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ABSTRACT 

 Much research and experiments have gone into studying idealized wing-body junction flows and 

their impact on horseshoe vortex and wake formation.  The vortices have been found to generate 

regions of high surface pressure fluctuations and turbulence that are detrimental to structural 

components and acoustics.  With the focus in the military and commercial industry on reducing the 

acoustical impact of aircraft and their engines, very little research has been done to examine the 

potential impact wing-body junctions may have on acoustics, especially for high lifting bodies such as 

propellers.  Two similar tests were conducted in the Virginia Tech Open Jet Wind Tunnel where 

boundary layer measurements, oil flow visualizations, acoustic linear array and surface pressure 

fluctuation measurements of a baseline Rood airfoil model and two novel junction fairing designs were 

all taken.  Boundary layer measurements were taken at four locations along the front half of the flat 

plate and the profiles were shown to be all turbulent despite the low Reynolds number of the flow, (test 

1: ��� < 1400, test 2: ��� < 550).  Oil flow visualizations were taken and compared to those of 

previous researchers and the location of separation and line of low shear along with the maximum width 

of the wake and width of wake at the trailing edge all scaled relatively well with the Momentum Deficit 

Factor, defined for wing-body junction flows [Fleming, J. L., Simpson, R. L. & Devenport, W. J., 1993. An 

Experimental Study of a Turbulent Wing-Body Junction and Wake Flow. Experiments in Fluids, Volume 

14, pp. 366-378. ].  A linear microphone array was used to estimate the directivity of the facility acoustic 

background noise to be used to improve background subtraction methods for surface pressure 

fluctuation measurements.  Surface pressure fluctuation spectra were taken ahead of the leading edge 

of the plate and along the surface of the models.  These showed that the fairings reduced pressure 

fluctuations along the plate upstream of the leading edge, with fairing 1 reducing them to clean tunnel 

flow levels.  On the surface of the models, the fairings tended to reduce low frequency (<1000Hz) 

pressure fluctuation peaks when compared to the baseline model and increase the pressure fluctuations 

in the high frequency range.  Simple scaling arguments indicate that this spectral change may be more 

beneficial than detrimental as low frequency acoustics especially those between 800 Hz and 1200 Hz are 

the frequencies that humans perceive as the loudest noise levels.  Scaling the frequencies measured to 

those of full scale applications using Strouhal numbers show that frequencies below 1000 Hz in this 

experiment result in frequencies at the upper limit of the human hearing frequency range.  Low 

frequency acoustic waves also tend to travel farther and high frequency acoustic waves are more apt to 

be absorbed by the surrounding atmosphere.  
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Chapter 1: Introduction 

1.1 Motivation 

 

The current study focuses on the link between acoustic noise production and turbulent wall 

pressure fluctuations which are generally the result of the coherent vortices produced in wall bounded 

flow.  There are several reasons as to why previous researchers have not focused on the far-field 

acoustic aspect of junction noise.  Most research on junction flows has been for applications on a large 

scale such as the junction between a wing and fuselage on an airplane or the junction between the 

tower and the hull on a submarine.  At these scales, though junction flow is a contributor to noise, other 

sources dominate and therefore noise from junction flow in these cases is not of much concern.  For 

cases in which acoustics are a concern, namely the submarine tower, the mechanisms for acoustic wave 

radiation are generally through coupling to the structural acoustics of the vehicle.  Several future 

concepts, however, may run into situations where junction flow acoustics may be a large contribution to 

generated noise.  One of the National Aeronautics and Space Administration’s (NASA) N+3 hybrid-wing-

body commercial airplane concept utilizes a row of fan blades along the back upper surface of the 

fuselage in an effort to reduce noise production by 71 dB (Bruner, et al., 2010).  These fans would be 

ingesting a large boundary layer that forms and develops over the surface of the aircraft, which would 

lead to a variety of potential issues including wing-body junction flows forming on the propeller blades.  

Also to reduce noise produced by engines, electric motors such as the one designed by Aurora Flight 

Sciences are being designed as a way of reducing the noise produced by gas turbines.  In order to 

produce enough thrust for vertical takeoff situations, the Aurora engine uses an electric motor that runs 

along the outer edge of the fan duct called a ring motor (Woodside, 2013).  Due to this, the rotors are 

connected to the duct wall, so instead of a free tip as usual with ducted fans/propellers, there is a 

junction between the rotor blade and the ring spun by the ring motor.  The engine will be designed to be 

quiet, so other noise sources, such as those produced in junction flow, stand out.  Also since the 

propeller tips are spinning at very high speeds, the vortices produced are likely to be stronger leading to 

larger pressure fluctuations.  These vortices are also likely to be stronger due to the lifting nature of the 

propellers as well.  Due to the possibility of being a considerable noise producer when the usual noise 

sources of a ducted propeller system are eliminated, the author decided to research the potential for 

noise production at these scales. 

1.2 Literature Review 

1.2.1 Wing-Body Junction Flow 

 

Many researchers, including several at Virginia Tech, have examined the effects on the airflow 

around wing-body junctions.  Wing-body junction flow occurs when a boundary layer encounters a large 

obstacle (one that exceeds the boundary layer height) attached to the same surface.  The streamwise 

adverse pressure gradients cause the approach boundary layer to separate and form multiple leading 

edge vortices, whereas the spanwise pressure gradients cause the near-wall flow to move around the 
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obstacle (Simpson, 2001).  This in turn pulls the vortices that form in front of the obstacle around the 

obstacle creating the horseshoe shape shown in Figure 1. A frame by frame formation of how the 

upstream vortices of the junction form is also shown below in Figure 2.  Figure 3 shows the mean 

pressure coefficient distribution around a junction flow measured by Devenport and Simpson (1990).  

The presence of the wing on the surface of the plate creates large adverse pressure in front of the wing 

along the plate, which causes the incoming boundary layer to separate ahead of the leading edge. 

These vortices then continue to stretch far downstream of the obstacle and can then cause 

more disturbances depending on what is located downstream of the first obstacle (Simpson, 2001).  

Because the primary horseshoe vortices are of the rotational sense of the approach boundary layer, 

they entrain higher-speed free-stream fluid along the obstacle and increase the drag and heat transfer 

in the junction region (Simpson, 2001).   The approach flow Reynolds number is not a dominant factor 

for the existence of the horseshoe vortex (Simpson, 2001).  The wing shape is the major factor because 

it largely determines the pressure gradients in front of and around the wing, and the gradients, in term, 

determine the rate of stretching of the horseshoe vortex around the wing (Simpson, 2001).   

Several researchers performed experiments to determine what aspects of the flow cause the 

junction flow to change, in the hopes to eventually find methods in controlling and eliminating these 

vortices.  Since the junction flow arises due to the presence of the boundary layer, Devenport et al. 

(1990,1992), Fleming et al. (1993), and other authors examined the effects changing the incoming 

boundary layer properties had on the resulting junction flow.  Devenport et al. (1990, 1992) examined 

thick and thin incoming boundary layer flows and found little to no qualitative difference between 

results.  By examining the oil flow visualization between the two cases, the authors found that the 

structure of the horseshoe vortex and the locations of separation only moved slightly.  

Similarly Fleming et al. (1993) examined the effect of the approach boundary layer and found 

that changing the properties of the incoming boundary layer only has secondary influences on the 

horseshoe vortex structure at best.   As with Devenport et al. (1990) and Ölçmen and Simpson (1994), 

Fleming et al. (1993) found that more than the boundary layer, the geometry of the wing has a greater 

impact on the characteristics of the junction flow vortices.  The reason is that the wing (or obstacle)’s 

geometry changes the pressure gradients that the boundary layer has to flow and these pressure 

gradients have the largest impact on the vortices produced since they cause the initial forward 

separation point that starts this whole vortex process.  Ölçmen and Simpson (1994) found that “The 

flowfield at the nose region of the wing is highly affected by the wing geometry, since the wing 

geometry influences the mean pressure gradients on the flowfield and controls the stretching of the 

horseshoe vortices around the nose.” 

1.2.2 Junction Flow Control 

 

 Two methods have been examined in order to control the formation of the vortices that form in 

front of junctions, approach boundary layer control and geometry modifications (Simpson, 2001).  Even 

though approach boundary layer control through suction is somewhat effective, geometry modifications 

are more effective due to the reason explained earlier and that geometry modifications also exert a 
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passive influence on the flow instead of an active one, so extra equipment (such as vacuum pumps) are 

not necessary (Simpson, 2001).  Even though geometry modifications are more effective at controlling 

junction flow vortices, not all modifications result in reduced vortex formations.   

 Devenport et al. (1990) examined the effects of a constant radius fillet that surrounded the 

junction between a Rood airfoil (3:2 elliptical nose connected to a NACA 0020 airfoil tail at point of 

maximum thickness).  The fillet had a radius of 0.53 T with T being the maximum thickness.  Devenport 

et al. (1990) found that fillet resulted in larger separations areas and stronger vortices due to the fillet 

increasing the bluntness of the airfoil and therefore increasing the adverse pressure gradients.   

 The key to effective junction flow control is to reduce adverse pressure gradients and thereby 

eliminate leading edge separation (Simpson, 2001).  Devenport et al. (1992) designed a leading edge 

fillet that extended 2 T in front of the leading edge of the baseline Rood airfoil model with a height of T.   

Through experiments, Devenport et al. (1992) found that the leading edge fillet completely eliminated 

the separation upstream of the leading edge.  The separation is eliminated due to the leading edge fillet 

reducing the pressure gradients present in front of the leading edge.  Since the separation was not 

present, the horseshoe vortex could not form.  Autospectra of the surface pressure fluctuations in the 

nose region of the models (X/T=0.27, Z/T=-0.748), shown in Figure 4, show that the leading edge fillet 

reduced the pressure fluctuations to near clean flow values (Devenport, et al., 1992).   

 However, it is important to examine the effects of geometry modifications on junction flow 

when the wing is at an angle of attack.  For the purposes of this research, propeller blades are almost 

always at a positive angle of attack in order to produce lift.  When an obstacle that is longer than it is 

wide, such as a wing or propeller tip, is at an angle of attack, it presents a larger surface area to the 

incoming flow.  In the case of junction flow, a larger frontal surface area will result in larger and stronger 

pressure gradients forming which result in strong vortices.   

 The leading edge fillet of Devenport et al. (1992) did not perform quite as well at angles of 

attack of 6° and 12°.  Though leading edge separation that formed in front of the baseline wing was 

eliminated, an open separation line occurred on the pressure side of the wing.  This separation resulted 

in distortions in the flow downstream of the wing on the same side of the wing as the separation 

(Devenport, et al., 1992).  Though separation and distortions downstream occurred with the leading 

edge fillet, the overall fluctuation levels and wake nonuniformity were still reduced compared to the 

baseline case (Devenport, et al., 1992). 

1.2.3 Potential Impact of Junction Flow on Aeroacoustics 

 

 Ffowcs Williams and Hawking (1969) derived an equation to define noise generated 

aerodynamically based off of governing conservation equations and Lighthill’s (1952) acoustic analogy.  

This equation is shown below in Equation 1. 

Equation 1: Ffowcs Williams and Hawkings' Solution to Lighthill's Acoustic Analogy (Ffowcs Williams & 

Hawkings, 1969) 
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The first term on the right represents includes the Lighthill stress tensor  %&' and therefore represents 

the quadrupole source contribution.  The second term involves pressure force normal to a surface so 

thus represents the dipole contribution.  The third term involves velocity normal to the surface, bU, so 

thus is eliminated in junction flows since the surface is rigid and therefore bU = 0.   Glegg and Devenport  

(2009) stated that “Aeroacoustic theory shows that if the time scale of the flow is inversely proportional 

to the flow speed, then the quadrupole term in Equation 1 scales as the eighth power of the velocity, 

whereas the dipole term scales as the sixth power of velocity.”  Thus in the presence of dipole noise 

sources, the quadrupole contribution is on the order of 10cZ less and therefore can be ignored.  Due to 

this, Equation 1 can be simplified to 

Equation 2: Simplified Ffowcs Williams and Hawking's Solution for Aeroacoustics of Junction Flow 
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Equation 2 shows that pressure force fluctuations are the main components of noise produced in 

junction flow situations. 

 Several researchers have looked into the effect that junction flow has on the pressure 

fluctuations around the junction.  Russell and Farabee (1991) examined and measured the pressure 

fluctuation field (among other properties) to the side and downstream of the junction in water.  They 

found that along the side of the wing, there are large pressure fluctuations present.  Hasan et al. (1986) 

performed a similar yet simpler study examining the wall pressure fluctuations around the leading edge 

of the wing-body junction.  The pressure fluctuation field showed that the pressure fluctuations are 

greater all around the leading edge due to the junction flow, and that the maximum pressure fluctuation 

was measured directly upstream of the leading edge of the wing.  Their data are both shown in Figure 5. 

 Ölçmen and Simpson (1994) measured pressure fluctuations ahead of the leading edge of 

several airfoil shapes. The pressure fluctuations measured showed that for the models with the largest 

leading edge radii and thickness had pressure fluctuations peak at about ten times the level seen in the 

clean freestream flow.  These pressure fluctuation peaks were located along the line of low shear that 

forms ahead of the leading edge.   

 However, it is important to note that even though pressure fluctuations lead to noise, not all 

noise produced will extend to the far field which is where noise really matters. Crighton (1975) 

examined noise produced aerodynamically, specifically through turbulence.  He derived that in 

incompressible flows (M<<1), that all frequencies present in turbulence can contribute to sound, but 

only a small fraction of the wavenumbers present in the turbulence can contribute to sound (Figure 6).  

Only the wavenumbers that fall between 0 and d�ce, where m is the Mach number and � is some length 

scale of the turbulence, can contribute to the noise.  The equation for the wavenumber is � = 2Y/D 
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where k is the wavenumber and D is the wavelength.  That means that if the wavenumber is small, the 

wavelength is large and so the larger wavelengths are what contribute to the noise. 

 Russell and Farabee (1991) examined the coherence between various points downstream of a 

wing on a flat plate and found that there are larger regions where the coherence between pressure 

fluctuations is high even several chord lengths downstream.  A high coherence means that the pressure 

fluctuations will add to each other in regards to noise and will likely persist to the far field.  Turbulence is 

generally uncorrelated in nature, so a higher than equilibrium correlation indicates that it is possible 

that the turbulence would contribute to more acoustic noise generation than would otherwise occur.  

Acoustic wavelengths are large and this means that the acoustic contributions of the pressure 

fluctuations will be similar across microphones in different locations.  Since the wakes downstream of 

junction flows exhibit this high coherence across several microphone locations, there is a lot of acoustic 

noise that is produced by the pressure fluctuations due to the vortices from junction flows.  

 Since little research has examined the potential acoustic impact that pressure fluctuations 

generated by wing-body junction flows may have, it is important to examine other experiments where 

wall pressure fluctuations were compared to far field acoustics.  Smith et al (2008) performed an 

experiment with roughness noise where they used surface microphones to measure the wall pressure 

fluctuations with surface roughness along with an array of microphones in the far field.  They took 

measurements at a variety of freestream velocities and roughness sizes and found that the ratio 

between the roughness noise and the wall pressure spectra was equal to the frequency squared.  This 

shows that wall pressure fluctuations can impact far-field acoustics, though this may be different for 

wing-body junction flows due to the different flow structures present. 

 Turbulent boundary layers flowing over flat plates can create noise as well. Bhat and Wilby 

(1971) examined the effect that a turbulent boundary layer over the surface of a fuselage had on the 

interior noise.  The authors found that the turbulence present within the boundary layer caused the 

fuselage panels to vibrate which created this interior noise.  The authors were able to reduce the sound 

pressure level by up to 7 dB through the use of damping tape and foam to reduce the pressure 

fluctuation induced fuselage plate vibrations (Bhat & Wilby, 1971).  Since wing-body junctions increase 

turbulence and pressure fluctuations on the plate (body), this would create more noise to be radiated 

from the plate surface due to stronger vibrations.   

 Noise produced by steps placed within the boundary layer has also been extensively researched.  

Becker et al. (2006) performed experimental and numerical studies of flow induced noise due to forward 

facing steps.  They found that the pressure fluctuations due to the step produce higher spectra between 

1 kHz and 10 kHz when compared to a smooth flat plate.  The far field sound measured scaled to the 

sixth power of the velocity suggesting that noise is produced by dipole-like sources.  Their numerical 

studies showed similar results and modeling of the acoustic pressure around the step showed the noise 

to radiate in a dipole directivity pattern both up and downstream of the step.  Though forward facing 

steps are unlike wing-body junction flows in both their 2D nature and that the step does not extend 

beyond the boundary layer height, these studies show that pressure fluctuations that arise from 

obstacles in the boundary layer lead to dipole source noise generation.   



6 

 

 Other noise generation studies have been conducted on noise that arises due to pressure 

fluctuations along the leading edge of propellers.  These pressure fluctuations arise from turbulent 

structures present within the incoming flow that cause the lift and drag to fluctuate due to 

instantaneous changes in the flow speed over the surface of the blade.  Glegg et al (2006) performed 

numerical studies on unsteady loading of an airfoil when an initial vortex is placed upstream from the 

blade’s leading edge.  They found, as many other researcher had, that vortical structures within the 

incoming flow cause unsteady loading on the blade which then acts as a dipole noise source.  The 

direction of the unsteady lift changed with angle of attack in that as the angle of attack increased, the 

direction tended to rotate forward.  For propellers at an angle of attack within a duct, this means that 

the fluctuating lift would radiate acoustic pressure towards the inlet instead of to the duct wall 

increasing the noise that is radiated out of the duct.  

 Since the motivation for this research pertains to junction flows that arise from ducted 

propellers, it is important to examine similar cases that have been researched, such as the effect of 

boundary layer on rotor inflow noise within ducts.  Ganz et al. (1998) performed experiments with a 

high-bypass-ratio fan and examined extensively the effects that passing the fan blades through 

boundary layers had.  The authors found that the power spectral density of the turbulence increased 

throughout the entire frequency range by a factor of 10 as the blades were moved closer to the wall.  

They also measured the far field noise and found that the far field noise broadband spectra and the 

overall sound pressure levels increased as the tip clearance decreased in the presence of a boundary 

layer (Ganz, et al., 1998).  

Morton et al. (2012) examined the effect of rotor blades passing through a boundary layer.  The 

authors used equations for the far-field sound pressure spectrum developed by Glegg et al. (2012) for 

rotor blades cutting through inhomogeneous turbulence due to unsteady loading.  They found that as 

the blade was immersed in the boundary layer (so that the tip clearance decreased), the sound 

spectrum increased over the entire range by about 5 dB. They also found through their predictions that 

at lower advanced ratios, correlations between blades occurred as they cut through the same turbulent 

structures which lead to increases in the blade passing frequency peaks by up to 7 dB. 

1.2.4 Junction Flow as Related to Scale and Scope of Present Study 

 

 Fleming et al. (1993) examined methods of comparing junction flow results from previous 

experiments against his own experiment and each other.  In their experiments, the authors found two 

independent parameters, the Reynolds number based on the momentum height (���) and the ratio 

between the momentum height and the characteristic length (in this case the thickness of the wing 

airfoil).  Combining these two parameters into a single function, which they called the Momentum 

Deficit Factor (MDF), gave them a function upon which their results scaled well with previously 

conducted experiments.  The MDF is calculated as follows 

Equation 3: Momentum Deficit Factor 

�fg = ��#Z ∗ C
% = ��# ∗ ��� 
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By using the MDF, the authors were able to favorably compare data from previous experiments.  

Distortion functions calculated from data from the thick and thin boundary layer cases of Devenport et 

al. (1990) and Devenport et al. (1992), showed similar distortions due to the similarity of the MDF 

between the two cases.  They found that the MDF worked well for scaling peak vorticity core levels and 

for the width of the separated trailing vortices which grew as the MDF increased.  The authors found 

that flows with relatively large values of MDF have smaller flow distortions with stronger near wall 

vertical structures (Fleming, et al., 1993).  Flows with smaller values of MDF, however, have larger mean 

flow distortions due to a more energetic separation occurring.   

The MDF calculated for estimated cruise conditions for the Aurora example case explained in 

the Motivation section is of an order of magnitude smaller than those calculated by Fleming et. al. 

(1993) and the author for previous junction flow experiments (Table 1).  According to Fleming et al. 

(1993) then, the rotor duct junction would experience larger flow distortions and greater separation due 

to pressure gradients generated in the junction.  These flow distortions will lead to greater fluctuations 

of lift across the propeller outer section.   

 In a discussion with Dr. Stewart Glegg (Glegg, 2013), he pointed out that propeller tips produce 

vortices that are created due to the pressure difference between the pressure and suction sides of the 

propeller.  The higher pressure airflow on one side flows over the tip to the suction side which produces 

a rotational flow vortex that continues downstream of the propeller blade as the airplane moves 

through the air.  This happens even in ducted propellers as long as there is some space between the 

propeller tip and the duct wall.  However, in the case of the Aurora ducted propeller, the propeller tips 

are connected to the duct wall so there isn’t this space available.  What this means is that there is no 

pressure alleviation occurring over the tip so the full pressure difference at the trailing edge at the tip 

would be greater in the case of the connected propeller tip than for the unconnected one.  This greater 

pressure difference could result in larger vortices forming past the trailing edge which could continue 

downstream and produce noise or vibrations in any parts downstream of the propeller. 

1.3 Uniqueness of Present Study 

 

The present study on the acoustics of junction flow offers several aspects that differentiate from 

previously conducted experiments.   

Firstly, though many researchers have examined the wall pressure fluctuations that arise due to 

junction flow. The author, with extensive research and searching, has not found any wing-body junction 

flow experiments conducted where these measurements have been performed on the wing itself. The 

models used in this experiment have microphones that are placed in the baseline wing and the fairing to 

examine the pressure fluctuations on the surface of the wing and fairing.  These measurements are 

important since the present study is focused on a high lift body such as a propeller.  High lift coupled 

with pressure fluctuations can lead to large dipole acoustic noise generation. 

Secondly, very little research has been conducted on the far field acoustical impact of junction 

flow.  Considerable research by Glegg and Devenport (2009), Smith et al. (2008) and other authors have 
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been done on far field noise due to rough boundary layers (so that the noise generation is from dipole 

sources and not quadratic sources only) and other authors such as Ganz et al. (1998) and Glegg et al. 

(2012) have examined boundary layer effects on rotor noise, but this research has not extended much 

to the acoustic impact of junction flows.   

And finally, solutions to improve the junction flow control characteristics through geometry 

modifications are also proposed by the author.  The first solution combines the leading edge fillet and 

the constant radius fillet.  This fairing has a leading edge fillet that extends considerably ahead of the 

leading edge of the baseline wing which should reduce pressure gradients and eliminate leading edge 

separation.  The fairing wraps around the entire baseline wing, much like the constant radius fillet, in 

order to perform better at angles of attack and to reduce trailing edge separation from occurring.  

According to Simpson (2001), a fairing, “… should be designed to reduce the adverse pressure gradients 

and eliminate the near-trailing-edge corner separation.”  The reason that the trailing edge separation 

issue is also important is that even though it is the leading edge separation that causes the formation of 

the horseshoe vortex, trailing edge separation causes its own wake to form which extends downstream, 

shown in Figure 1, which then mixes with the horseshoe vortex creating further unsteadiness within the 

flow. 

The second fairing is based on work from Byun (2005) and a patent by AUR.  Byun (2005) 

examined three dimensional separated flow occurring over bumps.  One of the bumps used by the 

author, bump #1 (Figure 7), showed very little separation occurring despite being twice the height of the 

incoming boundary layer.  The separation that did occur only occurred on the downstream side.  The 

important thing to note is that the bump is designed to smoothly integrate into the surrounding plate so 

that the edges of the bump are tangent to the rest of the plate.  The scAUR patent by AUR, show in 

Figure 8, shows a design for a fairing around the foundation and pillars for bridges in regions of moving 

water.  The fairing design has been experimentally shown to prevent leading edge separation, even at 

angles of attack greater than 40°.  The author used a similar profile shape (for the slope of the fairing) 

and similar dimensions in height, width and length with respect to the thickness of the original obstacle.  

The fairing is shown and discussed in detail in Chapter 2: Apparatus and Instrumentation. 

1.4 Objectives 

 

 Many experiments and much progress have been made on the understanding of the flow 

physics that result from wing-body junction flows.  However, with the increase in research and drive 

towards reducing the acoustic impact of aircraft, there has been little to no research that has looked 

into the potential impact that wing-body junction flows have towards acoustic generation.  This paper 

attempts to recreate an idealized wing-body junction within the Virginia Tech Open Jet Wind Tunnel to 

compare to previous experiments performed in boundary layer wind tunnels along with novel 

measurements of the potential acoustic generation both in the far field and around and along the 

surface of the wing models through measurements of pressure fluctuations produced.  The objective of 

this experiment and study are the following: 



9 

 

• Measure and calculate the boundary layer properties along a flat plate mounted in the Virginia 

Tech Open Jet Wind Tunnel. 

• Perform and analyze oil flow visualizations of wing-body junctions with the baseline and fairing 

models and compare to previous experiments. 

• Measure, calculate and analyze acoustic beamforming to highlight frequencies and regions 

important to acoustics generated from wing-body junction flow and measure directivity of 

background acoustics to improve acoustic separation technique for surface pressure specta. 

• Measure, analyze and compare pressure fluctuation along the plate upstream of wing-body 

junction flows to those measured by previous researchers. 

• Measure and analyze pressure fluctuations made along the leading edge and sides of the 

models to examine the effects of wing-body junction flows on the surface of lifting bodies. 
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Chapter 2: Apparatus and Instrumentation 
 

 Two sets of experiments were conducted using the equipment and procedures listed below.  

The second set used the results of the first to improve upon the experimental set up and fairing design.  

Differences between the two experimental set ups are outlined at the end of this section and are 

described in detail throughout. 

 

2.1 Virginia Tech Open Jet Wind Tunnel 

 

The open jet wind tunnel was recently designed and built by the Virginia Tech Aerospace and 

Ocean Engineering faculty and machine shop in 2008 and 2009 (Borgoltz, 2013).  The open jet wind 

tunnel uses a 30 horsepower BC-SW size 365 Twin City centrifugal fan that is capable of a volumetric 

flow rate up to 15 dh/i (Borgoltz, 2013).  The tunnel is an open circuit wind tunnel and is shown in 

Figure 9.  The fan is located at the far right of Figure 9 which is also where the AF-600 General Electric 

variable frequency drive controls are located.  The fan blows air through a 6°, 4 meter long diffuser into 

a settling chamber of the dimensions 1.47 m high and 1.78 m wide (Borgoltz, 2013).  In the settling 

chamber, there is a 0.09m long honeycomb structure with cells 0.01 m in size that is followed by three 

turbulence reduction screens which are made of 0.3 mm diameter fiberglass screens with a 55% open 

area ratio (Borgoltz, 2013).  The flow then proceeds through a 5.5:1 contraction nozzle that is based on a 

5th degree polynomial profile (Borgoltz, 2013).  The maximum speed of the air flow through the test 

section area is 30 m/s when the fan speed is at 1180 RPM (Borgoltz, 2013).  Measurements of the free 

stream velocity taken throughout the testing showed that the velocity ranged between 25 and 27 m/s at 

the maximum RPM of the fan.  Downstream of the exit nozzle is the test section.  This test section is 

comprised of an 80/20 aluminum bar framework that allow for variable experimental models, 

equipment and instrumentation to be used and switched quickly.  Finally to the left of Figure 9 there is a 

jet catcher which is located 1.2m downstream of the nozzle exit (Borgoltz, 2013).  Several screens within 

the jet catcher deflect the flow towards the ceiling and floor to reduce impact the wind tunnel has in the 

room. 

The flow that exits the nozzle of the open jet wind tunnel is likely to be symmetrical in nature, 

but not equal throughout the jet.  As the flow travels through the test section, due to the lack of walls, 

the sides of the jet form a shear layer.  This shear layer acts similar to a boundary layer separating the 

stationary air with the free stream jet.  Due to this, the flow within the jet will be at a maximum velocity 

in the center of the jet and slow down near the sides due to the shear layer present.  Open jet wind 

tunnels, in anechoic environments, are often used for acoustic testing due to the lack of walls and other 

structures that would create unwanted reflections.  However, the shear layer creates issues due to the 

change in flow speeds.  A shear layer refracts sound waves, similar to the manner that light is refracted 

when passing through different density mediums.  The effect of this refraction is to shift the sound 

source position from the perspective of an observer (or microphone) outside the jet region.  This 
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refraction can be easily calculated, however, in this experiment it was not accounted for as since the 

Virginia Tech Open Jet Wind Tunnel was not located in an anechoic environment, measurements taken 

outside the jet were overwhelmed by the background noise due to the fan and vibrating wind catcher 

and thus useful data on wing-body junction flows could not be measured. 

2.2 Flat Plate  

 

 A flat plate was placed in the test section of the open jet wind tunnel in order for a boundary 

layer to form for the junction flow experiment.  The flat plate was an aluminum metal sheet, 27 inches 

wide, 4 feet long and 1/8th inches thick shown in Figure 10.  The small holes along the leading and 

trailing edge are to attach and secure it to the test section 80/20 structure shown in Figure 11.  The 

larger holes in the middle were for placing the flat plate microphones.  These were located at X/L 

locations of 0.523, 0.596, and 0.630 from the leading edge of the plate along the centerline.  The 

smallest holes located at (X/L,Z/L) positions of (0.671,0), (0.671,0.002), and (0.670,0.011) and were used 

to secure the model to the plate through the use of a threaded screw and the hole furthest downstream 

at X/L = 0.690 along the centerline allowed for the surface microphone cables to run from the model to 

equipment outside the test section area.   The second two smallest holes were used to allow the models 

to be mounted at 6° angle of attack and keep their leading edges at the same location for the surface 

pressure measurements.  In test 1, the plate was mounted horizontally 1 inch above the bottom of the 

jet.  In test 2, the plate was mounted vertically and placed in the center of the duct. 

 A series of 16 pressure taps were placed along the plate between tests 1 and 2 to measure the 

static pressure and to experimentally measure the pressure gradient along the plate.  Their locations are 

shown with dimensions in Figure 12.  The pressure taps were added since it was determined that the 

pressure gradient over the plate was necessary for more informed analysis.  These pressure taps were 

connected by Tygon tubing to an Esterline 9816/98K pressure scanner (Figure 13).  The pressure scanner 

has up to 48 channels with a range of +/- 10 inches of water.  Channels 1 through 16 were used to 

measure the static pressure from the pressure taps on the plate.  Channels 42 and 43 were reserved for 

the pitot probe static and stagnation pressure which was used to measure the freestream velocity and 

channel 47 measured the settling chamber’s static pressure (Devenport & Borgoltz, 2012).  The pressure 

scanner connects to the laptop running LabVIEW through an Ethernet connection, directions for setting 

up the connection are found through Devenport and Borgoltz (2012).  A LabVIEW program provided by 

Devenport and Borgoltz (2012) takes in measurements taken by the pressure scanner and outputs these 

measurements as averages in a text file (Figure 14). 

 During the first set of experiments, oil flow visualization along the leading edge showed that 

even with rounded edges, separation still formed (Figure 15).  Complete removal of this upper front 

edge and smoothing around the region with a sander resulted in a removal of this separation (Figure 

16).  Also the support on the trailing edge was raised an inch higher than the leading edge to help 

maintain attached flow across the surface. 

 Between the first and second set of experiments, Liselle Joseph and Dr. Aurelien Borgoltz 

performed measurements using this plate in a similar set up within the test section of the open jet wind 
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tunnel.  They would cool the plate by using dry ice and then used infrared cameras to observe the plate 

warming due to the flow over the plate.  What they observed was that there were regions near the 

leading edge where the plate would warm faster than others (Figure 17).  This was due to the front 

beam upon which the plate and supports were connected to changing the effective angle of attack of 

the plate.  This caused the incoming flow that would have gone under the plate to come up over the 

plate and separate shortly after the leading edge.  Also a cross flow was generated through this effective 

angle of attack change so that the flow converged towards the middle.  The cause of all this is due to the 

front beam that the plate was attached to.  To mount the plate without this beam for the second 

experiment, the plate was mounted vertically in the test section (Figure 18 and Figure 19). 

2.3 Models 

 

 Three models were used in this experiment, a baseline model and two fairing models shown in 

Figure 20, Figure 21 and Figure 22 .  The baseline model is made of a Rood airfoil which is a 3:2 ratio 

ellipse connected to a NACA 0020 airfoil tail at the point of maximum thickness.  This airfoil has been 

used in many other junction flow experiments so it is a good choice for comparison purposes (Simpson, 

2001).  The airfoil has a chord of 5.4 inches and a thickness of 1.27 inches.  The thickness was 

determined by matching the MDF of the model to the estimated Aurora Tech ducted propeller tip MDF.  

The boundary layer applet named WALTZ located at http://www.engapplets.vt.edu/ was used to 

estimate the boundary layer properties of the flat plate using the Waltz method.   After the thickness 

and chord of the airfoil were determined, the airfoil was then extruded in SolidWorks to be 10 inches tall 

so that the aspect ratio large enough to ignore the effects of flow over the top of the model.   

 The first fairing model is based on the Rood airfoil used in the baseline case.  The shape of the 

fairing was made by taking the Rood airfoil at a location three thicknesses above the flat plate and using 

an exponential equation to magnify the original airfoil as a function of the distance from the top of the 

fairing (3T), a computer aided design model of the fairing shown in Figure 23.  Equation 4 shows that this 

magnification was done through each x and z coordinate of each point of the original airfoil shape.  The 

coefficients were determined through trial and error until the desired fairing shape was obtained. 

Equation 4: Fairing 1 Design Equation 

2(�) = 2(3%) ∗ 8�kl∗(h#cm)n , o(�) = o(3%) ∗ 8�kn∗(h#cm)n 		pℎ���	8 = 1, :e = 3, :Z = 4 

This resulted in the maximum dimensions for the chord and thickness of 15.87 inches and 5.33 inches 

respectively.  The height of the fairing is 3.81 inches.  The top airfoil (original size) was then extruded in 

SolidWorks to match the height (10 inches) of the baseline model.   

 The second fairing model is designed in a similar fashion as is the first.  The profile of this fairing 

was created through the use of hypoellipse equations, sample visualizations of which are shown in 

Figure 24.  A hypoellipse is defined as a shape created by using an ellipse equation except with an 

exponent value less than 2.  This equation was used to define the profile of the second fairing since the 
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edges are tangent to their respective asymptote.  The equations used to define the coordinates are 

shown below in Equation 5.   

Equation 5: Fairing 2 Design Equations 

2(�) = 2(0) ∗ �rl∗stu(0)n
v , o(�) = o(0) ∗ �kn∗stu(0)n

v 
pℎ��� :e = 0.5, :Z = 0.8, � = 0.6, x�a [ !i x b�
[y� yz 
100 �y!�[i {�[p��� 0 x�a Y/2  

The coefficients were determined by constraining the height and length ahead of the fairing to be equal 

to the thickness of the baseline airfoil and the width to be roughly half the thickness of the baseline 

airfoil to either side.  This resulted in a chord of 8.89 inches and a maximum thickness of 2.83 inches.  A 

computer aided design model is shown in Figure 25.  By design, the edges were made to be very thin, 

which presented issues when printing.  Figure 26 highlights the regions where the edges were chipped 

when cleaning the support material (part of the 3D printing process).  These chips in the edges were 

determined to be small enough to be covered with tape with minimal effect on the incoming flow. 

 The reasoning for shaping both fairings was described in the previous section.  The main goals 

were to reduce and eliminate separation that occurs ahead of the leading edge and to continue to 

prevent separation from occurring at angles of attack.  The design of both fairings also needed to be 

fundamental in nature to keep this experiment as a whole relevant to a variety of applications.  The 

equations were chosen in such a way as to allow for both fairings to be defined analytically and with as 

few parameters as possible to keep their designs as fundamentally accessible as possible.  Both fairings 

used basic exponential and elliptical equations that only needed 3 parameters to define the shape 

keeping them both simple.     

 All three models have holes for surface pressure measurements to be taken.  The hole 

placements were determined separately for the first and second fairing models and then were mirrored 

(in terms of height above the plate) to the baseline model.  The coordinates of the microphone locations 

are shown for each test and model in Table 2.  The surface microphone holes were placed along the 

front and sides along the line of maximum thickness of the top airfoil (Figure 27).  The upper front 

microphone location for fairing 1 was determined from Ölçmen and Simpson where they measured the 

location for the line of low shear in front of their Rood airfoil model to be 0.27T, which for this 

experiment results in the location shown in Figure 27.  The rest of the holes for the first fairing and those 

chosen for the second fairing (Figure 28) were arbitrarily placed to highlight regions of potential interest 

and for comparison purposes.  

 The baseline and fairing 1 models were then hollowed and split into four pieces each in order to 

be 3D printed.  Since the second fairing model was made later, improvements in the design allowed for 

it to be made in one piece for the bottom section.  Both fairing models used the same top section so 

that fewer parts needed to be printed.  The thickness of the surface for all models is a quarter of an inch.  

The separate pieces are held together through a combination of steel dowels and tape when placed in 

the test section.  Tape will also be used to ensure smooth transition between parts.  The slight 



14 

 

discoloration in some parts of the models is due to residue of different color plastic present from 

previous printings, however both color plastics have the same strutural properties.   

 The models were secured to the flat plate through the use of a steel pole with screw holes on 

the top and bottom.  The pole was made through the use of two optical posts and then screws on either 

end held the model in place through friction (Figure 33).  Angle of attack was carefully measured and the 

trailing edge of the model was lined up with lines drawn for 0 and 6°.  The uncertainty in angle of attack 

was +/- 0.5°. 

2.4 Coordinate System 

 

The coordinate system used in both tests in this experiment is centered at the leading edge of 

the baseline model on the plate located along the centerline at X/L = 0.641.  A right-handed coordinate 

system is used for both tests.  In test 1, since the plate was mounted horizontally, parallel to the floor; 

positive X pointed downstream, positive Y pointed upwards towards the ceiling and positive Z pointed 

towards the wall away from the linear microphone array system described below.  In test 2, since the 

plate was mounted vertically, parallel to the wall; positive X still pointed downstream, positive Y was 

normal to the plate and so pointed towards the linear microphone array, and positive Z pointed 

upwards towards the celing.  Since the origin of the coordinate systems is based on the baseline model, 

this means that the leading edge of both fairings are at negative X values.  Fairing 1’s leading and trailing 

edges are located at X = -0.129 m and X = 0.274 m and fairing 2’s leading and trailing edges are located 

at X = -0.0435 m and X = 0.182 m.   

2.5 Microphones 

 

 In the first test, there were three sets of microphones used, one set located on the flat plate, 

one set located on the surface of the models and another set located on a linear array just outside the 

test section.  Figure 29 shows a diagram of the placement of microphones for the baseline model in test 

1.  The plate microphones were placed just ahead of the model and are labeled as shown.  The surface 

microphones are labeled by location with two in the front, two in the port side and two in the starboard 

side, with one above the other (labeled top and bottom respectively).  The array microphones were 

located outside the test section and were on the starboard side of the model for the first experiment 

and for the second were located above the model (since the plate was mounted vertically the models 

were mounted parallel to the floor).  In the second test, changes were made so that the surface 

microphones were used on the plate as well, shown in Figure 30.  These modifications are described 

below. 

The flat plate microphones for the first experiment were two Knowles BT-1755 and one Knowles 

BT-1753.  All three microphones are located in a housing unit shown in Figure 31 and were used in 

McGrath and Simpson (1986).  One BT-1755 microphone is on a movable track that allows for two point 

correlations of varying distances to be measured and calculated.  The BT-1755 microphones have an 

orifice diameter of 1.4 mm and the model BT 1753 microphone has an orifice diameter of 0.51 mm.  
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Both microphone models’ frequency responses are shown in Figure 32.  The housing unit fits into the 1 

inch diameter holes in the flat plate at locations X/L = 0.523 and 0.630 and were held flush to the 

surface of the flat plate so that the microphones do not disturb the incoming boundary layer flow 

(Figure 33). 

 The pressure fluctuations on the surface of the models are measured by six Knowles FG-23629-

P16 Condenser Omnidirectional microphones, one of which is shown in Figure 34.  They have a diameter 

of 2.57 mm and a height of 2.54 mm.  The rest of the dimensions and the frequency sensitivity are 

shown in Figure 35 and Figure 36 respectively.  These microphones were used as replacements for the 

plate microphones for the second experiment.  Plate inserts were designed and printed to fill in the 

holes drilled for the previous plate microphones.  These inserts are shown in Figure 37 and Figure 38 and 

allow for up to four Knowles FG-23629 microphones to be placed in each insert.  The reason for this 

switch was that the BT-1755 and BT-1753 have a limited flat frequency response region that limited the 

range of useful spectra that could be examined.  During test 1, the Knowles FG-23629-P16 surface 

microphones performed well and with the design of the insert, allowed for measurements to be made 

where desired easier than with the housing unit used for the BT-1755 and 1753 microphones.  The 

inserts were used in all three 1 inch diameter holes since the furthest upstream hole was used to place 

the reference microphone. 

 A key feature of using microphones to measure turbulence produced pressure fluctuations is the 

diameter of the microphone head, for this determines the smallest turbulence structure size that can be 

extracted accurately out of the data.  Turbulent structures that are smaller than the microphone head 

diameter get averaged out and thus cannot be accurately accounted for.  The orifice size of the Knowles 

BT-1755, Knowles BT-1753 and Knowles FG-23629 microphones are 1.4 mm, 0.51 mm and 0.76 mm.  By 

switching out the Knowles BT-1755 and 1753 microphones, an overall improvement was made since 

only the one BT-1753 has a smaller microphone head than the Knowles FG-23629 microphones.  

Estimations on the spanwise length scale of the smallest turbulence structures in tests 1 and 2 were 

made using boundary layer properties measured for each test.  From the boundary layer profiles, a 

value of the friction velocity, )+, can be found.  The estimated smallest turbulent structure coherent 

motion size, following the definition put forth by Robinson (1991), being “significantly larger than the 

smallest local scales of the flow, “ is then estimated as ten times the viscous wall length scale, the 

kinematic viscosity divided by the friction velocity, shown below in Equation 6. 

Equation 6: Estimation of Smallest Spanwise Turbulence Length Scale 

Δ = 10 ∗ E
)+

 

 Four Behringer MINIMIC MIC800 Preamplifiers were used to amplify the signals (Figure 39).  

Each amplifier has a frequency range from 10Hz to 90kHz.  The amplifiers were set to add a gain of 26 dB 

to the signals measured which was the lowest setting.  Since there were nine microphones and only four 

amplifiers, each acoustic measurement during the experiment was done three times so that all 

measurements could be taken at each configuration.  The microphones are powered by a BK Precision 

Model 1672 Triple Output Power Supply (Figure 40).  This power supply has a variable voltage range 
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which was changed based on which microphones were used for each measurement.  The flat plate 

microphones (Knowles BT-1755 and BT-1753) require 10 Volts and the surface microphones (Knowles 

FG-23629-P16) require 3 Volts. 

 Twelve G.R.A.S. Type 40PR microphones were used for the linear array (one of which is shown in 

Figure 41).  Each has a length of 60 mm and a diameter of 7 mm.  They have a flat frequency response of 

+/-2dB in the range of 100Hz to 20kHz.  Each microphone comes with its own conditioning amplifier.  All 

twelve microphones are placed on a linear array built from 2x4s and covered with foam to reduce 

acoustic reflections (Figure 42).  The microphones are equally spaced 5 inches from each other.  For test 

1, the array was set 18 inches above the plate and 3 feet starboard from the model.  The array 

microphone furthest upstream was 4 inches downstream of the leading edge of the plate.  For the 

second test, the array was 35 inches from the plate (mounted vertically) and 9 inches above the 

centerline of the model.  In both experiments, the leading edge of the baseline model to fell between 

array microphones 6 and 7.  The X,Y,Z coordinates of each array microphone are listed in Table 3 and 

Table 4 for tests 1 and 2 respectively. 

 All sets of microphones were calibrated through a process similar to that used in Alexander 

(2009).  The author set up the microphones describe above, a speaker and a calibrated Brüel & Kjær 

(B&K) type 4191 microphone, with a flat frequency response of +/-1 dB out to 4kHz, in an anechoic 

chamber.  The speaker was set up at one end of the chamber and the microphones at the other so that 

the distance between each microphone was much smaller than the distance between the speaker and 

the microphones.  Figure 43 shows the set up for the array microphones, where all the microphones 

were rolled up close together with the B&K microphone so that the microphones could not interfere 

with each other’s signals.  Figure 44 shows the set up for the plate microphones.  Since these 

microphones came with a housing unit that would reflect the noise from the speaker in unpredictable 

ways, the plate microphones and the B&K microphone were set flushed with the flat plate to render any 

reflections equal.  The surface microphones were set up in a similar fashion to that of the array 

microphones.   

The speaker was then made to play 30 seconds of white noise which was then measured by the 

microphones.  The measured signals of each microphone was then split up into several sections, Fast 

Fourier Transformed, divided by the B&K spectrum and then averaged to obtain a calibration function 

based on frequency.  This process is simplified compared to Alexander (2009) due to the microphone 

measurements being taken all at the same time, which means that the speaker calibration is cancelled 

out in his equations.  Figure 45 shows a representative calibration curve for the microphones.  The 

surface microphones have a relatively flat frequency response up to about 8kHz, so the average value of 

this region was used as the calibration gain to multiply the pressure signals by to perform the 

calibrations (black line).  Since three types of microphones were used, different frequency ranges were 

used for each set of microphones due to their different flat frequency responses.  The plate 

microphones were averaged up to 2kHz and the array microphones were averaged through 25kHz since 

these are the regions where their frequency response is flat. 
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2.6 Data Collection 

2.6.1 Pressure Fluctuations and Array Measurements 

 

A LabVIEW program, shown in Figure 46, made by the author was used to collect the 

microphone signals into a binary .TDMS file that were later read by MATLAB codes also written by the 

author.  The flat plate and surface microphone signals were obtained through a National Instruments 

USB X Series 6363 Data Acquisition Device (DAQ) shown in Figure 47.  The DAQ has 32 channels (16 

differential) and a maximum total sampling rate (added from all channels used) of 1 million samples per 

second.  It also has a wide variety of input voltage ranges to ensure quality data acquisition is made.  The 

array microphones are obtained through three National Instruments 9234 four channel DAQs (Figure 

48).  Each of these DAQs has a voltage range of +/-5 V and a sampling rate per channel of 51.2 thousand 

samples per second per channel.  A Dell laptop with an Intel Core i7-3720 QM 2.60GHz processor and 8 

GB of RAM was used to collect and store saved data. 

 For each model and angle of attack, measurements were taken in three parts due to not having 

enough amplifiers for all the non-array microphones.  The first measurement was taken for only the flat 

plate microphones, the second measurement included the front surface microphones and the last 

measurement included all four side surface microphones.  Between each measurement, the BNC cables 

to the power supply and amplifiers were switched so that the next set of microphones could be used.  

Three sets of 10 seconds of data were taken for each model and angle of attack so that in processing, 

these three sets could be combined to obtain 30 total seconds of data.  Finally, since the array 

microphones do not need to be connected to the amplifiers, array microphone measurements were 

taken and stored on every measurement taken. 

2.6.2 Flow Visualization 

 

 For the flow visualization, oil was used (Figure 49).  The oil is a mixture of %!}Z, kerosene and 

oleic acid in a 20:50:9 ml ratio, respectively (Ölçmen & Simpson, 1994).  The flat plate was first covered 

with self-adhesive black contact paper (including the parts of the fairing model) and then oil was 

carefully spread parallel to the flow direction.  In the second experiment, due to the plate being 

mounted vertically, the oil was carefully painted perpendicular to the flow direction, so that gravity 

would not affect the initial oil layout.  The tunnel was then ramped up to the maximum RPM and kept at 

this speed for about 20 minutes to ensure the oil completely spread and dried to show the steady state 

flow of the junction.  A video was taken for each oil flow visualization performed.  Several pictures and 

notes for each oil flow visualization were taken before the contact paper was removed.  Once removed, 

the contact paper was saved by covering with clear coat spray paint so that measurements and further 

pictures could be taken.  

2.6.3 Boundary Layer Properties 

 

 The boundary layer properties were measured through the use of a flattened pitot probe shown 

in Figure 50.  The width of the front of the probe was measured to be 0.74 mm thick.  The pitot probe 
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was connected to the Esterline 9816/98K pressure scanner so that the stagnation pressure was 

measured.  The stagnation pressure measured by the probe was then used to calculate the velocity at 

that point.  The pitot probe was moved through the boundary layer through the use of a hand traverse 

(Figure 51) which allows for very precise placements.  The hand traverse has ruler markings along the 

side and around the handle to allow for exact placements of the flattened pitot probe.  The flattened 

pitot probe was attached to the hand traverse which was attached to the upper structure of the test 

section (Figure 52).   

For the first test, boundary layer measurements were taken at four points along the centerline 

of the plate; at X/L locations of 0.010, 0.164, 0.333, 0.500 from the leading edge of the plate.  For the 

second test, measurements were made at X/L locations of 0.073, 0.167, 0.333, 0.500 from the leading 

edge. Due to the vertical set up of the plate, it was impossible to set the flattened pitot probe as close to 

the leading edge as in the first test.  At each of these locations, measurements were taken at 20 or more 

location in various y-steps until the probe passed beyond the boundary layer height.  The y-steps were 

sized in a logarithmic manner so that measurements were made closer together close to the wall and 

more spread out farther away from the wall.  The boundary layer height was calculated as the height at 

which the velocity is 99.5% of the free stream velocity.  The momentum and displacement thicknesses 

were then calculated through the following equations. 

Equation 7: Boundary Layer Properties Equations 
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Chapter 3: Results and Discussion 
 

 The results of the data taken are shown below in the opposite order discussed in the previous 

section, starting with the boundary layer profile measurements and ending with the microphone 

measurement data.  For each subsection, test 1 results will be shown and discussed and then test 2 

results will be shown and discussed with comparisons between the two tests. 

3.1 Boundary Layer 

 

 The method to measure the boundary layer profile and calculate the boundary layer properties 

discussed in the previous section were used in both tests 1 and 2. The profiles and static pressure 

measurements are shown in Figure 53 through Figure 62.  The Esterline 9816/98RK pressure scanner 

which was used to measure the pressures from the flattened pitot probe and static pressure ports has a 

rated accuracy of ±0.05% (Borgoltz, 2013).  The estimated uncertainty for the calculated properties of 

the boundary layer for both tests were calculated by applying the uncertainty of the Esterline 

9816/98RK pressure scanner with the maximum pressure it can measure (± 10 inches of water) and 

adding this to the measured pressures for both tests.   The results of the boundary layer, displacement 

and momentum thicknesses from this and the original values were used to compute the standard 

deviation (i.e., ½ the difference of the values) and extended to 95% confidence intervals by multiplying 

by the Student’s t-distribution integral for 1 degree of freedom sets, 12.71, or  

Equation 8: Equation for Estimated Uncertainty of Integral Parameter for Boundary Layer Calculations 

)�
��[x!�[�(=&∗) = 12.71 ∗ |=&∗(��xi(��a) − =&∗(��xi(��a + 0.05% ∗ �x�	�x����|2  

For test 1, the maximum relative errors in the boundary layer, displacement  and momentum 

thicknesses were  9%, 3% and 2% respectively.  For test 2, the maximum relative errors for these 

properties were 7%, 4% and 2% respectively. 

The results of the boundary layer profiles from test 1 are shown in Figure 53 in their dimensional 

form.  The pressure values obtained were used to calculate the velocity using Equation 9 below. 

Equation 9: Velocity Profile Calculations from Flatten Pitot Probe Measurements 

)��� = �2��6�4�1 − �50.0&��F  

As expected, the boundary layer grows in thickness along the plate and the freestream (edge) velocity 

decreases as well.  It is also easy to see the limitations of using a flattened pitot probe to take boundary 

layer profile measurements.  Though the measurement closest to the plate had the probe touching the 

plate, the slowest velocities measured were still greater than half the freestream value.  Since the probe 
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has a finite thickness and therefore cannot actually measure directly on the plate, a �� value based on 

the width of the flattened pitot probe was added to the Y-vector for each profile. 

In order to normalize these values, the boundary layer height had to be calculated.  First the 

freestream velocity was taken to be the value obtained at the highest point measured for each � 

location.  Then to obtain the boundary layer height, δ, linear interpolation through MATLAB was used to 

obtain the height where the velocity was equal to 99.5% of the freestream value.  The results are shown 

in Table 5.  Using these values along with the freestream velocity values (also Table 5), Figure 54 was 

obtained.  Figure 54 and Figure 55 strongly suggest that at most locations on the flat plate, a turbulent 

boundary layer is present.  This conclusion is further bolstered by the range of shape factors,  = =∗/C, 

encountered, 1.1<H<1.25, much lower than those in laminar boundary layers (e.g., Blausius H=2.59).  

The boundary layer closest to the leading edge shows that there seems to be some separation and/or 

trip effects occurring over the rounded leading edge of the flat plate.  Interestingly, along with this, it 

seems that the boundary layers tend to collapse in pairs with the locations 0.0127m and 0.406m 

showing the same trend from about a quarter of the boundary layer height to about three quarters 

along with the pair 0.200m and 0.610m.  An unexpected inflection point is present in the former pair 

that is not present in the latter. 

For scaling purposes, Figure 55 is shown.  Figure 55 uses a log scale on the x axis for the 

normalized y locations.  A similar trend is observed as that seen in Figure 54, where the boundary layer 

profiles somewhat collapse in separate pairs for most of the boundary layer profile.   Once scaled in law 

of the wall unites, as in Figure 56, all the boundary layer profiles seem to collapse well in the logarithmic 

region, except for the furthest upstream profile which doesn’t collapse mainly due to the inability to 

obtain finer measurements close to the wall due to the inherent size of the probe.  For each profile, a 

value for )+ was found that allowed each profile to as closely match the law of the wall as possible.  Also 

for comparison purposes a profile with a similar ��� value as the downstream measurement location 

calculated by Spalart (1988) is also shown.  For the most part, all the boundary layer profiles lie along 

the law of the wall and match closely with that of the Spalart (1988) data.  The bottom set of Spalart 

(1988) values show the inherent difficulties with using flattened pitot probes to measure boundary layer 

profiles in that the size of the probe prevented measurements to be taken within the inner region of the 

boundary layer.  

Table 5 shows the results of Equation 7, the momentum integral equations, where the boundary 

layer height along with the displacement and momentum thicknesses at each location are shown.  The 

displacement and momentum thicknesses are both relatively small compared to the boundary layer 

height with the ratio of the two at all x location to be roughly 1.2 which is on the low end for ratios 

typical of turbulent boundary layers.  Another important parameter is the Reynolds number based on 

the momentum thickness.  Interestingly enough, though the Reynolds numbers are very low, especially 

for the x location closest to the leading edge, the profiles shown in Figure 54 appear to be turbulent.  It 

is possible that transition to a turbulent boundary layer occurred due to the rounded leading edge or 

due to the roughness on the surface due to the use of sandpaper to grind away the leading edge corners 

of the flat plate.  The coefficient of pressure at each point was calculated through the following equation 

and was included in Table 5 to give an estimate of the pressure gradient across the plate. 
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Equation 10: Coefficient of Pressure for Test 1 Boundary Layer 

�6 = 1 − � )
)*

�
Z
 

The calculated coefficient of pressure values show that there are higher pressures near the leading 

edge, most likely resulting in a large adverse pressure gradient in this region.  Downstream of the 

leading edge, the pressure drops and remains relatively constant with a slight adverse pressure gradient 

further downstream. 

 Figure 57 shows the measured boundary layer profiles from the flat plate in the vertical set up 

for test 2.  Using the same process as with the data from test 1; the values measured in test 2 were 

normalized and are shown in Figure 58.  The normalized profiles appear to be turbulent and with the 

exception of the furthest downstream measurement, they collapse upon each other fairly well.  The 

furthest downstream profile shows a slight inflection in the region 0.25 ≤ �
� ≤ 0.6.  A similar trend is 

seen in Figure 59 where the y distance above the plate is on a log axis.  All the profiles become linear 

when the height above the plate is represented on a log scale which shows that all four profiles are 

turbulent in nature.  Figure 60 proves this by showing the profiles scaled to show how they compare to 

the law of the wall.  The same process to calculate )+ was used for the boundary layer profiles 

measured in test 2 as for test 1.  The profiles match the law of the wall and Spalart’s (1988) data for the 

bottom half of the profiles, but then for the most part, tend to deviate from these two curves.  This 

deviation is most likely due to an unsteady wake region present within the boundary layers which may 

be due to the very low ��� values shown in Table 6.  This unsteady wake region might signify that the 

boundary layers are transitional and haven’t become fully turbulent. 

 Table 6 shows the calculated boundary layer parameters from measurements made in test 2.  

The shape factor calculated from the displacement and momentum thickness further show that the 

boundary layer is turbulent at each of these points since they lie between 1.25 and 1.5.  The Reynolds 

number based on the momentum thickness, however, is very low for each of the measurement 

locations.  Since these values are so low (��� < 550), there must be artificial transition to turbulent 

boundary layers occurring along the flat plate.  Comparing the boundary layer thickness to the 

momentum thickness, it can be seen that since the ratio between the two is so large, there is a much 

larger outer region of the boundary layer than the inner region which is what may have resulted in the 

large wake region shown in Figure 60.   

Static pressure measurements were taken through the pressure taps added to the flat plate 

between tests 1 and 2.  These measurements were taken for each boundary layer measurement point 

(each location of the probe) and then averaged.  These averaged values were then divided by the 

dynamic pressure to obtain the pressure coefficients over the flat plate shown in Figure 61.  The 

standard deviation was also calculated and the Student’s T distribution for three degrees of freedom 

with a two sided confidence interval to obtain the error bars also shown in Figure 61.  Figure 61 shows 

there is a pressure spike shortly downstream of the leading edge where then the pressure drops 

drastically.  The large confidence intervals are mainly due to differences in static pressure 
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measurements due to the location of the probe and hand traverse (both of which stuck out into the 

open jet stream and thus had an impact on the flow).  Figure 62 shows the pressure gradient over the 

plate.  There exists a large adverse pressure gradient near the leading edge, which then becomes 

favorable till about X/L=0.3 where the pressure remains relatively constant over the rest of the plate.  

The large adverse pressure gradient and then the sequential favorable pressure gradient could 

potentially mean that the flow momentarily separates over the leading edge and then reattaches with a 

turbulent boundary layer afterwards.    

 Comparing the boundary layers from tests 1 and 2, there are several striking differences.  

Comparing the normalized profiles in Figure 54 and Figure 58, the flattened pitot probe was able to 

measure velocity values slower on the plate compared to the freestream value in test 2 than in test 1.  

The lowest )/)* values from test 1 were around 0.65, but in test 2, around 0.35.  Due to this, a fuller 

profile was able to be measured and plotted since a larger portion of the boundary layer could be 

graphed.  Capturing more of the lower boundary layer region also decreased the uncertainty, so the 

uncertainty in the integral parameters dropped between tests 1 and 2.  The profiles in test 2 collapsed 

upon each other better than did the profiles in test 1, which is most likely due to the cleaner incoming 

flow.  The profiles from test 1 tend match the law of the wall better than from test 2 due to the large 

upper wake region present within the profiles.  This wake region is possibly due to ��� values being so 

low in test 2.   

Table 5 and Table 6 mainly highlight that the presence of cleaner incoming flow drastically 

reduced the height of the boundary layer.  At the furthest downstream measurement location, changing 

how and where the plate was mounted in the jet decreased the boundary layer height by almost a 

factor of 4, the displacement thickness by a factor of 2, and the momentum thickness by a factor of 2.5.  

The Reynolds number based on the momentum thickness was also reduced by 2.5 as well. 

With the analysis and calculations performed above, the smallest turbulent structures present 

within the boundary layer can be estimated.  In test 1, the value of the friction velocity that best scaled 

the logarithmic region of the profile for the most downstream measurement station (close to where the 

leading edge of the models were placed) was )+ = 1.24	d/i.  For test 2, this value was found to be )+ = 1.11	d/i.  These result in the smallest coherent (i.e., active) turbulence structure lengths of 0.12 

mm and 0.14 mm for tests 1 and 2 respectively using Equation 6.  Both of these values are smaller than 

any of the microphone diameters used in test 1 or 2.  Due to this, there will be some averaging of the 

high frequencies present for microphones on the plate when the pressure fluctuations are measured 

since some flow scales are smaller than the pinhole of the microphone.  

Since mounting the plate in the middle of the jet and removing any obstacles below the plate (to 

remove potential upwash from change in effective angle of attack) did not produce laminar flow, then 

there must be other reasons as to why the boundary layer remained turbulent.  Narasimha and Prasad 

(1994) examined the effect of changing the leading edge profile of flat plates and how this impacted 

leading edge separation.  They found that leading edge noses with a sharp leading edge (flat on top with 

sloping bottom side) that are 6 times greater or more than the maximum thickness of the plate are 

optimum for preventing leading edge separation from occurring.  For the tests presented in this paper, 
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the flat plate has a simple elliptical nose so it apparently acted similar to a step and caused separation 

along the leading edge, which then reattached shortly downstream of the leading edge.  Hason et al. 

(2012) also examined optimization of leading edge shapes for flat plates.  These authors, however, were 

able to achieve laminar flow even with a rounded leading edge.  This was done through the use of a 

trailing edge flap, which changed the effective angle of attack of the plate which moved the stagnation 

point of the incoming flow.  By careful analysis of flap deflection and leading edge nose shapes, they 

were able to drastically reduce the pressure gradient around the leading edge preventing separation. 

From these two papers, it is obvious that, for future research, to ensure laminar flow, adjustments to 

the flat plate are necessary.  The leading edge of the plate, if possible, needs to be reshaped to improve 

the flow characteristics across the top.  A trailing edge flap also needs to be either added or cut out of 

the existing plate to further control the properties of the flow over the top of the plate.  Combining 

these two modifications should allow for laminar flow to be formed over a flat plate in the jet of an open 

jet wind tunnel. 

Despite the differences in boundary layer properties, both tests show that the boundary layer 

profiles are turbulent rather than laminar.  In order to match as closely as possible the example Aurora 

ring motor ducted propeller model, laminar flow across the flat plate was desired.  Laminar flow would 

have less pressure fluctuations present and would be more affected by pressure gradients created by 

wing-body junctions due to the lower energy present within the flow.  However, as was shown above, 

the boundary layers measured were both very low Reynolds numbers, so despite being turbulent, they 

should still separate more easily than for normally turbulent boundary layers.  Also, in real world 

applications, it is rare that the incoming flow is devoid of all turbulence as one would get with wind 

tunnel experiments, so in this case, the turbulent boundary layer present in this experiment probably 

helps to bring this experiment closer to what the Aurora ring motor would experience outside a 

controlled environment.  For the purposes of this experiment, the boundary layers for both tests should 

provide an excellent opportunity to examine wing-body junction flows with respect to the surface 

pressure fluctuations generated present with different sized boundary layers.  Future tests could use a 

better designed plate to achieve laminar flow and examine whether this would impact the pressure 

fluctuations differently and show whether it might be beneficial for full-scale applications to keep the 

flow laminar or trip the flow to be turbulent to potentially reduce the effects of wing-body junction 

flows. 

 

3.2 Oil Flow Visualization 

 

 Four oil flow visualizations were performed in each test; one for each model at 0° and 6° angle 

of attack.  For all figures presented below, the flow direction is from right to left.  Table 7 presents 

characteristic lengths measured from test 1 and Table 8 presents those from test 2.  These characteristic 

lengths include the locations of the separation and line of low shear ahead of the leading edge along 

with the maximum width and the width at the trailing edge of the horseshoe vortex wake.  This was 

done for all models at each angle of attack and the distances were normalized by the thickness each 
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model.  The thickness of the fairing models were calculated by averaging the frontal width of each 

fairing.  Fairing 1’s average thickness is 2.25 inches and fairing 2’s average thickness is 1.575 inches.  

Whenever the thickness of fairing 1 or 2 is mentioned, these are the values used.  A close-up of the 

baseline model at 0° angle of attack is shown in Figure 77 to explain the meaning of the characteristic 

lengths in Table 7 and Table 8.  These measurements are the same as done in Ölçmen and Simpson 

(1994), shown in Table 9, and are compared later.  The results from test 1 will be discussed, then those 

from test 2 and then comparisons will be made. 

Measurements of the characteristic lengths were performed using a digital caliper with a 

resolution of 0.01 mm and thus an uncertainty of ± 0.005 mm.  Clearly this is not the defining factor in 

the uncertainty of the characteristic lengths, so to take into account the uncertainty due to human 

error, measurements of the characteristic lengths of the baseline model 0° angle of attack oil flow 

visualization for test 1 were retaken at a different time.  The two measurements obtained were used to 

compute the uncertainty in the same manner used for the boundary layer calculated values where  the 

standard deviation (i.e., ½ the difference of the values) was calculated and extended to 95% confidence 

intervals by multiplying by the Student’s t-distribution integral for 1 degree of freedom sets, an example 

of which is shown below. 

Equation 11: Equation for Estimated Uncertainty of the Location of Separation from Oil Flow 

Visualizations 

)�
��[x!�[��2516� = 12.71 ∗ �2516e − 2516Z�
2  

 This resulted in a maximum uncertainty due to human error of ± 5 mm.   

For the baseline model at 0° and 6°, Figure 63 and Figure 64, evidences of the horseshoe vortex 

are very obvious.  The flow clearly separates ahead of the model and the horseshoe vortex follows the 

shape of the model until past the trailing edge, where it seems to grow slowly until the end of the plate.  

There also seems to be wake separation occurring slightly before the trailing edge of the model, which 

also matches with flow visualizations done for previous junction flow experiments (Ölçmen & Simpson, 

1994).  It is important to note that the horseshoe vortex and the wake continue to affect the flow, in 

that they continue to show themselves distinctly from the rest of the flow, several chord lengths 

downstream and continue beyond the end of the plate.  This matches what was found by Russell and 

Farabee (1991), in that they found the horseshoe vortex to be coherent and present within the flow far 

downstream of their model.  There are very slight differences between the models at the different 

angles of attack.  The horseshoe vortex is slightly distorted due to the different pressure gradients on 

the pressure and suction sides of the model.  Trailing edge separation occurs further upstream along the 

model on the suction side of the model, which was expected.  Table 7 shows that all the characteristic 

lengths increased at angle of attack. 

 For the oil flow visualizations performed for fairing 1, shown in Figure 65 and Figure 66, an extra 

strip of contact paper was applied to the leading edge of the fairing 1 model to attempt to capture the 

flow characteristics around this region.  The added contact paper affected the flow negligibly ahead of 
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the leading edge, but seemed to create some separation on the trailing edge of the added contact 

paper.  Attempts to add more contact paper around the entire fairing failed due to the curvature of the 

model which prevented the paper from lying flat.  The circle ahead of the leading edge is due to the hole 

in the plate used for the plate microphone housing unit. Oil within the black region where the fairing 

was is due to some oil getting inside the model when initially painting the oil onto the contact paper and 

model. 

At 0° angle of attack (see Figure 65), a three-dimensional stagnation point appears as a saddle 

near the leading edge of fairing 1 where it meets the flat plate.  Through examination of the video taken 

during this case and at 6°, the oil preferred to flow around the fairing instead of over the top, as is 

evident in the images through the dark, high shear region running along the fairing edge.  The oil that 

was initially placed on the leading edge contact paper flowed around the model and back down to the 

flat plate, but otherwise little to no oil flowed from the plate up onto the fairing except near the 

“corners” of fairing 1 which are highlighted in Figure 65.  The leading edge of fairing 1 was sanded down 

to be as thin as possible, but still had a finite thickness, which for the low Reynolds number flow, still 

created this separation along the leading edge.  Though leading edge separation was not eliminated, 

there doesn’t seem to be much evidence of a horseshoe vortex.  Flow along the strip of contact paper 

on the front of the model seems to be smooth and shows the flow splitting to flow around the fairing.  

Trailing edge separation still occurs as well which creates a wake structure behind the model. 

At 6° angle of attack (Figure 66), similar flow structures at the leading edge of fairing 1 occur, 

including the existence of the saddle three-dimensional stagnation point.  At the trailing edge there 

seems to be two separate regions of the trailing edge wake.  One set starts about a third of the chord 

upstream of the trailing edge on the suction side of the model and only a small distance upstream on 

the pressure side.  The second region starts downstream of the first separation point on the suction side 

and right at the trailing edge for the pressure side.  These are most likely a result of separation due to 

angle of attack and not due to a horseshoe vortex, since the region along the leading edge does not 

show signs of one. 

Table 7 presents the characteristic lengths measured from the oil flow visualization 

measurements made from test 1.  Only two of the characteristic lengths for the fairing 1 oil flow 

visualizations could be measured; the location of separation and the trailing edge wake, so comparisons 

will be made mostly with just the baseline model alone.  Changing the angle of attack for the baseline 

model had an effect on the wake structure, largely by increasing the size of the horseshoe vortex around 

the model.  Both the location of the separation point and line of low shear increase by the same 

amount, however the width of the trailing edge wake increases more than the maximum width of the 

wake.  This increase in the trailing edge wake width is partially due to the larger horseshoe vortex, but is 

probably most likely due to separation occurring further upstream due to adverse pressure gradients 

along the suction side of the airfoil itself.   

In order to examine flow features over the surface of the models themselves in test 2, the 

bottom half of the models were painted black with black spray paint.  This allowed for the white oil to 

be seen on the models without needing to put contact paper over the surface since this did not work 
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during test 1.  Due to this, test 2 oil flow visualization results will be shown with the model and contact 

paper attached to the flat plate (test 1 oil flow visualization photos are shown after model and contact 

paper were removed from flat plate).  Close up pictures are also shown to highlight key features of the 

oil flow visualization both on and around the models. 

Figure 67 shows the baseline model at 0° angle of attack for test 2.  Due to the lighting, it is hard 

to tell much from the picture alone, so Figure 68 and Figure 69 are also presented which show close-ups 

of the leading edge and side regions.  From these pictures, the horseshoe vortex is plainly visible and is 

similar in shape to those shown in test 1.  Figure 68 shows that the leading edge vortices that form due 

to wing-body junctions cause separation and regions of low pressure along the leading edge of the 

baseline model to a height of the thickness of the model.  Looking along the side of the model shows 

that there is a region where the baseline model touches the plate where the horseshoe vortex interacts 

with the model (Figure 69).  The holes in the model are where the surface microphones were placed for 

the surface pressure fluctuation measurements and it is clear from Figure 69 that moving the bottom 

microphones to be closer to the plate was a good choice, in that the bottom microphones were placed 

where the horseshoe vortex affects the baseline model.  The trailing edge shows evidences of a low 

pressure region where the oil collected, which seemed to form a secondary wake structure.  This trailing 

edge wake is also common with wing-body junctions and has been researched by various researchers 

(Russell & Farabee, 1991) (Gand, et al., 2010). 

The oil flow visualization for the baseline model at 6° is shown in Figure 70.  Examining the close 

up of the suction side of the baseline model in Figure 71, several interesting characteristics are shown.  

First, there is a large laminar separation region around the point of maximum thickness.  This is also 

where the microphones are located.  This separation bubble extends to the flat plate, and in Figure 70, 

the impact this had on the oil along the plate can be seen.  The separation bubble essentially added to 

the thickness of the model so that the horseshoe vortex flowed around this separation region along the 

plate.  For future tests, to prevent this, trip strips should be placed along the nose to trip the flow over 

the model to be turbulent which would allow the flow to maintain contact with the model further 

downstream.  There also is a build-up of oil along the trailing edge, signifying another point of 

separation which creates a region of low pressure where the oil collects.  There seems to be less impact 

of the horseshoe vortex on the airfoil than at 0°, which may be a result of the large pressure gradients 

occurring on the suction side when the model is at 6°.  The pressure side of the baseline model did not 

show signs of separation, which makes sense as the pressure gradients on this side are much reduced 

due to the angle of attack. 

The oil flow visualization taken for fairing 2 at 0° is shown in Figure 72.  Once again, the lighting 

for the test section was poor, so close up photos of the leading edge and side of fairing 2 are shown in 

Figure 73 and Figure 74.  In the close up of the leading edge, it was observed that despite changes to the 

fairing between tests 1 and 2, so that fairing 2 would be as thin as possible along the outer edge, it 

seems that separation still occurs along the edge.  In fact, oil seemed to collect even along the edge of 

the tape which has a thickness of only 25.4 μm.  This is mostly due to the low Reynolds number of the 

incoming boundary layer.  There does not seem to be evidence of a horseshoe vortex even with the 

separation along the leading edge. Along the side, it seems that the flow around the fairing was fairly 
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stable, especially along the surface of the fairing.  The tape along the leading edge, which was used to 

help smooth the transition from the plate to the fairing, seemed to have a detrimental effect 

downstream.  A streak formed from a separation region created from the tape not lying perfectly flat to 

the plate and fairing.  Along the trailing edge, there does not seem to a buildup of oil like there was for 

the baseline airfoil, showing that the fairing eliminates this low pressure region.  Looking downstream, 

there doesn’t seem to be a secondary trailing edge wake, so it is likely that fairing 2 reduces or 

eliminates this trailing edge wake. 

Fairing 2 at 6° is shown in Figure 75.  As before, a close up photo is used for clarity and to 

highlight key features such as those shown in the close up of the suction side of fairing 2 in Figure 76. As 

with the baseline model at 6°, there is a region of separation that occurs in the region of maximum 

thickness and along the trailing edge.  However, along the surface of the fairing shape close to the plate, 

this separation does not occur.  The turbulent boundary layer that travels up onto the fairing and then 

continues around the model energizes the flow over the fairing to prevent separation from occurring 

where it had done so along the baseline model.  In the low Reynolds number condition, the flow over 

the plate seems to have a beneficial effect on this flow structure around the model by preventing 

separation where it would otherwise occur.  Similarly as with the baseline model, there is little evidence 

of separation occurring along the pressure side of the model as the pressure gradients along this side 

are reduced due to the angle of attack. 

Table 9 shows the values measured from the oil flow visualization for each model tested in 

Ölçmen and Simpson (1994).  It is hard to directly compare the values for the baseline case to those for 

all the models in Table 9 due to the vastly different shapes of models used, however, Model 0 and the 

baseline model in this experiment are both made using the Rood airfoil so a direct comparison between 

these two cases was done.  All the values for the baseline model in test 1 are smaller than that for 

Model 0, except for the location of separation which is slightly larger.  In test 2, all but the trailing edge 

wake width are larger than those measured for Model 0 by Ölçmen and Simpson (1994).  From this, it is 

clear that the incoming boundary layer has some impact on the vortex structure that forms due to wing-

body junctions.   

In order to attempt to scale the values from the baseline case in Table 7 and Table 8 and for all 

the models in Table 9, the MDF was used.  The MDF for each model and test are listed in Table 1.   

Figure 78 and Figure 79 show the characteristics lengths of the flow ahead of the leading edge and the 

wake formation respectively compared with the MDF.  Figure 78 shows that for both the location of the 

separation and line of low shear ahead of the leading edge there seems to be a slight decreasing trend 

as MDF increases, but otherwise the values tend vary quite a bit. In Figure 79, the width of the wake at 

its maximum value and at the trailing edge are compared versus the MDF for each model’s wing-body 

junction flow.  The maximum size of the wake tends to remain constant whereas the width of the 

trailing edge wake tends to increase with MDF.   

For the two characteristic lengths that generally decrease with increasing MDF, this was 

expected with what was observed by Fleming et al. (1993), in that a large MDF generally relates to a 

higher Reynolds number flow which means that the boundary layer is less likely to separate due to the 
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pressure gradients created from wing-body junctions.  However, a large MDF also can mean larger cross-

sectional airfoil thickness especially in the case of the Ölçmen and Simpson (1994) models where the 

flow properties (Reynolds number) were kept constant between model configurations.  A larger airfoil 

thickness generally means that the flow undergoes stronger adverse pressure gradients as it moves 

along the surface of the airfoil.  Stronger adverse pressure gradients lead to larger separation regions 

near the trailing edge, which is why the trailing edge wake tends to grow with MDF in these 

experiments. 

To gain further insight into the characteristic lengths and how they relate to the MDF, Figure 80 

is presented where the ratio of the locations of separation and line of low shear are shown along with 

the ratio of the widths of the maximum and trailing edge wakes as they compare with MDF.  These 

ratios tend to remain relatively constant with different MDF values potentially meaning that these 

characteristic lengths are not independent parameters.  Since the ratios are generally constant, by 

knowing one characteristic length, such as the maximum width of the wake, the trailing edge wake 

width can be estimated fairly accurately.  Figure 80 shows that the location of the line of low shear  is 

generally halfway between the leading edge and the point of separation.  Examining Figure 2, what this 

means is that for these oil flows, the primary and secondary vortices are roughly the same size.  

Likewise, the width of the maximum wake tends to be 50% larger than the width of the wake at the 

trailing edge, however this ratio tends to decrease with increasing MDF since the maximum wake width 

decreases and the trailing edge wake width increases with increasing MDF.  This could potentially mean 

that at very high MDF values, separation along the trailing edge becomes more prominent (creates a 

larger wake) than the separation that occurs ahead of the leading edge due to wing-body junction flows.   

 Improvements can be made to the oil flow visualization process to allow for better flow 

visualizations to be made.  In order to remove as many extraneous effects as possible, it would be best 

to build a model that is integrated with the plate, in that the two become a single piece.  In Figure 65, 

Figure 66 and Figure 73 it is easy to see that even scotch tape, with a thickness of 25.4 μm (0.001 in) 

caused oil to be accumulate ahead of it.  Also the contact paper and tape caused separation to occur in 

places where they couldn’t lie completely flat against the plate or model.  If the models were fully 

integrated with the plate then the tape and extra contact paper would not be necessary and the true 

flow field could be accurately shown.  Also during test 2, setting up the oil flow visualizations was 

difficult due to the oil flowing due to gravity since the plate was mounted vertically.  If it would be 

possible to mount the plate horizontally while avoiding blockage effects due to the test section 

supports, this would improve the quality of the flow visualizations made for test 2.   

3.3 Array Microphone  

 

 The original intent of acquiring the microphone array data was to obtain acoustic beamforming 

maps of the various models under test.  In order to make this feasible, it is important that the signal-to-

noise ratio be sufficient to separate facility-dominated sources from test article sources.  This 

requirement was of particular concern since the measurements for both tests 1 and 2 were not taken in 

an anechoic environment and the possibility that the background noise would drown out the noise from 
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the models.  Figure 81 and Figure 82 show the spectra from the array microphone closest to the model 

for tests 1 and 2 respectively.  Except for the spike around 3 kHz, there is almost no difference between 

the spectra for the clean tunnel (no model), baseline model and fairing models.  Examinations into the 

spike around 3 kHz did not show any meaningful results.  In order to obtain meaningful data, there must 

be at least 1 dB difference between the model spectra and the clean tunnel (no model) spectrum 

(Devenport, 2013).  With insufficient signal-to-noise ratio, the acoustic beamforming maps offered little 

information for interpretation.  Future tests will need to be conducted within an anechoic environment 

to reduce the background acoustic noise to levels where the noise that is generated from wing-body 

junction flows can be examined properly. 

 Despite this, the linear array measurements can still give useful data.  Overall integrated sound 

pressure levels of the background acoustics from each microphone were calculated for each test from 

the clean tunnel flow configuration measurements.  Figure 83 shows this for tests 1 and 2 with the angle 

of each microphone with respect to the origin (location of the baseline model leading edge where it 

touches the plate).  In both tests, it is easy to see that the major contribution of the noise arises from 

downstream of the plate.  Downstream of the test section is the wind catcher which diverts and diffuses 

the flow from the open jet wind tunnel.  The wind catcher has sheet metal sides which, throughout both 

tests, would vibrate and create noise, which Figure 83 shows as being the major contribution to noise 

being generated.  Since the wind catcher is the major noise source, it is important to examine how the 

noise from the wind catcher radiates.  This is done by mathematically centering the microphones around 

the wind catcher (by defining their position as from the wind catcher instead of the origin as before) and 

then using simple 1/r propagation to set each microphone as if they were equal distance from the wind 

catcher.  This propagation causes the furthest microphones to increase in sound pressure level and 

those closest to decrease.  The result of this is shown in Figure 84 which shows that maximums would 

occur at 0 and 90° which correspond to spanwise and upstream directions.  This is likely due to the 

panels of the wind catcher vibrating and radiating sound normal to their surfaces creating a double 

dipole-like noise source distribution.  Since the acoustic noise that travels past the model comes from 

directly downstream, improvements can be made to data reduction technique to cancel out the acoustic 

background from the surface pressure fluctuation spectra by accounting for the propagation direction of 

the waves. 

3.4 Data Reduction for Surface Pressure Measurements 

 

 Once the raw pressure fluctuation data were obtained from both tests, several methods were 

used to convert the raw data into presentable material.  The first step was to calibrate the raw acoustic 

data through the method described in the previous section.  Once the calibrations were done, the 

signals were separated into two components; pressure fluctuations due to the turbulence and pressure 

fluctuations due to acoustical background.  This method comes from (McGrath & Simpson, 1986) and is 

described below. 

McGrath and Simpson (1986) measured surface pressure fluctuations in zero and adverse 

pressure gradient flows and showed how the measured surface pressure fluctuations have two 
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components; turbulence and acoustic (Equation 12 line 1).  These components can then be separated 

out of the measured pressure fluctuations due to the turbulence and acoustic contributions being 

uncorrelated to one another (McGrath & Simpson, 1986).  This lack of correlation is due to the different 

wavelengths present in the two contributions, where acoustic wavelengths are much greater than those 

of turbulent wavelengths.  This means that between two microphones in separate locations, the 

acoustic contribution will be highly correlated, whereas the turbulence will not (Equation 12 line 2).   

This matches what was derived by Crighton (1975) in that acoustic wavelengths are much larger than 

those produced by turbulence.  

Equation 12: Surface Pressure Fluctuation Signals and the Acoustic and Turbulent Contributions 

(McGrath & Simpson, 1986) 

�eU(�e, [) = �e.U(�e, [) + �e0U(�e, [), �ZU(�Z, [) = �Z.U(�Z, [) + �Z0U(�Z, [) 

�e0U(�e, [)�Z0U(�Z, [ − �) = 0������������������������������������, �e.U(�e, [) = �Z.U(�Z, [ − �) 
�e0UZ������ = (�eU(�e, [) − �ZU(�Z, [ − �))Z������������������������������������

2 , �e.UZ������ = (�eU(�e, [) + �ZU(�Z, [ − �))Z������������������������������������
4 − �e0UZ (�e, [)�������������

2  

Where � is the measured surface pressure fluctuations, the subscripts 1 and 2 are the microphone 

locations, the subscripts x and [ are the acoustic and turbulence contributions and the subscript n is a 

specific frequency so that these equations are a function of frequency.  The pressure signals are also 

shown to be a function of position (�) and time ([) since the microphone position is important for 

improving the acoustic background separation.  The symbol � represents a time delay from the 

directivity of background acoustics and is described in detail below.  The bottom two equations show 

how to obtain the mean square value of the turbulent flow and background acoustic produced pressure 

fluctuations from the measured pressure fluctuation signals from two microphone signals.   

An important assumption is made in the left bottom equation.  By dividing the squared 

difference of the spectra by 2, this assumes that the turbulent contribution to the pressure fluctuation is 

equal between the two microphones used.  For the microphones used along the plate and for the top 

microphones together and bottom microphones together this assumption is valid.  However, when 

combining top and bottom microphones it is important to note that the turbulent contribution to the 

pressure fluctuation for the bottom microphones is greater than for the top microphones since the 

bottom ones are placed within the horseshoe vortex region.  Comparisons can still be made by 

combining top and bottom microphones to highlight important aspects such as effect due to angle of 

attack, but it is important to note that the “true” turbulent contribution to the pressure fluctuation is 

not shown in these comparisons due to this assumption.  

Due to the directivity measurements described in the previous section, it was found that the 

wind catcher directly downstream of the test section was the largest contributor to the background 

acoustics.  By knowing the positions of the surface pressure microphones, a time delay calculated 

through Equation 13, based on the speed of sound, can be applied to one of the signals used for the 

pressure separation technique above where �����  is the vector from the major source of background noise 

(the wind catcher) to microphone !. 
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Equation 13: Time Delay between Microphones due to Background Facility Acoustics 

� = ‖������ − ������ ‖

  

This time delay would shift the signal so that the acoustic background noise between the two 

microphones would be perfectly correlated.  This allows for more of the background acoustics to be 

separated out of the original signals to obtain more trusted spectra.  The time delay does not affect the 

correlation between turbulent pressure fluctuation signals because the time delay is based on the speed 

of sound, whereas the turbulence is primarily based on the speed of the flow, which being much less 

than the speed of sound means that small time shifts won’t have an impact on the turbulence 

correlation. This was applied to all the plate microphone measurements since these microphones were 

spaced out along the streamwise (X) direction as this was the direction of propagation of the 

background acoustics.  Microphones such as the side microphones were at the same X position, so the 

background noise would hit these microphones at the same time and thus not need the time delay to be 

applied.  The effect this had on the plate measurement spectra was varied.  For test 1, due to the 

distances between microphones being fairly small, the effect was minimal and the spectra did not 

change.  For test 2, due to the use of the reference microphone placed several model thicknesses ahead 

of the other microphones, the difference was more pronounced, especially in the low frequency region.  

The clean tunnel (no model) spectra became more of a peak around a Strouhal number of 1 and the 

other spectra shifted slightly compared to the spectra computed without the time delay included.  Most 

of the changes occurred in the lower frequencies, which was expected as background acoustic 

wavelengths are large, so their frequencies are therefore low.  It is important to note, despite the slight 

changes, no points of interest, such as the location (frequency) of intersection points changed. 

Figure 85 shows an example of this pressure fluctuation separation.  The normalized calibrated 

signals for two microphones from test 2 are shown with their separated turbulent and acoustic 

contributions.  It can be seen that several spikes in the original signals are a product of the background 

acoustics, rather than the turbulent structures within the flow.  The spikes shown in the circled region in 

Figure 85, and in the close up of this region in Figure 86 are examples where the spike is present in the 

acoustic contribution (black) but is absent in the turbulence contribution (red) which is relatively flat 

through this region.  The acoustic contributions come from background sources such as those produced 

by the wind tunnel fan which are undesirable for the purposes of this analysis.  The turbulence 

contribution to the pressure fluctuations, therefore, was what was used for the results and analysis for 

the plate and surface microphones.  This process was not used for the array microphones since they 

were not placed within the test section and therefore have no turbulence contribution to their 

measurements. 

The final reduction performed to the data was to filter the higher frequency portions of the 

data.  Each set of microphones, as described in the previous section, has a flat frequency response up to 

a certain frequency value where then they lose sensitivity.  The plate microphones have a flat response 

varying no more than 3 dB up to about 2 kHz.  The surface microphones have a flat response with the 

same level of variation as the plate microphones up to 10 kHz.  Due to this, data obtained at frequencies 
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higher than 2 kHz for the plate microphones and 10 kHz for the surface microphones will be cut off and 

will not be shown except in Figure 87 which show the higher frequency effects with these microphones 

within the circled region.  These high frequency effects are artificially created due to the limitations of 

the microphones and thus need to be filtered out since they are not products of features present within 

the flow. 

The uncertainty due to the surface microphones used in tests 1 and 2 are described in the 

previous section with the variations in their flat frequency response ranges.  The uncertainty in the 

surface pressure fluctuation spectra due to the data reduction processes previously described was 

calculated by adding random signals, of a standard deviation which gives 3 dB SPL through the spectrum 

of the microphones (i.e., =�� = 20	��x	�	10h	��	/Z"	�	�, = 0.28	�x for 10 kHz bandwidth), to two of 

the original signals and then proceeding through the calibration, pressure separation, filtering and 

normalization processes.  The relative error between the perturbed spectrum and the original spectrum 

was then calculated by taking the mean absolute difference between the spectra and then dividing this 

by the original spectrum to estimate the uncertainty due to these processes.  The uncertainties as a 

function of Strouhal number and frequency are shown in Figure 88.  The uncertainty is very low for 

lower frequencies and tends to increase with frequency for both microphones.  The uncertainty for the 

Knowles FG 23629 microphones is high (around 50%) at 10 kHz, however, the signal-to-noise ratio at the 

high frequency limit is too low for meaningful analysis, so can be ignored for this experiment. 

3.5 Surface Pressure Fluctuation Results 

3.5.1 Plate Microphones 

 

 As mentioned above, the data obtained for the microphones on the plate just ahead of the 

leading edge for both models went through filtering, calibration, and separation.  For all surface 

pressure power spectra, inserts are included to clarify the microphones used.  The results shown for 

each model at each angle of attack for both tests are shown in Figure 89 through Figure 96.  Due to the 

method for separating the turbulent pressure fluctuations from the background acoustic contribution, 

each plot is presented in microphone pairs, for the labeling convention see Figure 29 for test 1 and 

Figure 30 for test 2.  Equation 12 shows that the calculations to obtain the turbulent portion of the 

pressure fluctuation power spectrum results in the average turbulent pressure fluctuation power 

spectrum between the two microphones used, which is important to note because the turbulence (in 

the case of when a model is present) is not equal at each microphone location for test 1 and 2.  Along 

with the spectra measured with models mounted to the flat plate, the clean tunnel configuration (no 

model) is also included.  For the clean tunnel measurements, microphones were left in exactly the same 

place as they were when the respective model was in place.  This means that the clean tunnel 

measurements used for comparisons with the fairing 1 and 2 measurements were made further 

upstream than for the clean tunnel measurements made for the baseline model to match where the 

plate microphones were for each model.  Due to this, direct comparisons between the baseline and 

fairing models cannot be made, since the microphones were moved in order to keep the microphones in 

front of the models and therefore the plate microphones were not within the same flow regime 
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between configurations.  The results for test 1 then test 2 will be discussed below with a comparison 

between the clean tunnel flow cases for the two tests afterwards.  

 The baseline model from test 1 is shown at 0° angle of attack in Figure 89.  The spectrum is 

generally louder at lower frequencies and quieter at high frequencies, but for some of the microphone 

combinations, this difference is minimal.  For most of the frequency range, all three microphone 

combination pressure power spectra are higher than their respective clean tunnel spectra, except for 

the turbulent pressure fluctuations from the Plate 2 and Plate 1 microphones at either end of the 

frequency range shown. The graph essentially shows simply that wing body junctions increase the 

pressure fluctuations due to turbulence.  This matches findings by other authors, including Devenport et 

al. (1992) shown in Figure 4.  The measurements taken by Devenport et al. (1992) were not ahead of the 

leading edge, so it is hard to make a direct comparisons, but basically, a wing-body junction increases 

the turbulent pressure fluctuations across the plate around the wing.  At 6° angle of attack, Figure 90, 

there seems to be qualitatively little change to the spectra. 

 The spectra for fairing 1 at 0° and 6° angle of attack for test 1 are shown in Figure 91 and Figure 

92.  The spectra behaves similarly, in that the lower frequencies are louder and the higher frequencies 

are quieter, though for fairing 1, this difference is greater that with the baseline model. An interesting 

thing to note is that for both 0° and 6° angle of attack, fairing 1’s spectra is lower or the same as for the 

clean tunnel configuration.  This essentially shows that fairing 1 reduces or eliminates the vortex 

structure ahead of the leading edge, so that the added pressure fluctuations due to wing-body junction 

flow are eliminated.  The reason that fairing 1 would produce lower spectra, especially at the lower 

frequencies is that the shape of the fairing would possibly increase the speed of the local flow in this 

region which would decrease the pressure and the overall pressure fluctuations. 

 Further comparisons can be made in Table 10, where the root mean square (RMS) of the 

pressure fluctuations measured by each microphone are presented.    Comparing the clean tunnel flow 

RMS pressure to the respective model case, it is observed that the baseline is not much greater than the 

clean tunnel flow RMS pressure, except at Plate 3.  Fairing 1’s RMS pressure is either the same or lower 

than the clean tunnel flow RMS pressure at all three microphone locations.  The baseline compares so 

well with the clean flow mainly due to the placement within the flow.  Taking a look at Table 7, it was 

noted that the furthest downstream microphone, Plate 1, was just inside the 3D separation point.  This 

means that the other microphone measurements were taken outside the region of interest.  It was 

unclear, however, why Plate 3 measured much greater RMS pressure instead of Plate 1 and this led to a 

lack of confidence in these microphones and a desire to replace them with better microphones for test 

2.   

At the highest frequencies for the plate microphones in test 1, the effects due to pinhole size are 

shown.  These are specifically shown here since by filtering out these frequencies, the frequency range 

of reliably trusted spectra is so small as to make comparisons difficult due to scale.  It was originally 

thought that the small frequency range of the Knowles BT-1755 and BT-1753 microphones wouldn’t be 

an issue, but after performing test 1, it was determined that the short frequency range did not allow for 

a full analysis to be made.  This led to the design of the plate inserts so that the Knowles FG-23629-P16 
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microphones could be used for the plate measurements since their flat response frequency range 

extends up to 10kHz.  Other issues as well lead to a lack of confidence in the results obtained by the 

Knowles BT-1755 and BT-1753 microphones.  For instance, the average turbulent pressure fluctuation 

power spectra for the Plate 3 - Plate 1 microphone combination at the lower frequencies was much 

lower for both clean tunnel measurements when compared to the other two microphone combinations.  

Since all three microphones are placed close to one another, there should not be such a difference 

between them.  The microphones within the housing unit also were not spaced quite far enough to use 

Equation 12 as effectively as necessary (McGrath & Simpson, 1986).  This lead to the use of a reference 

microphone placed far upstream, away from the increased turbulence present in wing-body junction 

flows for test 2. 

Using a reference microphone in test 2 placed upstream from the wing-body junction flow 

turbulence allows for further calculations to be made assuming that the reference microphone is 

unaffected by the wing-body junction turbulence.  If the reference microphone (Test 2 Plate 1, see 

Figure 30) is unaffected by the wing-body junction flow, then it should measure the same turbulent 

pressure fluctuations for clean tunnel and model configuration measurements.  The turbulence between 

all the microphones for the clean tunnel flow condition should also be roughly equal since there are no 

outside forces impacting the flow.  With this assumption, then the turbulence at the Plate 1 and Plate 2 

locations should roughly be equal and thus the average turbulence between Plate 1 and Plate 2 is the 

same as the turbulence at Plate 1.  With this, Equation 14 below can be used to eliminate the turbulent 

pressure fluctuations at microphone Plate 1 when performing the pressure fluctuation separation 

technique for the baseline and fairing 2 model configurations.   

Equation 14: Equation to Separate Turbulent Contribution to Pressure Fluctuation Power Spectra for 

Microphone of Interest Only 

�e0U��1Z��������� = �e0UZ������ + �Z0UZ������
2 → 	 �Z0UZ������ = 2 ∗ �e0U��1Z��������� − �e0UZ������ 

Where 1 represents the reference microphone Plate 1 and 2 refers to the microphones of interest; Plate 

2, Plate 3, and Plate 4.  The result of this is that one can examine the turbulent contribution of the 

pressure fluctuation power spectra from the microphones located close to the model only, without any 

averaging necessary.  Also to note, after measurements were taken, it was found out that the Plate 3 

microphone head had been accidentally punctured during placement into the plate insert.  Due to this, 

Plate 3 spectral results are not shown or discussed in the following paragraphs. 

 The baseline model at 0° angle of attack from test 2, Figure 93, shows similar results to the 

baseline model in test 1, in that, the wing-body junction increases the turbulent pressure fluctuations 

present within the flow ahead of the leading edge of the model.  The pressure fluctuation power spectra 

are an order of magnitude greater at the lower frequencies but seem to deviate at the higher 

frequencies.  This means that wing-body junction flow contributes more to the lower frequency 

(Strouhal numbers less than ~2) and thus should be the focus region for attempts to reduce the pressure 

fluctuations due to wing-body junctions.  At Strouhal numbers greater than 5, the turbulent pressure 

fluctuation power spectrum for Plate 2 becomes less than the clean tunnel levels.  Examining the 
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characteristic lengths measured from the oil flow visualizations in test 2, Table 8, the line of low shear 

happened to form relatively close to the location of the Plate 2 microphone.  The extreme decrease in 

high frequency turbulence for the Plate 2 pressure spectrum could be a result of the flow structures 

present near the line of low shear.  Figure 2 shows that the line of low shear occurs between the 

primary and secondary vortices and creates a kind of dead zone that, as is shown in Figure 2, fluctuates 

slowly as the vortical structures change with time.  This then keeps the lower frequency turbulence 

relatively high and decreases the higher frequency turbulence, which is shown in Figure 93.  Comparing 

the spectra between Plate 2 and Plate 4, it can be seen the spectra varies significantly so that the 

turbulent pressure fluctuations seem to increase as the microphones were placed closer to the model.  

This varience represents large scale separation, which matches both the oil flow measurements and all 

other previous research on wing-body junction flows.  At 6° angle of attack, Figure 94, the spectra are 

relatively the same as at 0°, except for increases present at higher frequencies (Strouhal numbers 

greater than ~4).   

 Figure 95 shows the turbulent wall pressure power spectra for the fairing 2 model at 0° angle of 

attack.  The spectra from the fairing are similar to those of the baseline model, in that they are about an 

order of magnitude greater than the clean tunnel (no model) spectra.  Across the entire Strouhal 

number range, both the Plate 2 and Plate 4 turbulent pressure power spectra remain relatively constant, 

denoting that the turbulence is relatively homogeneous both these locations.  This homogeneous 

turbulence means that the flow at these locations seems to be flowing around fairing 2 as an attached 

three dimensional turbulent boundary layer. This does not match the spectra from the baseline model, 

since the turbulence tends to increase as the microphones are placed closer to the leading edge of the 

model.  Also unlike the baseline model, the Plate 2 turbulent pressure power spectrum for fairing 2 does 

not drop below the clean tunnel spectra, however it seems that both spectra for fairing 2 tend to 

collapse upon the clean tunnel spectra at these higher frequencies.  Despite the flow remaining 

attached, as was evidenced by the oil flow visualization in Figure 72, the turbulent pressure fluctuation 

power spectra remains much greater than the clean flow spectra.  This is mainly due to the adverse 

pressure gradient still present in the wing-body junction flow, even with the fairing present, which 

causes, for attached boundary layers, increases in vorticity and turbulence which then would increase 

the turbulent pressure fluctuations present at these locations (Morton, 1984).  Changing the angle of 

attack to 6°, as shown by Figure 96, has a minimal impact on the spectra of the pressure fluctuations 

ahead of the leading edge of the fairing. 

 Further comparisons can be made using the RMS pressure fluctuations for each microphone 

presented in Table 11.  Unlike in Test 1, the RMS pressure increases as the microphones are placed 

closer to the model for both the baseline and fairing 2 models, though the increase is much greater for 

the baseline model than for fairing 2, which was expected.  For the most part, the Plate 1 measurements 

were roughly the same regardless of the presence of a model or not, showing this microphone was 

placed far enough upstream to be unaffected by wing-body junction flows.   
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 Due to the different processes, microphone locations and the use of a reference microphone, 

comparisons between the models in tests 1 and 2 are not shown.  However, a simple comparison 

between the clean tunnel configuration in tests 1 and 2 is shown in Figure 97.  Despite differences in the 

incoming boundary layers, there seems to be relatively close agreement at the lowest frequencies, 

except for the average turbulent wall pressure power spectra for microphones Plate 3 and Plate 1 in test 

1.  The reason that this spectrum is much lower than the others at the lower frequencies is unknown 

and gave further reason to not have much confidence in the spectra measured from the Knowles BT-

1755 and BT-1753 microphones.  

The pressure fluctuations measured ahead of the leading edge along the plate were squared , 

averaged and then square rooted to compare to root mean square (RMS) pressure fluctuations 

measured ahead of the leading edge by Ölçmen and Simpson (1994) shown in Figure 98.  The RMS 

values for the pressure fluctuations for tests 1 and 2 are also listed in Table 10 and Table 11. It was 

found that though the measurement locations for the test 1 plate microphones were chosen based on 

estimates as to where the line of low shear would be located, it turned out that at least compared to the 

measurements made by Ölçmen and Simpson (1994), they were too far ahead of the leading edge to 

capture the main region where the pressure fluctuations reach their peak (0.1 ≤ 2/%	 ≤ 0.4�.  Due to 

their results, the plate inserts were designed to allow microphones to be placed closer to the leading 

edge to be within this region.  It is easy to see that even after moving the microphones to the main 

region of pressure fluctuations present in wing-body junction, the pressure fluctuations produced in test 

2 are much less than those produced by the same airfoil shape (Model 0).  This difference is possibly due 

to the different MDF values between the two tests, shown in Table 1.  The baseline model in test 2 has a 

MDF value a little over an order of magnitude less than Model 0 from Ölçmen and Simpson (1994).   

Though the flow distortions were greater for the lower MDF value, which corroborated well with results 

found by Fleming et al (1993), it seems that the pressure fluctuations (and possibly the vortex strength) 

are reduced due to the lower MDF value.  Another important aspect to note, the location of the 

separation and line of low shear for the baseline case in test 2 is also presented in Figure 98.  Comparing 

this with the values for the Ölçmen and Simpson (1994) models, it is clear that the highest pressure 

fluctuations are found between the leading edge of the model and the location of the line of low shear.  

The plate microphones in test 1 were placed upstream of the location of the separation point and thus 

were outside the region of interest. 

 

3.5.2 Front Surface Microphones on Model 

 

For both tests, all six surface microphones were placed flush with the surface of each model, 

two along the leading edge and two on either side, one above the other.  The surface microphones were 

obtained in two separate measurements due to the number of amplifiers available.  The first set of 

measurements was taken for the front two surface microphones located along the leading edge.  The 

second set included the four surface microphones on either side of the model.  For the front 

microphones, since one microphone is located outside of the junction flow horseshoe vortex system 

(Front Top) and the other is within the vortex system (Front Bottom), it is incorrect to assume that the 
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turbulent contribution to the pressure fluctuations is equal at both microphone locations.  However, this 

process can still be done to remove the background acoustic contribution since the assumption for this 

separation, that the acoustic wavelengths are long enough to be correlated between the two 

microphones, is still valid.  Due to both of these, showing the turbulent contribution for the front 

microphones shows the average turbulent contribution to the pressure fluctuations for the two front 

microphones with the background acoustic contributions removed.  This then does not give the true 

turbulent contribution to the surface pressure fluctuations, however, the plots will still be shown for 

comparison purposes along with the non-separated pressure fluctuation spectra from each microphone. 

 Figure 99 shows the turbulent contribution to the pressure fluctuations for the front 

microphones for both the baseline and fairing 1 models in test 1.  At the lower frequencies, the baseline 

model has a higher pressure fluctuation spectrum than the fairing model.  However, at Strouhal 

numbers greater than 0.7, the fairing 1 model produces higher pressure fluctuations. A possible reason 

for the increase in the higher frequency content is that the boundary layer, and thereby the turbulence 

from the incoming flow, traveled up the slope of the fairing and passed by both microphones.  On the 

baseline, only the bottom microphone would be affected by the incoming boundary layer.  Since 

turbulence tends to be higher frequency in general, it is possible that the fairing model microphones are 

able to measure more of the incoming turbulence than the baseline model front microphones can.  In 

order to examine this further, Figure 100 is presented which compares the turbulent wall pressure 

spectra shown earlier with the leading edge pressure spectra from Figure 99.  Through this comparison, 

it can be seen that the shape and slope of the leading edge spectra for fairing 1 matches that of the wall 

pressure spectra better than the baseline leading edge spectra.  What this shows is that there is strong 

evidence that the flow over the front of fairing 1 is a three dimensional turbulent boundary layer just as 

was observed on the plate, so the turbulent boundary layer on the plate flowed up onto the fairing to 

then around the fairing. 

The non-separated spectra for the front microphones at 0° angle of attack is also shown in 

Figure 101.  The spectra for the top and bottom microphones for both models are close to each other, 

which means that the bottom microphone was placed too high above the plate to be completely within 

the horseshoe vortex system.  As expected, the spectra are also rougher compared to Figure 99, which 

shows that the turbulence generally produces smoother spectra than when background acoustic noise is 

present.  Otherwise, the same general trends are observed as was shown in the averaged turbulent 

contribution plot in Figure 99. 

Figure 102 shows the same model comparison for the front microphones as Figure 99, except 

with both models at 6° angle of attack.  The same trend is seen, in that the baseline model has a higher 

spectrum at the lower frequencies and a lower spectrum at the higher frequencies than the fairing 1 

model.  However, comparing the spectra between 0° and 6° angle of attack shows that the fairing 1 

spectrum is barely affected, whereas the baseline spectrum increases over the whole range of 

frequencies when at 6°.  This means that, at least, along the leading edge, the presence of the fairing 

reduced the effects of angle of attack on the model to be qualitatively the same as at 0° angle of attack.  

This also means that the fairing 1 model’s effects on reducing pressure fluctuations at lower frequencies 

increases with angle of attack, similar to what was found for the plate microphone spectra.  More angles 
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of attack would need to be tested to find the optimum angle of attack and to what angle of attack 

fairing 1 is still effective at reducing the low frequency content of the pressure fluctuations and thereby 

possibly reduce the acoustical noise generated in this region.  The non-separated pressure spectra for 

the top and bottom front microphone spectra at 6° for both models are also shown in Figure 103.  As 

before, the same general trend is observed as was shown in Figure 101 and Figure 102. 

It is the lower frequency content that is more likely to extend into the far-field, so since fairing 1 

reduces the pressure fluctuations at lower frequencies, the sound in this region of the wing-body 

junction is likely to be reduced.  Knudsen and Fricke (1938) performed experiments where they 

measured how carbon dioxide and other gases absorb sound.  They found that as the frequency 

increased, the coefficient of sound absorption for �}Z would increase as well.  What this means is that 

in real world applications, since fairing 1 seems to transfer energy from low to high frequencies for 

pressure fluctuations, fairing 1 increases the amount of acoustical energy that is absorbed by the 

surrounding atmosphere.  This would thereby reduce the acoustical impact of junction flow upon 

observers far away from the junction flow application.  Also when using Strouhal numbers to scale to 

potential full scale applications, such as a ring motor ducted propeller, a frequency of 1 kHz in this 

experiment results in 21 kHz, which is above the upper limit of human hearing.  This is due to full scale 

applications having a thinner propeller and a faster speed which produces higher frequencies in 

comparison.  By reducing the low frequency pressure fluctuations and increasing the high frequency 

pressure fluctuations, fairing 2 would reduce pressure fluctuations across the entire range of human 

hearing and increase them in the region that humans cannot perceive in full scale applications.    

The turbulent contribution to the pressure fluctuation microphone spectra for the baseline and 

fairing 2 models at 0° angle of attack in test 2 is shown in Figure 104.  The spectrum for the baseline 

model is consistently lower than the spectrum for fairing 2, with the difference between the two 

generally increasing with Strouhal number.  The fairing 2 model did not improve and in fact increased 

the pressure fluctuations measured along the leading edge.  The non-separated spectra for the baseline 

and fairing 2 models for the front microphones for this case are shown in Figure 105.  Unlike in test 1, 

where the top and bottom spectra for each model was similar to one another, in test 2 the bottom 

spectra is much greater than the top spectra.  This change is due to the bottom microphone being 

moved closer to the plate, from 25.4 mm to 6.35 mm above the plate.  As mentioned earlier, the 

difference in spectra means that the turbulent contribution plots can only be used for comparison 

purposes and only shows the average turbulent contribution between the two microphones.  As 

expected the top microphone spectra for the two models is roughly the same due to the top 

microphone being placed well above the sloping portion of the fairing 2 model (Figure 28).  The bottom 

microphone spectrum for each model shows why in Figure 104, the fairing 2 spectrum is greater than 

the baseline spectrum.  The pressure fluctuations measured by the bottom microphone for fairing 2 is 

much greater than for the baseline model.  Taking a look at the oil flow visualization for fairing 2 (Figure 

73), there seems to be separation that forms along the leading edge of the fairing along the plate.  This 

separation may cause more turbulence to form which would thereby increase the pressure fluctuations 

across the bottom microphone for fairing 2.  Figure 105 also shows that the spikes observed in the 

higher frequencies in the acoustic cancelled average spectra in Figure 104 are from the background 
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acoustics still present after the pressure separation technique in Equation 12.  These are present only in 

the higher frequencies where the signal-to-noise ratio is low and so therefore can be ignored. 

 The turbulent wall pressure power spectra is also compared to the leading edge pressure 

spectra for test 2, just like for test 1, in Figure 106.  Similarly to fairing 1, the shape of the leading edge 

pressure spectra for fairing 2 more closely resembles that of the measurements made on the plate 

thereby showing that the three dimensional turbulent boundary layer along the plate flows up the 

surface of the fairing.  The turbulent boundary layer, then, is the reason that the bottom microphone for 

fairing 2 in Figure 105 is higher than that of the baseline model. 

At 6°, it can be seen in Figure 107 that the same trend is observed as was noted in Figure 104.  In 

the leading edge region, it seems that since the pressure fluctuation spectrum for fairing 2 is greater 

than the baseline, it is likely that the acoustical noise produced in this region is also increased.  This 

increase, however, is likely to be small at best since the difference between the spectra is small at the 

lower frequency regions in the spectra.  Figure 108 compares the spectra for the front leading edge 

microphones when non-separated.  Similarly, as with Figure 105, the top microphone spectrum for each 

model is roughly the same, whereas the bottom microphone spectrum are much greater than the top 

with the spectrum for the bottom microphone on fairing 2 being greater than that of the baseline.  Even 

at 6°, fairing 2 produces more pressure fluctuations along the leading edge close to the surface of the 

plate when compared to the baseline model.  This increase cannot be said to arise from the horseshoe 

vortex common to wing-body junction flows since the oil flow visualizations shown earlier do not show 

this vortex to be present for the fairing 2 model cases (Figure 72).  The increase must be due to the 

boundary layer separation that occurs along the leading edge of fairing 2 due to low Reynolds number 

effects shown in Figure 73, which though it does not form a horseshoe vortex, still increases the 

pressure fluctuations present within the flow. 

Figure 109 compares the spectra from the baseline model in tests 1 and 2.  The spectra tend to 

collapse upon each other, except for the test 2 top microphone spectra at the lower frequencies and the 

test 2 bottom spectra for the higher frequencies.  By changing how the plate was mounted and by 

moving the bottom microphone closer to the surface of the plate, the high frequency pressure 

fluctuation content for the bottom microphone was increased.  The biggest change between test 1 and 

test 2 is that by moving the bottom microphone towards the plate, the pressure fluctuations generated 

by the horseshoe vortex structure was captured, whereas in test 1 it was not, due to the top and bottom 

spectra being very similar.  Figure 110 compares the spectra for the fairing models in tests 1 and 2 for 

the front microphones.  The bottom spectrum for fairing 2 is generally higher and the top spectrum for 

fairing 2 is generally lower than the spectra for fairing 1 over most of the frequency range present.  The 

increase in the pressure fluctuations for the bottom microphone is most likely a factor of moving the 

bottom microphone to be closer to the surface of the plate.  The top spectrum of fairing 2 being lower 

than that of fairing 1 is possibly due to the difference in model shapes at this height above the plate.  

Fairing 1 is still sloped at the position of the top microphone, so there is flow moving upward that adds 

to the overall pressure fluctuations measured, whereas for fairing 2, the model is vertical and is the 

same cross-section as the baseline model, so only the clean incoming flow is measured by this 

microphone.   



40 

 

The second and third columns of Table 12 and Table 13 present the root mean square of the 

pressure fluctuations measured by the front surface microphones in tests 1 and 2 for both models in 

each test.  For test 1, it can be seen that with the change in angle of attack for the baseline model, the 

RMS of the pressure fluctuations increased by about 50% whereas those measured on fairing 1 are 

unchanged when at 6° angle of attack.  The shape of the fairing allowed for turbulence from the 

boundary layer to flow up the slope of the fairing so that at 0°, the front microphones on fairing 1 

measured more pressure fluctuations.  However, due to this, the flow remained stable even at 6° and so 

the RMS of the pressure fluctuations stayed constant whereas that of the baseline model increased to 

values greater than those measured on the fairing.  As mentioned earlier, fairing 1 performs better 

when at 6° compared to the baseline model at 6°, than does fairing 1 compare to the baseline model at 

0°. 

Table 13 presents the RMS pressure fluctuations measured by the surface microphones in test 2.  

Comparing with the RMS pressure fluctuations measured in test 1, the pressure fluctuations measured 

by the top microphone are lower and those made by the bottom microphone are generally higher in test 

2.  The lower pressure fluctuations measured by the top microphone are most likely due to how the 

plate was mounted, in that, a cleaner incoming flow is presented (see Chapter 2: Apparatus and 

Instrumentation for more detail).  Larger RMS pressure fluctuations measured by the bottom 

microphones are most likely due to the change in microphone placement where the microphones were 

placed a quarter inch above the plate instead of 1 inch above the plate used in test 1.  Unlike in test 1, 

the RMS pressure fluctuation measurements for the baseline model in test 2 do not change much 

between angles of attack.  Neither does fairing 2, which matches what fairing 1 did in test 1.  Between 

the baseline and fairing 2 models, RMS of the pressure fluctuations at the top microphone are fairly 

constant which was expected due to the cross-sectional shape of the models being the same at this 

height above the plate.  For the bottom microphone, however, fairing 2 allows for higher RMS pressure 

fluctuations due to the shape of the fairing allowing the incoming boundary layer to flow over the 

bottom microphone, whereas the horseshoe vortex prevents this from occurring for the baseline model.  

Examining Figure 98, it can be seen that along the plate, the horseshoe vortex creates a local minimum 

in RMS pressure fluctuation directly in front of the leading edge of the model (X/T = 0).  This is possibly 

why the baseline model seems to produce less pressure fluctuations along the leading edge when 

compared to the fairing which according to the oil flow visualization shows no horseshoe vortex 

generation. 

3.5.3 Side Surface Microphones on Model 

 

As mentioned before, there were four microphones placed along the sides of the models used in 

tests 1 and 2 (Figure 29 and Figure 30).  As shown in the figures, these microphones were labeled as Port 

Top, Port Bottom, Starboard Top and Starboard Bottom.  When the models were placed at 6° angle of 

attack for both tests, the trailing edge was deflected towards the starboard side so that the port side 

became the suction side and the starboard side was the pressure side.  As with the plate microphones, 

the side surface microphone signals were filtered, calibrated and pressure contribution separated.  The 

turbulent and acoustic separation for the side microphones were done by using the top microphones’ 
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signals, the bottom microphones’ signals, the port microphones’ signals and by the starboard 

microphones’ signals together to remove the correlated acoustic signals and to allow for different 

comparisons. As mentioned in the previous section, calculations for the turbulent contribution to the 

pressure fluctuations for cases where the turbulence is not the same between the two microphones 

means that the average is calculated and not the “true” turbulent contribution.  Due to this, the 

normalized non-separated spectrum for each microphone for each case will be presented to show how 

the spectrum for each microphone differs from each other. 

The non-separated spectra for each side microphone on both models in Test 1 at 0° angle of 

attack is shown in Figure 111.  The first thing to note is that the spectra seem to pair off so that for each 

model, the Port Top spectrum is similar to the Starboard Top spectrum and that the Port Bottom 

spectrum is roughly the same as the Starboard Bottom spectrum.  This means that at 0°, it is valid to 

assume that the turbulence contribution from each side is roughly equal so that the turbulent 

contribution to the pressure fluctuation separation can be performed and is valid when using the top 

microphones together and the bottom microphones together.  At 6°, shown in Figure 112, it is observed 

that this not the case for most of the spectra pairs.  However, in order to remove the acoustic 

contribution, the pressure fluctuation separation will still be performed and used for comparisons below 

with Figure 111 and Figure 112 used to validate comparisons made.  

Figure 113 shows the turbulent contribution of the pressure fluctuations for the top and bottom 

side microphones between the baseline and fairing 1 models at 0° angle of attack in test 1.  For the 

baseline model, the spectrum for the bottom microphones is about the same amount higher than the 

top microphones across the entire frequency range.  The low spectra at the high frequencies denote 

laminar flow over the baseline model, especially for the location of the top microphones which were 

placed high enough to be outside the influence of the wing-body junction flow.  For the fairing 1 model, 

the spectrum for the bottom microphones is higher than for the top microphones; however, this gap 

increases as the frequency increases.  All but the fairing 1 bottom microphone spectrum have the same 

shape to their spectra, where the bottom fairing microphone spectra is almost flat across the frequency 

range.  The shape of the fairing spectra could be a result of the convection of the 3D turbulent boundary 

layer around the shape of the fairing.  As mentioned for the plate microphone measurements, the 

pressure gradients present in front of the maximum thickness location of the model could potentially 

increase the vorticity and turbulence present within the boundary layer.  As turbulence is generally of a 

higher frequency, this would result in an increase the high frequency pressure fluctuation spectra.  

Another potential reason  due to separation along the front “corners” of the fairing 1 model highlighted 

in Figure 114.  This corner region separates the front region of fairing 1, where the edge of the fairing is 

more closely tangent to the flat plate, from the side regions where the edge is not close to tangency at 

all.  The original fairing 1 model was not smooth, but rather had a wavy surface due to errors in the 

fairing generation in SolidWorks.  This wavy surface was sanded down as much as possible, but it is 

possible it still had a detrimental impact on the flow.  So, this corner area could possibly induce 

separation even at 0° angle of attack, and due to this separation, would also increase high frequency 

turbulence in this region thus causing the spectrum to stay relatively flat across the frequency range. 



42 

 

Comparing the fairing 1 spectra to the baseline spectra, it can be seen that similarly to the front 

microphone spectra, fairing 1’s bottom microphone spectrum is lower at the lower frequencies and 

higher at the higher frequencies than the baseline model’s bottom microphone spectrum.  Despite the 

possibility of extra separation occurring along the “corners” of the fairing 1 model, it seems that the 

fairing was still able to reduce pressure fluctuations in the region most associated with possible acoustic 

generation.  The top microphone spectra, however, shows a different trend, in that the top microphone 

spectrum for fairing 1 is consistently higher than that of the baseline model with the difference 

increasing as the frequency increases.  This is probably due to the shape of the fairing directing flow up 

the face of the model which would bring with it extra turbulence present from the boundary layer across 

the plate.   

Figure 115 compares the side microphones for the baseline and fairing 1 models from test 1 at 

6° angle of attack.  For the baseline model, the same trend for the model at 0° is seen, except that across 

the frequency range, the top microphone spectra is slightly higher than when at 0° with the bottom 

microphone spectra remaining relatively constant so that the gap between the two has decreased.  The 

fairing 1 model, however, shows a stark difference, in that, the top microphone spectra has increased to 

the point where it is higher than the bottom microphone spectra up to about z%/)*=3.  Taking a look 

at Figure 112, it can be seen that this increase is mainly due to the Port Top microphone, where the 

pressure fluctuations have increased to be greater than all the other spectra for most of the frequency 

range.  This may be due to a local separation occurring right around the location of the Port Top 

microphone on the fairing 1 model.  The port side of the model was the suction side of the model when 

at 6° angle of attack so separation occurred further upstream along the port side than the starboard 

side.  Due to the flow over the front part of the fairing, it is possible that the region where separation 

occurred was different between the two models and it so happened to occur at the location of the Port 

Top microphone for the fairing model and not so for the baseline model.  Comparisons between the 

bottom microphone spectra for each model show that once again, fairing 1 reduces pressure 

fluctuations in the low frequency region.  Compared to the spectra at 0°, it seems that fairing 1 performs 

even better at 6° angle of attack since the difference in spectra has increased over a slightly larger 

Strouhal number range than for at 0°.   

Figure 116 and Figure 117 are also presented for further analysis and comparisons to be made.  

Instead of combining the top side microphones and the bottom side microphones together for the 

turbulent/acoustic pressure fluctuation separation technique, the port microphones and the starboard 

microphones were used separately to allow for a port versus starboard side comparisons to be made.  

The main reason for this comparison is to further examine the effect angle of attack has on pressure 

fluctuations on the sides of the models.  However, as mentioned before, since the turbulence 

contribution is not equal between top and bottom microphones, this comparison is only showing an 

average and thus Figure 111 and Figure 112 will be used for reference.  Figure 116 shows this port 

versus starboard comparison between the baseline and fairing 1 models at 0° angle of attack.  As 

expected, the difference between each side is very small which should be the case since at 0° the flow 

field should be virtually symmetrical.  Due to the flat nature of the bottom spectra for fairing 1 shown in 
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Figure 111, it seems that the fairing 1 port and starboard spectra are also relatively flat compared to 

those from the baseline model.   

As expected, the spectra between the two sides differ quite a bit when the models are placed at 

6° angle of attack (Figure 117).  Due to separation occurring further upstream on the suction side of the 

model (port) as opposed to the pressure side, for both models, the port spectrum is higher than the 

starboard spectrum.  This matches Figure 112, where the port microphone spectra are generally greater 

than the starboard spectra.  Except at the lowest Strouhal number present in Figure 117, the spectra for 

fairing 1 is higher than those of the baseline model.  This is mainly due to the top microphones, which 

are higher for fairing 1 than for the baseline (Figure 112).  Through this comparison, it seems that fairing 

1 does not reduce pressure fluctuations and performs worse than the baseline model does on its own.  

Referring to Table 12 which presents the pressure fluctuations measured from the surface 

microphones for the baseline and fairing 1 models in test 1, several comparisons can be made.  At 6° 

angle of attack, for both models, it can be observed that the pressure fluctuations increased on the port 

(suction) side and decreased on the starboard (pressure) side.  At 6°, the flow around the port side 

experiences larger pressure gradients and thus pressure fluctuations increase, whereas opposite occurs 

on the starboard side.  Generally speaking, the fairing 1 model produces more pressure fluctuations 

compared to the baseline model at all microphone positions and angle of attacks.  This is most likely due 

to the shape of the fairing changing the local pressure gradients causing flow speed to increase over the 

surface of the fairing thereby increasing the pressure fluctuations present.    

The results for the side microphones for the baseline and fairing 2 models in test 2 are 

presented below. In Figure 118, the non-separated spectra for each microphone for the baseline and 

fairing 2 models are shown.  All but the bottom two microphone spectra for fairing 2 follow the same 

slope down as the frequency is increased, with the port and starboard bottom spectra for fairing 2 

remaining relatively flat across the frequency spectra similar to how the bottom spectra for fairing 1 

behaved in test 1.  The spectra, like in test 1, generally are paired up showing that the turbulent 

pressure fluctuation separation is valid for these top/bottom pairs.  Figure 119 shows the same 

microphone spectra except for both models at 6° angle of attack.  As expected, the spectra do not pair 

up well, just like in test 1.  At the higher frequencies for the Port Top microphone, there seem to be 

some spikes which are possibly due to shedding separation around the vicinity of the microphone.  

Figure 76 clearly shows that there is a large laminar separation bubble that occurs over the region 

surrounding the side microphones on the suction (Port) side.  Pauley et al. (1990) performed several 

experiments examining two dimensional separation that occurs due to a laminar boundary layer over an 

airfoil.  They found that at a variety of Reynolds numbers, the shedding separation seemed to occur at 

Strouhal numbers equal to $[ = �∗�
��

= 0.00686 ± 0.6% (Pauley, et al., 1990).  The largest peak occurs 

at a frequency of about 4 kHz, and with a freestream velocity of about 25.5 m/s, the momentum 

thickness of the laminar flow over the top portion of the baseline and fairing 2 models in test 2 is about 

0.044 mm or 44 microns which is incredibly small and denotes a very thin laminar boundary layer along 

the surface of the models in the region not affected by the wing-body junction flow or fairing shape.  To 

avoid this issue,  in previous experiments where angle of attack comparisons were made, such as 
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Devenport et al. (1990, 1992), the authors used trip strips around the nose region of their model to 

induce turbulent flow to prevent flow separation along the model.  For future tests, it may be necessary 

to place trip strips along the model as well to prevent this type of separation (not due to wing-body 

junction flow). 

Figure 120 compares the top and bottom microphone spectra for the models in test 2 at 0° 

angle of attack.  As with test 1, the difference between the top and bottom spectra for the baseline 

model remains fairly constant over the frequency range present.  With fairing 2, however, the gap 

between the top and bottom spectra grow as frequency increases due to an increase in higher 

frequency turbulence pressure fluctuations across the bottom microphones.  The top microphone 

spectrum for both models remains fairly constant up to a Strouhal number of about 1, where the top 

spectrum for fairing 2 increases slightly compared to the baseline spectra.  The spectra should be 

relatively similar since the cross-sectional shape of both models at the position of the top side 

microphones is the same.  It is possible that the flow over the top microphones for fairing 2 undergo 

insipient separation, where the flow separates only occasionally and at a range of frequencies which 

would increase the turbulent pressure fluctuation spectra in this region.    Except at the lowest Strouhal 

number present (0.15), fairing 2 increases the pressure fluctuation due to turbulence when compared to 

the baseline model.  There also seems to be some acoustics still present at the higher frequencies, 

shown as the small spikes that occur along the spectra.  These, however, are not important for the 

purposes of this analysis as the signal-to-noise ratio in the high frequency region is too low for useful 

analysis. 

Figure 121 shows the same comparison but at 6° angle of attack.  The same general trends are 

observed as before, with the difference between the top and bottom spectra for the baseline model 

remaining relatively the same over the frequency range and that the top spectrum for both models is 

virtually the same.  However, it seems that at the lower Strouhal numbers (below Strouhal number 

equal to 1), the bottom spectrum for fairing 2 is less than that of the baseline model though the 

difference between the two is slight.  It seems that just like fairing 1 from test 1, that fairing 2 performs 

better at an angle of attack than it does when at 0°.  Just like with Figure 119, the shedding separation at 

the higher frequencies is noted, with the separation being stronger for fairing 2 than for the baseline 

model.  Comparing to Figure 119, the Port Bottom spectrum for fairing 2 is much less than that of the 

baseline model at the lower frequencies, showing that at fairing 2, like fairing 1 reduces low frequency 

pressure fluctuations present due to wing-body junction flow. 

As in test 1, the spectra were also compared port versus starboard for test 2. At 0° angle of 

attack, it is easy to see that the spectra are virtually identical between the two sides as would be 

expected (Figure 122).  Comparing between the models, its seems that the spectra for fairing 2 is 

relatively flat across the frequency range and that those for the baseline model is more sloped.  Also 

fairing 2 is consistently higher than the baseline model with the difference increasing with frequency. 

This matches with what is shown in Figure 118, since the high flat spectra of the bottom microphones of 

fairing 2 would make the average of each side of the fairing to be higher than that of the baseline 

model.  As expected at 6° angle of attack, the spectra vary quite a bit due to the change in angle of 

attack (Figure 123).  As before, since the port side is the suction side for both models, it is easy to see 
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that for the baseline model, the port side is the side with more turbulent pressure fluctuations due to 

separation occurring along this side further upstream than for the pressure (starboard) side.  The spikes 

at the higher frequencies show the laminar shedding separation occurring discussed earlier.  

Interestingly, there seems to be no effect of changing the angle of attack for the fairing 2 model.  The 

spectra remain practically identical and are indistinguishable from each other and from their spectra at 

0°.  This matches what is shown in Figure 119 where, despite being at 6°, the spectra from each side of 

fairing 2 remain relatively the same (except for the shedding separation at the higher frequencies for the 

Port Top microphone).  The shape of fairing 2 seems to delay separation occurring on the port side of 

the model to a point further downstream, especially for the bottom microphone locations, so that it 

doesn’t impact the measurements made by the side microphones.  It is important to note here that 

fairing 2 significantly reduces the pressure fluctuations on the suction side of the baseline model, where 

at angle of attack, the pressure fluctuations due to turbulence had increased.   

In Figure 124, the baseline model side microphone spectra are compared between test 1 and 

test 2 at 0° so that comparisons can be made between the turbulent contributions of the pressure 

fluctuations directly.  Despite changes to the mounting of the plate (and thereby changing the incoming 

boundary layer) and changes to the location of the bottom microphones, there seems to be little to no 

difference between tests 1 and 2 spectra.  The spectra deviate slightly at higher frequencies with test 2 

being somewhat higher for both top and bottom spectra.  This collaborates with findings and research 

by Devenport et al. (1990, 1992), Fleming et al. (1993), Ölçmen and Simpson (1994) and Simpson (2001) 

among other authors who found that changing the boundary layer properties had little to no effect on 

the characteristics of wing-body junctions.  In this set of microphone measurements, their findings seem 

to hold true when it comes to turbulence produced pressure fluctuations. 

Comparing fairing 1 and fairing 2 from tests 1 and 2 at 0° angle of attack, it can be seen that like 

the baseline model, the differences between the two models and tests is minimal at best (Figure 125).  

Fairing 2 produces more turbulence pressure fluctuations for the bottom microphones than fairing 1, 

but produces less pressure fluctuations for the top microphones, but for both sets of spectra, the 

difference is small.  With respect to what was shown in previous tests 1 and 2 comparisons between the 

two fairing models, what this may mean is that the shape of the fairing along the sides of the model are 

less significant than the shape of the fairing along and around the leading edge.  A specific difference 

between fairing 1 and 2 is that the sides of fairing 2 are as tangent as possible to the surface of the plate 

whereas with fairing 1, the side edges make an angle with the plate.  Keeping in mind that the location 

of the bottom microphones are different (1 inch above the plate for fairing 1 and ¼ inch above the plate 

for fairing 2), it seems that this specific change had little effect on the pressure fluctuations measured by 

the microphones. 

In Table 13, the same trend is present in test 2 as was in test 1, except that the top microphones 

measure roughly the same RMS pressure fluctuations for both the baseline and fairing 2 models.  This is 

due to fairing 2 not being as tall as fairing 1, so the cross-sectional shape of both models in test 2 are the 

same.  Due to this, it is expected that the top microphone measure similar pressure fluctuations for both 

models.  At the position of the bottom microphones, for similar reasons as with fairing 1, fairing 2 

produces larger pressure fluctuations than the baseline model. 
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Chapter 4: Conclusion 
  

An open jet wind tunnel was used to examine possible impact of wing-body junction flow on 

acoustic generation.  To simulate a wing-body junction, three different models, a baseline Rood airfoil 

wing and two fairing designs, were mounted to a flat plate which was mounted in the test section (note 

that two mounting techniques were examined between tests 1 and 2).  Three sets of experiments were 

conducted; boundary layer profile measurements, oil flow visualizations and microphone 

measurements.  The boundary layer profiles were measured at X/L locations of 0.010, 0.164, 0.333, and 

0.500 for test 1 and 0.073, 0.167, 0.333 and 0.500 for test 2.  Four oil flow visualizations were also 

performed for each test, one for each model at each angle of attack.  The flow visualizations were done 

on contact paper that was saved and used to measure characteristic lengths for comparisons between 

previous wing-body junction flow research.  A linear microphone array was used to measure and 

calculate directivity of background acoustics to locate major background noise sources and to improve 

background acoustic cancellations for the surface pressure fluctuation measurements.  Surface pressure 

fluctuation measurements were taken in three distinct regions -- on the plate in front of the leading 

edge of the model, along the front edge of the model, and along the sides at the location of maximum 

thickness of the baseline model.  The following lists the major findings in each part of this experiment 

for both tests. 

Boundary Layer Profiles 

• The boundary layer that forms on a flat plate when mounted in an open jet wind tunnel is well 

defined as turbulent and matches both theory (law of the wall) and previous experimental 

measurements for similar momentum thickness Reynolds numbers. 

• Very low Reynolds number turbulent flow can be achieved by mounting the plate vertically in 

the middle of the jet stream and by removing obstacles that would change the effective angle of 

attack of the plate. 

• The low Reynolds number turbulent flows observed had a large wake region in the outer region 

of the boundary layer that deviated from theory and previous experiments. 

• Literature review indicates that laminar flow cannot be achieved on the surface of the plate 

without careful design of the leading edge of the plate and a trailing edge flap to adjust the 

pressure gradients along the leading edge. 

Oil Flow Visualization 

• As observed by many researchers, a wing-body junction causes horseshoe vortices to form in 

front of the wing along the body that then wrap around the wing and trail far downstream of 

the junction.  The structures present in the oil flow visualizations in this experiment match those 

of previous researchers, where there is a 3D stagnation point followed by a line of low shear 

that both form ahead of the leading edge. 

• Oil flow visualizations along the models themselves showed large regions of separation 

occurring on the suction side at angle of attack around the point of maximum thickness of the 
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model.  The shape of fairing 2 prevented this separation from occurring in the region close to 

the plate by allowing for the turbulent boundary layer to flow around the model to keep the 

flow from separating. 

• Though both fairings 1 and 2 reduce or eliminate the horseshoe vortex that normally forms due 

to wing-body junction flows, separation still seems to occur along the leading edge of the 

fairing.  Even with fairing 2 designed to be as tangent to the plate as possible along the edges, it 

is apparent that the only way to prevent this separation is to make the plate and fairing into one 

piece in order to make this transition smoother and avoid forward facing steps. 

• All the characteristic lengths measured from oil flow visualizations for the baseline airfoil in tests 

1 and 2 along with those taken by Ölçmen and Simpson (1994) show that the vortices that form 

in front of the models tend to decrease in size with increasing Momentum Deficit Factor, while 

the maximum wake size remains relatively constant and the trailing edge wake width increases. 

Acoustic Beamforming 

• Anechoic environments are necessary for accurate and meaningful acoustic beamforming maps 

to be generated.  In order for measurements to be meaningful, a signal to noise ratio of 1 dB is 

necessary.   

• Directivity of background acoustic measurements show that the wind catcher downstream of 

the test section is the major contributor to background acoustics.  The panels of the wind 

catcher act as a double dipole source radiating sound in the stream and spanwise directions. 

Surface Pressure Measurements 

• Along the plate, the baseline model in both tests increased the turbulent pressure fluctuations 

over that of the clean flow.   

• Fairing 1 reduced pressure fluctuations to clean tunnel (no model) levels, whereas fairing 2 did 

not. 

• Both fairings seemed to be unaffected by angle of attack, in that the pressure fluctuation 

spectra differed very little between 0° and 6° angle of attack. 

• For the region along the leading edge of the model, fairing 1 tended to reduce pressure 

fluctuations in the low frequencies and increase them in the higher frequencies.  Fairing 2 

increased the pressure fluctuations across the whole frequency range for the bottom 

microphone only, most likely due to separation occurring along the front edge of the fairing. 

• Both spectra along the model for both fairings showed that the three dimensional turbulent 

boundary layer flowed up onto and around the fairing. 

• For the microphones along the sides of the model, for the most part, the fairings tended to 

reduce low frequency pressure fluctuations while increasing the high frequency pressure 

fluctuations.  

• At 6° angle of attack, the suction side for the baseline model would increase in pressure 

fluctuation while the pressure side would decrease.  The fairings remained relatively unaffected 

by angle of attack, so tended to perform better at angles of attack rather than at 0°. 
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• The flow over the baseline and top parts of the fairing models was laminar in nature and 

resulted in a laminar separation bubble at angle of attack creating a high frequency shedding 

phenomenon that has been studied by Pauley et al. (1990).  From the expected Strouhal number 

from that reference and the shedding frequency measured, the boundary layer at the point of 

separation was estimated to have a momentum thickness on the top part of the models of 

about 0.044 mm.  

• Changing how the plate was mounted in the wind tunnel (thereby changing the boundary layer 

properties) and changing the location of the bottom microphones to be closer to the plate had 

little to no effect on the spectra of the side microphones for the baseline model.  The spectra for 

the fairings were likewise similar, highlighting that geometry modifications are not as important 

along the side of the wing-body junction as they are in the nose region. 
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Tables 

Table 1: Table of Experimental Values from Previous and Current Studies with Scaling Factors 

Authors Model Bluntness 

Factor 

Momentum 

Deficit Factor 
*10^-8 

Velocity 

(m/s) 

Max 

Thickness 
(cm) 

Momentum 

thickness 
Reynolds 
number, ( ¡¢) 

Aurora Propeller 
(Estimated) 

MH117 0.014 0.59 92.8 0.635 1525 

Devenport et al (1992) - 
thick 

Rood 0.32 7.24 26.75 7.17 6300 

Devenport et al (1992) - 
thin 

Rood 0.32 6.53 32 7.17 4500 

Devenport,Simpson 
(1990) 

Rood 0.32 7.24 26.75 7.17 6300 

Fleming et al (1993) Rood 0.32 7.24 26.75 7.17 6300 

Gand et al (2010) NACA 0012 0.028 1 20.5 2.40 2100 

Goody, Simpson (2000) - 

thick 

Rood 0.32 35.2 32 7.17 23200 

Goody, Simpson (2000) - 

thin 

Rood 0.32 7.75 27.5 7.17 5940 

Hasan et al (1986) 3:1 ellipse 

nose, parallel 

midbody, 

NACA 0020 tail 

0.129 6.2 30 5.00 6270 

Khan et al (1995) Rood 0.32 0.002-0.006 0.04-0.12 5.08 <100 

Ölçmen and Simpson 

(2007) 

Rood 0.32 7.37 32.5 7.17 4780 

Ölçmen and Simpson 
(1994) Model 0 

Rood 0.32 6.86 32.5 7.17 4450 

Ölçmen and Simpson 
(1994) Model 1 

parallel 
centerbody 

0.129 8.5 32.5 8.89 4450 

Ölçmen and Simpson 
(1994)  Model 2 

tear drop 1.03 12.2 32.5 12.7 4450 

Ölçmen and Simpson 
(1994) Model 3 

Sand 1850 0.015 10.5 32.5 11.0 4450 

Ölçmen and Simpson 

(1994) Model 4 

NACA 0015 0.045 8.82 32.5 9.21 4450 

Ölçmen and Simpson 

(1994) Model 5 

NACA 0012 0.028 4.69 32.5 4.90 4450 

Owens – Baseline – Test 

1 

Rood 0.32 0.71 26.65 3.22 1699 

Owens – Fairing 1 – Test 

1 

Rood with 

Fairing 

0.32 1.32 26.65 5.72 1357 

Owens – Baseline – Test 
2 

Rood 0.32 0.34 25.3 3.22 650 

Owens – Fairing 2 – Test 
2 

Rood with 
Fairing 

0.32 0.39 25.3 4.00 600 

Rife et al (1992) Rood 0.32 9.27 28.3 7.17 6900 

Russell, Farabee (1991) Rood 0.32 1.7 15.24 5.08 3330 
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Table 2: X,Y,Z Coordinates of Surface Pressure Microphones on Models for Both Tests Normalized by T 

Test 1 Front 
Top 

Front 
Bottom 

Port Top Port Bottom Starboard Top Starboard 
Bottom 

Baseline (0, 2.09, 

0) 

(0, 0.787, 

0) 

(0.748, 2.583, 

-0.5) 

(0.748, 0.787, 

-0.5) 

(0.748, 2.583, 

0.5) 

(0.748, 0.787, 

0.5) 
Fairing 1 (-0.268, 

2.09, 0) 

(-3.588, 

0.787, 0) 

(0.748, 2.583, 

-0.5) 

(0.748, 0.787, 

-1.043) 

(0.748, 2.583, 

0.5) 

(0.748, 0.787, 

1.043) 

Test 2 Front 
Top 

Front 
Bottom 

Port Top Port Bottom Starboard Top Starboard 
Bottom 

Baseline (0, 2.09, 

0) 

(0, 0.197, 

0) 

(0.748, 2.583, 

-0.5) 

(0.748, 0.197, 

-0.5) 

(0.748, 2.583, 

0.5) 

(0.748, 0.197, 

0.5) 

Fairing 2 (0, 2.09, 

0) 

(-0.496, 

0.197, 0) 

(0.748, 2.583, 

-0.5) 

(0.748, 0.197, 

-0.768) 

(0.748, 2.583, 

0.5) 

(0.748, 0.197, 

0.768) 

 

Table 3: X,Y,Z Coordinates of Array Microphones for Test 1 

Microphone X (m) Y (m) Z (m) 

Array 1 -0.680 0.457 0.914 

Array 2 -0.553 0.457 0.914 

Array 3 -0.426 0.457 0.914 

Array 4 -0.299 0.457 0.914 

Array 5 -0.172 0.457 0.914 

Array 6 -0.045 0.457 0.914 

Array 7 0.082 0.457 0.914 

Array 8 0.209 0.457 0.914 

Array 9 0.336 0.457 0.914 
Array 10 0.463 0.457 0.914 

Array 11 0.590 0.457 0.914 

Array 12 0.7171 0.457 0.914 

 

Table 4: X,Y,Z Coordinates of Array Microphones for Test 2 

Microphone X (m) Y (m) Z (m) 

Array 1 -0.730 0.229 0.889 

Array 2 -0.603 0.229 0.889 

Array 3 -0.476 0.229 0.889 

Array 4 -0.349 0.229 0.889 

Array 5 -0.222 0.229 0.889 

Array 6 -0.095 0.229 0.889 

Array 7 0.032 0.229 0.889 

Array 8 0.159 0.229 0.889 
Array 9 0.286 0.229 0.889 

Array 10 0.413 0.229 0.889 

Array 11 0.540 0.229 0.889 

Array 12 0.667 0.229 0.889 
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Table 5: Flat Plate Boundary Layer Properties for Test 1 

X-Location 
(m) 

Freestream 
Velocity 

(m/s) 

Boundary 
Layer 

Height 
(mm) 

Displacement 
Thickness 

(mm) 

Momentum 
Thickness 

(mm) 

Shape 
Factor, 

H 

Reynolds 
Number, 

 ¡¢ 

Coefficient 
of Pressure, 

Cp 
(Calculated) 

0.0127 27.87 0.428 0.034 0.029 1.168 52.06 0.0028 

0.200 27.41 3.810 0.251 0.206 1.218 359.7 -0.0065 

0.406 26.80 8.752 0.779 0.649 1.201 1108.8 -0.0069 

0.610 26.56 14.65 0.960 0.801 1.199 1357.1 -0.0054 

 

Table 6: Flat Plate Boundary Layer Properties for Test 2 

X-
Location 

(m) 

Freestream 
Velocity 

(m/s) 

Boundary 
Layer 

Height 
(mm) 

Displacement 
Thickness 

(mm) 

Momentum 
Thickness 

(mm) 

Shape 
Factor, 

H 

Reynolds 
Number, 

 ¡¢ 

Coefficient 
of Pressure, 

Cp 
(Measured) 

0.089 25.657 0.903 0.101 0.080 1.260 130.8 0.090 

0.203 25.323 1.596 0.236 0.166 1.418 268.8 0.010 

0.406 25.081 2.533 0.403 0.268 1.504 428.3 -0.017 

0.610 25.400 3.803 0.499 0.335 1.490 541.9 -0.022 

 

Table 7: Characteristic Lengths Measured from Oil Flow Visualization from Test 1 

Model Case £¤¡¥ £¦§¦¤ ¨©¡ ¨ª«¬ 

Baseline at 0° -0.494 -0.173 1.275 1.761 
Baseline at 6° -0.603 -0.230 1.765 2.080 

Fairing 1 at 0° 0* 0* 1.990 N/A** 

Fairing 1 at 6° 0* 0* 2.969 N/A** 

Note: All values normalized by thickness of respective model 

* Separation occurred on leading edge of fairing. 

** Only trailing edge wake seen in oil flow. 

Table 8: Characteristic Lengths Measured from Oil Flow Visualization from Test 2 

Model Case £¤¡¥ £¦§¦¤ ¨©¡ ¨ª«¬ 

Baseline at 0° -0.650 -0.325 1.408 2.328 
Baseline at 6° -0.713 -0.353 1.609 2.446 

Fairing 2 at 0° 0* 0* 1.425** 2.389** 

Fairing 2 at 6° 0* 0* 1.673** 2.538** 

Note: All values normalized by thickness of respective model 

* Separation occurred on leading edge of fairing. 

** Wake size affected by tape 
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Table 9: Characteristic Lengths from Ölçmen and Simpson (1994) 

Model Name and 
Number 

£¤¡¥ £¦§¦¤ ¨©¡ ¨ª«¬ 

Model 0 -0.450 -0.270 1.720 2.020 

Model 1 -0.393 -0.194 1.566 2.056 
Model 2 -0.518 -0.276 1.893 1.934 

Model 3 -0.157 -0.067 0.810 1.743 

Model 4 -0.294 -0.156 1.399 1.993 

Model 5 -0.339 -0.146 1.366 1.985 

* All values normalized by thickness of respective model 

Table 10: Root Mean Square of Pressure Fluctuations for Plate Microphones Normalized by Dynamic 

Pressure for Test 1 

Model and Angle of 
Attack 

Plate 1 
X/T=-0.48 

Plate 2 
X/T=-0.56 

Plate 3 
X/T=-0.75 

Baseline 0° 0.0070 0.0081 0.0127 

Baseline 6° 0.0072 0.0079 0.0125 

Fairing 1 0° 0.0050 0.0065 0.0052 

Fairing 1 6° 0.0051 0.0065 0.0056 

Clean Flow Baseline 
Position 

0.0062 0.0088 0.0063 

Clean Flow Fairing 1 
Position 

0.0049 0.0073 0.0055 

* See Figure 29 for microphone locations 

Table 11: Root Mean Square of Pressure Fluctuations for Plate Microphones Normalized by Dynamic 

Pressure for Test 2 

Model and Angle of 
Attack 

Plate 1 
X/T=-4.92 

Plate 2 
X/T=-0.35 

Plate 4 
X/T=-0.15 

Baseline 0° 0.0082 0.0225 0.0329 

Baseline 6° 0.0077 0.0234 0.0346 

Fairing 2 0° 0.0081 0.0208 0.0236 

Fairing 2 6° 0.0087 0.0199 0.0234 

Clean Flow Baseline 
Position 

0.0078 0.0141 0.0139 

Clean Flow Fairing 2 
Position 

0.0071 0.0081 0.0075 

* See Figure 30 for microphone locations 
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Table 12: Root Mean Square of Pressure Fluctuations for Surface Microphones Normalized by Dynamic 

Pressure for Test 1 

Model and Angle of 
Attack 

Front 
Top 

Front 
Bottom 

Port 
Top 

Port 
Bottom 

Starboard 
Top 

Starboard 
Bottom 

Baseline 0° 0.0112 0.0129 0.0067 0.0095 0.0068 0.0115 
Baseline 6° 0.0189 0.0221 0.0082 0.0127 0.0059 0.0087 

Fairing 0° 0.0127 0.0153 0.0102 0.0179 0.0115 0.0210 

Fairing 6° 0.0127 0.0156 0.0235 0.0197 0.0070 0.0164 

* See Figure 27 for microphone locations 

Table 13: Root Mean Square of Pressure Fluctuations for Surface Microphones Normalized by Dynamic 

Pressure for Test 2 

Model and Angle of 
Attack 

Front 
Top 

Front 
Bottom 

Port 
Top 

Port 
Bottom 

Starboard 
Top 

Starboard 
Bottom 

Baseline 0° 0.0070 0.0160 0.0074 0.0091 0.0079 0.0107 

Baseline 6° 0.0076 0.0170 0.0092 0.0177 0.0064 0.0093 

Fairing 0° 0.0069 0.0309 0.0080 0.0242 0.0082 0.0290 

Fairing 6° 0.0071 0.0318 0.0093 0.0256 0.0063 0.0242 

* See Figure 28 for microphone locations 
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Figures 

 

Figure 1: (Upper) Surface oil-flow visualization of 3-D flow around Rood Wing mounted on flat plate.   

(Lower) Contours of measured and calculated mean static pressure coefficients on wall. (Simpson, 

2001). Republished with permission of Annual Reviews, Inc., from [Junction Flows, Simpson, R. L., 33, 

2001]; permission conveyed through Copyright Clearance Center, Inc.”  

 

3D Stagnation Point 

Separation Line 

Line of Low Shear 

Secondary 

Separation  
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Figure 2: Frame by Frame Depiction of How Junction Flow Vortices Form (Simpson, 2001). Republished 

with permission of Annual Reviews, Inc., from [Junction Flows, Simpson, R. L., 33, 2001]; permission 

conveyed through Copyright Clearance Center, Inc.” 

 

 

Figure 3: Mean Pressure Coefficient Distribution around Junction Flow (Devenport & Simpson, 1990). 

Used under Fair Use Guidelines, 2013 
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Figure 4: Autospectra of Surface Pressure Fluctuations Measured in the Nose Region (2 %⁄ = 0.27,

o %⁄ A �0.748� (Devenport, et al., 1992). Used under Fair Use Guidelines, 2013 

 

 

Figure 5: Pressure Fluctuation Field Due to Wing-Body Junction Flow; Upstream of Maximum Thickness – 

Hasan et. al. (1986), Downstream of Maximum Thickness – Russell and Farabee (1991) . Used under Fair 

Use Guidelines, 2013 
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Figure 6: An Eddy in (�� , G) Space, Showing the Wavenumbers and Frequencies which Contribute to the 

Sound Field when M << 1 [adapted from (Crighton, 1975)] . Used under Fair Use Guidelines, 2013 

 

Figure 7: Bump #1 from Gwibo Byun's Dissertation (Byun, 2005). Used under Fair Use Guidelines, 2013 
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Figure 8: Two Versions of the scAUR Patented Fairing for Bridge Piers (Simpson, et al., 2012). Used under 

Fair Use Guidelines, 2013 

 

 

Figure 9: Virginia Tech Open Jet Wind Tunnel (Borgoltz, 2013). Used under Fair Use Guidelines, 2013 
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Figure 10: Flat Plate with Holes 

Holes for Flat Plate Microphone 

Housing Unit 
Holes for Securing Models 

to Flat Plate 

Hole for Wiring 

Holes for Securing 

Flat Plate to Test 

Section 

Flow Direction 

0.686 m 

1.219 m 
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Figure 11: Flat Plate in Test Section of Open Jet Wind Tunnel for Test 1 

 

Figure 12: Locations and Size of Pressure Tap Holes on Flat Plate 

Flow Direction 

Pitot Static Probe 
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Figure 13: Esterline 9816/98RK Pressure Scanner (Devenport & Borgoltz, 2012). Used under Fair Use 

Guidelines, 2013 

 

Figure 14: LabVIEW Code provided by Devenport and Borgoltz (2012) to Use with the Pressure Scanner. 

Used under Fair Use Guidelines, 2013 
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Figure 15: Flat Plate Leading Edge Separation in Test 1 

 

Figure 16: Leading Edge of Flat Plate without Separation in Test 1 
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Figure 17: Non-Uniform Wall Flow Shown in Time History of Plate Warming from Infrared Cameras, Time 

Progressing from Left to Right (Used with Permission of Liselle Joseph) 

 

Figure 18: Flat Plate Vertically Mounted in Open Jet Wind Tunnel in Test 2 (Front) 
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Figure 19: Flat Plate Vertically Mounted in Open Jet Wind Tunnel in Test 2 (Back) 

 

Figure 20: Baseline Model 

Dowel Used to Keep Model 

Pieces Together (4 Total) 

T=1.27 Inches 

C=5.40 Inches 

H=10.0 Inches 
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Figure 21: Fairing 1 Model 

 

Figure 22: Fairing 2 Model 

Dowel Used to Keep Model 

Pieces Together (4 Total) 

H=10.0 Inches 

C=15.87 Inches 

T=5.33 Inches 

H=10.0 Inches 

T=2.83 Inches 

C=8.89 Inches 

Solid Bottom Piece (Painted 

Black for Oil Flow Visualization) 
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Figure 23: Fairing 1 Computer Aided Design Model 

 

 

Figure 24: Hypoellipse Equations  �2 x⁄ �U V �® {⁄ �U A 1 
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Figure 25: Fairing 2 Computer Aided Design Model 

 

Figure 26: Chips Along Leading Edge of Fairing 2 
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Figure 27: Surface Microphone Hole Placements in Fairing 1 (Height Locations Same in Baseline Model) 

 

Figure 28: Fairing 2 Surface Pressure Microphone Hole Locations 

1.0 Inches from Flat 

Plate (Y-Direction) 

0.5 Inches from 

Top, 3.28 Inches 

from Bottom)(Y-

Direction) 

1.0 Inches from Flat 

Plate (Y-Direction) 

0.34 Inches from Leading Edge of 

Top (X-Direction) 

0.25 Inches from Plate (Y-Direction) 

3.78 Inches from Plate (Y-Direction) 

2.63 Inches from Plate (Y-Direction) 
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Figure 29: Diagram of Microphone Placement and Naming Convention for Test 1 

 

Figure 30: Diagram of Microphone Placement and Naming Convention for Test 2 (Distance between 

Plate Inserts Not to Scale) 
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Figure 31: Flat Plate Microphone Housing Unit used in Experiment 1 

 

 

Figure 32: Knowles BT-1753 (Solid) and BT-1755 (Dashed) Microphone Sensitivities versus Frequency 

(McGrath & Simpson, 1986). Used under Fair Use Guidelines, 2013 

D = 1 inch 
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Figure 33: Baseline Airfoil on Flat Plate in Test Section in Test 1 

 

 

Figure 34: Knowles FG-23629-P16 Omnidirectional Condenser Microphone 

Screw with Washers Used 

to Secure Model to Plate 

Plate Microphone in 

Position (Tape Used to 

Cover Holes) Test 1 
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Figure 35: Dimensions of the Knowles FG-23629-P16 Microphones 

 

Figure 36: Sensitivity versus Frequency for Knowles FG-23629-P16 Microphones 
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Figure 37: Computer Aided Design of Plate Insert with Holes for Surface Microphones for Test 2 

 

Figure 38: Plate Insert on Flat Plate with Surface Microphones in Place for Test 2 (Clean Tunnel 

Configuration) 

 

Figure 39: Behringer MINIMIC MIC800 Preamplifier 

Flow Direction 

From Left to Right: Plate 4, 

Plate 3, Plate 2 Microphones Plate 1 Microphone 
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Figure 40: BK Precision Model 1672 Power Supply 

 

Figure 41: G.R.A.S. Type 40PR Microphone for Linear Array 
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Figure 42: Linear Array with 12 G.R.A.S. Type 40PR Microphones during Test 1 

 

Figure 43: Calibration Set Up for Array Microphones 

5 Inches 

5 Feet 
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Figure 44: Calibration Setup for Plate Microphones (Speaker in Same Position as for the Array 

Microphone Setup) 

B&K Microphone 

Flat Plate 

Microphone 
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Figure 45: Representative Calibration Curve for Microphones 

 

Figure 46: LabVIEW Code to Collect Microphone Signals 
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Figure 47: National Instruments USB X Series 6363 Data Acquisition Device 

 

Figure 48: Three National Instruments 9234 DAQs in a National Instruments cDAQ-9178 used for Array 

Microphones 
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Figure 49: Oil and Paintbrush Used for Oil Flow Visualization (Oil was Mixed Thoroughly before 

Application) 

 

Figure 50: Flattened Pitot Probe for Boundary Layer Measurements (Used with Permission by Daniel 

Cadel) 
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Figure 51: Hand Traverse 

 

Figure 52: Flattened Pitot Probe with Hand Traverse (Test 2) 
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Figure 53: Raw Boundary Layer Profiles Measured on Flat Plate for Test 1 

 

 

Figure 54: Normalized Boundary Layer Profile Measured on Flat Plate for Test 1 
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Figure 55: Normalized Boundary Layer Profile with Log Scale for Y Position for Test 1 

 

 

Figure 56: Boundary Layer Profile Comparisons with Log Law for Test 1 
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Figure 57: Raw Boundary Layer Profiles Measured on Flat Plate for Test 2 

 

 

Figure 58: Normalized Boundary Layer Profile Measured on Flat Plate for Test 2 
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Figure 59: Normalized Boundary Layer Profiles with Y Distance on Log Scale for Test 2 

 

 

Figure 60: Boundary Layer Profile Comparisons with Log Law for Test 2 
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Figure 61: Pressure Coefficient over Flat Plate Averaged for Each Boundary Layer Measurement X 

Position for Test 2 

 

 

Figure 62: Pressure Gradient Smoothed over Flat Plate for Test 2 



90 

 

 

Figure 63: Baseline Model 0° Angle of Attack Oil Flow Visualization for Test 1 

 

Figure 64: Baseline Model 6° Angle of Attack Oil Flow Visualization for Test 1 
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Figure 65: Fairing 1 Model 0° Angle of Attack Oil Flow Visualization for Test 1 

 

Figure 66: Fairing 1 Model 6° Angle of Attack Oil Flow Visualization for Test 1 

“Corner” of Fairing where oil flowed 

from plate up onto fairing surface 

Trailing Edge Separation 

Trailing Edge Separation 
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Figure 67: Baseline Model 0° Angle of Attack Oil Flow Visualization for Test 2 

 

Figure 68: Close up of Leading Edge of Baseline 0° Angle of Attack Oil Flow Visualization for Test 2 
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Figure 69: Close up of Side of Baseline 0° Angle of Attack Oil Flow Visualization for Test 2 

 

Figure 70: Baseline Model 6° Angle of Attack Oil Flow Visualization for Test 2 

Separation Region’s Impact on Plate 
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Figure 71: Close up of Suction Side of Baseline 6° Angle of Attack Oil Flow Visualization for Test 2 

 

Figure 72: Fairing 2 Model 0° Angle of Attack Oil Flow Visualization for Test 2 
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Figure 73: Close up of Leading Edge of Fairing 2 Model 0° Angle of Attack Oil Flow Visualization for Test 2 

 

Figure 74: Close up of Side of Fairing 2 Model 0° Angle of Attack Oil Flow Visualization for Test 2 
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Figure 75: Fairing 2 Model 6° Angle of Attack Oil Flow Visualization for Test 2 

 

Figure 76: Close up of Suction Side of Fairing 2 Model 6° Angle of Attack Oil Flow Visualization for Test 2 
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Figure 77: Description of Characteristic Lengths Tabulated in Table 7 and Table 8 

 

 

Figure 78: Separation and Line of Low Shear Locations Upstream of Leading Edge for Baseline and 

Ölçmen and Simpson (1994) Models  

,-./ ,01 

23435 

2516 

Test 1 

Test 2 
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Figure 79: Wake Width of Oil Flow Visualization for Baseline and Ölçmen and Simpson (1994) Models 

 

 

Figure 80: Ratios of Characteristic Lengths for Baseline Model and Ölçmen and Simpson (1994) Models 

Test 1 

Test 2 

Test 1 

Test 2 
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Figure 81: Representative Linear Array Microphone Spectra Comparison between Clean Tunnel (No 

Model) with Model Configurations to Highlight Signal to Noise Ratio for Test 1 

 

 

Figure 82: Representative Linear Array Microphone Spectra Comparison between Clean Tunnel (No 

Model) with Model Configurations to Highlight Signal to Noise Ratio for Test 2 
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Figure 83: Directivity of Background Acoustics Centered on the Leading Edge of the Baseline Model for 

Tests 1 and 2 

 

 

Figure 84: Directivity of Background Acoustics Centered on Wind Catcher for Tests 1 and 2 
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Figure 85: Acoustic and Turbulent Contributions to Pressure Fluctuations for Microphones at Port Top 

and Starboard Top Locations on Baseline Model 

 

Figure 86: Circled Portion of Figure 85 Expanded for Clarity 
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Figure 87: Example of High Frequency Effects for Plate Microphones from Test 1 

 

 

Figure 88: Percent Uncertainty as a Function of Strouhal number and Frequency for Data Reduction 

Processes for Knowles BT-1755, BT-1753 and FG 23629 Microphones 
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Figure 89: Turbulent Wall Pressure Power Spectra for Baseline Model at 0° Angle of Attack in Test 1 

 

Figure 90: Turbulent Wall Pressure Power Spectra for Baseline Model at 6° Angle of Attack in Test 1 
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Figure 91: Turbulent Wall Pressure Power Spectra for Fairing 1 Model at 0° Angle of Attack in Test 1 

 

 

Figure 92: Turbulent Wall Pressure Power Spectra for Fairing 1 Model at 6° Angle of Attack in Test 1 
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Figure 93: Turbulent Wall Pressure Power Spectra for Baseline Model at 0° Angle of Attack in Test 2 

 

 

Figure 94: Turbulent Wall Pressure Power Spectra for Baseline Model at 6° Angle of Attack in Test 2 
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Figure 95: Turbulent Wall Pressure Power Spectra for Fairing 2 Model at 0° Angle of Attack in Test 2 

 

 

Figure 96: Turbulent Wall Pressure Power Spectra for Fairing 2 Model at 6° Angle of Attack in Test 2 
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Figure 97: Turbulent Wall Pressure Power Spectra for Test 1 versus Test 2 Clean Tunnel Comparison 

 

 

Figure 98: Normalized Root Mean Square of the Pressure Fluctuations ahead of the Leading Edge of 

Airfoil Models from Ölçmen and Simpson (1994) and Current Study 

Test 1 
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Figure 99: Acoustics Cancelled Average Leading Edge Pressure Spectra for Baseline and Fairing 1 Models 

at 0° Angle of Attack for Test 1 

 

Figure 100: Acoustics Cancelled Average Leading Edge Pressure Spectra for Baseline and Fairing 1 

Models at 0° Angle of Attack and Turbulent Wall Pressure Power Spectra for Baseline and Clean Tunnel 

Flow Comparisons for Test 1 

 

Test 1 
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Figure 101: Raw Leading Edge Pressure Spectra Non-Separated for Baseline and Fairing 1 Models at 0° 

Angle of Attack for Test 1 

 

Figure 102: Acoustics Cancelled Average Leading Edge Pressure Spectra for Baseline and Fairing 1 

Models at 6° Angle of Attack for Test 1 

 

 



110 

 

 

Figure 103: Raw Leading Edge Pressure Spectra Non-Separated for Baseline and Fairing 1 Models at 6° 

Angle of Attack for Test 1 

 

Figure 104: Acoustics Cancelled Average Leading Edge Pressure Spectra for Baseline and Fairing 2 

Models at 0° Angle of Attack for Test 2 
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Figure 105: Raw Leading Edge Pressure Spectra Non-Separated for Baseline and Fairing 2 Models at 0° 

Angle of Attack for Test 2 

 

Figure 106: Acoustics Cancelled Average Leading Edge Pressure Spectra for Baseline and Fairing 2 

Models at 0° Angle of Attack and Turbulent Wall Pressure Power Spectra for Baseline and Clean Tunnel 

Flow Comparisons for Test 2 
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Figure 107: Acoustics Cancelled Average Leading Edge Pressure Spectra for Baseline and Fairing 2 

Models at 6° Angle of Attack for Test 2 

 

Figure 108: Raw Leading Edge Pressure Spectra Non-Separated for Baseline and Fairing 2 Models at 6° 

Angle of Attack for Test 2 
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Figure 109: Raw Leading Edge Pressure Spectra for Test 1 versus Test 2 Comparison with Baseline Model 

at 0° Angle of Attack

 

Figure 110: Raw Leading Edge Pressure Spectra for Test 1 versus Test 2 Comparison with Fairing 1 and 2 

Models at 0° Angle of Attack 

 

Fairing 1 Fairing 2 
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Figure 111: Raw Side Pressure Spectra Non-Separated for Baseline and Fairing 1 Models at 0° Angle of 

Attack for Test 1 

 

Figure 112: Raw Side Pressure Spectra Non-Separated for Baseline and Fairing 1 Models at 6° Angle of 

Attack for Test 1 
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Figure 113: Acoustics Cancelled Side Pressure Spectra Top versus Bottom Comparisons for Baseline and 

Fairing 1 Models at 0° Angle of Attack for Test 1 

 

Figure 114: Fairing Model with Corner Region Highlighted 

Front “Corner” of Fairing 1 Model 
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Figure 115: Acoustics Cancelled Averaged Side Pressure Spectra Top versus Bottom Comparisons for 

Baseline and Fairing 1 Models at 6° Angle of Attack for Test 1 

 

Figure 116: Acoustics Cancelled Averaged Side Pressure Spectra Port versus Starboard Comparisons for 

Baseline and Fairing 1 Models at 0° Angle of Attack for Test 1 
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Figure 117: Acoustics Cancelled Averaged Side Pressure Spectra Port versus Starboard Comparisons for 

Baseline and Fairing 1 Models at 6° Angle of Attack for Test 1 

 

Figure 118: Raw Side Pressure Spectra Non-Separated for Baseline and Fairing 2 Models at 0° Angle of 

Attack for Test 2 
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Figure 119: Raw Side Pressure Spectra Non-Separated for Baseline and Fairing 2 Models at 6° Angle of 

Attack for Test 2 

 

Figure 120: Acoustics Cancelled Side Pressure Spectra Top versus Bottom Comparisons for Baseline and 

Fairing 2 Models at 0° Angle of Attack for Test 2 
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Figure 121: Acoustics Cancelled Averaged Side Pressure Spectra Top versus Bottom Comparisons for 

Baseline and Fairing 2 Models at 6° Angle of Attack for Test 2 

 

Figure 122: Acoustics Cancelled Averaged Side Pressure Spectra Port versus Starboard Comparisons for 

Baseline and Fairing 2 Models at 0° Angle of Attack for Test 2 
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Figure 123: Acoustics Cancelled Averaged Side Pressure Spectra Port versus Starboard Comparisons for 

Baseline and Fairing 2 Models at 6° Angle of Attack for Test 2 

 

Figure 124 Acoustics Cancelled Side Pressure for Test 1 versus Test 2 Comparison with Baseline Model at 

0° Angle of Attack 
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Figure 125: Acoustics Cancelled Side Pressure Spectra for Test 1 versus Test 2 Comparison with Fairing 1 

and 2 Models at 0° Angle of Attack 

 

Fairing 1 Fairing 2 


