sent and C for E... or ~. 
Po PoCp 

The solution of this equation will be illustrated with the following example 
where a rigid wall oscillating in the x-direction with a velocity amplitude u0 

and radial frequency w is brought in contact with a medium at rest, see figure 
(D.2). 

+ /i\EbiuM. Ai P.EST 

:l,,,,,,,,,,,,,,,,,7 
~ • OSC.iLLA rtN6 

Uo 'WALL 

Figure D.2: Oscillating rigid wall. 

The velocity u of the ftuid can be written as: 

u(z, t) = f(z)e-iwt (D.55) 

where f( z) is a complex function. The differential equation governing this 
situation has the following form: 

82J + iw f = 0 
8z2 v 

where v is the kinematic viscosity of the fluid. 
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A comparison with the ahove given equation for the vorticity and entropy 
fields reveals that in under these conditions the propagation of the vorticity 
field is exactly the same as the propagation of the velocity wave in this 
example. This fact will he used in a later chapter when consiclering the so 
called rigid plate model for the attenuation of a plane sound sound wave. 

The solutions of the ahove given equation are of the following form: 

(D.57) 

where C1 and C2 are arhitrary constants and p1 and p2 are the roots of: 

0 ~ {f; 2 -zw zw w 0 

P =- {::} Pl/2 = ± - = ± -(1- z) 
V V 2v 

(D.58) 

When taking the following houndary conditions: 

z ~ oo : u ~ 0 , z = 0 : u = u0 

the salution can he written as: 

(D.59) 

which represents a damped wave with a wavelength: 

propagating in the z-direction with a velocity: 

c=~ 

see fig (D.3). An important parameter is the 'houndary layer thickness' b: 

which is equal to the distance from the wall at which the original velocity 
amplitude u0 has decreased with a factor e-1 . This houndary layer thickness 
decreases with increasing frequency w. 
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Figure D.3: Salution of the oscillating wall problem. 

The solutions of the vorticity and entropy fields are the same consiclering 
the fact that the above given boundary conditions in the case of an oscillating 
rigid wall with a motionless fiuid are physically the same in the case of a 
motionless rigid wall with an oscillating fiuid. The corresponding boundary 
layer thicknesses are equal to: 

c -[!l~-" _ ~2v Uvor- -
wpo w 

(D.60) 

(D.61) 

for the voriticity and entropy field and where v is the kinematic viscosity 
of the fiuid. In literature Övor is often called the acoustical boundary layer 
thickness 8A and Öent the thermal acoustic boundary layer thickness 8T. Th
roughout this report both narnes will be used. 

While these lengths are not necessarily small, they are nevertheless much 
smaller than the corresponding acoustic Wavelength divided by 27r: 

27rÖvor _ w c _ fffwv 
-- - -uvor - -2- ~ 1 

Àac Co Co 

For example, a soundwave of 250 Hz in air has a wavelength Àac ~ 1.37 m · 
while 8A = Övor ~ 1.4 · 10-4 m. 
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D.2.6 Acoustic boundary layer 

Any superposition of vorticity, acoustic and entropy field will satisfy the 
linear equations for a fluid with finite viscosity and thermal conductivity. 
For the acoustic fluid velocity i1 can he written: 

(D.62) 

As shown in the previous section, the imaginary partsof k for the vorticity 
and entropy field are much larger than w / c. The result is that the vorticity 
and entropy fields rapidly die out with increasing distances from the wall 
of the duet and that a disturbance in an extended space is primarily made 
up of the acoustic field except near the walls. The measures of how far 
from the wall the vorticity and entropy fields extend are the values of the 
boundary-layer thicknesses 8A and 8T. 

Boundary conditions 

The conditions imposed on the Navier-Stokes equations are the no-slip con
dition at the wall: Ür=a = 0 and, because of the fact that the duet wall is a 
much better conductor for heat than air, that the temper at ure at the duet 
wallis constant: Tr=a = To 

Vorticity and entropy fields near the wall 

Taking the same contiguration as in fig. (D.3) where the wall-air interface 
occupies the xy-plane with the z-axis pointing into the air and writing down 
the solutions for the vorticity and entropy fields using the above derived 
boundary layer thicknesses yields the following equations: 

i1 (x y z) = i1 (x y O)e-(l-i)(z/c5"0f') 
VOf' l l VOf' l l (D.63) 

Sent(x, y, z) =Sent( X, y, O)e-(l-i)(z/c5enc) (D.64) 

where the sign in the exponent is such that the solution is bounded at large 
distances from the wall as imposed by the boundary conditions. 

Substituting these solutions in the eq. 's (D.49) and (D.53) gives the z

independent relations for the vorticity field: 
.... 

V' • Üvor = 0 : 
~ . ~ n 

Y'T • Uvor,T- (1- z)Uvor '8 = 0 
V Of' 

(D.65) 
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and the entropy field: 

~ j3K • 
Uent,T = --VTTent ~ 0 

PoCp 

~ .... /3K ( .) 'Î'ent 
Uent • n = --- 1 - Z -

PoCp bent 

(D.66) 

(D.67) 

where the subscript T denotes the tangential component and ii = ëz is the 
unit vector normal to the surface. These equations fully descri he the vorticity 
and entropy fields in the vicinity of the wall. 

The acoustic field 

The no-slip condition at the wall requires the following realtion to be valid: 
. . . 

Z = 0 : 0 = Ûvor + llac + Ûent (D.68) 

The constantness of the temperature at the wall of the duet gives the follo
wing relation: 

z = 0 : r:nt + T~c = 0 (D.69) 

Taking the horizontal divergence of eq. (D.68) and using eq.'s (D.65), 
(D.66) and (D.67) yields: 

0 = (1- i)izvor • /i + Y'Tizac,T 
Uvor 

(D.70) 

Similarly the normal component gives, tagether with eq. (D.67): 

0 ~ .... ~ .... /3K ( .) Tent = Uvor • n + Uac • n - -- 1 - Z -
PoCp bent 

(D.71) 

Eliminating izvor • ii from these two equations and using the eq. 's (D.69), 
(D.51) and (D.61) results in an equation with only the acoustic field variables: 

0 ~ .... ( .)bvorrr ~ ( .)( )W bent Pac = Uac • n - 1 + Z -
2 

V TUac,T + 1 - Z "f - 1 --
2 
--

Co PoCo 
(D.72) 

This equation represents an approximate boundary condition for the acoustic 
field. In the limit bvor ~ 0 and bent ~ 0 it reduces to the commonly applied 
boundary condition 0 = izac • ii. 
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When taking the horizontal divergenceof eq. (D.30) and consiclering that 
for plane waves the following relation is valid: C{) V TP = -iïT~, a relation 
for the specific admittance Y (reciprocal of the specific impedance Z) can be 
derived: 

1 izac • nwall 1 ( .) W [ ( J Y = z = - A = -
2 

1 - 2 --2 Dvor + I - 1 )8ent 
P PoCo 

(D.73) 

D.2.7 Attenuation in ducts 

The effects of viscosity and thermal conduction on sound in ducts are much 
greater than for propagation in freespace because of the boundary conditions 
imposed by the duet walls: i1 = 0 and the constantness of the temperature 
T at the walls. In the rest of this section the duet is considered to be large 
enough for the boundary layers to occupy only a very small fraction of the 
duct's cross-sectional area A. If a plane wave is propagating down the duet, 
most of the disturbance is associated with the acoustic field and the field 
quantities vary only with distance x along the axis of the duet. 

An approximate equation for the pressure perturbation can be derived by 
variational techniques. Substituting for the pressure p = p(x, y, z)é"'t in eq. 
(D.50) gives: 

2 ~ 1 = w2 
_ ;2w38cl 

V p + A1 p = 0 , 1~ 2 • 4 co Co 
(D.74) 

Multiplying this equation by a small variation 8p, consiclering that: 

and 
A(A '(1A2) pup= u -p 

2 
and subsequently integrating over a slice of the duet between x1 and x2, 
applying Gauss' theorem: 

V · A d x = A · ii da I ... 3 I ... 
V S 

where A is a vector function, V a three-dimensional volume with volume 
element d3 x, Sa closed two-dimensinal surface bonnding V with area element 
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da and unit outward normal ii at da and requiring that bp = 0 at x1 and x2 , 

g1ves: 

Z2 Z2 

bI I ~[~Mp2 - ~(Vp) 2 ] da dx +I f bpVp · iiwall dl dx = 0 (D.75) 

where I denotes distance around the perimeter of the duet. 
The disturbance is a plane wave, so to lowest nonvanishing order in,.., and 

JL, the boundary condition is given by eq. (D.73): 

V A .... _ iwpo A Po~ _ 1 + i ~( 1 - 1) 
p·nwall- zP' z- v'2 V PoC~ 1 + VPr- (D.76) 

where the change in sign of the imaginery part is a result of the different 
notation conventions e±iwt. With this, the variational indicator becomes: 

(D.77) 

By restricting the set of functions to those which vary with x only, then the 
'best choice' for p(x) is such that 

(D.78) 

where Lp is the perimeter of the duet cross section and A the duct's cross 
sectional area. 

When taking the variation of the above integral and integrating by parts 
while using: 

~b( 8p)2 = 8p 8(bp) 
2 8x 8x 8x 

and invoking the requirement that bp varrishes at x1 and x2, the following 
equation for p(x) is obtained: 

l(A ;~ +(MA+ iw;o Lp)p) bp dx = 0 
Zl 
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Because of the arbitrariness of x1 and x2 the following partial-differential 
equation is the appropriate equation for p( x): 

(D.79) 

When taking solutions of the form pe-ik:z, the square of the complex wave 
number becomes: 

(D.80) 

where O:cl is given by eq. (D.36) and O:wall• is equal to: 

O:wall• = f~: [bvor + ( / - 1 )bent] (D.81) 

Substituting in this equation the values of bvor and bent and evaluating the 
factor Lv/( 4A) fora circular duet results in the following equation which was 
first derived by Kirchhoff: 

~ (1-1) 
O:wall• = -- [1 + VPr ] 

2aeo Pr 
(D.82) 

where a is the radius of the duet and Pr the Prandtl number J.l.Cp/ K. 

For the frequencies of interest, O:c[ and O:wall• are much less than w /Co, so 
the root of eq. (D.80) becomes: 

k = W - io:c1 + (1 - i)O:wall• 
co 

(D.83) 

Furthermore O:cl ~ O:wau., so the term io:cl can be discarded which implies 
that the dissipation within the interior of the duet is much smaller than 
within the boundary layer. The two assumptions O:walZ. ~ ~ and O:wall• ~ Del 

co 
restriet w to the range: 

(D.84) 

substituting the experimental parameters gives: 

1/30 ~ w ~ 1.7. 106 (D.85) 
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which makes it clear that this approximation is valid in the frequency range 
of 0 - 500 Hz in which the measurements are made. The result of the above 
is the following dispersion relation: 

k = W + (1 - i)awalla 
Co 

(D.86) 

for the propagation of sound waves in a duet in the absence of a mean flow. 
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Appendix E 

Situation with Flow 

E.l 

In the previous chapter the linear theory of sound including the 
effects of viscosity was given in the absence of a mean flow in the 
duet. In this chapter the effects of the presence of a mean flow 
will be examined including the effects of viscosity. 

Introduetion 

As shown in the chapter covering the theory of sound, the attenuation of 
sound in a duet in the absence of a mean flow is basically the result of vis
eaus and heat-conduction losses at the duet boundary. The corresponding 
losses in the bulk of the gas are small compared with the boundary losses, 
at least at sufficiently low frequencies. For a rigid smooth wall these visco
thermal boundary losses account for the classica! attenuation in a pipe as 
was determined by Kirchhoff for the fundamental plane wave mode, see eq. 
(D.81 ). 

Because of the mathematica! and physical complexity when descrihing 
the interaction between sound waves and a turbulent flow a complete mathe
matica! analysis can not be given. Therefore in this chapter a few theories 
will he examined and their validity questioned. These theories are the 'qua
sistatic approximation' made by Ingàrd and Singhal, see ref. [ING 74), and 
the 'riggid plate model' from Ronneberger and Ahrens, see ref. [ROB 77], 
for which the important equations will be derived. Furthermore an analy
tica! approach of Ronneberger resulting in the 'quasilaminar theory' will he 
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exarnined, see ref. [RON 75]. 

E.2 The velocity profiles 

In the presence of a rnean flow in a duet a few cornpletely different situations 
can be distinguished. First, at very low flow velocities, the rnean flow will be 
larninar ha ving a parabalie velocity profile, see fig. (E.l ). 

:::::i:::: 
Figure E.l: Velocity profile of a fully developed larninar flow. 

When increasing the flow velocity, the flow will becorne turbulent and the 
interaction between the sound and the turbulence will becorne an important 
factor. The onset of turbulence between a larninar and a turbulent flow is at 
a Reynolds nurnber Re ~ 2300. Substituting the experirnental parameters 
places the transition point in our experiment at a rnean flow velocity u0 = 
1.2 rn/s or, with a sound speed Co = 344 rn/s, at a Mach nurnber M = 
0.003. Frorn this and the fact that in our experiment the pressure gauges are 
rnounted at a distance frorn the entrance of the duet greater than 50 tirnes 
the diameter of the duet, the condusion can be drawn that in the experiment 
the flow always can be regarcled as a fully developed turbulent pipe flow. 

In fig. (E.2) the profile of a fully developed turbulent flow is given together 
with a view of the velocity profile in the region near the wall. In this 
region the turbulent flow consists of a larninar or viscous sublayer in which 
the viscous effects are most important foliowed by a logarithrnic sublayer in 
which the turbulent effects are of a prime irnportance. Between these two 
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Figure E.2: Velocity profile of a fully developed turbulent flow. 

layers a buffer zone is present in which the laminar and turbulent effects are 
of equal importance. 

Following Schlichting [SCH 79] another approximation can be used: the 
axial velocity u can be given as a function of the distance z from the wall: 

(E.1) 

where U is the maximum velocity at the center of the duet, a the radius of 
the duet and z the radial coordinate. The exponent n varies slightly with the 
Reynolds number, see fig. (E.3). Making an order of magnitude estimation 
for the Reynolds number in our experiment withaMach number M ~ 0.05 
results in Re ~ 3 · 104 giving a value n = 6.6. From eq. (E.1) the ratio of 
the mean to the maximum velocity, u0 jU, can be derived: 

uo 2n2 

U ( n + 1) ( 2n + 1 ) 
(E.2) 

which yields u0 j U = 0.8073 for n = 6.6. 
An important parameter descrihing the dimensions of the above described 

layers is the friction velocity v". This parameter is given by the following 
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R - 4 · 10" 

equation: 

2,3. 104 I ,1 · !()!> 1,1·10" 2,0. 108 

0 0.~ 0.8 

Figure E.3: Reynolds dependenee of n. 

v* = /FwT yp; 
where Tw is the shear stress taken at the wall: 

au 
Tw = -j.l-

8z z=O 

3,2. 10' 

(E.3) 

(E.4) 

The factor J.l represents the dynamic viscosity and the factor u the velocity 
of the flow, z is the distance to the wall of the duet and the subscripted 'w' 
denotes a value taken at the wall, see fig. (E.2). 

When using the in eq. (E.1) given veloctiy profile and the empirica! 
equation for the resistance law for smooth pipes of circular cross section 
found by Blasius which is valid for situations in which Re < 100.000 (see ref. 
[SCH 79]): 

Tw = 1/J ( ~pou~) 
4 2 

where the dimensionless coefficient of resistance 1/J is given by: 

1/J = 0.3164 
(Re)11 4 

a value for the friction velocity v* can be calculated: 

v* = 0.1824 ( uof18
( ~ ) 1

/
8 

a 
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The parameter v* has the di mension of a velocity and the ratio v I v* the 
dimension of a distance, both parameters are used for non-dimensionalizing 
purposes. In the latter case a superscripted '+' will he used to denote a non
dimensionalized parameter. When, for instance, multiplying the parameter 
z, derroting the distance from the wall, by v* I v the dimensionless parameter 
z+ is obtainded. Using this parameter to indicate the regions which the 
above given layers occupy gives the following result: 

• 0 < z+ < 5: the viscous sublayer 

• 5 < z+ < 20: transition region from laminar to turbulent 

• 20 < z+ < 1000: the turbulent logarithmic layer 

E.3 The interaction between the sound and 
flow field 

The in the chapter covering the theory of sound derived acoustical boundary 

layer thickness 8A = j2vlw plays tagether with the thickness of the viscous 
sublayer an in important role in the attenuation factor of a plane sound wave 
propagating through a pipe with a turbulent flow. 

This effect will he illustrated with the use of figure (E.4 ), in this figure a 
scetch of the rigid wallis given tagether with the acoustical boundary layer, 
the viscous sublayer and the turbulent region. When the flow is laminar the 
turbulent region is not present and the transition region can he thought of as 
being at an infinite distance from the wall. In this case the vorticity field will 
he able to damp intedering only with the laminar flow. When making the 
flow turbulent, the transition region will he present at a certain distance dzam 
from the wall depending on the Reynolds number of the flow. If the frequency 
of the sound is sufficiently high (: 8 A --+ 0) or the Reynolds number of the 
flow sufficiently low (: v* I v --+ oo ), the acoustical boundary layer and the 
turbulent region do not interfere with each other and the vorticity field will 
he able to damp out just as in the laminar situation. 

When increasing the Reynolds number andl or decreasing the frequency 
the acoustical boundary layer and the turbulent region will start to interfere. 
In this case the interaction between the vorticity field and the turbulence 
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causes an increase in the energy flow from the sound field through the var
ticity field to the turbulent flow field, in other words: the damping of the 
sound wave will increase. 

To investigate this interaction further it is convenient to make the acous
tical boundary layer thickness 15A dimensionless: 

(E.7) 

A closer look at 151 reveals that this parameter can be used as a kind of 
Strouhal number based on the parameters near the wall: 

Wll {f 2 Sr = - -+ 15+ = - <=> Sr = -
*2 A S c+2 V r UA 

(E.8) 

E.4 Theory and measurements 

The above given introduetion on the interaction between the sound and the 
turbulent flow is confirmed by measurements of Ronneberger and Ahrens, see 
ref. [ROB 77]. Their approach to the interaction problem of a turbulent flow 
containing coherent perturbations (: the sound wave) was clone by making a 
( often used) decomposition of the field quantities into three parts: 

f=l+l+!' (E.9) 
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which denote the time average of the quantity J, the fluctuations caused by 
the coherent perturbation j and the turbulent fluctuation f'. 

In the case of a low Mach number flow, the effect of the vorticity and 
entropy field on the sound propagation can he described by the complex 
'wall impedances' of these waves. 

For the vorticity field, or so called shear wave, this impedance is equal 
to the ratio taken at the wall of the complex amplitude of the shear stress f 
and the velocity in the shear wave u: 

(E.10) 

where the subscripted 'w' denotes a value taken at the wall. 
For the entropy field, or so called heat conduction wave, the impedance 

is equal to the ratio taken at the wall of the conducted heat <Î> and the 
temperature in the heat conduction wave T: 

<l>w 
Zq = ---

Tw 
(E.ll) 

The real parts of these impedances correspond to the loss of acoustic 
energy, so the real parts determine the attenuation of the sound wave whereas 
the imaginery parts of the impedances cause a change in the phase velocity. 

E.4.1 Measurements 

The results of the measurements of Ronneberger and Ahrens are given in fig. 
(E.5) where the normalized wall impedance Z'T ( = z'T( twp0p )- ~) of the shear 
wave is given as a function of ó_!. The open and closed dots in this tigure 
refer to different measurements. These measurements clearly show that when 
ó_! becomes greater than ~ 10 (: the acoustical boundary layer then begins 
to overlap the viscous sublayer and gets in contact with the turbulent core of 
the flow) the attenuation of the sound wave, which is given by the real part 
of z'T) strongly increases. 

E.4.2 Theory 

The complex wavenumber k of a plane sound wave in low Mach number pipe 
flow can he calculated from the equations of conservation of momentum, 
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Figure E.5: Normalized wall impedance Z.,. = z.,.(lwp0J.L)-t of the shear 
wave as a function of 81. The real part determines the attenuation and the 
imaginery part the change in the phase velocity. 
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matterand energy by averaging these equations over the cross-section. If the 
ditfusion of momenturn and heat is confined to a thin layer at the wall and 
if the wavelength is large compared with the pipe diameter, the result is: 

· z + h-l)z 
1. k _ W Z _T_---"cp __ q 
liD ----

M-+0 Co '< PoCo 
(E.12) 

wherea. is equal to the inner radius of the duet, Co the adiabatic sound speed, 
Cp the specifk heat at constant pressure, 1 the ratio of the specific heats and 
M the Mach number. 

E.4.3 The calculation of Zr and Zq 

The resulting problem is the evaluationof zT and Zq from the equations (E.lO) 
and (E.ll ). Two situations can be distinguished here. 

Propagation in the viscous sublayer 

In the first situation the shear wave and the heat conduction wave only 
propagate in the viscous sublayer. In this situation the shear stress and the 
strain rate are related by the molecular viscosity and therefore it is possible 
to calculate the propagation of the waves in these regions directly: 

_ a:ul 
Tw = -J-L OZ z=O 

(E.13) 

- at 
<l>w = -K,-

OZ z=O 

(E.l4) 

Where the two parameters u and T have already been calculated in the 
chapter covering the effects of viscosity, see eq.'s (D.63) and (D.64): 

- _ - -(l+i)(z/6A) u - uoe (E.15) 

(E.16) 

where Sent is replaced by T with the use of eq. (D.53) and hent and hvor are 
replaced by hT and hA respectively. The change of sign of the imaginery part 
is a result of the two notation conventions e±ïwt used. 
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Calculating z.,. and Zq from these equations gives the following results: 

( ') J1 ( ')/WJ1Po z.,. = 1 + Z 
8 

A = 1 + Z -
2

- (E.17) 

( ') K ( ')~WPoCpK 
Zq = 1 + Z 8T = 1 + Z 

2 
(E.18) 

Substituting these equations in eq. (E.12) exactly results in, as is to be 
expected, equation (D.82) which is valid for the situation without a mean 
flow. 

Normalizing the impedances with the values found in the laminar region 
results in the convenient parameters Z.,. and Zq: 

z - z.,. 
.,. - J~wpoJ1 

(E.19) 

Zq 
Zq = (E.20) 

J~wpoKCp 
In the laminar region both parameters are equal: Z.,. = Zq = 1 +i, a value 
measured by Ronneberger and Ahrens, see fig. (E.5) where for low values of 
81, Z.,. dearly approaches the theoretica! limit. 

Propagation in the turbulent flow 

At high values of 81 the viscous sublayer and the transistion region are thin 
compared with the shear wavelength. In that case the shear wave and the 
heat conduction wave penetrate into the turbulent region resulting in astrong 
increase in the damping of the sound wave. 

A direct calculation of the impedances is not possible because the tur
bulent stresses can not be determined as a function of the mean flow field. 
This determination is one of the central problems in the turbulence research. 
Because of the well-known dosure problem preventing the calculation of cor
relations between turbulently fluctuating quantities on the basis of the time 
averaged Navier-Stokes equations, it is not possible to predict the Reynolds 
stresses except by semi-empirica! relations between the variables of the flow 
field. Many, more or less sophisticated, dosure models have been developed 
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which yield excellent results for various cases of steady turbulent flow. Howe
ver, where these models have been applied to unsteady flows, the agreement 
between the predicted and experimental data has been poor in most cases. 

In the rest of this section a closer look at the impedance zT of the shear 
wave will he taken. A general view of the propagation of the shear wave in 
the turbulent medium is obtained if one realizes that the ratio of shear stress 
to strain is a strongly varying complex function of the distance from the wall. 
Thus the shear wave propagates in an inhomogeneous medium and may he 
reflected. This reflected wave also has an influence on the wall shear stress 
impedance. 

When regarding this possible reflection, the turbulence region may he 
simulated, in a rough approximation, by a rigid plate at a distance dzam from 
the wall at which the shear wave is totally reflected. The shear wave is then 
regarcled as being excited by oscillations of the wall and the distance dzam 
corresponds to the thickness of the viscous sublayer. This rough model of 
the interaction between the shear wave and the turbulence is the rigid plate 
model. The results obtained with this model are presented in fig. (E.6), 
the measurements from fig. (E.5) are given here together with the results 
of a few different models. It is interesting to note that this very rough 
model of the interaction between the shear wave and the turbulence yields a 
trend for ZT which is in qualitative agreement with the experimental results. 
The minimum at <51 ~ 11 is caused by interference between the shear wave 
excited at the oscillating wall and the wave which is reflected from the rigid 
plate. At the hypothetical rigid plate, the shear wave is totally refiected. 
However, the reflexion at the turbulence must he considered to take place 
not at a definite plane but in a more or less extended layer. So, in reality, 
the reflexion coefficient is smaller than unity owing to interference effects 
depending mainly on the thickness of the refiecting layer compared with the 
shear wavelength. 

The other models presented in this figure are the result of more elaborate 
assumptions. 

E.4.4 The rigid plate model 

This model gives an estimate for the value of zT and together with an empi
rica! determined equation for Zq we are able to calculate the wavenumber k 
with the help of eq. (E.12). 
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Figure E.6: Normalized wall impedance of the shear wave computed on the 
basis of various models of the interaction between the shear wave and the 
turbulence. (--): rigid plate model (d~m = 15); (----): eddy-viscosity 
model; (-·---}: eddy-viscoelasticity model; (-): experimental data. 
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Calculation of z'T 

The equation for z'T will be derived with the help of fig. (E.7). In this figure 
an oscillating wall, a medium at rest and a motionless wall placed at a fixed 

RiGio 'W'ALL 

'lo 0$c.ÎJ.I.Ar;N6 

Figure E. 7: The rigid plate model. 

distance dlam of the oscillating wall are given. This situation is almost the 
same as the one used when solving the propagation of the shear wave, see the 
eq.'s (D.54), ... , (D.59). However, in this situation the shear wave is reflected 
at the rigid plate instead of being allowed to damp out when increasing the 
distance to the oscillating wall. This new situation replaces the old border 
conditions: 

Z --+ 00 : U --+ 0 , Z = 0 : U = Uw 

by the following new ones: 

Z = dlam : U = 0 , Z = 0 : U = Uw 

The basic equation govering this problem is equal to eq. (D.56): 

82u iw
---u=O 
8z2 v 

(E.21) 

and the solution will be a composition of a wave propagating in the positive 
and a wave propagating in the negative z-direction: 

(E.22) 
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where c1 and c2 are constauts dependent on the border conditions. Applying 
the border conditions results in the following values for these constants: 

1 

and 

Todetermine Tw eq. (E.13) is used: 

oû - i+ i 
-JJ- = JJUw--(cl- c2) 

OZ z=O {JA 

when substituting c1 and c2 the value of z.,. can he calculated with eq. (E.10), 
yielding: 

. -2llid 1 + Z 1 + e 6 A lam 

z.,. = JJ-,- l±id 
VA 1 _ e -2 6A lam 

(E.23) 

or when using dimensionless parameters: 

When keeping df"am fixed and decreasing the thickness of the acoustical 
boundary layer 81 the result is: 

lim Z.,. = 1 +i 
6~-.o 

(E.24) 

which is, as to he expected, equal to the salution for the propagation in the 
viseaus sublayer, see eq. (E.17) and fig. (E.S). 

Increasing the thickness of the acoustical boundary layer and using x ~ 
0 : e-:ll ~ 1 - x results in: 

(E.25) 

This limit shows that the imaginery part of Z.,. approaches -1 and that the 
real part goes to infinity. 
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Figure E.8: Z-r as a function of ó1 calculated with df'am 
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A plot of Z-r as a function of 81 is given in fig. (E.8) where df"am is equal 
to 15. 

The value of Z-r resulting from eq. (E.25) is: 

with the result that the imaginery part of Z-r vanishes and that the real part 
approaches the constant value J1 / dzam. 

The value of Zq 

The propagation and the wall impedance Zq of the heat conduction wave 
are calculated by Ronneberger and Ahrens from turbulent heat transport 
data measured in steady flow by Ludwieg (1956). Unfortunately, they do 
not present the equations for determining zq, only a figure representing the 
real and imaginery part of Zq is given, see fig. (E.9). Therefore we use the 

: tl ~-----,------,-------, 

(I 5 L-------'------:"::-------:' 
() J(l :?0 :10 

81 

B 

0 0 
•••• 0 

x 

o.eoo L-----'--...L_---'----'--L------'---'-----'--.......____. 
0.000 ,s+ 

A 
Figure E.9: A: Zq as a function of 81 calculated from measurement data. B: 
value of Zq calculated with own approximation, ( o) : ~[ Zq], (x) : ~[ Zq]· 
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following quadratic approximation based on this figure for 81 > 4: 

~[Zq] = 7.483 · 10-4 (81) 2 + 9.357 · 10-381 + 0.951 

S<[Zq] = 5.113 ·10-4 (81) 2
- 2.700 ·10-281 + 1.099 

where 3i[· · ·] and S'[· · ·] denote the real and imaginery part of a complex 
variable. When 81 < 4 the real and imaginery part of Zq are made equal to 
unity. 

E.5 The Quasistatic Approximation 

In this section an explanation is given on the quasistatic or quasi-stationary 
approximation made by U.Ingard and V.K.Singhal, see ref. [ING 74]. Their 
approach does not deal explicitly with the detailed mechanism of the in
teraction of the sound wave with the turbulent flow but makes use of the 
empirically based friction factor '1/J which is widely used to calculate pressure 
drops in ducts. 

E.5.1 Validity of the approximation 

When looking at the dimensionless Navier-Stokes equation the influence of 
the instationary factor is given by the Strouhal number Sr = 2awfu0 where 
w is the radial frequency of the imposed sound field, 2a the diameter of the 
duet (3 · 10-2 m) and u0 the velocity of the main flow. From the fact that a 
quasistatic approximation only is valid in the region of low Strouhal numbers 
can be concluded that this approximation is only applicable at higher values 
of u0 , at low frequencies or when a is small. 

The high velocity region forbids the use of this approximation with lami
nar flows: ta.king an (arbitrary) limit for the Strouhal number of 0.01 below 
which the theory is applicable and making u0 equal to the laminar-turbulent 
transition velocity of 1.2 m/s (see the begining of this chapter) results in a 
maximum sound frequency of 0.4 rad/s or 0.064 Hz. Making u0 equal to 34 
m/s (M = 0.1, a reasonable value in our experiments) leadstoa maximum 
frequency of 11.3 rad/ s or 1.8 Hz. 

Taking the low frequency region into account leads to the following con
sideration: a low frequency results in a high value of the acoustical boundary 
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layer thickness 8A. At these high values the exchange of heat and momenturn 
between the shear and heat conduction wave and the mean flow will for the 
greatest part take place in the turbulent care of the flow instead of in the 
laminar sublayer. Because of the strong increase in the exchange of heat, the 
use of the isotherm value of the sound speed (: Co = JliT) instead of the 
adiabatic value (: Co = .;;:;NT) would be more appropriate in this situation. 

E.5.2 The pressure drop 

The quasistatic approximation introduces the empirically based friction fac
tor '1/J used to calculate pressure drops in ducts. If the mean velocity in the 
duet is u0 and the density is p0 , the steady-state pressure drop per unit length 
dx of the duet can be written as 

d p '1/J 1 2 

d x = 2a (-2pouo) (E.26) 

where a is the radius of the duet and '1/J the empirically determined friction 
factor which depends on the Reynolds number, see eq.(E.s). 

The Reynolds number dependenee of 'ljJ has been stuclied experimentally 
by numerous investigators for pipes with varying degrees of wall roughness k 
and is presented graphically in Prandtl-Colebrook diagrams, see fig. (E.lO). 

Instead of using eq. (E.5) to calculate 'ljJ a value for this parameter is 
determined from fig. (E.1 0) by calculating the wall roughness of our duet. 
The ratio between the diameter and the wall roughness k~ of the duet 2a/ k,. 
has in our experiment a maximum value of 300.000 (: 3 cm / O.lpm) and 
therefore the duet can be regarcled as hydraulicaly smooth. Making an order 
of magnitude estimation for the Reynolds number in the experiment results 
in Re~ 104 • This Reynolds number and smoothness leadtoa friction factor 
'1/J ~ 0.02, see fig. (E.10). 

The values of 'ljJ given by equation (E.5) arealso presented in fig. (E.10). 

E.5.3 The wavenumbers 

The linear approximations made by Ingard and Singhal are the same as used 
in the chapter covering the linear theory of sound. They also use the fact 
that in the presence of a fundamental acoustic mode in the pipe, the velocity 
and pressure fields will be perturbed. Accordingly, the velocity, pressure and 
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Figure E.1 0: Prandtl-Colebrook diagram, giving the Reynolds (Re = 2au0/ 11) 
dependenee of 1/J. The dottet line represents eq E.5. 

density areexpressedas u= u0 + u'(t), p = p0 + p'(t) and p =Po+ p' where 
u', p' and p' are the oscillatory acoustic flow, sound pressure and density. 
The quantities u0 , p0 and p0 are the unperturbed values of velocity, pressure 
and density. 

The corresponding perturbation of the turbulent friction in the pipe gi
ves rise to an asciilating friction drag that affects the acoustic field with a 
contribution to the pressure gradient equal to: 

which is equal to: 

8( dd p) = (-t/J )pou 
x 2a uo 

uo 

1 PoU 2 atjJ 
u+----

4a au 
u' 

uo 

Re-arranging the terms and changing the notatien a little yields: 

"( d p) t/J ( . Uo a In t/J) ' o- = -pouo 1 +----u 
d x 2a 2 au0 

(E.27) 

(E.28) 

(E.29) 

lngard and Singhal now use the following linearized momenturn equation for 
the sound field: 

( 
a a ) I tP ( Uo a }n tP ) 1 1 8p ( 

Po at+ Uo 8x u + 2aPoUo 1 + 2 auo u + 2o:walZ.PoCoU =-8x E.30) 
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in which the viscothermal dragis expressedas an additional term 2awazz,p0eou' 
and where Dwall• is the Kirchhoff damping found in the chapter covering the 
theory of sound (see eq. (D.82)): 

~ (J-1) 
Dwall• = --[1 + VPr ] 

2aeo Pr 
(E.31) 

The validity of adding this viscothermal term is not obvious because this 
term is not applicable in a (quasi- )stationary situation but is derived for the 
instationary situation. 

For the continuity equation of the sound field the following equation is 
used: 

( a a ) I 2 au1 

at + Uo ax p + PoCo ax = 0 (E.32) 

where Ingard en Singhal introduce p' / c~ for the perturbation in density. This 
equation and the value of the sound speed however were derived for the 
adiabatic case, see eq. (D.9), while in the previous section it was made clear 
that the use of an isotherm approximation would he more apropriate in a 
quasi-stationary model. 

For a wavelike perturbation, eik::t:-iwt, the equations (E.30) en (E.32) re
duce to: 

and 

[ .w .k 1/J (1j;Muo)(aln1/;) ] 1 1 .k -z- + z -M + - M + -a-- + 2awall• u + --z p = 0 
co 2a 4a uo PoCo 

ipocoku' + [-iw + ikM]p = 0 
Co 

where M = u0 / Co is the Mach number of the flow in the pipe. The corre
sponding dispersion relation k( w) for the acoustic wave is then 

.!!!. -kAf+ i.Y!..M + ~Oln'f + 2a i 
co 2a 4a auo wall• 

-poeok 

__ l_k 
PoCo 

(~-kM) 
=0 (E.33) 

Consiclering the fact that u0 
88~01 is equal to Re 88~!, where Re is the Reynolds 

number, and that 1/J ~;:1 = i! is of first order in 1/J and neglecting the second

order product terms in 1/;, ~ and Dwau,, gives the following expressions 
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for the wavenumbers k_ and k+ for the acoustic waves propagating in the 
downstream and upstream directions of the turbulent flow: 

k :;;:::: [WjC{) + i(awall• + Y!f!-(1 + ~~))] 
+ 1+M 

k_:;;:::: [WjC{) + i(awall• + Y!f!-(1 + ~~))] 
1-M 

E.5.4 Results 

(E.34) 

(E.35) 

A look at the above derived values for the wavenumbers k± reveals that 
at zero flow and in the low-velocity laminar flow regime the attenuation is 
caused solely by viscosity and heat conduction. As the Reynolds number 
increases the flow becomes turbulent and the term tPM/[4a(1 ±M)] becomes 
the major contribution to the attentuation. It is larger in the upstream 
than in the downstream direction, the difference expressed by the factors 
(1 + M)-1 and (1- M)-1 . For example, at a Mach number of 0.5, neglecting 
viscothermal effects, the result is: k_ = 3.0 k+. 

The term Yf!-Re 88~t is negative at low Reynolds numbers, but since it is 
only a bout 10% of the previous term, it is not very significant in most cases. It 
can be shown, ho wever, that because of the rapid decrease of tP with Re at low 
Reynolds numbers the attenuation for downstream propagation actually can 
decrease with increasing velocity at very low flow speeds. At high Reynolds 
numbers tP becomes independent of Re, and then only tPM/[4a(1 ± M)] 
contributes to the attenuation. 

It is interesting to compare the viscothermal sound attenuation with that 
caused by turbulence alone. The value of the viscothermal attenuation is 
given in eq. (E.31) and the turbulent attenuation CYtur = Y!f!-. The visco
thermal attenuation is proportional to the square root of acoustic frequency, 
whereas the contribution caused by turbulence is (by the quasistatic approxi
mation) independent of frequency. The ratio between these two attenuation 
factors is: 

CYtur = tPM Jci( Jfi; ) :;;:::: 260 M 
CYwall• ..jW V "?; Jfi; + (I - 1) ..JW 

(E.36) 

Where the parameters of the air in the experimental conditions have been 
substituted in the equation and tP is made equal to 0.02. Taking for M a 
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value of 0.05 which is representative for our experiments reveals that the ratio 
between the attenuation factors is equal to unity at a frequency of ~ 30 Hz. 
From this and the fact that lowering the frequency increases the ratio can he 
concluded that the turbulent attenuation factor is of minor importance then 
the viscothermal attenuation but should not he neglected. 

A consequence from the fact that the turbulent and viscothermal attenu
ation factor are of equal importance and that their values simply are added is 
that the total predicted attenuation will he too large. In a more sophisticated 
approach the influence of the viscothermal attenuation should he decreased 
when increasing the Mach number. 

E.6 The Quasilaminar theory 

In his thesis named 'Genaue MeBung der Schalldämpfung und der Phasenge
schwindigkeit in durchströmten Robren im Rinbliek auf die Wechselwirkung 
zwischen Schall und Turbulenz'1 Dr. D.Ronneberger gives a complete ana
lysis of his calculation of the sound wavenumbers k± in the presence of a 
turbulent flow. Because of the mathematica! complexity of this analysis only 
a short compendium and the results will he presented here. 

E.6.1 Compendium 

Starting with the Navier-Stokes equations, the energy equation and the con
tinuity equation and assumptions about e.g. the velocity profile of the tur
bulent flow the equations for the shear wave and heat conduction wave are 
derived. 

In the limit of no mean flow the results are the already found approxi
mations of eq. 's (E.15) and (E.16) and asecondorder approximation for the 
wavenumber k: 

-- + 1 + -- -- 1 + ------ . k _ w (1 -i) ~a ( 1- 1) i ( 1- 1 11- 1) (E 37) 
Co a 2eoRec VPr Ree VPr 2 Pr 

where a is the inner radius of the duet and Ree = aeop0f 11 is a Reynolds 
number based on the sound velocity Co, the mean density p0 and the visco
sity 11· The first term of this approximation is equal to the equation found 

1 A translation of this thesis has been made and is available 

146 



by Kirchhoff, see eq. (D.82). The magnitude of the second term is, when 
substituting the experimental parameters, about 1 % of the magnitude of 
the fi.rst term. 

In the presence of a turbulent mean flow the by the turbulence introduced 
inhomogenities in the solutions of the shear wave and heat conduction wave 
are dealt with by makinga Taylor series expansion of these waves. When also 
averaging the gradients of the parameters of the turbulent flow the results 
are: 

where bkp± is equal to: 

(E.38) 

with: 
1- PwM 1 1- 1 

(o = 1 + M (Pw(1 + M) 2 + ff;.) 

G =-
1 
M[' ;;aT(1 + PwM) + ~-~(2- Ppw(1 + 2M)) 

1 + v Pr 1 + r 

1 1 1 
+ (1 + M) 2 (au(Pw- M) + au(2 + 3M- Pw)- 2)) 

i _ 1 [( 1(31 + 2) + 4 M 1 + 1 M 2 1 + 3M)P 
" 1 - 1 + M I + 3 + I 2 1 - M 2 w 

2 ( ) Ree) - -~-1 M-
3 RT 

(E.39) 

Were the following experimentally proved approximation is used for the 
normalized density at the wall Pw = L I : 

Pow 

(E.40) 

and the rest of the parameters are: 
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a = ~[ 3 + 2(1 + M)((!-1)'Pw- VPr Ree)] 
u 4 1 + Af VJi; RT 

1 1 
aT=- (1- --) 

1 +M 4v~Ji; 

RT= a~ 
CodT 

E = -1 -i v* 8+ (E.41) 
2 Co A 

The values of the parameters (0 , (i and ( 1 are calculated by Ronneberger 
for air and presented in the fig. (E.11). When calculating the wavenumbers 
k± quadratic approximations are used for these parameters. For k+ (solid 
line ): 

( 0 (1 + M)3 = -0.43667 · M 2
- 0.5357 · M + 1.4786 

(;(1 + M)4 = 3.74983. Af2 + 0.4823. M + 2.4821 

( 1 = 4.16667 · M 2 + 1.6071 · M + 1.3929 

and for k_ ( dashed line): 

( 0 (1 - M)3 = 0.11911. A12 + 0.4404 · M + 1.4 786 

G(l - M)4 = 2.44022. M 2
- 0.4105. M + 2.4821 

( 1 = -18.45239 · M 2 + 1. 7262 · M + 1.3929 

The value of E* is a function of E and 81 and is represented in fig. (E.12). 
The following approximation is used for this parameter: 

81 < 1.143 : E*/E = 1.0 

81 > 1.143 E*jE = 9.0399 · 10-4 
• (81) 2

- 4.87828 ·10-2 
• 81 + 1.0546 
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Figure E.13: Attenuation factors measured at 630 Hz in a 20 mm duet as a 
function of the Mach number _ 

E.6.2 Results 

The results obtained by Ronneberger with this quasilaminar theory are shown 
in the figures (E.13) and (E.14). 

The attenuation factors a+ and a_ for the sound waves propagating in 
the up- and downstream direction are given as a function of the Mach number 
of the mean flow. The dashed lines in these figures represent the above given 
approximations and the solid lines represent an 'exact' numerical solution of 
the quasilaminar theory. 

Both measurements show less agreement with the theory at higher Mach 
numbers and the measurements at the frequency of 630 Hz shows even a 
lesseragreement with the quasilaminar theory. These disagreementscan he 
explained by the fact that at higher Mach numbers the interaction between 
the turbulence and the shear and heat conduction wave is more intens and 
that at lower frequencies both waves extend further in the turbulent region. 
The approximations used to describe the propagation of the shear and heat 
conduction wave are in these situations not accurate enough. 
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Appendix F 

Results of Konijnenberg 

In this chapter the results of Konijnberg are presented. 

F.l The closed end 

cloaed nd doaed ead 
\010 r---.-----.,.---.-----.,.---.------.,.---.----,--,----, 
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ka 

Figure 1.8: The reflection coefficient of a closed end. The phase is expressed 
as an end correction according to 2k6 = r.p. Excitation channel 1513; re
sponse channels o 1511; x 1510; 6. 1459. The distances from the micro
pbones to the pipeend are given by: X(1513) = 52 mm;X(1511) = 189.7 mm; 
X(1510) = 384.3 mm; À'(1459) = 435.4 mm. 
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IRI 

F.2 The unftanged pipe 
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Figure 1.9: The reileetion coefficient of an unflanged pipe. Excitation channel 
1513; response channels o 1511; x 1510; 6 1459. The distances from the 
micropbones to the pipeend are given by: X(1513) = 87 mm;X(1511) = 
224.7 mm; X(1510) = 419.3 mm; X(1459) = 470.4 mm. The solid curves 
represent the theoretica! result of Levine and Schwinger. 
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Figure 1.10: The reileetion coeffi.cient of a pipe with a2/ a1 = 0.85. Excitation 
channel1513; response channels o 1511; x 1510; ~ 1459. The distances from 
the micropbones to the pipeend are given by: ~(1513) = 87 mm;X(1511) = 
224.7 mm;X(1510) = 419.3 mm;X(1459) = 470.4 mm. The solid curves in 
both figures represent the results of Levine and Schwinger for an unflanged 
pipe and simultaneously the results of Ando for a pipe with a2/ a1 = 0.85. 
For ka < 0.3, these results are equal nearly within line thickness. 
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F.4 
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al/al = 0.70 
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Figure 1.11: The reileetion coefficient of a pipe with a2/a1 = 0.70. Excitation 
channel1513; response channels o 1511; x 1510; b. 1459. The distances from 
the micropbones to the pipeend are given by: X(1513)-:- 87 mm; )((1511) = 
224.7 mm; X(1510) = 419.3 mm; X(1459) = 470.4 mm. The solid curve 
in the figure for IRI represents the result of Levine and Schwinger for an 
unflanged pipe and the result of Ando for a pipe with a2/a1 = 0.70. The 
up per solid curve in the figure for 6/ a2 represents the result of Ando for a 
pipe with a 2 / a1 = 0. 70, the lower solid curve represents the result of Levine 
and Schwinger for an unflanged pipe. 
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F.5 Horn 
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Figure 1.12: The reflection coefficient of a pipe with a horn attached to it. 
Excitation chaPnel 1513; response channels o 1511; x 1510; /:::,. 1459. The 
distances from the micropbones to the pipe end are given by: ){{1513) = 
117.6 mm; X'(1511) = 255.3 mm; )((1510) = 449.9 mm; X(1459) = 500.9 mm. 
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Figure 1.14: Measurements of 10log ( 1 -;.1!12
) against 10log( St) for an unflanged 

pipe; x 27 Hz; 6 53 Hz; D 84 Hz. The solid line represents the theory of 
Disselhorst and Van Wijngaarden in the limit of St --+ 0 for an unflanged 
pipe; the dasbed line represents the theory of Disselhorstand Van Wijngaar
den in the limit of St --+ oo for an unflanged pipe. The dasbed line has been 
corrected for the finite inner angle of 20° of the unflanged nozzle. The circles 
( o) represent measurements taken from Disselhorst ([DIS 78], p. 148). 
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Figure 1.15: Measurements of 10log Ct-1~'
2

) against 10log(St) fora pipe with 
a2/ a1 = 0. 70. x 27 Hz; 6 53 Hz; 0 84 Hz. The solid line represents the 
theory of Disselhorstand Van Wijngaarden in the limit of St -+ 0 fora pipe 
with a2 / a1 = 0. 70; the dashed line represents the theory of Disselhorst and 
Van Wijngaarden in the limit of St --+ oo for an unflanged pipe. The dashed 
line has been corrected for the finite inner angle of the unflanged nozzle. 

159 

2 



Appendix G 

Data format 

G.l 

This appendix gives a description of the data format used to or
ganize the measurement data. 

Format of measured data 

The measured transfer functions, temperatures, pressures and flow veloeitiES 
are saved in files with a particular format. This format is as follows, see fig. 
(G.l). 

gesllangtot Tuesday 01 Oct 1991 13:02:12 
Aantal opnemers : 6 
Posities opnemers: 

-0.051800 -0.189500 -0.384100 ·0.434900 -4.910000 -5.069400 
Aantal meetpunten: 24 

20.95 4.575000e+02 4.024000e·03 O.OOOOOOe+OO 0.02503 159.199997 1.09100 ·179.800003 0.98150 ·179.199997 
20.95 4.695000e+02 4.606000e·03 O.OOOOOOe+OO 0.07116 171.500000 1.08600 ·179.699997 0.92980 ·179.000000 
20.90 4.517500e+02 7.922000e-03 O.OOOOOOe+OO 0.00905 95.180000 1.09100 ·179.800003 1.00300 ·179.300003 
20.90 2.210000e+02 8.500000e-04 O.OOOOOOe+OO 0.74320 
20.95 1.865000e+02 3.919000e-03 O.OOOOOOe+OO 0.81940 

0.148500 0.01530 
0.054020 0.25240 

52.430000 
2.486000 

0.20380 176.300003 
0.08272 9.036000 

21.00 1.950000e+01 9.498000e-04 O.OOOOOOe+OO 1.01000 0.167500 0.98170 0.087460 1.00500 0.054920 
0.176900 21.10 4.100000e+01 5.654000e·03 O.OOOOOOe+OO 1.00300 0.071140 0.95000 0.155100 0.96410 

Figure G.l: Format of measured data. 

First the format of the file header is given: 
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• The first line of the file contains the name of the file and the date on 
which the data was measured. 

• The second line contains the text "Aantal opnemers:" and the actual 
number of pressure transducers used in the experiment: NOPN. 

• The third line contains the text "Pos i ties opnemers:", this line is of no 
importance 

• The fourth line contains the distances from the end of the duet to the 
pressure gauges, these distauces are all negative because of the choice 
of the positive x-direction. The number of distauces given is equal to 
NOPN. 

• The fifth line contains the text "Aantal meetpunten:" and the actual 
number of measurements performed: NMW. 

• The contents of the sixth line are always neglected but this line should 
always be present 

The following NMW number of lines contain the actual measured data, 
the format is as follows: 

• The first column contains the temperature measured with the first 
PT100 placed near the 1513 gauge. 

• The second, third and fourth column contain the independent variables. 
The second column is reserved for the frequency of the sound and is 
given in Hz. The third column is reserved for the pressure amplitude 
on the 1513 gauge, this amplitude is given in 'rms(V2)'. The fourth 
column contains the Mach number of the mean flow. 

• The number of the rest of the columns is equal to the number of me
asured transfer functions: NOVD = NOPN - 1. These colums contain 
the measured transfer functions from the 1513 gauge to the other gau
ges. Because the transfer functions are complex variables, the columns 
always come in pairs. The first column of a pair contains the absolute 
value and the second column the argument of the transfer function in 
degrees. 
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