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Abstract 

 
For the well-being of mankind it is of importance that cities contain ‘quiet’ places: places shielded 
from direct noise sources. Though, as a result of the shielded location, the sound level in these urban 
areas gets affected by waves from sources on a distance. The propagation of those waves strongly 
depends on meteorological conditions as downwind. In earlier research the influence of downwind 
on sound propagation is underexposed: profiles for the mean wind are too simplified, which might 
result in unreliable results. 
Aim of this research is to investigate the effects of downwind on sound propagation over an urban 
roof level, making a distinction in two urban flow field modelling approaches, namely Reynolds-
Averaged Navier-Stokes (RANS) and Large Eddy Simulation (LES). The Pseudospectral Time Domain 
(PSTD) method is used to compute sound propagation. The influence of the flow field is calculated 
by means of the excess attenuation (EA, [dB]), defined as the difference in receiver pressure level of 
the investigated situation including a flow field minus the same situation excluding a flow field. 
For configurations with sound source and receiver 500 m apart, variants based on two canyon aspect 
ratios width to height (W/H, with H = 20 m) are investigated, namely a configuration with 8 
intermediate canyons having a canyon aspect ratio of W/H = 1.0 and a configuration with 6 
intermediate canyons having an aspect ratio of W/H = 2.0. While investigating these variants a 
distinction is made in the location of sound source and receivers (street or roof level) and for the 
variant with a canyon aspect ratio of W/H = 1.0 several cases to investigate the influence of varying 
roof heights have been determined. 
From the computations of sound propagation taking into account the RANS flow field, it can be 
concluded that downwind affects the propagation of sound over an urban roof level as follows: the 
receiver pressure levels increase with both the frequency and distance from the source. The EA is 
larger in the street canyons than at roof level and is the largest when both sound source and 
receiver are located at street level (for both variants of the canyon aspect ratios). Per single canyon 
with aspect ratio W/H = 1.0 the excess attenuation reaches up to 1.4 dB, while for a canyon aspect 
ratio of W/H = 2.0 this is 2.3 dB. Varying the roof height of certain buildings, results in sufficiently 
present deviations in receiver pressure levels in the urban sound field: in canyons bounded by a 
raised building on the right side, the EA increases (in comparison to a building with standard height), 
while in canyons with a raised building on the left, the EA is slightly lower. 
So far, possible occurring differences in EA as a result of the choice for the urban flow field modelling 
approach are only investigated for those configurations, in which all buildings have the same height 
(W/H = 1.0 and 2.0 respectively). From the results, it is found to be redundant to perform a LES 
simulation for simplified urban configurations, since for these cases, the flow field pattern as 
simulated with the RANS simulation shows better agreement with the wind-tunnel experiment than 
the LES results. Besides, the EA computed with the implemented flow fields from the RANS and LES 
method predominantly depends on the gradient in flow velocities above and near the canyon, which 
can be adjusted by varying the roughness of the ground surface and the inlet flow conditions. This 
can already be implemented in the RANS simulation, making it redundant (time consuming) to 
perform an additional LES simulation when computing sound propagation in such simplified 
geometries. 
When investigating more realistic configurations with a higher level of intricacy, the flow field 
becomes more complex and to a larger extent characterized by turbulence and the vertical 
components of the flow field, with as a consequence that larger differences in between the RANS 
and LES flow field might occur. 
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1. Introduction 

 

1.1. Relevance and problem statement 

The sound level in an urban area is composed by sounds from a variety of sources: noise sources due 
to traffic, but also construction sites, playing children or even air handling units on the rooftops of 
buildings influence the urban sound environment. These sources can be divided into two groups, 
based on the distance relative to the observer or area of interest: 1) noise sources in the immediate 
surroundings and 2) sources on a distance. 
In areas with no exposure to direct noise (for example a courtyard) the influence of the distant 
sources on the sound environment in these specific areas becomes significant (Ögren and Kropp, 
2004, Fig. 1.1). As a consequence of sound waves propagating over the urban roof level (amongst 
others influenced by atmospheric refraction; Salomons, 2001), the sound level in these shielded 
urban areas can reach levels higher than expected: the well-being of the present human beings 
might be lower than preferred (Öhrström, 1991). 

 
Figure 1.1. Refraction of sound waves emitted by a sound source in the immediate environment of a courtyard (top) and  a 

sound source on a distance of this courtyard, influenced by downwind (bottom) 
 
In a recent study (Schiff et al., 2010) the effect of underlying street canyons and wind on sound 
propagation over the urban roof level has been investigated, for simplified urban configurations and 
flow fields. From the results of this study it can be concluded that meteorological conditions (such as 
wind fields and temperature gradients over the height) have a significant influence on the 
propagation of sound over the urban roof level. In case of estimating the urban noise levels, these 
parameters should be included. 
 
An example of an ‘unfavourable’ meteorological situation, which can increase the noise contribution 
from distant sources, is a downward refracting atmosphere (or downwind): sound waves bend 
(refract) towards regions where the sound speed is lower (Salomons, 2001). Figure 1.2 shows a wave 
front1 moving over time and the direction of sound propagation2. In the illustrated situation, the 
upper part of the wave front travels faster than the lower part (downward refraction). Consequently, 
the propagation direction follows the curve as indicated in the figure. 
The influence of wind on sound propagation can approximately be taken into account by summing 
the wind speed to the sound speed: sound waves travel faster in downwind directions and slower in 
upwind directions (Salomons, 2001). A consequence of refraction is that the same sound source 
often creates higher sound levels in downwind directions (than in upwind directions). 

                                                           
1 A wave front is defined as a surface on which the phase of sound is constant. 
2 The propagation direction at a point is defined as the direction of the vector normal to the wave front through that point. 
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Figure 1.2. (Salomons, 2001) Downward refraction of sound. The sound speed increases with increasing height, z. A wave 

front moving to the right is shown at four successive times. The thick curve represents the propagation direction 
 
Yet, the influence of a downward refracting atmosphere on sound propagation above the urban roof 
level is underexposed. Profiles for the mean wind flow above the roof level are simplified and can for 
this reason cause unrealistic and unreliable results: standardized models like the ISO standards (ISO 
9613-2, 1996), take meteorological conditions into account by means of correction factors and are 
for this reason -although they might give a general impression- less accurate (Van Renterghem, 
2004). Most of the time Reynolds-Averaged Navier-Stokes (RANS, Par. 3.2.1) equations are applied 
to calculate the flow field (for example: Van Renterghem, 2004). However, this method resolves the 
Navier-Stokes equations for only the mean flow, and models (for example by using the k-ε model; 
Section 6.1, Eq. 6.2 and 6.3) the turbulent flow. 
 

1.2. Research aim and questions 

So far, the influence of downwind on sound propagation has been underexposed: profiles for the 
mean wind were too simplified, which might result in unreliable results. Aim of this research is to 
investigate the effects of the meteorological unfavourable condition ‘a downward refracting 
atmosphere (downwind)’ on the sound propagation over an urban roof level, making a distinction in 
two different urban flow field modelling approaches, namely 1) steady Reynolds-Averaged Navier-
Stokes (RANS, Par. 3.2.1) and 2) unsteady Large Eddy Simulation (LES, Par. 3.2.2). 
In this way, not only the effects of downwind on sound propagation are investigated, but also the 
influence of the urban flow field modelling approach on the sound propagation can be determined. 
Two research questions are determined: 
 

1. In what manner and to what degree is sound propagation over an urban roof level 
influenced by downwind?  
 

2. Do significant differences occur in the choice for the urban flow field approaches RANS and 
LES in their effects on sound propagation over an urban roof level? 
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2. Methodology 

 

2.1. Research structure 

In order to give an answer to the research questions, the investigation is divided into three 
components: 

1. Sound propagation excluding flow field 
2. Urban flow field modelling 
3. Sound propagation including flow field 

 
The first step is to investigate the effects of the underlying street canyons on the propagation of 
sound over the urban roof level. In this first part of the research the influence of downwind is not yet 
taken into account. The results of the sound propagation over an urban roof level (so excluding a 
flow field) will be used as a reference situation for investigating the effects of downwind on the 
propagation of sound. 
Before conclusions on the influence of downwind -and its several approaches to model this 
meteorological effect- on the sound propagation can be given (component 3 of this research), the 
wind field in the same section of the urban configuration, as already determined in the first part, has 
to be simulated. 
By comparing the sound fields in the urban configurations for the situation without a flow field to 
the situations including a flow field, generated with either the RANS or LES approach, the two 
research questions can be answered. 
 

2.2. Thesis structure 

A literature study on which method to use for simulating the sound propagation, and the different 
methods available to simulate flow fields, is performed (Chapter 3). Besides getting more familiar 
with these methods, the literature research also has the aim to gather reference data and achieve an 
overview of guidelines to prepare and perform simulations resulting in accurate and reliable output. 
Several models of urban configurations, based on 1) different positions for sound source and 
receivers, 2) different ratios ‘street width / building height’ and 3) varying building heights, are 
determined. Chapter 4 gives an overview of these configurations. 
For each of the three components defined above several steps are taken. 
The simulation models for predicting the flow field and sound propagation respectively will be set up 
following the guidelines as gathered during the literature research (Sections 5.1, 6.1 and 7.1 
respectively). By performing validation and verification studies, a better understanding on the extent 
to which the modelling approaches are suitable for predicting a realistic flow field and propagation 
of sound waves in an urban section will be obtained (Sect. 5.2, 6.2 and 7.2). The results of the 
simulations performed with the validated (verified) model will be given and discussed (Sect. 5.3, 6.3 
and 7.3) in order to answer the (sub)research questions given in the beginning of each of the three 
chapters (Sect. 5.4, 6.4 and 7.4). 
In Chapter 8 the main research questions are answered, while several recommendations for further 
research are given in an additional chapter (Ch. 9). 
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3. Literature study 

 
The literature study is performed for several reasons. It is meant to form an overview of the 
available methods for computing sound propagation (Sect. 3.1) and flow fields (Sect. 3.2) in an urban 
area. Besides, more information on guidelines to prepare simulations resulting in reliable results is 
gathered and it is used to collect reference data for the validation of the methods. 
 

3.1. Sound propagation modelling approaches 

Multiple methods to form predictions on the urban sound propagation are available. However, 
earlier studies  (Jonasson and Storeheier, 2001; Thorsson et al., 2004; Van Maercke and Defrance, 
2007) show that previous prediction methods are accurate for directly exposed locations, but often 
fail to predict the emission of noise in shielded areas (sufficiently silent areas bounded on all four 
sides, such as courtyards). 
Recent numerical methods to investigate propagation of sound waves, like the Equivalent Sources 
Method (ESM; Ögren, 2004) and the Parabolic Equation model (PE; Salomons, 1994) are able to 
investigate sound propagation within a canyon or between canyons mutually (usually, using a 
simplified geometry of urban canyons formed by an alternation between buildings and streets, to 
reduce the demand of computational resources and time). Factors as absorption, diffraction3, 
reflections, scattering and atmospheric effects can be included as required. However, a different 
approach will be used in this research, namely the Pseudospectral Time-Domain method (PSTD; 
Hornikx, 2009). In comparison to ESM and PE, this method offers several options that are of 
additional value when computing sound propagation in shielded urban areas (Par. 3.1.4). 
In each of the following paragraphs one of the three methods to simulate on the sound propagation 
will be described: 1) (Extended) PSTD method, 2) ESM, and 3) PE method. While the PSTD method is 
described in more detail, only brief descriptions on the last two methods will be given. The fourth 
paragraph provides an overview of their main differences and their (dis)advantages compared to 
each other. Based on this information an explanation on the reasons why the PSTD method is 
chosen over the other two methods will be given. 
 

3.1.1.  PSTD - Pseudospectral Time-Domain 

With the extended Pseudospectral Time-Domain method, sound propagation through spaces with a 
moving atmosphere or inhomogeneous properties (for example an atmosphere with an 
inhomogeneous density or pressure) can be investigated time-dependently (Hornikx, 2009). This is 
done by solving the Linearized Euler Equations (LEE; Salomons, 2001): a set of equations for the 
acoustic pressure and velocity components (Eqs. 3.1 and 3.2). 
 

  

  
           

            [Eq. 3.1] 

 
  

  
               

 

  
         [Eq. 3.2] 

 
With, 
p = acoustic pressure, [Pa] 
t = time, [s] 
U = horizontal component of the mean wind velocity, [m/s] 

                                                           
3 The bending (deflecting) of sound waves as they pass or meet an obstruction (or gap). 
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ρ0 = medium density, [kg/ m·s] 
c0 = adiabatic speed of sound: 340, [m/s] 
u = acoustic velocity components, [m/s] 

 
Besides this form of the LEE-equations this research also investigates a simplified version, namely 
the effective sound speed approach, ‘ceff’ (Eqs. 3.3 and 3.4). 
 

  

  
       

              [Eq. 3.3] 

 
  

  
 

 

  
             [Eq. 3.4] 

 
With, 
ceff = effective sound speed, [m/s] 

  = c0 + U 

 
The ceff-approach is a commonly adopted, less computational demanding approach, which sums up 
the averaged horizontal wind velocity to the sound velocity and leaves aside the derivatives of the 
flow components. With this method a moving atmosphere can be approximated as a non-moving 
atmosphere (Salomons, 2001). 
Since the effective sound speed approximation only takes into account the adiabatic speed of sound 
and the horizontal component of the mean wind velocity, this approach, in general, is only valid for 
situations in which the sound waves travel with relatively small elevation angles (≤20o; Salomons, 
1994). The ceff-approach can be used for calculating atmospheric sound propagation when the 
horizontal velocity components are sufficiently larger than the vertical velocity components. For 
configurations in which the vertical velocity components are significantly influencing the sound 
propagation, it is advised to use the LEE-equations. 
 

Acoustical grid 

The PSTD method makes use of fast Fourier transform (FFT) instead of finite differences to represent 
spatial derivatives. As a result of using the Fourier transform, which has an infinite order of accuracy, 
only two spatial points (grid points) per wavelength are required compared to 8-20 points for other 
methods (like ESM and PE). This results in a computationally more efficient method in comparison to 
other similarly-accurate methods in urban acoustics. 
The roughness of the acoustical grid (the number of grid points) depends on the highest frequency 
to be simulated and can be determined with Equation 3.5. 
 

                     [Eq. 3.5] 

 
With, 
fmax = highest frequency simulated, [Hz] 

  = 1/T (with, T = vibration time, [s]) 
Δx = spacing of equidistant spatial discretization, [m] 

 
Increasing the frequency by a factor of two, results in a four times (22) finer grid for 2-dimensional 
and an eight times (23) finer grid for 3-dimensional configurations. 
 

Perfectly Matched Layers 

Berenger’s Perfectly Matched Layers (PML, dark blue areas in Figure 3.1; Berenger, 1994) are 
necessary to remove the wraparound effect (a major limitation caused by the periodicity assumed in 
the FFT). The PML, an sort of absorption layer at the edge of the computational domain, ensures 
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that the ‘open boundaries’ become a reflection-free termination for all incoming propagation angles, 
by splitting the pressure into components parallel and perpendicular to the PML. 

 
Figure 3.1. Perfectly Matched Layers (dark blue area) in a longitudinal section of an urban district with ten canyons

4 
 

3.1.2.  ESM - Equivalent Source Method 

The ESM (Equivalent Source Method) is an approach that simplifies a domain by partitioning it in 
smaller, simplified domains (Schiff et al., 2010): instead of making one geometry for the section of 
the urban district, it makes one geometry to simulate the sound propagation over a flat surface and 
one of a closed rectangular cavity, with dimensions of the canyon(s) to investigate (Fig. 3.2). An array 
of equivalent sources at both sides of the interface between the two geometries is used to marry the 
two sub domains to form an overall sound field (Ögren, 2004). 
 

 
Figure 3.2. (Schiff et al., 2010). Subdomains in ESM 

 
The (equivalent) strengths of the sources fulfil the Helmholtz equation and continuity of pressure 
and normal velocity at the interface. Small disadvantage of this method is that it is limited regarding 
to layered atmospheric conditions (Hornikx and Forssén, 2007). By discretizing the equivalent source 
distribution, the system can be formed into a set of linear equations, allowing solving for the 
equivalent source strengths (Schiff et al., 2010). 
For simulations using ESM, all frequencies inside the simulated spectrum require separate 
computations. Accurate results can be acquired when using a grid with 8-16 equivalent sources per 
wavelength. 
 

3.1.3.  PE - Parabolic Equations 

The Parabolic Equations (PE) method is based on a parabolic equation for a system with a monopole 
point source above an absorbing or rigid ground surface (Hornikx, 2009; Schiff et al., 2010). The 
parabolic equation is resolved by approximating each derivative with a centred second-order finite 
difference: result is a set of linear equations, with one equation for each height point. When solving 
this system of equations numerically, an expression for a single PE range step can be formed. 

                                                           
4 For each of the longitudinal sections shown in this thesis, the black-white gradient areas represent the buildings. The 

black dot represents the sound source, while the pink and light blue dots represent the receiver positions (measurement 
positions). The dark blue area forms the absorbing layer, which is necessary to prevent sound waves from reflecting against 
the (imaginary) ceiling and walls of the domain. 
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Consequence of applying this method is that the sound propagation is characterized only in one 
direction (source to receiver; backwards propagation of the sound is excluded). 
Neither is this method restricted to systems with layered atmospheric conditions and it is only valid 
(accurate) for elevation angles that do not exceed a limiting value, γMAX (Figure 3.3, left): the 
receivers have to be located at elevation angles smaller than this value. 
 

 

00 

 

Figure 3.3. (Salomons, 2001) The PE method is only valid for sound waves with elevation angles -γMAX < γ < γMAx (left).  Grid 
of the ry-plane used in axi-symmetric PE method (centre): Δr is the horizontal and Δy the vertical grid spacing. The size of 

the circle at the grid points represents the amplitude of the sound pressure at that specific grid point. 
Rectangular xyz- and cylindrical ryφ-coordinates (right): variations in sound field with the azimuthal angle are neglected 

 
The computing time strongly depends on the modelled frequency spectrum, since the computing 
time increases with the frequency. For the PE method, consistent results can be assured at a grid 
discretization of λ/10 (one-tenth wavelength), which means that at least ten grid points are needed 
per wavelength. 
Using the PE method also means that the computation of a complete spectrum of frequencies 
requires separate computations for all frequencies inside that spectrum. For this reason, 
computations are most of the time performed in two dimensions only, namely in the vertical plane 
through the source and the receiver (the ry-plane, Fig. 3.3, centre). The PE method neglects variation 
of the sound field with azimuthal angle, ‘φ’, around the vertical axis through the source, ‘y’ (Fig. 3.3, 
right): the assumption is made that usually the variations in amongst others wind and temperature 
within the azimuthal angle are smaller than those over the height. 
 

3.1.4.  Comparison PSTD, ESM and PE method 

Compared to the ESM and PE method, the PSTD approach has some advantages. There are two main 
reasons to prefer the PSTD method over one of the other two methods. 
In comparison to other methods, the PSTD method requires less spatial points per wavelength. With 
the PSTD method it is possible to increase the number of cells to a higher level than minimum 
required or compute sound propagation in a more complex urban configuration without having a 
strong growth in required computing time, memory and capacity to perform the simulation. A finer 
grid results in more accurate results (up to a specific level) and is for this reason of great importance. 
The ability to compute sound propagation in more realistic (not simplified) geometries results in 
more accurate results, since the diffraction, reflection and scattering of the sound waves is included 
in a more realistic level. 
Furthermore, when using the PSTD method, sound propagation through layered atmospheric 
conditions and in reversed directions can be simulated. In ESM this is limited, while PE is not 
restricted to systems with layered atmospheric conditions and can only simulate sound waves in the 
direction from sound source to receiver. 
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3.1.5.  Verification study sound propagation 

As mentioned in Section 3.1, the ESM and PE method are two methods often used to predict the 
propagation of sound in (simplified) shielded urban areas. Schiff et al. (2010) evaluated and 
compared the sound propagation over multiple urban canyons (2-dimensional), using these two 
methods. Amongst others various urban configurations and the effect of wind gradients were 
investigated. 
The influence of a certain situation on the propagation of sound is expressed by means of the excess 
attenuation, EA [dB]. The excess attenuation can be defined as the difference in receiver sound 
pressure level of the situation investigated and the reference situation (Eq. 3.6). 
 

                                                                                   [Eq. 3.6] 

 
With, 
EAeffect investigated situation = difference in sound pressure level investigated relative to reference situation, [dB] 
Lp, investigated situation  = receiver sound pressure level investigated situation, [dB] 
Lp, reference situation  = receiver sound pressure level reference situation, [dB] 

 
Schiff et al. (2010) presents the results of each investigation in a value for EAmean [dB] (including the 
related standard deviation, σ [-]; a measure for the dispersion from the average) and a value for EAA 
[dB(A)]. EAmean is the averaged excess attenuation as calculated from the values for the excess 
attenuation per 1/3 octave band. EAA represents the A-weighted excess attenuation. When A-
weighing the receiver sound pressure levels, the sensitivity of the human ear to perceive a certain 
frequency is taken into account (ISO 717-1, 1996). 
 
In Section 5.2, the PSTD models made for this investigation will be verified by comparing the results 
with those of the ESM and PE method as acquired in the research by Schiff et al. (2010). 
 

3.2. Flow field modelling approaches 

A variety of methods to compute flow fields in an urban district exist. The three most popular 
approaches to predict turbulent flows are the following CFD (Computational Fluid Dynamics) 
approaches: 1) RANS (Reynolds-Averaged Navier-Stokes), 2) LES (Large Eddy Simulation), and 3) DNS 
(Direct Numerical Simulation). 
Each of the following paragraphs describes one of the three methods: descriptions on the methods 
and their main differences, advantages and disadvantages will be given. In this investigation only the 
RANS and LES methods will be used to simulate on the flow field inside and near an urban canyon. In 
order to keep the information on the three mostly applied CFD methods complete, DNS will only be 
discussed very briefly. 
The fourth paragraph forms a conclusion on this section of the literature research. The main 
differences between the three methods are listed and it is explained why, for this investigation, the 
RANS and LES method are chosen over the DNS method. An additional subparagraph briefly 
describes the categories of the most important guidelines for preparing and performing a CFD 
simulation, while Paragraph 3.2.5 provides an overview of the studies used as a reference case. 
 
Before explaining more on the different methods an introductory subparagraph on the Navier-
Stokes equations, the equations which need to be resolved while simulating a flow field, will be 
given. 
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 Navier-Stokes equations 

In order to form solutions for a viscous flow a set of equations called the Navier-Stokes equations 
have to be resolved. The instantaneous three-dimensional Navier-Stokes equations for an 
incompressible, viscous, isothermal flow are given by Equations 3.7-3.10. 
 

                 [Eq. 3.7] 
 

 
  

  
                  

  

  
                   [Eq. 3.8] 

 

 
  

  
                  

  

  
                   [Eq. 3.9] 

 

 
  

  
                  

  

  
                   [Eq. 3.10] 

 
With, 
    = instantaneous velocity vector, [m/s] 
u, v, w = x, y and z component of the instantaneous velocity vector, [m/s] 
ρ = density of the fluid, [kg/m

3
] 

μ = dynamic viscosity, [kg/m·s] 
p = instantaneous pressure, [Pa] 
t = time coordinate, [s] 

 
Each of the three methods discussed in this section resolves this set of equations to a different 
extent (for different parts of the flow). For some methods additional models are necessary to form a 
closed set and compute all of the unknowns. 
 

3.2.1.  RANS - Reynolds-Averaged Navier-Stokes 

This approach is the least exact and accurate one of the three methods discussed in this research, 
but still generally applicable: the RANS method is most widely applied and validated in the field of 
numerical computation on wind flows around objects. 
The computing time and memory necessary to perform this type of simulations are relatively low. 
RANS (Reynolds-Averaged Navier-Stokes) equations (Eqs. 3.11-3.14) resolve the averaged Navier-
Stokes equations: only the mean flow is resolved (Fig. 3.4), while all scales of turbulence (vortices, 
also called eddies) are modelled (approximated). 
 

 
Figure 3.4. Representation of the resolved (dark) and modelled (light blue) components of a flow using the RANS approach 

 
Reynolds-Averaged Navier-Stokes equations are obtained by splitting the solution variables of the 
instantaneous Navier-Stokes equations (Eqs. 3.6-3.9) into a mean (averaged) component and a 
fluctuating component, resulting in the formulas as given by Equations 3.11-3.14. 
 

                  [Eq. 3.11] 

 

 
  

  
                   

  

  
                   

     

  
 

      

  
 

      

  
  [Eq. 3.12] 
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  [Eq. 3.13] 

 

 
  

  
                   

  

  
                   

      

  
 

      

  
 

     

  
  [Eq. 3.14] 

 
With, 

     = mean velocity vector, [m/s] 
U, V, W = x,y and z component of mean wind velocity vector, [m/s] 
u’,v’,w’ = x, y and z component of the fluctuations on the mean velocity vector, [m/s] 
P = mean pressure, [Pa] 

  = indication for averaging 

 For factor  –
 

  
 

 

  
 

 

  
  

n = Reynolds stresses; representations of the influence of turbulence on the mean flow 

 
The averaging process generates additional unknowns (also called the Reynolds stresses), resulting 
in a non-closed set of equations. Approximations on the effects of turbulence on the mean flow have 
to be made, by so-called turbulence models (for example the k-ε model; Sect. 6.1, Eq. 6.2 and 6.3). 
 

3.2.2.  LES - Large Eddy Simulation 

LES (Large Eddy Simulation) resolves the ‘filtered’ Navier-Stokes equations. The turbulent eddies 
smaller than the applied filter -usually taken as the mesh size- are modelled using a turbulence 
model. For the mean flow and the larger scales of turbulence (the large eddies) the Navier-Stokes 
equations are resolved (Fig. 3.5). The filtering operation results in unknown subgrid-scale stresses, 
which require modelling. A widely applied subgrid-scale model in CFD is the dynamic stress 
Smagorinsky-Lilly model (Lilly, 1992; Germano et al., 1996). 
 
LES is more exact than RANS, but also more computationally demanding: LES resolves the Navier-
Stokes equations for a larger part of the flow and its computational demands depend on the cell size 
and temporal discretization. 
 

 
Figure 3.5. Representation of the resolved (dark) and modelled (light blue) components of a flow using the LES approach 

 
Research work in this field is ongoing and in an increasing number of cases (but still very limited) 
simulations of wind flows around objects are conducted with LES. One of the research problems is to 
create LES models with a more realistic approach and incident flow5. As mentioned, LES takes into 
account not only the mean (steady) flow, but also partly the (unsteady) vortices, when solving the 
Navier-Stokes equations and is for this reason more realistic. However, so far, it is very difficult to 
assign an appropriate roughness to the surfaces in LES, resulting in amongst others overpredictions 
of the velocity and horizontal inhomogeneity in the upstream part of the domain of the 
computational model (approach and incident flow). Researchers (Yang et al., 2008; Anderson and 

                                                           
5 The approach flow is the flow travelling towards the building models. The incident flow is the flow at those positions 

where the building would have been positioned, obtained in a similar (but empty) computational domain. If the approach 
and incident flow are equal to the inlet profile, horizontal homogeneity is implied. Horizontal homogeneous refers to the 
absence of streamwise gradients in the vertical profiles of the mean wind velocity and turbulence quantities. 
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Meneveau, 2010; Gousseau et al., 2012) are performing investigations to determine shear-based 
models and roughness elements for those areas, representing a surface with a certain roughness. 
 

3.2.3.  DNS - Direct Numerical Simulation 

DNS (Direct Numerical Simulation) resolves the exact Navier-Stokes equations completely: all 
vortices are resolved, which means that there are no approximations made concerning the 
turbulence of the flow (Fig. 3.6). 

 
Figure 3.6. Representation of the resolved (dark) and modelled (light blue) components of a flow using the DNS approach 

 
A consequence of this exact approach is that simulations of this type are very time-consuming and 
huge computational resources are needed. This approach is usually only applied to simulate 
turbulence for very simple geometries and low Reynolds number values respectively, and can be 
used for the verification of RANS and LES turbulence models. 
 

3.2.4.  Comparison RANS, LES and DNS 

An overview of the characteristics of the three approaches available to simulate turbulent flows is 
given in Table 3.1. Figure 3.7 visually compares the three methods to compute a flow field. 
It can be concluded that the main differences between the three approaches lies in the weighing 
between on one side the accuracy of the simulation results and on the other side the time and 
computational resources required in order to perform the simulation. 
DNS has high computational demands and is only rarely used in research so far. For these reasons it 
is inadvisable to use this approach in this research. The LES approach also has considerable 
demands, but these are still executable, and compared to RANS it should result in a more realistic 
flow pattern. Based on this information, it is decided to investigate the (differences in the) RANS and 
LES approach. 
 
Table 3.1. Characteristics Computational Fluid Dynamics approaches RANS, LES and DNS 

Approach Additional turbulence 
model needed 

Resolves Navier-Stokes 
equations for 

Models (approximates) Computationally 
demands 

RANS yes average flow all vortices low 
LES yes average flow 

+ large vortices 
vortices smaller than mesh 
(filter) size 

moderate 

DNS no average flow 
+ all vortices 

nothing high 

 

   
Figure 3.7. Representation of the resolved (dark) and modelled (light blue) components of a flow, 

using the RANS (left), LES (centre) and DNS (right) approach 
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 Guidelines for preparing and performing a CFD simulation 

There are many guidelines available to prepare CFD simulations and test their quality and accuracy. 
The guidelines used for this research form a combination of those guidelines as determined by 
Baetke et al. (1990), Blocken and Carmeliet (2004), Franke et al. (2007). 
The guidelines can be categorized into directives and points of attention on 1) the computational 
domain, 2) meshing the domain, 3) boundary conditions and turbulence models, and 4) 
discretization schemes and iterative convergence. These aspects will be clarified while applying them 
to the CFD simulations performed in this research (Section 6.1). 
 

3.2.5.  Validation study flow field modelling 

The CFD model for this investigation will be validated by comparing the output to the data of the 
measurements in a wind tunnel as performed by Kovar-Panskus et al. (2002). This experiment is 
often used as a validation study for CFD simulations, for example in the study by Tablada et al. 
(2005) on the effect of using different CFD model settings. 
 
The wind-tunnel experiment by Kovar-Panskus et al. (2002) makes apparent the behaviour of the 
mean flow patterns in street canyons with varying canyon aspect ratios width to height, ‘W/H’. 
The measurement section of the wind tunnel 
(Fig. 3.8) has dimensions of 1.37 m width x 
9.00 m length x 1.07 m height and includes a 
test configuration with one canyon, which 
has a fixed depth of H = 0.106 m. The cavity 
width, ‘W’, can be adjusted to form 5 cases 
with ratios W/H of 0.3, 0.5, 0.7, 1.0 and 2.0 
respectively. 
The neutrality stratified approach conditions 
are: a boundary layer height of δ = 0.737 m, a 
displacement height of d = 0.001 m, an 
aerodynamic roughness length of y0 = 0.0003 
m and a horizontal wind velocity of Uref = 8 
m/s near the ceiling of the test section of the 
wind tunnel (yref = 0.964 m). 

  

 
Figure 3.8. (Kovar-Panskus et al., 2002) Longitudinal section 

wind tunnel, wind-tunnel experiment 

Results of the experiments are given in vector and streamline plots (vortex structure) and by means 
of the velocity ratio U/Uref (mean profiles) on five vertical lines (control lines) through the vertical 
centre plane of the canyon. 
This research will only investigate canyons with an aspect ratio of W/H = 1.0 and 2.0 respectively 
(also see Section 4.2 for an explanation on this choice). Table 3.2 and Figure 3.9 form an overview of 
the control lines for the configuration with a canyon aspect ratio of W/H = 1.0, while Table 3.3 and 
Figure 3.10 show the control lines for the canyon aspect ratio W/H = 2.0. 
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Table 3.2. Positions control lines, W/H = 1.0  

 
Figure 3.9. Control lines, W/H = 1.0 

Control point Position   
 X/W Y/H (min) Y/H (max) 
A 0.151 -0.9 -0.5 
B 0.302 -0.9 -0.5 
C 0.500 -0.9 -0.5 
D 0.698 -0.9 -0.5 
E 0.849 -0.9 -0.5 

 
   

 
Table 3.3. Positions control lines, W/H = 2.0  

 
Figure 3.10. Control lines, W/H = 2.0 

Control point Position   
 X/W Y/H (min) Y/H (max) 
A 0.094 -0.9 -0.5 
B 0.297 -0.9 -0.5 
C 0.500 -0.9 -0.5 
D 0.698 -0.9 -0.5 
E 0.869 -0.9 -0.5 
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4. Urban configurations 

 
In order to investigate the effect of a downward refracting atmosphere on sound propagation -and 
the influences of the CFD method to represent this flow field- several situations and geometries of 
an urban configuration (restricted to 2-dimensional situations) are determined. The following 
sections briefly discuss the situations that will be investigated in this research. A distinction is made 
in 1) the location of sound source and receivers, 2) canyon aspect ratios and 3) the effect of varying 
roof heights. 
By making a distinction in the position of the sound source and receivers, this research can be of 
additional value for different kind of applications of sound inside cities. A yet to build freeway lane 
can, for example, be constructed either raised in comparison to or on the same level as the streets of 
a city, depending on the behaviour of the propagation of a sound front and the resulting sound 
levels in regions of interest. 
Investigating several variants for different canyon aspect ratios provides insight in the behaviour of a 
flow field and its effect on the propagation of sound waves, in different canyon geometries. This 
information can be of use, for example, when structuring an urban district: possible occurring noise 
nuisance can be prevented, already in the design phase of a city plan by choosing the mapping of 
components as streets, buildings and parks in such a way that the flow field strengthens the 
propagation of sound as less as possible. 
By varying the heights of the buildings in the configuration, a more realistic urban landscape is 
created than when all buildings have the same height. As a result of different building heights 
deviations in sound levels might occur. 
 

4.1. Investigated situations - Location sound source and receivers 

Four situations are determined based on the locations of the source and receivers, namely: 
1. Source at roof level, receivers at roof level (from now on called: srrr); 
2. Source at roof level, receivers at street level (srrs); 
3. Source at street level, receivers at roof level (ssrr); 
4. Source at street level, receivers at street level (ssrs). 

‘At roof level’ means the sound source either the receiver is located at a height of H, while referring 
to ‘at street level’ means the sound source or receivers are located 1.5 m above the street canyon 
ground surface. 
 
Situations 1 and 2 are applicable when investigating the sound levels produced by for example a 
raised freeway lane, while situations 3 and 4 can be used for investigating the effect of cars and 
other means of transport driving through a street in a residential area. 
The situations with the receivers on roof level are of interest when one wants to investigate whether 
or not it is comfortable (regarding to the sound levels) to locate for example a roof terrace on top of 
a building. The results of the situations with receivers on street level are of interest when 
investigating the sound levels in a shielded urban area (courtyard). 
Figures 4.1 and 4.2 show examples of the situations: the first figure is an example of situation 1 
(both source and receivers on roof level), while the second gives an example of a geometry used to 
investigate situation 4 (source and receivers on street level). 
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Figure 4.1. Longitudinal section urban district, situation 1 - srrr 

 
Figure 4.2. Longitudinal section urban district, situation 4 - ssrs 

 

4.2. Investigated variants - Canyon aspect ratios W/H 

In this research not only different situations based on the position of sound source and receivers are 
investigated, also two different street sections are generated. The first variant has street canyons 
with an aspect ratio (canyon width/canyon height) of W/H = 1.0 (also called W20 or W = 20 m). The 
second variant has a canyon aspect ratio of W/H = 2.0 (W40 or W = 40 m). Over the years these two 
ratios and the ratio W/H = 0.3, 0.5 and 0.7 respectively, fulfilled the role of test cases for many CFD 
simulations on typically occurring turbulent flow regimes (Kovar-Panskus et al., 2002; Sahm et al., 
2002): in canyons with an aspect ratio of W/H = 1.0 or 2.0 wind flows over the urban roof level have 
evident influences on the air fields inside the canyon (amongst others phenomena such as 
recirculation inside the canyon will occur). It is expected that the flow fields in canyons with an 
aspect ratio of 1.0 or 2.0 the influence of a flow field on sound propagation is higher than in narrow 
canyons, where the flow will not get refracted into the canyon in such a degree. 
For the investigated variants, it was chosen to take a building height of 20 m (6 floors), which results 
in a canyon width of 20 m for variant 1 and 40 m for variant 2 (Figure 4.3). 
 

  
Figure 4.3. Longitudinal section canyon with aspect ratio W/H = 1.0 (left) and W/H = 2.0 (right) 

 
Figure 4.1 in the previous section already showed situation 1 for variant 1 (source at roof level, 
receivers at roof level; W = 20 m). Figure 4.4 shows an example of the same situation, but now for 
variant 2 (source at roof level, receivers at roof level; W = 40 m). 
 

 
Figure 4.4. Longitudinal section urban district, variant 2 - srrr 
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Table 4.1 gives an overview on the locations of the canyons for both of the variants. The location of 
the sound source is here stated as origin. When computing a situation with the sound source or 
receivers located on roof level the first or last canyon respectively will be closed. 
 
Table 4.1. Canyon locations (from source) for variant 1 - W = 20 m (left), and 2 - W = 40 m (right) 

Canyon Location [m] Canyon Location [m]  Canyon Location [m] Canyon Location [m] 

1 -10-10 6 230-250  1 -20-20 5 230-270 
2 40-60 7 275-295  2 55-95 6 285-325 
3 100-120 8 330-350  3 110-150 7 350-390 
4 135-155 9 365-385  4 160-200 8 405-445 

5 190-210 10 430-450      

 

4.3. Investigated cases - Varying roof heights 

By varying the heights of the buildings (Variable roof heights, VRH), a more realistic urban landscape 
is created than when all buildings have the same height. This way, it can be investigated to which 
extent a simplified geometry with equal roof heights (ERH) results in aberrant sound fields. 
For variant 1, situation 4 (W/H = 1.0, source and receiver at street level), three different cases are 
created by lifting certain buildings with 6.4 m (two floor levels). In the first case (Fig. 4.5) the 
buildings between the sound source and receivers are alternating between the standard height of 20 
m and an increased height of 26.4 m. The other two new cases can be derived from this geometry: 
the second case (Fig. 4.6) also has a raised building on the outer side of the canyons with the sound 
source and main receiver (first and last canyon), while case 3 (Fig. 4.7) has a raised building on the 
inner side of these canyons. Figure 4.8 shows the geometry of the first canyons in more detail. 

 
Figure 4.5. Longitudinal section urban district, W20 - ssrs, varying roof heights case 1 

 
Figure 4.6. Longitudinal section urban district, W20 - ssrs, varying roof heights case 2 

 
Figure 4.7. Longitudinal section urban district, W20 - ssrs, varying roof heights case 3 
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Figure 4.8. Detail of the first canyon for equal roof heights and VRH case 1 (left), VRH case 2 (middle), VRH case 3 (right) 

 

 Structure canyon façades - Acoustical calculations 

For acoustical calculations with an upper 
frequency of 800 Hz or higher, the façades of 
the underlying buildings consist of an 
alternation of six windows with each a height 
of 2 m (0.2 m depressed) divided by five 
opaque parts made out of brickwork (height 
= 1.2 m). The brickwork parts under the 
lowest window and above the highest 
window have a height of 1 m each (Fig. 4.9). 

 

 
Figure 4.9. Detail of the modelled canyon façades 

For the façades with an increased height of 6.4 m two additional windows and brickwork parts are 
added. The roofs and streets have a rigid surface. 
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5. Sound propagation excluding a flow field 

 
The first out of the triptych on subjects from this research report investigates the influence of the 
underlying street canyons on the propagation of sound over the urban roof level. Aim of this part is 
to verify the PSTD model and to become more familiar with amongst others the consequences of 
using a certain location of sound source and receivers or urban configuration on the propagation of 
sound. For this reason the influence of a flow field will not yet be taken into account, though part of 
the results of this chapter will be used as a reference situation for investigating the effects of 
downwind on the propagation of sound (Chapter 7). 
By the end of this chapter the following secondary research questions can be answered: 
 

1. Can the implemented PSTD method be used to simulate sound propagation over an urban 
roof level? 
 

2. What are the effects of underlying, intermediate canyons on sound propagation (originating 
from distant sources) for varying urban configurations and locations of sound source and 
receiver, while using this PSTD method? 

 

5.1. Preparing the PSTD model 

In the literature study on the PSTD method (Paragraph 3.1.1) the physical ground information and 
basics on the model are listed. This section will give some additional information on several model 
settings. 
 

 Sound propagation modelling approach 

For this part of the investigation no distinction between the LEE and the simplified ceff-approach has 
been made yet, since so far the influence of a flow field will be left aside. 
 

 Sound source and receivers 

The type of the sound source as determined in the PSTD models for this investigation represents a 
line source. For investigating sound propagation excluding a flow field the horizontal distance 
between the receiver (measurement) positions will be 5 m. As stated in Section 4.1, the receiver 
pressure levels are monitored at roof level and street level (+1.5 m). 
 

 Canyons 

The position and dimension of the canyons is set by defining the width of each street, the x-
coordinates of the left canyon façades and the canyon height. The canyon façades have a structure 
as discussed in Chapter 4. 
 

 Computational domain and Perfectly Matched Layer 

The dimensions of the computational domain around the investigated urban configuration is defined 
by setting the distance between the sound source and the first left canyon wall, the largest source to 
receiver distance, the thickness of the PML and the height of the computational domain. 
It is chosen to use a thickness of 50 cells for the PML. Running the simulations proved that this 
thickness is adequate to ensure that the computational domain boundaries are a reflection-free 
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termination for incoming sound waves of all frequencies and incident angles. The height of the 
computational domain is set at 10 m height. 
 

 Acoustical grid 

The size of the acoustical grid depends on the maximum frequency modelled (Eq. 3.5). As an initial 
state the maximum frequency is set to 1600 Hz. This frequency is sufficiently high to predict distant 
sound propagation due to noise from road traffic (Renterghem and Botteldooren, 2010). An upper 
frequency of 1600 Hz results in a grid spacing of 0.1 m (Δx = (c0 / fmax)/2 = (340/1600)/2). Up to a 
certain point, the coarseness of the grid influences the accuracy of the output data: a too coarse 
mesh may lead to inaccurate results, for example due to insufficient computational points in regions 
with small deviations in geometry, such as the depressed windows in the canyon façades. A grid-
sensitivity analysis is performed (Par. 5.2.4) to come to a grid-independent solution. 
 

5.2. Verification - Sound propagation excluding a flow field 

In the following section the steps taken to verify the implemented PSTD code will be discussed. As 
mentioned in Chapter 2, the results as obtained with the PSTD models made for this part of the 
investigation will be compared to the results of the ESM and PE approach given in the work of Schiff 
et al. (2010). The parameters studied by Schiff et al. (2010) that will be reproduced with the PSTD 
model are: 1) the effect of varying canyon reflections, and 2) the influences of combining (adding) 
canyons in an urban configuration. 
Besides these comparisons of the data gathered with the PSTD model relative to the ESM and PE 
method, two other aspects will be investigated in order to verify the PSTD model, namely: 1) any 
possible occurring effects of using a constant canyon width (instead of slightly varying canyon 
widths) and 2) the sensitivity of the results depending on the coarseness of the acoustical grid. 
 

5.2.1.  Canyon reflections (impedance) 

The first aspect as tested by Schiff et al. (2010), that is investigated in this research to verify the 
model code used, is the number of canyon reflections. 
In order to form conclusions on the effect of a canyon with different values for the reflective 
properties of the canyon walls, the excess attenuation is calculated by subtracting the sound 
pressure levels over a smooth surface from the measured sound pressure levels of the situation with 
the canyon present. The equation for the excess attenuation (Eq. 3.6) can be rewritten to: 
 

                                                            [Eq. 5.1] 

 
With, 
EAeffect canyon = difference in sound pressure level configuration canyon present 

relative to configuration canyon absent, [dB] 
Lp, including canyon = receiver sound pressure level configuration with canyon present, [dB] 
Lp, excluding canyon = receiver sound pressure level configuration with canyon absent, [dB] 

 
The results of Schiff et al. (2010) suggested that on both a 1/3 octave band and an A-weighted basis, 
the canyon excess attenuation is independent of the number of canyon reflections. In the PSTD 
method the reflective properties of a surface can be controlled by means of the size of the 
normalized impedance, Z [-]. The normalized impedance can be defined as the capacity of a surface 
to absorb or resist the reflection of sound waves (Rienstra and Hirschberg, 2012). 
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The impedance can be defined as, Z = pc / vc, where ‘pc’ stands for the instantaneous pressure, and 
‘vc’ for the instantaneous normal velocity component of the particles (Rienstra and Hirschberg, 
2012). 
In a two dimensional plane, consider a sound 
wave approaching a ground surface at an 
angle of θi (Figure 5.1.). Part of the wave is 
reflected, while the other part transmits into 
the ground (θr and θa respectively). 
The complex pressure amplitude, pc, in the 
air above the ground surface is equal to the 
sum of the complex pressure amplitude of 
the incident wave and the complex pressure 
amplitude of the reflected wave: pc = pc,I +  

 

 
Figure 5.1. Sound wave reflecting against ground surface 

pc,r. The instantaneous pressure of the incident wave and the reflected wave can be defined as: pc,I 
= p0exp(ikxx + ikyy) respectively pc,r = p0Rpexp(-ik’xx + ik’yy), where p0 is a constant, k’x = k cosθr and 
k’y = k sinθr, with k (= ω/c) as the wave number and Rp as the plane-wave reflection coefficient 
(Salomons, 2001). 
With the equations given, ‘θi = θr = θ’6, and the equation ‘iωρvc =  pc’ for vc, the impedance of the 
surface (in terms of the reflection coefficient) can be defined as: Z = (1/cosθ) * ((1+Rp)/(1-Rp)), 
which implies: Rp = (Zcosθ - 1)/(Zcosθ + 1). 
 
To verify the behaviour of canyon reflections in the PSTD method, three models with a canyon are 
made, all having a different value for the normalized impedance, namely a model with Z = 1, 10 and 
100 respectively. This value of Z is assigned to the flat building façades (the structure as described in 
Section 4.3 does not apply here), while the roofs and streets have a rigid surface. 
Figure 5.2 shows the geometries for the ‘smooth surface’ situation and the situation with a canyon 
in the centre of the section: sound source and receiver are 200 m apart, and the canyon has 
dimensions of width = height = 20 m. From the sound pressure levels of these two situations the 
excess attenuation is calculated. 
 

  
Figure 5.2. Longitudinal section urban district, without canyon (left) and with a canyon in the centre (right) 

 
The results on the excess attenuation caused by the different values for Z are given, in both tabular 
form and graphs. Table 5.1 compares the acquired excess attenuations (for broadband results of 1/3 
octave bands up to 1600 Hz) with those values found by Schiff et al. (2010) using the ESM and PE 
method. Figure 5.3 compares the excess attenuation per 1/3 octave band, as measured on 200 m 
from the source. 
It can be concluded that the results found with the PSTD method (EAmean = -1.8 dB, σ = 0.02-0.04 and 
EAA = -1.8 dB) are almost equal to the results of the ESM (EAmean = -1.7 dB, σ = 0.2 and EAA = -1.8 dB) 
and PE method (EAmean = -1.8 dB, σ = 0.1 and EAA = -1.8 dB). Only the value found with ESM is slightly 
smaller. The standard deviations for the reference methods are higher, but the difference is 
negligible small. 

                                                           
6 The angle of incidence is equal to the angle of reflection for perfectly flat surfaces (Salomons, 2001). 
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Also from the results on the normalized impedance obtained with the PSTD method it can be 
concluded that the canyon excess attenuation is independent of the number of canyon reflection 
(on both a 1/3 octave band and an A-weighted basis). For the remainder of the research the 
normalized impedances set are: Zbrickwork = 10, Zwindow = 77, the roofs and streets have a rigid surface. 
 
Table 5.1. EA(A) (broadband results up to 1600 Hz) for varying values of the normalized impedance, Z, at x = 200 m 

Normalized impedance, Z [-] Reference (Schiff et al., 2010) 
 ESM PE 

Z = 1  Z = 10  Z = 100  ∞ reflections 30 reflections 
EAmean EAA EAmean EAA EAmean EAA EAmean EAA EAmean EAA 

-1.8 
σ = 0.02 

-1.8 -1.8 
σ = 0.03 

-1.8 -1.8 
σ = 0.04 

-1.8 -1.7, 
σ = 0.2 

-1.8 -1.8, 
σ = 0.1 

-1.8 

 

 

 

 
Figure 5.3.  Excess attenuation as simulated during this research (left) and as simulated by Schiff et al. (2010) (right) 

 

5.2.2.  Combinations of reciprocal canyons 

Another parameter studied by Schiff et al. (2010), which also forms the second aspect investigated 
to verify the PSTD code used to predict the sound propagation, is the influence of inserting 
additional canyons to the geometry. Schiff et al. (2010) stated that adding canyons to the geometry 
will result in a summation of the influences of each individual canyon. 
Six different geometries were made to investigate this parameter. The first four geometries contain 
only one canyon, having a different width and location for each of the four situations. The fifth 
combines these four canyons, while the sixth variant also takes into account the reciprocal canyons 
(first four canyons mirrored over the vertical centre line of the geometry, x = 200 m). The excess 
attenuation is calculated by subtracting the receiver pressure levels over a rigid ground surface (no 
canyons present) from the receiver pressure levels computed in these geometries (Eq. 5.1). 
Appendix A gives figures of all six of the geometries and the semi-free-field situation. Figure 5.4 
shows the sixth variant. 

 
Figure 5.4. Longitudinal section urban district, canyons 1-4 + R1-R4 
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Table 5.2 gives the results on the excess attenuation for broadband results of 1/3 octave bands up to 
1600 Hz, for each combination of canyons compared to the reference data (PE method). It shows 
that most of the values are equal to the reference values. Any deviations are of a small degree. For 
the situation with four reciprocal canyons, the mean excess attenuation as simulated with the PSTD 
method is -11.4 dB with a standard deviation of 0.3 (EAA = -11.6 dB), while for the PE method the 
excess attenuation is -12.0 dB with σ = 0.2 (EAA = -12.0 dB). This might be a result of the façade 
structure (Chapter 4) as set in the PSTD model (Schiff et al. (2010) used rigid canyon walls). 
 
Table 5.2. EA(A) (broadband results up to 1600 Hz) for combinations of up to four reciprocal canyon, field length = 400 m                                    

Canyon(s)  PSTD  PE (Schiff et al., 2010)                                         
combination | Location [m] EAmean [dB] EAA [dB] EAmean [dB] EAA [dB] 

1    21-40 -2.3, 
σ = 0.08 

-2.4 -2.4, 
σ = 0.07 

-2.4 

2    70-90 -1.6, 
σ = 0.04 

-1.6 -1.6, 
σ = 0.04 

-1.6 

3    130-140 -0.9, 
σ = 0.03 

-0.9 -0.9, 
σ = 0.03 

-0.9 

4    160-185 -1.4, 
σ = 0.04 

-1.4 -1.5, 
σ = 0.02 

-1.5 

1, 2, 3, 4    (1234) -5.9, 
σ = 0.1 

-5.9 -6.0, 
σ = 0.1 

-6.1 

1, 2, 3, 4 + R1, R2, R3, R4    (1234R) -11.4, 
σ = 0.3 

-11.6 -12.0, 
σ = 0.2 

-12.0 

 
Where Schiff et al. (2010) stated that expanding the geometry with additional canyons results in a 
summation of the influences of each individual canyon, reproducing this research using the PSTD 
method concludes almost the same: adding canyons to an urban configuration leads to the sum of 
the effects of the individual canyons on the propagation of sound, with a small deviation in the 
outcome. 
 

5.2.3.  Possible occurring effects by constant canyon width 

As a third, more stand alone, sub-study, it was investigated whether or not an urban configuration 
with canyons all having the same canyon width (constant canyon width) would give unrealistic 
results, as a result of a (unnatural) periodicity. Appendix B provides an overview of the elaboration 
of this research. From the information obtained, it is concluded that computing sound propagation 
through an urban configuration with canyons having a constant canyon width does not cause 
significant large differences compared to a similar urban configuration with slightly varying canyon 
widths. For this reason, the remainder of this research will use canyons with a width of 20 m 
(respectively 40 m) instead of slightly varying canyon widths. 
 

5.2.4.  Grid-sensitivity analysis - Acoustical grid (excluding a flow field) 

When using the PSTD method, the accuracy and reliability of the simulation results depends on the 
coarseness of the computational grid. As concluded in the literature study on the PSTD method (Par. 
3.1.1) the coarseness of the acoustical grid depends on the highest frequency computed (Eq. 3.5). 
A mesh too coarse may lead to inaccurate results, for example due to too little computational points 
in regions with small deviations in geometry such as the depressed windows in the canyon façades. 
The acoustical grid has to be sufficient fine enough to achieve reliable results, but it should not be 
larger than necessary to prevent high computational demands and long simulation times. So far, the 
highest frequency computed was 1600 Hz. A grid-sensitivity analysis is performed to investigate 
whether or not this provides a grid fine enough to achieve reliable results. 
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For an urban configuration eventually to examine (canyon aspect ratio W/H = 1.0, sound source and 
receiver positioned on canyon level (Figure 5.5)7 8), two variants based on the upper frequency are 
computed. 

 
Figure 5.5. Longitudinal section urban district, W20 - ssrs 

 
Previous parts of this research showed that for computations with an upper frequency of 1600 Hz, 
the broadband results of 1/3 octave bands up to this 1600 Hz correspond well to results achieved 
with other methods and as a result, it is assumed that this grid would be fine enough. For this 
reason, the first variant has an upper frequency of 1600 Hz. The second variant has an upper 
frequency of 800 Hz (resulting in a two times coarser grid in all dimensions). 
The two variants will be compared to each other by calculating the excess attenuation as given by 
Equation 5.2: the difference in sound pressure level for sound propagation through a configuration 
with canyons present relative to the propagation of sound over a rigid ground surface, for 
broadband results of 1/3 octave bands up to 800 Hz. If these values for the excess attenuation match 
adequately, it can be concluded that performing calculations with an upper frequency of 1600 Hz 
results in reliable outcome9. If the deviation between the two situations is sufficiently large, the 
upper frequency has to be raised in order to create a finer grid. 
 

                                                       [Eq. 5.2] 

 
With, 
EAGSA  = difference in sound pressure level configuration canyon present 

relative to rigid ground surface, [dB] 
Lp, including canyon = receiver sound pressure level configuration with canyon present, 

broadband up to 800 Hz, [dB] 
Lp, rigid ground surface = receiver sound pressure level sound propagation over rigid ground surface, 

broadband up to 800 Hz, [dB] 

 
Table 5.3 shows the excess attenuation for the 1/3 octave bands up to 800 Hz as calculated at 
receiver position, x = 440 m. Figure 5.6 shows the excess attenuation (broadband) over the distance 
from the source, while Figure 5.7 shows the excess attenuation per 1/3 octave band as averaged 
over the receiver positions in the last canyon. 
From this table and the graphs, it can be concluded that the two grids result in almost equal results: 
only for the 1/3 octave band of 500 and 800 Hz a small deviation occurs. Since the results of these 

                                                           
7 For the urban configurations with the sound source and receiver located in the canyons, the sound propagation will be 

affected the most, amongst others as a result of reflections and scattering of the sound wave. This results in easier 
noticeable deviations. 
8 In the remainder of this investigation, the computational domain for the simulations on the propagation of sound have a 

higher upward domain (50 m above roof level instead of 10 m), since part of the outcome from these computations will be 
used as a reference situation for the simulations on sound propagation including a flow field. Besides, for this grid-
sensitivity study, the distance between the receiver positions will be reduced from 5 m to 1 m. This way, areas of interest 
can be investigated in more detail. 
9 See Chapter 9 (Further research) for a remark ex post by the author on the grid-sensitivity analysis for sound propagation 

excluding a flow field (Grid-sensitivity sound propagation excluding a flow field). 
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two grids correspond closely, it can be concluded that it is not necessary to compute with an even 
finer acoustical grid, and the influence of deviating numbers of calculation points in the areas of the 
depressed window openings in the canyon façades (fmax = 800 Hz: 1 point, fmax = 1600 Hz: 2 points) 
on the sound propagation can be neglected. 
 
Table 5.3. EA (in 1/3 octave bands) for variants of the grid-sensitivity analysis acoustical grid, W20 - ssrs,  at x = 440 m 

f 
[Hz] 

800 Hz 
[dB] 

1600 Hz 
[dB] 

|800 Hz - 1600 Hz| 
[dB] 

  800 Hz 
[dB] 

1600 Hz 
[dB] 

|800 Hz - 1600 Hz| 
[dB] 

50 -14.8 -14.8 0.0  EAmean -29.2 -29.4 0.2 
63 -18.5 -18.9 0.4  σ 7.6 7.7 0.1 
80 -21.8 -21.8 0.0  EAA -52.9 -50.7 2.2 

100 -24.7 -24.1 0.6      
125 -25.7 -25.7 0.0      
160 -29.4 -29.9 0.5      
200 -32.6 -32.9 0.3      
250 -29.5 -29.9 0.4      
315 -36.1 -35.6 0.5      
400 -39.4 -39.6 0.2      
500 -33.9 -36.0 2.1      
630 -37.1 -36.3 0.8      
800 -35.6 -36.2 0.6      

 

  
Figure 5.6. Excess attenuation over the distance (broadband up to 800 Hz) 

 

 
Figure 5.7. Excess attenuation as function of frequencies (in 1/3 octave bands), averaged over last canyon 

 

5.2.5.  Conclusion verification study 

From the verification section reported in this chapter it can be concluded that the implemented 
PSTD method can be used to simulate sound propagation over an urban roof level. The results for 
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the studies on the normalized impedance and the forming of combinations of canyons show great 
similarity with the work of Schiff et al. (2010). 
The validation study on the possible occurring periodicity when using urban configurations with 
street canyons all having the same width instead of slightly varying canyon widths, showed that it is 
allowed to use constant canyon widths. The grid-sensitivity analysis ensured that an upper frequency 
of 1600 Hz results in accurate and reliable data, for computations on the propagation of sound over 
an urban roof level, for those situations excluding a flow field. 
 
The next section gives and discusses the results on the sound propagation over an urban roof level 
for the variants and cases of urban configurations respectively situations based on the locations of 
sound source and receiver as given in Chapter 410. 
 

5.3. Results and discussion - Sound propagation excluding a flow field 

In this part the results of the research variants, cases and situations (Chapter 4) will be listed and 
discussed. The sound propagation over the urban roof level of the variant with canyon width W = 20 
m will be discussed first, followed by variant 2 (W = 40 m). A third paragraph compares the two 
variants mutually. The fourth paragraph provides an overview of the research performed on the 
effect of varying roof heights. 
For the first three paragraphs of this session the excess attenuation is calculated as the difference in 
receiver pressure level for the situation including intermediate canyons and the situation excluding 
these intermediate canyons (Eq. 5.1). The effect of increasing the height of certain buildings on the 
sound field in the urban configuration is investigated by calculating the excess attenuation as the 
difference in receiver pressure level for the cases with the varying building heights to the case with 
all equal roof heights (Eq. 5.3). 
 

                                                [Eq. 5.3] 

 
With, 
EAeffect, varying roof heights = difference in sound pressure level configuration varying roof heights 

relative to configuration equal roof heights, [dB] 
Lp, VRH   = receiver sound pressure level configuration varying roof heights, [dB] 
Lp, ERH   = receiver sound pressure level configuration equal roof heights, [dB] 

 

5.3.1.  Variant 1 - Canyon width, W = 20m 

This paragraph gives the geometries and results of the simulations of sound propagation over an 
urban roof level for street canyons with a width of W = 20 m, and four different combinations of 
sound source and receiver positions. 
 
In order to equally compare the excess attenuation for the four situations (positions of sound source 
and receivers) the distance between sound source and main receiver (light blue calculation position 
in figures of geometries), and the number of intermediate canyons is equal for all of the variants: x = 
440 m, 8 intermediate canyons. 
Figures 5.8-5.15 represent the four situations and their references (semi-free-field situations). The 
surfaces have the same structure and normalized impedance as discussed in Chapter 4 and stated at 
the end of Paragraph 5.2.1. 

                                                           
10 with an upper computational domain of 50 m instead of 10 m. 
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Figure 5.8. Longitudinal section urban district, W20 - srrr 

 
Figure 5.9. Longitudinal section urban district, W20 - srrr-reference 

 
Figure 5.10. Longitudinal section urban district, W20 - srrs 

 
Figure 5.11. Longitudinal section urban district, W20 - srrs-reference 

 
Figure 5.12. Longitudinal section urban district, W20 - ssrr 
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Figure 5.13. Longitudinal section urban district, W20 - ssrr-reference 

 
Figure 5.14. Longitudinal section urban district, W20 - ssrs 

 
Figure 5.15. Longitudinal section urban district, W20 - ssrs-reference 

 
Tables 5.4 and 5.5 show the (A-weighted) excess attenuation per 1/3 octave band and for broadband 
results up to 1600 Hz, as measured at x = 440 m. Figure 5.16 shows the excess attenuation over the 
distance for broadband results up to 1600 Hz. Figure 5.17 gives the excess attenuation as a function 
of the frequency (1/3 octave bands) at x =440 m. 
 
Table 5.4.  EA (in 1/3 octave bands) W =  20 m,  position x =  440 m 

f [Hz] EA [dB]   
 srrr srrs ssrr ssrs 

50 -9.5 -10.4 -10.5 -10.4 
63 -9.7 -10.6 -10.4 -10.9 
80 -9.5 -10.4 -9.0 -9.9 
100 -9.3 -9.0 -9.4 -9.3 
125 -9.6 -10.4 -9.6 -9.7 
160 -9.6 -10.8 -9.8 -9.8 
200 -9.6 -9.8 -10.2 -10.2 
250 -9.9 -10.5 -9.7 -9.9 
315 -10.0 -10.2 -10.0 -10.4 
400 -9.8 -9.2 -10.0 -10.1 
500 -9.9 -9.5 -10.2 -10.7 
630 -9.9 -9.9 -10.0 -10.2 
800 -9.8 -10.1 -9.8 -10.1 
1000 -10.0 -9.9 -10.3 -10.7 
1250 -10.0 -10.0 -10.0 -10.4 
1600 -9.9 -10.6 -10.2 -10.7 
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Table 5.5. EA(A) (broadband results up to 1600 Hz) W = 20 m,  position x =  440 m 

Situation EAmean [dB] EAA [dB]  Situation EAmean [dB] EAA [dB] 

srrr -9.8 
σ = 0.2 

-9.9  ssrr -9.9, 
σ = 0.4 

-10.0 

srrs -10.1, 
σ = 0.5 

-10.0  ssrs -10.2, 
σ = 0.4 

-10.2 

 

 
Figure 5.16. Excess attenuation over the distance (broadband results up to 1600 Hz) 

 

 
Figure 5.17. Excess attenuation as function of frequencies (in 1/3 octave bands), x = 440 m 

 
Figure 5.16 shows the excess attenuation over the distance as a broadband result of the 1/3 octave 
bands. It can be seen that the sound level decreases over the distance and that the canyons have an 
evident effect on the degree in which this occurs: the canyons can be distinguished by the drops in 
the graph. Any deviations between the four situations based on location of sound source and 
receiver are barely perceptible. 
Figure 5.17 focuses on the excess attenuation caused by the intermediate canyons, on canyon level 
(canyon furthest from the source). The figure gives the excess attenuations for the four situations 
per 1/3 octave band, at position x = 440 m. The excess attenuation for each of the situations 
oscillates around a fixed value, with higher erratic for the lowest frequencies. From this graph it can 
also be concluded that the differences in excess attenuation for the different situations are small: 
the location of sound source and receiver has negligible effect on the excess attenuation (maximum 
deviation between situations is approximately 1dB). This can also be concluded from the values 
given in Table 5.4, and from Table 5.5, which shows the (A-weighted) excess attenuations for 
broadband results up to 1600 Hz. The mean excess attenuation for situation 1 is -9.8 dB, while 
situation 3, the other situation with the sound receiver placed on roof level, has an EAmean of -9.9 dB. 
Situations 2 and 4 have an EAmean of -10.1 and -10.2 dB respectively: the influence of the position of 
the sound source on the excess attenuation as well as the effect of the location of the sound 
receiver is insignificant small. 
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5.3.2.  Variant 2 - Canyon width, W = 40m 

This paragraph gives the geometries used to investigate sound propagation over an urban roof level 
containing street canyons with a width of W = 40 m. It also gives the corresponding results and 
discusses them. 
 
Figures 5.18 up to 5.25 give the geometries for the situations of variant 2. Also here, the surfaces of 
the canyon walls are profiled and have normalized impedances as determined at the end of 
paragraph 5.2.1. 

 
Figure 5.18. Longitudinal section urban district, W40 - srrr 

 
Figure 5.19. Longitudinal section urban district, W40 - srrr-reference 

 
Figure 5.20. Longitudinal section urban district, W40 - srrs 

 
Figure 5.21. Longitudinal section urban district, W40 - srrs-reference 
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Figure 5.22. Longitudinal section urban district, W40 - ssrr 

 
Figure 5.23. Longitudinal section urban district, W40 - ssrr-reference 

 
Figure 5.24. Longitudinal section urban district, W40 - ssrs 

 
Figure 5.25. Longitudinal section urban district, W40 - ssrs-reference 

 
The results for the four situations of the second variant (W = 40 m) are given and discussed in this 
subparagraph. The receiver position used as main measurement position for this variant is, x = 425 
m. Table 5.6 and 5.7, and Figures 5.26 and 5.27 give the corresponding results. 
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Table 5.6.  EA (in 1/3 octave bands) W =  40 m 

f [Hz] EA [dB]   
 srrr srrs ssrr ssrs 

50 -10.5 -11.0 -10.7 -11.6 
63 -11.2 -11.6 -11.6 -12.2 
80 -11.0 -11.2 -11.5 -11.9 
100 -10.5 -10.8 -10.6 -11.6 
125 -10.8 -11.4 -11.1 -11.8 
160 -10.9 -12.1 -11.0 -11.6 
200 -10.8 -11.1 -11.0 -10.9 
250 -11.1 -11.3 -11.3 -11.9 
315 -11.2 -11.4 -11.4 -11.9 
400 -11.0 -11.8 -11.0 -11.8 
500 -11.1 -11.8 -11.3 -12.1 
630 -11.1 -11.6 -11.4 -12.5 
800 -11.0 -12.1 -11.5 -12.5 
1000 -11.1 -12.0 -11.6 -12.7 
1250 -11.2 -11.9 -11.5 -12.3 
1600 -11.1 -12.3 -11.6 -12.5 

 
Table 5.7. EA(A) (broadband results up to 1600 Hz) W = 40 m,  position x =  440 m 

Situation EAmean [dB] EAA [dB]  Situation EAmean [dB] EAA [dB] 

srrr -11.0, 
σ = 0.2 

-11.1  ssrr -11.3, 
σ = 0.3 

-11.4 

srrs -11.6, 
σ = 0.4 

-11.9  ssrs -12.0, 
σ = 0.5 

-12.0 

 

 
Figure 5.26. Excess attenuation over the distance (broadband up to 1600 Hz) 

 

 
Figure 5.27. Excess attenuation as function of frequencies (in 1/3 octave bands), x = 425 m 

 
The results of the second variant are similar to the results of variant 1. Also for this variant the 
excess attenuation and standard deviation become slightly higher as soon as the sound receivers are 

0 100 200 300 400 500
-20

-15

-10

-5

0

5
Broadband up to 1600 Hz

distance (x)

E
A

 (
d
B

(A
))

 

 

W40 - srrr

W40 - srrs

W40 - ssrr

W40 - ssrs

10
1

10
2

10
3

10
4

-13

-12.5

-12

-11.5

-11

-10.5

-10
EA as a function of the frequency (in 1/3 octave bands), x = 425m

Frequency (1/3 octave bands)

E
A

 [
d
B

]

 

 

W40 - srrr

W40 - srrs

W40 - ssrr

W40 - ssrs



| The influence of the urban flow field modelling approach on computing sound propagation 
   over the urban roof level 

| TU/e 
| June 2014 

 
 

 

 
C.M.H. Conen, BSc Page | 33  
 
 

placed in the streets instead of on the roof (Tables 5.6 and 5.7, Figure 5.26 and 5.27). In contrast to 
variant 1, the influence of the positions of the sound source is a little larger (about 0.1-0.3 dB). The 
EAmean for situation 1 is -11.0 dB, situation 2: -11.6 dB, situation 3: -11.3 dB and situation 4: -12.0 dB. 
Still, the effect of the position of the sound source and receiver on the excess attenuation is 
negligible small compared to the influence of the intermediate canyons. 
As for variant 1, though in a larger degree: the fluctuations in excess attenuation are larger in 
between the small frequencies than in between the higher frequencies. 
 

5.3.3.  Effect of different canyon widths on excess attenuation (excluding a flow field) 

As mentioned in the second section of Chapter 4 (Investigated variants - Canyon aspect ratios W/H) 
the two variants, distinguishable from each other by their different ratios ‘street width to building 
height’, are generated with the main reason to investigate the possible deviations in the effects of 
the occurring wind patterns on the sound propagation inside these different types of canyons. 
In this paragraph, however, it is attempted to compare these two variants excluding a wind field 
with each other in a sufficient and reliable way. 
The influence of the different canyon widths is investigated by calculating the excess attenuation per 
intermediate canyon: the excess attenuation in position x = 500m11 will be divided by the number of 
intermediate canyons (variant 1: 8, variant 2: 6). By comparing the outcome of the two variants 
(Table 5.8) with each other, a conclusion on the influence of the canyon width on the sound 
propagation can be given. 
 
Table 5.8. EAmean and EAA per canyon, W20 and W40 - srrr and ssrr 

W20 EAmean [dB] EAA [dB]  W40 EAmean [dB] EAA [dB] 

srrr -1.1 
σ = 0.02 

-1.1  srrr -1.6, 
σ = 0.03 

-1.6 

ssrr -1.2, 
σ = 0.04 

-1.2  ssrr -1.7, 
σ = 0.02 

-1.7 

 
From Table 5.8 it can be concluded that the excess attenuation caused by a canyon with a width of 
20 m (EAmean = -1.1 respectively -1.2 dB per canyon) is smaller than the excess attenuation resulting 
from a canyon with a width of W = 40 m (EAmean = -1.6 respectively -1.7 dB per canyon): wider 
canyons give larger losses in receiver pressure level. 
 

5.3.4.  Effect of varying roof heights on excess attenuation 

The influence of varying roof heights on sound propagation (excluding a flow field) is investigated by 
comparing the sound receiver pressure levels of the three cases with varying roof heights (Fig. 5.28 
up to 5.30) to the sound field of the earlier investigated geometry existing of buildings with all equal 
building heights (Fig. 5.31). For this investigation only the urban configuration with canyon widths of 
20 m and the sound source and receivers located on street level is used. 

                                                           
11 Resulting in the fact that only the situations with the receivers on roof level can be investigated: srrr and ssrr. 
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Figure 5.28. Longitudinal section urban district, W20 - ssrs, varying roof heights case 1 

 
Figure 5.29. Longitudinal section urban district, W20 - ssrs, varying roof heights case 2 

 
Figure 5.30. Longitudinal section urban district, W20 - ssrs, varying roof heights case 3 

 
Figure 5.31. Longitudinal section urban district, W20 - ssrs, equal roof heights (reference situation) 

 
Tables 5.9 and Figure 5.32 and 5.33 give the results of the study on the effect of varying roof heights 
on the propagation of sound. 
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Table 5.9. EA (in 1/3 octave bands) VRH-cases in comparison to ERH, excluding flow field, W20 - ssrs, at x = 440 m 

f 
[Hz] 

|VRH1-ERH| 
[dB] 

|VRH2-ERH| 
[dB] 

|VRH3-ERH| 
[dB] 

50 -3.8 5.1 -8.3 
63 -6.4 3.2 -18.5 
80 -6.7 3.3 -20.1 
100 -7.3 -2.2 -20.2 
125 -6.6 -3.9 -21.7 
160 -7.9 0.9 -10.3 
200 -7.9 6.4 -13.3 
250 -9.0 0.4 -18.2 
315 -12.3 -0.7 -18.3 
400 -14.4 5.9 -15.6 
500 -13.5 -2.1 -12.8 
630 -13.5 -3.6 -19.9 
800 -15.5 -6.7 -25.0 
1000 -17.1 -11.1 -27.5 
1250 -15.9 -6.2 -24.2 
1600 -19.2 -8.4 -18.5 

 

 |VRH1-ERH| 
[dB] 

|VRH2-ERH| 
[dB] 

|VRH3-ERH| 
[dB] 

EAmean -11.1 -1.2 -18.3 
σ 4.6 5.3 5.2 
EAA -13.5 -3.1 -16.0 

 

 
Figure 5.32. Excess attenuation over the distance (broadband up to 1600 Hz) - excluding flow field 

 

 
Figure 5.33. Excess attenuation as function of frequencies (in 1/3 octave bands), averaged over last canyon - excl. flow field 

 
From these results it can be concluded that increasing the height of certain buildings has a sufficient 
impact on the sound field. In general, the sound pressure levels in configurations with varying roof 

0 100 200 300 400 500
-30

-20

-10

0

10

20
Broadband up to 1600 Hz

distance (x)

E
A

 (
d
B

(A
))

 

 

VRH1-ERH

VRH2-ERH

VRH3-ERH

10
1

10
2

10
3

10
4

-30

-20

-10

0

10
EA as a function of the frequency (in 1/3 octave bands), x = 440m

Frequency (1/3 octave bands)

E
A

 [
d
B

]

 

 

VRH1-ERH

VRH2-ERH

VRH3-ERH



| The influence of the urban flow field modelling approach on computing sound propagation 
   over the urban roof level 

| TU/e 
| June 2014 

 
 

 

 
C.M.H. Conen, BSc Page | 36  
 
 

heights become lower with increasing distance from the source, when comparing this sound field to 
the sound field in a configuration with equal roof heights. 
The cases with a raised building on either the inner or outer edge of the canyons with the sound 
source and receivers (Case 2, light blue; case 3, green) show larger deviations from the case with 
equal roof heights than case 1 (buildings bounding the first and last canyon have equal height): any 
differences in receiver pressure level occurs already in the first canyon. 
From a closer look at Figure 5.32, it is noticeable that the sound pressure level in a canyon shows a 
sudden increase if the canyon is bounded by a façade with normal height on the left side and a 
higher (26.4 m) façade on the right side (third, fifth, seventh and ninth canyon after the canyon 
containing the sound source). Canyons bounded by a high façade on the left and a normal façade on 
the right, show a small decrease in excess attenuation in comparison to the previous canyon 
(second, fourth, sixth and eighth canyon after the canyon with the sound source).  
Sound waves approaching an underlying 
canyon from a raised building are partly 
transported over this canyon and the lower 
building, to reach the next canyon and get 
diffracted into this second canyon. If the 
second canyon is bounded by a raised 
building on the right side, additional sound 

  

 
 Figure 5.34. Representation of sound wave approaching 

underlying canyon from raised building 

waves enter the preceding canyon by reflections against that canyon wall (Fig. 5.34). 
 

5.4. Conclusions - Sound propagation excluding a flow field 

 
In the introductory part of this chapter two research questions for this investigation are given. These 
questions are once more listed below: 
 

1. Can the implemented PSTD method be used to simulate sound propagation over an urban 
roof level? 
 

2. What are the effects of underlying, intermediate canyons on sound propagation (originating 
from distant sources) for varying urban configurations and locations of sound source and 
receiver, while using this PSTD method? 

 
The first question can be answered positively. From the verification study performed (par. 5.2.1 and 
5.2.2) it can be concluded that the results obtained by using the PSTD method were in close 
agreement with the results as obtained by Schiff et al. (2010), who used the ESM and PE approach. 
While validating the PSTD code (par. 5.2.3 and 5.2.4) it is concluded that urban configurations with 
canyons having equal widths instead of varying widths result in reliable results: no unrealistic effect 
in the behaviour of the propagation of the sound waves is caused by periodicity in canyon widths. 
The difference between the two cases is negligible. The grid-sensitivity analysis ensures that an 
upper frequency of 1600 Hz yields in a grid-independent solution, for computations on sound 
propagation excluding a flow field, when using the PSTD method. 
 
From the results listed and discussed in Section 5.3 an answer can be given to the second research 
question. Urban configurations with constant canyon widths do not yield in aberrant results in 
comparison to configurations with small variations on the canyon width, but the underlying, 
intermediate canyons do have a sufficient impact on the sound propagation. For variant 1, the urban 
configuration with canyon widths of W = 20 m and a distant between sound source and main sound 
receiver of 440 m, the mean excess attenuation as a result of the 8 intermediate canyons lies 
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between -9.8 and -10.2 dB (depending on the position of sound source and receiver). For the second 
variant with canyon widths of W = 40 m (distance sound source to main receiver = 425 m), the mean 
excess attenuation as a result of the 6 intermediate canyons lies between -11.0 and -12.0 dB. 
When comparing the results of the two variants mutually, it can be concluded that the situations 
with a ratio ‘canyon width / building height’ of 1.0 (W = 20 m) have a smaller impact on the sound 
propagation than the variant with a ratio of 2.0 (W = 40 m). The excess attenuation per canyon, for 
broadband results up to 1600 Hz, is around -1.1 dB for variant 1, while for variant 2 it is 
approximately -1.6 dB. From the results per 1/3 octave band it can also be concluded that for both of 
the variants the effect of the frequency on the excess attenuation is low. 
With regard to the locations of sound source and receiver the next conclusion can be given (for both 
the 1/3 octave bands individually as for broadband results up to 1600 Hz): the excess attenuation is 
slightly higher when the receivers are located at street level than when they are positioned on roof 
level: when the receiver is located at street level the excess attenuation is circa 0.3 respectively 0.6 
dB higher than when the receiver is placed on the roof. The influence of the position of the source is 
negligible small. 
In comparison to the sound field in urban configurations with all equal roof heights, alternately 
increasing the height of buildings results in, on the long distance, lower receiver pressure levels. The 
geometry of the canyon where the sound source is located is decisive for the overall sound field. 
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6. Urban flow field modelling 

 
This chapter lists the research performed on the behaviour of the flow field in the urban 
configurations as determined in Sections 4.2 and 4.3. Only the situations with both the sound source 
and receivers on street level will be computed. The other situations based on the location of the 
sound source and receivers as determined in chapter 4.1 will be handled with when processing the 
CFD output into the simulation model on sound propagation including a flow field (see Sect. 7.1).  
The first part of this chapter will explain the steps followed to generate the CFD models. The second 
part verifies and validates the models by performing a grid-sensitivity analysis and by comparing the 
outcome of the simulations to the data from Kovar-Panskus et al. (2002) and Tablada et al. (2005) 
respectively. An overview of the results for the different urban configurations will be given in Section 
6.3. While discussing these results, the two configurations based on the canyon aspect ratio, will also 
be compared mutually. An additional study is performed on the influence of the inlet profile and 
ground surface roughness on the gradient in horizontal air velocity in the boundary layer above roof 
level: the effect of these boundary layers with different velocity gradients on the propagation of 
sound will be investigated in Chapter 7. Besides, the results on the influence of varying building 
heights on the flow field in and near the canyon will be discussed in this section. Finally conclusions 
are formed in order to answer the following secondary research questions: 
 

1. To which extent are the flow field modelling approaches RANS and LES suitable for 
predicting realistic flow fields in an urban section? 
 

2. What are the effects of using the different flow field modelling approaches RANS and LES on 
the flow field inside and directly above city canyons, for varying urban configurations? 

 

6.1. Preparing the CFD model 

During the literature study on CFD and urban flow field modelling several guidelines on the steps 
that need to be taken to prepare a CFD model were gathered. In this section the guidelines on 1) 
constructing the computational domain, 2) meshing the domain, 3) boundary conditions and 
turbulence models, and 4) discretization schemes and iterative convergence, will be applied to 
compute the CFD models for both RANS (Par. 6.1.1) and LES (Par. 6.1.2). 
 

Constructing the computational domain 

As a first step the computational domain around the investigated urban area has to be constructed. 
The investigated urban areas for the configurations are determined in Chapter 4 and Section 5.3.  
The shape and size of the computational domain (in all directions) can de equated to the test section 
of the wind tunnel, but in this study they will be determined using two groups of guidelines: 1) the 
guidelines describing the minimum required distances between building models and the domain 
boundaries (Franke et al., 2007) and 2) the maximum allowed blockage ratio, ‘BR’ (Baetke et al., 
1990) or ‘BRL’ and ‘BRH’ (blockage ratio in length and height; Blocken and Carmeliet, 2004). 
Since the street canyons lie recessed with respect to the flow field (the flow field engages at roof 
level), the maximum allowed blockage ratio is not applicable here and therefore the shape and 
dimensions of the computational domain will mainly be determined using the minimum required 
distances between the investigated urban area and the boundaries of the computational domain 
(Table 6.1, with Hmax = maximum height of the objects in the building model). 
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Table 6.1. Minimum required distances between building model(s) and domain boundaries 

Distance Minimum required  Distance Minimum required 

Upstream domain 5 Hmax  Sideward domain 5 Hmax 
Downstream domain 15 Hmax  Upward domain 6 Hmax 

 
It is expected that the lateral gradient of the flow will be sufficiently small, since the canyons lie 
recessed relative to the wind flow and the canyons extend across the entire width of the domain. 
For this reason the required distance of 2x5Hmax for the sideward domain might be eased (resulting 
in a smaller computational domain and with this a smaller computational demand). 
Although, the simulations on the propagation of sound as influenced by a flow field are computed 2-
dimensional and CFD simulations can also be computed in 2D, the simulations are performed in 3D 
to include any 3-dimensional flow effects present. In the CFD simulation, the boundary conditions of 
the walls of the domain are considered as imaginary walls, symmetry planes (Sect. 6.1 - Boundary 
conditions and turbulence models), to prevent reflections against the sides of the computational 
domain, though. 
Based on this information the computational domain is determined (Fig. 6.2 shows the 
computational domain as created for variant 1, W20). The sideward domain is stated to have a 
dimension of 40 m (2Hmax). 
After performing a grid-sensitivity analysis to find a grid-independent solution, the results of the grid 
as chosen from this analysis will be compared to the outcome of a simulation with the same mesh 
size, but with a sideward domain meeting the requirements as stated by Franke et al. (2007). The 
width of the computational domain will then be 200 m (2x5Hmax) instead. This way, the influence of 
the width of the computational domain can be investigated and a decision on the width of the 
computational domain for the remainder of the study can be made. 
 

Meshing the domain 

Now that the computational domain is established, it has to be divided into calculation volumes 
(control volumes) in order to be able to perform a simulation. 
Guidelines on meshing state that in 3-dimensional calculations hexadron cells are preferred over 
tetrahedron, prism, wedge and pyramid shaped cells and it is advisable that the first gridlines near 
the surfaces of interest are orientated parallel to that surface (Franke et al., 2007). This, in order to 
prevent truncation errors and as a requirement when using wall functions (method of modelling 
near-wall region; Launder and Spalding, 1974). Since the computational domain consists of 
boundaries perpendicular and parallel to each other, this should not cause any difficulties. 
In regions of interest, the expansion ratio of neighbouring cells should be equal or smaller than 1.3. 
Extreme distortion of the cells is also inadvisable when performing LES simulations, since here the 
filter size depends on the size of the mesh (control cells). 
Regarding to the amount of cells the following can be found: in areas of interest and areas where 
large flow gradients are expected the resolution should be higher. Each object (and passages 
between objects) should have at least ten cells along the length, width and height. 
From this information a mesh of the shape as 
shown in Figure 6.1 is created: cubical control 
volumes are used in the canyons and in the 
region directly above them (-20 m < H < 20 m). 
The cells in the region further towards the top of 
the domain (H > 20 m) are stretched (over the 
height) with a factor of 1.26. 
A grid-sensitivity analysis will be performed in 
order to obtain a grid-independent solution (Par. 
6.2.1). 

 
 

  
Figure 6.1. Mesh (detailed) 
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Boundary conditions and turbulence models 

Before the boundary conditions and turbulence models will be applied to the model, the model 
(computational domain and its mesh) will be scaled from full scale (FS) to wind-tunnel scale (WTS): 
the scale as used in the wind-tunnel experiment of Kovar-Panskus et al. (2002). This way the settings 
for the velocity inlet, turbulence model and other boundary conditions can be adopted from the 
validation study. The reduction factor between full scale and wind-tunnel scale is 0.0053 
(Hcanyon,WTS/Hcanyon,FS = 0.106m/20 m). 
When importing the data on the wind flow pattern through the urban configuration in the model of 
the sound propagation, the coordinates and the derivatives of the velocities will be scaled back to 
full scale. 
 
The behaviour of a flow field around an object or through an urban configuration partly depends on 
the wind profile (course of the velocity and turbulence as a function of the height from the ground 
surface) and partly on the roughness of the surfaces that come into contact with this flow. In a CFD 
model this can be represented by choosing the right settings for the inlet profile and applying 
roughness to the surfaces in the domain (Fig. 6.2 and Table 6.2). 
 

 
Figure 6.2. Investigated domain and computational domain, variant 1 - ssrs, with 1: inlet; 2: building surfaces; 3: ground 

surfaces; 4: domain ceiling and sides; 5: outlet 

 
Table 6.2. Boundary conditions to determine in CFD model 

  Parameters to determine 

1 Inlet flow conditions Equilibrium ABL wind speed 
Turbulence profiles 

2 Building surfaces Roughness (height, constant, length) 
3 Ground surfaces Roughness (height, constant, length) 

 

  Standard settings 

4 Domain ceiling and sides Symmetry  imaginary ceiling and walls: no vertical (and horizontal 
respectively) components and gradients 

5 Outlet flow condition Pressure outlet (zero pressure) 

 
The velocity and turbulence intensity of the inlet profile are determined with the log-law (Eq. 6.1; 
Richards and Hoxey, 1993), the log-law-wall-functions profiles for the k-ε turbulence model (Eq. 6.2; 
Launder and Jones, 1972, and Eq. 6.3; Richards and Hoxey, 1993) and the given values in the 
validation study. Kovar-Panskus et al. (2002) state that y0 = 0.0003 m (FS: 0.057 m, level country with 
low vegetation; Davenport, 1960; Wieringa, 1992) and U0(y) = 8 m/s for y = 0.964 m. This results in a 
friction velocity of u* = 0.41 m/s, a turbulent kinetic energy of k = 0.56 m2/s2 and -on a full-scale size- 
a wind velocity of 5.06 m/s on 10 m height. 
 

       
  

 
   

    

  
        [Eq. 6.1] 
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With, 
U0(y) = horizontal wind speed at height y, [m/s] 
u* = friction velocity, [m/s] 
κ = von Karman constant: 0.42 [-] 
y = ‘measurement’ height, [m] 
y0 = aerodynamic roughness length, [m] 

 

   
   

   
         [Eq. 6.2] 

 

   
   

       
        [Eq. 6.3] 

 
With, 
k = turbulent kinetic energy, [m

2
/s

2
] 

Cμ = 0.09 (Launder and Jones, 1972), [-] 
ε = turbulent dissipation rate, [m

2
/s

3
] 

 
The roughness of the surfaces (only for the RANS model, since it is not possible yet to assign a 
realistic representation of roughness to LES models) can be calculated using wall functions (Eq. 6.4 
and 6.5; Blocken et al., 2007a): 
 

   
       

  
        [Eq. 6.4] 

 
               [Eq. 6.5] 

 
With 
ks = sand-grain roughness height, [m] 
Cs = roughness constant, [-] 
yp = distance from centre of wall-adjacent cell to wall, [m] 

 
Tablada et al. (2005) gives ks = 0.001 m for the ground surface and the canyon boundaries. As 
mentioned before, the flow field engages at roof level and therefore it is assumed that the y0-value 
for the ground surface (canyon roof, walls and ground) also have a value for y0 of 0.0003 m as given 
by Kovar-Panskus et al. (2002). This results in a roughness constant of Cs = 2.9 for the ground and 
building surfaces. 
Equation 6.5 forms a link between the sand-grain roughness height and the height of the wall-
adjacent cell (and thus, the grid size): the distance from the wall to the centre of the wall-adjacent 
cell should be equal or larger than the sand-grain roughness height, giving yp ≥ 0.001 m. This 
requirement will be taken into account while performing the grid-sensitivity analysis. 
 

Discretization schemes and iterative convergence 

Guidelines state to always use second-order discretization schemes for the momentum equations, 
pressure interpolation, turbulent kinetic energy and turbulent dissipation rate equations. Using 
second-order discretization schemes leads to a higher consistency and better accuracy in CFD 
simulations, since it limits the numerical diffusion. 
 
Once the solution has converged, the iteration process can be assumed as completed. Guidelines 
mention to check if the solution (usually the monitored residuals for the continuity, x-velocity, y-
velocity, k and ε) changes significantly between this and the next 1000 iterations. If this is not the 
case, convergence of the solution has occurred. During this study also the behaviour of the cortex in 
the last canyon is monitored. This is done by means of the x-velocity and y-velocity on 5 points of a 
vertical and horizontal line through the centre of this canyon and the velocity magnitude on a point 
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near the upper left corner of the canyon (Table 6.3 and Figure 6.3, for variant 1 - W20; Table 6.4 and 
Figure 6.4, for variant 2 - W40). 
 
Table 6.3. Positions control points, variant 1 - W20  

 
Figure 6.3. Control points iterative convergence 

last canyon, variant 1 - W20 

 Control point Position  
  X/W Y/H 
x-velocity X1 0.500 -0.050 
 X2 0.500 -0.250 
 X3 0.500 -0.500 
 X4 0.500 -0.750 
 X5 0.500 -0.950 
y-velocity Y1 0.050 -0.500 
 Y2 0.250 -0.500 
 Y3 0.500 -0.500 
 Y4 0.750 -0.500 
 Y5 0.950 -0.500 
Vel. Mag. VM1 0.050 -0.050 
    

 
Table 6.4. Positions control points, variant 2 - W40  

 
Figure 6.4. Control points iterative convergence 

last canyon, variant 2 - W40 

 Control point Position  
  X/W Y/H 
x-velocity X1 0.500 -0.050 
 X2 0.500 -0.250 
 X3 0.500 -0.500 
 X4 0.500 -0.750 
 X5 0.500 -0.950 
y-velocity Y1 0.025 -0.500 
 Y2 0.250 -0.500 
 Y3 0.500 -0.500 
 Y4 0.750 -0.500 
 Y5 0.975 -0.500 
Vel. Mag. VM1 0.025 -0.050 
    

 

6.1.1.  RANS 

For the RANS simulations the computational domain and mesh as described above are used. Table 
6.5 provides an overview of the model settings relating to the RANS simulations for amongst others 
the boundary conditions, turbulence models and discretization schemes as determined in the 
previous parts of this section. 
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Table 6.5. Model settings RANS simulations 

Model  

 Viscous, k-epsilon realizable, standard wall functions 
 Height first cell [m] ≥ 2*0.001 m (≥ 0.38 m, FS) 

Materials     

 Density air ρ [kg/m
3
] 1.224  

 Viscosity air μ [kg/ms] 1.7894E-05  

Boundary conditions 

Ground No slip, stationary wall Sand-grain roughness height ks [m] 0.001 
  Roughness constant Cs [-] 2.9 
  Aerodynamic roughness length yo [m] 0.0003 
Inlet Velocity inlet Velocity magnitude U0(y) [m/s] 8 
  at reference height y [m] 0.964 
  Turbulent kinetic energy k [m

2
/s

2
] 0.56 

  Turbulent dissipation rate ε [m
2
/s

3
] 0.17*

 

  Friction velocity u* [m/s] 0.41 
Outlet Pressure outlet Backflow turbulent kinetic energy k [m

2
/s

2
] 0.56 

  Backflow turbulent dissipation rate  ε [m
2
/s

3
] 0.17 

Sides, Top Symmetry    

Solution methods  

Pressure-velocity coupling scheme SIMPLE   
Spatial discretization Gradient, Least Squares Cell Based 
Pressure Second-order   
Momentum Second-order upwind 
Turbulent kinetic energy Second-order upwind 
Turbulent dissipation rate Second-order upwind 

Residuals, absolute criteria  

continuity, 
x-velocity, y-velocity & z-velocity, 
k, epsilon 

1e-12, and 
Convergence is reached when values do not significantly change in next 
1000 iterations 

* at measurement height, y = 0.964 m 

 

6.1.2.  LES 

The converged RANS simulation serves as initial condition for the LES simulation. The computational 
domain and mesh stay equal, but some settings for amongst others the boundary conditions change. 
While a RANS simulation is a steady computation, LES is an unsteady simulation. It models 
turbulence smaller than the set filter size. This fact results in a time and filter-size-dependant flow. A 
time step small enough to compute the fluctuation (turbulence) in the flow has to be set, but this 
time step should (on the other hand) also be no longer than necessary to prevent large 
computational demands. Formula 6.6 can be used to obtain the time step size, based on the 
minimum cell size and maximum horizontal velocity: 
 

    
     

    
        [Eq. 6.6] 

 
With, 
Δt = time step size, [s] 
Δxmin = minimum mesh spacing in x-direction, [m] 
Umax = maximum x-velocity, [m/s] 

 
Based on the eventually used mesh size and the results from the RANS simulation (so far, both not 
yet discussed; see Section 6.2) the time step was set to 0.00075s (= (0.106/20)/7.1)). 
For the LES simulation, the function ‘Non-iterative Time Advancement’ (Bell et al., 1989) is enabled, 
before starting the simulation. Enabling this function has as a result that one iteration corresponds 
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with one time step, which makes the simulation less computationally expensive compared to a 
simulation in which more than one iteration is calculated per time step. 
The vortex method (Mathey et al., 2006) is used to generate a time-dependent inlet condition: a 
perturbation is added on the mean velocity profile. Earlier research (Sergent, 2002) has shown that 
the value of this parameter has only little influence on the generated velocity fluctuations and that 
as a standard value for the number of vortices ‘190’ can be taken. 
The subgrid-scale stresses will be modelled using the dynamic stress Smagorinsky-Lilly model (Lilly, 
1992; Germano et al., 1996). 
The literature study already informed on the inability of LES to set a roughness to the surfaces, 
resulting in a blank field in Table 6.6 after the ground’s sand-grain roughness height, roughness 
constant and aerodynamic roughness length. 
 
Table 6.6. Model settings LES simulations 

Model  

 Viscous, Large Eddy Simulation Smagorinsky-Lilly, Dynamic Stress 
 Height first cell [m] ≥ 2*0.001 m (≥ 0.38 m, FS) 

Materials     

 Density air ρ [kg/m
3
] 1.224  

 Viscosity air μ [kg/ms] 1.7894E-05  

Boundary conditions 

Ground No slip, stationary wall Sand-grain roughness height ks [m]  
  Roughness constant Cs [-]  
  Aerodynamic roughness length yo [m]  
Inlet Velocity inlet Velocity magnitude U0(y) [m/s] 8 
  at reference height y [m] 0.964 
  Turbulent kinetic energy k [m

2
/s

2
] 0.56 

  Turbulent dissipation rate ε [m
2
/s

3
] 0.17* 

  Friction velocity u* [m/s] 0.41 
 Fluctuating velocity 

algorithm 
Vortex Method Nv [nr. of 

vortices] 
190 

Outlet Pressure outlet Backflow turbulent kinetic energy k [m
2
/s

2
]  

  Backflow turbulent dissipation rate  ε [m
2
/s

3
]  

Sides, Top Symmetry    

Solution methods  

Pressure-velocity coupling scheme PISO   
Spatial discretization Gradient, Least Squares Cell Based 
Pressure Second order   
Momentum Bounded Central Differencing 
Transient formulation Second-order implicit 

Non-iterative Time Advancement 
Turbulent dissipation rate Second-order upwind 

Residuals, absolute criteria  

continuity, 
x-velocity, y-velocity & z-velocity, 
k, epsilon 

Convergence is reached when values do not significantly change in next 
1000 time steps 

Run calculation  

 Time stepping method Fixed 
 Time step size  Δt [s] 7.5e-4 

* at measurement height, y = 0.964 m 

 
LES simulations contain two phases: 1) an initial phase, to remove the influence of the initial 
condition (the solution of the RANS simulation) and 2) the averaging phase, in which the mean 
velocity field can be computed out of the instantaneous velocity fields. 
No strict guidelines on the duration of each period are determined in literature, but in general the 
following can be asserted (Gousseau et al., 2011): 
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       [Eq. 6.7] 

 

         
       

    
       [Eq. 6.8] 

 
With, 
Tinit = duration of initial phase, [s] 
Tave = duration of average phase, [s] 
Ldomain = length domain, [m] 
Umax = maximum x-velocity, [m/s] 

 
Combining Equations 6.7 and 6.8 with Equation 6.6 gives the number of iterations for each phase of 
the simulation. Besides, also the control points (as stated in Section 6.1) are monitored. When the 
monitored values do not vary significantly anymore over the last 1000 time steps a statistical 
averaged solution for the concerning phase is obtained. 
 
The results of LES simulations given and discussed in the remainder of this research report are 
averaged conditions and not instantaneous values. 
 

6.2. Verification and validation - Urban flow field modelling 

Two types of research have been performed to validate and verify the CFD models of this 
investigation: Paragraph 6.2.1 discusses the grid-sensitivity analysis, while Paragraph 6.2.2 compares 
the simulation results to the data from Kovar-Panskus et al. (2002). 
 

6.2.1.  Grid-sensitivity analysis - CFD grid 

In order to obtain a grid-independent solution, a grid-sensitivity analysis is performed for the RANS 
model of variant 1 (W = 20 m). Four different mesh sizes (Table 6.7) are created taking into account 
the guidelines as found in the literature study and by using the model description and settings of 
Section 6.1 and Table 6.5 respectively. Figure 6.5 shows the four meshes on canyon level. 
The mesh types are compared to each other by means of the ratio U/Uref on the five control lines as 
used in the validation study (see Par. 3.2.5: Table 3.2 and Fig. 3.9). 
 
Table 6.7. Grid sizes for grid-sensitivity analysis CFD grid 

 Number of cells Cell height Meets requirement yp ≥ 
0.001m?  W Hdomain Total [m] 

10c 10 10+10+16
12

 260,240 0.106/10 = 0.0106 
 yp = 0.5x0.0106 = 0.0053 

0.0053 ≥ 0.001 
 requirement met 

16c 16 16+16+26 1,060,352 0.106/16 = 0.006625 
 yp = 0.5x0.0106 = 0.0033125 

0.0033125 ≥ 0.001 
 requirement met 

20c 20 20+20+32 2,065,280 0.106/20 = 0.0053 
 yp = 0.5x0.0053 = 0.00265 

0.00265 ≥ 0.001 
 requirement met 

24c 24 24+24+32 3,526,272 0.106/24 = 0.0044 
 yp = 0.5x0.0044 = 0.0022 

0.0022 ≥ 0.001 
 requirement met 

 
 
 
 
 
                                                           
12 Cells over height in canyon + cells over height in region above canyon (height = 1H) + cells over height in upper domain 

(stretched cells) 
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Figure 6.5. Meshes for grid-sensitivity analysis (canyon level) with 10 cells (top left), 16 cells (top right), 20 cells (bottom left) 

and 24 cells (bottom right) per H respectively 

 
Figure 6.6 provides an overview of five graphs (each corresponding to one of the five control lines) 
containing the results of the grid-sensitivity analysis. 
 
From the results it can be concluded that the mesh sizes as investigated only have little effect on the 
behaviour of the shear layer above canyon level: the meshes with 10 respectively 16 cells per canyon 
height (10c and 16c) deviate to a small extent from the meshes with 20 and 24 cells per canyon 
height (20c and 24c). The results of mesh 20c and 24c are nearly identical. 
Inside the canyon the flow field for the different meshes varies to a larger extent, especially for mesh 
16c. The two finest meshes (20c and 24c) show a small difference in velocity of about 0.13 m/s 
maximum (absolute difference of about 12%) for the upper part of the canyon. Though, this 
discrepancy can be conceived as negligible small. Based on this outcome it is decided to continue the 
remaining part of the research with a mesh size of 20 cells per canyon height. 
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Figure 6.6. Grid-sensitivity analysis CFD grid - Control lines A-E 

 

Influence width computational domain 

As mentioned in the paragraph ‘Constructing the computational domain’ of Section 6.1 the width of 
the computational domain as used for the grid-sensitivity analysis is smaller than recommended by 
the guidelines. To ensure this width does not have an influence on the results of the solutions in the 
remainder of the validation and verification investigation, the simulation with a mesh size of 20 cells 
per canyon height as obtained from the grid-sensitivity analysis (width computational domain = 
2Hmax = 40 m) will be compared to a similar simulation with a computational domain width as 
recommended by the guidelines (2x5Hmax= 200m). From the results (App. C) it can be concluded that 
any deviation between the two computational domains occurs in the upper part of the canyon (Y/H 
≈ -0.2 ±0.07) with a slightly higher -though negligible difference in- velocity for the narrow variant: 
maximum of 0.034m/s (absolute difference of 2%). For this reason the remainder of the verification 
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study on the urban flow field will be performed with a computational domain having a width of 2H 
(40 m). 
 

6.2.2.  Comparison to wind-tunnel experiment 

Based on the results from the grid-sensitivity analysis and the model settings of Table 6.6, the RANS 
solution is used as an initial condition for the LES simulation. 
In this validation study the outcome of the RANS and LES simulation is compared to the data of the 
wind-tunnel experiment as performed by Kovar-Panskus et al. (2002). For this comparison the 
control lines as given in Paragraph 3.2.5 are used. For the outcome of the LES simulations the mean 
values rather than the instantaneous values of the horizontal air velocity are used when calculating 
the ratio U/Uref. 
 
Figure 6.7 shows the results of the CFD simulations and compares them to the outcome of the study 
from Kovar-Panskus et al. (2002). 
The shear layer of the RANS simulation shows similarity with the reference data on higher heights 
from roof level. Near the canyon entrance (Y/H = 0) overprediction of the velocity in comparison to 
the wind-tunnel data is clearly present, with a maximum overprediction of 0.8 m/s (39%) near the 
canyon corners (Line A and E). 
Inside the canyon the RANS simulation overpredicts the velocity near the upper left corner (Line A,    
-0.2 < Y/H < 0: maximum 0.4 m/s, absolute difference of 53%), while it underpredicts the velocities 
of the vortex inside the canyon: the ratios U/Uref for the RANS simulation lie closer to 0, than the 
values for the wind-tunnel experiment. 
The LES solution strongly overestimates the horizontal velocity above canyon level up to 1.4 m/s 
(61%) in comparison to the reference data of the wind-tunnel experiment (Line A, Y/H = 0.1). As a 
result also the velocity (pattern) in the canyon is affected: high velocities -especially in the upper 
part of the canyon- and a shift in position of the vortex core occur (the lines representing the LES 
simulation cross the y-axis of the graph at a different height ratio, Y/H, than the reference 
situations). 
The literature study already made clear that it is not yet possible to assign realistic roughness to the 
surfaces in LES CFD simulations and that this amongst others results in overpredictions of the 
velocity, already in the upstream domain: the flow accelerates. 
 
Measures to improve the agreement between the CFD simulations and the data from the wind-
tunnel experiment are investigated. Modifications on the inlet flow conditions (Appendix D) and 
ground surface roughness (Appendix E) did not result in significant differences or improvements for 
the RANS simulation and are for this reason not carried out in a LES simulation. 
 
In order to reduce the deviation (overprediction) of the horizontal air velocities found in the LES 
simulation a measure of a study from Blocken et al. (2007b) is used, instead. Blocken et al. (2007b) 
performed several evaluations on the effects of wall-function roughness modifications on the 
behaviour of airflows between buildings. In this research several remedial measures to limit the 
development of streamwise gradients are given. The measure that will be practiced here is the 
minimization of the upstream domain length: reducing the upstream domain length of the 
computational domain as much as possible ensures that the flow only has a little opportunity to 
accelerate in the LES simulation. 
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Figure 6.7. Comparison results RANS and LES simulation to reference data Kovar-Panskus et al. (2002) - Control lines A-E 

 

Influence length upstream domain 

The upstream domain is reduced from 100 m (5Hmax) to 30 m (1.5Hmax) (Fig. 6.8). For this new 
computational domain another RANS and LES simulation is computed (model settings equal to 
settings in Table 6.1.1 and 6.1.2 respectively). 
From the outcome it is concluded that the effect of the reduced upstream domain is sufficiently 
small for the RANS simulations. The shear layers above the canyon correspond closely and only in 
the centre of the canyon the two situations slightly vary in velocity (Line B-D, -0.7 < Y/H < -0.3: 0.4 
m/s, absolute difference 16%; alternating between an improving and deteriorating trend compared 
to the wind-tunnel data). 
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Figure 6.8. Computational domain, variant 1 - ssrs, normal length upstream domain (blue + grey regions) 

and reduced upstream domain (blue) 

 
Figure 6.9 contains the results for the LES simulation with a decreased upstream length of the 
computational domain in comparison to the LES simulation with the ‘standard’ length of the 
upstream domain and the study by Kovar-Panskus et al. (2002). 
Where the reduction of the upstream domain length has a small effect for the RANS simulation, the 
decrease in upstream domain clearly affects the boundary layer for the LES simulations, though. The 
old LES simulation strongly overestimated the velocities above canyon level (up to 1.4 m/s, 61%), 
while the degree of overestimation is less for the new situation. At higher height from the canyon 
the results meet the outcome of the wind-tunnel experiment and the RANS simulation. Directly 
above the canyon the velocity is still larger as measured by Kovar-Panskus et al. (2002): 
approximately 0.4 m/s with an absolute difference of 28%. This overestimation also influences the 
flow behaviour inside the canyon: the velocities are higher and the core of the canyon vortex lies 
shifted in comparison to the wind-tunnel experiment and the data of the RANS simulation. 
 
From these results, it is decided to use the RANS and LES solutions from these cases as input for the 
computations on sound propagation over an urban roof level for an atmosphere including a flow 
field (Ch. 7). The gradient in wind velocities above roof level is decisive for the propagation of sound 
(the wind velocities inside the canyon affect the sound waves to a lower extent): the gradient in 
shear layer for the LES simulation shows sufficient similarity with the wind tunnel experiment and 
RANS solution and no further non-severe measures to improve the flow field of the LES simulation 
can be taken with the current developments inside the field of CFD. 
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Figure 6.9. Influence reduced upstream domain for LES simulation in comparison to wind-tunnel experiment Kovar-Panskus 

et al. (2005) - Control lines A-E 

 

6.2.3.  Conclusion verification and validation study 

From the validation study and verification studies performed and discussed in this chapter it can be 
concluded that the best corresponding results for the RANS and LES simulations are obtained when a 
grid size of 20 cells per canyon height (H) is used and the computational domain has an decreased 
upstream domain of 30 m (1.5Hmax instead of 5Hmax = 100 m as stated by the guidelines) to prevent 
the flow from accelerating undesirably when performing computations on the flow field applying the 
LES method. 
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The inlet flow conditions are set using the log-law and log-law wall-functions (Eqs. 6.1 up to 6.3). The 
ground surface of the computational domain has an aerodynamic roughness length of y0 = 0.003 m, 
a sand-grain roughness height of ks = 0.001 m and a roughness constant of Cs = 2.9. 
Any deviations between the flow fields as computed with RANS and LES mutually as in comparison 
to the reference study mainly occur in the upper centre and near the upper left corner of the 
canyon: in these regions, the CFD simulations overestimate the velocities. For the remaining of the 
research this result should be kept in mind. 
 

6.3. Results and discussion - Urban flow field modelling 

This section lists the results on the flow field behaviour using the RANS and LES urban flow field 
modelling approach: Paragraph 6.3.1 gives and discusses the results for the urban configuration 
variant with W = 20 m, while Paragraph 6.3.2 is related to the variant with W = 40 m. 
Although the influences of the investigated parameters on the shear layer above canyon level can be 
made clear with the five vertical control lines, the graphs do not always provide evident insights in 
the behaviour of the flow inside the canyon. For this reason not only the horizontal velocity ratios on 
the control lines, but also the vector plots inside the first canyon are computed and compared to the 
wind-tunnel experiment of Kovar-Panskus et al. (2002). In paragraph 6.3.3 the behaviour of the flow 
field inside and near the entrance of the canyon for the different canyon aspect ratios is compared. 
Paragraph 6.3.4 provides an overview of the research results on the influence of the model settings 
for the inlet flow conditions and ground surface roughness on the gradient of the shear layer above 
canyon level. In Paragraph 6.3.5 the effect of urban canyons with varying building heights on the 
flow field inside and near the canyon entrance is discussed. For the studies of Paragraph 6.3.4 and 
6.3.5, so far, only 2-dimensional RANS simulations have been computed. 
 

6.3.1.  Variant 1 - Canyon width, W = 20m 

Figure 6.10 show the horizontal velocities as a ratio to the reference horizontal velocity for the five 
control lines in the first canyon of the urban configuration with canyon aspect ratio W/H = 1.0. The 
corresponding vector plots for the RANS simulation, LES simulation and the wind-tunnel experiment 
of Kovar-Panskus et al. (2002) respectively are given in Figure 6.11. 
 
From the graphs of Figure 6.10 it can be concluded that for the three middle control lines (B-D) the 
RANS simulation results near the shear layer meet the outcome of the measurement in the wind-
tunnel performed by Kovar-Panskus et al. (2002). For the regions above the corners of the canyon 
(control lines A and E) small deviations occur: the CFD simulations overestimate the velocity in the 
shear layer directly above the canyon (Y/H = 0) with a maximum overestimation of 0.5 m/s 
approximately (absolute difference: 34%). 
The overestimation in velocities in the shear layer resulting from the LES simulation is sufficiently 
larger, especially in the region above the canyon entrance: over the entire width of the street 
canyon entrance the accession in horizontal velocity is about 0.85 m/s (resulting in a factor of 1.5 in 
velocity for certain regions). The unwanted acceleration of the velocities in the boundary layer for 
the LES simulation is mainly caused by the absence of roughness on the surfaces. 
This also causes any aberrant behaviour of the flow inside the canyon. The LES simulation shows an 
extreme gradient in horizontal velocity levels and does not meet the outcome from the study by 
Kovar-Panskus et al. (2002) for any of the five control lines. 
The RANS data on the flow field inside the canyon corresponds to a higher level with the data of the 
wind-tunnel experiment, especially for the left side of the canyon (Line A) with the exception of the 
upper corner, where the velocity is slightly overestimated as a result of the k-ε model 
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underestimating the value of the turbulent kinetic energy and therefore overestimating the size of 
the velocity inside the reattachment zone near the upper left corner of the canyon. The highest 
deviation in horizontal velocity appears near the upper centre region (Line C, -0.4 < Y/H < -0.1) and 
lower right corner (Line E, -0.8 < Y/H < -0.4). 
 

 
 

 
 

 

 
 

 

  
Figure 6.10. Horizontal air speed ratio (U/Uref) as function of height ratio (Y/H) in first canyon 

for RANS and LES simulation in comparison to wind-tunnel experiment Kovar-Panskus et al. (2002), 
urban configuration W20 - Control lines A-E 
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Figure 6.11.  Vector plots urban configuration W20, Kovar-Panskus et al. (2002; top), RANS (bottom left) and LES (bottom 

right). The vector plots for the CFD simulations have the same reference vector as the wind-tunnel experiment 

 
The vector plots (Fig. 6.11) give more information on the velocity pattern and the position of the 
vortex core. All plots show a single vortex occupying the entire canyon width and height. Both the 
plot of the velocity pattern as measured in the wind-tunnel experiment as the plot computed with 
the data from the LES simulation show that the canyon vortex has influence on the behaviour of the 
shear layer for the region directly above the canyon: the layers are curved a little for the case of the 
wind-tunnel experiment and to a larger extent in the LES simulation. The RANS simulation shows this 
effect only to a small extent. 
Comparing the coordinates of the vortex core for the three situations, it can be concluded that also 
on this point the LES simulation shows a better agreement with the reference situation than the 
RANS simulation. In the RANS simulation the core is shifted towards the upper half of the canyon 
and lies more towards the centre (in horizontal direction). 
Comparing the length of the vectors for the three different plots, it can be found that the RANS 
situation actually shows strong agreement with the wind-tunnel measurements: the deviations in 
the graphs of the control lines are mainly caused by the shift in the location of the vortex core. The 
LES simulation strongly overestimates the velocities inside the canyon. Since the ground surfaces 
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and canyon surface of the computational domain do not have any roughness the airflow will be 
slowed down less, resulting in an overestimation of the velocity flow in comparison to the reality. 
 

6.3.2.  Variant 2 - Canyon width, W = 40m 

From the control lines referring to the urban configuration variant with canyon aspect ratios W/H = 
2.0 (Fig. 6.12) a prominent feature is the fact that both of the CFD simulations have a smaller 
gradient in horizontal air velocity in the shear layer than the data obtained from the wind-tunnel 
experiment, especially for Line A. Above the left side of the canyon (Line A and B) the CFD 
simulations are almost overlapping to each other. In the centre of the canyon (Line C) the LES 
simulation slightly overestimates the velocity near roof height (Y/H = 0; U = 0.25 m/s, 17%), while 
further towards the downward side of the canyon the shear layer for both RANS and LES agrees with 
the values from the wind-tunnel experiment to a large extent. 
Inside the canyon both RANS and LES show large differences for the flow near the left canyon wall 
(Line A). For Line B the simulations overestimate the velocities in the upper part of the canyon, while 
on the centre line (Line C) the RANS method underestimates the velocities. The velocities for the 
upper centre region of the canyon (Line C and D) are equal for the LES computation and the wind-
tunnel data. In the bottom half of the canyon LES underestimates the velocities slightly, but to a 
smaller extent as the RANS simulation. Closer towards the downward wall of the canyon (Line E) the 
LES method starts to overpredict the velocities for the region above the vortex core, while the RANS 
outcome is closely to the wind-tunnel data. Both RANS and LES slightly underpredict the velocities in 
the lower right corner of the canyon. 
 
Involving the corresponding vector plots (Fig. 6.13), partly explains these deviations: for both the 
RANS and the LES simulation the vortex core lies almost in the middle of the canyon, while for the 
wind-tunnel data the core lies more towards the upper right corner of the canyon. Near the left 
canyon wall, the point where the direction of the horizontal velocity becomes positive lies near the 
upper left corner (Y/H ≈ -0.05) for the wind-tunnel measurement, while for the simulation the this 
point lies halfway the wall (Y/H = -0.5). The secondary recirculation area near the lower left canyon 
edge (Line A and B, -1 < Y/H < -0.7) as measured during the wind-tunnel experiment is not found in 
the CFD predictions. 
For the vector plots of the wind-tunnel data and the RANS simulation the vortex flow inside the 
canyon does not seem to have any influence on the shear layer above the canyon. For the LES 
simulation the shear layer gets bended by the canyon vortex. 
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Figure 6.12. Horizontal air speed ratio (U/Uref) as function of height ratio (Y/H) in first canyon 

for RANS and LES simulation in comparison to wind-tunnel experiment Kovar-Panskus et al. (2002), 
urban configuration W40 - Line A-E 
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Figure 6.13. Vector plots urban configuration W40, Kovar-Panskus et al. (2002; top), RANS (middle) and LES (bottom). The 

vector plots for the CFD simulations have the same reference vector as the wind-tunnel experiment 
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6.3.3.  Effect of different canyon widths on flow field 

For the urban configuration with canyon aspect ratios of W/H = 2.0 the influence of the vortex on 
the shear layer in the region directly above the canyon entrance seems slightly smaller than for the 
situation with a canyon aspect ratio of W/H = 1.0. For the situation with the wider streets the core is 
located in the second quadrant of the canyon (Line D and E, -0.5 < Y/H < 0), while for the situation 
with canyon aspect ratios W/H = 1.0 the vortex core lies more centred. 
Where the variant W20 only shows one main vortex in the canyon, the situation with the street 
width of 40 m clearly shows a secondary vortex in the lower right corner of the canyon for the wind-
tunnel measurement and a small beginning of what might be an ancillary vortex in both the RANS 
and LES simulation. 
The urban configuration with the small canyons has larger differences in the flow behaviour as 
modelled with RANS and LES respectively than for the variant with broader canyons. The larger the 
canyon width, the smaller the influence of the canyon walls on the flow field. This results in the fact 
that any overestimations of the vortex by the LES method in comparison to the RANS simulation and 
wind-tunnel measurements are smaller, than for the urban configuration width smaller canyons. 
 

6.3.4.  Effect of inlet conditions and roughness modifications on gradient boundary layer 

Sound waves bend (diffract) towards regions where the sound speed is lower (Salomons, 2001). The 
degree to which sound waves refract into the underlying canyons as influenced by a flow field mainly 
depends on the gradient in horizontal air velocity in the boundary (shear) layer above roof level, 
which is defined by the inlet profile conditions and the ground roughness. 
 
For this investigation two additional atmospheric boundary layer wind profiles are created by setting 
different inlet conditions and roughness parameters on the ground surface (including building 
surfaces) of the computational domain (Fig. 6.2). In Table 6.8, the two new formed cases and the 
previously used case are listed. For the two new cases, one has a high friction velocity, sand-grain 
roughness height, aerodynamic roughness length and roughness constant, while the other case has 
low values for these parameters. The friction velocity is calculated using Eq. 6.1, using the new 
determined value for the aerodynamics roughness length, while the values for the horizontal wind 
speed at a reference height of 0.964m (WTS) remained the same (Table 6.5). 
 
Table 6.8. Inlet profile conditions and ground roughness modifications, three cases 

Case Inlet profile 
True scale            Wind-tunnel scale 

Roughness ground plane 
True scale         Wind-tunnel scale 

RANS - Base case y0 = 0.057 

u
*
 = 0.41 

y0 = 0.0003 

u
*
 = 0.41 

y0 = 0.057 

ks = 0.19 
Cs =2.9 

y0 = 0.0003 

ks = 0.001 
Cs =2.9 

High roughness y0 = 1 

u
*
 = 0.65 

y0 = 0.0053 

u
*
 = 0.65 

y0 = 1 

ks = 1.4 
Cs =7.0 

y0 = 0.0053 

ks =0.0074 
Cs = 7 

Low roughness y0 = 0.005 

u
*
 = 0.32 

y0 = 0.265E
-4

 

u
*
 = 0.32 

y0 = 0 

ks = 0 
Cs = 0.5 

y0 = 0 

ks = 0 
Cs = 0.5 

 
The two additional cases are solely to investigate the effect of the boundary (shear) layer above roof 
level on the propagation of sound, and shall not be considered to necessarily be realistic. The case 
‘High roughness’, for example, has an aerodynamic roughness length of 1, for amongst others the 
canyon façades and floor, while a value of 1 m for the aerodynamic roughness length corresponds to 
a ‘Landscape totally and quite regularly covered with similar-size large obstacles, with open spaces 
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comparable to the obstacle heights; such as mature regular forests and homogeneous cities or 
villages’ (Davenport, 1960; Wieringa, 1992). 
 
From the CFD results of the flow field in the last canyon (Fig. 6.14) it can be concluded that the two 
additional cases result in significantly different flow fields above roof level. Case ‘High roughness’ 
shows a gradually gradient in horizontal air velocity over the height, while the case ‘Low roughness’ 
shows a sharper gradient in the region directly above the canyon entrance and a lower gradient for 
higher heights (transition point near Y/H ≈ 0.1). 
Since the trend of the case with low roughness modifications applied to the inlet profile and ground 
surface shows more similarity with the base case for the flow field above roof level, it is expected 
that this case will also result in excess attenuations closer to the base case than the case with high 
roughness modifications. 
 

 
 

 
 

 

 
 

 
 

  
Figure 6.14. Influence gradient boundary layer - Control line A-E, last canyon 
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6.3.5.  Effect of varying roof heights on flow fields 

So far, the geometries of the urban sections were still simplified compared to reality: the buildings, 
for example, were all of the same height (Equal Roof Heights, ERH). By lifting certain buildings with 2 
floor levels (+6.4 m) a more realistic urban landscape is created (the created cases are called: 
Varying Roof Heights, VRH). Figure 4.5 up to 4.7 in Section 4.3 show the three urban configurations 
with varying roof heights. Fig. 6.15 gives the different canyon geometries in detail. 
 

   
Figure 6.15. Detail of the first canyon for equal roof heights and VRH case 1 (left), VRH case 2 (middle), VRH case 3 (right) 

 
In order to model the urban flow field in the urban configurations with varying roof heights 2D RANS 
simulations have been performed (model settings as in Table 6.5). 
 
Analyzing the vector plots (Fig. 6.16), the effects of the different canyon sections on the urban flow 
field become clarified. For the first case the flow field in and near the canyon is similar to the vector 
plot discussed earlier (Fig. 6.11, bottom left): one single vortex seizes the whole canyon, its core lies 
close near the centre of the canyon and the vortex does barely have any impact on the behaviour of 
the shear layer above the canyon entrance. 
Raising the right canyon façade with two levels (VRH3; Fig. 6.16, bottom right), the velocity pattern 
inside the canyon shows major agreement with the first case. The position of the core is slightly 
shifted towards the top of the canyon, but the velocities remain almost identical. Increasing the 
height of the right canyon wall however, results in interaction between the flow field inside the 
canyon and the flow above the right corner of the canyon: the airflow propagates under a larger 
elevation angle than in the previous cases (the vertical velocity components become larger relative 
to the horizontal components, which so far were dominant). 
Case VRH2 -raised building façade left side of canyon- results in the most deviating flow field, both 
inside and above the canyon. Though the core of the main vortex lies on a similar location in 
comparison to the other flow fields, the vortex rotates counter clockwise, while for the other flow 
fields the vortex runs clockwise. The velocities are significant lower than for the other cases. Besides 
this main vortex, a smaller secondary vortex occurs in the upper region of the canyon. The main 
direction of the flow inside the shear layer is slightly descending, but it is expected that the vertical 
components will have a smaller contribution on the behaviour of the flow than in case VRH3. 
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Figure 6.16. Vector plots urban configuration W20 - VRH1 (top), VRH2 (bottom left) and VRH3 (bottom right) 

 

6.4. Conclusions - Urban flow field modelling 

The two secondary research questions related to the urban flow field modelling approaches RANS 
and LES as stated in the introductory part of this chapter are: 
 

1. To which extent are the flow field modelling approaches RANS and LES suitable for 
predicting realistic flow fields in an urban section? 
 

2. What are the effects of using the different flow field modelling approaches RANS and LES on 
the flow field inside and directly above city canyons, for varying urban configurations? 

 
The sub-research questions for this part of the investigation partly coincide and will be answered 
from both a theoretical point of view as by making use of the validation study and the discussed 
results (Section 6.3). 
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RANS resolves the Reynolds-Averaged Navier-Stokes equations, which means that only the main 
flow is resolved and all of the vortices are modelled. The averaging process provokes several 
unknowns (Reynolds stresses) and for this reason approximations on the effects of turbulence on 
the mean flow have to be made by so-called turbulence models. In this research (recessed canyons), 
disadvantage of using k-ε turbulence models and wall functions to represent the near-wall physical 
conditions, is that overpredictions of the air velocities near the top left canyon corner (canyon 
entrance) occur, while the air recirculation inside the canyon most of the time gets underpredicted. 
This phenomenon especially occurred for the urban configuration with the canyon aspect ratio of 
W/H = 1.0. Here, the behaviour of the flow gets influenced to a larger extent by the viscous forces of 
the surfaces -instead of inertia forces- than when a boundary layer with the same properties 
engages with a wider canyon. The flow pattern inside the canyon and in its direct surroundings in 
general matches the outcome of the wind-tunnel experiment, though attention has to be paid to the 
location of the vortex core, since this deviated for both the narrow as the wide canyon. 
 
LES resolves the Navier-Stokes equations for the filtered flow and can for this reason be used to 
create a more realistic flow field. Disadvantage of this approach, however, is that it is not yet 
possible to apply any realistic roughness to the surfaces of the computational domain. A 
consequence of this is that it might be necessary to adopt additional measures (like a decreased 
upstream domain) to prevent unwanted acceleration in the boundary layer. 
Although, LES is able to represent the overall structure of the flow pattern (transition shear layer to 
canyon vortex, position vortex core) for canyon aspect ratios with a street width equal to the 
building façade height, this method results in unrealistic high velocities in the canyon area for urban 
configurations based on this type of canyons aspect ratio. When computing the flow field in broader 
street canyon using the LES approach this overprediction of the velocities in the vortex inside the 
canyon is significantly lower. 
 
Ancillary studies (W = 20 m, 2D RANS) are performed on the flow behaviour when 1) engaging 
different inlet flow conditions and roughness modifications and 2) creating a more realistic urban 
configuration by raising certain buildings. These modifications resulted in evident present 
differences in the boundary (shear) layer (1: gradient horizontal velocity; 2: propagation angle near 
canyon outlet) and, to a smaller extent, to the flow patterns inside the canyon (air velocities and 
position vortex core). 
 
Whether or not the differences in flow field behaviour as a result of the two different flow field 
modelling approaches, inlet conditions and roughness parameters, and varying roof heights 
respectively affect the sound propagation including a flow field will become clear in the following 
chapter. 
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7. Sound propagation including a flow field 

 
Cited in the introduction, this research has the aim to investigate the effects of the meteorological 
unfavourable condition of a downward refracting atmosphere (downwind) on the sound 
propagation over an urban roof level using the PSTD method, to which two urban flow field 
modelling approaches (namely RANS and LES) are distinguished. 
Not only the effects of downwind on sound propagation are investigated, but also the influence of 
the urban flow field modelling approach on the sound propagation can be determined. 
 
Chapter 5 of this report investigated the effect of underlying street canyons on the propagation of 
sound over an urban roof level. The influence of downwind was not yet taken into account, but the 
final results of this part will be used as a reference for the remainder of this research. 
The investigation on the behaviour of a flow field through the different urban configurations as 
computed with both of the two urban flow field modelling approaches is listed in Chapter 6. 
In this third and last section the knowledge and results gathered in the two previous parts will be 
combined and further elaborated in order to form conclusions on the two main research questions, 
which will be answered in Chapter 8: 
 

1. In what manner and to what degree is sound propagation over an urban roof level 
influenced by downwind?  

 
2. Do significant differences occur in the choice for the urban flow field approaches RANS and 

LES in their effects on sound propagation over an urban roof level? 
 
Besides, this section also has the aim to answer the following secondary research questions: 
 

1. Can the implemented PSTD method be used to simulate on sound propagation over an 
urban roof level, influenced by a flow field? 

 
2. Do significant deviations occur in the choice for the sound propagation modelling 

approaches LEE and ceff in the effects of the flow field on sound propagation over an urban 
roof level? 

 

7.1. Complementing the PSTD model 

The PSTD model as described in Section 5.1 will be modified and expanded in order to be able to 
compute the propagation of sound over an urban roof level for a moving atmosphere (including a 
flow field). 
 

Implementation of the flow field 

The code is adopted in such a way that also computations on the propagation of sound affected by a 
flow field can be performed. It can be specified whether the LEE-equations or effective sound speed 
approach (Par. 3.1.1) is carried out and data on the flow field has to be invoked. When performing 
computations on sound propagation affected by a flow field modelled using RANS, data on the 
horizontal and vertical coordinates, mean velocities and their referring derivatives is required. For 
LES the averaged velocities and derivatives are used instead of its instantaneous values. When using 
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the LEE-equations all the data invoked is used, while for the ceff-approach only the coordinates and x-
velocity are needed (see Eq. 3.1 up to 3.4). 
 
As stated in Section 6.1 (Paragraph ‘Boundary conditions and turbulence models’) the CFD 
simulations are computed on wind-tunnel scale. The part of the code processing the information on 
the wind profile rescales the coordinates and the derivatives of the flow field back from wind-tunnel 
scale to full scale. Besides, only CFD computations on the urban configuration of the situation with 
both sound source and receiver on street level (ssrs) are performed. The flow fields for the other 
three combinations based on the position of sound source and receivers (srrr, srrs, ssrr) are created 
in the PSTD code using the data from the computed flow field of situation ssrs. This flow field is 
assumed to have a sufficient horizontal homogeneity (App. E). The wind profile for the distance at 5 
m left from the first defined left canyon façade is imposed to the region 5 m left from this façade 
and further back. For the region 5 m right to the last defined right canyon façade and further to the 
right in x-direction, the wind profile on 5 m to the right of the last right façade is imposed (Figure 
7.1; A to A’ and B to B’ respectively). 

 
Figure 7.1. Computing the flow field for urban configuration situations srrr, srrs and ssrr from situation ssrs. 

The wind field in A and B respectively is extended over the domain up to B and B’ respectively 

 
The input data from the CFD simulations has coordinates and a mesh size other than the coordinates 
and mesh size stated by the model for the sound propagation. The (coarser) CFD mesh will be 
equalized to the (finer) acoustical grid size via linear interpolation. By specifying the x-distance of the 
CFD origin from the left wall of the first canyon and the y-distance from the canyon floor, the shift 
between the origin of the flow field and acoustical field will be equalized. 
 

Modifications on the computational domain and the relative distance of the receivers 

For the computations on the sound propagation affected by a flow field, the height of the 
computational domain will be 50 m above roof level instead of 10 m. The boundary layer over the 
urban configurations contains a sufficient gradient in horizontal velocity over the height, also near 
and above a height of 10m: a too early truncation of the upward domain can affect the propagation 
of sound as influenced by that flow field, resulting in unreliable results. 
It is chosen to reduce the distance between the sound receivers from 5 m to 1 m. This way the 
behaviour of the sound propagation can be monitored on more positions, allowing a more detailed 
analysis on the propagation of the sound waves if preferred or necessary, for example near the 
canyon walls. 
 

7.2. Verification - Sound propagation including a flow field 

Section 5.2 discussed the studies performed to verify the PSTD model on amongst others the effects 
of varying canyon reflections and the influence of adding canyons on the propagation of sound over 
an urban roof level, wherein the results of these simulations are compared to the outcome of the 
study performed by Schiff et al. (2010). By performing a grid-sensitivity analysis of the acoustical grid 
and investigating the possible occurring effects as a result of the choice for constant canyon widths 
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the PSTD model, for those parts of the investigation on sound propagation over an urban roof level 
excluding a flow field, is further verified. 
 
Thus far, all calculations were performed for a non-moving atmosphere. Since downwind refraction 
can result in sufficient higher receiver levels (Section 1.1), calculations including a downwind 
gradient are of interest. In the following paragraphs an overview of the computations performed to 
verify the implemented PSTD method for simulations on sound propagation taking into account a 
flow field is given. For these analyses the effective sound speed approach is used in order to spare 
on computational resources, while the flow field is computed with RANS. If, in the remainder of the 
investigation, it turns out that deviations between the ceff-approach and the LEE-equations are 
sufficiently present (Par. 7.2.3), the conclusions on these studies will be reconsidered. 
 

7.2.1.  Downwind propagation 

Schiff et al. (2010) investigated the influence of downwind propagation by setting a logarithmic 
downwind profile with an aerodynamics roughness length of y0 = 0.1 m and (at 10 meter height) a 
horizontal wind velocity of 4.6 m/s and 10.0 m/s respectively, to the urban configurations as given in 
Fig. 7.2: sound source and receiver are placed on roof level, 200 m apart. The investigated case 
contains a single canyon (width = height = 20 m) in the centre of the geometry, while the reference 
case represents the propagation of sound over a rigid surface (the canyon is sealed). Schiff et al. 
(2010) used the PE method, with zero reflections for the canyon walls. The excess attenuation is 
calculated using Equation 5.1. 

  
Figure 7.2. Longitudinal section urban district, without canyon (left) and with a canyon in the centre (right) 

 
Although, neither of the wind profiles used by Schiff et al. (2010) is similar to the wind profile used in 
this research (horizontal air velocity at 10 meters height is 5.06 m/s, aerodynamic roughness length 
inlet profile is 0.057 m), the conclusion as stated by Schiff et al. (2010) can be used to verify the 
implemented PSTD model. Schiff et al. (2010) stated that the excess attenuation for the 
computations including a flow field show the familiar constant -1.8 dB value in the first several low 
frequency bands -just as seen in the same configuration excluding a flow field (Par. 5.2.1)- with 
erratic and significant higher values for the excess attenuation of the frequencies above 500 Hz (U10 
= 4.6 m/s) and 200 Hz (U10 = 10 m/s) respectively: an increases wind speed lowers the frequency 
band near which the transition between constant and erratic excess attenuations takes place. 
Based on the wind profiles set by Schiff et al. (2010) and the resulting excess attenuations, it is 
expected that the transition point for the excess attenuation as computed with the PSTD method 
using the RANS flow field (with inlet conditions as given in Table 6.1.1) lies between the 200 and 500 
Hz frequency band. 
 
Table 7.1 and Figure 7.3 contain the results of the computations performed for this study. Table 7.1 
gives an overview of the results on the excess attenuation for the computed cases excluding a flow 
field (see Paragraph 5.2.1) and including the flow field per 1/3 octave band as measured at 200 
meters from the source. Figure 7.3 compares the computed excess attenuation to the results of 
Schiff et al. (2010). From this data it can be concluded that the trend of the excess attenuation as 
computed with the implemented PSTD method shows sufficient similarity with the data from the 
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two cases of Schiff et al. (2010): the excess attenuation for the lower frequencies lay around -1.8 dB, 
for the higher frequencies the trend becomes more erratic and the excess attenuations deviate from 
the familiar value of -1.8 dB to a larger extent. The transition point lies near 315 Hz, from which it 
can be concluded that the transition point lies between the 200 and 500 Hz, as expected from the 
data of Schiff et al. (2010). 
 
Table 7.1. EA (in 1/3 octave bands) excluding and including a flow field, at x = 200 m 

f [Hz] EA [dB]                                         
excluding 
flow field            

 
including 
flow field            

 f [Hz] EA [dB]                                         
excluding 
flow field            

 
including 
flow field            

50 -1.7 -1.9  315 -1.8 -2.4 
63 -1.7 -1.8  400 -1.8 -3.6 
80 -1.7 -1.8  500 -1.8 -5.1 
100 -1.8 -1.8  630 -1.8 -5.6 
125 -1.8 -1.9  800 -1.8 -4.3 
160 -1.8 -1.9  1000 -1.8 -6.4 
200 -1.8 -2.2  1250 -1.8 -5.3 
250 -1.8 -2.2  1600 -1.8 -6.5 

 

 

  

Figure 7.3.  Excess attenuation as simulated during this research (top; horizontal wind velocity at 10 meters height: 5.06 
m/s) and as simulated by Schiff et al. (2010) (bottom left: 4.6 m/s, bottom right: 10.0 m/s) 

 

7.2.2.  Grid-sensitivity analysis - Acoustical grid (including a flow field) 

The cells of the acoustical grid have to be sufficient small enough to obtain accurate results. A mesh 
too coarse may lead to unreliable outcome as a result of interpolation or an underestimated 
influence of minor forms in the geometry such as the recessed window panes. 
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Section 5.2.4 provides an overview on and discusses the results of the research performed on the 
influence of the acoustical grid size on sound propagation over an urban roof level, excluding a flow 
field. From this section it is concluded that a mesh size of Δx = 0.1 m (fmax = 1600 Hz) leads to a grid-
independent solution. 
However, when integrating the flow field in the model for computing the sound propagation, this 
mesh size might not be small enough: the propagation of the sound waves gets influenced by the 
flow field, which can result in the requirement for a finer grid. For this reason this section 
investigates the influence of the maximum frequency (and with this the grid size as modelled), on 
the sound propagation including a flow field. 
 
The grid-sensitivity analysis on the acoustical grid, including a flow field, is performed using the same 
urban configuration as in Section 5.2.4: canyon aspect ratio W/H = 1.0, both the sound source and 
receivers located on street level (Fig. 5.6). Also, the initial maximum computed frequencies are the 
same: the first case computes the sound propagation including a flow field with a maximum 
frequency of 800 Hz, while the second case has 1600 Hz as a maximum frequency, resulting in a 2x2 
finer mesh. For this analysis the effective sound speed approach and the flow field computed with 
RANS are used. The excess attenuation -for broadband frequencies up to 800 Hz- as defined as the 
difference in receiver pressure level for the case including a flow field and the case excluding a flow 
field can be used to compare the two cases to each other (Eq. 7.1). 
 

                                                          [Eq. 7.1] 

 
With, 
EAGSA  = difference in sound pressure level urban configuration including a flow field 

relative to same urban configuration excluding flow field, [dB] 
Lp, including flow field = receiver sound pressure level including flow field, broadband up to 800 Hz, [dB] 
Lp, excluding flow fieldl = receiver sound pressure level excluding flow field, broadband up to 800 Hz, [dB] 

 
Table 7.2 shows the excess attenuation for the 1/3 octave bands up to 800 Hz as calculated on street 
level in the centre of the canyon furthest from the sound source (measurement position, x = 440 m), 
for the maximum computed frequencies of 800 and 1600 Hz and the difference in between these 
two cases. For the 1/3 octave bands of 160, 315, 400 and 800 Hz the excess attenuation exceeds 1 
dB. These differences result in the deviations perceptible in the graph representing the excess 
attenuation over the distance for the two cases (Figure 7.4). From these results it cannot be 
concluded persuasively that a grid-independent solution is reached when using the model with 1600 
Hz set as a maximum computed frequency. 
 
An extra case with a maximum computed frequency of 3200 Hz is created, from which the 
(broadband) results up to 800 Hz are compared to the other two cases (also included in Table 7.2 
and Figures 7.4 and 7.5). From Table 7.2 and Figure 7.5, it can be found that for frequencies of 400 
Hz and lower the solutions from the cases with a maximum frequency of 1600 and 3200 Hz are 
almost identical. For this range of frequencies the case with a maximum frequency of 1600 Hz 
results in a grid-independent solution. For frequencies of 500 Hz and higher the deviation between 
the two cases with the finest mesh increases: the case with fmax = 3200 Hz results in higher values for 
the excess attenuation for almost all of the 1/3 octave bands between 500 Hz and 1600 Hz. This also 
(partly) results in the deviations between this case and the others two cases when analysing the 
excess attenuation over the distance (Fig. 7.4). 
It is decided to continue the remaining of this investigation with an upper frequency of 1600 Hz, 
since 1) there is ample sufficient correspondence for most of the 1/3 octave band frequencies 
between the cases with fmax = 1600 Hz and 3200 Hz respectively, and 2) due to the high 
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computational demands of the case with fmax = 3200 Hz. It is of importance, though, to keep in mind 
possible occurring deviations for the 1/3 octave bands of 500 Hz and higher. 
 
Table 7.2. EA (in 1/3 octave bands) for variants of the grid-sensitivity analysis acoustical grid, W20 - ssrs, at x = 440 m 

f 
[Hz] 

800 Hz 
[dB] 

1600 Hz 
[dB] 

3200 Hz 
[dB] 

|800 Hz - 1600 Hz| 
[dB] 

|1600 - 3200 Hz| 
[dB] 

50 4.6 4.8 4.9 0.2 0.1 
63 6.5 6.0 6.0 0.5 0.0 
80 6.8 7.0 7.1 0.2 0.1 
100 10.5 10.5 10.2 0.0 0.3 
125 12.8 13.7 13.8 0.8 0.1 
160 13.5 15.2 15.3 1.7 0.1 
200 11.0 11.6 11.5 0.6 0.1 
250 4.6 3.8 4.7 0.8 0.9 
315 13.8 11.7 12.4 2.1 0.7 
400 15.4 16.4 17.5 1.0 1.1 
500 15.6 16.0 19.1 0.4 3.1 
630 13.4 13.5 10.7 0.1 2.8 
800 10.9 18.3 16.9 7.45 1.4 
1000  19.8 18.6  1.2 
1250  23.1 24.2  1.1 
1600  17.6 24.5  6.9 

 

f 
[Hz] 

800 Hz 
[dB] 

1600 Hz 
[dB] 

3200 Hz 
[dB] 

|800 Hz - 1600 Hz| 
[dB] 

|1600 - 3200 Hz| 
[dB] 

EAmean 10.7 11.4 11.5 0.7 0.1 
σ 3.9 4.7 4.9 0.8 0.2 
EAA 13.2 16.6 20.3 3.4 3.7 

 

   
Figure 7.4.  Excess attenuation over the distance (broadband up to 800 Hz) 

 

  
Figure 7.5. Excess attenuation as function of frequencies (in 1/3 octave bands), averaged over last canyon 
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7.2.3.  Comparison LEE-equations and ceff-approach 

As stated in Paragraph 3.1.1, this research investigates two modelling approaches in order to 
compute sound propagation through spaces with a moving atmosphere, namely 1) the LEE-
equations (Eq. 3.1. and 3.2) and 2) (their simplified version) the effective sound speed approach (Eq. 
3.3 and 3.4). 
While the LEE-equations compute the propagation of sound taking into account the horizontal and 
vertical velocities and derivatives of the flow field, the effective sound speed approach only takes 
into account the adiabatic speed of sound and the horizontal component of the mean wind velocity. 
For this reason the ceff-approach is only valid for situations in which the sound waves travel with 
relatively small elevation angles. In this section it is investigated whether or not significant 
differences arise between these two methods. 
 
For this part the urban configuration with canyon aspect ratio W/H = 1.0 is used, in which the sound 
source and main receivers are located on street level. Additional receivers are placed at roof level 
(Fig. 7.6). The flow field as computed by the RANS method is used as wind profile for a simulation 
using the LEE-equations and a second simulation using the ceff-approach. The excess attenuation for 
the two simulations is calculated using Equation 7.1, though, with receiver pressure levels up to 
1600 Hz. 

 
Figure 7.6. Longitudinal section urban district, W = 20 m, ssrs-ssrr 

 
From the excess attenuations per 1/3 octave band measured on x = 440 m (street level; Table 7.3), it 
can be found that the difference in outcome of the two methods is little. Only for the frequency of 
1600 Hz the two methods give significant aberrant results (Table 7.3: EALEE-EAceff = 4.4 dB), while 
small deviations occur for the 1/3 octave bands of 300 and 400 Hz (Fig. 7.8; excess attenuation as 
averaged over the receiver positions in the last canyon). 
Analysing the graph of the excess attenuation plotted as a function of the distance from the sound 
source (Fig. 7.7), it is noticeable that for the second and third canyon the computed excess 
attenuation is larger for the LEE-approach in comparison to the ceff-approach (circa 8 dB). The graph 
of the excess attenuation with along the x-axis the distance from the source and along the y-axis the 
frequency (Fig. 7.9; EA = LEE - ceff) reveals that this deviation is caused by the aberration in excess 
attenuation for the frequency of 1600 Hz. Higher frequencies (smaller wave lengths) get trapped by 
the boundary (shear) layer of the wind profile to a larger extent than smaller frequencies, resulting 
in the phenomenon that high frequencies get refracted into the canyon easier. The cause behind this 
irregularity in only these two canyons instead of in all canyons is unclear.  Though, as found in the 
previous section, possible abnormalities can occur for the 1/3 octave bands of 500 Hz and higher. 
 
From the results of this study, it is concluded that the horizontal velocity components are sufficiently 
larger than the vertical velocity components. For this reason and the fact that the ceff-approach 
shows a more natural trend in excess attenuation over the distance, it is chosen to continue the 
remaining of the investigation, using the ceff-approach instead of the LEE-equations. 
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Table 7.3. EA (in 1/3 octave bands) for LEE-equations and ceff-approach (RANS), W20 - ssrs, at x = 440 m 

f 
[Hz] 

Ceff RANS 
[dB] 

LEE RANS 
[dB] 

|LEE - Ceff| 
[dB] 

  Ceff RANS 
[dB] 

LEE RANS 
[dB] 

|LEE - Ceff| 
 [dB] 

50 5.0 5.5 0.5  EAmean 13.2 13.8 0.5 
63 6.2 6.4 0.2  σ 5.5 5.7 0.2 
80 7.0 7.9 0.9  EAA 18.5 20.0 1.5 

100 10.6 10.6 0.0      
125 13.7 13.8 0.0      
160 15.3 15.2 0.1      
200 12.0 12.1 0.1      
250 4.3 6.1 1.8      
315 11.8 13.5 1.6      
400 16.6 15.2 1.4      
500 16.1 17.8 1.8      
630 14.0 12.6 1.5      
800 17.9 16.5 1.4      
1000 19.8 21.3 1.5      
1250 22.9 23.1 0.2      
1600 18.4 22.8 4.4      

 

 
Figure 7.7. Excess attenuation over the distance (broadband up to 1600 Hz) 

 

 
Figure 7.8. Excess attenuation as function of frequencies (in 1/3 octave bands), averaged over last canyon 
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Figure 7.9. Excess attenuation (LEE - ceff) as function of distance and frequency, W20 - ssrs & ssrr 

 

7.2.4.  Conclusion verification study 

From the study performed comparing the excess attenuation over an urban configuration with one 
canyon in the centre (reference study: rigid ground surface) including a flow field to the same case 
excluding a flow field, the statement by Schiff et al. (2010) that the flow field influences higher 
frequencies to a larger extent than low-frequency bands with a transition point between constant 
and erratic excess attenuations shifting towards smaller frequencies once the wind velocities 
becomes higher, can be confirmed. 
A grid-sensitivity analysis is performed to verify that the acoustical grid can be assumed as fine 
enough to compute the propagation of sound affected by a flow field. From this analysis it is decided 
to use an upper frequency of 1600 Hz (resulting in a grid spacing of 0.1 m) for the remainder of the 
investigation. One should be concerned that for frequencies of 500 Hz and higher possible 
differences may occur. 
For the situation with the sound source and receivers located at street level and a canyon aspect 
ratio of W/H = 1.0 it is tested whether or not deviations arise when using either the LEE-equations or 
ceff-approach. From the results of this study it is concluded that the vertical velocity components and 
their effects on sound propagation through the urban configuration are negligible: the ceff-approach 
can be used to obtain reliable results for the urban configurations of W = 20 and W = 40 m. 
 

7.3. Results and discussion - Sound propagation including a flow field 

In this section the results on sound propagation including a flow field for the research variants W20 
and W40 will be given and discussed (Paragraph 7.3.1 and 7.3.2, respectively). Each paragraph first 
gives the results on the four different situations based on location of sound source and receivers (for 
the RANS flow field modelling approach). The second section of each paragraph gives the outcome 
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on the simulations computing sound propagation through situation ssrs13 comparing the influence of 
the two flow field modelling approaches RANS and LES on the propagation of sound to each other. A 
third pargraph compares the two variants -W20 and W40- mutually. The sound propagation for 
these paragraphs is computed using the ceff-approach and the excess attenuation is calculated using 
Equation 7.1 (EA = Lp, including flow field - Lp, excluding flow field). 
Paragraph 7.3.4 provides an overview of the study performed on the influence of the gradient in 
horizontal air velocity in the boundary layer above roof level, on sound propagation through the 
urban configuration (W20, ssrs). Paragraph 7.3.5 gives and discusses the outcome of the study on 
the effect of varying roof heights. So far, these studies have only been applied using the ceff and 
RANS method to compute the sound propagation and flow field. 
 

7.3.1.  Variant 1 - Canyon width, W = 20m 

Figures 7.10-7.13 show the investigated geometries. Table 7.4 and 7.5 associate to the research on 
the effects of the RANS flow field on the propagation of sound through the four configurations based 
on sound source and receiver position. Figure 7.14 up to 7.17 show these results in graphical form. 
Table 7.6 and Figures 7.18 up to 7.21 form an overview on the outcome related to the comparison of 
the influence of the urban flow field modelling approaches RANS and LES on sound propagation for 
situation 4 (sound source and receivers located on street level). 

 
Figure 7.10. Longitudinal section urban district, W20 - srrr 

 
Figure 7.11. Longitudinal section urban district, W20 - srrs 

 
Figure 7.12. Longitudinal section urban district, W20 - ssrr 

                                                           
13 From results of the first paragraphs in section 7.3.1 and 7.3.2 it turned out that for situation ssrs (both sound source and 

receivers at street level) the propagation of sound gets influenced the most by an urban flow field. For this reason only this 
situation is used to compute sound propagation over the urban roof level using the flow field modelling approach LES. 
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Figure 7.13. Longitudinal section urban district, W20 - ssrs 

 

Influence sound source and receiver position (RANS flow field) 

The excess attenuation over the distance for each of the 1/3 octave bands up to 1600 Hz is given in 
Figure 7.14, while Figure 7.15 displays the excess attenuation over the distance as a broadband 
result of these 1/3 octave bands. The overall trend is that the excess attenuation increases with the 
distance. Since the excess attenuation is defined as the difference in measured receiver pressure 
level for the situation including respectively excluding a flow field, the following can be concluded: 
the sound waves travel further in a downward refracting atmosphere than in a non-moving 
atmosphere, resulting in a greater increase in sound pressure level over a larger distance. From 
Figure 7.14 (excess attenuation over distance, per 1/3 octave band) it can also be concluded that for 
higher frequencies the variations in between the 1/3 octave bands is larger than in between the 
lower frequencies. Figure 7.16 (excess attenuation as averaged over receiver positions in last 
canyon, per 1/3 octave band) confirms this. 
From the graph in Figure 7.16 and Tables 7.4 and 7.5, it can be concluded that the location of the 
sound source and receivers does provoke differences in the computed receiver pressure levels, if the 
influence of a flow field is taken into account. For the low frequencies the deviation between the 
four situations is relatively small (maximum of circa 3.2 dB for 80 Hz, Table 7.4) in comparison to the 
higher frequencies (11.3 dB for 630 Hz). From Table 7.5, showing an overview of the (A-weighted) 
excess attenuation for broadband results up to 1600 Hz, it can also be concluded that significant 
deviation in excess attenuation occurs between the four different situations. The lowest 
strengthening of the sound level is reached for situation 1 (sound source and receivers at roof level: 
EAmean = 10.2 dB with a standard deviation of 3.3 and EAA = 12.9 dB), while the highest strengthening 
of sound appears in the situation with both sound source and receivers positioned in the canyons 
(EAmean = 13.2 dB with a standard deviation of 5.5 and EAA = 18.5 dB). 
 
Figure 7.17 represents the excess attenuation for the urban configuration with canyon widths of W = 
20 m, as a function of the distance (x-axis) and frequency (y-axis), for the situation with the sound 
source at street level and the receivers alternately at street or roof level (see Fig.7.6), computed with 
the effective sound speed approach and the flow field (as modelled with RANS) included. Also from 
this graph one can conclude that the excess attenuation increases with both distance and frequency. 
Downwind ensures that the sound waves travel further than in a non-moving atmosphere, resulting 
in a greater increase in sound pressure level over a larger distance. The phenomenon of higher 
excess attenuations for higher frequencies is likely caused by greater refraction of the higher 
frequency waves near the surfaces. The flow field produces a steep gradient in sound speed near 
ground level, resulting in more multiple-reflection refracted paths between source and receiver at 
higher frequencies (smaller wave lengths). 
From this figure (and Fig. 7.15) it is also noticeable that the excess attenuation on street level is 
higher than on roof level: the wind bends the sound waves into the canyons, whereas in an equal 
configuration excluding a flow field the sound waves would, to a larger extent, travel over the 
canyons. 



| The influence of the urban flow field modelling approach on computing sound propagation 
   over the urban roof level 

| TU/e 
| June 2014 

 
 

 

 
C.M.H. Conen, BSc Page | 76  
 
 

Table 7.4.  EA (in 1/3 octave bands) W =  20 m, position x = 440 m 

f [Hz] EA [dB]   
 srrr srrs ssrr ssrs 

50 6.4 5.8 5.8 5.0 
63 8.0 7.6 6.3 6.2 
80 10.2 9.8 9.4 7.0 
100 11.3 10.4 10.8 10.6 
125 12.6 11.7 14.1 13.7 
160 13.3 14.1 13.9 15.3 
200 11.6 11.0 11.3 12.0 
250 7.7 7.9 5.0 4.3 
315 9.8 10.7 12.3 11.8 
400 9.1 12.4 10.8 16.6 
500 9.8 15.8 12.5 16.1 
630 2.7 9.9 7.6 14.0 
800 7.4 9.8 14.7 17.9 
1000 15.5 18.4 16.2 19.8 
1250 14.8 17.2 21.4 22.9 
1600 12.8 15.5 15.4 18.4 

 
Table 7.5. EA(A) (broadband results up to 1600 Hz) W = 20 m,  position x =  440 m 

Situation EAmean [dB] EAA [dB]  Situation EAmean [dB] EAA [dB] 

srrr 10.2 
σ = 3.3 

12.9  ssrr 11.7 
σ = 4.3 

16.1 

srrs 11.7 
σ = 3.6 

15.3  ssrs 13.2 
σ = 5.5 

18.5 

 
Figure 7.14. Excess attenuation over the distance (in 1/3 octave bands) 
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Figure 7.15. Excess attenuation over the distance (broadband results up to 1600 Hz) 

 

 
Figure 7.16. Excess attenuation as function of frequencies (in 1/3 octave bands), averaged over last canyon 

 

 
Figure 7.17. Excess attenuation as function of distance and frequency, W20 - ssrs & ssrr 
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Comparison influence urban flow field modelling approach (ceff-approach) 

Since the flow field has the largest influence in the situation with sound source and receivers placed 
at street level, this situation is used to compare the propagation of sound over the urban roof level 
for urban configuration W = 20 m, computed with the two urban flow field modelling approaches 
RANS and LES. 
 
From Figure 7.18 it can be concluded that also for computations on the propagation of sound as 
influenced by a flow field simulated using the LES approach, generally, higher frequencies result in 
larger excess attenuations (and fluctuation in this excess attenuation) over the distance. From this 
figure and Figure 7.19 it can be concluded that the overall trend in excess attenuation over the 
distance for the LES simulation lies lower than the excess attenuation for the case including the 
RANS flow field. 
The figure representing the excess attenuation averaged over the measurement positions in the last 
canyon including the corresponding standard deviations (Fig. 7.20) conclude that for most of the 
frequencies the excess attenuation for the LES case is indeed lower compared to the RANS case. 
Only for 1/3 octave bands of 250 and 1600 Hz the excess attenuation for the LES case is higher than 
when the RANS flow field is applied (also see Table 7.6). For 1/3 octave bands near and between 315 
and 1000 Hz the largest deviations in excess attenuation between the two cases occur (4.4-7.3 dB). 
Figure 7.21 represents the excess attenuation as a function of the distance and frequency, calculated 
as the difference in receiver pressure levels for the case using RANS minus the case using LES as 
modelling approach for the flow field. As seen earlier the excess attenuation becomes higher on 
larger distances from the source and for higher frequencies. From Figure 7.21 it can be concluded 
that the main differences in excess attenuation resulting for the choice in one of the two flow field 
modelling approaches is more sensitive in this region (second quadrant of the graph). The excess 
attenuation between the two cases is slightly larger on street level than on roof level. 
The deviations between the excess attenuations caused by the urban flow field modelling 
approaches can be clarified by analysing the results of the CFD computations from Paragraph 6.3.1. 
As mentioned in the introduction, sound waves bend towards regions where the sound speed is 
lower (Introduction), resulting in the fact that a boundary (shear) layer with a smaller gradient in 
horizontal air velocity14 refracts the sound waves towards the canyon entrances in a lower extent. 
Although the horizontal velocities for the LES simulation are slightly higher than for the RANS 
simulation (Control lines; Fig.6.3.1.a-e), their influence on the propagation of sound over the urban 
roof level (and especially on the higher 1/3 octave bands) is lower as a result of a lower gradient in 
horizontal air velocity in the shear layer above the urban roof level. Any effects of the higher 
gradient in velocity inside the canyon for the LES case in comparison to the RANS case are nullified 
by the influence of the canyon walls reflecting and scattering the sound waves. 
 
  

                                                           
14 In this case the sound propagation (and with this the excess attenuation) is only influenced by the horizontal velocities 

of the flow field, since the propagation of the sound waves is computed using the ceff-approach. This approach only takes 
into account the horizontal component of the flow field and leaves out the vertical component and their derivatives. 



| The influence of the urban flow field modelling approach on computing sound propagation 
   over the urban roof level 

| TU/e 
| June 2014 

 
 

 

 
C.M.H. Conen, BSc Page | 79  
 
 

Table 7.6. EA (in 1/3 octave bands) for RANS and LES flow field modelling approach (ceff), W20 - ssrs, at x = 440 m 

f 
[Hz] 

Ceff RANS 
[dB] 

Ceff LES 
[dB] 

|RANS-LES| 
[dB] 

  Ceff RANS 
[dB] 

Ceff LES 
[dB] 

|RANS-LES| 
[dB] 

50 5.0 2.9 2.1  EAmean 13.2 10.1 3.5 
63 6.2 4.1 2.1  σ 5.5 5.3 0.2 
80 7.0 3.6 3.4  EAA 18.5 15.5 3.0 

100 10.6 7.8 2.8      
125 13.7 10.5 3.2      
160 15.3 13.4 1.9      
200 12.0 10.7 1.3      
250 4.3 6.8 2.5      
315 11.8 5.1 6.7      
400 16.6 12.2 4.4      
500 16.1 8.9 7.2      
630 14.0 9.3 4.7      
800 17.9 10.6 7.3      
1000 19.8 14.9 4.8      
1250 22.9 21.9 1.0      
1600 18.4 18.9 0.5      

 
Figure 7.18. Excess attenuation over the distance (in 1/3 octave bands) 

 

 
Figure 7.19. Excess attenuation over the distance (broadband results up to 1600 Hz) 
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Figure 7.20. Excess attenuation as function of frequencies (in 1/3 octave bands), averaged over last canyon 

 

 
Figure 7.21. Excess attenuation (RANS - LES) as function of distance and frequency, W20 - ssrs & ssrr 

 

7.3.2.  Variant 2 - Canyon width, W = 40m 

The geometries used to investigate the influence of a flow field on the propagation of sound over 
the urban configuration W/H = 2.0 are given by Figures 7.22-7.25. The results relating to the 
different situations for the positions of source and receivers are given by Table 7.7 and 7.8, and 
Figure 7.26-7.29, while Table 7.9 and Figures 7.30-7.33 compare the excess attenuations caused by 
the two urban flow field modelling approaches RANS and LES. 
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Figure 7.22. Longitudinal section urban district, W40 - srrr 

 
Figure 7.23. Longitudinal section urban district, W40 - srrs

 
Figure 7.24. Longitudinal section urban district, W40 - ssrr 

 
Figure 7.25. Longitudinal section urban district, W40 - ssrs 

 

Influence sound source and receiver position (RANS flow field) 

Regarding the deviations in excess attenuation for the four situations based on location of sound 
source and receivers mutually, the conclusion for the second variant is partly similar to that of 
variant 1: the flow field results in an increased sound pressure level on both roof and street level for 
all four of the situations and it has the largest impact on sound propagation when the source and 
receivers are located at street level (EAmean = 16.9 dB, σ = 8.0, in comparison to situation 1 (srrr): 
EAmean = 10.3, σ = 2.8; Table 7.7 and 7.8). The excess attenuation in the streets is higher than on the 
roofs. 
Though, for variant 2 the differences in excess attenuation for the four situations are larger than for 
variant 1. Where for variant 1 deviations in excess attenuation between the situations with the 
sound source located at street and roof level respectively, started to occur from a distance of circa 
230 m (sixth canyon), the situations for variant 2 already show disparities starting near 110 m from 
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the source (third canyon; Fig. 7.27). The largest deviations occur for 1/3 octave frequencies of 200, 
250, 400 Hz and higher (Table 7.7, Fig. 7.26 and 7.28), while for variant 1 only the 1/3 octave bands 
of 630 and 800 Hz show similar large deviations. From Figure 7.29 (and 7.21) it can be concluded 
that as a result of the wider canyons the wind affects the sound propagation over the urban roof 
level at smaller distances from the source and at lower frequencies, than for the first variant of 
urban configurations, W/H = 1.0. The flow field bends the sound waves into the canyon more easily. 
 
Table 7.7.  EA (in 1/3 octave bands) W =  40 m, position x = 425 m 

f [Hz] EA [dB]   
 srrr srrs ssrr ssrs 

50 6.8 6.7 5.9 3.8 
63 8.1 7.8 9.6 10.6 
80 10.1 8.7 9.7 6.8 
100 11.0 11.2 11.2 11.8 
125 12.5 12.0 13.5 13.6 
160 13.7 13.2 13.5 10.8 
200 13.3 14.4 18.9 24.0 
250 12.6 14.1 12.3 17.7 
315 10.0 9.2 10.0 7.3 
400 12.3 10.2 14.7 15.7 
500 9.3 14.4 19.6 21.4 
630 4.2 15.1 18.2 20.9 
800 6.4 16.6 7.3 23.2 
1000 9.8 19.4 18.0 25.8 
1250 13.7 21.6 21.6 29.0 
1600 11.4 17.0 21.0 28.5 

 
Table 7.8. EA(A) (broadband results up to 1600 Hz) W = 40 m,  position x =  425 m 

Situation EAmean [dB] EAA [dB]  Situation EAmean [dB] EAA [dB] 

srrr 10.3 
σ = 2.8 

11.1  ssrr 14.1 
σ = 5.0 

18.0 

srrs 13.2 
σ = 4.2 

18.1  ssrs 16.9 
σ = 8.0 

23.5 

 
Figure 7.26. Excess attenuation over the distance (in 1/3 octave bands) 
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Figure 7.27. Excess attenuation over the distance (broadband results up to 1600 Hz) 

 

 
Figure 7.28. Excess attenuation as function of frequencies (in 1/3 octave bands), averaged over last canyon 

 

 
Figure 7.29. Excess attenuation as function of distance and frequency, W40 - ssrs & ssrr 
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Comparison influence urban flow field modelling approach (ceff-approach) 

Also for variant 2 the situation with the sound source and receiver located in the canyon shows the 
largest excess attenuation as a result of adding the flow field to the computation on sound 
propagation over the urban roof level. For this situation, the excess attenuations as computed using 
either RANS or LES as flow field modelling approach will be compared to each other. 
 
Where for variant 1 the deviations caused by applying the flow field as computed with LES instead of 
RANS resulted in noticeable deviations, the differences in excess attenuation for the two urban flow 
field modelling approaches is substantially small for the variant of the urban configurations with 
canyon widths of 40 m. This can be concluded for both the excess attenuations over the distance 
(Fig. 7.30: EA in 1/3 octave bands, and Fig. 7.31: EA for broadband results up to 1600 Hz) as for the 
excess attenuation as measured in 1/3 octave bands in the last canyon (Fig. 7.32). 
From Table 7.9 and Figures 7.30 and 7.32 it can be concluded that any sufficient deviation in excess 
attenuation occurs for 1/3 octave bands of 630 Hz and in a slightly lesser extent for 250-400, 800 
and 1600 Hz, resulting in the strong gradients in Figure 7.33 (EA = ‘RANS - LES’). Differences in the 
excess attenuation as measured in between the sound receivers on street and roof level starts to 
occur at higher frequencies (Fig. 7.33). 
 
The single minor deviations occurring between the excess attenuations, as calculated as the receiver 
pressure level difference for the situation including a flow field computed with RANS and a case with 
the flow field as computed with LES, can be interpreted by analysing the results on the flow fields 
from Paragraph 6.3.2: the gradient in horizontal air velocity in the shear layer for the two situations 
is almost identical (Fig. 6.12). For canyons with an aspect ratio of W/H > 1.0 (larger width than 
canyon height) the flow field inside the canyon will be determined in a larger extent by the flow field 
(velocity and direction) above the canyon entrance than by the surface roughness of the canyon 
walls. For the first quadrant (upper left) of the canyon the gradient in horizontal velocity is larger for 
the flow field computed by LES than for the RANS case. The differences in excess attenuation for the 
sound propagation including the RANS respectively LES flow field are likely, mainly caused by these 
gradients: the gradient over the height is larger for the LES simulation, in these regions. 
 
Table 7.9. EA (in 1/3 octave bands) for RANS and LES flow field modelling approach (ceff), W40 - ssrs, at x = 425 m 

f 
[Hz] 

Ceff RANS 
[dB] 

Ceff LES 
[dB] 

|RANS-LES| 
[dB] 

  Ceff RANS 
[dB] 

Ceff LES 
[dB] 

|RANS-LES| 
[dB] 

50 3.8 3.1 0.7  EAmean 16.9 17.7 2.2 
63 10.6 11.3 0.7  σ 8.0 9.4 2.7 
80 6.8 5.5 1.3  EAA 23.5 29.3 5.8 

100 11.8 10.7 1.1      
125 13.6 12.8 0.8      
160 10.8 11.3 0.5      
200 24.0 24.2 0.2      
250 17.7 20.3 2.5      
315 7.3 9.3 1.9      
400 15.7 13.0 2.6      
500 21.4 22.1 0.8      
630 20.9 31.7 10.8      
800 23.2 20.0 3.2      
1000 25.8 26.5 0.7      
1250 29.0 27.0 1.9      
1600 28.5 34.4 5.9      
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Figure 7.30. Excess attenuation over the distance (in 1/3 octave bands) 

 

  
Figure 7.31. Excess attenuation over the distance (broadband results up to 1600 Hz) 

 

 
Figure 7.32. Excess attenuation as function of frequencies (in 1/3 octave bands), averaged over last canyon 
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 Figure 7.33. Excess attenuation (RANS - LES) as function of distance and frequency, W40 - ssrs & ssrr 

 

7.3.3.  Effect of different canyon widths on excess attenuation (including a flow field)  

The previous paragraphs already concluded that for the urban configuration with canyon aspect 
ratio W/H = 2.0 the differences between the sound field as influenced by a RANS and LES flow field 
respectively is smaller than for the urban configurations with a canyon aspect ratio of W/H = 1.0. 
This paragraph compares the two configurations based on canyon aspect ratio mutually as has been 
done in Paragraph 5.3.3. 
 
The excess attenuations as computed with the ceff-approach and the RANS flow field, in the two 
urban configurations for the situations with the receivers on roof level will be compared to each 
other by dividing the excess attenuation at x = 500 m from the sound source with the number of 
intermediate canyons (W/H = 1.0: 8; W/H = 2.0: 6). The results are given in Table 7.10. 
 
Table 7.10. EAmean and EAA per canyon (ceff, RANS), W20 and W40 - srrr and ssrr 

W20 EAmean [dB] EAA [dB]  W40 EAmean [dB] EAA [dB] 

srrr 1.3 
σ = 0.5 

1.7  srrr 1.6 
σ = 0.6 

1.8 

ssrr 1.4 
σ = 0.5 

1.9  ssrr 2.3 
σ = 0.9 

3.1 

 
From Table 7.10 it can be concluded that the excess attenuation caused by the flow field is smaller 
for canyons with a width of 20 m (EAmean = 1.3 and 1.4 dB per canyon) than the canyons with a width 
of W = 40 m (EAmean = 1.6 and 2.3 dB per canyon): wider canyons strengthen the receiver pressure 
levels to a larger extent than narrow canyons. 
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7.3.4.  Effect of boundary layer profile on excess attenuation 

From the research performed so far, it is assumed that the degree to which the propagation of 
sound gets influenced by a flow field (computed by a certain urban flow field modelling approach) 
depends on the gradient in horizontal air velocity in the boundary (shear) layer above roof level: for 
the urban configuration of variant 1 (W20), the flow field as computed with LES resulted -in 
comparison to the RANS flow field- in slightly higher horizontal velocities in the shear layer above 
the canyon entrance, though, with a lower gradient over the height (Fig. 6.10). As a result, the 
influence on the sound propagation by the flow field as computed with LES is lower than the effect 
of the RANS flow field (Par. 7.3.1). 
 
Further research on the influence of the gradient in horizontal air velocity above roof level is 
necessary. In this research, so far, only 2D RANS simulations are computed (Par. 6.3.4) and only the 
effective sound speed approach to compute the sound propagation will be investigated. 
In Paragraph 6.3.4 two additional cases are created by adjusting the ground surface roughness and 
inlet profile in such a way that two boundary layers with different gradients are obtained (Fig. 6.14; 
‘High roughness’ and ‘Low roughness’). 
 
The left side of Table 7.11 gives an overview of the excess attenuation measured in the centre of the 
last canyon for the three cases with EA = case including flow field - case excluding flow field (Eq. 7.1). 
The right side gives the excess attenuation as the difference between the additional cases and base 
case (both including flow field). Figures 7.34 up to 7.37 also correspond to this situation. 
 
From the research on this subject performed so far, it can be concluded that the boundary layer 
profile does affect the propagation of sound over the urban roof level. 
From the left side of the table, main conclusion is that, as expected from the CFD results (Par. 6.3.4), 
the variant with high roughness modifications indeed varies to a larger extent from the other two 
cases. The increase in sound pressure level over both the distance and frequency is largest for the 
case with the high roughness modifications (EAmean +2.4 dB and EAA +2.0 dB, in comparison to the 
base case), while the case with low roughness modifications shows a small decrease in sound 
pressure level in comparison to the base case (EAmean -0.6 dB; EAA -0.3 dB). 
Not only the gradient in horizontal air velocity near roof level (canyon entrance) is of importance for 
sound propagation, but also the gradient on higher height: case ‘Low roughness’ has a higher 
gradient in horizontal air velocity above roof level, but results in lower excess attenuations than the 
other two cases, while the case with high roughness modifications results in lower velocities and a 
lower gradient near ground surface. The gradient of this case, however, continues to higher heights 
(Par. 6.3.4, Fig. 6.14). Depending on the propagation angle a wave front gets either refracted to a 
larger extent in a region with a limited height or to a lower extent but over a larger region. Earlier 
research proved that for this urban configuration the effective sound speed approach could be used, 
since the propagation angle of the sound waves is low. This results in the fact that, when using the 
flow field from the case with low roughness modification, the sound waves get refracted in a region 
with a narrow height above roof level, while for the case with high roughness modifications it takes 
longer for the waves to reach a height where the gradient is negligible. 
 
Although the shear layer above roof level of the base case (especially for RANS and to a slightly 
lower extent for LES) showed similarity to the data of the wind-tunnel experiment, it is advisable to 
also validate the simulation results with on-site data. This way, a better insight in the actual 
behaviour of the flow field near the object’s surface can be obtained. Implementing this flow field in 
the computations on sound propagation might lead to a more complete insight in the influence of 
the gradient in horizontal air velocity on the propagation of sound waves. 
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Table 7.11. EA (in 1/3 octave bands) for different gradients in horizontal air velocity (RANS), W20 - ssrs, at x = 440 m 
(left) EA is difference in receiver pressure level case including flow field - excluding flow field, and 
(right) EA is difference in receiver pressure level additional case ‘roughness’ - base case (both including flow field) 

f 
[Hz] 

High roughness 
[dB] 

Low roughness 
[dB] 

Base case 
[dB] 

 |High roughness - base| 
[dB] 

|Low roughness - base| 
[dB] 

50 7.1 4.1 5.0  2.1 -0.9 
63 8.2 5.3 6.2  2.0 -0.8 
80 10.2 5.8 7.0  3.2 -1.2 
100 12.6 9.9 10.6  2.0 -0.7 
125 15.8 13.0 13.7  2.1 -0.7 
160 15.9 15.1 15.3  0.6 -0.2 
200 11.9 10.8 12.0  -0.8 -1.3 
250 7.0 2.4 4.3  0.8 -3.3 
315 17.2 10.2 11.8  6.2 -1.8 
400 18.4 17.0 16.6  3.8 0.6 
500 17.4 14.3 16.1  1.2 -2.6 
630 21.9 14.2 14.0  11.1 -1.2 
800 19.7 20.0 17.9  3.2 2.1 
1000 22.4 19.3 19.8  2.0 2.2 
1250 25.0 22.2 22.9  2.0 -2.5 
1600 18.4 18.7 18.4  -0.9 -1.4 

 

 High roughness 
[dB] 

Low roughness 
[dB] 

Base case 
[dB] 

 |High roughness - base| 
[dB] 

|Low roughness - base| 
[dB] 

EAmean 15.6 12.6 13.2  2.7 -0.9 
σ 5.6 6.1 5.5  2.7 1.5 
EAA 20.5 18.2 18.5  2.3 0.2 

 

 
Figure 7.34. Excess attenuation over the distance (broadband up to 1600 Hz) 

 

 
Figure 7.35. Excess attenuation as function of frequencies (in 1/3 octave bands), averaged over last canyon 
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Figure 7.36. Excess attenuation as function of distance and frequency (High roughness - Base case), W20 - ssrs & ssrr 

 

 
Figure 7.37. Excess attenuation as function of distance and frequency (Low roughness - Base case), W20 - ssrs & ssrr 
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7.3.5.  Effect of varying roof heights on excess attenuation 

The second aspect affecting the propagation of sound as influenced by a flow field, which is 
investigated more deeply in this research, is the complexity of the geometry of the urban 
configuration. This research investigates the influences of varying roof heights (only for the ceff-
approach and RANS flow field modelling approach). The excess attenuation is calculated as the 
difference in receiver pressure levels for 1) the cases (both equal and varying roof heights) including 
the flow field minus the same cases excluding the flow field, and 2) the case with varying roof 
heights (VRH) minus the case with equal roof heights (ERH), both including the flow field. 
Figure 7.38 up to 7.41 show the used geometries once more. The influence of the varying roof 
heights on the sound propagation excluding a flow field is reported in Paragraph 5.3.4, while 
Paragraph 6.3.5 discusses the effects of the varying roof heights on the urban flow field. 

 
Figure 7.38. Longitudinal section urban district, W20 - ssrs, equal roof heights (reference situation) 

 
Figure 7.39. Longitudinal section urban district, W20 - ssrs, varying roof heights case 1 

 
Figure 7.40. Longitudinal section urban district, W20 - ssrs, varying roof heights case 2 

 
Figure 7.41. Longitudinal section urban district, W20 - ssrs, varying roof heights case 3 

 
By implementing the flow fields in the simulations on the propagation of sound, a conclusion can be 
given on the effect of the flow fields on sound propagation in certain geometries. 
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From Figure 7.43 and 7.44 and Table 7.12 (EA = Lp,including flow field - Lp,excluding flow field), it can be concluded 
that (as already seen before), implementing a flow field results in an increased excess attenuation 
with both the distance and frequency. From these data it can also be found that for the cases with 
varying roof heights the excess attenuation as a result of adding a flow field, in general, is higher 
than for the case with equal roof heights (at x = 440 m, VRH1: EAmean = 21.8 dB, σ = 10.4, EAA = 29.9 
dB; VRH2: EAmean = 20.9 dB, σ = 11.5, EAA = 29.6 dB; VRH3: EAmean = 18.1 dB, σ = 6.3, EAA = 23.0 dB; 
ERH: EAmean = 13.2 dB, σ = 5.5, EAA = 18.5 dB). The geometry of the urban configuration has a 
sufficient impact on the sound field as influenced by a flow field: an alternation in heights of the 
building blocks, in general, increases the sound levels when computing sound propagation in a 
moving atmosphere. 
From a closer look at Figure 7.42, it is noticeable that the sound pressure level in a canyon shows a 
sudden increase if the canyon is bounded by a façade with normal height on the left side and a 
higher (26.4 m) façade on the right side (third, fifth, seventh and ninth canyon after the canyon 
containing the sound source). Canyons bounded by a high façade on the left and a normal façade on 
the right, show a small decrease in excess attenuation in comparison to the previous canyon 
(second, fourth, sixth and eighth canyon after the canyon with the sound source). 
The basic behaviour of movement of the sound waves is to the largest extent determined by the 
geometry of the urban configuration. This already became visible when comparing the excess 
attenuation as computed as the difference in receiver pressure level for a VRH-case minus the 
receiver pressure level for the ERH-case, excluding a flow field (Paragraph 5.3.4): sound waves  
approaching an underlying canyon from a 
raised building are partly transported over 
this canyon and the lower intermediate 
building, to reach the next canyon and get 
refracted into this second canyon. If the 
second canyon is bounded by a raised 
building on the right side, additional sound 

  

 
 Figure 7.42. Representation of sound wave approaching 

underlying canyon from raised building 

waves enter the preceding canyon by reflections against the canyon wall (Fig. 7.42). The left canyon 
in Figure 7.42 lies more shielded: sound waves propagate over this canyon. 
Any flow field present amplifies this effect (Table 7.13 and Fig. 7.45 and 7.46): sound waves that 
would propagate over the underlying canyons in a non-moving atmosphere are refracted into the 
canyons with a higher canyon façade on the right side of the canyon. This phenomenon, for 
example, also explains why the excess attenuation for ‘VRH3-ERH’ (both excluding or including a 
flow field) is lower (Fig. 5.32 and 5.33, 7.45 and 7.46, respectively), but turns out the be higher when 
the excess attenuation is calculated as ‘VRH3including flow field-VRH3excluding flow field’ (Fig. 7.43 and 7.44). 
 
From the research performed on the influence of varying roof heights, it can be stated that further 
research on more complex (realistic) urban configurations is requisite. Using simplified geometries 
results in an incomplete impression of the airflow and sound wave propagation. 
Besides, the vertical component of the flow field might become of decisive value on the behaviour of 
the flow field, which might not only result in larger differences between a flow field computed with 
RANS or LES, but it might also cause larger differences in sound propagation when using either the 
ceff-approach or LEE equations (propagation angle sound waves). 
Another recommendation to better represent realistic variation in real building profiles is to apply 
roughness to not only the building façades, but also to the roof surface (such as roof rims) or to 
create pitched roofs instead of flat rigid roofs. Adjustments like these may produce more realistic 
results in mainly the refractive and reflective conditions. 
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Table 7.12. EA (in 1/3 octave bands) for VRH-cases (RANS), W20 - ssrs, at x = 440 m 

f 
[Hz] 

VRH1 
[dB] 

VRH2 
[dB] 

VRH3 
[dB] 

ERH 
[dB] 

50 7.5 8.0 7.0 5.0 
63 10.0 10.2 9.9 6.2 
80 10.2 13.1 11.2 7.0 
100 14.0 16.9 10.7 10.6 
125 17.7 15.2 17.3 13.7 
160 21.4 17.0 16.5 15.3 
200 15.7 12.0 14.1 12.0 
250 12.7 11.6 15.5 4.3 
315 17.8 11.9 24.9 11.8 
400 28.5 12.9 26.4 16.6 
500 28.8 22.2 22.2 16.1 
630 26.2 33.6 22.1 14.0 
800 34.9 36.8 23.9 17.9 
1000 29.5 33.7 26.1 19.8 
1250 38.1 36.0 19.2 22.9 
1600 36.3 42.5 23.0 18.4 

 

 VRH1 
[dB] 

VRH2 
[dB] 

VRH3 
[dB] 

ERH 
[dB] 

EAmean 21.8 20.9 18.1 13.2 
σ 10.4 11.5 6.3 5.5 
EAA 29.9 29.6 23.0 18.5 

 

 
Figure 7.43. Excess attenuation over the distance (broadband up to 1600 Hz) 

 

 
Figure 7.44. Excess attenuation as function of frequencies (in 1/3 octave bands), averaged over last canyon 
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Table 7.13. EA (in 1/3 octave bands) VRH-cases in comparison to ERH, incl & excl flow field (RANS), W20 - ssrs, at x = 440 m 

f 
[Hz] 

|VRH1-ERH| 
[dB] 

|VRH2-ERH| 
[dB] 

|VRH3-ERH| 
[dB] 

 |VRH1-ERH| 
[dB] 

|VRH2-ERH| 
[dB] 

|VRH3-ERH| 
[dB] 

50 -2.3 6.3 -7.2  -3.8 5.1 -8.3 
63 -2.5 7.4 -13.9  -6.4 3.2 -18.5 
80 -4.1 8.3 -17.1  -6.7 3.3 -20.1 
100 -3.5 6.2 -16.4  -7.3 -2.2 -20.2 
125 -4.2 0.1 -16.9  -6.6 -3.9 -21.7 
160 -2.1 3.8 -9.2  -7.9 0.9 -10.3 
200 -3.0 3.4 -11.4  -7.9 6.4 -13.3 
250 1.9 3.0 -9.1  -9.0 0.4 -18.2 
315 -8.3 5.1 -4.6  -12.3 -0.7 -18.3 
400 -1.8 4.2 -7.2  -14.4 5.9 -15.6 
500 -3.0 5.9 -1.1  -13.5 -2.1 -12.8 
630 -0.8 13.9 -17.0  -13.5 -3.6 -19.9 
800 0.6 10.8 -19.6  -15.5 -6.7 -25.0 
1000 -2.7 6.5 -15.0  -17.1 -11.1 -27.5 
1250 -2.3 7.2 -25.2  -15.9 -6.2 -24.2 
1600 -3.7 10.2 -17.7  -19.2 -8.4 -18.5 

 

 |VRH1-ERH| 
[dB] 

|VRH2-ERH| 
[dB] 

|VRH3-ERH| 
[dB] 

 |VRH1-ERH| 
[dB] 

|VRH2-ERH| 
[dB] 

|VRH3-ERH| 
[dB] 

EAmean -2.6 6.4 -13.0  -11.1 -1.2 -18.3 
σ 2.2 3.4 6.3  4.6 5.3 5.2 
EAA -2.4 8.2 -11.3  -13.5 -3.1 -16.0 

 

 
Figure 7.45. Excess attenuation over the distance (broadband up to 1600 Hz) - including flow field 

 

 
Figure 7.46. Excess attenuation as function of frequencies (in 1/3 octave bands), averaged over last canyon - incl. flow field 
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7.4. Conclusions - Sound propagation including a flow field 

In the introduction of this chapter two secondary research questions are given. Before an answer 
can be given to the main research questions (Ch. 8), these secondary questions shall be answered: 
 

1. Can the implemented PSTD method be used to simulate on sound propagation over an 
urban roof level, influenced by a flow field? 

 
2. Do significant deviations occur in the choice for the sound propagation modelling 

approaches LEE and ceff in the effects of the flow field on sound propagation over an urban 
roof level? 

 
Paragraph 7.2.1 of the verification study on the PSTD code including a flow field, compared the 
excess attenuation computed through a domain with one canyon (W = H = 20 m) in the centre of the 
domain (sound source and receiver 200 m apart; reference situation: flow field over a semi-free 
field) for the ceff-approach and the RANS flow field to data obtained by Schiff et al. (2010) for an 
similar computation. Though, Schiff et al. (2010) uses aberrant inlet flow profiles, it could be 
concluded from this research that the overall trend between the PSTD code used for this research 
and the reference computations of Schiff et al. (2010) is similar: for the first several low frequency 
1/3 octave bands the excess attenuation is -1.8 dB (similar to as found in this case excluding a flow 
field; Paragraph 5.2.1), while for higher frequencies the excess attenuation becomes larger and more 
erratic./ 
A grid-sensitivity analysis of the acoustical grid is performed in order to determine the roughness of 
the acoustical grid when computing on sound propagation including a flow field. From this analysis it 
is concluded that a grid size of 0.1 m (fmax = 1600 Hz) results in a grid-independent solution for 
frequencies up to 500 Hz. For higher frequencies there is a minor chance on abnormalities occurring. 
From these two studies the first sub-research question can be answered positively. 
 
Two sound propagation modelling approaches are investigated to compute on the propagation of 
sound waves over an urban roof level as influenced by a flow field. The LEE-equations take into 
account not only the horizontal velocity component of the flow field (ceff-approach), but also use the 
vertical velocity component and their derivatives. For this reason the ceff-approach is less 
computational demanding, but also only operable (accurate) for propagation angles of 20o or less. 
From the study performed in Paragraph 7.2.3 (for an urban configuration with all equal roof heights) 
it is concluded that the horizontal velocity components are sufficiently larger than the vertical 
velocity components and the sound propagation sufficiently horizontal: the case using the ceff-
approach results in similar outcome as the case applying the LEE-equations. For this reason it is 
stated that the ceff-approach can be used for computations on sound propagation influenced by a 
flow field, over an urban roof level with all equal building heights. For more complex configurations 
the vertical velocity component and its derivatives might affect the propagation of the sound waves 
to a larger extent. Further research is recommended.  
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8. Conclusions 

 
As stated in the preface of this report, earlier research underexposes the influence of downwind on 
sound propagation over an urban roof level: profiles for the mean wind are too simplified, which 
might result in unreliable results. For this reason, this research has the aim to not only investigate 
the effects of wind on sound propagation over an urban roof level, but it also has the aim to form 
conclusions on the influence of the urban flow field modelling approach on computing sound 
propagation including a flow field. For the simulations on sound propagation the PSTD method is 
used, while for the modelling of the urban flow field a distinction is made between the RANS and LES 
method. 
In this chapter the two main research questions as determined in the introduction will be answered: 
 

1. In what manner and to what degree is sound propagation over an urban roof level 
influenced by downwind?  
 

2. Do significant differences occur in the choice for the urban flow field approaches RANS and 
LES in their effects on sound propagation over an urban roof level? 

 

Influence downwind on sound propagation 

From the results as given and discussed in Section 7.3, it can be confirmed that downwind affects 
the propagation of sound over an urban roof level.  
The receiver pressure levels increase with both the distance and frequency: sound waves influenced 
by downwind travel further than in a non-moving atmosphere and the gradient in sound speed near 
ground level, produced by the flow field, results in multiple-reflection refracted paths between 
sound source and receivers for higher frequencies (smaller wave lengths). 
 
The excess attenuation as a result of the flow field is larger in the street canyons than at roof level 
and based on the position of sound source and receivers, it can be concluded that the increase in 
receiver pressure level caused by the flow field in the urban configuration is the largest when both 
sound source and receiver are located in the canyons: sound waves get refracted into the canyon by 
the flow field, while in a windless situation the diffraction of these waves into the canyon would be 
smaller (sound waves mainly travel over the canyon instead of entering it). 
 
In urban configurations with canyon aspect ratios of W/H = 2.0 the flow field affects the sound levels 
to a larger extent compared to an urban configuration with canyon aspect ratio W/H = 1.0. For a 
single canyon with aspect ratio W/H = 1.0 (W = 20 m) the excess attenuation (calculated as the 
difference in sound receiver pressure level through a configuration including a flow field minus the 
same configuration excluding a flow field) is about 1.3-1.4 dB, while for a canyon with aspect ratio of 
W/H = 2.0 (W = 40 m) the excess attenuation reaches 1.6-2.3 dB (depending on the location of 
sound source: roof or canyon level). This is partly caused by the fact that a wider canyon entrance 
ensures that a broader range of sound waves with different wave lengths can enter the canyon, 
while for a narrow canyon a larger part of the sound field (low frequencies, large wave length) will 
be transported over the canyon opening. Also for the flow field it is easier to enter a broader canyon 
than a smaller canyon. Where for narrow canyons only the gradient in horizontal velocity above 
canyon level (shear layer) seems to determine the extent to which sound waves are refracted into 
the canyon, for broader canyon also the gradient in the upper part of the canyon might have effect 
on the refraction of the waves. 
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Research showed that, depending on the propagation angle of the sound waves, not only the 
gradient in horizontal air velocity near roof level (and canyon entrance) is of importance for sound 
propagation, but also the gradient on higher heights affects the degree of refraction of sound waves 
into the underlying canyon. Differences in the inlet flow profile over the height and (or) the 
roughness of the building and ground surfaces strongly influence the behaviour of this gradient. 
 
In comparison to reality (complex urban landscapes), using simplified geometries for the urban 
landscape results in a deviating flow field and sound propagation. This can be concluded from the 
studies performed on the influence of varying the building heights in the urban configuration: this 
shows larger effects (EA) for varying roof heights. 
 

Choice for urban flow field modelling approach in their effects on sound propagation 

Concerning deviations in excess attenuation for sound propagation over urban configurations, as 
influenced by the choice in the urban flow field modelling approach applied to compute the flow 
field, it is plausible to state that significant differences occur when one uses the steady RANS 
method as flow field modelling approach instead of the unsteady LES method. Any difference in 
excess attenuation as a result of applying either the RANS or LES flow field strongly depends on 1) 
the geometry of the urban configuration, 2) the boundary settings of the CFD model and 3) the 
sound propagation modelling approach. 
 
So far, the urban configurations used to investigate the occurring differences in excess attenuation 
as a result of the choice for one of the two CFD methods (W/H = 1.0 or 2.0, all buildings have the 
same height) are still characterized by their simplicity: although different canyon aspect ratios are 
investigated and the building façades have a minor structure (alternation between brickwork parts 
and depressed windows; Sect. 4.3), all the buildings have the same height and flat roofs. As a result 
the horizontal air velocities are dominant over the vertical velocity components, resulting in only 
small differences in flow field between the RANS and LES flow field, and making it possible to use the 
ceff-approach. 
For these cases, the excess attenuation computed with the implemented flow fields from the RANS 
and LES method predominantly depends on the gradient of the flow field. The gradient of the flow 
field near roof level can be adjusted by varying the roughness modifications of the ground surface in 
the computational domain and the inlet flow conditions. This can already be implemented in the 
RANS simulation, making it redundant (time consuming) to perform an additional LES simulation 
when computing sound propagation in such simplified geometries. Besides, the RANS results 
concerning the horizontal velocities showed better agreement with the outcome of the wind-tunnel 
experiment than the LES results. 
 
When investigating more realistic configurations with a higher level of intricacy, the flow field 
becomes more complex and to a larger extent characterized by turbulence and the vertical 
components, with as a consequence that larger differences in between the RANS and LES flow field 
might occur. This phenomenon might also result in the need to compute the propagation of sound 
as influenced by that flow field with the LEE-equations instead of the simplified ceff-approach 
(propagation angle of sound waves). It is strongly recommended to perform further research 
comparing the flow fields modelled using RANS and LES in more complex urban configurations, such 
as the configuration with varying roof heights as investigated in this research with the RANS and ceff-
approach. 
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9. Further research 

 
From the results of the research carried out, a number of recommendations for further research can 
be given: 

 Urban configurations with a higher complexity 
In this research a start is made on investigating sound propagation (both including and 
excluding a flow field) in urban configurations with a higher level of complexity by varying 
the roof heights of the buildings between sound source and receiver. So far, only the RANS 
urban flow field approach and ceff-approach for the simulation on the propagation of sound 
are investigated. From the results, however, it is concluded that this modification on the 
urban configuration results in a flow and sound field worth investigating with the LES 
approach and LEE-equations, since the flow and sound field are more complicated and the 
vertical velocity components of the flow field are having a larger impact on the flow field and 
propagation angle of the sound waves, than in an urban configuration with buildings all of 
the same height. Aspects as sloped roofs can also be investigated. 

 Roughness modifications LES simulation 
For a canyon with aspect ratio of W/H = 1.0, the vector plot as computed from the results of 
the LES simulation shows sufficient large similarity with the data of the wind-tunnel 
experiment concerning the flow behaviour in and near the canyon (location vortex core, 
interference vortex and shear layer near canyon entrance; Fig. 6.11). The RANS simulation 
does this to a smaller extent. Though, as a result of absent roughness modifications on the 
ground and building surfaces, the velocities in LES are overestimated. Developing a method 
to easily apply realistic roughness values to the surfaces in LES, might increase the similarity 
between LES and wind-tunnel experiments even further. Applying roughness might also 
result in better similarity between LES and wind-tunnel data for canyons with a larger 
canyon aspect ratio, since the shear layer has less influence on the recirculation of air inside 
the canyon. This might result in a better corresponding location of the vortex core. 

 Ray tracing 
In order to make it easier to analyze the behaviour of sound propagation (such as the 
refraction of the waves into the underlying canyons as influenced by a flow field) and share 
this knowledge with thirds, a method to provide insight into the wave path might be 
developed. 

 Measurements shear layer 
It is concluded that the gradient in (horizontal) air velocity in the shear layer above canyon 
level strongly affects the sound propagation. Although, the shear layer above roof level of 
(especially) the RANS (and to a lower extent the LES) flow field modelling approach showed 
similarity to the data of the wind-tunnel experiment, it is advisable to also validate the 
simulation results with on-site data. This way, a better insight in the actual behaviour of the 
flow field close to the object’s surface can be obtained. Implementing this flow field in the 
computations on sound propagation might lead to a more complete insight in the influence 
of the gradient in (horizontal) air velocity on the propagation of sound waves. 

 Grid-sensitivity sound propagation excluding a flow field 
From the results of the grid-sensitivity analysis for sound propagation excluding a flow field 
(Par. 5.2.4), the spacing of the acoustical grid is assumed to be fine enough to obtain reliable 
results. Though, from the results it is premature to conclude that the grid is converged for 
the 1/3 octave bands from 1000 to 1600 Hz. In order to prove this a similar computation 
with an even finer grid has to be performed. For example a simulation with as upper 
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frequency 3200 Hz (as implemented in the grid-sensitivity analysis for sound propagation 
including a flow field; Par.7.2.2). 

 Smaller cell size LES simulation 
The results of the simulations of a flow field as computed using the LES approach depends 
on the coarseness of the mesh. LES applies a filter -usually taken as the mesh size- to either 
resolve or model turbulent eddies. A finer mesh might result in deviating outcome for 
regions where the flow is strongly influenced by turbulence, such as near corners. For this 
reason it is recommended to perform an additional LES simulation with a smaller cell size. 
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Appendix A - Combinations of reciprocal canyons 

 
Figures A.1 till A.7 show the simulated geometries used to investigate the influence of adding 
canyons to the urban configuration. 

 
Figure A.1. Longitudinal section urban district, no canyons 

 
Figure A.2. Longitudinal section urban district, canyon 1 

 
Figure A.3. Longitudinal section urban district, canyon 2 

 
Figure A.4. Longitudinal section urban district, canyon 3 

 
Figure A.5. Longitudinal section urban district, canyon 4 
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 Figure A.6. Longitudinal section urban district, canyons 1-4 

 
Figure A.7. Longitudinal section urban district, canyons 1-4 + R1-R4 
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Appendix B - Comparison varying to constant canyon width 

 
As a third step of the parameter study, it was investigated whether or not a constant canyon width 
would give unrealistic results, as a consequence of a (unnatural) periodicity. This was done by 
calculating the excess attenuation from a case with constant width of W = 20 m to a case with 
varying widths, W = 17-23 m: 
 

                                                                              [Eq. B.1] 

 
With, 
EAeffect periodicity = difference in sound pressure level configuration with varying canyon widths 

relative to configuration with constant canyon widths [dB] 
Lp, varying canyon wideness = receiver sound pressure level configuration with varying canyon widths, [dB] 
Lp, constant canyon wideness= receiver sound pressure level configuration with constant canyon widths, [dB] 

 
For this investigation an urban configuration is defined with sound source and receiver on roof level 
(500 m apart) and ten intermediate canyons, resulting in the urban configurations as given in Figure 
B.1 and B.2. Table B.1 gives the locations of the left and right canyon façades for each canyon. 

 
Figure B.1. Longitudinal section urban district, W = 20 m - srrr 

 
Figure B.2. Longitudinal section urban district, W = 17-23 m - srrr 

 
Table B.1. Canyons, locations and width, for variant 1 and 2 

Canyon Location [m] 
W = 20m 

 
W = 17-23m 

 Canyon Location [m] 
W = 20m 

 
W = 17-23m 

1 20-40 20-43  6 260-280 260-280 
2 70-90 70-88  7 305-325 305-324 
3 130-150 130-150  8 360-380 360-387 
4 165-185 165-182  9 395-405 395-418 
5 220-240 220-242  10 460-480 460-478 

 
Table B.2 gives the excess attenuations (for broad band results up to 1600 Hz) as calculated at the 
position x = 500 m. Figure B.3 shows the excess attenuation per 1/3 octave band. 
From this table and figure, it can be concluded that the excess attenuation between the two variants 
(constant width versus varying width) is negligible small. For this reason it is stated to be allowed to 
use geometries with constant values for the canyon width: it is demonstrated that the geometries 
with a constant width of W = 20 m, and with this W = 40 m (for example Figure 4.1 and Figure 4.4) 
can be used instead of geometries with slightly differences in canyon width. 
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Table B.2. EA(A) (broadband results up to 1600 Hz) for situation 1 - srrr, at position x = 500 m 

Situation EAmean [dB] EAA [dB]  

srrr 0.04 
σ = 0.09 

0.02 

 

 
Figure B.3. Excess attenuation as function of frequencies (in 1/3 octave bands), x = 500 m – srrr  
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Appendix C - Influence width computational domain 

 
The width of the computational domain as used for the grid-sensitivity analysis is smaller than 
recommended by the guidelines. It is investigated whether or not this constricted width has 
influence on the results of the solutions in the remaining of the validation and verification study of 
this investigation: the simulation with a mesh size of 20 cells per canyon height as used for the grid-
sensitivity analysis (width computational domain = 2Hmax = 40 m) will be compared to a similar 
simulation with an computational domain width as recommended by the guidelines (2x5Hmax= 200m; 
Fig. C.1, blue region complemented with black area). 

 
Figure C.1. Computational domain, variant 1 - ssrs, narrow domain (blue) and broad domain (blue + black) 

 
Figure C.2 shows the graphs for the two simulations. Any deviation between the narrow and broader 
computational domain occurs in the upper part of the canyon (Y/H ≈ -0.2 ±0.07) with a higher 
velocity for the narrow variant (maximum of 0.034m/s; absolute difference of 2%). This difference is 
insignificant small, and for this reason the remainder of the validation and verification study on the 
urban flow field will be performed with a computational domain having a width of 2H (40 m). 
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Figure C.2. Influence width computational domain - Control lines A-E 
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Appendix D - Influence inlet conditions 

 
Table 6.5 in Paragraph 6.1.1 formed an overview of the model settings for amongst others the inlet 
conditions of the CFD simulation as used in this research so far: the velocity and turbulence intensity 
of the inlet profile are determined with Equation 6.1 up to 6.3. A closer examination on the 
reference data available from the wind-tunnel experiment of Kovar-Panskus et al. (2002), however, 
concludes that the inlet conditions (in particular the turbulent kinetic energy) as used by Kovar-
Panskus et al. (2002) are not formed on the basis of the trends as resulting from Equations 6.1-6.3. 
For this reason a succinct research is performed on the possible occurring deviations of using the 
‘default formulas’ for determining the inlet profile instead of the values as used by Kovar-Panskus et 
al. (2002). 
The solution for the simulation having a grid size of 20c and a narrow width of the computational 
domain, with inlet conditions as determined from Equations 6.1-6.3, will be compared to the 
outcome of a similar simulation with the velocity and turbulence intensity based on the reference 
data of the wind-tunnel experiment. 
In order to determine these inlet conditions, Uo(y) is calculated from the given values of U/Uref, while 
the turbulent kinetic energy, k, is calculated using the data and formula (Eq. H.1) as given by Kovar-
Panskus et al. (2002). The values for the turbulent dissipation rate, ε, are calculated by completing 
the reference data into the default function. 
 

                         [Eq. D.1] 
 

With 
k = turbulent kinetic energy, [m

2
/s

2
] 

u’ = x-component of fluctuations on mean velocity flow, [m/s] 
y’ = y-component of fluctuations on mean velocity flow, [m/s] 

 
Figure D.1 compares the two cases as described above, both mutually as in comparison to the data 
measured in the wind-tunnel. In particular for the region above the canyon entrance (0 < Y/H < 0.4) 
the flow pattern differs strongly: both between the two CFD simulations as in comparison to the 
outcome of the wind-tunnel experiment sufficient present deviations occur. Especially, the CFD 
simulation using the inlet conditions based on the data of the measurement strongly overpredicts 
the horizontal velocities (up to 0.8m/s in comparison to the measurements). In the street canyon the 
results vary sufficiently for the regions in the bottom centre and the upper left corner: the shear 
layer near the canyon entrance differs considerably and is partly responsible for an aberrant flow 
field in the street canyon. 
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Figure D.1. Influence inlet conditions - Control lines A-E 

 
Since the inlet conditions are the only parameters varying between the two CFD simulations, it is 
decided to study the flow profiles in the upstream domain of the computational domain. Two new 
control lines are created: 1) Line F, at the beginning of the domain (X/W = -0.583) and 2) Line G, five 
meters from the left canyon edge (X/W = -0.0795). Figure D.2 shows the results for these two 
control lines. From these lines it can be concluded that already at the beginning of the domain 
differences in the flow behaviour are present. 
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Figure D.2. Influence inlet conditions - Control lines F-G 

 
Plotting the velocity as a function of the height as set as inlet profile for the two CFD models, the 
main reason for the large differences becomes clear (Figure D.3). At first sight the inlet profiles for 
the velocity look similar (Fig. D.3, left): large deviations only occur at a height of Y/H = 3 and higher 
(FS ≥ 566 m). Zooming in to the region directly above the canyon (Fig. D.3, right), it becomes clear 
that during the performing of the wind-tunnel experiment the first measurement point (the 
measurement point closest to the ground surface) lays at Y/H = 0.15. On a full scale this corresponds 
to a height of 2.8 m. All values underneath this height have to be estimated by the simulation 
program and are for this reason less reliable, whilst the flow in this region is strictly decisive for the 
behaviour of the flow above roof level and inside the canyons. From Figure D.2 it can be concluded 
that the main differences in velocity pattern are mainly situated in the region where the flow 
conditions are estimated (regions underneath the black line in these graphs). 
Since the overall trend of the two inlet profiles are almost equal and the standard equations lead to 
a more realistic flow near ground surface, it is chosen to continue the investigation with inlet 
conditions as determined on the basis of the default equations (Equations 6.1, 6.2 and 6.3). This 
simulation also results in outcome having a higher agreement with the measurements in the wind 
tunnel, taking into account all five control lines (Figure D.1). 
 

  
Figure D.3. Horizontal air velocity ratio inlet (left) for region directly above roof level (right) 
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Appendix E - Influence surface roughness ground surface 

 
Section 6.1 mentions that it is assumed that the aerodynamic roughness length for the ground 
surface (building roofs, canyon walls and ground) is equal to the y0-value of the inlet condition (y0 = 
0.0003 m), since the flow field engages at roof level. However, the reference paper and data of 
Kovar-Panskus et al. (2002) did not give any exact values for the aerodynamic roughness length, 
sand-grain roughness height and roughness constant of the canyon boundaries.  Tablada et al. 
(2005) imposed a value of ks = 0.001 m for the cavity walls and the lower horizontal edges of the 
domain (canyon floor and building roofs). Combining this information resulted in the decision to set 
a roughness constant of Cs = 2.9 to the ground surface of the computational domain (including the 
floor and walls of the canyon). 
The values set for the wall-function roughness modifications based on the sand-grain roughness can 
compromise the accuracy of CFD simulations (Richards and Younis, 1990; Zhang, 1994; Quinn et al., 
2001; Riddle et al., 2004) and they can cause discrepancies between CFD simulations and 
measurements (Blocken et al., 2007b). Also, horizontal homogeneity of the flow over the domain will 
or will not be met, mainly depending on the wall-function roughness set to the ground surface of the 
domain: undesirable acceleration of the flow near the surface or other unwanted changes in the 
profiles of mean wind speed and turbulent kinetic energy can occur. 
The model with settings as used so far will be compared to a simulation in which there is no 
roughness applied to the ground surface (Table E.1). The influence of the choice for a certain 
roughness on the behaviour of the flow field can be investigated by both comparing the results of 
the two situations to the reference study, as by comparing the flow field in the first canyon to the 
flow field in the last canyon (horizontal homogeneity). 
 
Table E.1. Computed models based on roughness modifications ground surface 

Model Ground surface     
 Aerodynamic roughness 

length, y0 [m]             
Sand-grain roughness 
height, ks [m]        

Roughness constant, Cs [-] 

Roughness on ground surface 0.0003 (FS: 0.057) 0.001 (FS: 0.19) 2.9 (FS: 2.9) 
No roughness on ground plane 0  (FS: 0) 0 (FS: 0) 0.5 (FS: 0.5) 

 
Figure E.1 shows the graphs containing the results for the five control lines in the first canyon, 
comparing the investigated situations with and without respectively a roughness applied to the 
ground surface to the outcome of the reference study. 
For the shear layer above the canyon opening, the deviations between the investigated situations 
and the reference data from the wind-tunnel experiment by Kovar-Panskus et al. (2002) is small. 
Notable is the fact that the CFD simulations show a slightly steeper gradient in the ratio U/Uref than 
measured in the wind tunnel. 
Inside the canyon the differences between the four cases is larger, especially in the upper region      
(-0.4 < Y/H < 0) of the canyon and the centre right (Line C and D). None of the CFD simulations 
closely corresponds to the data of the wind-tunnel experiment. For Line A and B the model 
containing roughness on the ground surfaces shows more similarity to the two reference studies, 
while for Line C-E the model without roughness corresponds better to the flow pattern of the 
reference studies, for the upper part of the canyon. 
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Figure E.1. Influence roughness ground surface - Control lines A-E 

 
Taking into account the preference of a boundary layer with a horizontal homogeneity, the outcome 
of the first canyon is compared to the outcome of the last canyon (Fig. E.2). This way, the 
development of the flow over the distance can be investigated. The shear layer above the canyon 
entrance differs only to a small extent between the closest and furthest canyon, for the model with 
roughness applied to the ground surface (0.2 m/s, absolute difference 3%), while inside the canyon 
the deviations in the velocity field for the two canyons is small. For the model without any roughness 
modifications set to the ground surface, the deviation in shear layer between the first and last 
canyon is larger (0.4 m/s, absolute difference 8%). Since the horizontal homogeneity is larger for the 
situation with a roughness applied to the ground surface and since this model in general shows 
better resemblance with the outcome of the two reference cases, it is chosen to continue the 
research with models including the roughness on the ground surface. 
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Figure E.2. Horizontal homogeneity between first and last canyon (440 m) - Control lines A-E 
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List of symbols and acronyms 

 

Roman symbols 

c0 adiabatic speed of sound m/s 
ceff effective sound speed m/s 
f frequency Hz 
fmax highest frequency simulated Hz 
k turbulent kinetic energy m

2
/s

2 

ks sand-grain roughness height m 
p(c) instantaneous pressure Pa 
p acoustic pressure Pa 
r, y axisymmetric co-ordinates m 
t Time s 
u, v, w x, y and z component of instantaneous velocity vector m/s 
u, v acoustic velocity components m/s 
u’,v’,w’ x, y and z component of fluctuations on mean velocity vector m/s 
u* friction velocity m/s 
vx, vy, vz x, y and z component of velocity vector m/s 
vc instantaneous velocity m/s 
x, y, z Cartesian co-ordinates m 
y co-ordinate normal to a horizontal surface m 
y0 aerodynamic roughness length m 
yp distance from centre of wall-adjacent cell to wall m 
yref reference height m 
   
BR blockage ratio % 
BRH blockage ratio, height % 
BRL blockage ratio, length % 
Cs roughness constant - 
Cμ constant/parameter in k-ε turbulence model: 0.09 - 
EA excess attenuation dB 
EAA A-weighted Excess Attenuation dB(A) 
H height (also called canyon depth) m 
Hcanyon canyon height m 
Hdomain domain height m 
Hmax maximum building height m 
Lp Sound pressure level at receiver position dB 
Lp,max Maximum sound pressure level at receiver position dB 
P mean pressure Pa 
P centre point of wall adjacent cell - 
Re Reynolds number - 
T vibration time s 
U, V, W x, y and z component of mean wind velocity vector m/s 
U0(y) horizontal wind speed at height y m/s 
Umax maximum horizontal velocity m/s 
Uref horizontal wind speed at reference height m/s 
W width (of canyons urban configurations) m 
X, Y distance from upper left canyon corner  m 
Z normalized impedance - 
   
   instantaneous wind velocity vector m/s 

    mean velocity vector m/s 

Greek symbols 

α Power law coefficient - 
γ elevation angle 

ο
 

γmin minimum elevation angle 
ο
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γmax maximum elevation angle 
ο
 

ε turbulence dissipation rate m
2
/s

3 

θ’ angle between normal to surface and transmitted 
ο 

θi angle between normal to surface and incident wave 
ο 

θr angle between normal to surface and reflected wave 
ο 

κ Von Karman constant: 0.42 - 
λ wavelength m 
μ dynamic viscosity kg/m·s 
ρ0 medium density kg/m

3
 

σ standard deviation - 
φ azimuthal angle (axisymmetric co-ordinates) 

ο
 

  
 

Δt time step s 
Δr mesh spacing in horizontal direction (axisymmetric co-ord.) m 
Δx mesh spacing in x-direction m 
Δxmin minimum mesh spacing in x-direction m 
Δy mesh spacing in y-direction m 
   

Operators 

div divergence operator - 
grad gradient operator - 
   

Acronyms 

srrr sound Source at Roof level, Receiver at Roof level  
srrs sound Source at Roof level, Receiver at Street level  
ssrr sound Source at Street level, Receiver at Roof level  
ssrs sound Source at Street level, Receiver at Street level  
   
ABL Atmospheric Boundary Layer  
BL Boundary Layer  
CFD Computational Fluid Dynamics  
DNS Direct Numerical Simulation  
ERH Equal Roof Heights  
ESM Equivalent Source Method  
FS Full scale  
ISO International Organisation for Standardization  
LES Large Eddy Simulation  
PE Parabolic Equations  
PML Perfectly matched layers  
PSTD Pseudospectral Time-Domain  
SIMPLE Semi-Implicit Method for Pressure-Linked Equations  
TU/e Eindhoven University of Technology  
VRH Varying Roof Heights  
W20 Urban configuration with street widths of 20 meters  
W40 Urban configuration with street widths of 40 meters  
WTS Wind-tunnel scale  
   

Others 

  partial derivative - 
   divergence operator - 
  gradient operator - 

 indication for averaging (ensemble of time averaging - 
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