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ABSTRACT 

The streamwise growth rate of the mixing layer downstream of a splitter plate with a 60° 

swept lambda notch and velocity ratio of 0.5 was spanwise independent and self-preserving once 

the velocity deficit from the splitter plate had disappeared.  In the context of the Boundary Layer 

Independence Principle the growth of this mixing layer could be broken into a rapidly divergent 

component normal to the trailing edge of the splitter plate and a non-divergent component 

parallel to the trailing edge.  The spanwise dependence of the boundary layer at the trailing edge 

of the splitter plate had no effect on the streamwise growth rate of the self-preserving flow.  For 

the forced cases the interaction of waves propagating from the oscillating flaperons was heavily 

influential in the streamwise growth rate of mixing layer.  Contrary to the baseline case, the 

forced case had a divergent growth component parallel to the trailing edge associated with 

streamwise rib vortices.  Even in this highly turbulent 3D mixing layer the initial growth stages 

of the forced cases were dependent on the local Strouhal Number; similar to certain 2D cases. 
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NOMENCLATURE 

A = Flaperon forcing amplitude 

f = Flaperon forcing frequency 

p = Air pressure 

pt = Total pressure 

ps = Static pressure 

R = Ratio of typical vorticity of spanwise eddy over appearance frequency 

r = Velocity ratio (U1/U2) 

St = Strouhal Number 

U = Streamwise velocity component 

U1 = Velocity of low speed stream 

U2 = Velocity of high speed stream 

 ̅ = Mean streamwise velocity compnent 

U0 = Sum of two streams 

V = Normal velocity component 

W = Spanwise velocity component 

x = Streamwise direction 

x0 = Virtual origin of local thickness 

xTE = Streamwise position of splitter plate trailing edge 

y = Vertical direction (normal to surface of splitter plate) 

z = Spanwise direction 
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δω = Vorticity thickness 

αι = Nondimensional spatial growth rate 

ζ = Direction parallel to trailing edge 

θ = Momentum thickness 

θB = Baseline momentum thickness 

θo = y-intercept of streamwise momentum thickness best fit line 

λx = Streamwise wavelength of lambda notch 

ν = Kinematic viscosity 

ξ = Direction normal to trailing edge 

ρ = Air density 
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1. INTRODUCTION 

A mixing layer represents the interface of two streams of different velocity magnitude or 

material properties including and not limited to density, temperature, and pressure.  The 

understanding of turbulent mixing layers is important as they have a number of applications in 

fluid mechanics, including and not limited to turbojet exhaust and certain airfoil wakes.  Chevron 

patterns represent one of several advancements in mixing layer noise control; this study 

represents a series of experiments aimed to understand the effects periodic forcing and initial 

boundary layer conditions may have on the mixing layer growth rate downstream of a single 

lambda notch for applications in a Chevron nozzle. 

Wygnanski and Fiedler [1] as well as Brown and Roshko [2] found the growth of 2D 

mixing layers was governed by large, coherent, 2D spanwise structures.  For two air streams of 

comparable density the growth rates of these structures in the streamwise direction were 

dependent on the velocity ratio U1/U2, where U1 is the velocity of the low speed stream and U2 is 

the velocity of the high speed stream.  Later work by Oster and Wygnanski [3] affirmed the fact 

a larger velocity difference between the two streams corresponded to a more rapid streamwise 

momentum thickness growth rate associated with the roll up of these discrete vortex lumps 

(Figure 1.1).  Momentum thickness, defined below, is a local thickness metric found by Oster 

and Wygnanski [3] to be independent of the similarity of the velocity profiles at various 

streamwise distances. 

  ∫
       

     
[  

       

     
]   
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The streamwise momentum thickness growth rate from Oster and Wygnanski [3] compared 

favorably with the data presented by Ho and Huerre [4], and the growth rate was linearly related 

to the ratio between the typical vorticity of a large spanwise eddy and the frequency of its 

appearance (R). 

 

Figure 1.1 Variation of the momentum thickness for the unforced mixing layer [3]. 

Oster and Wygnanski [3], Gaster, Kit, and Wygnanski [5], as well as Cohen and 

Wygnanski [6], all showed the orderly structures within turbulent mixing layers or jets 

represented concentrations of spanwise vorticity, and were associated most notably with the 

Kelvin-Helmholtz instability mechanism.  In addition, they found these structures were highly 

susceptible to periodic excitation generated by an oscillating flap. 

Vortex amalgamation was observed in these forced 2D cases and was considered a 

favorable model when explaining the spreading rate of the mixing layer.  Oster and Wygnanski 

[3] found the vortex amalgamation process was inconsistent in the streamwise direction and the 

mixing layer could be divided into discrete streamwise Regions based on the local Strouhal 
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Number (Equation 1.1).  The Strouhal Number used the forcing frequency, local momentum 

thickness, and the sum of the velocity components of the high and low speed streams normal to 

the trailing edge. 

    
  

  
 1.1 

Oster and Wygnanski [3] found the initial growth rate in Region I of their forced mixing 

layer to be larger than the baseline case, with a Strouhal Number dependence similar to the 

spatial growth rate (αιθ) behavior of a harmonic disturbance in a free shear layer of an 

axisymmetric jet (Figure 1.2) from Michalke’s [7] inviscid computations.  It is in Region I where 

an increase in forcing amplitude would lead to an increase in the growth rate of the mixing layer 

since a larger initial local thickness may push the Strouhal Number closer to a value of 0.016; the 

value where the growth rate was most amplified.  Region I persists for the first full wavelength 

of the forcing frequency before the Strouhal Number becomes larger than 0.04 and amplification 

turns to decay.  However, small amplitude forcing cases were amplified over much longer 

distances and the mixing layer could achieve growth rates comparable to the higher amplitude 

cases before entering Region II.  Cases with higher forcing frequencies would enter Region II 

farther upstream since the forcing wavelengths in these cases were quite small. 
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Figure 1.2 Spatial growth rates measured in the free boundary layer of an axisymmetric jet [7]. 

The growth of the mixing layer in Region II would slow considerably or even saturate 

once the Strouhal Number reached a value of approximately 0.04, as in Figure 1.3, since the 

growth rate is no longer amplified and vortex amalgamations were largely absent in this Region.  

It was in Region II where the shear stress of the flow would change sign from positive to 

negative; marking a transfer of energy from the mean flow to the turbulence.  Region II would 

persist until a new instability set in an additional wavelength downstream.  In Region III the 

mixing layer would return to its Region I growth rate, or just below it.  The three distinct 

streamwise Regions can be distinguished from one-another quite well in Figure 1.3, from 

Wygnanski and Petersen [8]. 
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Figure 1.3 Divergence of the plane shear layer with downstream distance.  U1/U2= + 0.6, ◄0.5, 

□ 0.4, ◊ 0.3; R=(U1-U2)/(U1+U2); Uc=(U1+U2)/2 [8]. 

Several works have proven initial boundary layer thickness to be an influential factor in 

the streamwise growth of a 2D mixing layer.  Dziomba and Fiedler [9] showed the growth rate in 

the developing region of the flow was influenced heavily by tripping the splitter-plate boundary 

layer on the high speed side.  A turbulent boundary layer was thicker in the early stages of 

development of the mixing layer, leading to a weaker streamwise velocity gradient and more 

modest growth rate than the laminar case.  However, far downstream, in the self-preserving 

region, the spreading rates became identical; independent of their initial thickness.  The self-

preserving region can be identified by the streamwise self-similarity of velocity profiles 

normalized by their local thickness.  It remains to be seen how the local thickness affects the 

streamwise growth downstream of a 3D mixing layer. 

Bernal and Roshko [10] observed, initially spanwise, streamwise vortex structures which 

wove themselves around and stretched spanwise vortices in an otherwise 2D mixing layer 

(Figure 1.5) due to an internal instability.  Kit et al. [11] used a Chevron (serrated) flaperon to 

attempt to control the interactions between the spanwise and streamwise vortices.  Kit et al. [11] 

0.1 

fθ/Uo 
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found the midpoint of the spanwise vortices simply bent according to the cusps and notches on 

the flaperon (Figure 1.4).  Figure 1.4 also showed a marginal increase in momentum thickness 

downstream of the flap; attributed to the streamwise vortices introduced by the chevron.  Kit et 

al. [11] believed this static Chevron pattern enhanced a translative instability which would bend 

the initially spanwise Kelvin-Helmholtz rolls and develop streamwise rib vortices.  Spanwise in 

this situation refers to the flap as a whole, not the trailing edges of the individual “teeth.” 

 

Figure 1.4 Normalized distribution of the mean centre location (y0/λx) and momentum thickness 

(θ), of the mixing layer.  ■ is fliperon notch, □ is fliperon cusp [11].  

The addition of 20Hz forcing excited the Kelvin-Helmholtz instability and introduced 

waves locked in phase to the oscillating flap; eliminating any spanwise dependence close to the 

trailing edge.  The spanwise independence near the trailing edge inhibited the bending of the 

mean center of the mixing layer, which was manifested as a constant, although not always 

spanwise independent, streamwise growth rate of the mean center.  Smaller amplitude forcing 

would bend eddies which were initially even along the span, and had a nearly negligible impact 

on the relative growth rate when compared with the baseline data.  The momentum thickness 
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growth rate in this 3D forcing case did not show a great deal of spanwise dependence or the same 

streamwise dependence similar to Oster and Wygnanski [3].  However, Kit et al. [11] found the 

strong modulation of eddies along the trailing edge of the flap enhanced the development of 

streamwise rib vortices for this case as well as the larger amplitude case. 

Larger forcing amplitudes eliminated the spanwise bending completely due to the larger 

amplitude differential imparted by the excitation; making the streamwise development spanwise 

independent.  The momentum thickness growth rate showed strong spanwise dependence, with 

streamwise behavior similar to Oster and Wygnanski [3], between the cusp and notch.  The 

streamwise Regions appeared to blur together across the span in this case and show no real 

dominant streamwise pattern.  Kit et al. [11] associated this behavior with local swelling of large 

eddies downstream of a cusp due to the large amplitude differential imparted by the flap.  

However, at Rx/λx=1 (where in the case of Kit et al., R=0.429), the swelling shifted to the cusp, 

leading Kit et al. [11] to believe this bulging and thinning mixing process was repetitive (Figure 

1.5). 
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Figure 1.5 Sketch of spatial development of different 3D disturbances: Top: translative 

instability (bending); Bottom: bulging [11]. 

Zakharin et al. [12] used the same splitter plate as the present study with a velocity ratio 

of 0.6 (U2=10m/s), along with a hot wire rake to establish the effects of the yawed trailing edge 

of the Chevron nozzle.  Zakharin et al. [12] chose to normalize the velocity profiles using 

vorticity thickness rather than momentum thickness.  Momentum thickness was not viable for 

velocity profiles which featured a prominent velocity deficit since the integrand in the 

momentum thickness equation became negative for certain y-values in the wake; leading to 

unreliable results.  Zakharin et al. [12] found velocity distributions far from the trailing edge of a 

3D splitter plate became self-similar, and the streamwise distributions of vorticity thickness and 

momentum thickness were linear across the span; suggesting nearly 2D behavior. 

Zakharin et al. [12] were able to prove a pair of inherent counter-rotating vortices, rather 

than an internal instability, was the primary mechanism distorting an unforced mixing layer 

downstream of a Chevron splitter plate.  Time-averaged hotwire data as well as smoke 

visualization in Figure 1.6 show inherent counter-rotating vortices bend the center of the mixing 
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layer toward the high velocity stream near the plane of symmetry and toward the low velocity 

stream at large z-values. 

 

Figure 1.6 Left: time-averaged hotwire midpoint data; Right: smoke visualization to show C-R 

vortices [12]. 

The direction of these counter-rotating vortices appeared to disagree primarily with 

works where Chevron patterns were applied to jet nozzles.  The data from Kit et al. [11] for a 

plane Chevron flap in Figure 1.4, assuming they used the same coordinate system as Oster and 

Wygnanski [3],  agreed with the direction of the counter-rotating vortices from Zakharin et al. 

[12].  Callender et al. [13] found Chevron nozzles would eject high speed fluid to the low speed 

side (Figure 1.7).  However, the cusps of these nozzles typically impinge on the high speed side 

of the flow, opposing the natural flow of the jet.  High speed fluid, in this case, would be ejected 

from the jet core as a result of the thrust losses associated with the cusp impingement. 
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Figure 1.7 Left: Chevron nozzle; Right: a. Contours of normalized axial velocity at X/Deq: 2.7. 

Nominal shear condition (Vshear/Vmix: 0.58), baseline core nozzle. b. Contours of normalized 

axial velocity at X/Deq: 2.7. Nominal shear condition (Vshear/Vmix: 0.58), chevron 8HP [13]. 

Wygnanski et al. [14] used time averaged pressure data to show the Boundary Layer 

Independence Principle may be used to explain the behavior of a turbulent free shear layer 

downstream of a lambda notch splitter plate for U1/U2=0.6.  The primary growth of the local 

thickness of the mixing layer in Figure 1.8, vorticity thickness in this case, was in the streamwise 

direction while the growth rate was independent of the spanwise location.  Wygnanski et al. [14] 

decomposed the growth of this mixing layer into two components; a rapidly divergent 

component normal to the trailing edge and a non-divergent spanwise component. 

The independence principle requires all derivatives ∂/∂ζ≡0, where ζ is measured parallel 

to the trailing edge.  The boundary layer equations describing this flow are given below, where ξ 

is measured normal to the trailing edge. 
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     ⁄      ⁄    3.1 

       ⁄        ⁄        ⁄  3.2 

       ⁄        ⁄        ⁄  3.3 

Manipulation of the boundary layer equations and substitution of the conventional relationships 

for shear stress yield the equations below from Wygnanski et al. [15]. 

      ⁄       ⁄       (      ⁄ )      ⁄        ⁄      ̅̅ ̅̅ ̅  3.4 

      ⁄       ⁄       (      ⁄ )      ⁄        ⁄      ̅̅ ̅̅ ̅̅   3.5 

Equation 3.4 is independent of the W and w’ terms while Equation 3.4 is dependent on the 

solution to Equation 3.4; making these the governing equations of the independence principle 

with the boundary conditions given below. 

          

           

        
  

  
        

Simply speaking, in the case of Wygnanski et al. [14], the Boundary Layer Independence 

principle said the velocity over a yawed trailing edge could be decomposed into what could be 

thought of as two independent components normal and parallel to the trailing edge as in Figure 

1.9.  However, if the independence principle could truly be applied to this mixing layer the 

Reynolds stresses normal and parallel to the trailing edge in Equations 3.4 and 3.5 must be 

proportional to each other. 
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Figure 1.8 Top: Self-similar velocity profiles normalized by vorticity thickness; Bottom: 

streamwise dependence of vorticity thickness on distance from trailing edge [14]. 

 

Figure 1.9 Velocity components from Independence Principle normal and parallel to trailing 

edge [15].  
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2. EXPERIMENTAL SETUP 

2.1. Wind tunnel 

An open circuit wind tunnel at The University of Arizona was used to provide the flow 

for both the high speed and low speed stream of the mixing layer.  The high speed stream was 

the direct output of the tunnel nozzle, while the low speed stream passed through a series of 

screens and honeycomb.  A wooden extension was attached to the test section to house a leading 

edge deflector, different than the one used by Zakharin et al. [12], as well as a perforated metal 

sheet to further decrease the velocity of the low speed stream. 

The deflector had a leading edge radius of 0.2in and was designed to keep the flow 

attached to the surface of the splitter plate when the streamlines deflected toward the high speed 

side (Figure 2.1).  Drawings for the deflector can be found in the Appendix.  Flexible sheet metal 

was used on the top and bottom surfaces of the deflector so it could be adjusted easily.  The top 

surface was a single continuous part, while the bottom surface used two pieces of sheet metal to 

slide along one another to compensate for the change in length due to the bending.  Threaded 

rods attached to the deflector by helicoils would slide along slots cut into the test section to 

adjust the symmetry of the flow.  Large washers and wing nuts on the outside of the tunnel were 

used to hold the deflector in place.  Flow visualization with tufts was used to ensure the flow was 

attached to the top surface, while the data acquisition program was used to check flow symmetry.  

It was crucial the flow stay attached to the top surface of the splitter plate, and the stagnation 

point stay on the top side of the deflector, to eliminate the possibility of an unstable separated 

boundary layer on the top surface of the splitter plate.  A stagnation point on the top side of the 

deflector was preferred since the detached flow on the bottom side travelled through a series of 
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honeycomb anyway.  The slots on the inside of the tunnel were covered once flow symmetry was 

achieved. 

A Pitot static tube was used to measure the velocity of the high speed stream of the 

mixing layer.  All experiments were run with a high speed velocity of 10m/s, and the low speed 

velocity of roughly 4.8m/s.  A speed monitor was added to the Labview data acquisition program 

to monitor and adjust the velocity to within ±0.1m/s.  The ambient pressure and temperature 

were monitored closely to ensure the tunnel velocities in the measurements were accurate. 

 

Figure 2.1 Wind tunnel nozzle and test section inlet. 

2.2. Test Section 

The inlet of the closed test section which housed the splitter plate had cross-sectional 

dimensions of 610mm by 914mm.  The top and bottom walls of the test section were adjusted 

using pivoting screws on the outsides of the tunnel to ensure no pressure gradient existed in the 

mixing layer. 

The splitter plate was 1in thick to house several actuation systems for past experiments, 

as well as the suction chambers.  The two-piece trailing edge of the splitter plate was swept back 



25 

 

60° to resemble one wavelength of a “Chevron Nozzle.”  The trailing edges of the splitter plate 

were tapered down to a sharp cusped edge. 

2.3. Suction 

Rows of discrete suction holes parallel to the trailing edge were used to suck down the 

boundary layer on the top and bottom surface of both sides of the splitter plate for some of the 

experiments.  The holes were 1/16in in diameter, spaced 0.5in, and 15.5in upstream of the 

trailing edge.  A top view of the splitter plate was drawn to scale in Figure 2.2 to clarify the 

setup.  Suction on the top surface was provided by two vacuum blowers; one for each side of the 

splitter plate.  Suction on the bottom surface was provided by a single vortex pump.  The suction 

pressure on the top surface was monitored with two suction gauges accurate to within ±0.045 

inHg, while the bottom surface was measured with a water manometer accurate to within ±0.05 

inH20.  The exact suction values were not entirely crucial since the goal was; rather, to force a 

constant vorticity thickness along the span of the trailing edge so the velocity profiles became 

similar.  Boundary layer thickness at the trailing edge was a point of interest since the unforced 

boundary layer thickness increased along the trailing edge with increasing distance from z=0mm. 
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Figure 2.2 Suction and flaperon configuration. 

2.4. Flaperon Actuation 

Excitation at the trailing edge of the splitter plate was provided by oscillating flaps, or 

flaperons.  Flaperons were the most common forcing mechanism used in mixing layer research 

as they instantly introduce vorticity in their immediate vicinity.  Flaperon oscillations can be 

monitored with stroboscopes or “real time,” using a reflective laser system to be described later, 

while data were being recorded.  In addition, flaperons place no limits on the thickness of the 

splitter plate; they can be as thick as the splitter plate itself.  However, the splitter plate used in 

this study was 1in thick to house zero mass flux actuators used in previous studies and, thus, had 

a thicker wake than usual. 

2.4.1. Description and Installation 

The carbon fiber flaperons were 0.5in long, 0.067in thick, and ran along the span of both 

trailing edges of the lambda notch.  The origin of the coordinate system used in the experiments 

was placed at the notch created by the flaperons.  Figure 2.3 showed the coordinate system used 
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in the experiments.  The x-axis was in the spanwise direction, the y-axis in the vertical direction, 

and the z-axis in the lateral direction.  Each flap was controlled by two speakers outside the test 

section working in sync in the same direction to oscillate the flaps at the user specified 

amplitudes and frequencies.  The oscillations were uniform across the span when checked with a 

stroboscope.  A flaperon was connected to its speakers by a single Kevlar string running from 

one speaker to the other.  The strings interfere with the flow at z=±150mm, so the testing 

procedure was modified through trial and error to avoid the wake of these strings.   

 

Figure 2.3 Test section, splitter plate, and coordinate system. 

2.4.2. Alignment System 

 Proper alignment of the actuation system was crucial to the integrity of the flow, as well 

as the life of the strings and flaps.  The strings would oscillate side to side if the speakers were 

not aligned properly; dramatically increasing their effective area in the flow.  Plumb-bobs were 
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hung from the roof of the tunnel, with each plumb nearly touching the floor, to ensure the strings 

were precisely vertical.  The speaker mounts were translated along two bars of Bosch Aluminum 

Structural Framing until the actuator strings were vertical.  Simultaneously the pitch and roll 

angles of the speakers were set to 0° using a bubble level and a digital level with 0.05° accuracy.  

String tension, as well as flaperon position and angle, was adjusted by the differential adjusters, 

which were designed to increase or decrease string tension without twisting the string.  The pitch 

and roll adjustors as well as the differential tension adjustors were used to minimize any 

oscillations in the string.  The adjustment mechanisms are shown in Figure 2.4. 

 

Figure 2.4 Flaperon speaker adjustment controls. 
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2.4.3. Calibration and Control 

 The forcing signal was supplied through the analog output channels of a National 

Instruments DAQ board.  A Labview program supplied four separate AC and DC electrical 

signals to the speakers; the individual AC and DC voltages to each speaker could be changed 

independently while the experiments were running to maintain a consistent forcing phenomenon.  

The signal was fed through power amplifiers since a signal alone was not enough to power the 

speakers. The AC signal controlled the amplitude of the oscillations while DC signal controlled 

the mean level of the oscillations.  Rough calibrations of voltage with flap deflection were 

performed; however, a laser system was used to monitor the oscillations during data acquisition.  

The laser system used two laser modules on opposite sides of the test section to shoot lasers 

through the Plexiglas windows of the test section, which reflected off mirror tape of negligible 

thickness on the flap on the corresponding side and onto the roof of the tunnel.  A height gauge 

was used to calibrate the laser location of the roof of the test section with the flap deflection.  

Marks were made on the roof of the test section to correspond to baseline (no deflection), ±1mm 

deflection, and ±2mm deflection.  A schematic of this setup is shown in Figure 2.5. 

 

Figure 2.5 Laser flaperon calibration schematic 
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2.5. Data acquisition 

A wake rake consisting of 26 stainless steel total pressure tubes and 2 static pressure 

tubes were used to measure the velocity profiles of the mixing layer.  Motorized traverses 

allowed the wake rake to move in all three axes.  The z-traverse would always approach the 

desired z-value from the positive z-direction to account for backlash of the rubber belt which 

served as the driving mechanism.  The program kept the negative z-side of the belt taut by 

purposefully overshooting the desired z-values by several millimeters when travelling toward the 

positive z-direction and returning to the point in the negative z-direction.  Z-locations far from 

the plane of symmetry had much less room for traverse play due to the splitter plate and the 

limits of the traverse.  The other traverses used much less flexible power screws; the y-traverse 

was constantly under its own weight, and the x-traverse always ran from small x-location to 

large.  A backlash correction was made for the x-traverse at the very beginning of each data set. 

2.5.1. Refinement Routine 

A refinement routine was used to properly refine the velocity profiles in the y-axis.  The 

refinement routine began with a starting y-value of 20mm since the refinements were performed 

in the negative y-direction.  A routine was first used to roughly identify the U1 and U2 bounds of 

the mixing layer.  The maximum velocity difference between the last two probes on either the 

top or bottom of the shear layer had to be greater than 0.3m/s to declare an upper or lower 

boundary.  The rake would shift upward (or downward for the U1 definition) by 25.4mm, twice 

the Pitot tube spacing, since the routine was written with the assumption the mixing layer was 

large with respect to the rake, and repeat the process if the criteria was not satisfied.  U2 was 

always defined before U1 since the U2 refinement procedure would always shift toward the low 

speed stream and may already define U1. 



31 

 

 The more crucial refinement criterion defined the largest velocity difference between two 

neighboring points within the mixing layer as 0.5m/s.  If the velocity difference exceeded 0.5m/s 

the refinement procedure would move from the basic measurement in Figure 2.6 to the first 

refinement.  The program would continue to test this maximum velocity difference criterion until 

it was satisfied or if the number of refinements reached the user specified limit.  The program 

would then repeat the process above to define U1 if it was not sufficiently defined during the 

refinements. 

 

Figure 2.6 Refinement step procedure [16]. 

2.6. Additional Hardware 

Without damping, vortex shedding in the test section would vibrate the tall and flat x-

traverse column in Figure 2.7.  A damper with a pair of rollers was designed to press against the 

top wall of the test section; the drawings for the damper can be found in the Appendix.  Figure 

2.7 shows the damper as well.  The traverses blocked approximately 4 percent of the test section; 

well within the boundaries set forth by Low Speed Wind Tunnel Testing [17].  Distances from 
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the end of the wake rake to significant blunt bodies on the traverse are shown in Figure 2.7 as 

well. 

  

Figure 2.7 Left: Wake rake traverse system; Right: distances from end of wake rake to traverse 

bodies. 

2.7. Pressure Measurement System 

 Pressure signals from the Pitot tubes were routed to a Pressure Systems PSI 8400 

pressure scanner with 2 modules containing 32 piezoresistive pressure measurement channels 

each.  The system had an accuracy of approximately ±0.05Pa (from 0.1% full scale accuracy).  

Data was collected and averaged over 60 seconds per refinement to account for any low 

frequency oscillations in the flow.  A detailed convergence check from Kurz’s [16] thesis on this 

mixing layer with a larger velocity ratio showed data averaged over 60 seconds had the smallest 

deviations due to velocity fluctuations and sensor drift.  The pressure transducers were re-zeroed 
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frequently, usually every 40 to 50 measurements, to account for any changes to ambient 

conditions and prevent transducer drift. 

2.8. Flow Symmetry 

The pressure measurement system was used to test for flow symmetry across the span of the 

splitter plate by comparing the vorticity thickness of the velocity profiles at z-locations on the 

positive and negative sides of the plane of symmetry.  The deflector was rolled about the x-axis 

to adjust the symmetry until the vorticity thicknesses were comparable.  The stationary vertical 

wall on the negative z side of the test section diverged downstream relative to the other wall; 

causing a slight, yet largely negligible, asymmetry. 

2.9. Metrics 

Several local thickness metrics were used to quantify this mixing layer.  Each local 

thickness metric had a variety of advantages and disadvantages which affected their application 

in a variety of situations.  The definitions of these metrics as well as their advantages and 

disadvantages are outlined below. 

2.9.1. Velocity Calculation 

The velocity was calculated from the total pressure and static pressure measurements 

from the wake rake, using the Bernoulli equation in Equation 2.1.  A linear regression using the 

pressure data and corresponding y-values from the two static pressure tubes was used to 

interpolate the static pressure values at each total pressure tube location.  Equation 2.1 was then 

used to calculate the velocity at the y-location of each total pressure tube. 
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2.9.2. U1, U2 Definition 

The velocities used for normalization, namely the velocity of the low speed side, had to 

be defined in a rather unique manner due to velocity scatter.  It is likely the flow was separated 

from the bottom surface of the deflector as it went through the screens and honeycomb.  An 

algorithm was developed to first interpolate data points so every data location had the same 

resolution as the location with the highest experimental resolution.  The spatial resolution varied 

based on the thickness of the mixing layer which, of course, was dependent on the proximity to 

the splitter plate.  Fewer refinements were necessary farther from the splitter plate since the 

mixing layer was thicker and easier to define.  In addition, the program used to plot the velocity 

contours would not work properly if each data point did not have the same spatial resolution.  It 

was an added “perk” of this interpolation more points could be used for the definition of U1 and 

U2. 

The algorithm to define U1 and U2 marched from approximately the middle of the 

velocity profile in both the positive and negative z-directions calculating the slope of a five point 

linear regression curve.  The velocity of the high speed stream was defined as the point where the 

slope of the regression line was ±0.001, and the low velocity stream was defined as the point 

where the slope of the regression line was ±0.007.  Spot checks of the U1 and U2 values for each 

velocity profile were used to determine these slope cutoff values would be sufficient to yield 

consistent U1 and U2 values across the majority of cases. 
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2.9.3. Shear Layer Midpoint 

The midpoint of the shear layer was defined as the y-location where the normalized 

velocity was equal to 0.5.  The midpoint of the shear layer was found by interpolating the y-

value from Equation 2.2. 

       (
     

 
) 2.2 

2.9.4. Momentum Thickness 

The momentum thickness calculation was only used when the velocity deficit of the 

relatively thick splitter plate was not a factor.  Equation 2.3 was used to calculate the momentum 

thickness.  Figure 2.8 shows the locations of y1, and y2 for illustrative purposes on a simulated 

case where the wake was not prominent.  Momentum thickness could not serve as a viable local 

thickness when the velocity deficit was prominent since the integrand term in brackets would 

become unnaturally large for cases where the normalized velocity was negative. 
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Figure 2.8 Locations of y1 and y2. 

2.9.5. Vorticity Thickness 

The vorticity thickness was used as a characteristic length scale when the velocity deficit 

of the splitter plate was prominent. Vorticity thickness, given by Equation 2.4, was characterized 

by extending the slope of the linear region of the velocity profiles to normalized velocities of 0 

and 1.  Figure 2.9 depicted this process on a simulated case. 
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Figure 2.9 Vorticity thickness definition. 
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3. RESULTS 

 The present study seeks to improve upon the experiments by Zakharin et al. [12], which 

had several shortcomings.  The velocity deficit of the splitter plate was far too prominent for a 

velocity ratio of 0.6, as it persisted over half the effective length of the test section at midspan of 

a single side.  The flow development when the velocity profiles were self-similar could not be 

studied as effectively as desired, since the wake must dissipate completely before velocity 

profiles became self-similar.  In addition, momentum thickness, the preferred length scale, could 

not be used effectively over the majority of the test section since the integrand became negative 

when the velocity deficit was prominent.  Lastly, Zakharin et al. [12] had not investigated 

controlling the spanwise dependence of the local thickness of the mixing layer. 

3.1. Baseline 

The smaller wake for a mixing layer velocity ratio of roughly 0.5 allowed the mixing 

layer more useful space to develop since the wake was absorbed by the mean shear as soon as 

250mm from the trailing edge, as opposed to 350mm for a velocity ratio of 0.6.  The velocity 

profiles in Figure 3.1 showed the majority of the test section was uninhabited by the wake, and 

the velocity profiles became self-similar when normalized by the local momentum thickness. 
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Figure 3.1 Baseline streamwise velocity profiles for z=0mm. 

The streamwise growth rate of the momentum thickness for this mixing layer resembled 

the growth rate of Oster and Wygnanski’s [3] 2D mixing layer for a velocity ratio of 0.5.  The 

virtual origin of the 3D mixing layer, defined generally as the x-intercept of the linear growth 

region of the mixing layer, was adjusted in Figure 3.2 to account for the nearly linear momentum 

thickness growth along the trailing edge, from θ=4mm at z =0mm to θ=8mm at z =-225mm.  The 

local thickness of the mixing layer depended solely on the downstream distance and grew at the 

rate of a 2D mixing layer with the same velocity ratio once the wake had dissipated; suggesting 

the streamwise vortices simply bent the mixing layer far downstream upward in the center and 

downward for large z-values without affecting the growth rate. 
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Figure 3.2 Baseline streamwise development of momentum thickness with adjusted virtual 

origin. 

 The streamwise momentum thickness growth rate of this mixing layer, tabulated in Table 

3.2, compared favorably with past results presented by Ho and Huerre [4].  Much like a 2D 

mixing layer the momentum thickness growth rate of this 3D mixing layer is proportional to the 

variable R.  Data from this mixing layer for a velocity ratio of 0.6 was approximated from Kurz’s 

Thesis [16]. 

r R dθ/dx 

0.6 0.26 0.009 

0.5 0.33 0.012 

Table 3.1: Dependence of mixing layer momentum thickness spreading rate versus velocity ratio. 
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from the fact the local thickness depends on the local distance from the trailing edge.  The 

velocity of the high speed stream just above the mixing layer will decrease as one maintains 

constant x and y-values and marches toward the x-y-plane from an initial z-location far from the 

plane of symmetry.  The velocity profile corresponding to this march resembles the velocity 

profile of a wake, which generates two counter-rotating vortices normal to the x-z plane (Figure 

3.3).  Spanwise vorticity redirects the counter-rotating vortices initially normal to the plane of the 

splitter plate in the x-direction.  The counter-rotating vortices will manifest themselves as an 

upwelling of the velocity contours in Figure 3.4, the abscissa of which was shifted in the z-

direction based on the plane of symmetry of the velocity contours due to the slight tunnel wall 

asymmetry. 

 

Figure 3.3 Streamwise vorticity formation. 
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Figure 3.4 Baseline velocity contours 1000mm downstream of origin. 

Smaller velocity ratios result in a slower reorientation of the vertical vortices in Figure 

3.3, requiring a larger distance to make them oriented in the direction of streaming.  A larger 

velocity ratio will lead to stronger Kelvin-Helmholtz vortices, and by extension stronger counter-

rotating vortices which break up the wake and increase the upwelling in the plane of symmetry 

of the splitter plate. 

3.1.1. Independence Principle Comparison 

In the context of the Independence Principle the mean flow data could be decomposed 

into components parallel and normal to the trailing edge.  From Figure 3.2 it was already 

apparent the asymptotic streamwise growth rate was independent of spanwise location parallel to 

the trailing edge.  In addition, the normalized velocity profiles in the direction of streaming at 

various spanwise locations parallel to the trailing edge in Figure 3.5 were identical.  Thus, in the 

style of Figure 1.9, it could be said the growth components normal to the trailing edge were 

rapidly divergent and developed independent of the non-divergent components parallel to the 

trailing edge. 
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However, the data were not sufficient to prove the Boundary Layer Independence 

Principle applies to this flow.  The Reynolds stresses normal and parallel to the trailing edge 

would be necessary to definitively state whether or not the independence principle applies to this 

flow.  However, the Reynolds stress could not be approximated from the data recorded which 

limits the analysis to simple comparisons with the characteristics of flows where the 

independence principle is known to apply. 

 

Figure 3.5 Baseline velocity profiles 500mm from the trailing edge. 

3.1.2. Suction Boundary Layer Manipulation 

The growth rate of this mixing layer became spanwise independent regardless of the fact 

a longer fetch along the solid surface meant the boundary layer on the splitter plate was thicker 
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thickness and momentum deficit of the mixing layer was directly proportional to the boundary 

layer thickness on the splitter plate. 

Suction was used to force a constant vorticity thickness of 14mm along a line parallel to, 

and 50mm from the trailing edge since suction could not be applied at z=0mm.  Again, vorticity 

thickness was the most accurate available length scale close to the trailing edge since the wake 

skewed the momentum thickness results.  Reasonable uniformity in vorticity thickness was 

attained when the levels of suction were 3inHg on the top surface with the suction holes taped 

from z =0mm to z =-150mm, and 2inH20 on the bottom surface (Figure 3.6).  Suction holes on 

the top surface were taped from z =0mm to z =-150mm since the high speed sides of velocity 

profiles in this region varied relatively little along the trailing edge. 

 

Figure 3.6 Baseline velocity profiles parallel to trailing edge, Left: no suction; Right: suction. 

Suction had little effect on the asymptotic rate of spread of the mixing layer (Figure 3.7), 

suggesting this quantity was not affected by the initial thickness or spanwise variation of the 
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boundary layer (Figure 3.2).  The momentum thickness developed at a constant streamwise rate 

once the wake had dissipated, suggesting the growth rate was independent of the boundary layer 

thickness.  The suction applied did not influence the boundary layer heavily enough to create a 

noticeable difference in the boundary layer thickness in the development region of the flow.  The 

streamwise growth rate of the momentum thickness was recorded in Table 3.2 from the plot in 

Figure 3.7 to show the precise values for the cases with and without suction.  It was much easier 

to distinguish the streamwise momentum thickness growth rates at each spanwise location after 

subtracting the y-intercept of a best fit line through the linear region of the data from the data.  In 

addition, the streamwise location of the data in Figure 3.7 was measured relative to the trailing 

edge of the splitter plate to better compare the growth rates at each spanwise location.  It was 

clear the initial boundary layer conditions had no effect on the growth rate assuming scatter was 

on the order of 10
-3

.  

z[mm] 0 -75 -120 -180 

Baseline 0.012 0.012 0.012 0.013 

Baseline (suction) 0.012 0.011 0.011 0.015 

Table 3.2 Baseline dθ/dx table. 
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Figure 3.7 Baseline streamwise development of momentum thickness for cases with and without 

suction. 

Uplift of the shear layer midpoint in Figure 3.8 at z =0mm increased with suction over 

the baseline case; suggesting an increase in the velocity gradients in the x-z “wake” velocity 

profile in Figure 3.3.  Quite simply, the local thickness at the trailing edge of the mixing layer 
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Figure 3.8 Baseline streamwise development of mixing layer midpoint for, Left: without suction; 

Right: with suction. 

3.2. Forcing 

The ability to force with the two independent flaperons dramatically increased the 

number of parameters in this problem.  Amplitude and frequency were the typical forcing 

parameters; however, the phase difference between the flaps could be altered as well.  The flow 

was forced with amplitudes of 1mm and 2mm, and frequencies of 20Hz and 50Hz, for reasons 

which will be discussed.  However, it was the interaction of the wave fronts propagating from the 

forced flaperons, the manner of which was largely based on the phase difference of the flap, 

which had the most interesting effect on the growth rate of this mixing layer. 

3.2.1. Single-sided actuation 
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one wave front of the Kelvin-Helmholtz instability and its interaction with the unforced flow on 

the opposite side of the notch.  The flow was excited most readily using oscillation amplitude of 

2mm and frequency of 20Hz.  The Strouhal Number of the flow from the momentum thickness 

data in Figure 3.9 at z=0mm, 250mm from the trailing edge,  was roughly equal to 0.016; 

suggesting the growth rate was amplified throughout most of the test section and may enter 

Region II towards the exit of the test section.  Of course, assuming the Regions in this 3D flow 

would correspond to the Strouhal Number cutoffs of a forced 2D flow. 

The Strouhal Number of the 50Hz forced flow, roughly equal to 0.039 at z=0mm, 250mm 

from the trailing edge, should correspond to Region II; meaning this flow almost never realizes a 

Region of amplified growth.  Frequencies of 20Hz and 50Hz should serve as appropriate 

frequencies to illustrate the behavior of this mixing layer in Regions I and II respectively.  Once 

in Region II the streamwise momentum thickness growth rate in the 50Hz case slowly decayed 

to the baseline rate and even slightly below (Figure 3.9).  Although this flow may be in Region II 

based on Strouhal Number, it may not be reflected by a saturated growth rate as in a 2D mixing 

layer.  Spanwise measurements from Kit et al. [11] showed these Regions would blur along the 

span.  For this reason, along with the spanwise local thickness dependence, the initial Strouhal 

Numbers presented were measured with respect to z=0mm, 250mm from the trailing edge to 

provide the most conservative Strouhal Number for this flow. 

A streamwise momentum thickness growth rate uniform across the span, and so 

suspiciously close to the baseline rate would suggest an additional growth component must be 

present in the 50Hz case.  In the context of the Boundary Layer Independence Principle the flow 

must have a divergent growth component along the span to maintain this momentum thickness 
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growth if the growth component normal to the trailing edge would begin to saturate or decay in 

Region II.  The streamwise rib vortices in Figure 1.5 could account for this additional growth 

component. 

 

Figure 3.9 Single-sided 2mm streamwise development of momentum thickness for Left: 20Hz; 

Right: 50Hz. 

In terms of the propagation of the wave fronts of the Kelvin-Helmholtz rolls; the 

streamwise momentum thickness growth rates for the 20Hz case in Figure 3.10 were equal over 

most of the span except near the extremities at z=0mm and z=-225mm.  The spawise distribution 

of momentum thickness relative to the baseline case suggested these waves propagated parallel 

to the trailing edge as far as 400mm downstream, with no growth in the center of the mixing 

layer.  Only the 20Hz case was of interest for this analysis since the 50Hz case shows little in 

terms of wave propagation.  The maximum growth rate of the waves with respect to the baseline 

case occurred at z=-120mm at a rate slightly larger than z=-75mm.  The behavior of the data in 

both of these plots at z=0mm suggested a wave from the forced side could not easily propagate 
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to the unforced side due to an interaction with the mixing mechanisms on the unforced side of 

the mixing layer.  If a wave had propagated to the unforced side it would have increased the 

streamwise momentum thickness growth rate at z=0mm at a specific streamwise point.  Wall 

interactions were evident 500mm from the trailing edge and inhibited the growth of the 

momentum thickness for z-locations larger than z=-120mm.  

Although a resonant interaction between the forced and unforced sides of this mixing 

layer was not evident in this case, the possibility should not be ruled out if the appropriate 

forcing frequency was chosen.  Cohen and Wygnanski [6] found disturbances of different 

frequencies in an axisymmetric jet may have a resonant response as long as the phase velocities 

were equal and one of those frequencies was a subharmonic of the other.  With the frequency 

spectra of the unforced side it may be possible to force a resonant response between the two 

sides. 

 

Figure 3.10 Single-sided 2mm 20Hz, Left: streamwise development of momentum thickness 

with baseline z=0mm; Right: spanwise distribution with baseline values subtracted. 
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 The unperturbed side of the contour plots in Figure 3.11 was nearly identical to the 

corresponding baseline results; however, the contours near z*=0mm had slightly more curvature 

than the baseline case, suggesting the waves from the excited side could propagate to the 

unforced side farther downstream.  It was clear from the highly asymmetric contours, as well as 

the skewed maximum and minimum contour heights at z*=-25mm and z*=-100mm, 

respectively, waves of some kind were forming and propagating downstream on the forced 

negative side.  As with the baseline case the origin of the velocity contour plots was shifted in 

the z-direction based on the plane of symmetry of the corresponding 20Hz and 50Hz symmetric 

forcing cases. The difference in the shift from the baseline case to the forcing case was no larger 

than 5mm and should not be considered significant.  The exact physics of this interaction were 

unclear since contour plots closer to the origin were inconclusive and the rake could reach 

roughly 1050mm downstream from the origin before the traverse would reach its travel limit. 
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Figure 3.11 Single-sided 2mm amplitude forcing velocity contours 1000mm from TE for Top: 

20Hz; Bottom: 50Hz. 

3.2.2. Symmetric actuation 

Simultaneous forcing of both flaperons with no phase difference at 20Hz and amplitude 

of 2mm, corresponding to an initial Strouhal Number of 0.016, showed a dramatic increase in the 

streamwise growth rate over the baseline case (Figure 3.12).  The waves propagating from the 

two flaperons appear to interact downstream, dramatically increasing the growth rate.  The 

spanwise dependence of the growth rate suggested the waves do not interact at large spanwise 

distances from the center until farther downstream, causing the growth rate to decrease with 

increasing spanwise distance from the center.  The growth rates at z=-180mm and z=-225mm 

were similar most likely due to the larger wall interaction in the symmetric forcing case, and the 

growth rate at z=-180mm appeared to be lower than the single-sided forcing case.  Subtle 

differences due to data scatter could easily lead to inaccurate growth rate approximations for the 

z=-180mm and z=-225mm cases where only five points or less were used in the regression.  The 

Kelvin-Helmholtz rolls in the 50Hz forcing case, corresponding to an initial Strouhal Number of 

0.050, did not show the same positive interaction as the 20Hz case since these rolls had already 

begun to decay and vortex interactions are mostly inhibited in Region II [3]. 
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The supposed downstream superposition of these disturbances, assumed to be waves 

locked in phase to the forcing frequency, could be compared with the work of Long and Petersen 

[18].  The resonant reaction of two helical wavetrains of equal amplitude, frequency, and mode 

shape spinning in opposite directions imposed on an axisymmetric jet produced a standing wave 

pattern.  Enhanced entrainment for this case, due to larger wave-induced stresses, led to an 

increase in mean flow in the streamwise direction.  The enhanced entrainment associated with 

this resonant reaction could account for the growth increase in this forced mixing layer assuming 

the phase velocities of these waves were equal. 

 

Figure 3.12 Symmetric 2mm amplitude streamwise development of momentum thickness for 

Left: 20Hz; Right: 50Hz. 

 The spanwise distribution of the momentum thickness in Figure 3.13 confirmed the 

positive wave interaction in the center of the mixing layer.  The momentum thickness was largest 

with respect to the baseline at z=-75mm.  Wall interactions were more pronounced in this case 

since the momentum thickness grew at a larger rate due to the positive interaction of the two 
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wave fronts, as indicated by the steep spanwise slope of the momentum thickness 600mm from 

the trailing edge for z-locations larger than z=-75mm.   

 

Figure 3.13 Symmetric 2mm, 20Hz forcing spanwise distribution with baseline values 

subtracted. 

 The streamwise development of momentum thickness showed an appreciable dependence 

on forcing amplitude (Figure 3.14); however, this trend was not so different from Oster and 

Wygnanski’s [3] observations.  Higher amplitude forcing cases showed the largest initial growth 

rates.  Cases with larger forcing amplitudes had larger initial Strouhal Numbers since the larger 

flap oscillations obstructed the flow, leading to a larger initial momentum thickness.  Since this 

flow was assumed to be in Region I, the growth rate of this higher amplitude case would be 

slightly more amplified close to the trailing edge than the smaller amplitude cases with lower 

initial Strouhal Numbers.  Farther downstream the growth rates of these two cases became 

roughly similar since the smaller amplitude cases were amplified over a greater distance. 
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Figure 3.14 Symmetric 20Hz frequency streamwise development of momentum thickness for 

several amplitudes. 

The interaction of these two waves in the plane of symmetry is considerably different for 

the two forcing frequencies.  The decaying flow in the 50Hz forcing case showed no noticeable 

difference from the baseline case in either momentum thickness growth rate or velocity contour 

curvature.  However, the velocity contours for the 20Hz forcing case (Figure 3.15) suggested a 

complex, positive interaction between the two waves.  The downward curve in the mixing layer 

midpoint at z*=0mm was attributed to the projected downward velocity contributions of the 

adjacent, in-phase Kelvin-Helmholtz structures emanating from the flaperons. 
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Figure 3.15 Symmetric 2mm amplitude velocity contours 1000mm from origin for Top: 20Hz; 

Bottom: 50Hz. 

3.2.3. Antisymmetric actuation 

Out of phase forcing at 2mm and 20Hz, corresponding to an initial Strouhal Number of 

0.015, had an adverse effect on the growth of the mixing layer near the x-y plane.  The velocity 

contributions of the two Kelvin-Helmholtz wave trains, assumed to be 180° out of phase, will 

oppose each other and prevent significant growth between z=0mm and z=-75mm.  Growth rates 

at z-locations larger than 75mm somewhat resembled the growth rates in the symmetric case as 

these locations were far enough upstream to where they were not yet affected by the waves 

propagating from the opposite side.  The 50Hz forcing case, corresponding to an initial Strouhal 

Number of 0.039, did not appear to influence the growth rate aside from the spanwise location 
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z=-180mm, which grew at a streamwise rate similar to the 20Hz case.  However, this suspicious 

result was deemed an outlier due to the insufficient four point curve fit. 

Several experiments by Long and Peterson [18] were comparable to this case as well.  A 

180° phase offset of opposing helical waves simply rotated the principle axis of an elliptical jet 

cross-section 90°.  The wave interaction seen in the antisymmetric case could be compared to the 

wave interaction on the minor axis of the jet in Long and Peterson’s [18] work in the sense the 

waves did not resonate along this axis and the growth rate was relatively modest. 

 

Figure 3.16 Antisymmetric 2mm amplitude streamwise development of momentum thickness for 

Left: 20Hz; Right: 50Hz. 

 The complex negative wave interaction was the most pronounced feature in the spanwise 

distribution of the momentum thickness in Figure 3.17.  The distribution was comparable to the 
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0 200 400 600 800 1000
0

5

10

15

20

25

x-x
TE

 [mm]


-

0
 [

m
m

]

 

 

z=0mm

z=-75mm

z=-120mm

z=-180mm

z=-225mm

Baseline, z=0mm

0 200 400 600 800 1000
0

5

10

15

20

25

x-x
TE

 [mm]


-

0
 [

m
m

]

 

 

z=0mm

z=-75mm

z=-120mm

z=-180mm

z=-225mm

Baseline, z=0mm



58 

 

z=-75mm were more modest for this antisymmetric case than the single-sided case; suggesting 

the wave interaction actually may have had an adverse effect on the streamwise growth rate. 

 

Figure 3.17 Asymmetric 2mm, 20Hz forcing spanwise distribution with baseline values 

subtracted. 

The exact interaction of these out of phase wave trains was quite complicated in the 

center of the 20Hz case.  The small rise between z*=-50mm and z=50mm was attributed to the 

projected upward velocity contribution of the out of phase rollers. 
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Figure 3.18 Antisymmetric 2mm amplitude velocity contours 1000mm from origin for Top: 

20Hz; Bottom: 50Hz. 
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4. CONCLUSIONS 

 The effective distance the wake created by the lambda notched splitter plate persists 

downstream was reduced by decreasing the velocity ratio from 0.6 to roughly 0.5.  The 

streamwise momentum thickness growth rate of this mixing layer matched the growth rate of a 

2D mixing layer with a similar velocity ratio.  Mean velocity profiles measured at equal 

distances from the trailing edge of the splitter plate were identical, meaning this highly turbulent 

mixing layer behaved in a manner comparable to flows where the Boundary Layer Independence 

Principle may apply.  It was possible to say the streamwise growth of the baseline case could be 

decomposed into a rapidly divergent component normal to the trailing edge and a non-divergent 

component parallel to the trailing edge.  However, it was not possible to determine whether or 

not the independence principle applied to this flow due to the fact Reynolds stresses could not be 

approximated with the time-averaged data recorded. 

Application of suction which evened the initial vorticity thickness along the span did not 

affect the streamwise growth rate, making it clear for this case the growth rate of the already 

turbulent mixing layer was not sensitive to the spanwise dependence of the boundary layer at the 

trailing edge of the splitter plate.  Initial local thickness was not a parameter of significance when 

considering the growth rate of the mixing layer and should not be used for rendering the 

downstream local thickness dimensionless, as was done in the past. 

  Flaperon forcing was a valuable means of studying the phase relations of the structures 

within the mixing layer.  The Region I growth of this forced mixing layer was largely dependent 

on the local Strouhal Number of the excited disturbance; similar to certain 2D cases.  The growth 

rate of the streamwise momentum thickness was much larger for lower frequencies with in-phase 
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flap forcing due to the fact the growth rate was still amplified and the waves propagating from 

the flaperons interacted positively in the center of the lambda notch.  Although the growth rate of 

the 50Hz forcing case began to decay roughly as soon as momentum thickness became a viable 

parameter, it exposed the divergent growth component parallel to the trailing edge which 

accounts for momentum thickness growth when the flow enters Region II and the normal growth 

component of the harmonic disturbance had passed through its entire amplification cycle and it 

starts to decay according to the linear stability model. 
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5. IDEAS FOR CONTINUATION 

The extent to which the Boundary Layer Independence Principle applies to a turbulent 

3D mixing layer is still unclear.  It would be interesting to further vary the velocity ratio as well 

as the yaw angle of the splitter plate to understand which situations this useful simplification can 

and cannot be applied.  In addition, varying the velocity ratio and yaw angle of the splitter plate 

would provide more insight regarding the effects these parameters have on the strength of the 

counter-rotating vortices. 

Time-resolved or phase-averaged techniques are just examples of ways to investigate the 

interactions of the waves emanating from the forced flaperons near z=0mm for each forcing 

style.  In addition, the data acquisition scheme should be modified so the Reynolds stresses 

normal and parallel to the trailing edge of the splitter plate can be approximated to determine 

whether or not the independence principle simplification could be applied to this flow.  A longer 

and wider test section would allow for a more complete study of whether or not the second 

instability in Region III followed the growth trends of Region I without having to consider wall 

interactions.  Little could be said about this instability since no flow definitively reached Region 

III. 
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APPENDIX A – SOLIDWORKS DRAWINGS 

 

Leading edge extension final Solidworks model 

 

Final damper drawing 
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Drawing of damper bracket (countersunk side) 
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Drawing of opposing damper bracket 
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Drawing of damper lever arm 
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Drawing of countersunk bolt sleeve for damper 
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