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1. Introduction 
 
1.1  Background 
 
For rail as well as road traffic, vehicle noise reduction is becoming more and more 
important for several reasons. Interior vehicle noise is one of the predominant factors for 
customer satisfaction and comfort. There are also rules and regulations limiting the 
allowed exterior noise emitted by vehicles. Moreover, in large urban areas there has been 
an increase of demands in surface transport systems which have lead to a rise in ambient 
noise. This fast development has led to new legislation which sets local limits on the 
noise emitted by vehicles. Therefore it is important to determine those vehicle 
components that produce the dominant part of the noise and to develop solutions which 
can reduce the noise generation. An important component in most vehicles is the engine 
cooling, which can have a wide range of complexity and significant energy consumption. 
For diesel driven trains, the engine coolers can be assessed as one of the major noise 
sources in urban areas or at stations by considering the amount of radiated sound (usually 
Sound Power Levels above 100 dB(A)). In addition these cooling systems can contribute 
to noise annoyance, e.g., by high tonality. One of the major sources which influence the 
noise radiation from engine cooling is the cooling fan [1]. In trains as in most vehicle 
engine cooling systems the fans are needed to provide a sufficient forced cooling flow 
sometimes even at low speed operation.  
 
Some investigations have been published on noise generation and sound radiation from 
cooling systems in vehicles. Ref [2] investigated the engine fan noise in buses and made 
measurements on a transit coach operated over a specified operating cycle to determine 
the relation of fan usage to noise exposure levels. In Ref [3], the development of a 
radiator cooling fan used in automobile vehicles has been reviewed with a proposed noise 
control technique developed for the design of quiet marine propellers. Ref [4] discussed 
the engine cooling fan noise for a rail vehicle based on the impact of new legislation and 
it is concluded, by the experimental work on different operating conditions at standstill 
and acceleration, that one obvious noise reduction strategy is to only run the fans at the 
minimum possible rotational speed required by the cooling demand. Some 
recommendations have been presented in Ref [5] regarding the relation between cooling 
fan noise and rotational speed under average conditions of constant speed, acceleration, 
standstill/idling and deceleration. Ref [6] described a test made on a locomotive to find 
ways of reducing the noise of the cooling ventilation by several modifications such as: 
the change of fan blade configuration and the uses of sound-absorbing surface layers and 
silencers. A detailed formulation, based on the presence of shroud, upstream 
radiator/condenser and downstream engine block, for computing noise spectra of engine 
cooling fans installed in full-size vehicles was developed in Ref [7]. Both Schrader [8] 
and Hebard [9] have suggested to apply the radiator in the noise design procedures for 
cooling fans in heavy vehicles and Hebard later pointed out that the sound power is 
proportional to the square of the power consumption at constant fan efficiency. Proposed 
reductions of noise radiation from an axial fan mounted on a railway car were discussed 
in Ref [10]. By improving the airflow performance the noise emission could be reduced 
by 10 dB. In Ref [11] the reduction of noise radiated by an automotive engine fan was 
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investigated using active control. An aeroacoustic model of the fan was combined with 
numerical simulations of active noise control using a dipole secondary source in front of 
the fan. 
 
In the present work noise control measures for a roof mounted cooling unit, see Figure 1, 
for a Bombardier diesel train (Autorail Grande Capacité) have been investigated.  
 

 
                                (a)                                                                                   (b) 
Figure 1: (a) Schematic of a roof-mounted engine cooling unit (note that the studied unit has two fans 

instead of three). Direction of air flow is indicated by the arrows. (b) Picture of the studied roof 
cooling unit.  

 
1.2  Fan noise mechanisms 

 

 
             Figure 2: Overview of the aeroacoustic sound generation mechanisms for fans [12].  
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The fan monopole source determined by the blade thickness noise is mainly generated 
due to the change of volume flow of the fluid caused by the motion of the blades. It has 
been shown in [13] that at blade Mach numbers less than one blade thickness noise is 
insignificant. The quadrupole source corresponds to noise generation due to the unsteady 
momentum transport in turbulent flow. Ref [14] states that for a rotation Mach number 
below 0.8, the quadrupole source can be neglected. Therefore as proposed by Ref [12] the 
dominant aeroacoustic noise source for subsonic fans comes from dipole sources 
associated with fluctuating forces on blades or guide vanes. 
    
Dipole noise is produced by fluctuating forces created by the time varying pressure 
distributions on the blades and guide vanes and resulting from the rotation of the blades 
or inflow disturbances. The dipole sources can be divided into two types, due to the 
steady rotating forces and due to the unsteady rotating forces. For a uniform inflow 
without disturbances, periodic pressure fluctuations at discrete harmonics exist and the 
corresponding tonal noise is referred to as ‘Gutin-noise’ [12]. In the case of low Mach-
numbers the ‘Gutin-noise’ contribution is negligible. The non-uniform stationary inflow 
will create the harmonic part of the fan noise spectrum with tones at multiples of the 
blade passing frequency (BPF = (B number of blades) × (shaft rotational frequency)). The 
levels of these tones are, especially for axial fans, strongly influenced by interaction with 
outlet guide vanes. It is not surprising that the separation between guide vanes and blades 
has a large influence on the level of the tones [15], but also the circumferential 
periodicity plays an important role [16].  
 
The non-uniform unsteady flow entering the fan is mainly associated with inflow 
turbulence and produces low frequency broad band noise. 
  
The last three source terms at the bottom in Figure 6 consist of several parts categorized 
as self-noise and concern the flow induced sound over the blades. Much attention has 
been paid to the research of these mechanisms, see for instance Refs [17-24]. Tip 
clearance noise or tip clearance vortex noise is one of the most important self noise 
sources [12] and contributes to the high frequency broadband spectrum. The mechanism 
is simply that air is forced to flow between the high and low pressure side through the 
gap at the blade tip and then forms vortices propagating with the flow. The tip clearance 
flow has significant effects on both the acoustic and the aerodynamic properties of the fan. 
 
 
1.3   Fan noise reduction methodology 
 
A useful starting point to reduce the noise generated from the engine cooler is to draw a 
source and transmission path model. Such a model lists the main source mechanisms and 
the main transmission paths for the acoustic power via various subsystems into sound 
power radiated to the outside.  Based on this model one can then try to rank the different 
sources and transmission paths in order to determine a priority list for noise control 
measures. The details of this procedure applied to cooling unit studied are described in 
Paper C in this thesis.  
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Figure 3: A source – transmission path model for the noise produced by the studied cooling fan unit 
(see Figure 1). 

 
 
1.4  Modeling of fan noise 
  
1.4.1 Analytical model 
 
For the computation of the noise radiation from fans most analytical models are based on 
the formulations of the Ffowcs Williams&Hawkings equation [25], which is an effective 
tool to deal with sound generation from surfaces in arbitrary motion. Ref [26] presented a 
boundary integral formulation without the calculation of the surface pressure normal 
derivative. Based on the formulation of Ref [25] a new and much faster retarded time 
formulation was derived in Ref [27] and also avoided the large amount of iterative 
processing and numerical validations found in, e.g., Ref [28]. Some more advanced 
models considering the vane interaction [29] and non-uniform flows [30-31] have also 
been proposed. One main mechanism for the fan noise radiation is the fluctuating forces 
exerted on the medium by the blade, which create a rotating dipole source [12]. Paper A 
uses a model proposed by Farassat [32] who predicted the discrete line spectra of a 
rotating fan in an assumed free field based on the steady and unsteady fluctuating forces 
and the blade thickness effect. Based on the Ffowcs Williams &Hawkings equation [25] 
one can obtain a representation of the sound sources on a rigid body moving through an 
infinite fluid called the Farassat formula [33-34]. Furthermore the “thickness noise” term 
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in Farassat formula is known to be of importance only at Mach-numbers close to 1. For 
subsonic rotating machines the contribution from the unsteady forces on blades and guide 
vanes will dominate the sound generation [12]. In Paper A the periodic (“non-turbulent”) 
part of the unsteady forces has been obtained by CFD computation. An alternative would 
have been to apply Amiet’s theory [35] for airfoils. The total sound pressure from the 
studied fan assuming free field conditions for the radiation can be written 
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where p´ is the acoustic pressure, x and t are space and time co-ordinates, ρ0 is fluid 
density, V is the volume of the body, F is the force the body creates on the fluid, Mr is the 
Mach-number in the direction source-observer and r is the distance source-observer. The 
index e means that the quantity is evaluated at the emission time te< t. 
 
1.4.2 3D Acoustic- Vortex Model 
 
The development of faster computers and better software has made it possible to use 
Computational Fluid Dynamics (CFD) and Computational Aeroacoustics (CAA) to  
calculate the unsteady aerodynamics and sound radiation of the fan [36]. Most of the 
proposed methods are of hybrid type which means that the source terms are first 
computed via CFD and then used to compute the acoustic field via some acoustic 
analogies. An example is Ref [37] which treats a centrifugal fan based on Navier-Stokes 
equation and an integral solution of the wave equation for the far field noise. The 
prediction model used in Paper A for the sound generation from an axial fan is using the 
so-called 3-D coupled acoustic-vortex model. This model described in Refs [38-39] is an 
efficient tool to analyze flow acoustic phenomena caused by unsteady flow in rotating 
machines. The calculation of the acoustic-vortex equation is divided into two steps. First 
the unsteady incompressible flow (U) is determined based on Navier-Stokes equation to 
obtain the acoustic source from the unsteady velocity field. The source field is 
determined from the solution of the unsteady flow equations with appropriate boundary 
conditions. Then based on the assumptions: isentropic flow and small acoustic 
oscillations, an acoustic-vortex wave equation is developed in terms of enthalpy 
oscillations i superimposed on the incompressible base flow (c – mean sound velocity):  
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where U  is the velocity for the transitional and rotational motion (no volume change) of 
an incompressible medium (vortex mode). This equation is then solved for each fan 
harmonic using a local impedance condition.  
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1.5  Acoustics of heat exchangers 
 
As an important component of the cooling system heat exchangers, with forced 
cooling/heating from air, are used in applications ranging from gas turbines to IC-engines 
and electronic equipments. By surveying the literature there appears to be two main 
categories of heat exchangers – one with an array of tube bundles and the other with 
parallel plates in an array. In many of the applications the air flow is provided by a fan 
and there is an increased concern about the noise absorption/transmission at such heat 
exchangers in particular on vehicles. Not so many studies have been made on acoustic 
models for heat exchangers, especially for the type with parallel plates. Blevins [40] has 
described tests on a three-dimensional heat exchanger with tube bundles, to obtain sound 
speeds and damping and predict the acoustic properties. Others have focused on the flow-
induced sound propagation in heat exchanger tube arrays, for example, Fitzpatrick [41], 
who analyzed the acoustic standing wave resonances in the tube arrays with a view to 
vortex shedding, turbulent buffeting and broadband turbulence. Mungur and Fahy [42] 
derived an expression for the transmission coefficient in terms of the propagation 
constants based on a periodic structure model.  In the subsequent papers, Parker [43] first 
obtained an analytical model to analyze the possible acoustic resonances in a duct 
containing banks of heat exchanger tubes. Later Bressler [44] made a series of 
experiments on aeroacoustic tones generated by flow over the heat exchanger tubes and 
summarized the relation for acoustic modes with Mach-numbers and pressure drops. 
Whiston and Thomas [45] discussed the effects of mechanical coupling between heat 
exchanger tubes and whirling instabilities. Regarding parallel plate type of heat 
exchangers, models for sound propagation in narrow pipes with different cross-sectional 
shapes in the presence of flow [46-47] might be useful to analyze the acoustic damping. 
 
The model presented in Paper B uses this last observation and presents a model based on 
that the heat exchanger can be regarded as an “equivalent fluid”. This means that the 
acoustic wavelength must be much larger than details of the inner structure of the heat 
exchanger so that a smoothed out and continuous model can be applied.  
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2. Summary of papers 
 
Paper A – Investigation of Sound Generation from an Axial Fan for Engine 
Cooling  
 

       
                                  (a)                                                                                     (b) 

Figure 4: (a) An overview of the measurement setup in the anechoic room. The wall where the fan 
was mounted had an area of 3x3 m2. (b) The figure shows the relative positions of the microphones or 
pressure probes. Numbers 1-10+13 are microphones and 11-12 denote differential pressure probes on 

two guide vanes. 
 
This work describes a detailed experimental investigation combined with two different 
modeling efforts of an eight bladed axial fan. The effect of various parameters on the 
acoustic source strength (power) was measured under controlled conditions. The fan was 
mounted between two acoustic test chambers with the receiving (downstream) side in an 
anechoic chamber where microphone arrays were used to measure the source strength 
and directivity of the acoustic field for different fan RPM´s, see Figure 4. Cross-spectra 
between microphones, the inlet flow distribution and turbulence levels were measured as 
well. The effect of some fan modifications was also investigated, e.g., a reduced tip 
clearance and a modified fan inlet. To create accurate data for comparison with the 
experimental work, two models have been tested. The first is a model based on the 
Farassat formula for a rotating dipole. For this case the forces on the blades and guide 
vanes are needed. These can either be estimated by applying the theory of Amiet 
assuming that the inflow profile is known. An alternative is to calculate the forces via 
unsteady CFD which was used here. The second model used is based on a 3-D acoustic-
vortex model, which first solves the unsteady Navier-Stokes equations for an 
incompressible flow and then calculates a source term for an acoustic wave equation. The 
calculated sound pressure levels predicted from the 3D acoustic-vortex model and the 
Farassat formula are compared with the measurement results at 950 rpm in Figure 5. The 
method of singular value decomposition (SVD) has also been applied to enable analysis 
of the source structure and the number of incoherent sources using the measured cross-
spectra. 
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Figure 5: Comparison of sound pressure levels between measurement, the 3D acoustic-vortex model 

(CFD) and analytical results with the Farassat Formula for the 1st BPF at 950 RPM. 

 
 
Paper B –  Acoustic Modeling of Heat Exchangers 
 
 

  
                               (a)                                                                                          (b) 

 Figure 6: (a) Train cooling unit studied with the heat exchanger units (four) of parallel plate type.  
(b) A section of one heat exchanger was cut out. 

 
Although the contribution of a heat exchanger is mainly to efficiently transfer heat energy 
from one fluid to another, it can have a significant effect on sound emitted from a cooling 
fan. First it can change the aerodynamic load on the fan and thereby increase the radiated 
noise. Secondly the presence of the heat exchanger affects the acoustic load seen by the 
fan or the radiation of sound. These latter effects will be explored here in terms of the 
sound reduction index and absorption of a heat exchanger. In industrial applications, 
there are mainly two categories of heat exchangers: tube bundle heat exchangers and 
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parallel plate heat exchangers. Concerning the acoustic behavior of tube bundle heat 
exchangers a number of works exist, but for the parallel plate type no detailed acoustic 
models seem to exist. In this paper, acoustic models are therefore developed to evaluate 
the sound transmission and the absorption through a parallel plate type of heat exchanger. 
The basic configuration is assumed to be a matrix of parallel and rectangular narrow 
channels, see Figure 6. The developed model is based on a so called equivalent fluid 
model for an anisotropic medium.  The data needed for the model are obtained from the 
heat exchanger geometry combined with measured pressure drop curves. As an 
alternative to use such measured pressure drop data it is shown that the losses in the 
model can be estimated by using the Kirchhoff model for thermo-viscous wave 
propagation in narrow tubes. From the models the sound transmission and absorption for 
an entire heat exchanger can be predicted for incident plane waves. From this the average 
values for say a random (diffuse) sound field can also be obtained. Numerical examples 
are presented to illustrate how various parameters such as the mean flow affect the sound 
transmission and absorption. To validate the proposed model, measurements have been 
performed to obtain the sound transmission data for a heat exchanger used on a train 
cooling unit. Analytical and experimental values of the transmission losses for the flow 
velocity of 1.5 m/s are plotted in Figure 7. 
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Figure 7: Comparison for TL (1/3–octave) between the analytical and experimental results for the 

flow speed of 1.5 m/s. ——, analytical result; – · · –, experimental result.  

 
 
Paper C - Cooling Fan Noise Control in Railway Vehicles  

 
An experimental study has been undertaken on a railway vehicle cooling system, see 
Figure 1, in order to evaluate different noise control measures. The selected application is 
a large roof-mounted diesel engine cooling unit on the train. A strong presence of 
harmonic components from orders related to the 8-blade axial fan and the 7-piston 
hydraulic engine was found. To evaluate the acoustic loading created by the cooling fan 
source and the effect of the enclosure of the unit, transfer functions were examined for a 
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dipole source to acoustic pressure in the far field. In order to reach a substantial noise 
reduction, the broadband part of the noise needed to be brought down as well. A number 
of design modifications were proposed and tested in the laboratory: different ways to 
guide the air flow into the fan, reduced tip clearance, absorption, vibration isolation of the 
fan and of the hydraulic engine. The most effective noise control measure, bringing an 
improvement of more than 6 dB(A) at full speed of the fan, involved changing the flow 
direction through the unit. In addition a modification involving interchanging the axial 
fan for a centrifugal fan, also with a reversed flow direction through the unit, gave (with 
unchanged volume flow) an even better reduction of 11 dB(A). The new modified cooler 
with the radial fan on a train was also tested at stationary and at low speed passby (30 
km/h) and gave noise reductions of 5 dB(A) and 8 dB(A), respectively. 
 
 
3. Future work 
 
Future work regarding the single axial fan includes the investigation on models which 
can predict, not only the tonal noise, also the broadband part of the noise radiated from 
the axial fan. A new experimental study on the absorption coefficient of the heat 
exchanger in Paper B should be made to compare with the analytical results from the 
model. Furthermore it would be interesting to focus on the use of micro-perforated panels 
[48] to control the acoustics of heat exchangers. Based on the study in Paper C, it seems 
that willingness to accept new configurations, e.g., with changed flow direction is 
important and thus more work should be performed to find new and less noisy designs for 
train cooling units. In particular if the flow direction is changed as suggested in Paper C 
one should analyze the corresponding change of inflow when the train moves and how it 
affects the fan performance. In addition the use of more aerodynamically advanced axial 
fans with, e.g., swept blades can be taken into account.  
 
 
4. Acknowledgement 
 
The work involved in this thesis was funded by the 6th framework EU-project “Silence” 
(ref TIP4-CT-2005-516288). First I would like to express my special thanks to my 
supervisor professor Mats Åbom and associate professor Hans Boden and Leping Feng 
for their guidance through this project. Many thanks also to the members of Bombardier 
Transportation, Anders Frid and Karl-Richard Fehse, for their assistances during the 
measurements on the complete cooling unit, sharing some measurement results and 
helpful discussions. I would also like to express my appreciation for the help and support 
from Kent Lindgren and Danilo Prelevic at the Marcus Wallenberg Laboratory during the 
measurements. Finally I would like to thank my family and my friends for their 
understanding and support during my life in Sweden.        
  
 
 
 
 



 11

Reference 
 
[1] R. C. Chanaud,  D. Muster, Aerodynamic noise from motor vehicles, The Journal of 

the Acoustical Society of America 58 (1) (1975), 31-38.  
 

[2] M. A. Staiano, Engine fan noise in rear-engined vehicles, The Journal of the 
Acoustical Society of America 68 (S1) (1980) S93. 

 

[3] L. M. Gray, The design of a quiet automobile cooling fan, The Journal of the 
Acoustical Society of America 68 (S1) (1980) S93. 

 

[4] A. Frid, S. Leth, C. Högström, J. Färm, Noise control design of railway vehicles–
Impact of new legislation, Journal of Sound and Vibration 293 (3-5) (2006), 910-920. 

 

[5] M. Dittrich, X. Zhang, The Harmonoise model for traction noise of powered rail 
vehicles, Journal of Sound and Vibration 293 (2006) 986–994. 

 

[6] B. Schulte-Werning, M. Beier, K. G. Degen, D. Stiebel, Research on noise and 
vibration reduction at DB to improve the environmental friendliness of railway traffic, 
Journal of Sound and Vibration 293 (3-5) (2006), 1058-1069. 

 

[7] S. F. Wu, S. Su, H. Shah, Noise Radiation From Engine Cooling Fans, Journal of 
Sound and Vibration 216 (1) (1998), 107-132. 

 

[8] J. T. Schrader, Cooling system noise reduction on heavy duty diesel trucks, Noise-
CON 73 Proceedings, Washington, D.C. (1973). 

 

[9] P. J. Hebard, S. W. Tebby, The design and optimisation of engine cooling systems for 
low noise and power consumption, Proceedings of the F.I.S.I.T.A. Conference (1974). 

 
 

[10] L. M. Cleon, A. Willaime, Aero-acoustic optimisation of the fans and cooling circuit 
on SNCF's X72500 Railcar, Journal of Sound and Vibration 231 3 (2000), 925–933. 

 

[11] A. Gerard, A. Berry, P. Masson, Active control of automotive fan noise, The Journal 
of the Acoustical Society of America 112 (5) (2002), 2428. 

 

[12] W. Neise, Review of fan noise generation mechanisms and control methods, Fan 
Noise Symposium, CETIM, France, (1992). 

 

[13] W. K. Blake, Mechanics of Flow-induced Sound and Vibration. Vol. 2: Complex 
Flow Structure Interaction, Academic Press Inc., London (1986). 

 

[14] M. E. Goldstein, Aeroacoustics, McGraw-Hill International, New York (1976). 
 

[15] I. J. Sharland, Sources of noise in axial flow fans, Journal of Sound and Vibration 1 
(1964), 302. 

 

[16] J. M. Tyler, T. G. Sofrin, Axial flow compressor studies, SAE Transactions 70 
(1962), 309-332. 

 

[17] W. K. Blake, Mechanics of Flow-induced Sound and Vibration (two volumes), 
Academic Press Inc., New York (1986). 

 

[18] C. L. Morfey, Rotating blades and aerodynamic sound, Journal of Sound and 
Vibration 28 (3) (1973), 587–617.   

[19] S. E. Wright, The acoustic spectrum of axial flow machines, Journal of Sound and 
Vibration 45 (2) (1976), 165–223.  

 

[20] D. L. Huff, Fan noise prediction: status and needs, NASA/TM–97-206533, (1997). 
 



 12

[21] N. Moissev, B. Lakshminarayana, D. E. Thompson, Noise due to interaction of 
boundary-layer turbulence with a compressor rotor, Journal of Aircraft 15 (1) 
(1978), 53–61. 

 

[22] R. Dunne, M. S. Howe, Wall-bounded blade-tip vortex interaction noise, Journal of 
Sound and Vibration 202 (5) (1997), 605–618. 

 

[23] C. Lee, M. K. Chung, Y. H. Kim, A prediction model for the vortex shedding noise 
from the wake of an airfoil or axial flow fan blades, Journal of Sound and Vibration 
164 (2) (1993), 327–336. 

 

[24] U. Ganz, S. A. L. Glegg, P. Joppa, Measurement and prediction of broadband fan 
noise, AIAA paper 98 (1998), 2316. 

 

[25] J. E. Ffowcs Williams, D. L. Hawkings, Sound generated by turbulence and surfaces 
in arbitrary motion, Philosophical Transactions of the Royal Society of London A 
264 (1969), 321–342. 

 

[26] P. D. Francescantonio, A new boundary integral formulation for the prediction of 
sound radiation, Journal of Sound and Vibration 202 (4) (1997), 491–509. 

 

[27] D. Casalino, An advanced time approach for aeroacoustic analogy predictions, 
Journal of Sound and Vibration 261 (2003), 583–612. 

 

[28] G. Ghorbaniasl, C. Hirsch, Validation and application of a far-field time domain 
formulation for fan noise prediction, 11th AIAA/CEAS Aeroacoustics Conference, 
AIAA (2005), 2838. 

 

[29] S. E. Wright, Sound radiation from a lifting rotor generated by asymmetric disk 
loading, Journal of Sound and Vibration 9 (2) (1969), 223–240. 

 

[30] M. V. Lowson, Theoretical analysis of compressor noise, Journal of the Acoustical 
Society of America 47 1 (2) (1968), 371–385. 

 

[31] P. M. Morse, K. U. Ingard, Theoretical Acoustics, Princeton University Press, 
Princeton NJ (1986). 

 

[32] F. Frassat, G. P. Succi, A review of propeller discrete frequency noise prediction 
technology with emphasis on two current methods for time domain calculations, 
Journal of Sound and Vibration 71 (1980), 399-419. 

 

[33] F. Farassat, Linear acoustics formulas for calculation of rotating blade noise, AIAA 
Journal 19 (9), 1122-1130, 1981. 

 

[34] F. Farassat, Acoustic radiation from rotating blades – the Kirchhoff method in 
aeroacoustics. Journal of Sound and Vibration 239 (4) (2001),785-800. 

 

[35] R. K. Amiet, Acoustic radiation for an airfoil in a turbulent flow, Journal of Sound 
and Vibration volume 41(4) (1976). 

 

[36] W. H. Jeon, Overview of numerical analysis of fan noise, Proceedings of Fan Noise 
2003, Senlis, France, (2003). 

 

[37] F. Perie, J. Buell, Combined CFD/CAA method for centrifugal fan simulation. 29th 
       International congress on noise control engineering, InterNoise, 1 (2000), 641. 
 

[38] S. Timouchev, J. Tourret, G. Pavic, A. Aksenov, Numerical 2-D and 3-D Methods 
for Computation of Internal Unsteady Pressure Field and Near–Field Noise of Fans, 
Noise Control Eng. J. 54 (1), (2006). 

 



 13

[39] S. Timouchev, N. Hamzaoui, G. Pavic, A. Aksenov, 3D CFD-CAA method for 
prediction of pressure pulsation and sound field in rotating machines, Proc. 
InterNoise 2004, (2004). 

 

[40] R. D. Blevins, Acoustic modes of heat exchanger tube bundles, Journal of Sound 
and Vibration 109(1) (1986), 19-31.  

 

[41] J. A. Fitzpatrick, The prediction of flow-induced noise in heat exchanger tube arrays, 
        Journal of Sound and Vibration 99(3) (1985), 425-435.  
 

[42] P. Mungur, F. J. Fahy, Transmission of sound through an array of scatters, Journal 
of Sound and Vibration 9(2) (1969), 287-294. 

 

[43] R. Parker, Acoustic Resonances in passages containing banks of heat exchanger 
tubes, Journal of Sound and Vibration 57(2) (1978), 245-260.   

[44] M. M. Bressler, Experiments on acoustic resonance in heat exchanger tube bundles, 
        Journal of Sound and Vibration 164(3) (1993), 503-533.  
 

[45] G. S. Whiston, G. D. Thomas, Whirling instabilities in heat exchanger tube arrays, 
        Journal of Sound and Vibration 81(1) (1982), 1-31.  
 

[46] E. Dokumaci, On transmission of sound in circular and rectangular narrow pipes 
with superimposed mean flow, Journal of Sound and Vibration 210(3) (1998), 375-
389.   

[47] J. G. Ih, C. M. park, H. J. Kim, A model for sound propagation in capillary ducts 
with mean flow, Journal of Sound and Vibration 190(2) (1996), 163-175.  

 

[48] Y. Guo, S. Allam, M. Åbom, Micro-Perforated Plates for Vehicle Applications, 
InterNoise Conference, Shanghai, (2008). 

 
 
 



 


