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I Introduction: 
Because of the rapid development of computers and in particular the growing 
computational power, many other new areas of interest and usage of CFD can be 
found. The CFD problems remain mostly the same – it usually means looking for 
some reasonable compromise between time needed for solving the problem and the 
accuracy of the solution. Although setting the physical and mathematical relationships 
can be done easily, it can often happen that after comparing the available 
computational power and the performance required, then solving of the problem 
becomes simply prohibitive.  
This was for long time the case for aeroacoustic simulations. Although the theoretical 
bases of methods to solve the noise produced by airflow were defined many years ago 
(e.g. mentioned in [1] in 1969), the computational power needed for them is just 
becoming available. This project work should try to investigate the possibilities and 
restrictions of CFD for solving the aeroacoustic properties for a model of car sunroof. 
The noise reduction produced by the sunroof is one of the important factors in car 
design, especially in the high-end market cars. Of course, there are many different 
kinds and types of sunroofs. For the purpose of this project, a simplified model of the 
sunroof type presented in fig. 1.1 was used.  
 

 

Figure I I .1.1 - Opel Vectra sunroof 

 
The computational analysis should be able to predict the flow field with high accuracy 
so that the pressure fluctuations, which are actually the source of longitudinal waves 
(sound), can be first monitored and later analysed to obtain the required results. These 
pressure fluctuations are caused by the turbulent behaviour of the fluid. 
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II Previous works and literature 
survey 

A survey of literature in area of aeroacoustic noise generation is presented below. The 
theory of this problem is well covered in the literature especially in [1] (section II.1). 
Other sources of information are also described including information gained from a 
personal interview with Dr. František Paur from ŠkodaAuto Research and 
Development centre (section II.7). 

II.1 J.E. Ffowcs Williams-Hydrodynamic Noise[1] 
This article deals with the theoretical bases of the aeroacoustic noise generation. This 
method is used within the new Fluent module for predicting the noise. It is also 
sometimes denoted as Lighthill’s acoustic analogy. In the following section the results 
of this theory are presented together with the equations in such form, which is used 
within Fluent. 

 

Br ief descr iption of the theory: 
The wave field produced by the turbulence can be described by equations II.1.1 and 

II.1.2. The term c0 is the speed of sound in the fluid at rest, ρ is the variable density, 

thus ρ -ρ0 is the density perturbation. fi is the stands for the applied force and q 
represents the mass addition rate per unite of volume. Equation II.1.2 represents the 
homogeneous equation – the wave equation. 
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The terms on the right-hand-side of equation II.1.1 can also be denoted as monopole, 
dipole and quadrupole sources. The monopole acoustic sources are caused by the time 
variable mass addition, the dipole sources cover the effect of time varying forces 
applied on the fluid and the last term represents the quadrupoles induced by the time 
dependent stresses, including momentum, viscosity and turbulence. Tij is the 
Lighthill’s  turbulence-stress tensor described by the following equations. In the terms 

below δij is the Kronecker delta, ui and  uj are the velocity  components, pij is the stress 
tensor and p is the static pressure. 
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Tij = ρuiuj + pij –c0 
2ρδij                      Equation I I .1.3 
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Finally then after the mathematical arranging, the result gives the desired, rather 
complicated formula for pressure variations in equation II.1.5. 
 

p′ (x,t) = p(x,t)-p0 = 
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Equation I I .1.5 

In equation II.1.5 x is the acoustic observation point where acoustic quantities are 

measured, y is the point in the flow field where sound is generated, R=x-y is then 
the distance between the point where noise is generated and the point of observation, 
li is the unit direction vector of the solid boundary. 
 

II.2 Fluent help files[2] 
In Fluent help files, almost all the theory used within the code for modelling the real 
physical phenomena is very well described. Also in case of the acoustics, help files 
cover the mathematical and physical relations in a comprehensive way. From the 
equation II.1.5 the first term containing the volume integral can be neglected, as it 
covers the quadrupole sound sources. These are very weak compared to the dipole 
sources in flows with low Mach number. Thanks to the dimensional analysis 
following relationships can be derived: 
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From the equations above it is clear, that the quardupole sources can be very well 
neglected in case of flows with Mach number much lower than 1, because the dipole 
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sources simply dominate. This is also the reason, why the acoustic module is 
acceptable only for subsonic flows. Therefore the equation II.1.5 can be simplified in 
equation II.2.4. This also makes the computations much less demanding, because 
instead of saving the pressure data of every cell every time step, only the surface 
pressure of the cells at the noise creating wall has to be calculated and saved for 
further calculations of the noise. 
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II.3 CFD Investigation Of Unsteady Flow 
Features In And Around The Passenger 
compartment Of An Open-Top Coupe [3] 

 

This is a research report which was found on the web pages of the MIRA company, 
which deals with CFD research. This report describes a very sophisticated approach to 
the problem of solving the fluid dynamics parameters related to the occupant comfort. 
The software used in this case is PowerFlow and a very accurate model of Mazda 
MX-5 car was used for the simulation. As it is obvious already from the model used, 
which is shown in figure III.2.1, the solution needed extreme computational power. 
 
 
 

 

Figure I I .3.1 – used Mazda MX-5 3D model 

 
 
Of course this is much more a “brutal”  approach to the problem. The report’s main 
purpose was also not to predict directly the noise, but it looked more in the turbulence 
and its intensity, pressure and velocity distribution, from which certain noise 
characteristic can be deduced. (E.g. in relation to the turbulence intensity etc.) 
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Finally it is necessary to say, that this is not at all a feasible way of solving the 
aeroacoustics in our case, because of the huge computational power needed. 
 

II.4 Computational Aeroacoustic Analysis Of 
Slat Trailing-Edge Flow[4] 

In this research paper a method is described, which uses 2D and 3D analysis based on 
Lighthill theory and compares the results with the experimental data obtained from 
the wind tunnel. In the conclusions of this article the sensitivity to the chosen model 
parameters is discussed together with the differences in 3D and simplified 2D 
modelling. 
 

II.5 Aeroacoustic Modelling of Turbulent 
Flows[5] 

This article talks more about the theoretical and mathematical basis of the solution 
and demonstrates the capability of the approach on solving the aeroacoustic noise 
generated by the airfoil. It also recommends using either Large Eddy Simulation 
(LES) or even Direct Navier-Stokes Simulation (DNS) to be able to capture wide 
range of frequencies. This is not well possible by using the Reynolds-averaged 
turbulence models, because of their time averaging. The time averaging can of course 
not deal with the large turbulent eddies within the flow, which influence the noise 
generating in a very important way. 
 

II.6 On the coupling of Aeroacoustic Sources 
from CFD and Noise Propagation Codes [6] 

This report deals with using CFD codes together with ones for solving the noise 
propagation (CA). First there are mentioned 3 different noise sources, which dominate 
at different speeds of the car. At low speed the strongest noise sources are the engine, 
transmission and exhaust, at speed between 70 and 100 km/h the noise produced by 
the tyres dominates and the aerodynamic noise becomes the most important at the 
speed above. A simplified model of a generic automotive geometry was used, with an 
open sunroof as shown on the picture bellow (fig II.6.1) with appropriate cavity 
inside. The mesh shown in the picture was used for the noise propagation purposes – 
it would be too rough for CFD analysis. 
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Figure I I .6.1 

Obviously this is probably the closest topic to the task of this project. The code used 
for CFD prediction of the acoustic sources was STAR-CD and SYSNOISE is used for 
the noise propagation modelling. According to the results a deflector is designed to 
reduce the level of noise and its effect is verified by another simulation. The report 
mentions the necessity of using the mesh, which is fine enough to be able to capture 
the flow structures as vortices as well as to resolve the large-scale turbulence 
structure, which has a significant impact on the acoustics. 
 

II.7 Industrial experience [7] 
Finally the solving of aeroacousics within CFD was discussed with Dr František Paur, 
who is responsible for all the CFD simulations in SkodaAuto. It was a very interesting 
and useful experience to see, how the CFD is used in real life conditions. The 
interview provided many information about the acoustic analysis. Both direct 
experiences as well as other information sources were discussed. Fist of all, this 
project was denoted as challenging, because of both the computational power required 
as well as the recent nature of the software available for the simulations. 
The Skoda Research and development centre was investigating the possibilities of 
predicting the noise within Fluent last year cooperating also with the Fluent software 
developers. As a result of this, it was found, that the computational power, which is 
available nowadays, is still not sufficient to provide satisfactory results within 
reasonable time even for e.g. a 3D model of the wing mirror without too rough 
simplifying assumptions during modelling. 
On the other hand, it was mentioned that this situation should change during 
approximately two years thanks to the relatively regularly growing power of 
computers. 
Nowadays the way how to solve the acoustic problems caused by airflow is such, that 
most of all, only comparing between different designs is performed. Investigating 
mainly the turbulence properties can usually define the more acceptable design 
solution with relatively low demands on computational power. 
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III Method of solving the acoustics: 
This section should describe the general approach to solving the acoustics from the 
point of modelling and setting the simulation. Both building the mesh correctly as 
well as using correct setting of the CFD software are the most important things, which 
determine firstly whether the results will be at all reasonable and secondly the 
accuracy of the solution. 

III.1 Software and hardware used: 
For the simulation Fluent software package was used. This includes Gambit 2.0.4 – 
the preprocessor for building the mesh and Fluent 6.1 for performing the calculations. 
For solving the acoustic properties of the airflow the module supplied in Fluent –
Acoustics 1.1- was used. Fluent was not used in the parallel version. Certain effort 
was also put into learning how to use the parallel version, but finally it turned out, that 
the network restrictions do not allow this. 
Concerning the hardware, for all the simulations Dell computers were used equipped 
with Intel Pentium 4 processors at 2.00 GHz, 512 MB DDR SDRAM memory using 
WinXP system, as it turned out to be the most powerful option. Testing was 
performed also on the available SUN SunBlade 1000 with 1GB of RAM and 2 
UltraSparc 750MHz processors. Although also the parallel version of Fluent was 
tested on the SUN computer, which is necessary to use the power of both processors, 
it seemed to be approximately about 5% slower in computational time needed for the 
calculations compared to the Dell PCs. This is probably caused by the nature of the 
problem being solved. The mesh is relatively simple with not too many cells, and thus 
does not require large memory space. What makes this calculation so demanding is 
the huge number of time steps needed. Each time step is relatively quickly solved, but 
the previous solution must be known before the new one can be calculated and this is 
probably why the power of the SUN computer can simply not be utilized for this 
simulation. 

III.2 Building the mesh, setting up the simulation 
and using the acoustic module 

Choosing turbulence model: 
First of all an appropriate model for turbulence has to be chosen. Because the DNS is 
enormously time consuming and becomes prohibitive almost in any case (except of 
some low Reynolds number flows) the turbulence has to be modelled. One of the 
most common and versatile approaches to modelling the turbulence is using the 

Reynolds-averaged models (such as k-ε, RNG, or the most complex Reynolds stress 
model). But there is one main problem, which prevents their use for the noise 
analysis. These methods use time averaging of the flow variables, which makes it then 
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almost impossible to capture the time dependent pressure fluctuations in a wide band. 
This is needed later for the acoustic analysis. That is why in this case the only suitable 
model is the LES one. This is also highly recommended in the Fluent help files for the 
purpose of the noise analysis. 
In LES the large turbulent eddies, which have a significant impact on the noise 
generation are computed, while the small eddies (smaller than the grid) are modelled. 
The contribution of the small eddies (in the sub-grid range) to the noise generation 
can be well neglected. 
 

 
Building the mesh: 
The quadrilateral cells in 2D and hexahedrons in 3D are recommended, as they 
produce less numerical diffusion. The cells should also be small enough, because their 
size determines the size of the eddies, which are solved as well as those which are 
modelled. This was described in the article above talking about LES. In the help files, 
it is also mentioned that for the LES simulation, the numerical diffusion should be 
much smaller than the sub grid turbulence for predicting the flow correctly. 
 

Setting up the simulation in Fluent: 
As it was mentioned, LES turbulence model is used for the simulation. In 2D version 

of Fluent, this model has to be activated (by typing in Fluent 

console), because it is normally not available in 2D. It is so, because of the nature of 
the turbulence, which should be computed in 3D. Once LES model is turned on, the 
segregated solver with 2nd-order implicit unsteady formulation will be automatically 
activated. For using the acoustic module later it should be checked, whether to flow is 
subsonic (M<1), as this is the limitation of the theory used. Further the flow can be 
treated as incompressible, as the compressibility has no effect on the acoustics, as 
mentioned in [1]. 
For inlet, the “velocity inlet”  boundary condition was always used, as well as 
“pressure outlet”  for the outlet. The turbulence intensity at the inlet has to be chosen 
correctly according to the specific example. Setting of the conditions on the other 
boundaries will be discussed further in particular examples. 
In setting of the solution controls several changes have to be done in case of LES. 
Central differencing scheme for momentum is chosen, because it is a 2nd order 
accurate scheme. Further PRESTO! is selected for the Pressure dicretization, as it 
provides more accurate scheme for interpolating face pressure value of the cells. PISO 
is chosen as a method for pressure-velocity coupling, because it should allow faster 
convergence of every time step. PISO is generally recommended for transient 
calculations. All these recommendations were found in Fluent help files and are also 
mentioned directly in the documentation for the acoustic module within Fluent. 
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For the initial conditions it is useful to set the x velocity component to be equal to the 
inlet velocity in x direction (if the main flow is in the direction of x axis). This can be 
considered to be the first rough approximation of the flow field. Although the solution 
should not be dependent on the initial condition, because of the nature of iterative 
process, it can influence the speed of convergence and the computational time needed. 
Sometimes, when the solution is divergent from the start of the calculation, it can be 
worth to try to change the initial conditions. 
The next very important value, which has to be determined, is the time step size. Two 
main factors have to be considered. First of them is the value of the Courant number, 
which is a relation between the time step size, velocity of the flow and the cell size. 
The appropriate time step size can be calculated from the equation III.2.1 to satisfy 

the condition C<1. In equation III.2.1 C is the Courant number, δt is the size of the 

time step, u is the highest velocity component and δx stands for the cell size in 
direction of u. 
 

u

x
Ct

δδ =               Equation I I I .2.1 

 

The second important factor related to the size of the time step is the highest 
frequency, which the simulation should be able to capture. This can be expressed by 
the equation III.2.2, where f = 20000 Hz is the frequency of the highest sound, which 
can be registered by human ear.  

sftt 5520000/1/1 −===<<δ   Equation I I I .2.2 

 

However, to make the simulation faster, it is possible to go slightly over these 
restrictions. In the case of the Courant number the instability of the solution doesn’ t 
have to occur inevitably, because implicit scheme is used by the solver and thus it 
should be stable even for C>1.Breaking the condition set in Equation III.2.2 would on 
the other hand mean that not the whole spectrum of audible sound would be analysed. 
The last thing, which has to be mentioned in general before using the noise analysis 
within Fluent is that the recording of flow properties, which will be later analysed can 
start only after reaching a dynamically steady state. This can be for example measured 
by recording the static pressure in a point of the domain. After reaching dynamically 
steady state the values of pressure should oscillate periodically about some average 
value. 

 
Setting up the parameters of the noise analysis module: 

First of all the acoustic scheme file acoustic_par.scm has to be loaded. This enables 
opening a window where the desired values can be entered. This includes first 
determined the ID number of the noise creating wall (or more walls, which have to be 
grouped into 1 zone) This is necessary for calculating the dipole acoustic sources, 



Aeroacoustic noise from a cars sunroof  Josef Dubsky 
 

 10

which are caused by the forces applied on the fluid, i.e. walls interacting with the fluid 
flow. Further the coordinates of the observation point have to be set as well as the 
depth in spanwise direction for 2D simulation. 
The next settings do not influence the solution, but determine the filenames, in which 
the data will be saved and from which later next user-defined function (UDF) will 
read them. It is advised to divide the data in more files, which can become very large. 
Therefore a number of time steps stored in every single file can be adjusted and these 
can also be analysed separately. 
In next step the user-defined function library has to be loaded and the function hooks 
have to be set correctly. It means choosing the user-defined function save-pressure-
adjust for the Adjust Function. In the last step one memory location has to be 
allocated for UDF. Now the simulation can be set running for sufficient number of 
time steps. 
According to the documentation provided with the code, the Acoustic module’s usage 
is limited to subsonic external flows. It cannot be successfully used for internal flows, 
such as mufflers or flows in rotating machinery. These limitations are caused by the 
theory, which is used for calculating the noise. There are 3 assumptions for using the 
theory mentioned in the documentation: 
 

• The sound is radiated into free space. 

• The sound induced by fluid flow is weak (i.e., the backward-interaction of 
acoustic phenomena on the fluid flow is negligible.)  

• The fluid flow is not sensitive to the sound induced by the fluid flow. 
 
 

Performing the acoustic analysis 
After obtaining required data from simulation, it is necessary to use another UDF to 
calculate the final acoustic properties from them. (If the data was saved in more files, 
they must be concentrated in only one file). The UDF cal-sound reports the sound 
pressure level at desired point by printing the results in Fluent console. The result is 
represented by the sound intensity (W/m2) as well as by sound pressure level (dB). 
Another files containing acoustic pressure variation and power spectrum of sound 
pressure both in dB and Pa2 are saved to desired locations. Surface dipole strength 
contours can be plotted as well by using the udm-0 option in contours menu. 
 

IV Using simple geometry example 
It was decided to use a simple geometry first so that the properties of the new acoustic 
module could be tested. The first reason for this was, that there were no experiences 
with using this module. The second reason was, that it is much more easier to try 
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using different settings of the solver, of the boundary condition etc. to be able to 
understand more in depth the relationships between all the parameters as well as 
different meshing can be tested within reasonable time. All of this should provide 
sufficient experience for the more complicated case of the car geometry and should 
avoid using the trial and error on an example which would be more time demanding. 
Therefore the tutorial example supplied with the acoustic module was found very 
convenient and useful. It deals with Fluent acoustic simulation of the flow around a 
cylinder. Although the procedure of solving the problem is described in a very 
comprehensive way, there was no file with the mesh available, and thus the mesh had 
to be built before. 
  

IV.1 Problem description 
The problem deals with a cylinder in the airflow in a 2D simplification. The free 
stream velocity U = 69.19 m/s and the cylinder diameter is 1.9 cm. The domain 
extends 5D in upstream and 20D in downstream direction and 5D above as well as 
below the cylinder, as it is noted in the tutorial file. The domain is sketched in figure 
IV.1.1. The length of the domain downstream is very important, because if it is 
insufficient, it will cause backflows at the outlet boundary, which affect the accuracy 
of the noise prediction.  
 

 

D 
5D 

5D 20D 

U 

 

Figure IV.1.1 – domain dimensions 

The Reynolds number of the flow and the Mach number can be calculated from the 
equations IV.1.1 and IV1.2 respectively. The Reynolds number of 90000 determines 
the flow as turbulent. For this example also the Strouhal number can be calculated 
(equation IV.1.3) to check the obtained frequency from the noise analysis with the 
empiric formula result. The Mach number is approximately 0.2, which classifies the 
flow as subsonic, therefore the acoustic analysis can be done without problems. 
 

90000
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IV.2 Building the mesh 
Because of the high importance of using correct mesh, all the necessary data for 
building it are available in this section in case, that rebuilding of the mesh would be 
needed. Gambit was used to model the meshing of this problem, because the file with 
the mesh was not available in the acoustic tutorial. After examining the pictures of the 
mesh from the tutorial (figure IV2.1) it was decided to model the whole domain in 
parts, this means in separated faces. The first experiments in which only the meshing 
of the boundaries (edges) was determined and after that the domain was meshed using 
the Pave meshing method did not provide any satisfactory results at all. This is why 
the method of building the mesh from separated faces was preferred. 
 
 

 

Figure IV.2.1 – mesh picture from Fluent Acoustic 1.0 module help file  

 
From the figure IV.2.1 it is also clear, that the same method of using separated faces 
to build the whole mesh was used to build the mesh used in the tutorial. The mesh 
uses 160 cell divisions of the cylindrical surface. It uses 4 symmetrical divisions in a 
region near the cylinder, which can be built by mirroring of the face (figure IV2.2) 
appropriately. Used dimensions of the face were not specified in the tutorial and 
therefore suitable values had to be chosen. These can be found in figure IV2.2.After 
this, the square shaped region of the mesh near the cylinder is created. 



Aeroacoustic noise from a cars sunroof  Josef Dubsky 
 

 13

. 
 

Interval count 40, 

Spacing ratio 0.95 

Interval count 40, 

double sided, 

Spacing ratio both 0.95 

Interval count 40, 

Spacing ratio 1  

Figure IV.2.2 

 
In meshing options, the mapped meshing can be applied for meshing the faces, which 
produces the desired regular and symmetrical mesh. In next step the mapped meshing 
can also be used in the adjacent faces, where only number of elements and their 
spacing ratio for one of the longer edges must be defined. This determines fully the 
conditions for mapped meshing. These features are again shown in figure IV2.3.  
 

 

Interval count 66 

Spacing ratio 1 

Interval count 250 

Spacing ratio 1 A 

B 
C 

D 

 

Figure IV.2.3 – divided domain, edges meshing features 

Finally the last four regions were meshed using pave meshing method. Using mapped 
meshing would produce extremely high number of cells, as the mesh built before 
already determines the element count for the edges and their spacing ratios. The 
number of elements and spacing ratios for the remaining lines denoted as A,B,C and 
D in figure IV.2.3 are recorded in table IV.2.1. The remaining edges were meshed 
symmetrically. 
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Line: A B C D 

Element count 20 20 95 25 

Spacing ratio 0.95 0.95 1.01 0.95 

Table IV.2.1 

After meshing all the faces, the boundary zones were specified. Velocity inlet and 
Pressure outlet boundaries were chosen, according to the tutorial information. The 
upper and lower boundaries of the domain were first set to be wall. The influence of 
choosing these boundaries on the result of acoustic analysis will be discussed later. 
Then the mesh was exported in * .msh file format, which can be used in Fluent. The 
final mesh (figure IV.2.5) seems to be almost identical compared to the pictures in the 
help files (figure IV.2.1) in the square shaped region near the cylinder and in the 
adjacent faces. Because of the pave meshing used in the remaining faces, these are the 
only regions, which are significantly different from the mesh described in the tutorial. 
Both meshes can be compared in figure IV.2.4 (the mesh from the help file in highest 
possible picture quality). The mesh finally contained 38520 cells. 
 

      

 

Figure IV.2.4 – upper  mesh from the Acoustic 
help file, lower  mesh is the self-created one 

Figure IV.2.5 –detail of the self –created 
mesh 

IV.3 Performing LES simulation in Fluent 
LES with appropriate settings, as was discussed in III.2, was used to provide the data 
for the acoustic analysis. First the simulation has to reach dynamically steady state, 
before the data for noise analysis can be recorded. This would need enormous number 
of time steps to compute in order to reach the dynamically steady state. But according 
to the tip in the help file, this can be avoided.  
First it is necessary to determine the size of the time step. Bearing in mind the 

equations III.2.1 and III.2.2 the time step size was determined to be 5⋅10-6 s. To make 
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the Courant number in the region of the highest velocity (~130m/s) above and under 

the cylinder (δx~1.8⋅10-6m) equal to 1, the time step would need to be 1⋅10-6s. 
However because of the reasons stated in III.2 bigger time step can be used without 
making the solution instable. This provides enormous saving in computational time 
needed. The default and recommended value of residuals convergence criteria was set 
to 0.001 for all the variables. 
It is advised in the tutorial to run the simulation for certain number of time steps (100) 
to let the solution settle. After that a point is created just behind the cylinder, where 
the static pressure will be monitored every time step. This will be used for detecting 
the dynamically steady state, when the pressure should oscillate fairly regularly. Then 
a numerical disturbance is added in the solution. This means, that a region in the flow 
is selected and in this case the velocity is patched (modified) in this region. Suitable 
region for this in case of the cylinder is one half of the space before the cylinder. It is 
clearer from figure IV.3.1. This makes the vortices behind the cylinder being shed 
antisymmetrically, which is much closer to the dynamically steady state and therefore 
this state can be reached much faster. The contour plots are presented in appendix A. 
  

Region for 

patching 

 

Figure IV.3.1 

 
The time demands of the solution must also be very well considered. If in this 
cylinder example using 38520 cells calculating one time step requires approximately 
6.84s (measured on the sample of 50 time steps and averaged), about 8000 steps are 
needed to reach the dynamically steady state and after that 12000 time steps again for 
recording the data for acoustic analysis, then the overall simulation requires about 38 
hours of computational time. This is a fairly high number just for a 2D simulation.  
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Changing the mesh parameters: 
After a fairly high number of time steps, suddenly backflows appeared on the pressure 
outlet. This has affected the solution in quite a significant way, because according to 
the residuals plot, convergence can’ t be reached for the desired accuracy. This was 
proved later by recording the velocity magnitude contours plot every 5th time step and 
using it as animation. It can be seen clearly, that when a strong vortex hits the 
pressure outlet, it actually causes backflows and because of not well-converged time 
step solution (limited by max. number of iterations) it affects the vortex shedding 
form the cylinder. That is why it was decided to extend the domain more 5D 
downstream. In this case, all the other meshing parameters were retained, only the 
edges meshing for line C specified in figure IV.2.3 and the long edge of the face 
behind the cylinder was specified not by element count, but used element size 
definition correspondingly to the element sizes in the shorter mesh. This helped to 
eliminate the backflows and thus made the solution more accurate. 

IV.4 Performing the noise analysis 
Before the noise analysis can be started, it has to be set up correctly. This is described 
generally in details in III.2 section. The particular values were: as the noise-creating 
wall the cylinder’s wall was selected. The coordinates of the observation were set the 
same as in the tutorial [0,-0.665,0] but it has to be mentioned, that it is not clear which 
coordinate system was used in the tutorial. In this simulation, the cylinder centre was 
selected to be the origin. The depth in spanwise direction was set to 0.475m. 
 

IV.4.1 Results using wall boundary for top and bottom of 
the domain: 

From Fluent console, the sound intensity obtained was 7.54 (W/m2) and sound 
pressure level 129(dB). The results presented in the tutorial were sound intensity 
4.0(W/m2) and sound pressure level 126(dB). According to what was stated above, 
the difference in the results may be well caused by using different coordinate system 
for determining the observation point. However it may still be useful to compare the 
results to see, if they are qualitatively similar and have the same order of magnitude. 
Comparing of the corresponding plots is presented further. 
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Figure IV.4.1 – obtained frequency power  spectrum 

In figure IV.4.1 the highest peak is situated at about 920 Hz and the second highest 
peak at 1450Hz. From the plot above, it can be assumed that although a large number 
of time steps was used (23094) the solution still did not reach near enough to the 
dynamically steady state. This is also obvious from the plot of the static pressure in 
the point for monitoring (figure IV.4.3). It seems, that simply the numerical errors 
caused by the mesh does not allow the solution to reach the needed accuracy. On the 
other hand, if focused just on the highest peak at 920 Hz, it can be said that it 
corresponds well with the tutorial results (figure IV.4.2), where the highest peak was 
obtained at 930Hz.  

 

Figure IV.4.2-power  spectrum presented in the help files 
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Figure IV.4.3  - obtained result 

 

IV.4.2 Results using symmetry boundary for top and 
bottom of the domain: 

As the boundary conditions were not clearly specified for the upper and lower 
boundary of the domain in first case the wall was used. But according to the 
assumptions of the theory in II.2 the sound should be radiated into free space. The 
second reason for trying different boundary conditions was that in the pictures of the 
grid and boundaries in the help files, the colour for these boundaries is different 
(yellow) than the one used for the wall of the cylindrical surface (white). The yellow 
colour represents symmetry boundary condition in default setting of Fluent and this 
would be a reasonable setting. Therefore one more simulation using symmetry 
boundaries on the top and bottom of the domain was performed. 
In this case, a the result of the sound intensity obtained was 6.9  (W/m2) and sound 
pressure level 128 (dB), which does not show any significant differences compared to 
the results obtained with the wall boundaries. The difference was found in the plot of 
power spectrum, where a clearer peak could be observed at the highest frequency. 
Also the peak has moved to a higher frequency (about 1010Hz). The plot is available 
in following figure IV.4.4. 
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Figure IV.4.4 – obtained frequency power  spectrum 

IV.5 Chapter summary 
Working on this simple geometry example has provided many useful and important 
experiences, which were then later used for the more complicated sunroof example. 
Especially the importance of avoiding the backflows through the outlet boundary was 
discovered. Next important thing was investigating the problem of reaching 
dynamically steady state, in particular how it can be identified and how it can be 
reached more quickly. Also the features of LES simulation were tested and provided 
valuable source of information for comparing the characteristics of the solution with 
the more complicated example of car geometry, where a serious problem with LES 
occurred. One of the other important experiences was, that the meshing must be done 
very carefully, because the solution is very sensitive to it. One of the reasons of the 
different results compared to the tutorial can be larger numerical diffusion caused by 
using paved meshing in some faces (mentioned in IV.2). As the last thing just for 
interest, the frequency based on the Strouhal number and an empirical relationship 
mentioned in equation IV.1.3 was calculated. According to this, the frequency should 
be approximately 720Hz. 
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V Using simplified car geometry 

V.1 Problem description 
The problem is modelled as a simplified 2D model of car geometry with appropriate 
cavity and sunroof in the airflow. The free stream velocity U = 30 m/s and the 
geometry properties are specified in figure V.1.1 and dimensions in table V.1.1. The 
length of the domain downstream is very important, because it is necessary for the 
flow solution to compute also the wake region behind the car. 
The Reynolds number of the flow and the Mach number can be calculated from the 
equations IV.1.1 and IV1.2 respectively. The Reynolds number using the 
characteristic dimension of the car geometry (its height) gives approximately 106, 
which determines the flow as turbulent. The Mach number is approximately 0.09, 
which classifies the flow as subsonic, therefore the acoustic analysis can be done 
without problems. 

   

A 

B 
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C 
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Figure V.1.1 

Edge A B C D E F G H 

Length [m] 2 0.5 0.2 0.35 0.95 0.15 0.03 0.42 

Table V.1.1 

The car geometry was placed in a domain reaching 0.5m (1B) upstream direction 
before the car and 4.5m (9B) downstream. The domain height was set to be 2 meters. 
The height of the domain is an important factor together with the boundary condition, 
which is used. This will be discussed later. 

V.2  Building the mesh 
The general requirements for the mesh were specified in III.2.Building the mesh 
requires very small cells in the area near to the sunroof tip, so that it is convenient for 
LES simulation. On the other hand, using this element size in the whole domain 
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would lead to an enormous number of elements. That is why it was decided to use a 
fine mesh in the region near to the sunroof tip and use bigger and bigger elements as 
the distance from the sunroof tip grows. When fine meshing was used for the edges of 
the sunroof and rough meshing for the boundaries, then either it was not possible for 
Gambit at all to compute the mesh or very bad meshes were produced. This was 
caused by big differences in cells sizes, which Gambit could not cope with. Therefore 
splitting the domain in faces was preferred. This enables meshing the edges of each 
face so that desired mesh parameters can be easier obtained. The other way how to get 
around this problem could be building a rough mesh, which would be later adapted in 
Fluent, but this probably does not offer such control of the mesh features. Used 
separated faces are shown in figure. Because of the complexity of the geometry, 
mapped meshing could not be used and therefore pave meshing was chosen. The 
following figures show the meshed domain and the detail of the sunroof tip.  

 

Figure V.2.1 

 

Figure V.2.2 
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Figure V.2.3 

Finally the boundary conditions for the zones were determined. According to III.2 
velocity inlet and pressure outlet conditions were used at the front and at the back of 
the domain. Obviously, the car geometry was set as a wall, together with the lower 
boundary in front and behind the car. But the situation gets a bit more complicated 
when considering upper boundary. In reality, the most appropriate boundary would be 
again the pressure outlet, but after doing simple steady simulation using Reynolds 
Stress model, the results showed, that the convergence could not be reached, because 
of the air flowing backwards through the boundary in the region behind the car. 
Therefore using this boundary condition was not considered further. The remaining 
appropriate conditions, which could be used, were either symmetry or wall. However 
these should be placed high enough above the car to eliminate more significant 
influence on the flow over the sunroof. The mesh contained 4807 cells. 

V.3  Performing LES simulation in Fluent 
LES using appropriate settings according to III.2 was used again as a source of input 
data for the noise analysis. The problem of reaching the dynamically steady state in 
this case was solved in a different way, than in the cylinder example. It was decided to 
use Reynolds stress turbulence model and steady simulation with default settings to 
reach a state near to the dynamically steady one. This reduces the time needed for the 
calculations significantly, as the time needed for LES to get to this state (e.g. to 
capture also the recirculation region behind the car) would be enormously large. The 
results from Reynolds stress turbulence model calculation are presented in appendix B 
by appropriate contours and vectors plots. After reaching convergence (all parameters 
to 10-5) the settings were changed appropriately for LES. The time step was set to 

2⋅10-5 s. This should allow the Courant number (equation III.2.1) to be well below the 
value of 1, because from the velocity magnitude plot using Reynolds stress simulation 

the highest magnitude is 70 m/s and the overall smallest cell dimension is 3⋅10-3 m. 
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This would theoretically give a Courant number of 0.47, but the real highest courant 
number would be much smaller because the velocity in the region of the smallest cells 
does not reach the highest values of velocity of mentioned 70 m/s. Using this time 
step should enable solving the acoustics for frequencies approximately up to 10kHz. 

The criteria for convergence were set to 5⋅10-4 for all of the monitored residuals. 
Monitoring pressure in certain point and analysing its behaviour should identify the 
dynamically steady state. The history of static pressure at the point just behind the 
sunroof tip can be seen in figure V.3.1 during 225 time steps (between 87575th and 
87800th time step). This shows that the static pressure oscillates wildly almost every 
time step, even if the convergence is always reached to the desired limit. Of course 
this is not the solution, which would be expected and it indicates something incorrect. 
The contours plots of velocity vectors, static pressure contours and vorticity 
magnitude plots are shown in appendix C. Anyway, it was decided to perform the 
acoustic analysis to see how this will affect the results. 

 

Figure V.3.1 

V.4  Performing the noise analysis 
The general approach to setting the noise analysis correctly is described in III.2. As a 
noise-creating wall, the whole car geometry was chosen. The coordinates specifying 
the observation point were set to be [1,0.3,0] which corresponds with a point in the 
car geometry approximately in the centre of the cavity region. The spanwise depth 
used was 1m. 

Obtained results 
From Fluent console, the sound intensity obtained was 7.7⋅10-8  (W/m2) and sound 
pressure level 208(dB). These results are obviously not realistic and were probably 
caused by incorrect input data from the LES. It was mentioned in V.3, that the 
pressure prediction by LES seemed to be wrong according to the plot of the pressure 
monitoring in figure V.3.1. The highest frequency peak from the power spectrum is 
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situated at about at 17000Hz. This plot is presented in figure. The results are 
obviously dependent on the size of the time step selected for the simulation. 

 

Figure V.4.1 

V.5  Looking for the reason of incorrect LES 
According to V.4 and V.3 the incorrect results are caused by inaccurate calculations 
from LES. It is possible that it is so because of the mesh properties. The size 
difference between the small cells near the sunroof tip and the bigger ones near the 
boundaries of the domain is simply too large. This makes large differences in the sub 
grid turbulence modelling. The value of sub grid turbulent viscosity therefore also 
varies too much across the domain, which finally causes too large numerical errors. 
A second reason could be using the paved meshing method. Generally for simple 
geometries the mapped meshing aligned with the flow will produce much lower 
numerical diffusion. This was also the case in the cylinder example in chapter IV. But 
unfortunately for more complicated geometries the benefits of using mapped 
quadrilateral cells are either too small, or it is not possible at all to build some 
reasonable mesh using this method. 
A third reason for inaccurate prediction could also be the use of LES in 2D. It is so, 
because the turbulence is phenomenon occurring in 3D and thus simplifying it into 2D 
may cause problems. This can also be one of the reasons, why normally it is not at all 
possible to use 2D LES in Fluent and it must be activated manually. 
From the contours plots in appendices it is clear, that the velocity magnitude and 
vector plots do not show any significant differences, on the vorticity magnitude plot 
from the LES simulation, even the vortices can be seen clearly. On the other hand, the 
pressure fields are completely different and from the results of LES it could be seen, 
that the pressure gradient is reversed every time step. This is of course absolutely 
unrealistic.  Therefore it turned out, that the there would be a way, how predict very 
roughly the noise properties such as dominant frequency without using the incorrect 
pressure data. This is described in section V.6. 
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V.5.1  Ways of improving the results of LES 
Theoretically the approach of using cells with uniform size in the whole domain 
would be possible. But even just in 2D this would mean huge amount of cells and 
therefore the solution would become infeasible (about 500,000 cells). Especially when 
considering the large number of time steps needed first to reach dynamically steady 
state and then for the noise analysis itself. 
The second way to overcome the problem could be to simulate only a smaller area – 
just the detail of the sunroof and the cavity under it. The handicap of this approach is 
that the simulation would be much more simplified and would not take into account 
the influence of the flow and turbulence, which occurs in front and behind the car. 
This certainly has a significant impact on the flow near the sunroof. Finally the 
domain would have to be still long enough in the downstream direction to prevent any 
backflows through the outlet. 
The alternative of performing 3D simulation was not considered at this stage, as it 
would be too much time demanding because of the much larger number of cells. 
Using a 3D simulation would still not solve the problem of the differences between 
the smallest and largest cells. 

V.5.2 Using finer meshing 
An experiment with using a finer mesh, which should provide less numerical errors, 
was performed. The domain is shown in figure. Mesh uses 16040 quadrilateral 
elements. Although the size of the grid and thus also the size of computed and 
modelled eddies was reduced approximately by the factor of 2, the results of the 
pressure monitoring behind the sunroof tip still show wild pressure variations again. 
The mesh used is presented in figure V.5.1 together with the detail view in figure 
V.5.2. This proves that the incorrect results of LES are not caused by using a too 
rough mesh in the area near the sunroof, but rather because of using cells with too 
large size differences. 
 

 

Figure V.5.1 
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Figure V.5.2 

V.5.3  Comparing the qualitative results with the cylinder 
geometry 

It was found useful to be able to compare the qualitative parameters of both of the 
solutions. One of the important plots could be comparing the cells Reynolds numbers, 
because this is a way how the mesh quality can be measured rather than specifying 
just the cell size only. While in case of the cylinder in the whole wake region the 
cells’  Reynolds number does not exceed 5000, in the car example even if the finer 
mesh was used (16040 cells) the cells’  Reynolds number in the coarser regions of the 
mesh goes up to 40,000 as it is presented in figure V.5.3 This is another factor which 
determines that an increase in the number of cells is needed. In contours plot in figure 
V.5.4 the values of sub grid turbulence viscosity is presented. This again shows very 
high sub grid turbulence viscosity in regions with larger cells but with strong 
turbulence. According to this, not only the sunroof edges, but also the whole car 
geometry (possibly not including the edges of the inner cavity) should be meshed in a 
similar fine manner. With this, more of the turbulence eddies would be calculated, 
rather than modelled. 
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Figure V.5.3  contours of cells Reynolds number  

 

Figure V.5.4 contour  of sub gr id turbulent viscosity [kg/ms] 

V.5.4 Expecting the time demands of the calculation 
When using the first rough mesh (4807 cells) for the simulation, the requirement that 
the Courant number should be equal to 0.5 determines the size of the time step to be 

approximately to 2⋅10-5 s. By using this time step size, the maximum resolved 
frequency is limited to approximately 10kHz. The number of time steps for getting to 
a dynamically steady state can be roughly assumed to be equal to the time needed for 
the air to flow through the length of the domain (7m) at the speed of the free stream 
velocity (30m/s). This time is equal to 0.24s. 
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Further the minimum number of time steps for the acoustic analysis has to be 
determined. This could again be only roughly estimated, and that is why it is useful to 
save the surface pressure data from the acoustic analysis into separate files. When 
doing this, they can be separately analysed by using the other user-defined functions 
to calculate the desired data (e.g. sound pressure level, sound intensity and the 
frequency power spectrum). The results from the different files should not differ 
significantly. This is a convenient approach, as the analysis of the saved pressure data 
it self is not at all time demanding. Just for a rough approximation, the time needed 
for recording the data can be assumed to be again about the same, as the time needed 
for the flow at the free stream to pass through the length of the domain. So this 
indicates another 0.24s. 
So all together the necessary flow time to be analysed is about 0.48s. When using a 

2⋅10-5 s time step, 24,000 time steps would be required. With a computational time of 
0.9s per one time step for the coarser mesh (with 4807cells), 6 hours of total 
computational time is needed. In case of the finer mesh (16040 cells), with one time 

step at 5⋅10-6 dictated by the Courant number, total number of time steps needed is 
96,000. With the computational time needed for calculating one time step at about 6s, 
the total computational time needed for the analysis is 160 hours. This is of course an 
enormous increase caused by using only 2 times smaller cells. 
Even if just a half of the time for reaching the dynamically steady state could be used 
and the data of the surface pressure could be analysed in parts, the time for the 
simulations is still prohibitive, because even with the finer mesh (16040 cells), correct 
results of LES analysis could not be obtained because of reasons stated at the 
beginning of this chapter. 
 

V.6  Rough estimation of dominant frequency 
From the vorticity magnitude colour plot obtained from LES presented in the 
appendix C for the car geometry, at least 3 or 4 vortices, which are already shed from 
the sunroof tip, can be seen. However the pressure fields produced by LES seem to be 
absolutely incorrect, the shed vortices seem to appear fairly regularly. In Fluent the 
distance between the centres of the vortices can be easily measured and averaged. If 
the average velocity of the airflow over the sunroof is assumed to be equal to the free 
stream velocity (30m/s) and if it is assumed that the vortices are being shed regularly  
(in alternating sense) and being carried by the main stream velocity in downstream 
direction, the frequency of the vortex shedding can be calculated from equation V.6.1. 
The next assumption is that the main noise source would be only the vortex shedding 
and no other sources are taken into account. The measured average distance between 
the vortices was 8.75cm for the car geometry. 
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To verify the results, similar approach was tested on the cylinder example. Although 
the assumptions may seem too rough for the cylinder example an almost perfect 
match was found, as the distance between the vortices of approximately 3.52cm and 
free stream velocity 69 m/s gives the result of 980 Hz. (The result presented in the 
tutorial is approximately 930 Hz.) Of course it must be considered, that for the more 
complicated geometry as the car sunroof, there would be more sources of noise, than 
only the vortices shed from the sunroof tip (weaker or stronger) and these would 
interact with each other. Also the noise level cannot be determined by this approach. 
However this theory offered much more realistic result at least for the dominant 
frequency, than the noise analysis of the pressure data. The reason is of course not 
incorrect noise analysis, but incorrect pressure data produced by LES simulation.  

V.7  Chapter summary 
It is clear that using the acoustic analysis generates extreme demands on 
computational power. The problem complexity and the relations and restrictions on 
the variables used (time step size, cells size, domain size, frequency range etc.) sets 
the limitations, which later lead to models which are very difficult to solve. 
In other than simple geometry examples, the mesh requirements of LES are extreme 
compared to other turbulence modelling methods (RANS). On the other hand for 
capturing the time dependent pressure fluctuations LES is the only suitable model. If a 
very fine mesh, necessary for satisfactory results of LES, is built, the Courant number 
limitation leads to a very small time step. Because of its small size the number of time 
steps needed to reach the dynamically steady state grows very rapidly. Finally the 
huge number of time steps necessary to solve on a very fine mesh makes the 
simulations possible only on high performance parallel systems. 
Also a very simple approach based on the velocity (vorticity) distribution behind the 
sunroof tip (or behind the cylinder) was suggested. It uses fairly strong assumptions, 
but it was shown, that the results were very close to the ones obtained for the cylinder 
and could at least give an idea about the results for the car geometry. 

VI Final conclusion 
This project has investigated the possibilities and restrictions of the noise prediction 
performed by CFD. Lighthill’s analogy was used for performing the calculations 
within the Fluent Acoustic module. The acoustic calculations were performed for a 
simplified car geometry as well as an even simpler example of a cylinder in the 
airflow was used to test the noise prediction. Because of extreme time and 
computational power needed, it turned out that it was not possible to solve the 
acoustics of the example of the car geometry even if it was simplified and modelled 
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just in 2D. The reasons for this were investigated and discussed. However there was a 
very simple theory presented, how the dominant noise frequency could be roughly 
predicted for very simple examples based on the vortex shedding. It would be 
necessary to use even more simplifying assumptions like modelling just the sunroof in 
the airflow or meshing the whole domain with finer mesh and using parallel solver, 
which could reduce the time demands significantly. 
 

VII Future work 
It was proved that it would be necessary to do more research in the LES especially to 
investigate their restrictions and accuracy. As long as reliable data can be obtained 
from the LES simulation, the noise analysis itself would give the desired results. 
Also it would be very useful to get the parallel solver working, because of the high 
time and computational power demands. 
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