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Ji and Wang (2010) propose that the dominant source of sound from a forward 

facing step is the stream wise dipole on the face of the step and that sources acting 

normal to the flow are negligible. Sound radiation normal to flow of forward facing steps 

has been measured in wind tunnel experiments previously by Farabee and Casarella 

(1986, 1991) and Catlett (2010). A method for evaluating sound radiation from surface 

roughness proposed in Glegg and Devenport (2009) has been adapted and applied to flow 

over a forward facing step which addresses the sound normal to the flow that was 

previously unaccounted for. Far-field radiation predictions based on this method have 

been compared with wind tunnel measurements and show good agreement. A second 

method which evaluates the forcing from a vortex convected past surface roughness using 

RANS calculations and potential flow information is also evaluated. 
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1. INTRODUCTION 

1.1 Motivation 

 

As the boundary layer of a viscous flow on a rigid surface becomes turbulent, the 

rapid and random changes in speed and flow direction create pressure fluctuations. When 

a surface is not flat the intensity of the boundary layer turbulence is increased and sound 

will be generated due to these surface discontinuities. This increase in turbulence grows 

with the size of the discontinuities, which can be anything from complicated randomized 

bumps and jagged edges to a simple, flat, forward-facing step. Examples include 

barnacles on a ship’s hull or the overlapping plates on the hull of a submarine. It is this 

latter example that will be the primary focus of this thesis but, more complicated three-

dimensional roughness elements will also be examined.  

If plate junctions on a hull or aircraft fuselage are too thick they can cause noise 

and vibration which will carry into the vehicles interior and radiate out from the exterior. 

This noise can interfere with surface mounted instrumentation or unwantedly broadcast 

the vehicle’s location. There is a design requirement that the noise generated by the 

convection of turbulent flow over surface roughness and steps created by overlapping

plates must be minimized. This thesis will investigate the fundamental process of noise 

generation by these flows so that these design requirements can be correctly evaluated. 
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Studies performed by Farabee and Casarella (1986, 1991) and Catlett (2010) 

measured far-field sound and surface pressure fluctuations caused by flow over forward 

facing steps. Surface and far-field pressure spectra were measured at different stream 

wise locations both upstream and downstream of the step. A numerical investigation by Ji 

and Wang (2010) using large eddy simulation provided valuable information about the 

characteristics of the forward-facing step flow. Using Lighthill’s acoustic analogy and a 

“tailored Green’s function” Ji and Wang showed that the far-field sound field was 

dominated by a streamwise dipole and that the area in the immediate vicinity of the 

corner of the step formed by the forward-face and the top surface of the step was the 

primary source of sound radiation. The Green’s function used by Ji and Wang was a low 

frequency approximation of the actual Green’s function developed by M.S. Howe and did 

not account for any sound in the direction normal to the flow. The studies performed by 

Farabee and Casarella (1986, 1991) and Catlett (2010) showed that there is significant 

radiation in the normal direction. This thesis aims to investigate this inconsistency and 

give an explanation for the differences between the low-frequency theoretical 

approximations and the measured data. 

The findings of Ji and Wang (2010) would show that the directionality of the far-

field sound is represented only by a streamwise dipole with far-field directionality as 

shown in figure 1.1. This study intends to prove that it is more accurately described as the 

combination of two sources with directionality as shown in figure 1.2. 
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Figure 1.2 Diagram of streamwise dipole directionality and normal dipole. 

 

Finally, there may be some information to be learned from examining the 

behavior of the flow itself as it moves around the discontinuities. As the flow reaches the 

step it separates from the plate. It then reattaches at approximately half way up the step 

only to separate again as it flows over the corner of the step. Finally, it reattaches again at 

a distance downstream from the corner of the step, depending on flow speed and step 

height. Figure 1.3 is an image produced in Fluent of path lines released from the surfaces 

of the step and illustrates this behavior.  

Figure 1.1 Diagram of streamwise dipole directionality. 
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The two areas before and after the step circulate in the clockwise direction. Figure 

1.4 is another image produced in Fluent of velocity contours around the step. The area in 

red above the corner of the step is the main area of interest as the flow speed and 

turbulent energy are increased significantly compared with the rest of the flow. This is 

the area where Ji and Wang showed that the greatest amount of noise is produced. Given 

this background the objectives of this thesis are as follows. 

 

 

 

 

 

 

 

Figure 1.3 Pathlines illustrating circulation 
zones. 

Figure 1.4 Contours of velocity with lower speeds in blue and higher 
speeds in red. 
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1.2 Objectives 

 

Noise generated by the convection of turbulent flow over a forward-facing step created 

by overlapping plates on a vehicle must be minimized. This thesis will investigate the 

fundamental process of noise generation by these flows and develop a system for 

predicting the noise generation. In order to fulfill the thesis statement the following 

objectives must be addressed.  

• Calculate directionality of the sound radiation from forward-facing steps and large 

rectangular roughness elements in a boundary layer flow.  

• Use the measurements from Awasthi (2011) as the inputs for the sound radiation 

prediction method and compare the results to the measurements taken by Catlett 

(2010).  

• Use RANS calculations to interpret the flow regimes in the vicinity of a forward-

facing step and large rectangular roughness elements for their impact on the sound 

radiation. 

1.3 Outline 

 

Chapter 2 reviews studies that have been performed in the past and their relevance 

to the current study. Chapter 3 outlines the mathematics of flow noise theory and how 

they apply to this study. Chapter 4 describes a Reynolds Averaged Navier-Stokes 

(RANS) simulation which was designed to investigate the experiments performed in the 

anechoic wind tunnel facility at Virginia Tech. This simulation was done in order to shed 
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light on the behavior of the flow that is difficult to visualize in the wind tunnel and to 

assess the ability of the RANS simulation to properly evaluate the flow. In Chapter 5 the 

Large Eddy Simulation (LES) of Ji and Wang will be compared to RANS calculations. 

Chapter 6 discusses the mathematical procedure that has been developed for predicting 

the sound radiated by a forward facing step immersed in a boundary layer flow and 

compare the prediction to measurements taken at Virginia Tech. The differences in the 

mathematical procedure used in Ji and Wang (2010) and the present study will also be 

described in this chapter and compared to the RANS calculations described in chapter 3. 

Finally Chapter 7 and 8 will present force predictions developed from simulation data 

and mathematical analysis of a cubic roughness element and a forward facing step 

immersed in boundary layer flow.  
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2. LITERATURE SURVEY 

 

2.1 Previous Step Noise Research 

 

In a study by Farabee and Casarella (1986) surface mounted microphones were 

used to measure wall pressure spectra generated by turbulent flow over both a forward 

and backward-facing step. The wind tunnel was 0.61 m x 0.61m at the inlet opening and 

the test section was 2.44 m long. A large 20 hp electric blower circulated air through the 

tunnel. All distances were normalized by step height h but the actual step height is not 

stated. Flow speed in the tunnel was approximately Uo = 24.7 m/s over the forward-

facing step. Boundary layer measurements taken using hot-wire probes showed that the 

flow separated at about 3h upstream of the step, creating the first recirculation zone. On 

top of the step reattachment of flow is stated as occurring at 3h downstream of the step. It 

was concluded from the measurements that pressure fluctuations were largest at 

reattachment where the turbulent shear layer impinges on the surface. RMS values of the 

pressure at reattachment were 10 times higher than those of the equilibrium flow. It was 

stated that there exists a region of high energy, coherent velocity fluctuations in this 

vicinity. As this coherent region is convected downstream it decays and diffuses away 

from the wall. For the backward-facing step this region is still identifiable at 72 step 

heights downstream of the step. It is concluded that if wall pressure fluctuations are to be 
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considered as an important hydroacoustic source, then the upstream history of the flow 

must be taken into consideration. 

Farabee and Casarella (1991) revisited the same experiment performed in 1986 

but, with a focus on creating a database of information from the experimental results that 

could be used for comparative evaluation of non-equilibrium flows and calculating the 

wave number spectrum of the wall pressure field. The same wind tunnel from their 1986 

experiment is used and retains the same dimensions and settings. A database was 

constructed from information on the frequency spectra and frequency cross-spectra of the 

wall pressure fluctuations under a fully developed turbulent boundary layer. The 

characteristic features of the spectra in each frequency range were identified. It was also 

shown that by examining the cross-spectra at fixed frequencies a more intuitive 

understanding of the wave number structure of the wall pressure field can be obtained.  

Farabee and Zoccola (1998) used a low noise wind tunnel and directional 

microphones to measure the radiated sound from forward and backward-facing steps. The 

backward step was 1.27 cm and the two forward steps were 0.76 and 1.4 cm high. Two 

free stream velocities were used, Uo = 25.5 m/s and Uo = 40.7 m/s. The parameters of the 

flow are taken from Farabee’s earlier work with Casarella (1986). No far-field sound was 

detected for the flow over the backward step. The forward steps however, both produced 

measurable far field spectra. The step height was shown to minimally affect the spectra. 

The far field spectra also showed a uniform dependence on increasing free stream 

velocity for a given step height. 
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In Howe (1997) an analyses of the sound production caused by a line vortex being 

convected over a forward facing and a backward facing step is performed using 

numerical methods to model vortex shedding from a vortex sheet. The force on the step is 

evaluated in terms of the vorticity distribution. It was found that the influence of a vortex 

convected over a step is dependent on the distance above the surface where the vortex is 

released. It was also found that vorticity production affects both the amplitude and the 

phase of the sound.  It should be noted that this method is similar to the one described in 

chapter 8 of the present study, but Howe used a potential flow model for the background 

flow whereas RANS flow calculations are used in chapter 8. 

Catlett (2010) performed measurements in an anechoic wind tunnel of the far-

field sound and wall pressure fluctuations caused by forward-facing steps, backward-

facing steps, and gaps having several different configurations. The purpose of this study 

was to scale the radiated sound from small forward and backward steps, detail the surface 

pressure field as a result of these steps, and detail the far field sound radiated from 

different gap configurations. Four directional microphones were placed at different 

streamwise angles above the location of the step. The microphones were arranged in an 

arc having a constant radius from the step. It is important to note that one of the 

microphones is set at 97° from the horizontal, nearly vertical, where the streamwise 

dipole source should have a null. Surface pressure microphones were set flush with the 

wall jet plate at 9 different locations; 3 upstream and 6 downstream of the step or gap. 

Since the focus of the current study is on the forward-facing step configuration we will 

focus primarily on Catlett’s results from this configuration. Catlett’s experiment used 6 
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different step heights, h = 1.5, 3.0, 4.6, 6.1, 11.7, and 18.0 mm and 3 different flow 

velocities Uo = 30, 45, and 60 m/s. The far field sound is shown to be clearly dependent 

on step height with an increase of up to 3 dB between step increments. A velocity scaling 

of U7 is observed in the data. The area just above the step is identified as the most 

powerful source of sound radiation, an interference effect was seen in the spectra. The 

interference was caused by the sound that was reflected from the surface of the plate. 

This interfered with the directed radiated sound at frequencies corresponding to 

wavelengths that are multiples of half of the wavelength of the step. This interference 

accounts for dips measured in the spectra at higher frequencies for the two largest step 

heights. Little directivity of the source was found. A mixed scaling that uses both the step 

height and boundary layer thickness is introduced and collapses the data nicely at the 

observation angles that are not affected by the deconstructive interference.  

In the work of Awasthi (2011) more wind tunnel experiments were performed 

with the intention of focusing on step heights that were significantly less than that of the 

boundary layer thickness and also on the pressure fluctuations on the surfaces at 

significant distances upstream and downstream of the step. The wind tunnel used had a 

square cross section that was 1.85m x 1.85m and the test section had a length of 7.3 m. 

The turbulent intensity was measured at 0.024% for a flow speed of 30 m/s and 0.031% 

for a flow speed of 57 m/s. The floor and ceiling of the tunnel were comprised of 

acoustically absorbent Kevlar covered metal perforated panels and backed by acoustic 

wedges. Three forward-facing steps were constructed from Lexan panels. The panels 

were instrumented with 0.5 mm diameter pressure taps (in spanwise and streamwise 
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arrays). The three step heights were of heights h  = 3.65 mm, 14.6 mm, and 58.4 mm, the 

latter two being 4 and 16 times the smallest step height, respectively. Flow over a flat 

plate was also measured for comparison. The steps were tested at free stream velocities of 

Uo = 30 m/s and 60 m/s. The results show that the disturbances caused by the step 

convect far downstream. The profile of the pressure spectrum, having a plateau in the 

lower frequencies and a uniform decay of slope -5/2 in the higher frequencies, is still 

quite distinguishable at as much as 152 step heights downstream of the step. It was also 

stated by Awasthi that the eddies formed by the separation at the step were convected 

downstream and their effect on the pressure field is most clearly visible at about 10 

reattachment lengths downstream. This effect is shown to be a strong function of the step 

height.   

In the work of Addad et al. (2003) LES was used to mirror the experimental 

conditions of Moss and Baker (1980) and also an LES study by Leclercq (2001). Moss 

and Baker (1980) compared and investigated of the characteristics of a flow over a two-

dimensional forward-facing step. Leclercq (2001) carried out a study of the 

aerodynamics, wall pressure field, and acoustics of a forward-backward-facing step pair. 

The LES was performed using Star – CD, a commercial CFD code. A 3-dimensional 

simulation was created using a forward-backward-facing step, of height h = 50 mm, l = 

10h long, and 2h in the spanwise direction. The flow had a Reynolds number based on 

the step height of Reh = 1.7 x105. A graduated mesh having four levels of refinement was 

used for the simulation. The total number of control volumes was 260,000.Two 

independent simulations were run in parallel with different initial conditions. This 
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allowed the convergence of the simulations to be monitored more clearly. In Moss and 

Baker (1980) the first recirculation zone separated at 0.8-1.5h before the step and 

reattaches at 0.6-0.65h on the front face of the step. The two LES simulations showed 

separation at 1.2h and reattachment at 0.6h. The second recirculation zone, on top of the 

step, reattaches at 4.7h in Moss and Baker (1980) and the same is reported by the LES. A 

comparison of boundary layer profiles at six streamwise locations was made between the 

two LES’s, Moss and Baker (1980), and experimental Laser Doppler Anemometry 

(LDA) data from Leclercq (2001). The profiles showed good agreement. Profiles of 

normal velocity and turbulent fluctuation were also compared and showed good 

agreement. The linearized Euler equations (LEE) were used to analyze the propagation of 

sound. There is a discrepancy between the measured acoustics and the results from the 

LEE. The LEE overestimated the radiated sound by several dB. The reason for this is 

stated as being mainly from differences in experimental conditions. The results showed 

that the separation of the free shear layer in the area downstream of the front corner of the 

forward-backward-facing step caused the formation of large coherent structures with size 

in the order of h. A relation between the acoustic sources and these coherent structures 

was also shown. The largest concentration of sources occurs in this area after the step and 

appears to be the greatest source of aero-acoustic noise generation, although there were 

also lesser sources both in front of and after the step.  

In Ji and Wang (2010) a numerical algorithm is used to solve the incompressible 

Navier-Stokes equations in conjunction with the dynamic Smagorinsky model of 

Germano (1991) with Lilly’s modification (Lilly 1992) for flow over a forward-facing 
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step and a backward-facing step. The pressure Poisson equation is solved to find 

instantaneous pressure values around the step. A separate flat plate LES is used to 

generate realistic data for the turbulent inflow upstream of the step. The numerical 

algorithm is applied to a forward-facing step and a backward-facing step of height h = 

1.27 cm. Reynolds numbers based on step height h and free-stream velocity Uo ranged 

between 21,000 and 37,000. Boundary layer thickness upstream of the step ranged 

between h and 2.4h.The Mach number was between 0.075 and 0.12. The boundaries of 

the computational domain were from -20h to 20h in the streamwise (x) direction with the 

origin set at the step and 30h in the y direction. The computational domain was 4h in the 

spanwise (z) direction. The results show good agreement with Farabee & Casarella 

(1984, 1986). The small recirculation zone in front of the step had a size of 0.58h and 

0.46h in the x and y directions and the larger one above the step extended to 

approximately 3 step heights downstream. The far-field sound from the forward and 

backward-facing steps is calculated using Lighthill’s theory (Lighthill 1952) with an 

approximate low-frequency Green’s function for an acoustically compact step height 

(Howe 2003). The use of analytical Green’s functions allowed for the identification and 

separation of acoustically important sources for individual analysis. The results of the 

acoustic analysis showed that the step acts as a dipole source in the streamwise direction 

as expected from Howe (1989). They also report that the height of the step effects the 

sound radiation based on the acoustic source modification which is associated with the 

high vertical velocity up the face of the step. 
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Ji and Wang (2012) has the same flow parameters as Ji and Wang (2010) but this 

paper has a greater focus on simulating the pressure fluctuations on the surfaces of the 

step normal to the flow. This study does a much more thorough evaluation of the 

mechanisms causing pressure fluctuations on top of the step. Several different types of 

correlations were performed giving great insight into the differences between this 

simulation, other simulations, and experimental data. Specifically the goal of this study 

was to investigate the individual contributions of the turbulent boundary layer and the 

turbulent shear layer to the surface pressure fluctuations. Scaling of various pressure 

statistics, extensive two-point correlations, and their comparison among steps of different 

heights provided concrete evidence of different mechanisms. These mechanisms will be 

discussed in greater detail later in this thesis as these studies are of great relevance to the 

present study.  

 Slomski (2011) carried out an LES calculation using ANSYS Fluent. Sources of 

sound were separated into regions upstream and downstream of the step. The far-field 

contributions from the individual regions were compared to the total sound and the 

contribution from the step face alone was compared with the results of Ji and Wang 

(2008) which are similar to those of Ji and Wang (2010). The results were also compared 

with measurements taken in the Anechoic Flow Facility at the David Taylor Model 

Basin. The results were in good agreement with the wind tunnel measurements and also 

showed that the contribution from only the step face did not describe the entirety of the 

far-field sound as stated in Ji and Wang (2010). Slomski (2011) shows that the area up to 

5h downstream of the step is the region generating the majority of the far-field sound.  



 

15 
 

Similar LES experiments were performed by Moon, Bae, and Cho (2006) who 

used a set of linearized compressible perturbed equations (LCPE) to analyze the sound 

generation. The computational domain of this study was considerably larger than most 

others having a length of -100h to 100h in the streamwise (x) direction with the origin set 

at the step and 100h in the y-direction. The step was 4h in the spanwise (z) direction as it 

was in Ji and Wang (2010). The step height was h = 0.012m with a Reynolds number 

based on step Reh = 8000. The free-stream velocity and Mach number were Uo = 10m/s 

and Ma = 0.03. A no-slip boundary condition is applied at 44 step heights upstream of the 

step. The non-uniform Cartesian grid consisted of 3.8 million grid points with a minimum 

grid spacing of 0.002h. Wall pressure fluctuations were monitored at 5 specific points. 

There were two monitoring points upstream of the step at x = -h and -0.5h. The other 

three points were downstream of the step at x = 1.5h, 2.5h, and 4h. Flow results and 

pressure spectra were of expected values with greater noise generation at the lower 

frequencies and uniform decay into the higher frequencies. As in Ji and Wang (2010) and 

in Addad et al. (2003) the primary source of noise is identified as being the region around 

the forward-facing step corner. However, it is also specified that the ‘flapping’ motion of 

the shear layer after the step acts as a low frequency source and the breaking off of the 

shear layer into eddies creates a high frequency source.  

Glegg and Davenport (2009) gave relationships that show the dependence of the 

far-field noise generated by boundary layer flow over rough surfaces on the surface 

pressure wavenumber spectrum and the roughness geometry. Working from the solution 

to Lighthill’s equation given by Goldstein (1976) it is shown that the surface integral 
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needs only to be applied to the surface from which the roughness protrudes as opposed to 

the surface created by the roughness itself. In this way a great deal of mathematical 

complexity is avoided. By simplifying surfaces in this way a unified theory for roughness 

noise is developed and a tailored Green’s becomes unnecessary. All step flow 

experiments up to this point have applied a tailored Green’s function in order to satisfy 

Lighthill’s equation. A tailored Green’s function is one that specifies rigid wall boundary 

conditions on all the surfaces and eliminates the surface integral from the far field sound 

calculation. In contrast Glegg and Devenport (2009) do not use this Green’s function but 

assume that the quadrupole term (volume source term) will be negligible (see below for 

more detail). The equations are set up so that they can accept any roughness geometry 

and the results show that the acoustic coupling effects can be separated from the effects 

of flow speed and Reynolds number. If this set of relationships can be adapted to any 

roughness then it should follow that a forward-facing step can be considered using these 

equations. However, this has yet to be attempted and the application of these 

relationships to the forward-facing step scenario will play a major role in the completion 

of this thesis. 

 

2.2 Specific Studies of Interest 

 

There are three studies mentioned in the previous section that are of particular 

relevance to this study; Farabee and Casarella (1986), Catlett (2010) and Ji and Wang 

(2010). In Ji and Wang (2010) a low-frequency approximation of the Green’s function is 
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used with Lighthill’s acoustic analogy to evaluate the far-field sound generated by the 

flow over the step. This method suggests that the directionality of the sound is a dipole 

source aligned in the streamwise direction. This point will be addressed in detail in a later 

chapter. If the source in the flow is in fact a streamwise dipole then in the direction 

normal to the flow there should be a null in the directionality. However, the experimental 

findings of Farabee and Casarella (1986) and Catlett (2010) suggest otherwise. In the 

following chapters we will reconsider this issue and provide greater insight into the sound 

producing mechanisms of a forward facing step.  
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3. FLOW NOISE THEORY 

 

When a flow moves over a surface the turbulence in the flow causes pressure 

fluctuations on the surface. Sound is the fluctuation of pressure in a fluid medium. Thus, 

when these pressure fluctuations radiate out into the fluid they are perceived as sound. 

The magnitude of the sound or its strength is dependent on the density of the fluid, the 

speed of the flow, and the geometry of the surface. This chapter will discuss the 

mathematical theory used to describe the sound radiated from flow noise sources in terms 

of their strength and directionality. In the following chapters these subjects will be 

discussed in more detail. 

3.1 Dipoles and Quadrupoles 

 

The radiation efficiency of a flow noise source is categorized in terms of its 

monopole, dipole or quadrupole order. The sources considered in this thesis are either 

dipole or quadrupole sources and will be the focus of this section. When considering the 

sound generated by a body immersed in a flow we must evaluate the pressure field given 

by the surface and volume integrals: 
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(3.1.1) 
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where � are the pressure fluctuations, ��� is the Reynolds stress tensor which represents 

the quadrupole source strength, G is the Green’s function, and �� is the normal to the  

 

 

 

 

 

surface. The first term in this equation represents the pressure forces on the surfaces of 

the body. These forces create surface dipole sources. The directionality of this source is a 

consequence of the first derivative of the Green’s function and has lobes aligned normal 

to the surface with nulls in the direction parallel to the surface as in figure 3.1.  

Figure 3.1 Diagram of surface dipole. 
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The second term in the equation represents the sources acting within the volume 

of the fluid. These sources are of quadrupole order. A quadrupole source is equivalent to 

four point sources in anti-phase which gives a directionality as shown in figure 3.2. 

 

 

 

 

 

 

 

 

 

 

 

 

The quadrupole strength given by the Lighthill stress tensor is multiplied by the 

second derivative of the Green’s function and has directionality in both directions normal 

and parallel to the surface.  

The Green’s function is necessary for describing the directionality of the source 

but it also directly affects the strength of the sources. To evaluate equation (3.1.1) we can 

use either a tailored Green’s function for which 
��(	|
)

���	

�� = 0 on the surface or a free 

field Green’s function for which 
��(	|
)

���	

�� ≠ 0. If we use a tailored Green’s function the 

Figure 3.2 Diagram of volume quadrupole 
source. 
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surface integral is zero and only the volume sources will be considered. With the free 

field Green’s function the surface integral will not be zero but the volume integral will be 

considered negligible in comparison. This is explained in more detail in the next section. 

If the step is acoustically compact (i.e. h << λ) then the Green’s function can be 

considered constant and we can state 

(3.1.2) 
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where Fi is the total force on the surface. This is the basis for the methods presented in 

chapters 7 and 8.  

 

3.2 Green’s Functions and the Wave Number 

 

The Green’s function describes how a wave propagates from a point y to another 

point x. The far-field approximation of the Green’s function for a point source on a rigid 

surface is  

(3.2.1) 
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where r0 is the distance from the origin to the observer and k is the wave number. In the 

Cartesian coordinate system y1 is the direction parallel to the surface, y2 is the direction 

normal to the surface and the flow, and y3 is parallel to the surface and perpendicular to 
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the flow (i.e. the spanwise direction). The surface is at y2 = 0. The coordinate system x = 

(x1, x2, x3) describes the location of the observer. 

Taking the first derivative of the Green’s function with respect to y2 we have 

 (3.2.2) 
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and taking the second derivative with respect to y1 we have 

 

(3.2.3) 
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The first derivative eqn. (3.2.2) gives us a factor of � 	in the leading coefficient while the 

second derivative eqn. (3.2.3) gives us a factor of	��. Now, � =
�

��
 where �� is the speed 

of sound in the medium. If we consider k at constant the Strouhal number for a flow with 

length scale �  

(3.2.4) 
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(3.2.7)                                                              

⇒ ����� = ����� ��

��
��                                                              

Since �����	is of order 1 for fluctuations in most turbulent flows, it follows that, at Mach 

numbers less than or equal to 0.2,	�� ≫ �����. Thus, the volume integral representing 

the quadrupole term will be negligible relative to the surface integral representing the 

dipole term. This comparison is necessary because it sets apart a tailored Green’s 

function from a free field Green’s function. The tailored Green’s function is dependent on 

the sound from a source in a fluid volume reflected from the surface of the body in the 

flow. Therefore, the tailored Green’s function does not need to account for the pressure 

fluctuations on top of the step and the surface integral will drop from the pressure field 

equation. The free field Green’s function considers the pressure fluctuations on the 

surfaces of the body as the source of the sound but the volume integral can still 

contribute. However, the volume integral of Tij can be considered negligible since k >> 

k2.  

3.3 The Low-Frequency Green’s Function Approximation 

 

In Ji and Wang (2010) a tailored Green’s function is used and so their approach 

will be reviewed here. The exact tailored Green’s function oG  as a function of y  is 

defined as the solution to the inhomogeneous wave equation  

(3.3.1) 
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and must satisfy the rigid wall boundary condition on the surfaces bounding the fluid. 

The equation does not have a simple solution for arbitrary geometries and so M.S. Howe 

introduced a low frequency approximate solution. The low frequency Green’s function 

G is the solution to the wave equation as a function of Y defined as 

(3.3.2) 
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where Yi is a solution to Laplace’s equation that satisfies the boundary condition on the 

surfaces. This solution G can be considered as an approximation of oG with an errorE , 

so  

(3.3.3) 
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So, to evaluate the error term we have 

(3.3.4) 

2

2

2

2

2

2

mi

l

i

m

mi

m

i Y

G

y

Y

y

Y

Y

G

y

Y

y

G

∂
∂

∂
∂

∂
∂+

∂
∂

∂
∂=

∂
∂

    

Since Ym satisfies Laplace’s equation. 

00
2

2
2 =

∂
∂

⇒=∇
i

m
m y

Y
Y

 

and the term 
mi

m

Y

G

y

Y

∂
∂

∂
∂

2

2

is zero, and we are left with 
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(3.3.5) 
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Substituting (3.3.5) into (3.3.3) gives  

(3.3.6) 

E = ∇Ym.∇Yl

∂2G

∂Ym∂Yl

− ∂2G

∂Yi
2







   

To determine the order of magnitude of the error we note that  

∇Ym.∇Yl

∂2G

∂Ym∂Yl

< ∇Ym

2 ∂2G

∂Ym
2             and          

∂2G

∂Yi
2 = −k2G  

so the error is proportional to 2k . At low frequencies 02 ≈k  thus, 0≈E  and oGG ≈ .  

The difference between this method and the method used to in this study will be 

discussed in section 6.6. 
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4. COMPARISON OF RANS CALCULATION TO WIND TUNNEL 

MEASUREMENTS 

 

Reynolds Averaged Navier-Stokes simulations were performed using the 

commercial CFD code Ansys Fluent in order to examine flow regimes for the flow over a 

forward facing step. These 2-D RANS simulations provide a great deal of information 

about boundary layer behavior, turbulent kinetic energy, and other valuable information 

for the flow over a step. These flow parameters described in this chapter help to 

determine the sound generated by the flow and must be understood in depth.  

4.1 Reproducing Wind Tunnel Measurements  

 

The first set of simulations was performed in order to assess the capability of the 

CFD software to reproduce mean flow data recorded in Virginia Tech’s anechoic wind 

tunnel. The simulations showed reasonable agreement over all with the data recorded 

from the wind tunnel. Although 3 different step heights were evaluated in the wind 

tunnel, we will focus only on the results from the 14.6 mm step.  
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4.1.1 Geometry 

 

The geometry for this simulation was created in Ansys Workbench.  The inlet is 

at x = -100h and the outlet is at x = 100h with the step located at x = 0. These distances 

provide enough room for the flow to become fully turbulent before the step and to 

reattach to the boundary after the step. The inlet is divided into 34 sections, increasing in 

size from the bottom up to the 34th section which is the free-stream inlet. This was done 

so that each inlet could be set to match the inflow speed at that height in order to recreate 

the incoming boundary layer of the wind tunnel. The total inlet height is 26h. Individual 

inlet heights are provided in table 4.1. The inlet profiles are compared in figure 4.1. The 

lengths of the total inlet, outlet, plate before the step and plate after the step were all 

multiples of the step height. The upper most inlet length is then a driven dimension that is 

also a multiple of the step height.  

 

 

 

 
 

 

 

 
 
 
 

Figure 4.1 Inlet velocity profiles from RANS and wind tunnel 
measurements. 
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Table 4.1 Inlet Numbers and Starting Heights 

 

4.1.2 Meshing 

 

The cell size of the mesh is based on the step height. Each cell is h/4 square. This 

creates a very uniform mesh with exception of the area just downstream of the inlet as the 

inlet profile discretization is not based on the step height. This region of deformed mesh 

does not affect the results of the simulation as no measurements were taken in this area. 

Inlet # 
Starting 

Height /h 
Inlet # 

Starting 

Height /h 
Inlet # 

Starting 

Height /h 

11 0.234932 22 1.54589 33 12.16918 

10 0.2 21 1.280822 32 10.0911 

9 0.165068 20 1.060959 31 8.367808 

8 0.147945 19 0.878082 30 6.937671 

7 0.130822 18 0.726712 29 5.75274 

6 0.113014 17 0.60137 28 4.769178 

5 0.09589 16 0.49726 27 3.95411 

4 0.078082 15 0.410959 26 3.277397 

3 0.060959 14 0.339041 25 2.717123 

2 0.043836 13 0.30411 24 2.25137 

1 0.026027 12 0.269863 23 1.865753 
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The meshing program is also used to identify the boundaries. The boundaries must be 

labeled in order to apply properties to them when setting up the Fluent simulation. The 

inlet plane is separated into sections labeled ‘inlet 1’, ’inlet 2’, etc. from the bottom up. 

The sections nearest to the bottom boundary were smaller than the step. Therefore, the 

defeaturing tolerance must be reduced to be less than that of the smallest available in the 

default settings in order to prevent the mesh program from erasing them from the 

geometry. The defeaturing tolerance is an option that chooses the threshold for which the 

mesh will recognize features in the geometry. Edge lengths that were less than that of the 

defeaturing tolerance will either be ignored or smoothed over. Once the mesh has been 

created in the Ansys Mesh program, it will need to be further refined in Fluent. Fluent has 

several refinement options. The option used here refines the cells from the bottom up to 

the 20th cell. This creates a region of increased refinement that runs along the bottom of 

the simulation geometry as shown in figure 4.2. One refinement divides a cell into four 

separate cells. The cells in this region now have an edge length of h/8. 

 

 

 

 

 

 

 

 Figure 4.2 Simulation Mesh. 
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4.1.3 The k-ε Turbulence Model 

  

This simulation employed the k-ε turbulence model. The k-ε turbulence model is 

a two equation system for modeling turbulent flows based on k, the turbulent kinetic 

energy and ε, the rate of turbulent dissipation. The Reynolds Stress model and the k-ω 

model were also tested. The k-ε model showed the best agreement with results from the 

wind tunnel.  

 

 4.1.4 Fluent Inputs and Setup 

 

The density and dynamic viscosity were set to match the values recorded in the 

wind tunnel. The density is 1.544 [kg/m^3] and the viscosity is 1.7688e-5 [kg/m-s]. The 

velocities used were taken from the measured wind tunnel data and applied at the heights 

where those velocity measurements were recorded in the Fluent simulation. The outlet is 

a pressure outlet with gauge pressure 0 [Pa]. Fluent was set to use second order upwind 

solvers for the momentum, turbulent kinetic energy, and turbulent dissipation rate. The 

pressure and velocity scheme is coupled. Once the solution has converged, the entire 

solution data set is exported using an ASCII data output. This format is very easily 

imported into MatLab. 
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4.1.5 Post-Processing in MatLab 

 

The MatLab command ‘textread’ is used to load the column data from the ASCII 

file into 4 vectors containing the node number, the x-coordinate, the z-coordinate, and the 

x-velocity information respectively.  In order to choose the x locations of interest, the 

MatLab command ‘find’ is used. This command reports back the indices of the x values 

of interest. The indices of the x-coordinates were the same for the z-coordinates and the x-

velocity. Therefore, by finding these indices the corresponding z and U values follow.  

The data from the wind tunnel at Virginia Tech is saved in ‘.m’ format and is 

easily loaded into the workspace, provided the data files reside in the same directory as 

the code, using the MatLab command ‘load’. The 2 profiles from each location were then 

plotted over each other for comparison.  

 

4.1.6 Comparison of Simulation Results with Wind Tunnel Measurements 

  

Graphical representations of the data generated in preliminary experiments are 

provided in the appendix. The boundary layer profiles produced by the Fluent simulation 

match those recorded in the wind tunnel at Virginia Tech very well as shown previously 

in figure 4.1. The success of this simulation was greatly improved by separating the inlet 

into sections to simulate an incoming turbulent boundary layer. By doing so, both the pre 

step and the post step interactions were more accurately reproduced. It was also important 
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to keep the geometry of the simulation to a very simple design and to base the edge 

lengths on the step height in order to allow for the production of a uniform mesh. Without 

uniform meshing the results of the simulation were found to be unreliable.  

Examining the difference profiles in figures A.6 and A.7 in the Appendix we can 

see that while they do not appear the same, they do behave similarly. The first difference 

profile is relatively straight while the second and third exhibit larger differences. In the 

fourth profile the difference is small again and finally the fifth profile is zero difference.  

With the exception of the leading profile, the turbulent kinetic energy profiles 

were consistent with each other. The magnitudes were different but the behavior near the 

wall is very similar at the four downstream locations. The leading profile’s diversion 

from the wind tunnel measurement may be attributed to the turbulent energy not having 

fully matured in the simulation at this particular point. An attempt was made to resolve 

this issue by increasing the length of the run-up plate. Unfortunately, this created too 

many nodes in the mesh and the simulation became unsolvable. 
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5. COMPARISON OF LES CALCULATIONS WITH RANS CALCULATIONS 

 

As stated in the introduction, Ji and Wang (2010) describe the directionality of the 

sound from a flow over a forward facing step as a streamwise dipole. In Ji and Wang 

(2010) the flow over a forward facing step was evaluated numerically using a large eddy 

(LES) simulation code in order to predict the far field sound radiation that is produced 

from the turbulent flow. The low-frequency Green’s function approximation was then 

used to evaluate the far-field sound which gives the dipole directionality. This chapter 

will show comparisons of flow behavior between RANS and LES calculations and the 

mathematical theories used to estimate the sound radiation. 

5.1 Comparison of Flow Parameters 

 

A Reynolds Averaged Navier-Stokes simulation will be compared against Ji and 

Wang’s LES results in order to judge the effectiveness of RANS to evaluate the flow 

over a forward facing step. The first comparison of flow parameters is that of the inlet 

velocity profile in wall units. Figure 5.1 shows the velocity profiles from Ji and Wang 

(2010), the RANS calculations, ++ = yU , and 0.5ln)41.0/1( += ++ yU . In a RANS 

simulation it is difficult to increase the near-wall grid resolution enough to show the 

boundary profile in full. This is why the RANS profile only extends down to 
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approximately y+ = 10. The grid resolution may also cause the imperfect shape of the 

profile. The vertical lines plotted in figure 5.1 represent the horizontal grid lines nearest 

to the wall. This shows that the grid is indeed too coarse in this region to evaluate the 

boundary layer profile with the same resolution found  in Ji and Wang (2010). However, 

this is an acceptable result over-all and results are consistent with measurements for y+ > 

200. 

 

 

Figure 5.1 Mean streamwise velocity profile in wall units for 
the inflow turbulent boundary layer. _____, RANS; __o__, 
LES; __.__, U+ = y+; _ _ _, U+ = (1/0.41)lny++5. 



 

35 
 

The data on the mean streamlines is not available to be exported directly from 

Fluent. However, they can be viewed within the Fluent workspace. In order to make the 

comparison between the RANS mean streamlines and those from the LES a screen shot 

was taken from the Fluent workspace and resized to match the image from Ji and Wang 

(2010) as shown in figure 5.2. The resizing of the streamlines from the RANS simulation 

causes them to appear more compressed than the LES calculations because more lines are 

shown. However, the reattachment lengths are unaltered. The LES calculation shows 

reattachment at approximately 3h while the RANS reattachment is unclear. This 

discrepancy is due to the limitations of Fluent’s pathlines function. Reattachment in front 

of the step appears to be in good agreement at approximately h/2.  

 

        Figure 5.2 Mean streamlines from LES (Top) and from RANS (bottom). 
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Figure 5.3(a) shows the turbulent kinetic energy (TKE) contours from Ji and 

Wang (2010). Figure 5.3(b) shows the contours from the RANS simulation. The contour 

plot from Ji and Wang (2010) shows 14 contour levels ranging from 0.002 to 0.1. The 

contour plot created from the RANS data has 10 contour levels ranging from 0.002 to 

0.085. The discrepancy in the values is likely due to different turbulent inflow conditions. 

This idea is supported by the fact that the lowest areas of turbulent energy correspond to 

the mean flow.  

 

 

 

 

 

 

 

 

 

 

 

The skin friction coefficient along the bottom of the computational domain is 

compared in figure 5.4. Details about the values of shear force and viscosity used to 

compute the skin friction coefficient from the LES simulation were unavailable and had 

to be inferred which may account for the discrepancy between the findings. However, the 

Figure 5.3(a) Contours of Turbulent Kinetic Energy from Ji and 
Wang (2010). 

Figure 5.3(b) Contours of Turbulent Kinetic Energy from 
RANS simulation 
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general behavior of the coefficient is very similar in both simulations. The skin friction 

coefficient computed in Ji and Wang (2010) uses 2// fo CUu =τ  and the skin friction 

coefficient automatically computed from the RANS calculation uses 20.5f wC Uτ ρ ∞= . 

Examining the skin-friction coefficient helps to illuminate the forces acting around the 

step. The dip in the graph just before the step shows the separation of the flow in front of 

the step. The peak at x = 0 represents the strong forces that are created as the flow is 

accelerated over the corner of the step and the dip directly after the step shows the 

separation of the flow and reattachment as the graph ramps back up to its mean value. 

The plots dip below zero just after the step. This is caused by the flow separation at the 

step edge. The values rise above zero again downstream of the step as the flow reattaches 

to the downstream face of the step. The LES calculations show reattachment at 

approximately 3h downstream of the step. This is consistent with the observation of the 

mean stream lines made earlier. The RANS calculations show reattachment at 

approximately 1.75h.  
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Comparison of the pressure coefficient on the surface, normalized on the outlet 

pressure, is also in relatively good agreement. As in the comparison of skin friction 

coefficients though, without information about certain variables, it can be difficult to 

exactly recreate the results using RANS. In this case the gauge pressure used in the LES 

simulation was unavailable. Figure 5.5 shows the pressure coefficient from Ji and Wang 

(2010) and the results from the RANS simulation. As expected there is a ramping up of 

pressure as the step is approached in the x-direction with a sharp drop after the step in 

both simulations. There is some over estimation of the pressure coefficient upstream of 

      Figure 5.4 Coefficient of friction. _____, RANS; _ _ _, LES. 
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the step in the RANS calculation. This may be due to the limited size of the 

computational domain. 

 

An important factor in predicting the sound radiation from turbulent flow over a 

step at different downstream locations is the convection speed. The convection speed is 

the speed at which the coherent structures of the turbulent flow that cause the pressure 

fluctuations on the surface of the step are carried downstream. 

Space-time correlations were used to measure this at different streamwise 

locations in Ji and Wang (2012) and in Awasthi (2011). Figure 5.6(a) shows the space 

Figure 5.5 Coefficient of pressure. _____, RANS; _ _ _, LES. 
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time correlations for four step heights (columns with largest step on the left) and four 

streamwise locations (rows with most downstream location at the top) taken from Ji and 

Wang (2012). The scales are of change in x position normalized by the boundary layer 

thickness on the vertical axes and velocity U normalized by change in time and boundary 

layer thickness on the horizontal axes for both Ji and Wang (2012) and Awasthi (2011). 

The plots from Ji and Wang (2012) show a general consensus that there is a slope of 

approximately 0.65 at all locations. This is illustrated in the plot of the largest step height 

and furthest downstream position (upper left plot). This is the ratio of the convection 

speed over the free-stream velocity or Uc/U∞ . Therefore the convection speed is 

approximately 65% of the free-stream velocity according to the results presented in Ji and 

Wang (2012). In Awasthi (2011) the space-time correlations were also examined. Figure 

5.6(b) shows the space time correlations for three step heights (rows with largest at 

bottom) and three streamwise locations (columns with most downstream on the right) 

taken from Awasthi (2011). The slope found in Awasthi’s measurements is 

approximately 0.8 at all locations excluding the most upstream location for the largest 

step which has a slope of approximately 0.7. This shows that the actual convection speed 

is 80% of the free-stream velocity and that the LES simulation is under estimating this 

value by 15%.  
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Figure 5.6(b) Space-time correlations from 
Awasthi (2011). 

Figure 5.6(a) Space-time correlations from Ji and 
Wang (2010). 
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6. MATHEMATICAL THEORY FOR SOUND RADIATION FROM A STEP 

 

This chapter describes in detail the mathematical procedure that has been 

developed to predict the far-field sound generated by flow over a forward facing step and 

compares the results with the measurements taken in the Virginia Tech wind tunnel 

(Catlett (2010)). 

6.1 Choosing the Green’s function 

 

The equation for the acoustic field which is dependent on the Green’s function 

given in section 3.1 is 

(3.1.1) 

���,�� = ����,��
	

�

		
(�|�)	��	 ������+����
	

�

	�
(�|�)
	��		�� ���� 

The basic Green’s function for a point source is 

(6.1.1) 


 = 	 �
����

4��	 

where �	 = |� − 	�| , �	is the location of the observer and � is the location of the source. 

For a source term located at some distance above a rigid surface we choose the Green’s 

function so that on ��	 = 0 we have 
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(6.1.2) 

	

	��	 =|����

0 

with ��		 being the vertical direction and ��	 = 0 being the rigid surface.  

For this to be true we must create an image source below the surface. The location of the 

image source will be at �∗= |� − 	�∗|  where �∗ = (�
, −��, ��)  
The new Green’s function will be  

(6.1.3) 


 = 	 ����
��

 + 
����

∗

��∗
 

Then we apply the far field approximation which states 

(6.1.4) 

� ≈ 	 �	 − 	�����	  

Using this in equation (5.3) and applying Euler’s identity we have 

(6.1.5) 


(�|�) = 	 �
�����

���	�	
��

�
���
�


��

2��	 cos(
�����
�	 ) 

Taking the derivative with respect to �� we have 

 (6.1.6) 

	
(�|�)
	�� = 	−����	

���������	�	��
�
���
�


��

2��	 sin(
�����
�	 ) 

This is the Green’s function used by Glegg and Devenport (2009) and will be used to 

evaluate the far-field sound from flow over a forward facing step. 
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6.2 The Effective Quadrupole and the Forward-Facing Step 

 

When we consider the sound radiated from a forward facing step we choose the 

Green’s function	
��

���
	

� 0 for ��	 = 0. When we consider the top face of the step we are 

now considering a dipole source located at a distance h above the plane	��	 � 0. This 

source will have an image source at a distance –h below the plane	��	 � 0. This creates an 

effective quadrupole source as illustrated in figure 6.1.  

 

Figure 6.1 Illustrative diagram of effective quadrupole created by image source 
downstream of the step. 

 

As mentioned in section 3.2, quadrupole source terms are usually considered 

negligible. This becomes an issue because measurements by Awasthi (2011) have shown 

that the surface pressure on top of the step is up to 30 dB higher than that of the 

undisturbed boundary layer. This being the case, the dipole on the top surface of the step 

and its image source can be much larger than the dipole source on the forward face of the 
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step and the difference may be enough to overcome the effective quadrupole nature of the 

dipole and its image source on the top face of the step 

  

6.3 Evaluating the Far-Field Sound 

 

In this study the sound radiation from the forward-facing step will be considered 

in terms of dipole sources on the surfaces of the step. The far-field sound is given by the 

sum of two terms. The first is the contribution from the step face and defined (for an 

observer in the plane x3=0) as 

(6.3.1) 

po(x,ω ) = −ikx1

ro

eikro

2π ro 0

h

∫
−∞

∞

∫ p(y,ω )cos(ky2x2 / ro )dy2dy3 

If the step is acoustically compact then the cosine term can be dropped. For the 

step to be acoustically compact the acoustic wave length needs to be much greater than 

the height of the step so kh << 1. If this is true then since x1 is also smaller than ro, 

cos(ky2x2 / ro) will be approximately equal to 1. The integral represents the net force per 

unit span on the face of the step. Then modeling the surface pressure strength as the 

integral of Pu(y3), which is the streamwise dipole strength, we obtain 

(6.3.2) 

po(x,ω ) = −ikhx1

ro

eikro

2π ro −∞

∞

∫ Pu (y3)dy3  
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The second contribution to the far field comes from the top surface of the step and is 

defined as 

(6.3.3) 

����,�� = 	−�����
�����
2��� sin����ℎ ��⁄ �� � ���,�������	�	��

�

��

�

�

�
�� 

When we examine the pressure fluctuations at the forward-face of the step the 

surface integral is evaluated over a short finite length h but, when we evaluate the surface 

integral over the top face of the step it is evaluated over a semi-infinite length. The 

pressure fluctuations over the top face have an infinite distance over which to decay. 

Awasthi (2011) measured the surface pressure fluctuations at large distances downstream 

of a step. From these measurements a curve-fit has been created to match the general 

trend of the data. By using this curve-fit equation we can approximate the decay of the 

pressure fluctuations as a function of distance downstream of the step. The contribution 

from the top surface of the step to the far-field can be modeled as a second dipole source 

multiplied by the decay rate suggested by the curve-fit equation.  

(6.3.4) 

p ~ Pu (y3)e
iω y1/Uc + Pd (y3)e

iω y1/Uc

(a2 + (y1 / h)2)1/2

 

where Pu is the pressure induced by the undisturbed boundary layer, Pd is the disturbance 

induced by the separated flow over the step that is been modeled as having a linear decay 

at large distances downstream and a is constant having value √75.  

After making this assumption we can specify equation (6.3.3) as  
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(6.3.5) 

pt (x,ω ) = −kx2

ro

eikro

4πro

sin(khx2 / ro )
−∞

∞

∫ Pd (y3)
0

∞

∫
e− iky1x1/ro+iω y1/Uc

(a2 + (y1 / h)2)1/2 dy1dy3 

or alternatively 

(6.3.6) 

pt (x,ω ) = −khx2

ro

eikro

2π ro

sin(khx2 / ro )
−∞

∞

∫ Pd (y3)F(aµh)dy3

F(aµh) =
0

∞

∫
e− iµy1

((ah)2 + y1
2)1/2 dy1        µ=kx1 / ro + ω /Uc

 

We then calculate the far field sound pressure spectrum Spp(ω)=(π/T)E(|p(ω)|2) and 

assume that the spanwise integration can be represented by  

(6.3.7) 

 

−∞

∞

∫
−∞

∞

∫
π
T

E[Pu (y3)Pu
* ( ′y3)]dy3

′dy3 = LlSuu (ω )

−∞

∞

∫
−∞

∞

∫
π
T

E[Pd (y3)Pd
* ( ′y3)]dy3

′dy3 = LlSdd (ω )

 

where the spanwise integration is carried out assuming a span of length L and a spanwise 

correlation length scale of l. The spanwise integration needs to account for the spanwise 

correlation between sources. Integration across the span is equivalent to summing the 

mean square levels N uncorrelated sources of spanwise width l and height h. The 

effective surface area is therefore N(lh)^2. If the width of the step is L = Nl then the 

equivalent area is Llh^2. In this formula Suu represents the spectrum of the undisturbed 

boundary layer and Sdd, the surface pressure spectrum induced by the separated flow on 

the top face of the step. The far field sound spectrum then follows as 
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(6.3.8) 

 

Spp (x,ω ) = khx1

2π ro
2








2

LlSuu (ω ) + F2(aµh)sin2(khx2 / ro )
khx2

2πro
2








2

LlSdd (ω ) 

The first term represents the dipole sound from the face of the step while the second term 

is the contribution from the top surface of the step. Typically we are interested in values 

of aµh>>1 and so the function F2~1/ aµh and for small Mach numbers µ~ω/Uc so we can 

approximate 

(6.3.9) 

 

Spp (x,ω ) = khx1

2π ro
2








2

LlSuu (ω ) + sin2(khx2 / ro )
M cx2

a2π ro
2








2

LlSdd (ω ) 

For low Mach number flows (Mc~0.01) the second term in this equation is usually 

considered to be small compared to the first term (the negligible quadrupole term). 

However for flows where Mc~0.2 and Sdd is more than 30 dB greater than Suu, this 

assumption cannot necessarily be made. Awasthi (2011) showed a measurement of the 

pressure fluctuations on top of the step to be 30dB greater than those measured 

underneath the undisturbed boundary layer. Since dipole acoustic efficiency is only 20dB 

higher than that of a quadrupole it is possible that the pressure fluctuations on top of the 

step dominate the radiated sound field under the conditions stated above. 

6.4 Estimating the Surface Pressure and Far-Field Sound 

 

Awasthi (2011) measured the flow over a series of forward-facing steps in a high 

Reynolds number turbulent boundary layer for step sizes close to 3.5%, 15%, and 60% of 
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the boundary layer thickness. The three steps were examined at two different flow 

speeds. Reynolds numbers based on step size ranged from 6640 to 213000. Using surface 

mounted microphones the wall pressure spectra was measured at locations downstream of 

the step for a flow speed of 30 and 60 [m/s]. The spectra were up to 30 dB higher than 

that of the undisturbed boundary layer and never dropped below it.  

This last finding suggests that it is reasonable to consider the surface pressure 

fluctuations caused by the step as super-imposed upon those of the undisturbed boundary 

layer. By making this assumption Devenport (private communication) subtracted the 

spectra of the undisturbed boundary layer from the spectra of the step and revealed the 

exclusive contribution of the step to the far-field sound. Doing this also revealed that the 

step disturbance spectrum is self-similar and collapses to a single curve for all 

downstream locations, step sizes, and flows when normalized on peak spectral level and 

peak frequency. If this is true for all circumstances then the surface pressure spectra 

downstream of any step in a flow having M ≤ 0.2 can be predicted using the empirical fit 

to the undisturbed boundary layer pressure spectrum and the fit from the collapsed 

downstream spectra.  

The empirical fit equations have been defined and are presented in this section 

with the corresponding graphs. Using these equations, the far-field sound can be 

predicted provided that the correlation length scale is known. 
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6.4.1 Empirical Fit Equations  

 

Figure 6.2 shows the spectrum of the undisturbed boundary layer. The blue line 

represents the curve fit based on equation (6.5.1).       

(6.5.1) 

���(�)��

(���
�)�� = 	 �(��/��)

�����(��/	�)
� 	

(� + (��/��)

)��

 

A = 5.25x10-6 B = 0.1 αo = 0.355 βo = 0.1242 κ = 0.0286 

The normalized spectra downstream of the step shown in figure 6.3 can be modeled by 

equation (6.5.2). The peak frequency required in equation (6.5.2) is shown in figure 6.4. 

(6.5.2) 

���(�)
Φ

=
��(�/�)��

(�� + (�/�)�)��

 

A1 = 6 B1 = 1.75 αo = 1.71 βo = 1.28 and Φ is the peak spectral frequency. 

Equation (6.5.3) represents the curve-fit for the peak spectral levels downstream of the 

step, shown in figure 6.5.               

(6.5.3) 

ΦR

(ρUe
2)2h

= 1

a2 + (y1 / h)2
	 

where � = 	 √75.
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Figure 6.2 Surface pressure spectra of undisturbed boundary 
layer from Awasthi (2011) compared with curve fit. 
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Figure 6.3 Normalized downstream spectra from 
Awasthi (2011) and curve fit. 
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Figure 6.4 Non-dimensional peak frequency fδ/U of the 
surface pressure spectra as a function of distance 
downstream of a forward-facing step. 
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Figure 6.5 The peak surface pressure spectral level as a 
function of distance downstream of a forward-facing step, and 
the empirical fit given by equation (6.5.3). 
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If there is no measured value to be used  
2

2

1

4

ω
π
+

= b
l  has been estimated as a 

reasonable substitute where b2 is a length scale. The derivation of this length scale is 

provided in the appendix. 

6.5 Far-Field Sound Prediction 

 

These equations have been used to estimate the sound radiation from the forward-

facing step study by Awasthi (2011) and then compared to the far-field measurements 

from Catlett (2010).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6 Far-filed measurements from Catlett (2010) compared with 
predictions. 
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Figure 6.6 shows the far-field sound prediction calculated using the procedure 

described compared with the wind tunnel measurements. The prediction is fairly accurate 

over the majority of frequencies with some under-estimation at the highest frequencies.  

6.6 Comparison of Surface Pressure Fluctuations 

 

In Ji and Wang (2012) the data set that was used in Ji and Wang (2010) is 

examined in more detail with respect to the pressure fluctuations on the surface of the 

step. The LES simulation provides a time history of the flow over the step as well as 

pressure fluctuations on the surfaces of the step. In this section we will compare the 

pressure spectra that have been modeled empirically based on measurements by Awasthi 

(2011) with the LES data. Figure 6.7(a) shows the surface pressure spectrum at x/h = 1 

and x/h = 3 from Ji and Wang (2012) and Figure 6.7(b) shows the surface pressure 

fluctuations predicted using the equations presented in chapter 3 at the same locations 

and the same scale as the spectra in figure 6.7(a). This scale does not show some of the 

features of the empirical spectra so an expanded scale has been included in figure 6.7(c).  
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Figure 6.7(a) Surface pressure spectra at x = 1h and x = 3h downstream of step 
from Ji and Wang (2010) h/δ = 0.53 (▬), 0.13 (▬ ▬), 0.033 (▬●▬) 0.0083 
(▬●●▬), undisturbed boundary layer (●●●). 

Figure 6.7 (b) Surface pressure spectra at x = 1h and x = 3h downstream of step 
from RANS simulation. h/δ = 0.53 (Blue), 0.13 (Green), 0.033 (Red) 0.0083 
(Cyan), undisturbed boundary layer (Magenta). (Matched Scale) 
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Figure 6.7 (c) Surface pressure spectra at x = 1h and x = 3h downstream of step 
from RANS simulation. h/δ = 0.53 (Blue), 0.13 (Green), 0.033 (Red) 0.0083 
(Cyan), undisturbed boundary layer (Magenta). (Expanded Scale) 
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The plots from Ji and Wang (2012) shown in Figure 6.7(a) include the 

calculations for four different steps that are 0.53%, 0.13%, 0.033%, and 0.0083%  of the 

boundary layer thickness and an undisturbed boundary layer. At the lowest frequencies, 

the predictions match in level but as frequency increases they begin to differ from the 

empirical predictions. The empirical predictions have a peak frequency while the LES 

predictions do not. At higher frequencies the LES predictions roll off with a slope of 

approximately   -7/3 while the empirical predictions roll off with a slope of 

approximately -7/5. The predictions are in best agreement very close to the step and the 

surface pressure fluctuations decay slowly in the downstream direction. Data from 

Awasthi (2011) shows that at approximately 10 step heights downstream the fluctuations 

begin to decay more rapidly, but Ji and Wang (2012) do not examine this region. Since 

the curve fit predictions are designed to emulate data taken from physical experiments 

they should be a better representation of the actual pressure spectra. 

6.7 Comparison of Mathematical Methods 

 

The primary intention of the comparisons in the previous sections is to help 

illustrate the similarities and differences between the results of the two studies so that the 

discrepancies between the mathematical theories can be identified.  

The method used in Ji and Wang (2010) is one that describes the far-field sound 

using the low frequency Green’s function approximation described in section 3.3. For 

quadrupole sources the far field is given by the integral of Tij and the second derivative of 

Go. It is not clear that the approximate solution G provides an estimate of the second 
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derivative of Go without errors that are the same order as the function itself. Thus, if the 

error is to be considered negligible because it contains a factor 2k then the quadrupole 

terms containing 2k should also be considered negligible.  

 

The dependence of this method on the volume quadrupoles represented by the 

integral of Tij is what causes this conflict. The method suggested in Glegg and Devenport 

(2009) depends on the dipole sources created by the surface pressure fluctuations and 

therefore avoids this problem.  
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7. VORTICITY FORCING ON CUBIC ROUGHNESS ELEMENTS 

 

When vortices interact with a body in a flow they will stretch or distort. This 

distortion causes changes in the strength of the vortex and this causes pressure 

fluctuations on the surfaces of the body. Pressure fluctuations result in radiated sound as 

with the forward facing step. In this section we will consider flow and vortex stretching 

around a cube. These vortices are still a source of the pressure fluctuations on its surface 

but, in this case they will wrap around the body which is protruding into the flow. As an 

eddy wraps around the body, the ends will continue downstream stretching the vortex and 

increasing its vorticity and this can be a source of unsteady pressure fluctuations.  

7.1 Forces On a Cubic Roughness Element in a Flow 

 

 Howe (1998) states on pg. 90 that the force on a transient body in a flow is given 

as  

(7.1.1)
 

0
j

i ij i rel i

V S

dU
F M dV dS

dt
ρ ω η ω= − ∇Φ ⋅ × + ×∇Φ ⋅∫ ∫v �

   

vrel = v-U is the fluid velocity relative to S and i∇Φ is the potential flow. 
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This equation is based on a body moving through a fluid which is stationary at infinity. 

The value vrel is the velocity of the fluid as it is accelerated around the body. In the 

current study the body is stationary and the fluid is in motion. If the fluid velocity is 

constant at infinity then the equation will still hold true.   

In this study the body in question is a cube mounted on a plate in a flow. The plate and 

cube are stationary so the first term, which depends on an added mass tensor Mij, will be 

zero. The third term is the viscous contribution to the force and at high Reynolds numbers 

can be considered small in comparison with momentum forces. Hence 

(7.1.2)
 

0 ( )i i rel

V

F dVρ ω= − ∇Φ ⋅ ×∫ v
     

 

This is the volume integral of the dot product of the potential flow and the 

vorticity crossed with the velocity of the flow. In order to consider this force as a 

fluctuation over time it must become a function of time.  

The vorticity ω is a vector of rotational motion inside the flow. Cauchy’s form of the 

vorticity equation can be used to describe the change in the vorticity. Cauchy’s form of 

the vorticity equation given in Durbin and Reif (2001) on pg. 284 is 

(7.1.3) 

)(),( 00
00

XX j
j

i
i X

X
t ω

ρ
ρω

∂
∂

=
    

 

This describes the changes in the vorticity as the vorticity vector changes length 

and direction as a function of time and position. By considering the vorticity in equation 
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(7.1.2) to be the vorticity described in Cauchy’s form of the vorticity equation the force 

can be considered a function of time as 

(7.1.4)
 

0( ) ( ( , ) )i i i rel

V

F t t dVρ ω= ∇Φ ⋅ ×∫ X v
    

It is relatively simple to convect the vorticity using RANS simulation of the mean 

flow and use Cauchy’s equation to stretch the vorticity. To obtain the potential flowΦ∇ , 

a boundary element code must be used (This code was written by Dr.Glegg). Once these 

functions have been found, the force can be calculated and used to approximate the 

loading on the cube and hence is the far-field sound. As stated in section 3.1 when the 

step is acoustically compact the Green’s function can be considered constant and the 

pressure field can be represented by the sum of forces on the roughness element and, in 

the next chapter, the step.  

7.2 RANS Simulation Of A Cube In Boundary Layer Flow 

7.2.1 Geometry of Cube Flow Simulation 

   

RANS simulation of a cube in boundary layer flow has been performed. The 

dimensions of the computational domain and the cube were based on 1/7th power 

approximations of the flow parameters. In order to allow for convenient non-dimensional 

measurements, the roughness element will have a height of y+ = 1000. The flow speed 

was chosen to be U0 = 60 [m/s]. Although the incoming boundary layer will already have 

a turbulent profile, an upstream distance before the cube was chosen so that Rex > 106. 
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This was to ensure that the turbulence within the boundary has time to develop. A greater 

distance would be necessary to achieve the desired boundary layer profile without a user-

defined function. The distance upstream of the roughness element has been chosen to be 

x = 1[m], resulting in a Reynolds number of Rex = 4106776. Using this Reynolds number 

the following calculations were performed. 

� = 0.373���� ��	��� �� = 0.0177	[!] 

" = 0.0363���� ��	��� �� = 0.00173	[!] 

#� = 0.029�������� ��	��� �� = 6.0832	[$�] 
Where δ is the boundary layer thickness, θ momentum thickness, τo is the wall shear 

stress, and ρ is the density of air (Here ρ = 1.225 [kg/m3]).   

Using this value for the wall shear stress, the friction velocity u* can be calculated. 

u*	= 	%#� �& 	= 2.228	'! (⁄ ) 

Finally, the element height y was determined for the desired y+ of � =
(	�)


�∗
=

0.00656	[!] 

The height of the simulation domain had to be greater than the boundary layer 

thickness and high enough to ensure that the ceiling of the domain did not interfere with 

the flow around the element. The momentum thickness was not be used until later in the 

study. Table 7.1 contains the final dimensions of the domain used in the simulation. 

 

 

 



 

64 
 

Table 7.1 Dimensions of computational domain. 

Dimension Value [m] 

Height 0.1 

Upstream Distance (From forward face of element) 1 

Downstream Distance (From forward face of element) 0.25 

Depth 0.01968 

Element edge length 0.00656 

 

The depth of the domain was three times the width of the roughness element. This 

was to help promote a uniform mesh. 

7.2.2 Meshing of Cube Flow Simulation 

 

The mesh for this simulation was created in the ICEM CFD meshing program. It 

was necessary to use ICEM because a uniform structured mesh was desired and the 

Ansys Workbench program cannot produce such a mesh for 3-dimensional domains. For 

this element, setting the mesh size equal to the element height proved to be acceptable. 

Unfortunately, this mesh size was too coarse to render the effects of cube on the flow.  

However, Fluent has built-in options for mesh refinement. Using these options the 

volume of mesh in the vicinity of the boundary layer was refined using the Adapt > 

Boundary option. The refinement was performed twice, first at a distance of 8 cells away 

from the bottom plate and then again by 8 cells. It is important to note that after the first 

refinement, 8 cells was half the actual distance away from the bottom plate that the first 
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refinement was. This is made clear in figure 7.1. Figure 7.1 is an image taken from the 

Fluent work space. Although it does not show the mesh volume, the two walls shown 

represent the refinement. By staggering the refinement this way errors caused by abrupt 

changes in the mesh are avoided. After this refinement was performed, the mesh was 

ready for the simulation. 

 

 

 

 

 

 

 

 

  

 

The final mesh consisted of the values presented in table 7.2. 

Table 7.2 Cube Flow Simulation Mesh Statistics 

Cells                            Faces Nodes Partitions 

104696 336928 128461   1 

 

 

 

Figure 7.1 Mesh refinement in Ansys Fluent 
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7.2.3 User-Defined Inlet Function 

 

For this study, a fully developed turbulent boundary layer was desired. Several 

different methods were explored to achieve this including the use of a long upstream 

distance that would allow the turbulent flow to develop naturally, an inlet divided into a 

series of sub-inlets having increasing velocities from the bottom up, a turbulence trip at 

the inlet, and finally a user-defined inlet function. The option to create a user defined 

function to specify a boundary layer profile at the inlet was discovered and proved to be 

an ideal solution.  

The function was written in the C programming language and specifies that from 

the bottom of the geometry up to the boundary layer thickness the velocity distribution 

should follow the 1/7th power approximation and after the boundary layer thickness 

should be equal to the free-stream velocity. The code is provided in the Appendix. Figure 

7.2 shows a plot of the velocity profile at the inlet. It is easy to see that even though the 

flow has had no time to develop, the boundary layer profile already closely resembles the 

profile of a fully turbulent flow.  
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7.3 Post Processing in MatLab 

 

After the completion of the simulation in Fluent the data created was exported to 

MatLab. Using the exported velocity data the drift coordinates were calculated. The drift 

coordinates are determined by interpolating the data based on an initial set of points and a 

time step. The points are chosen as either a horizontal or vertical line which spans the 

domain. This line represents a line-vortex. The code first finds the points closest to the 

initial points prescribed by the user in the data set loaded from Fluent. Taking the 

velocity data from these points and multiplying it by the time step gives the approximate 

next location. The code now finds the data points nearest to this new location and repeats 

the cycle. This method produces a uniform data set describing the movement of the 

Figure 7.2 Inlet velocity profile. 
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points along the initial line. By calculating the drift coordinates, the changes in distance 

between the points on the line can be determined and used to calculate the change in 

vorticity.  

Figure 7.3 shows how the lines distort as they interact with the cube and compares 

the visualization to the force. It is difficult to see the changes in the line from this image 

as the code was meant to output an animation of the line moving through domain and 

changing. This image was produced by selecting frames to be plotted together.  

 

The maximum peaks and valleys in the force occur just vortex begins to wrap 

around the cube.  Figure 7.4 shows a close up of the vortex at the front of the cube. The 

vortex that is just beginning to warp but has not yet begun to stretch so severely  as the 

ones after it represents this region of greatest vorticity.  

Figure 7.3 Line vortex visualization compared with force calculation. 
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7.4 Discovery of Flow Anomaly  

 

Examination of the streamlines released from the sides of the cube revealed an 

interesting characteristic of the flow directly downstream of the cube. The pathlines 

released from the lowest portion of the cube are brought into an interesting pattern of 

rotational flow behind the cube before they are finally convected downstream. Figures 

7.5 and 7.6 show the pathlines released from the sides of the cube from the top and from 

the side respectively. It has been observed that the time spent by a particle behind the 

Figure 7.4 Line vortex visualization close-up. 
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cube is related to the size of the cube. As the cube size was reduced the time spent by a 

particle in the rotational area increased. It was observed that in the smallest cube 

simulation performed with an element height of y+=100 that the majority of the pathlines 

were never convected downstream from the rotational area and became trapped in 

continuous rotation behind the cube. This could potentially provide insight into the sound 

generation mechanisms of cubic roughness elements but the significance of this 

discovery is still under investigation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.5 View from above of pathlines released from the 
sides of the cube. 
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Figure 7.6 View from the side of pathlines released from the 
sides of the cube. 
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8. VORTICITY FORCING ON FORWARD FACING STEPS 

 

The method outlined in the previous section may also be applied to forward 

facing step flows. RANS calculations will be used to track the translation of a vortex 

filament aligned in the spanwise direction. The potential flow is computed using a 

Schwarz-Christoffel transformation. In this case the vorticity would be considered 

constant and the forcing would be a function of changes in the mean and potential flow. 

The axial forcing on the step will be 

(8.1.1) 

∫ ×⋅Φ∇=
V

dVtUttF )),((),()( 0 XX ωρ  

where ρ0 is the density of the fluid, ω is the vorticity, U is mean flow velocity, and Ф is 

the potential flow. The vorticity ω  is constant in this equation and has a spanwise vector 

component $k so, 

(8.1.2) 

)(ˆ
0 yxk −= δωω  

Therefore, the x and y components of the force per unit length of the step are 

(8.1.3) 










∂
Φ∂−

∂
Φ∂=

x
U

y
UF yxx 00ωρ  
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(8.1.4)  

xy UF 00ωρ=  

where Ux and Uy are the x and y components of vrel, Fx is the strength of the streamwise 

dipole, and Fy is normal forcing.
 

To calculate the potential flow Ф a conformal mapping is used. The transformation from 

the physical plane Z to the mapped plane z is given by 

(8.1.5) 

( )2 2ln i 1 i 1 i
2

h h
Z z z z

π
 = + − + − +
    

where z = σ + iη and the lower and upper corners of the step are at z = -1 and  

z = 1 respectively and the complex potential W(z) is given by 

(8.1.6) 

Ψ+Φ= i)(zW
 

where Φ and Ψ represent the velocity potential and stream function, respectively. 

The complex potential does not change from the mapped plane to the physical plane so  

(8.1.7) 

0( ) ( )
U h

W Z w z z
π

 = =  
 

 

If we now consider ( )Z f z=  then 1'( )
dz

f z
dZ

−= and we have 

(8.1.8) 

10 )(')(' −







= zf
hU

ZW
π
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where 
2

i ( 1)
'( )

1

h z
f z

zπ
− −=

−
 

and this provides velocity in the physical plane, where )'Im(W
y

−=
∂
Φ∂

and )'Re(W
x

=
∂
Φ∂

. 

Choosing an upstream point in the mapped plane z and transforming it into the physical 

plane using equation (8.1.5) we have a starting point for the calculations Z0 upstream of 

the step. In order to find the next point z1 in the mapped plane we must consider it as a 

function of the physical point Z. Using RANS data we can find how the vortex moves in 

the mean flow and use this as an estimate of the movement in mapped plane, using 

 (8.1.9) 

)( 0101 ZZ
dZ

dz
zz −+=  

The difference 1 0Z Z−  is the estimate of the movement in the physical plane based on the 

RANS calculation. Now, given the new point in the mapped plane z1, the process is 

repeated to find z2 and so on. This provides a set of values )(' ZWn which can be used in 

equation (8.1.1) to find the force. 
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Figure 8.1 Mean flow vortex path (Top) and forcing Fx and Fy (Bottom) 
for mapped plane starting point z = -30 + i0.5. 

Figure 8.2 Mapped plane vortex path based on RANS calculations for z = -
30 + i0.5. 
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Figure 8.3 Mean flow vortex path (Top) and forcing Fx and Fy (Bottom) 
for mapped plane starting point z = -30 + i0.75. 

Figure 8.4 Mapped plane vortex path based on RANS calculations for z = 
-30 + i0.75. 
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Figure 8.5 Mean flow vortex path (Top) and forcing Fx and Fy (Bottom) 
for mapped plane starting point z = -30 + i1.25. 

Figure 8.6 Mapped plane vortex path based on RANS calculations for z = 
-30 + i1.25. 
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Figure 8.7 Mean flow vortex path (Top) and forcing Fx and Fy (Bottom) 
for mapped plane starting point z = -30 + i1.75. 

Figure 8.8 Mapped plane vortex path based on RANS calculations for z = -
30 + i1.75. 
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The results in figures 8.1-8.10  show that the axial forcing Fx is dependent on the 

starting height above to the surface and grows as it increases. Peak forcing occurs at 

approximately 2h downstream of the step in all five cases. This is expected as this area 

represents a large increase in flow velocity as the fluid is accelerated over the step. The 

Figure 8.9 Mean flow vortex path (Top) and forcing Fx and Fy (Bottom) for 
mapped plane starting point z = -30 + i2.75. 

Figure 8.10 Mapped plane vortex path based on RANS calculations for z = -
30 + i2.75. 

 



 

80 
 

normal forcing Fy is greater than the axial force throughout the flow except in the vicinity 

of the step where Fx is larger. Both the axial and normal forces exhibit a sudden drop just 

upstream of the step and then a peak just downstream. This may be attributed to the 

detachment and reattachment points which correspond to the same approximate up and 

downstream locations. There is a gradual roll off after the peak as the forces return to 

equilibrium.  

The plots of vortex locus show the path of the vortex in the mapped plane. In a 

potential flow the paths would be horizontal in the mapped plane. However, because the 

coordinates are based on the RANS calculations, the shape of these paths is very different 

and similar to the shape of the axial forcing.  
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9. CONCLUSIONS 

 

This thesis has considered a number of different aspects of the hydroacoustics of 

the flow over a forward facing step and they are summarized here. The calculations and 

comparisons presented in this thesis have shown that the low-frequency approximation of 

the Green’s function does not account for sound radiation in the direction normal to the 

flow. A method for predicting the far-field radiation from a forward facing step using 

empirical fit equations of surface pressure spectra has been presented and compared to 

wind tunnel measurements. A method for evaluating the forces on a cubic roughness 

element in a flow using RANS and potential flow calculations based has been presented 

and this method has also been discussed for evaluating the forces on forward facing step.  

9.1 RANS Simulation Comparisons 

 

RANS calculations have been performed for flow over a forward-facing step and 

compared to wind tunnel measurements and large eddy simulation calculations. The 

RANS simulations showed good agreement in some areas and less in others with both 

wind tunnel and LES calculations. The commercial software Ansys Fluent was able to 

evaluate in two separate simulations the flow in a wind tunnel and also match the results 

from an LES calculation with reasonable accuracy. In the comparison of the simulation 

and wind tunnel measurements boundary layer and TKE profiles were in good 



 

82 
 

agreement. In the comparison between RANS and LES, RANS showed some 

disagreement on flow characteristics like reattachment lengths and coefficient of friction 

on the surfaces of the step.  

9.2 Comparison of Mathematical Methods 

 

The mathematical methods used to predict the far-field sound in the present study 

and in Ji and Wang (2010) have been compared. It has been shown that the low-

frequency approximation of the Green’s function used in Ji and Wang (2010) does not 

account for the contributions of the downstream surfaces of the step to the far-field 

sound. The low frequency approximation of the Green’s function method proposes that 

the contributions from the downstream surfaces of the step are negligible and that the 

dipole source on the forward face of the step is the dominant source of sound. 

Measurements taken in wind tunnel experiments by Farabee and Casarella (1986, 1991) 

and Catlett (2010) have shown that there is sound radiation in the direction normal to the 

step that must be accounted for.  The mathematical method used in the present study 

accounts for the downstream sources by considering both the face of the step and the 

downstream surfaces as dipole sources and evaluates the far-field sound as a function of 

the surface pressure fluctuations as opposed to the low frequency approximation of the 

Green’s function which considers the quadrupole volume sources. By considering the 

surface pressure fluctuations as the source of the sound the effective quadrupole created 

by the dipole sources on the downstream surfaces and their image sources is included in 
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the calculation where they are dropped as a negligible source in the low frequency 

approximation of the Green’s function.  

9.3 Comparison of Surface Pressure Fluctuations and Far-Field Prediction 

 

Surface pressure fluctuations measurements from Ji and Wang (2012) have been 

compared against predictions created from empirical curve fits based on data measured in 

a wind tunnel for four step heights at two locations downstream of the step. The surface 

pressure spectra for an undisturbed boundary layer are also included. The spectra are in 

agreement in the lowest frequency ranges and differ into the higher frequency ranges 

where the measurements from the LES simulation do not exhibit a peak frequency. In the 

higher frequency ranges the roll off of the LES calculations have a slope of 

approximately -7/5 while the empirical fit spectra roll off at approximately -7/3. Since the 

empirical fit equations were created from wind tunnel measurements they should be a 

better representation of the actual surface pressure spectra. The far-field prediction 

created using this method is in very good agreement with the far-field measurements 

from the wind tunnel experiments.  

9.4 Vorticity Forcing on Cubic Roughness Elements 

 

Preliminary results from a method for evaluating the force on a cubic roughness 

element immersed in turbulent boundary layer flow have been presented. RANS 

calculation data has been used to show the convection of a vortex filament as it interacts 

with a cubic roughness element which provides data on the changes in vorticity which are 
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then combined with data from a potential flow calculation to evaluate the force on the 

roughness element. The validity of this method is still under investigation. The RANS 

calculations have also revealed an interesting discovery where in the pathlines emitted 

from the sides of the roughness element exhibit unusual rotation patterns which spiral up 

from the plate on which the element is mounted. The path lines rotate in the lower wake 

area directly downstream of the element until they are drawn up and convected 

downstream.  

9.5 Vorticity Forcing on a Forward Facing Step 

 

The method described to evaluate the force on a cubic roughness element has 

been applied to a forward facing step configuration. The axial and normal forces on a step 

were calculated using a RANS data to trace the translation of a vortex filament through a 

flow. As stated in section 3.1 when the step is acoustically compact the Green’s function 

can be considered constant and the pressure field can be represented by the sum of forces 

on the step. A Schwarz-Christoffel conformal mapping was used to evaluate the potential 

flow. The dot product of the mean and potential flow yielded the forces on the surfaces of 

the step caused as the vortex filament having constant vorticity was convected over it. 

The results of this calculation are also preliminary as this method is still being evaluated 

for possible use in future studies but, this method shows great promise.  
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9.6 Future Studies 

 

The far-field prediction methods described in chapter 6 will be applied to forward 

facing steps with beveled or rounded corners. After wind tunnel measurements of surface 

pressure fluctuations and far-field radiation have been recorded the empirical fits will be 

created and used to predict the far-field sound.  

The preliminary results in chapters 7 and 8 are still being evaluated. In the future, 

if this method proves valid, this method will also be applied to forward facing steps with 

beveled corners. These calculations will be compared with wind tunnel measurements to 

check their accuracy. The results of this method are considered preliminary because the 

Kutta condition at the top corner of the step has not been accounted for in these 

calculations. In later studies the Kutta condition will be accounted for.   
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APPENDIX A 

 

RANS and Wind Tunnel Boundary Layer Comparisons  

 
 

 

 

 

 

 

 

 

  
Figure A.1 Boundary Layer Profiles at X = -152mm 
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Figure A.3 Boundary Layer Profiles at X = 133mm 

Figure A.2 Boundary Layer Profiles at X = 22mm 
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Figure A.4 Boundary Layer Profiles at X = 330mm 

Figure A.5 Boundary Layer Profiles at X = 532mm 
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RANS and Wind Tunnel Difference Profiles  

 

In order to further illustrate the changes that take place in the boundary layer, the 

difference between each profile and the last profile at x= 532mm have been computed 

and plotted. The difference profiles from the wind tunnel are presented in figure A.6 and 

from the Fluent simulation in figure A.7.  

 

Figure A.6 Difference Profiles from Wind Tunnel 
Measurements 
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RANS and Wind Tunnel Turbulent Kinetic Energy Profi le Comparisons 

 

Figures A.8-A.12 show the turbulent kinetic energy profiles measured at five locations 

upstream and downstream of the step 

 

. 

 

Figure A.7 Difference Profiles from RANS calculation. 
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Figure A.8 Turbulent Kinetic Energy Profiles at X = -152mm 

Figure A.9 Turbulent Kinetic Energy Profiles at X = 22mm 
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Figure A.11 Turbulent Kinetic Energy Profiles at X = 330mm 

Figure A.10 Turbulent Kinetic Energy Profiles at X = 133mm 
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Figure A.12 Turbulent Kinetic Energy Profiles at X = 532mm 
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Eddy Viscosity Profiles From RANS Calculation 

 

Figures A.13-A.17 show the eddy viscosity profiles from the RANS calculation measured 

at five locations upstream and downstream of the step 

 

 

 

 

 

 

 

Figure A.13 Eddy Viscosity Profile at X = -152mm 
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Figure A.14 Eddy Viscosity Profile at X = 22mm 

Figure A.15 Eddy Viscosity Profile at X = 133mm 
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Figure A.17 Eddy Viscosity Profile at X = 532mm 

Figure A.16 Eddy Viscosity Profile at X = 532mm 
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Curve Fitting Code 

 

%% Curve Fitting   
%% 
clc; 
clear; 
close all; 
 
%% Down Stream Fit 
 
Pref =10^-6; 
f1 = -1:0.1:3; 
ffR = (10.^f1); 
f2 = -1.5:0.01:2.1;   
fR = (10.^f2); 
 
alp = .75; 
A = 6; 
B = 1.75; 
C =6.75; 
fit = (A*fR.^alp)./((B+fR.^2).^(alp/2 + 9/C)); 
 
 
cd spectra 
open('l30+60-18+.fig') 
grid off 
cd .. 
hold on 
 
 
figure(1) 
semilogx(fR,10*log10(fit/Pref^2),'k')%,'b','LineWidth',3) 
xlabel('f/f_R') 
ylabel('Phi/Phi_R') 
xlabel('f/f_R') 
ylabel('\Phi/\Phi_R dB Ref \muPa^2') 
title(['\alpha  = ' num2str(alp), ' A = ' num2str(A), ' B = ' num2str(B), ' C = ' num2str(C)]) 
% axis([10^-1 10^3 10^-7 10^2]) 
legend('(A*ff_R^\alpha)/((B+ff_R^2)^(^\alpha^/^2 ^+ ^9^/^C^))') 
hold off 
 
%% Peak Sruface Pressure Fit 
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xh = 1:.1:200; 
 
a = 1; 
b = 75; 
 
Phi1 = a./(b + xh.^2); 
 
figure(2) 
cd parmPlots 
open('phiRidgeH.fig') 
cd .. 
hold on 
figure(2) 
loglog(xh,Phi1)%,'LineWidth',3) 
xlabel('x/h') 
ylabel('Pressure Spectra') 
title(['a = ' num2str(a), ' b = ' num2str(b)]) 
legend('a/(b + (x/h)^2)') 
hold off 
axis([10^0 10^3 10^-6 10^-2]) 
 
%% Undisturbed Boundary Layer Fit 
 
f2 = -1.5:0.01:2.1;   
fR = (10.^f2); 
 
alp = 0.35; 
A = 0.15; 
B = 0.1; 
C = 50; 
D = 13^-4; 
k = 1/35; 
 
ft = ((A*fR.^alp)./((B+fR.^3).^(alp/2+9/C))).*D.*exp(-(k*fR).^2); 
 
cd UnsubtractedSpectra 
open('l30.fig') 
grid off 
cd .. 
hold on 
 
figure(3) 
semilogx(fR,10*log10(ft/Pref^2),'k')%,'LineWidth',3) 
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xlabel('f/f_R') 
ylabel('\Phi/\Phi_R dB Ref \muPa^2') 
title('Curve Fit for Smooth Wall Pressure Spectra') 
legend(['(D)(e^-^k^(^f^/^f^R^))(A(f/f_R)^\alpha)/(B+(f/f_R)^2)^(^\alpha^/^2 ^+ 
^9^/^C^)']) 
figure(4) 
ftot = ft+fit; 
semilogx(fR,10*log10(fit/Pref^2)+10*log10(ft/Pref^2),'k')%,'LineWidth',3) 
 loglog(fR,ftot) 
xlabel('f/f_R') 
ylabel('\Phi/\Phi_R dB Ref \muPa^2') 
 

Spanwise Correlation Length Scale Derivation 

 

To estimate the spanwise correlation length scale we will assume that the normalized 

surface pressure correlation function can be defined as e(-((Uτ/b1)2+(∆z/b2)2)1/2) where τ is the 

time delay, bi are length scales and ∆z is the spanwise displacement. The spanwise 

correlation length scale is defined as 

1

0 0

/

0

2 cos( ) ( )

cos( )U b

e d d z

e d

ξ

τ

ωτ τ

ωτ τ

∞ ∞
−

∞
−

∆
=
∫ ∫

∫
l  

where ξ = ((Uτ/b1)2+(∆z/b2)2)1/2. Specifying Uτ/b1=ξcosβ and ∆z/b2=ξsinβ so 

dτd(∆z)=(b1b2/U)ξdξdβ and evaluating the integral on the bottom line gives 

2
2
0 2 0

0 0

(1 )2 cos( cos )b e d d
π

ξω ω ξ β ξ ξ β
∞

−= + ∫ ∫l  

where 0 1 /b Uω ω= . The integral over β gives 2πJ0(ω0ξ) where J0 is a Bessel function of 

the first kind, and the integral over ξ can be obtained from tables of Laplace transforms 
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