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Abstract 

The sound emission from an airfoil placed in a turbulent free air jet was inves
tigated, experimentally and theoretically. The acoustic measurements of the 
sound were performed in a semi-anechoic chamber. 

First, a test of the acoustic performance of this facility was performed. 
This test showed that a standing wave pattem is present in the semi-anechoic 
chamber, disturbing the acoustic measurements. The optimal distance between 
the microphone and the sound source to minimize the effect of the standing 
wave pattem was found to be r mie :::::'. 0.3 m. 

Measurements of the jet flow were performed using hot wire anemometry 
and compared to measurements in literature. 

A simplified, low frequency model, in which the fluctuating lift force on the 
airfoil is assumed to be the dominant sound producing source, was developed. 
With results from the flow measurements and from large eddy simulations 
of the jet flow by Koloszár (2005), this model was used to predict the sound 
emission from the airfoil in the turbulent jet. The theoretica! predictions were 
compared to acoustic measurements and showed a good agreement. 



Acknowledgements 

In the first place, I would like to thank my three supervisors: prof. dr. Mico 
Hirschberg, dr. Jéróme Anthoine and dr. Christophe Schram. 

Mico, for all the kilometers he drove between Eindhoven and Brussel to 
talk about my project, for all the insight he gave me in the field of acoustics 
and aeroacoustics, and for always keeping me motivated. 

Jéróme, for making it possible for me to spend the last ten months at the 
von Karman Institute, for helping me out with the experimental part, and for 
the friendliness with which he did this. 

Christophe, for the time he spend helping me, voluntary, for his passion 
for science. 

I would also like to thank Lilla Edit Koloszár, who performed the numerical 
simulations that are used in this work. 

My gratitude goes also out to the technica! staff of the von Karman Institute, 
for helping me with the experimental part of this project. 

During the last ten months, I have meta lot of new people, with whom I 
spend a lot of pleasant moments. I would like to thank these people for these 
moments: Stepan, Petra, Milan, Curro, Julio, Jorge, Andrés, Vicente, Donato, 
Jan, Erinç, Mélanie, Nicolas, and many more. 

Finally, I thank my girlfriend Silvana, for her care and support. 



Contents 

1 lntroduction 1 

2 Experimental Facilities 5 

3 Theory of Acoustics 9 
3.1 The Wave Theory of Sound 9 
3.2 Quantitative Measures of Sound 12 

4 Test of the Acoustic Performance of the Experimental Setup 15 
4.1 Experimental Setup for the Test . . . . . . . . . . . . . . . 15 
4.2 Theoretica! Models for the Sound Field Radiated by a Loudspeaker 17 
4.3 Experimental Results and Comparison with Theoretica! Predic-

tions. . . . . . . . . . . . . . . . . . . . . . . . 24 
4.4 Numerical Simulations with LMS® SYSNOISE 29 
4.5 Conclusions . . . . . . . . . . . . . . . . . . . 

5 Flow Measurements with Hot Wire Anemometry 
5.1 Hot Wire Anemometry . . 
5.2 The Subsonic Free Air Jet . 
5.3 Jet Profiles ..... ... . 

29 

33 
33 
36 
37 

6 Aeroacoustic Theory & Experiments 43 
6.1 Curie' s Analogy for an Airfoil in a Turbulent Flow . 43 
6.2 The Aerodynamic Force on an Airfoil in a Turbulent Jet 46 
6.3 Experiments . . . . . . . . . . . . . . . . . . . . . . . . . 51 
6.4 Comparison of Theoretica! Predictions with Experimental Results 52 
6.5 Statistica! Description of the Sound Production . 59 
6.6 Conclusions . . . . . . . . . . . . . . . . . . . . . 62 

7 Conclusions 63 

References 65 



1 
Introduction 

Situation 

In the present study, the sound emission from an airfoil placed in a turbulent 
subsonic free jet is investigated. Sound emission from the interaction of turbu
lent flows with solid surfaces is a widespread phenomenon. Examples are the 
noise generated by aircraft, helicopters, cooling fans, air-conditioning devices, 
high-speed trains, ... 

The emission of sound from the interaction of flows with rigid bodies 
belongs to the field of aeroacoustics. A good definition of aeroacoustics is 
given by Goldstein (1976): "Aeroacoustics is concemed with sound generated 
by aerodynamic forces or motions originating in a flow rather than by the 
extemally applied forces or motions of classica! acoustics. Thus, the sounds 
generated by vibrating violin strings and loudspeakers fall into the category 
of classica! acoustics, whereas sounds generated by the unsteady aerodynamic 
forces on propellers or by turbulent flows fall in to the domain of aeroacoustics." 

Objective 

The basic idea for this study was to place an airfoil in the turbulent part of a 
subsonic free jet, to characterize the jet flow impinging on the airfoil, and to 
measure the emitted sound. 

The acoustic measurements were carried out in a semi-anechoic chamber. 
The first part of our work was to characterize the acoustic performance of this 
facility. Por this, the sound field of a small loudspeaker was measured and 
compared with theoretica! models and numerical simulations with a software 
package, LMS® SYSNOISE. 

The second part of our work was to measure the sound production by the 
interaction of the turbulent free jet with the airfoil, and to compare it with a 
simplified, low frequency theoretica! model, in which the fluctuating lift force 
on the airfoil is assumed to be the dominant sound producing source. 

To use this model, information was needed about the jet flow impinging on 
the airfoil. This information was taken from hot wire measurements of the jet 
flow, and from large eddy simulations, performed by Koloszár (2005). 
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History & Literature 

Aeroacoustics is a relatively new research field. It was established in the 1950's 
and 1960's in consequence of the increase in noise from aircraft that carne along 
with the expansion of air traffic. The pioneering work of Lighthill (1952) on jet 
noise forms the theoretica! foundation of modem aeroacoustics. He developed 
the idea of the aeroacoustic analogy, by which the real problem involving a 
highly disturbed flow is restated as a problem of linear acoustics in a medium 
at rest with some sound sources representing the acoustic effect of non-linear 
processes in the flow. 

Similar to the wave equation in acoustics, the aeroacoustic analogy involves 
a pseudo-wave equation, hut with source terms that include the aerodynamics 
of the problem. The difficulty of solving exact, non-linear equations is then 
replaced by the question of defining the equivalent sources, and solving the 
pseudo-wave equation. However, the pseudo-wave equation is in general 
not solvable without accepting some simplifying assumptions. After all, the 
difficulties inherent to the equations of gas dynamics for three-dimensional, 
unsteady, compressible cases cannot disappear by just writing the equations in 
another way. The real advantage of the aeroacoustic analogy lies in the ease by 
which the simplifying assumptions can be incorporated. Applying the right 
simplifications means neglecting the sound producing mechanisms which are 
of secondary importance, and preserving the dominant ones. 

Curle (1955) altered Lighthill's analogy to include the presence of solid 
boundaries, and later, Ffowcs Williams and Hawkings (1969) developed an 
aeroacoustic analogy to include the effect of moving surfaces. 

For the problem we deal with in the current study, the sound emitted 
from a stationary airfoil in a turbulent subsonic free jet, Curle's analogy is the 
most appropriate. An airfoil in a turbulent flow experiences a fluctuating lift 
force. According to the theory of Curle, this fluctuating lift force results in 
the generation of sound. A knowledge of the fluctuating force thus means a 
knowledge of the emitted sound. 

In the present study, we will use this approach to predict the sound emitted 
from an airfoil in a turbulent jet. For the calculation of the fluctuating force 
on the airfoil, we will assume that the coherence of the turbulence is large 
compared to the chord length of the airfoil. A similar approach was also taken 
by Goldstein (1976). 

Amiet (1975) developed amore sophisticated theory, which uses an airfoil 
response function to model the unsteady loading of the airfoil, hut which is 
based on an approximation for slender airfoils. In fact, Amiet assumes an 
infinitely long wing. In our case the jet width is comparable to the wing chord 
length so that a slender wing approximation is not valid. 

Delevoprnent of a Cornputational Aeroacoustic Hybrid Method 

Simultaneously with the present work, Lilla Edit Koloszár developed an aeroa
coustic hybrid method to predict the noise emitted from an airfoil in a turbulent 
free jet. The method consists of two steps. First the flow field around the airfoil 
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is obtained using large eddy simulations with FLUENT®, and consequently, the 
aeroacoustic analogy of Ffowcs Williams and Hawkings is used to predict the 
sound propagation. The results of the large eddy simulations were used in the 
present study to give some predictions on the emitted sound. 

von Karman Institute for Fluid Dynamics & LMS® 

Tuis work was performed at the von Karman Institute for Fluid Dynamics, in 
collaboration with LMS®. 

The von Karman Institute for Fluid Dynamics (Brussels, Belgium) is a non
profit international educational and scientific organisation, hosting three de
partments: aeronautics & aerospace, environmental & applied fluid dynamics, 
and turbomachinery & propulsion. Created in 1956, following Theodore von 
Kármán's proposal, it is currently supported with subsidies from most of the 
member countries of NATO and with an income derived from contract re
search. One of its fields of research is aeroacoustics. For the Ph.D. thesis of 
Christophe Schram (2003), a subsonic air jet facility, combined with a semi
anechoic chamber to allow for acoustic measurements, was designed. Tuis 
experimental facility has been used in the present study. 

LMS® is an engineering innovation partner for companies in the auto
motive, aerospace and other advanced manufacturing industries. lt offers a 
combination of virtual simulation software, testing systems and engineering 
services. LMS® is also operational in the field of acoustics and aeroacoustics, 
where it has developed LMS® SYSNOISE, a numerical simulation software. In 
the present work, LMS® SYSNOISE was used in a test of the acoustic performance 
of the experimental setup. 

Organization of the Report 

Chapter 2 describes the experimental facilities that were used for this study. 
This includes the subsonic free air jet facility of the von Karman Institute, the 
flow measurement setup, and the acoustic measurement setup. 

Some basic theory of acoustics is given in chapter 3. Tuis theory helps to 
understand the theoretica! models described in the subsequent chapters. 1t is 
also treated how to quantitatively measure sound (sound pressure level, power 
spectral density, ... ) 

In chapter 4, a test of the acoustic performance of the experimental setup 
is described. The results of this test were used to improve the quality of the 
acoustic measurements of the sound emitted from the airfoil. 

Chapter 5 treats the characterization of the jet flow with hot wire anemom
etry. The results of the measurements are compared to data from literature. 

The aeroacoustic theory and experiments are given in chapter 6. Curle' s 
analogy is derived and the appropriate simplifications are applied. Predictions 
of the emitted sound are given and compared to the acoustic measurements. 

Finally, in chapter 7 conclusions and recommendations for future work are 
given. 
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Experimental Facilities 

In this chapter, the experimental facilities that have been used for this study 
are described. The basic idea of this study was to place an airfoil in the 
turbulent part of a subsonic free air jet, and to measure the flow and the sound 
produced by the interaction of the airfoil and the flow. The experimental setup 
thus consists of three main parts: an airfoil in a subsonic free air jet, a flow 
measurement system, and an acoustic measurement system. 

Subsonic Free Air Jet Facility & Configuration of the Airfoil in the Jet 

Figure 2.l(a) shows the subsonic free air jet facility of the Von Karman Institute 
for Fluid Dynamics. Compressed air is supplied to a settling chamber, which 
is equipped with turbulence grids and acoustic absorption material in order 
to give a low background noise. The air enters the nozzle pipe through a 
honeycomb to prevent swirl. The nozzle contraction follows a 7th order poly
nomial law and the area contraction ratio is equal to 56. The outlet diameter 
of the nozzle is Dnozz = 41 mm. The jet flow discharges in a semi-anechoic 
chamber of 3.85 m x 3 m x 4 m. The maximum jet velocity that can be reached 
is approximately 80m/s. 

The configuration of the airfoil in the jet is shown in figure 2.l(b). The 
airfoil was placed at a distance Xairf = 6 Dnozz = 246 mm from the nozzle outlet. 
The center of the airfoil is aligned with the center of the nozzle outlet, and its 
chord is parallel to the nozzle centerline. The airfoil that has been used was a 
NACA-0012 symmetrie airfoil, with a chord length of 4 cm. 

Flow Measurement System 

Flow measurements were performed using hot wire anemometry. Figure 2.2(a) 
shows the configuration that has been used. The hot wire probe was placed 
along an imaginary line that passes through the center of the jet, parallel to the 
nozzle outlet. The probe could be moved along that line. 

The hot wire was connected to a constant temperature anemometer (VoN 
l<ARMAN lNsTRUMENTS SERIES 92), which was on its turn connected toa PC via a 
data acquisition card (KEITHLEY lNSTRUMENTs® DAS-1600). For the calibration 
of the hot wire, a calibration jet was used, operating in the same range of 
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velocities as the jet that was measured. The software TESTPOINT® was used to 
acquire the data. 

Acoustic Measurement System 

Figure 2.2(b) shows the configuration of the acoustic measurement system. A 
microphone (BRÜEL&KJJER® 2619) was placed in the mid-plane of the airfoil 
(the xz-plane), at a distance Ymic from the airfoil, and under an angle 6mic 
with the horizon tal z-axis. The setup allowed a range of 0 < r mie < 1 m and 
-30° < 6mic < 70°. 

The microphone was calibrated using a piston calibrator (BRÜEL&KJIER®, 
1000 Hz, 94 dB). The microphone signal was filtered by a high pass filter with 
a cut-off frequency of 100 Hz and a low pass filter with a cut-off frequency 
of 12 kHz. A PC with a data acquisition card (KEITHLEY lNSTRUMENTs® DAS-
1600) was used to acquire the filtered microphone signal. Hereby, the software 
TEsTPOINT® was used. With each acquisition, 218 = 262144 samples were taken 
at a sampling frequency of 215 Hz = 32678 Hz (218 samples is thus equivalent 
to 8 sof signal). 
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Figure 2.1: Schematic diagram of (a) the subsonic air jet facility, and (b) the 
configuration of the airfoil in the flow. 
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Figure 2.2: Schematic diagram of (a) the flow measurement system, and (b) the 
acoustic measurement system. 
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Theory of Acoustics 

In this chapter, some basic theory of acoustics is given. For a more compre
hensive introduction to acoustics, the reader is referred to the book of Pierce 
(1989). 

3.1 The Wave Theory of Sound 

The Wave Equation 

Acoustics is the science of sound, including its production, transmission, and 
effects. Sound is a wave phenomenon, i.e. it is an oscillatory disturbance that 
moves away from some source. 

Let us consider such an acoustic perturbation of a quiescent (stagnant & 
uniform) fluid: 

p' = p-po' 
' p = p - po' 

s' = s - so, 
u' = u (uo = 0). 

(3.1) 

(3.2) 

(3.3) 

(3.4) 

Assuming that p' /po « 1, we can linearize the equations of mass, momentum 
and energy (see Pierce (1989), p. 15): 

Jp' 
Jt + po V · u' = 0 , (3.5) 

Ju' 
po Jt +Vp' = 0, (3.6) 

Js' 
at =0. (3.7) 

Subtracting the time derivative of the mass conservation law (3.5) from the 
divergence of the momentum conservation law (3.6), and using the constitutive 
equation 

(3.8) 
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yields the general three-dimensional wave equation 

a2p' 
at2 - cii v2p' = o . 

Theory of Acoustics 

(3.9) 

For a detailed mathematica! derivation of the equations above, the reader is 
referred to Pierce (1989). 

Spherical Waves 

In spherical coordinates (r, e, <f>), fora spherically symmetrie acoustic field, the 
wave equation (3.9) reduces to 

a2(rp') a2(rp') 
at2 - c6----;f,2 = 0. (3.10) 

The radial components of the linearized mass and momentum conversation 
law are given by 

a(p'r2) a(u'r2) 
at +po ar = o, (3.11) 

and 

(3.12) 

respectively, where u' is the radial component of the velocity fluctuation. 
The general solution of the spherical wave equation (3.10) consists of a 

spherical wave diverging from the origin with a velocity c0, and a spherical 
wave converging towards the origin: 

' l<r 1 ) p = - .1 (cot - r) + -(J(cot + r . 
r r 

(3.13) 

We will restrict ourselves to the free field, defined as the region where there 
are no waves converging to the origin. There, (J = 0, and the solution (3.13) 
reduces to 

Harmonie Spherical Waves 

p' = ~'T(cot - r). 
r 

(3.14) 

Consider a harmonie spherical wave of amplitude A and frequency w. The 
solution of d'Alembert (3.14) then becomes 

p' = A eiw(t-r/co) 
r 

(3.15) 

= A ei(wt-kr)' (3.16) 
r 

where k = f!L = 2nf = 2An is the wave number. From equation (3.12), it follows 
Co Co 

that 

' 1 ap' 
u = -----

iwpo ar (3.17) 

(
1 ) p' 

= ~+ik iwpo · (3.18) 
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The specific acoustic impedance z = p' /u' is then equal to 

iwpor 
z=l+ikr 

ikr(l - ikr) 
= poco 1 + k2r2 

k2r2 . kr = poco k2 2 + ipoco 2 2 . 1+ r l+kr 
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(3.19) 

(3.20) 

(3.21) 

The first term of this expression represents the specific acoustic resistance, and 
the magnitude of the second term is the specific acoustic reactance. When kr » 1, 
the resistive term approaches poco, while the reactive term approaches zero. 
In this region, which is called the far field, the waves behave locally as plane 
waves. The region where kr « 1 is called the near field. 

Monopole Source 

From a theoretica! point of view, the simplest type of source for generating 
spherical acoustic waves is a pulsating sphere. This is also called a monopole 
source. Let the average radius of the pulsating sphere be a, and assume that the 
radial velocity u5 of any point on its surface is given by 

U - u eiwt s - s . 

We thus have the boundary condition 

Combining this with equation (3.18) and (3.16) yields 

U iwt _ ( 1 'k) 1 A i(wt- ka) 
5 e --+1 -.--e . 

a iwpo a 

If the sphere is compact, i.e. if ka« 1, this simplifies to 

. 2 ika A ~ ipocoka Us e . 

Substituting this back in equation (3.16) yields 

, _ ipocokQ i[wt-k(r-a)] 
p - e I 

4nr 

(3.22) 

(3.23) 

(3.24) 

(3.25) 

(3.26) 

where Q = 4na2U5 is the source strength. The amplitude lp'I of the acoustic 
pressure fluctuation is thus 

I 'I ~ pocokQ . 
p 4nr 

(3.27) 

Equation (3.26) can be applied to any radiator whose surface elements 
vibrate in phase, and whose size is much smaller than the wavelength of the 
radiated sound (ka« l}, regardless of its particular shape. 
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3.2 Quantitative Measures of Sound 

The sound field at a certain point in a fluid is characterized by the acoustic 
pressure fluctuation p' (t) versus time. This function may be quite complicated, 
with many oscillations of varying amplitude and duration, and with no distinct 
pattem. 

Frequency Content of Long-duration Sounds 

A sound p'(t) of interminably long duration can be described within a time 
segment of duration T as a superposition of discrete frequency components 
with a Fourier series, i.e. 

where Wn = 2~n, 

and 

n=oo 

p'(t) = L '1n e-Ïwnt 

n=-oo 

= Re{f p' n eiwnt}, 
n=O 

T/2 

'1n = J p' (t) eÎWnl dt f 

-T/2 

n>O 
n=O 
n<O 

(3.28) 

(3.29) 

(3.30) 

(3.31) 

An important property of this representation is Parseval's theorem, which 
states that the time average of p'2(t) over the interval is given by 

00 

p'2(t) = L 1qn12 (3.32) 
n=-oo 

(3.33) 

We can now partition a sound p'(t) into frequency bands b: 

p'(t) = L Pb(t)' (3.34) 
b 

where each band contains a part of the total frequency content of the sound. 
From Parseval's theorem, it follows that the mean-square time average of p'(t), 

lc+T/2 

p'2(t) = lim J p'2(t) dt, 
T->oo 

(3.35) 

lc-T/2 
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is the sum of the mean-square time average of each of the frequency bands: 

-~p'2(t) = L.J p' b 2(t). 
b 

(3.36) 

If a long-duration sound is such that, when passed through a filter with 
passband b, long-term mean-squares of the filtered sound are insensitive to the 
duration Tand the centert, of the selected time segment, it is called a steady 
sound. For steady sounds, the Fourier coefficients should yield a meaningful 

estimate of p'~ for any band b, provided T is sufficiently long. This leads to 

(b) tc+T/2 

- I: i J . p'2(t) = lim 2 - p' (t) ei2nnt/T 
b T->oo T 

n>O tc-T/2 

2 

(3.37) 

Power Spectral Density 

The band contribution p'~ can be regarded as being due toa continuous smear 

of frequency components. p'~/(llj)b is then an average contribution per unit 
bandwidth to the mean squared acoustic pressure. Consequently, one con
ceives a second limit in which the bandwidth becomes progressively smaller. 
The limit is the power spectra[ density Sp'(f) of p'(t): 

p'2 
Sp'(f) = lim (Ajb) , 

(l'if)b->O Ll. b 

j denoting the center frequency of the band. 

(3.38) 

The contribution to p'2 from a band b of frequencies between fi and h is 
then given by 

h 

p'~ = J Sp'(f) dj. 

h 

Sound Pressure Level & Sound Pressure Spectrum Level 

The sound pressure level is defined as 

Lp = 20 log10 (p' nns) dB, 
Pref 

(3.39) 

(3.40) 

where p' nns = ffeJ is the root-mean-square of p'(t), and Pref = 20 µ.Pa is a 
reference pressure. 
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Fora description of the power spectral density function in terms of decibels, 
the natural definition is that of the sound pressure spectrum level: 

(3.41) 

(3.42) 

where (ó.f)ref is a reference bandwidth. We choose (ó./)ref = 1 Hz. 

Statistica! Description of Steady Sounds 

Steady sounds are often described in statistica! terms. A given p' (t) is regarded 
as one member of a family, an ensemble, of possible outcomes of an experiment. 
The overall set of time-dependent functions with regard to its statistica! prop
erties if called a stochastic process. A process is stationary if ensemble averages 
(denoted by angle brackets) are independent of the choice of time origin, and 
ergodic if such averages are equivalent to time averages over a single sample. In 
what follows, we assume that p'(t), p~ (t) and p;(t) are members of a stationary 
ergodic process. 

The cross-correlation function nPiP;(-r) is defined as< p~(t)p;(t + T) >,or, 
equivalently (for an ergodic process) as 

T/2 

np' p' (T) = Iim -T
1 J p~ (t)p;<t + T) dt. 

1 2 T-+oo 
(3.43) 

- T/2 

The autocorrelation function np,(T) is defined as< p'(t)p'(t+ T) >,Or, equiv
alently (for an ergodic process) as 

to 

T/2 

np,(T) = lim _Tl I p'(t)p'(t + T) dt. 
T-+oo 

(3.44) 

-T/2 

For a stationary ergodic process, the power spectral density Sp' (f) is equal 

(b) 

Sp1 (f) = lim lim ( A 

2
/) ~ < l'7nl2 

>, 
(l'lf)b-+0 T-+oo ü b L.J 

n>O 

(3.45) 

where < lqn 12 > is the ensemble average of the square of the magnitude of the 
Fourier coefficient qn corresponding toa positive frequency n/T lying within a 
band of width (ó. f)b centered at frequency f. 
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Test of the Acoustic Performance 
of the Experimental Setup 

To gain insight in the acoustic performance of the experimental setup, and 
thus in the validity of the acoustic measurements, an experimental test case 
was performed. The sound field of a small loudspeaker was measured and 
compared to theoretica! predictions and numerical simulations with LMS® 
SYsNOISE. We used a loudspeaker because at low frequencies, it produces in 
free space a dipole sound field similar to the one expected from fluctuations 
of the lift force on an airfoil placed in a turbulent jet. With this test case, 
irregularities in the sound field that originate from reflections at walls, the 
floor, and the nozzle, could be traced. 

Section 4.1 describes the experimental setup that has been used. Theoretica! 
models for the sound field of the loudspeaker are derived in section 4.2. Then, in 
section 4.3, the experimental results are given and compared to the predictions 
of the theoretica! models. Numerical simulations with LMS® SYsNOISE are 
described in section 4.4. Finally, in section 4.5 the conclusions of this test are 
given. 

4.1 Experimental Setup for the Test 

Figure 4.1 shows the experimental setup that has been used. A small loud
speaker (EuROTEC INTERNATIONAL.® 59-F67.00-01F, 66 mm diameter paper cone) 
was mounted on a wooden support, with its center 16 cm above the nozzle 
outlet, 1 m above the floor. The plane of the loudspeaker is vertical (the xy
plane). The axis of the loudspeaker is horizontal (the z-axis) and is directed 
under an angle of 60° with respect to the wall of the anechoic chamber facing 
the loudspeaker. A function generator (AGILENT® 33120A) connected to the 
loudspeaker, provided the latter with a pure sine signal of 300 Hz, 1000 Hz, 
and 3000 Hz, respectively. The sound was measured with a microphone 
(BRüEL&KJJER 2619, see also chapter 2) connected toa loek-in amplifier (EG&G 
PRINCETON APPLIED RESEARCH® 5210). The same signal that was provided to the 
loudspeaker, was used as a reference signal for the loek-in amplifier. The ampli
fier determines the amplitude and phase of the component of the microphone 
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Figure 4.1: The experimental setup that has been used to test the acoustic 
measurement system. (a) & (b) side view, (c) top view. 

signal that is coherent with the signal driving the loudspeaker. 
For each of the three frequencies, a directivity measurement of the sound 

field generated by the loudspeaker was performed. Hereby the microphone 
was kept at a distance r mie = 85 cm to the center of the loudspeaker, and 
the angle emic with the horizontal z-axis was varied between emic = -13° 
and 8mic = 80°. For each angle 8miet the magnitude of the sound signal was 
measured with the loek-in amplifier. 

A second experiment was performed, with the microphone placed at 8mic = 
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-Q +Q z 

d/2 d/2 

Figure 4.2: An acoustic dipole: two monopole sources of equal strength Q, 
separated by a small distance d from each other, radiating simultaneously, hut 
pulsating with a phase difference of 180°. 

0°, hut now the distance Ymic to the loudspeaker center was varied between 
Ymic = 21 cm and Ymic = 73 cm. For each distance rmiCI the magnitude and phase 
of the sound signal were measured with the loek-in amplifier. This was again 
performed for the three frequencies: 300 Hz, 1000 Hz, and 3000 Hz. 

4.2 Theoretica! Models for the Sound Field Radiated by 
a Loudspeaker 

In this section we will describe three analytica! models for the sound field 
radiated by a loudspeaker: an acoustic dipole, a vibrating circular disk in an 
infinite baffle, and a vibrating circular disk in a finite baffle (the distributed 
edge dipole model). We also look analytically at the effects of a reflecting floor 
on the sound field. 

Acoustic Dipole 

When a loudspeaker is not built into a box, the back of the vibrating cone 
will emit sound waves that are in opposite phase with those emitted by the 
front of the cone. If, in plus, the loudspeaker is unbaffled, 1 or it is baffled, hut 
the dimensions of the baffle are considerably less than one-half wavelength of 
the radiated sound, the radiation pattem becomes that of an acoustic dipole or 
acoustic doublet. 

An acoustic dipole consists of two monopole sources of equal strength Q, 
placed at a small distance d from each other, and radiating simultaneously, 

1 A loudspeaker that is built in a flat plane (e.g. a wooden plate or a wall) is called baffled, 
and the plane is called the baffle. If there is no plane surrounding the loudspeaker, it is called 
unbaffled. 
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Figure 4.3: Directivity pattem of an acoustic dipole in (a) linear scale, and in 
(b) dB scale. 

but pulsating with a phase difference of 180°. Tuis configuration is shown in 
figure 4.2. The acoustic pressure fluctuation p' dipole at the position x(r, 8), due 
to radiation from both sources, is 

, _ ipocokQ i(wt- kr1) ipocokQ i(wt-kr2) 

Pd. 1 - e - e 
ipo e 4n:r1 4n:r2 . 

(4.1) 

When the distance separating the two sources is so small that d « rand kd « 1, 
equation (4.1) can be simplified to 

PI · ~ ikd + - COS e el Wf- T I 
ipocokQ ( d) ·( k) 

d1pole 4n:r r (4.2) 

where e is the angle between the direction of observation x, and the z-axis, 
along which the dipole is directed. 

The amplitude lp~ipole l of the acoustic pressure fluctuation is 

, pocokQ . / 2 2 IP<lïpoiel~ 
4

n:r v(kd) +(d/r) cose. (4.3) 

If the radial distance ris large enough so that kr » 1, equation (4.3) further 
simplifies to 

I pocok2Qd COS e 
lpdipolel ~ 471'.Y (4.4) 

Figure 4.3 shows the directivity pattern of a dipole in linear and in dB scale. 
It is a polar plot of the amplitude of the acoustic pressure fluctuation, lp~ipolel' 
as a function of the angle e. The acoustic pressure amplitudes are normalized 
by the value at e = 0°. 

Coming back to the case of a loudspeaker, if the radius of the loudspeaker is 
a, and the loudspeaker is mounted in a circular baffle of radius l, with l « Ji/2, 
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Figure 4.4: A vibrating circular disk in an infinite baffle. 

it can be treated as an acoustic dipole of strength Q = U5 na2 and separation l. 
If the loudspeaker is unbaffled, we take for the separation the radius a of the 
loudspeaker. The acoustic pressure magnitude is then given by equation (4.4), 
and its directivity can be represented as in figure 4.3. 

Vibrating Circular Disk in an Infinite Baffle 

A loudspeaker that is mounted in a baffle that is considerably larger than one
half the wavelength of the radiated sound, can be treated as a vibrating circular 
disk of the same radius as the loudspeaker, in an infinite bafjle. 

Consider such a disk, vibrating with harmonie motion u = U0 cos(wt) nor
mal to its surface. Figure 4.4 shows the configuration we use. Assume the 
radius of the disk is a and that its vibrating surface lies in the xy-plane, with 
its center coinciding with the origin of coordinates. The radiation will be sym
metrie about the z-axis, so that it is sufficient to specify the position of a point 
in space by the spherical coordinates rand 8. Let positions on the surface of 
the disk be specified by the polar coordinates a and </J. Then the area dS of a 
surface element of the disk is dS = a da d</J. Let r5 represent the distance from 
a surface element dS toa position x(r, 8) in the medium. The acoustie pressure 
fluctuation dp~oob produced at this point by the motion of dS is 

dp' = ipocok Uo dS ei(wt-krs) . 
doob 2nrs (4.5) 

The factor 2n replaces the factor 4n in equation (3.26) because, due to the baffle, 
sound radiates into a half space. The total pressure P~oob at the position x(r, 8) 
is the integral of this expression over the surface of the disk. The distance r5 is 
equal to 

r5 = ~r2 + a2 - 2rasin8cos</J, (4.6) 

with sin 8 = a /r. If the distance r from the center of the disk to the position 
x(r, 8) is large compared to the radius a of the disk, we can approximate this 
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Figure 4.5: Directivity pattem of a vibrating circular disk in an infinite baffle, 
for (a) ka= 0.5, (b) ka= 1, (c) ka= 2, (d) ka= 3, (e) ka= 4, (f) ka= 5, (g) ka= 7, 
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value by the first two terms of a power series: 

Ys ~ Y - asin 8 sin </J . (4.7) 

With this approximation, the expression for the acoustic pressure fluctuation 
becomes 

a 2rr 

P, ~ ipocok U ei(wt-kr) Ja da J eika sine cos cp d ,+, 
doob 2 0 'f' · 1îY 

(4.8) 

0 0 

Using the relations for the Bessel functions lm (m = 0, 1, 2, ... ) (Abramowitz 
and Stegun (1974), p. 360), 

2rr 

< ·rf Jm(x) = ~~ eixcos cp cos(m</J) d</J, 

0 

and J xJo(x)dx=xJi(x), 

equation (4.8) can be written as 

, _ ipocoka2 Uo 2 h (ka sin 8) ei(wt-kr) 

Pdoob - 2r ka sin 8 . 

We introduce the source strength Q = Tia2 U0: 

, _ ipocokQ 2Ji (ka sin 8) ei(wt-kr) 

p doob - 2Tir ka sin 8 . 

The amplitude lp~00bl of the pressure fluctuation is then 

1 

I 

1 

- poCokQ 2Ji (ka Sin 8) 
Pdoob - 2m kasin8 · 

(4.9) 

(4.10) 

(4.11) 

(4.12) 

(4.13) 

As shown in figure 4.5, the directivity pattem fora vibrating circular disk 
in an infinite baffle depends strongly on the parameter ka. For small ka, i.e. 
fora small disk and/or at low frequency, sound is radiated nearly equally in 
every direction. However, as ka increases, the radiated sounds becomes more 
directional and the directivity pattem starts to show different lobes. 

Vibrating Circular Disk in a Finite Baffle-Distributed Edge Dipole Model 

When a loudspeaker is mounted in a baffle that is not considerably larger 
than one-half the wavelength of the radiated sound, diffraction of sound at the 
edges of the baffle can play a significant role in the radiated sound field . Urban 
et al. (2004) developed a theoretica! model, the distributed edge dipole model, 
that takes into account these diffraction effects. Consider the configuration 
of figure 4.6: a disk of radius a is surrounded by a baffle of finite size and is 
vibrating with harmonie motion u = U0 cos(wt). The disk and baffle lie in the 
xy-plane. The sound pressure from the driving sound source (the vibrating 
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Figure 4.6: A circular disk in a finite baffle. 

disk) P~rive propagates to the baffle edges where it energizes a diffractive edge 
sound source. The total pressure observed at position A(r, 8) is then the sum 
of the contribution of the driver and the contribution of the edge diffraction: 

PI - p' + p' ded - drive edge · (4.14) 

The driving sound pressure is expressed as 

I ( 8) 1 + COS 8 I 

Pdrive r, = 2 Pdoob, (4.15) 

where P~oob is the sound pressure produced by the vibrating disk when situated 
on an infinite baffle. For the latter, equation (4.12) is used, which is actually an 
expression that only holds in the far field. However, the authors use it because 
it gives satisfying results. The driving sound pressure then becomes 

/ ( 
8

) _ 1 +COS 8, kQe-ikT 2h (ka Sin 8) 
p drive r, - 2 ipoco 2 nr ka sin 8 (4.16) 

The sound pressure due to edge diffraction can be expressed as 

P~dge = P dp~dge ' (4.17) 

edge 

with 
e-ikre 

dp~dge = -cos8p~rive(r = L,8 = 90°)-
2
-dl, (4.18) 
nre 

where L is the distance from the center of the disk to the edge element, dl = L dep 
is the projected differential length along the baffle edge, and re is the distance 
from the edge element to the observation point. Using equation (4.16) yields 

1 );, • 1 2/i (ka) e-ikL e-ikre 
Pedge = J' -12 cos 8 pocokQ ka 2nL 2nre dl. (4.19) 

edge 
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Figure 4.7: Configuration used to model the influence of the floor on the sound 
field of a dipole. 

Combining equations (4.16) and (4.19) gives 

' - 1 +cos e. kQe-ikr 2Ji(ka sin 8) 
p ded - 2 ipoco 2rrr ka sine 

i_ . 1 2/i (ka) e-ikL e-ikre 

+ y -12. cos 8 pocokQ ka 2rr.L 2rrre dl (4.20) 

edge 

Influence of a Reflecting Plane on the Sound Field of a Dipole 

Figure 4.7 shows the combination of a dipole at position (0, 0, 0) with a plane, 
parallel to the yz-plane and intersecting the x-axis at (-h, 0, 0). The resultant 
sound field is the sum of the sound field of the dipole and that of a mirrored 
dipole at position (-2h, 0, 0): 

' pocok
2
Q e i(wt-kr) pocok

2
Qm e i(wt-kr ) (4.21) p = 4 cos e + 4 cos m e m ' 

rrr rrrm 

where the ratio Q/Qm determines the amount of reflection by the plane. We 
see that 

cos 8m = cos e' (4.22) 

and 
rm= ..,/(rcos8)2+(rsin8+2h)2. (4.23) 

Substituting this in equation (4.21) yields 

' pocok
2
Q e i(wt-kr) p = 

4 
cos e 

rrr 

+ pocok
2
Qm cos 8 eilwt-k v<rcos w+<rsin e+2h>2J . <424) 

4rr .../(rcos 8)2 + (rsin e + 2h)2 
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Figure 4.8: Directivity pattern for the sound field of the combination of a 
dipole with a plane with a reflection of 50%, for (a) 300Hz, (b) lOOOHz, and 
(c) 3000Hz. 

Figure 4.8 shows the directivity pattern calculated with equation (4.24), fora 
50% reflecting plane (Q/Qm = 0.5) with h = lm and r = 0.85m, for 300Hz, 
1000 Hz, and 3000 Hz. 

4.3 Experimental Results and Comparison with Theoret
ica! Predictions 

Figure 4.9 shows the experimental results of the directivity measurements, 
together with the predictions by the analytica! models described in the previous 
section. The acoustic pressure magnitude is plotted as a function of the angle 
e. The magnitude is normalized by the value at e = 0°. 

The measured values show a clear deviation from the theoretically pre
dicted ones. From the three models, the dipole model gives the best correspon
dence. The lobes that appear in the directivity plot of the measured values 
show a resemblance to the lobes that appeared when we looked at the influ
ence of a plane on the sound field of a dipole (figure 4.8). In the present case, 
if there were unwanted reflections at the 6 walls of the anechoic chamber, it 
can be expected that they could have resulted in a complicated standing wave 
pattern, which could have led to lobes in the directivity pattern like the ones 
we measured. 

The results of the second measurement are shown in figures 4.10 and 4.11. 
When the sound pressure as a function of distance to the loudspeaker would 
follow a 1/r-law, the latter plot should give a constant. Instead we see a wave 
with a wavelength which is twice the wavelength of the radiated sound -
the factor two originates from the fact that the loek-in amplifier measures the 
root-mean-square of the pressure. This leads again to the conclusion that there 
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is a standing wave pattem in the anechoic chamber. From figure 4.11, we also 
see that at r mie ~ 30 cm, the effect of the standing wave pattem is smallest. 
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4.4 Numerical Simulations with LMS® SYSNOISE 

Using LMS® SYSNOISE, numerical simulations of the sound field of a vibrat
ing disk in a small square were made, for a frequency of 300 Hz, 1000 Hz, 
and 3000 Hz. The dimensions of the disk and square were the same as the 
dimensions of the loudspeaker and loudspeaker support, respectively. The 
simulations were also made for the case that there is a 50 % reflecting floor at 
1 m from the disk. 

Figure 4.12 shows the results of the numerical simulations. It is clear that, 
without the floor, the sound field resembles that of a dipole. We see again that 
the floor causes lobes in the directivity pattern. 

4.5 Conclusions 

A test of the acoustic performance of the experimental setup was performed. 
For this, the sound field of a small loudspeaker was measured and compared 
to theoretica! predictions and numerical simulations with LMS® SYSNOISE. 

It was found that the best analytica! model to described the loudspeaker 
is an acoustic dipole (equation (4.4)). Nevertheless the experimental results 
show a deviation from the theoretica! predictions. Tuis deviation is due toa 
standing wave pattern in the semi-anechoic chamber. 

It was experimentally found that at a distance r mie ~ 30 cm, the effect of the 
standing wave pattern is smallest. 
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Flow Measurements with Hot 
Wire Anemometry 

5.1 Hot Wire Anemometry 

Basic Principle 

5 

A hot wire anemometer consists of a sensor, a small electrically heated wire 
exposed to the fluid flow, and of an electronic equipment, which performs the 
transformation of the sensor output into a useful electric signal. The electronic 
circuitry forms an integral part of the anemometric system and has a direct 
influence on the probe characteristics. 

The sensor itself is very small: typical dimensions of the heated wire are 
5 µm in diameter and 1 mm to 3 mm in length. Figure 5.1 shows an example of 
a hot wire probe. 

The basic principle of operation of the system is the heat transfer from the 
heated wire to the cold surrounding fluid, heat transfer which is a function 
of the fluid velocity. Thus, a relationship between the fluid velocity and the 
electrical output can be established. 

The purpose of the electronic circuit is to provide to the wire a controlled 
amount of electrical current, so that either the wire temperature, or the electric 
current, is kept constant when the amount of heat transfer varies. Hence, we 

Tunpten Wire with Tbin Platinum 
Coating on Surf1ee 
(0.0001 S inches) 
(O.D038 mm) 

···- nating to Defino 
Sensing Lengtb 

Figure 5.1: Example of a hot wire probe. 
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Figure 5.2: A typical hot wire calibration curve. 

speak of constant current anemometers, or constant temperature anemometers. 
For the present study, a constant temperature anemometer was used. 

Sensor Material 

The sensor material has to meet a few criteria: 

• it should have a high value of the temperature coefficient of resistance, 
to increase its sensitivity to velocity variations; 

• it should have an electrical resistance such that it can be easily heated 
with an electrical current at practical voltage and current levels; 

• it has to be available as a wire of very small diameter; 

• the tensile strength has to be high enough to withstand the aerodynamic 
stresses at high flow velocities. 

The materials which are most commonly used are: tungsten, platinum, and 
platinum-iridium alloys. 

Calibration Characteristics 

If Ta is the temperature of the ambient fluid, I is the heating current flowing 
in the wire, Rw is the resistance at operating temperature T w1 and D and l are 
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the diameter and length of the hot wire, respectively, the steady state energy 
balance can be written as 

I2Rw = nDlh(Tw -Ta) = nlk(Tw -Ta)Nu, 

where the Nusselt number Nu is defined as 

hD 
Nu=T, 

(5.1) 

(5.2) 

with h the heat transfer coefficient and k the thermal conductivity coefficient for 
the fluid. The problem is now to find a relation between the Nusselt number 
Nu and the other thermodynamic properties of the fluid and the characteristics 
of the flow around the thin wire: 

Nu = f (Re, Pr), (5.3) 

where 

Re= UD (Reynolds number), (5.4) 
v 

and 

Cpµ 
(Prandtl number). (5.5) Pr=-

k 

One of the most well-known relations of this type is King's law: 

Nu = 0.318 + 0.690 Re112 
. (5.6) 

Nevertheless, an experimental calibration is needed, frequently, and for each 
individual hot wire. The calibration has to be performed at the same conditions 
as the measurements. Figure 5.2 shows an example of a typical hot wire 
calibration curve. It is non-linear, with maximum sensitivity at low velocities. 
By doing a fourth order polynomial fit of the experimentally measured values, 
the calibration curve can be determined as 

(5.7) 

where U is the velocity, E the output signal, and ki the coefficients determined 
by the fit. 

Control Circuit & Frequency Response 

We will restrict ourselves to the constant temperature anemometer, because it 
is the most commonly used. Figure 5.3 shows the control circuit. It is a Wheat
stone bridge consisting of four electrical resistances, one of which is the sensor. 
When the required amount of current is passed through the sensor, the sensor 
is heated to the operating temperature, at which point the bridge is balanced. 
If the flow is increased, the heat transfer rate from the sensor to the ambient 
fluid will increase, and the sensor will thereby tend to cool. Since metals have 



36 Flow Measurements with Hot Wire Anemometry 

E 

Figure 5.3: Control circuit of a constant temperature anemometer. 
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Figure 5.4: Optimal frequency response. 

positive temperature coefficients of resistivity (i.e., the electrical resistance will 
increase with increasing temperature or decrease with decreasing tempera
ture), the accompanying drop in the sensor's electrical resistance will upset the 
balance of the bridge. Tuis unbalance is sensed by a high gain DC amplifier, 
which will in turn produce a higher voltage and increase the current through 
the sensor, thereby restoring the sensor to its previously balanced condition. 
The DC amplifier provides the necessary negative feedback for the control of 
the constant temperature anemometer. The bridge or amplifier output voltage 
is, then, an indication of flow velocity. 

The frequency response of a hot wire anemometer is obtained by perform
ing a square wave test: a square wave test current is injected at the wire terminal 
and the response of the system is monitored on an oscilloscope. Because of the 
feedback system involved on the control circuit, the resulting output should 
be equal to the derivative of the input signal and takes the form shown in 
figure 5.4. 

5.2 The Subsonic Free Air Jet 

Figure 5.5 gives a schematic diagram of the structure of the jet. As the jet 
leaves the nozzle, an annular mixing layer farms between the moving fluid and 
its surroundings. The flow in this region becomes turbulent within about one
half of a jet diameter downstream. It then spreads linearly in both directions 
until it fills the entire jet at about 4 to 5 diameters downstream. Hence, the 
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Figure 5.5: Schematic diagram of the jet structure. 

thickness of the mixing layer is about 0.2 x to about 0.25 x. Since the motion 
remains laminar within the conical domain enclosed by the turbulent flow, we 
usually refer to this region as the potential care. Of course, the boundary layer 
of the mixing layer is not straight as shown in figure 5.5. 

Once the mixing layer fills the jet its uniform growth ceases and it evolves 
differently as it passes first through a transition region and finally, at about 6 to 
8 diameters downstream, into a region of self-preserving flow, called the fully 
developed region. The latter also grows linearly with x but at a different rate than 
the mixing layer. 

5.3 Jet Profiles 

The experimental setup that has been used is described in chapter 2. Hot wire 
measurements were performed at different positions along a line parallel with 
the y-axis, passing through the center of the jet at an axial position x. In this 
way, a profile is measured along that line. This is shown in figure 5.6. The jet 
outlet velocity Vnozz was 13.2 ~-

The turbulent velocity in the jet at any instant and location can be given by 

v(x, t) = V(x) + v' (x, t), (5.8) 

where V = Vêx is the time-mean velocity and v' = (v~, v~, v~) is the stochastic 
velocity fluctuation with zero mean value. 

With the hot wire positioned in the way describe above, we will measure a 
combination of V, v~ and v~. We thus define the turbulence intensity as 

(5.9) 

where Vc is the mean velocity in the center of the jet. 
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Figure 5.6: Position of the hot wire. 

Figure 5.7 and 5.8 shows the mean velocity profile at the nozzle outlet and 
at x = 6 Dnozz, respectively. lt can be seen that at x = 6 Dnozz, the mean velocity 
in the center of the jet Vc is approximately equal to the jet outlet velocity Vnozz· 

The turbulence intensity profiles are shown in figure 5.9 and 5.10. lt can 
be seen that at the nozzle outlet, the turbulence intensity is low, less than 1 %, 
while at x = 6 Dnozz, the turbulence intensity is about 20%. The turbulence 
intensity is maximum at y '.::::'. 0.4 Dnozz· 

Because we cannot perform an isolated measurement of the two compo
nents v~ and v~, we took a look at the rigorous measurements of Wygnanski and 
Fiedler (1969), who did have isolated measurements of the two components v~ 
and v~. They defined the turbulence intensities in the two directions as 

~ (5.10) -- I 

Vc 

~ (5.11) -- I 

Vc 

M M and found, for v: , a maximum of 30%, and for v: a maximum of 25%. 
However, they performed measurements at a distance much further away from 
the nozzle, at x = 50 Dnozz· 
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Figure 5.7: Mean velocity profile at X = 0 Dnozz for Vnozz = 13.2 ~· 
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6.1 Curle's Analogy for an Airfoil in a Turbulent Flow 

Lighthill's Analogy 

In acoustics, sound sources are considered that induce linear perturbations of 
a quiescent (stagnant and uniform) fluid state. In aeroacoustics, this is gener
alized to an arbitrary source region surrounded by a quiescent fluid. Hence we 
no more assume that the flow in the source region is a linear perturbation of 
the reference state. We only assume that the listener is surrounded by a qui
escent reference fluid in which the small acoustic perturbations are accurately 
described by the homogeneous linear wave equation (3.9). 

Consider the equation of mass 

ap 
Jt + v ' (pv) = 0 / (6.1) 

and momentum 
a(pv) 
-af + V · (P + pvv) = f. (6.2) 

In the latter equation, f is the density of a force field acting on the fluid, and 

p =pi- CJ' (6.3) 

where p is the hydrodynamic pressure, 1 is the unity tensor (lij = Dij), and a 
corresponds in a simple fluid to the effect of viscosity. 

Taking the time derivative of the mass conservation equation (6.1) and 
subtracting the divergence of the momentum equation (6.2) yields 

azp 
atz = V · [V · (P + pvv)] - V · f. 

Introducing the perturbations 

' p = p-po, 

' p = p- po, 

(6.4) 

(6.5) 

(6.6) 
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gives 

(6.7) 

Adding the term ~ ~jz' on both sides, and rearranging terms, yields Lighthill's 
0 

analogy for the pressure fluctuations p': 

1 a2
p' a2 (p' ) ---V2p'=V·[V(pvv-a)]-V·f+- --p' . 

c2 at2 at2 c2 
0 0 

(6.8) 

Note that neither p' / p0 nor p' /po are necessarily small in the source region. The 
right hand side of equation (6.8) acts as a given sound source distribution. We 

recognize the term $1~ ( ~ - p'), which corresponds to the sound produced by 

entropy production. We further see the viscous stress a, and the Reynolds 
stress pvv. Finally, there is the force field f on the fluid that represents the 
forces of solid walls on the flow. 

Approxirnation of Lighthill's Analogy for an Airfoil in a Turbulent Flow 

Let us now consider the sound produced by an airfoil placed in a turbulent 
flow. We can model the airfoil in the flow by replacing its physical presence by a 
force field f on the fluid. lt is the force field that the airfoil would exercise on 
the fluid if it were present in the flow. So instead of an airfoil in a turbulent 
flow, we are now left with a force field f acting on a turbulent flow. 

We now go back to equation (6.8). If we consider isentropic behavior 
(p' = c6p'), and we neglect the sound produced by the viscous stress a and the 
Reynolds stress pvv, i.e. the sound produced by the turbulence, equation (6.8) 
simplifies to 

(6.9) 

lntegral Representation Using Free Space Green's Function 

The free space Green's function Go(x, t 1 y, T) is the acoustic field generated at the 
observer's position x at timet by a pulse ó(x -y)ó(t- T) released in y at time T: 

ó(t _ "[ _ lx-yl) 
Go(x,tly,-r) = 

4 
I 'i° nx-y 

(6.10) 

We thus observe at time t at a distance lx - yl from the source a pulse corre
sponding to the impulsion delivered at the emission time t - lx;rl. 

As G0(x, t 1 y, T) depends only on lx-yl, rather than on the individual values 
of x and y, the free space Green's function not only satisfies the reciprocity 
relation 

Go(x, t 1 y, -r) = Go(y, --r 1 x, -t), 

but also the symmetry relation 

VxGo(x, t 1 y, T) = -VyGo(x, t 1 y, -r). 

(6.11) 

(6.12) 
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Using the free space Green's function Go(x, t 1 y, T), we can now formulate a 
solution of the simplified Lighthill equation (6.9): 

t 

p'(x,t)= f f[-Vy·f(y,T)]Go(x,tly,T)dydT. (6.13) 

-00 v 

Curle's Analogy 

Partial integration of equation (6.13) gives 

t 

p' (x, t) = f f f(y, T) · VyGo(x, t 1 y, T) dy dT. (6.14) 

-00 v 

Using the symmetry relation (6.12) yields 

t 

p' (x, t) = - f f f(y, T) · VxGo(x, t 1 y, T) dy dT, (6.15) 

-00 v 

which can also be written as 

t 

p'(x,t) = -Vx· f f f(y,T)Go(x,tly,T)dydT. (6.16) 

-00 v 

Recalling equation ( 6.10), and applying the sifting property of the delta function 
gives 

I f(y, t - lx~yl) 
p(x,t)=-Vx·f I I dy. (6.17) 4n x-y 

v 
lf we consider the airfoil to be compact (its dimensions smaller than the acoustic 
wave length), we can neglect variations in retarded time over the source region, 
and write 

t _ lx - yl ~ t _ lxl . 
co co 

(6.18) 

Applying this approximation to equation (6.17) yields 

/ 1 lxl 
P (x, t) ~ - 4nlxl Vx . F(t - co)' (6.19) 

where 

F(t- lxl) = f f(y,t- ~)dy (6.20) 
co co 

v 
is the total force by the airfoil on the fluid. In the far field approximation 
(wlxl « 1) 

Co ' 
1 x d 

Vx ~ ----, 
co lxl Jt 

(6.21) 
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Figure 6.1: Configuration of the airfoil in the turbulent jet. 

so that 
' x a lxl p (x,t) ~ · -F(t- -), 

4ncolxl2 at Co 

or, in index notation, 

1 Xi a lxl 
p (x, t) ~ -Fi(t - -) . 

4ncolxl2 at Co 

(6.22) 

(6.23) 

This is a simplified form of Curle's analogy. It predicts the sound pressure p' (x, t) 
due to the fluctuation of the total force F(t - ~)on the fluid. This is of course 
the reaction force associated with the force of the fluid on the airfoil. 

6.2 The Aerodynamic Force on an Airfoil in a Turbulent 
Jet 

To predict the sound with equation (6.22), an expression is needed for the 
fluctuating aerodynamic force on the airfoil. In this section we will derive an 
approximation for this force and we will compare it to results from numerical 
simulations clone by Koloszár (2005). 

Approximation of the Force on an Airfoil in a Turbulent Jet 

Consider the configuration showed in figures 6.1 and 6.2. A symmetrie airfoil 
is orientated in the xy-plane, with its center coinciding with the origin of axes, 
and with its chord line parallel to the x-axis. The chord length is 2b and its span 
is equal to 2d. 

In our case of an airfoil in a turbulent jet, we can consider it to be extended 
in the spanwise direction much further than the diameter of the jet. Then the 
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Figure 6.2: Configuration of the airfoil in the turbulent jet. 
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effective span 2d is equal to the width of the section of the airfoil where jet flow 
is arriving, which is equal to the diameter of the jet. 

As the flow is turbulent, we consider the instantaneous flow velocity v as 
the sum of a mean velocity Vêx, parallel with the x-axis, and a fluctuating 
velocity v' = (v~, v~, v~). The magnitude lv'I of the fluctuating velocity is small 
compared to V. We can specify the orientation of the instantaneous velocity v 
by the two angles a and y (see figure 6.2), where ais the angle of attack, i.e. the 
angle between the mean velocity and Vxz, the projection of the instantaneous 
velocity v on the xz-plane, and y is the angle between the mean velocity and 
Vxy, the projection of the instantaneous velocity v on the plane of the airfoil 
(the xy-plane). Thus 

and 

v' . y 
smy = -1 -1, 

Vxy 

v' . z sma = -
1 

-
1

, 
Vxz 

V +v~ 
cosy = -1--1 ' 

Vxy 

V+v~ 
cos a = -

1
-

1
- • 

Vxz 

(6.24) 

(6.25) 

lf the spatial coherence scale of the fluctuation v~ in the chordwise direction 
is large compared with the chord 2b of the airfoil, and the velocity is low 
enough so that the flow can be considered incompressible, the forces acting on 
the airfoil obey the same relations as they do in a steady flow. This is called 
the quasi-steady approximation. Every infinitesimal section of airfoil, located 
at a spanwise position Ya, with dimensions 2b and dya, will then experience a 
lift force FL,y. and a drag force Fo,y.1 defined to be orientated in a plane parallel 
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to the xz-plane, and to be perpendicular and parallel to VxZI respectively (see 
figure 6.2). The magnitudes of the lift and drag force are 

1 2 
IFL,y. I = 2rolvxzl CL2bdya, (6.26) 

and 

(6.27) 

where CL and Co are the lift and drag coefficients. At high Reynolds numbers, 
CL » Co. In first approximation, we neglect the drag force Fo,y •. 

The lift coefficient CL is a function of the orientation of the instantaneous 
velocity relative to the airfoil. For a symmetrie airfoil, with its chord line 
parallel to the mean flow velocity, the mean lift force is zero, and the lift 
coefficient CL can be written in first approxirnation as (see Kundu and Cohen 
(2002), equation (15.12)) 

CL:::::: 2rrsina 

v' 
:::::: 2rr-I z 1 · 

Vxz 

(6.28) 

(6.29) 

Substituting this in expression (6.26) for the lift force on a section of airfoil of 
infinitesimal span, yields 

(6.30) 

Recalling that the lift force FL,y. is orientated perpendicular to Vm we can 
resolve it into components: 

FL,y. :::::: (-rrpo1Vxzlv~2b dya sin a) êx + (rrpolvxzlv~2b dya cos a) êz (6.31) 

:::::: (-rrpov~22b dya) êx + (npov~(V + v~)2b dya) êz (6.32) 

Upon neglecting squares of small quantities, this becomes 

(6.33) 

with 

(6.34) 

To get the total force on the airfoil, expression (6.34) needs to be integrated 
over the effective span of the airfoil: 

with 

d 

h = f h,y. dYa 
-d 

d 

:::::: rrpo2b J v~ V dya. 

- d 

(6.35) 

(6.36) 

(6.37) 
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Figure 6.3: Visualization of the coherent structures in the instantaneous flow 
field of a turbulent free jet impinging on an airfoil, obtained from large eddy 
simulations (the dimensions of the jet nozzle and the airfoil were identical to 
those used for the experiments in this study, Vnozz = 13.2 m/s) (Koloszár, 2005). 

We thus found a simplified expression for the force on the airfoil in a 
turbulent jet. It states that this force is oriented perpendicular to the plane of 
the airfoil, and that its mean is equal to zero. Knowing the magnitude V of the 
mean velocity in every spanwise position Ya' and the fluctuating velocity v~ on 
a certain moment in time, in every spanwise position Ya, we can calculate the 
instantaneous force on the airfoil, on that certain moment in time. Knowledge 
of the instantaneous value of the turbulent variable v~ on every spanwise 
position is of course a utopia. 

Comparison with Results from Large Eddy Simulations 

Large eddy simulations of the flow field around an airfoil in a turbulent free 
jet were carried out by Koloszár (2005), using the same dimensions for the jet 
nozzle and the airfoil as those used in the experiments in this study. 

Figure 6.3 shows a visualization of the coherent structures in the instanta
neous flow field, obtained from these numerical simulations. It can be seen 
that large-scale spatially coherent structures (vortex rings) are shed from the 
nozzle outlet. As they are convected downstream, they break up in smaller-
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Figure 6.4: Components of the non-dimensionalized force on an airfoil in a 
turbulent free jet, perpendicular and parallel to the airfoil chord line, obtained 
from large eddy simulations (the dimensions of the jet nozzle and the airfoil 
were identical to those used in the experiments in this study, Vnozz = 13.2m/s) 
(Koloszár, 2005). 

scale coherent structures. At the position of the airfoil, the coherent structures 
are of a smaller scale than at the nozzle outlet, but are still relatively large. 

Each coherent structure impinging on the airfoil results in a net force on 
it. Adding the contributions of all the structures impinging on the airfoil on a 
certain moment in time, gives the total force on the airfoil on that moment in 
time. 

The formation of the large-scale coherent structures at the nozzle outlet 
occurs at a certain characteristic frequency fnozZt corresponding toa Strouhal 
number 

St = fnozzDnozz 

Vnozz 
(6.38) 

between 0.2 and 0.8. This frequency will also be present in the way the coherent 
structures arrive at the airfoil in time, and thus also in the way the force on the 
airfoil fluctuates in time. 

Figure 6.4 shows the fluctuations of the components Fx and Fz of the total 
force on the airfoil, non-dimensionalized using the mean velocity Vnozz and 
the effective area of the airfoil 4bd: 1 J 

4
bd and 1 v~ 

4
bd' calculated from 

2 PO nozz 2 PO nozz 

the large eddy simulations. 
It can be seen that there is indeed a certain characteristic frequency present 

in the way the force on the airfoil fluctuates due to coherent structures imping
ing on it in time. The period is about 0.01 s, corresponding with to a frequency 

of fF ~ 100 Hz, and a Strouhal number St = f~::zz ~ 10~·~_-g41 ~ 0.3 . 
We can also see that the amplitude of z-component of the total force, the 

component perpendicular to the plane of the airfoil, is much larger than the 
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x-component, and has an opposite sign: 

Fz 
Fx::::: -4.3. (6.39) 

If we would take one characteristic value v~,es for the velocity fluctuation v~, one 
characteristic value v~,es for the velocity fluctuation v~, and one characteristic 
value Ves for the mean velocity V, we could integrate equation (6.32) over the 
effective span of the airfoil to give a very crude estirnation of the amplitude of 
the total force on the airfoil: 

(6.40) 

Based on the flow characterization in chapter 5, we take v~: ::::: ~ ::::: 0.25. With 
these values, the ratio of the amplitude of the z-component to the amplitude of 
the x-component becomes 

v~,es(Ves + v~,es) 
I 2 

Vz,es 

v' 
(1 + ...!e.) 
__ v_cs_ ::::: _ 1 + 0.25 = _

5 
v~,cs 0.25 / 

Vcs 

which is comparable to the value -4.3 from the numerical simulations. 

(6.41) 

Let us now compare the amplitude of the component ! pol~124bd from fig-
v' 

ure 6.4 with an estimation based on equation (6.37). Taking V: ::::: 0.25, and 
Ves ::::: 13.2 ~, yields 

np v' V 4bd v' 
1 

O z,es es = 2rr ~es ::::: 2rr · 0.25 ::::: 1.57, 
ïPO ~ozz4bd es 

(6.42) 

which is significantly larger than the value 0.13 from the numerical simulations. 
The reason for this discrepancy is the fact that for the estimation based on 
equation (6.37), we had to assume that the flow impinging on the airfoil is 
coherent over the total effective span of the airfoil. However, from figure 6.3 
it appeared that the coherent structures arriving at the airfoil are of a smaller 
scale than the effective span of the airfoil. 

6.3 Experiments 

The experimental setup that has been used is described in chapter 2. 

Sound Directivity 

The directivity of the sound field generated by the airfoil in the turbulent free 
jet was measured by varying the angle emie that the microphone makes with 
the z-axis, while keeping the distance to the airfoil constant at r mie = 0.3 m. The 
jet velocity at the nozzle outlet was Vnozz = 32.5 ~· 
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Dependence of the Sound on the Jet Velocity 

The dependency of the sound on the jet velocity was measured by varying 
the jet velocity at the nozzle outlet Vnozz· Hereby the microphone was kept 
perpendicular to the airfoil (Bmic = 0°) at a distance Ymic = 0.3m. 

Relation Between the Sound on Opposite Sides of the Airfoil 

The relation between the sound generated by the airfoil on opposite sides of 
the airfoil is investigated by measuring the sound simultaneously with two 
microphones, both placed perpendicular to the airfoil (Brruc=0°) at a distance 
r mie = 0.3 m, hut each on a different side of the airfoil. This was done for 
different values of the jet outlet velocity Vnozz· 

Tuming the Airfoil U pside Down 

In this experiment, the airfoil was turned upside down, and the sound gener
ated by the interaction of the turbulent flow and the airfoil was measured, for 
different values of the jet outlet velocity. The microphone was kept perpendic
ular to the airfoil ( Bmic = 0°) at a distance r mie = 0.3 m. 

6.4 Comparison of Theoretica! Predictions with Experi
mental Results 

Substituting expression (6.35) for the force on the airfoil in Curle's anal
ogy (6.23) yields 

I COS e d lxl 
p (x,t) ~ -

4 
I l"î"h(t- -), (6.43) 

rrco x ut co 
where e is the angle that the position vector x makes with the z-axis. Note the 
minus sign, which originates from the fact that h is the magnitude of the force 
on the airfoil. 

Sound Directivity 

According to the cos e dependance in equation (6.43), the directivity of the 
sound field generated by the turbulent flow impinging on the airfoil should be 
equal to the directivity of an acoustic dipole. 

Figure 6.5 shows the experimentally measured sound directivity and the 
comparison with a dipole sound field. It is a plot of the sound pressure level 
for different values of e. It can be seen that the agreement is good. 

Dependence of Sound Pressure Level on the Jet Velocity 

Combining equation (6.43) with the considerations of section 6.2 about the 
force on the airfoil, yields 

I COS8 
p (x,t) ~ -

4 
I 

1

JFh, 
rrco x 

(6.44) 
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Figure 6.5: Directivity of the sound field generated by the airfoil 

where fF is the characteristic frequency of fluctuation of the force on the airfoil. 
From the large eddy simulations in section 6.2, we found a Strouhal number 

St = fFDnozz :::::: 0.3. This leads to 
Vnozz 

{, 0.3Vnozz 
;F:::::: . 

Dnozz 
(6.45) 

Like in section 6.2, the magnitude of the force ft can be estimated in 
two ways: from equation (6.37), assuming coherence over the total effective 
span of the airfoil, or from the results of the numerical simulations (only for 
Vnozz = 13.2 ~). 

From equation (6.37), assuming coherence over the total effective span of 

the airfoil, and taking again vv~,cs :::::: 0.25, we find 
es 

ft :::::: npov~,cs Vc54bd 

:::::: npo0.25V;54bd 

:::::: npo0.25V~ozz4bd. 

(6.46) 

(6.47) 

(6.48) 

Substituting equation (6.45) and (6.48) in equation (6.44) gives, for an observer 
perpendicular to the airfoil (8 = 0), at a distance of Jxl = 0.3m: 

1 [ -1 ] [0.3·Vnozz] 
p :::::: 4n · 340 ~ · 0.3m . 0.041 m 

(6.49) 

[ 
kg 2 ] . Tl· 1.22 m3. 0.25. vnozz . 4. 0.04m. 0.08m (6.50) 

~ ( -s kg. s) 3 - -7x10 m4 vnozz. (6.51) 
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Figure 6.6: Sound pressure level as a function of the Mach number of the jet 
outlet velocity, in logarithmic scale. 

The acoustic pressure fluctuations are thus proportional with V~ozv and the 
associated sound pressure level should thus be proportional to V~ozz . For 
example, for an outlet velocity Vnozz = 13.2 :::s' we get a sound pressure level 
Lp~ 78dB. 

For V nozz = 13.2 ~, we can also use the results from the numerical simula
tions in section 6.2 to estimate the magnitude of the force h : 

h = 0.13GpoV~ozz4bd) . (6.52) 

Substituting this, together with equation (6.45), into equation (6.44) yields 

[ 
-1 ] [0.3 · 13.2 ~] 

p' ~ 4n · 340 ~ · 0.3 m · 0.041 m 

[ 
1 kg ( m)2 ] · 0.13 · 21.22 m3 · 13.2 s · 4 · 0.04m · 0.08m 

~ 0.013Pa, 

which corresponds to a sound pressure level Lp ~ 57 dB. 

(6.53) 

(6.54) 

(6.55) 

Figure 6.6 shows the experimentally measured dependance of the sound 
pressure level Lp on the Mach number M = v~~zz. For M < 0.1, the sound 
pressure level depends linearly on log10 M, with a slope of 57 dB per decade. 
For M > 0.1, this linear dependance no longer holds. Blake (1986) experienced 
a similar phenomenon for the sound field radiated by a cylinder in a turbulent 
flow, and suggests that it originates from mechanica! vibrations. 
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Figure 6.7: Sound pressure spectrum level of the acoustic pressure fluctuations 
for different Mach numbers, (a) as a function of frequency, (b) as a function of 
Strouhal number. 



56 Aeroacoustic Theory & Experiments 

110 

N 100 :r: 
..... 
Il 

il 
~ 90 

- ! ~ ! 
0 80 "!" "' Il i 'E 
"'- ! 
iö' 70 . . ~ 
~ ~ 
::s ~ 
~ 60 ~ . : . . 

0.0 

1 
~ 
0 

'° 
~ 50 ly" ...J 

""0.3 

' . 

40 
.1 .2 .3 .4 .6 .8 1 2 4 6 8 10 20 40 608000 

St = f D nozz I Vnozz 

Figure 6.8: Sound pressure spectrum level of the acoustic pressure fluctuations, 
normalized using the sixth-power dependance of sound pressure level on Mach 
number, as a function of Strouhal number. 

Figure 6.6 also shows the theoretica! predictions made in this section. Using 
equation (6.37), and assuming coherence over the total effective span of the 
airfoil, resulted in a sixth-power dependance of the sound pressure level on 
the Machnumber, i.e. on thejetoutletvelocity. For M = 0.38, i.e. Vnozz = 13.2 ~' 
we found a sound pressure level Lp :::: 78 dB. Ina plot of Lp versus log10 M, this 
results in a line with a slope of 60 dB per decade, passing through the point 
(0.38, 78 dB). The theoretica! predicted value Lp :::: 57 dB for V nozz = 13.2 ~, 
based on the results from numerical simulations, is also indicated in the figure. 

Sound pressure spectrum level plots of the measured sound, as a function 
of frequency, and as a function of the Strouhal number St = fvDnozz , are shown 

nozz 

in figure 6.7, for different values of the Mach number M = v~~zz . We can see 
that the low frequencies are dominant, and that the frequencies at which the 
sound pressure spectrum level is maximum increases as the Mach number is 
increased. The Strouhal number that correspond to the maximum in sound 
pressure spectrum level is St :::: 0.3. Tuis corresponds to the value of the 

Strouhal number f~::zz that is associated with the typical frequency of fluctu
ation of the force on the airfoil, calculated from the numerical simulations (see 
section 6.2). 

Figure 6.8 shows the sound pressure spectrum level, normalized using the 
sixth-power dependance of the sound pressure level on the Mach number, 

Lps - 60 log10 M, as a function of the Strouhal number St = f~n:': . The sound 



6.4 Comparison of Theoretica! Predictions with Experimental Results 57 

-- -M=0.045 
0.8 -·-·-· M=0.080 

--M=0.100 
0.6 ----- M=0.157 

0.4 
0 
Il 

" 0.2 
""~ 

~""'" 

-=- -0.2 

-r = 3.57 rns 

-0.6 -r = 2.23 rns 
T = 1.77 rns 

-0.8 

8 

Figure 6.9: Cross-correlation 'RPiP; (T) of the sound field on opposite sides of the 
airfoil, normalized with l'Rpip;(T = 0)1, for different Mach numbers. 

pressure spectrum level plots can be seen to coincide well for Mach numbers 
that are not significantly higher than 0.1. The fact that the sound pressure 
spectrum level plot for the highest Mach number does not coincide, can be 
explained from figure 6.6, as for the highest Mach numbers, the sixth-power 
dependance does not hold. 

Relation Between the Sound on Opposite Sides of the Airfoil 

Combining equation (6.43) with the considerations of section 6.2 about the 
force on the airfoil, we come to the conclusion that the amplitude of the sound 
pressure on one side of the airfoil should be opposite to the amplitude of 
the sound pressure on the opposite side of the airfoil. The cross-correlation 
function 'RPiP; (T) should thus have a maximum in absolute value at T = 0, and 
the sign of the value 'RPiP; ( T = 0) should be negative. 

Figure 6.9 shows the experimentally obtained cross-correlation, for different 
Mach numbers M = v~~zz. The cross-correlation is normalized with its absolute 
value at T = 0 (the absolute value is taken to get the same sign as the non
normalized cross-correlation function). It can indeed be seen that at T = 0, we 
get a value -1. 

We can also see that the normalized cross-correlation function has a maxi
mum for values of T that decrease as the Mach number is increased. The value 
of T at which the cross-correlation is maximum is the time over which we have 
to shift the two functions of acoustic pressure fluctuation in time relative to 
each other in order to have the best possible overlap between them. We can ex
pect this to be about half the period corresponding to the dominant frequency 
in the spectrum of the sound. So if we would take inverse of the double of 
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Figure 6.10: Sound pressure spectrum level of the acoustic pressure fluctuations 
on one side of the airfoil, for different Mach numbers, as a function of frequency. 

the value of -r for which the cross-correlation is maximum, this should coin
cide with the maximum in the plot of the sound pressure spectrum level as 
a function of frequency. This is done in figure 6.10, which shows the sound 
pressure spectrum level as a function of frequency, for the same Mach numbers 
as in figure 6.9. The indicated frequencies, calculated from the values of -r for 
which the cross-correlation is maximum, can indeed be seen to lie in the range 
of frequencies for which the sound pressure spectrum level is maximum. 

Tuming the Airfoil Upside Down 

The theoretica! considerations of section 6.2 remain valid when the airfoil is 
tumed upside down. The only critica! point is equation (6.28) for the lift 
coefficient, but when the airfoil is thin enough, this should give no problem. 

Figures 6.11-6.13 show the same plots as figures 6.6-6.8, but now for the 
airfoil tumed upside down. 

It can be seen that for the dominant, low frequencies, the sound pressure 
spectrum level plots for the two orientations of the airfoil are nearly identical. 
For the higher frequencies, the sound pressure spectrum level is higher in the 
case the airfoil is tumed upside down. 
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Figure 6.11: Sound pressure level as a function of the Mach number of the jet 
outlet velocity, in logarithmic scale, for the airfoil turned upside down 

6.5 Statistica! Description of the Sound Production 

Substituting equation (6.34) into Curle's analogy (6.22) yields an expression for 
the sound produced by the force on an infinitesimal section of airfoil, located 
at a spanwise position Ya: 

' cose a lxl 
Py. (x, t) ::::: - 4ncolxl at h,y. (t - Co). (6.56) 

where e is the angle that the position vector x makes with the z-axis. Note the 
minus sign, which originates from the fact that FL,y. is the force on the airfoil. 
Integrating this expression over the effective span 2d gives the total acoustic 
pressure fluctuation: 

' cos e a lxl 
P ( x, t) == - 4 1 1 -a h ( t - - ) . neo x t co 

(6.57) 

Taking the Fourier transform of this expression yields 

iw cos 8;. ( ) iwM 
p~(x, w) ::::: l""L w e co 

4ncolxl 
(6.58) 

d 

::::: iw cos e J p ( ) d 
4ncolxl L,y. w Ya' (6.59) 

-d 
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Figure 6.12: Sound pressure spectrum level of the acoustic pressure fluctuations 
for different Mach numbers, for the airfoil turned upside down, (a) as a function 
of frequency, (b) as a function of Strouhal number. 
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Figure 6.13: Sound pressure spectrum level of the acoustic pressure fluctua
tions, normalized using the sixth-power dependance of sound pressure level 
on Mach number, as a function of Strouhal number, for the airfoil tumed upside 
down. 

where 
T 

p~(x, w) = J p' (x, t) eiwt dt, 

-T 

with T a large but finite number. 
Multiplying p~(x, w) with its complex conjugate p~ *(x, w) gives 

Taking the limit for T ---+ oo yields 

s""(x,w) = ( ~~~~!)' JÎ s, c,J' c,i (y!, i,, w) dy! dy;, 
-d 

(6.60) 

(6.62) 

where Sp'p'(x,w) is the sound pressure spectrum level function of the acoustic 
pressure fluctuations, and SF 1 F _2 (y!, y~, w) is the cross-power spectral density 

L,y0 L,yii 

function of the lift force on the airfoil. 
If cross-power spectral density function of the lift force on the airfoil was 

known, we could predict the spectrum of the emitted sound with this formula. 
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This information about the spatial distribution of the lift force on the airfoil 
could be acquired from numerical simulations, or from extensive hot wire 
measurements (with two probes) combined with expression 6.37 to link the 
measured velocity fluctuations to the force. 

6.6 Conclusions 

Theoretica! predictions of the sound emitted by an airfoil placed in a turbulent 
free jet were given, based on a simplified, low frequency model in which the 
sound production by the fluctuating lift force is assumed to be dominant. 
Curle's analogy (6.22) is the key formula in this approach. 

A simplified expression for the aerodynamic force on the airfoil was derived 
(equation (6.37)), and compared to results from large eddy simulations of the 
jet flow around the airfoil performed by Koloszár (2005). It was concluded that 
the coherent structures impinging on the airfoil are not coherent over the total 
effective span of the airfoil. 

Sound predictions were made, based on the expression for the aerodynamic 
force, assuming coherence over the total effective span of the airfoil, and based 
on results from the numerical simulations. These predictions were compared 
to experimental results, which showed that assuming a coherence over the 
total effective span gives an overestimation of the sound. The estimation based 
on results from the numerical simulations show a better agreement with the 
experimental results. 

Using the expression for the aerodynamic force, we found that the sound 
pressure level should be proportional to the sixth power of the Mach number 
of the jet flow. This was experimentally verified for Mach numbers below 0.1. 

Plots of the sound pressure spectrum level of the measured sound show 
that the low frequencies, corresponding to a Strouhal number St ~ 0.3, are 
dominant. 

Turning the airfoil upside down does not affect the low frequencies in the 
produced sound. 



7 
Conclusions 

In the present work, the sound emission from an airfoil placed in a turbulent 
free air jet was investigated, experimentally and theoretically. The acoustic 
measurements of the sound were performed in a semi-anechoic chamber. 

First, a test of the acoustic performance of this facility was performed. 
Tuis test showed that a standing wave pattem is present in the semi-anechoic 
chamber, disturbing the acoustic measurements. The optimal distance between 
the microphone and the sound source to minimize the effect of the standing 
wave pattem was found to be r mie ~ 0.3 m. 

Measurements of the jet flow were performed using hot wire anemometry 
and compared to measurements in literature. A maximum turbulence intensity 
of about 20 % was measured, but literature showed higher values. 

A simplified, low frequency model, in which the fluctuating lift force on the 
airfoil is assumed to be the dominant sound producing source, was developed. 
With results from the flow measurements and from large eddy simulations 
of the jet flow by Koloszár (2005), this model was used to predict the sound 
emission from the airfoil in the turbulent jet. The theoretica! predictions were 
compared to acoustic measurements and showed a good agreement. The 
low frequencies are indeed dominant. The sound pressure level of the sound 
emitted by the airfoil in the turbulent jet, is shown to scale with the sixth power 
of the Mach number, i.e. with the sixth power of the jet velocity. 

Extensive hot wire measurement should be performed, using two hot wire 
probes, to get information about the spanwise correlation of the velocity fluc
tuations, and thus of the spanwise correlation of the force on the airfoil. This 
would permit to predict not only the dominant low frequencies, but the entire 
spectrum of the sound emitted by the airfoil. 
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