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NOMENCLATURE 

𝐴𝑗 = jet orifice cross-sectional area 

bj = span of jet orifice 

𝐶𝑏 = blowing ratio 

𝐶ℓ = section lift coefficient 

Cp = pressure coefficient 

𝐶𝑌 = side force coefficient 

𝑐𝜇,𝑐 = chord-based momentum coefficient 

𝐶𝜇 = area-based momentum coefficient 

𝐶𝜇,𝑗𝑒𝑡  = area-based momentum coefficient produced by a single jet 

𝑐 = total chord 

𝑐̅ = mean aerodynamic chord 

𝑐𝑟 = control surface/rudder chord 

F
+
 = reduced frequency (non-dimensional actuation frequency) 

𝑓𝑗𝑒𝑡 = actuation frequency of synthetic jet 

𝑓𝑓𝑙𝑜𝑤 = flow frequency (i.e., shedding frequency) 

𝐻 = shape factor 

𝑁 = number of vectors at a particular pixel location in PIV image 

𝑛 = total number of active jets 

𝑅 = calculated result 

𝑟 = component value 

𝑅𝑒, 𝑅𝑒𝑐 = chord-based Reynolds number 

𝑅𝑒𝑥 = local Reynolds number 

𝑆 = model planform area 

𝑇 = period of synthetic jet actuation cycle 

𝑡 𝑐⁄  = thickness-to-chord ratio 

𝑈 = uncertainty 

𝑈∞, 𝑈𝑖𝑛𝑓 = freestream velocity 

𝑢𝑗(𝑡) = jet velocity at orifice as a function of time 

𝑈𝑗 =  average jet velocity 

𝑈𝑀𝑎𝑥  = maximum surface-tangent (𝑈𝑠) velocity in a profile 

𝑈𝑃 = jet peak velocity 

𝑈𝑃𝐼𝑉 = velocity component in PIV window coordinates, approximately parallel to control surface 

𝑈𝑠 = surface-tangent velocity 

𝑈𝑥 = uncertainty of velocity component from PIV 

𝑈∗ = velocity parallel to control surface 

�⃗�  = velocity 

𝑉𝑃𝐼𝑉 = velocity component in PIV window coordinates, approximately normal to control surface 

𝑉∗ = velocity normal to control surface 

𝑊𝑃𝐼𝑉 = velocity component in PIV window coordinates, spanwise direction 
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𝑥 = chordwise direction 
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𝑥𝑠 = local airfoil surface coordinate, tangent to surface 

𝑦 = chord-normal direction 
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𝑤 = width of synthetic jet orifice (chordwise direction) 

𝑧 = spanwise direction 

𝑧∗ = local control surface coordinate, spanwise direction 

𝑧𝑗 = spanwise distance between orifice centers of active synthetic jets 
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𝛼 = angle of attack 

𝛽 = sideslip angle 

𝛿 =  control surface/rudder deflection angle 

𝛿∗ = rudder deflection angle normalized by maximum deflection angle 

𝜃 = momentum thickness 

Λ = leading-edge sweep angle 

𝜌∞ = freestream density 

𝜌𝑗 = density of synthetic jet 

𝜎𝑥 = standard deviation of velocity component from PIV 

𝜙 = phase of synthetic jet actuation signal 

𝛺𝑇 = total vorticity 

𝛺𝑇
∗ = total vorticity in local control surface coordinates 

𝛺𝑥𝑖
 = vorticity component 

𝛺𝑥
∗ = vorticity in 𝑥∗-direction 

𝛺𝑦
∗ = vorticity in 𝑦∗-direction 

𝛺𝑧
∗ = vorticity in 𝑧∗-direction 

 

AFC = active flow control 

CAD = computer-aided design 

CCD = charge-coupled device 

DVG = dynamic vortex generator 

FFT = fast Fourier transform 

MAC = mean aerodynamic chord 

NACA = National Advisory Committee for Aeronautics 

NASA = National Aeronautics and Space Administration  

Nd:YAG = neodymium-doped yttrium aluminum garnet 

PA = phase-averaged 

PIV = particle image velocimetry 

SPIV = stereo particle image velocimetry 

TA = time-averaged 

VGJ = vortex generating jet 

ZNMF = zero-net-mass-flux 
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ABSTRACT 

Bridging the gap between sub-scale, fundamental studies of synthetic jet 

actuators on aerodynamic models and full-scale applications on actual vehicles requires 

a thorough understanding of how the synthetic jets interact with three-dimensional cross 

flows in conditions representative of flight, where separation and spanwise flow are 

present. This work targeted this in-between region with a detailed experimental study of 

the effects of an array of finite-span synthetic jets on a large, sub-scale, and fundamental 

model, with a symmetric cross-section and no taper, designed specifically for this 

research. The model’s interchangeability allowed sweep and control surface deflection 

angles to vary, and its generic geometry was applicable to any aerodynamic surface. 

Experiments included surface pressure measurements, tuft flow visualizations, hotwire 

measurements, and particle image velocimetry.  

A parametric study of the sensitivity of the lift coefficient and the behavior of the 

pressure distribution showed that the jets increased performance through separation 

reduction and circulation enhancement, as expected from literature. The sectional lift 

coefficient was increased by 26.3% and 15.9% in unswept and swept cases, respectively. 

Flow field investigations revealed that vortex rings were formed by the synthetic jets and 

accelerated the flow. The rings developed undulations and exhibited the effects of axis 

switching, such that the inboard and outboard edges were propelled ahead of the center 

portion of the ring and the upstream and downstream edges pinched together to resemble 

a double ring. The relative increased velocity of the flow through different ring segments 

caused the extent of separation reduction. In the unswept case, both inboard and 

outboard edges accelerated flow downstream and towards the center of the ring. In the 

swept case, the inboard edge was annihilated first due to spanwise cross flow, causing 

the accelerated flow through the outboard edge to be unmatched. The inboard-

component of the flow through the outboard ring edge opposed the spanwise cross flow 

and reduced the effect of actuation. In general, the stronger the vortical structures were, 

the greater the separation reduction and performance enhancement were. With sweep, 

the largest separation reduction was achieved when the structures least opposed the 

spanwise flow. The insight into the flow physics of the vortical structures as separation 

severity, spanwise flow, and spanwise spacing were varied was the crux of this research. 



 

 xxvi 

 This work was directly motivated by previous research on sub-scale, vertical tail 

models with high sweep angles (i.e., larger than 40°), which found that under certain 

conditions, aerodynamic force was increased when spanwise spacing between active jets 

increased. The present work investigated unswept and mildly swept (20°) configurations, 

and did not clearly observe this trend due to the smaller magnitude spanwise velocity 

component. In general, the sectional lift coefficient increased with decreased spacing and 

increased number of active jets. The results did indicate that an optimum spacing may 

exist in the tested conditions when the total number of active jets was constant. 

 The findings of this research can be used to inform future testing of synthetic jets 

at larger model scales and in additional three-dimensional configurations. The increased 

understanding of the flow physics, and corresponding performance, of synthetic-jet 

actuators in three-dimensional configurations that was obtained through this research is a 

further step toward the implementation of active flow control on production aircraft.



1 

INTRODUCTION
1
 

Active flow control (AFC) methods have the ability to reduce or eliminate 

separation and are, therefore, directly applicable to airplane lifting surfaces to increase 

lift, decrease drag, improve control authority, and expand the flight envelope. The desire 

to control the flow over aerodynamic surfaces has existed since the study of flight began, 

and much research has focused on accomplishing this goal with current studies building 

on the insights, inventions, and breakthroughs of the past. The technological 

sophistication, creativity, and understanding of flow control methods are now at a level 

where some advanced active flow control technologies have been flight tested [1] and 

more passive flow control techniques have been implemented on production aircraft [2]. 

Typical passive flow control devices, such as vortex generators, have been implemented 

on production aircraft for decades [3]. While the potential for aerodynamic benefit from 

active flow control is recognized, many questions remain about the details of 

implementation and the sensitivity of AFC effectiveness to many variables. The current 

state of active flow control research aims to bridge the gap between fundamental 

knowledge and implementation in production aircraft. The scope of the present work is 

to further understand the underlying flow mechanisms of aerodynamic performance 

enhancement from one method of active flow control in relation to three of the many 

important parameters: spanwise flow magnitude, separation severity, and spanwise flow 

control actuator spacing.  

The present work is motivated by the potential for aerodynamic performance 

improvement of commercial airplane vertical tails, though the findings are applicable to 

any aerodynamic surface with separation. If the performance of an aerodynamic 

component could be significantly augmented through the use of active flow control 

devices, then the same total force could be obtained from a smaller component 

incorporating active flow control as obtained from the larger, presently sized component. 

This size reduction has implications for the vertical tail since it is currently sized to 

compensate for the rare scenario of takeoff in a high crosswind with single engine 
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failure, and it is therefore much larger than necessary for normal flight conditions. A 

smaller vertical tail could be instrumented with active flow control and activated only 

when needed; thus, reducing the weight and drag of the overall airplane and increasing 

fuel savings [4]–[6]. 

Significant work towards the goal of reducing the size of the vertical tail using 

synthetic jet actuators has already been accomplished by a previous project phase (Phase 

1) by Rathay [7] and Rathay et al. [8]–[13] at Rensselaer Polytechnic Institute (RPI). 

Other research, such as the various collaborations between and separate endeavors of 

Tewes et al. [14], Tewes and Taubert [15], Seele et al. [16], [17], Graff et al. [18], 

Whalen et al. [1], [19], Shmilovich et al. [20], [21], Lin et al. [22], Andino et al. [23], 

Vatsa et al. [24], [25], Childs et al. [26] and Jansen et al. [27] from the University of 

Arizona, the California Institute of Technology (Caltech), the University of Colorado 

Boulder, The Boeing Company, and NASA, along with RPI, have focused on using 

various actuators with a number of experimental and computational techniques to study 

the effect of AFC on a vertical tail. Gebhardt [28] also separately investigated active 

flow control on a vertical tail configuration using unsteady blowing. This project 

supplements these prior and current studies with the addition of the detailed observation 

and analysis of the flow physics of adjacent synthetic jets in flow where three-

dimensional flow characteristics were controlled systematically. The previous studies 

show the need for a greater understanding of the underlying mechanisms that determine 

how the jets behave in flows of varying three-dimensionality, especially when the 

spacing between adjacent jets is also varied. The present work addresses these questions 

by defining the structures that result from the particular flow conditions over a more 

fundamental model based on a vertical tail, analyzing the flow mechanisms behind 

performance results, and providing insight into the degree of constructive or destructive 

interference between flow structures. 

1.1 Flow Control Background 

The field of aerodynamic flow control is divided into two main branches: passive 

and active. Passive flow control devices, such as vortex generators, are effective and 

simple, and do not consume energy, but are always present in the flow, even when not 
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needed. Active flow control devices, in contrast, add energy to a flow by deploying or 

actuating when needed without aerodynamic penalties; however, they consume power 

[29]. Active separation control has been studied extensively and is an ongoing area of 

research because of the potential to significantly improve aerodynamic performance 

without the associated penalties of passive control. Myriad actuator types have thus far 

been developed, as discussed by Cattafesta and Sheplak [29]. The actuators that are the 

focus of the present work are synthetic jets, which Cattafesta and Sheplak [29] define in 

their review paper as zero-net-mass-flux (ZNMF) actuators, which “alternatingly ingest 

and expel fluid in an oscillatory manner through an orifice/slot using only the working 

fluid with no external mass source/sink.” A representative image from Amitay and 

Cannelle [30] of a synthetic jet actuator is shown in Figure 1, where two diaphragms 

oscillate to ingest the flow marked by the arrows and to expel it marked by the vortices. 

Smith and Glezer [31] and Glezer and Amitay [32] discuss the behavior of a synthetic jet 

in quiescent conditions and in a cross flow, where the ingested fluid is then expelled so 

that it “separates at the edge of the orifice, and a vortex sheet is formed and rolls into an 

isolated vortex that is subsequently advected away under its own self-induced velocity.” 

These vortices then “become turbulent, slow down, and lose their coherence [32].” In 

aerodynamic applications, the addition of momentum and vorticity to the flow without 

mass injection from the actuation of synthetic jets can be useful for most of the flow 

control applications listed by Gad-el-Hak [33]: transition delay, separation postponement 

and reduction, lift enhancement, drag reduction, and turbulence augmentation. In a cross 

flow, the combined effect from the synthetic jet structures and the cross flow is referred 

to as the “interaction domain” by Sahni et al. [34], the details of which are the focus of 

this study. 
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Figure 1: Dual disc synthetic jet actuator (Amitay and Cannelle [30]). 

Important synthetic jet parameters that need to be considered for separation 

control, such as the location, frequency, and amplitude of actuation, are discussed by 

Amitay and Farnsworth [35]. They stated that flow control should be located close to the 

separation point to have the greatest effect, and the frequency of actuation needs to be on 

the order of dimensionless frequencies of F
+
 = O(1) or F

+
 = O(10) to be effective. F

+
 is 

the reduced frequency, which is the ratio of actuation frequency to the frequency of 

flight. Wygnanski [36] and Seifert and Pack [37] also conclude that flow control should 

be located just upstream of the separation point. Glezer et al. [38] discuss the 

comparisons between actuating in the two frequency ranges. At lower frequencies, F
+
 = 

O(1), the actuator excites instabilities in the flow so that they grow and gain energy to 

intermittently attach the flow. This generally increases performance so that lift is 

increased and drag reduced, though this is accomplished with unsteady effects that may 

result in vibrations and incomplete reattachment. At higher frequencies of at least an 

order of magnitude above the frequencies associated with the flow, F
+
 = O(10), 

actuation can create a virtual shaping, essentially virtually changing the shape of the 

surface and removing the unsteady effects. The jets “displace the local streamlines and 

induce an apparent or virtual change in the shape of the surface” [32] while creating a 

slip boundary condition. Amitay et al. [39] showed how these concepts could be applied 

to an unconventional airfoil model to significantly improve its performance by using 

dual synthetic jets for separation control to postpone stall and keep the flow attached up 

to higher angles of attack. 
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1.2 Fundamental Flow Physics of Synthetic Jets 

The vortical structures created by the synthetic jets are the mechanisms through 

which they affect the surrounding fluid. Studies focusing on synthetic jet flow physics 

provide the physical link between the actuators and the performance results. Smith and 

Glezer [31] used Schlieren imaging and hotwire anemometry to study a single synthetic 

jet with a nominally two-dimensional orifice in quiescent conditions. They measured the 

train of vortex pairs created by the orifice edges from genesis through breakdown. 

Vortex instabilities caused amplification of three-dimensionalities in the form of 

streamwise-periodic counter-rotating streamwise vortex pairs. Eventually, these features 

caused breakdown, loss of coherence, and the formation of a self-similar turbulent jet. 

Amitay and Cannelle [30] used particle image velocimetry (PIV) to investigate a 

synthetic jet with a finite-span orifice such that a train of vortex rings was produced. The 

two flow mechanisms they observed were: 1) the large scale vortical structures formed 

from the vortex pairs generated at both the short and long edges of the jet orifice and 2) 

three-dimensional instabilities, which manifested as secondary structures with 

characteristics dependent on orifice aspect ratio. More recently, Van Buren et al. [40], 

[41] used stereo particle image velocimetry (SPIV) to study the effects of parametric 

variation on the synthetic flow field with no cross flow. They observed the divergence of 

the vortex pair formed from the long edges of the orifice with streamwise distance and 

the convergence of the vortex pair formed from the short edges. This converging and 

diverging behavior was found to be axis switching of the vortex ring due to the 

distribution of self-induced velocity. A potential flow analysis by Straccia and 

Farnsworth [42] for some of the same geometries also showed the axis switching 

behavior of the vortex rings. Axis switching is a known phenomenon for elliptical vortex 

rings. Dhanak and de Bernardinis [43] numerically predicted and experimentally 

observed “oscillations” in the core of elliptical vortex rings where the major axis 

orientation switched periodically. When the ratio of the axes was 0.2 and the Reynolds 

number was high enough, two sides of the vortex ring touched so that the single ring 

broke into two separate rings. 

The activation of synthetic jets into a cross flow complicates the flow physics in 

comparison to operation in quiescent flow. Van Buren et al. [44] investigated a single 
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synthetic jet actuator, similar to those tested without cross flow, in a small wind tunnel in 

order to study the fundamental physics when various parameters were varied. They 

defined two types of structures resulting from the jet’s interaction with the cross flow: 1) 

a recirculation region directly downstream of the orifice formed due to blockage and 2) a 

pair of steady streamwise vortices originating from the roll-up of flow at the short orifice 

edges. Interestingly, they did not observe the formation of a vortex ring near the surface 

and hypothesized that instabilities caused the breakdown of the rings before or at the 

orifice. They also measured a velocity deficit in the freestream flow associated with the 

lower momentum flow from the surface pushed into the freestream by the induced 

velocity of the streamwise vortex pair. Berk et al. [45] state that there was a momentum 

deficit downstream of the orifice due to the induced velocity of flow through the center 

of the vortex rings advecting through the cross flow in addition to blockage and upwash 

from the streamwise vortices. In their test conditions, the upstream vortex leg formed 

over the upstream orifice edge was weaker than the downstream vortex due to an 

opposing vorticity sign in the boundary layer. Shuster et al.[46] found the relative 

strengths of the upstream and downstream vortices were dependent on the orifice pitch.  

The effects of orifice skew angle, the angle the jet trajectory makes with respect 

to the freestream direction, simulate the effects of a swept cross flow. Van Buren et al. 

[47] investigated the influence of both orifice skew angle and pitch angle on a single 

synthetic jet in a cross flow. The relative strengths of the two streamwise vortices 

formed from the short orifice edges was dependent on both pitch and skew such that the 

flow structures could be tuned by choosing certain orifice geometries. Combinations 

resulted in two vortices of varying strengths, one dominant vortex, or even no vortices. 

Pitch angles aligned more with the cross flow (i.e., with a smaller angle to the chordline) 

produced weaker vortical structures than pitch angles with greater values. For all cases, 

there was increased velocity along the wall. 

DeMauro et al. [48] experimentally studied a single synthetic jet in a swept cross 

flow over an finite-span cylinder with a free-end using SPIV. The upwash from the free-

end caused the flow to have an outboard-oriented spanwise component. Small-scale flow 

effects from the synthetic jet caused global-scale results of a narrower, vectored, wake 

and generation of aerodynamic force. In a zoomed-in measurement region, the synthetic 
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jet was found to periodically form an elongated vortex ring that formed a counter-

rotating pair of vortices in the time-averaged sense. Inboard of the orifice, the flow 

structures opposed the outboard-oriented spanwise flow and redirected it upwards into 

the freestream. Outboard of the orifice, the flow structures pulled higher momentum 

fluid from the freestream and oriented it along the span so to enhance the outboard-

oriented cross flow. Phase-averaged data showed the vortex ring lost coherence and 

broke down over a short distance. 

1.3 Swept Wings 

1.3.1 Swept Wing Flow Characteristics 

The applications that are the aim of this research are aerodynamic surfaces that 

are sweptback in relation to the freestream, and so baseline characteristics of swept wing 

flow physics must be taken into account. The flow field of a sweptback wing is typically 

characterized by spanwise flow along the span towards the tip. This flow is due to the 

pressure gradient perpendicular to the freestream that exists because of the staggering of 

the chordwise pressure gradients, as explained by Furlong and McHugh [49] in their 

review of the characteristics of swept wings. They state how this staggering, due to 

sweep, results in the pressures becoming more negative as the distance from the root 

increases so that a boundary layer develops along the span. This boundary layer serves to 

reduce the boundary layer thickness at the root and thicken it near the tip, which 

promotes tip stall, as is explained by Talay [50]. Swept flows are further complicated by 

the cross flow instability, which can lead to the formation of streamwise oriented 

vortices along the span [51]. 

The spanwise flow and development of the boundary layer are associated with 

trailing-edge separation [49]. Flow moving over the surface interacts with an additional 

pressure gradient that is not in the streamwise direction; thus, curving the flow path. An 

adverse pressure gradient that exists in the chordwise direction for the unswept wing 

with sufficient strength will reverse the flow over the wing so that the flow in the 

streamwise direction will slow, stop, and reverse its motion. In the swept case, a pressure 

gradient also exists in the chordwise direction, though it is no longer in the direction of 

the oncoming freestream flow. A component of the pressure gradient exists in the 
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spanwise direction as well, so that when the flow is no longer strong enough to 

overcome the adverse pressure gradient in the chordwise direction, it flows along the 

span. Wang [52] reports flow patterns over sweptback wings based on experimental 

observations of various researchers at both low and high incidence. At low incidence, the 

flow has a swept component towards the tip. Trailing edge separation is characterized by 

outboard-oriented flow parallel to the trailing edge. At high incidence, a “part-span 

vortex” is formed in the streamwise direction [52].  

Furlong and McHugh [49], Talay [50], and Harper and Maki [53] state that one 

of the main drawbacks of swept wings is their tendency to stall first near the wing tip. 

This is due to a combination of flow features. The spanwise growth of the boundary 

layer and the induced negative camber at the tip cause the tip to be more susceptible to 

separation. Both of these have the opposite effect at the root, where they resist 

separation. The tip separation causes a loss of lift downstream of the center of gravity, 

producing an undesirable, non-linear nose-up pitching moment. The goal of controlling 

the flow over a swept wing is to block the spanwise flow and reattach the chordwise 

flow. Clearly, swept wing aerodynamics can gain much from incorporating active flow 

control for separation reduction, lift enhancement, and stall postponement. 

Swept wing separation is further complicated by the presence of a control 

surface. Control surface deflection causes an increased adverse pressure gradient near 

the hingeline which causes the flow to separate earlier than in an undeflected 

configuration. The hingeline practically sets the separation point. General swept wing 

flow and separation results are applicable by viewing the control surface as its own 

aerodynamic component where it is similar to a swept wing at incidence even while the 

main element may have no angle of attack. Insight can also be gained by studying 

simplified geometries. For example, Hardman and Hancock [54] characterized 

separated, swept flow with a mild sweep angle and fixed separation point on a V-shaped 

splitter plate with leading-edge vertical fences. They measured surface streamlines in the 

separated region that pointed upstream and away from the wall along with the spanwise 

flow component. Seifert and Pack [37] experimentally studied the flow over a “hump” 

model at sweep angles of 0° and 30°, which separated due to high curvature. They found 
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that there was an acceleration of the flow along the span near the leading edge and a 

deceleration along the span near the trailing edge. 

Swept flow theory theoretically resolves freestream flow into chordwise and 

spanwise components which are inversely proportional to each other. The boundary 

layer independence principle states that for infinitely swept surfaces with laminar flow, 

the chordwise pressure gradient, forces, boundary layer growth, and flow are both 

dependent on the chordwise component of velocity and are independent of the spanwise 

flow. This principle was put forth by a number of researchers, including Prandtl, Sears, 

and Jones around the same time [55]. Sears [56] analytically formulated the boundary 

layer equations for laminar, inviscid flow to show that the “chordwise flow is given by 

the same equations as the unyawed (plane) flow about the same cylinder.” He found that 

the location of laminar separation is independent of the yaw as well. The spanwise flow 

was found to be proportional to the chordwise flow with a constant of proportionality 

equal to the chordwise component of velocity over the spanwise, which is dependent on 

sweep angle. Jones [57] used theory and experiment to conclude similar results. Recent 

work by Wygnanski et al. [58], [59] found the boundary layer independence principle is 

also applicable to turbulent flows with ramifications for active flow control work. 

1.3.2 Active Flow Control on Unswept and Swept Wings 

The use of AFC on two- and three-dimensional wing models to control 

separation has been studied by a number of researchers. Greenblatt and Washburn [60] 

looked at zero mass-flux blowing two-dimensional slots at both the leading edge and 

flap shoulder of a model in both an unswept configuration and a swept configuration, 

where the leading-edge sweep angle was 𝛬 = 30°. In all configurations, AFC enhanced 

performance. In the unswept case, the effect of flow control was approximately uniform 

along the span. With the addition of sweep, the effect was greater inboard and decreased 

outboard, due to the trajectory of the perturbation advecting outboard. The effect of 

control at the flap shoulder was found to decrease with sweep. In contrast, Naveh et al. 

[61] found that the effect of flow control from pulsed momentum injection on an airfoil 

did not decrease with the addition of a sweep angle of 𝛬 = 30°. These differing results 



 

     10 

may have been due to the different actuation methods, the deflection of the control 

surface, or a combination of both. 

Pulsed-blowing on a swept, high-lift configuration was experimentally studied by 

Petz and Nitsche [62] and found to increase lift between 10% and 12% for many model 

configurations. Tuft flow visualization shows reattachment of the separated flow over 

the deflected surface in a more chordwise direction. Pulsed-blowing was found to be 

more effective than steady blowing, and the inboard-most jets were found to provide 

most of the lift enhancement. 

Sahni et al. [34] performed a detailed experimental and computational 

investigation of the flow physics associated with the interaction of a single, finite-span 

synthetic jet with a cross flow over a finite, unswept wing at different blowing ratios. 

They found the train of vortices created by the actuator was dependent on the blowing 

ratio, 𝐶𝑏 (the ratio of average jet velocity to freestream velocity). At low blowing ratios, 

edge vortices from the short orifice edges were found to perturb the spanwise rollers 

ejected from the orifice to form secondary structures along the span of the jet. At high 

blowing ratios, the secondary structures were not prevalent and the edge vortices 

dominated. At the highest tested blowing ratio of 𝐶𝑏 = 1.2, the vortex pair formed from 

the upstream and downstream orifice edges tilts and lifts into the flow due to the 

interaction of the upstream vortex with the full force of the incoming cross flow. The 

upstream structure then overtakes the downstream structure due to the tilting from the 

cross flow and the induced velocities of the system. Elimelech et al. [63] studied the 

interaction of a single finite-span synthetic jet in a cross flow on a sweptback model 

using SPIV. They also found there were two main flow structures associated with this 

flow, spanwise and edge vortices, which interacted to form secondary structures in a 

time-averaged sense. Phase-averaged results revealed that these time-averaged 

secondary structures were caused by the tilting and warping of the phase-averaged 

spanwise vortices under the influence of the edge vortices. Vasile [64] and Vasile and 

Amitay [65], [66] investigated the use of both a single and an array of finite-span 

synthetic jets on the same sweptback model as Elimelech et al. [63]. They found that the 

total performance enhancement was a sum of the individual jet effects, though this may 

have been because the jets were spaced too far apart to interact with each other. Their 
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work supported the observation that the effect of a synthetic jet is felt downstream and 

outboard of its orifice due to the chordwise and spanwise flow components over a swept 

wing. The addition of the swept cross flow component enhanced the three-dimensional 

nature of the primary and secondary structures and caused the outboard streamwise 

vortex formed from the outboard short orifice edge to be stronger than in the inboard 

vortex. The relative strengths of these vortices and the secondary structures between 

them were dependent on the pressure gradient and synthetic jet blowing ratio. 

Other researchers focused on actuators other than synthetic jets, but with similar 

applications. Tewes et al. [14], [67], Tewes and Taubert [15], Wygnanski et al. [59], 

Graff et al. [18], and Rӧntsch et al. [68] experimentally researched fluidic oscillators, 

also called sweeping jets, on flapped, swept configurations to investigate the effect 

sweep angle and flap deflection angle have on actuator effectiveness. Melton [69] also 

tested sweeping jet actuators on a swept model with deflected flap (the same model that 

was used by Greenblatt and Washburn [60]). Sweeping jets are “bi-stable fluidic 

devices” that require no moving parts and were first described for aerodynamic usage by 

Raman and Raghu [70]. In comparison to synthetic jets, they need a source of 

compressed air, can reach higher velocities based on current designs of both actuators, 

and need greater power to operate. The work [14], [15], [59] using these actuators found 

that the trends associated with certain parameters such as actuator spacing and 

orientation could utilize the boundary layer independence principle, where the spanwise 

flow was proportional to the chordwise flow on a swept surface. Their work suggested 

controlling chordwise flow and blocking spanwise flow are effective methods of flow 

control, and that fluidic actuators are means to accomplish these effects.  

1.3.3 Vertical Tail Flow Control Research 

Research specific to the vertical tail has been carried out by the University of 

Arizona, NASA, and Boeing, in addition to the work performed at RPI [7]–[13]. The 

work done at RPI focused on an array of finite span synthetic jets and showed the side 

force coefficient (𝐶𝑌) of a vertical tail model could be increased by as much as 34% on a 

1/19
th

 scale model and 19% on a 1/9
th

 scale model with active flow control. Increased jet 

spacing was found to be beneficial for some flow conditions. This work and the 
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conclusions from it will be discussed further below in Section 1.5 Previous Work. Seele 

et al. [16], [17] and Graff et al. [18] investigated the use of sweeping jet actuators on the 

same 1/9
th

 scale model used by Rathay [7] and Rathay et al. [10] and showed that the 

sweeping jets substantially increased the side force as much as 50% (albeit, at a much 

larger momentum coefficient than tested with the synthetic jets by RPI) for a large 

number of test conditions. With respect to spacing, their results showed that increased 

spacing caused increased side force enhancement at a rudder deflection angle of 30° 

(similar to the results obtained by Rathay [7]). Vatsa et al. [24], [25] computationally 

studied this same configuration with sweeping jets and found similar results to those 

obtained experimentally. Their work included cases at flight Reynolds numbers. 

More recently, full-scale experiments at flight Reynolds numbers were carried 

out by Andino et al. [23], Whalen et al. [19], and Lin et al. [22] on a Boeing 757 vertical 

tail retrofitted with sweeping jets placed just upstream of the hingeline. Results showed 

that the performance enhancement seen on sub-scale models exists on full-scale tails and 

that active flow control is a viable option for future aerospace usage. Andino et al. [23] 

and Lin et al. [22] also discuss actuator spacing results and reported that the trends are 

based on momentum coefficient. Computational work was done by Childs et al. [26] and 

Shmilovich et al. [21]. Moreover, Lin et al. [22] and Whalen et al. [1] reported flight 

testing with sweeping jet AFC on the Boeing 757 ecoDemonstrator, where the results 

indicated increased side force associated with flow reattachment over the rudder. 

1.4 Actuator Spacing Studies 

A number of studies where spacing was either the main focus or discussed as an 

important parameter were performed by other researchers as well. Gebhardt [28] 

computationally compared continuous and segmented orifices with various spacings for 

constant and pulsed-blowing flow control on an infinite span, constant chord vertical tail 

with deflected rudder. Results showed the segmented orifices produced a greater side 

force than the continuous slot, which was dependent on orifice spacing and momentum 

coefficient. An optimum spacing was indicated when the momentum coefficient was 

matched, where the longitudinal vortices created by the jets’ interaction with the cross 

flow developed fully and covered most of the span. Smaller spacings resulted in stunted 



 

     13 

vortex growth and larger spacings resulted in incomplete coverage of the span. Walker et 

al. [71], [72] studied steady vortex generating jets (VGJs) on a swept, non-flapped model 

and found that increased spacing led to the greatest increase in performance. Watson et 

al. [73] performed flow visualization on two adjacent synthetic jets in quiescent 

conditions. They showed that the jets formed distinct vortex rings if spaced far enough 

apart, and that the vortex rings interfered when the spacing decreases. They concluded 

that there must be some vorticity cancellation between the counter-rotating structures of 

adjacent jets and that if spaced close enough, the two series of vortex rings combine to 

form one large train of rings. They left it as an open question whether these interactions 

(when the vortex rings combine) yield “vorticity destruction or cancellation, or simply a 

redistribution of the vorticity.” Melton and Koklu [74] conducted wind tunnel 

experiments with two differently scaled sweeping jet actuators, where spacing was close 

to optimized for the larger, more sparsely spaced jets as determined by the increased 

reduction in separation. Jentzsch et al. [75] studied the effect of adding both leading-

edge and flap shoulder actuation using fluidic oscillators and found that sparser spacing 

resulted in the same effect as closer spacing. DeSalvo et al. [76] studied fluidic 

oscillators on a high-lift configuration and found that “the lift increment per jet increases 

with spanwise wavelength.” Höll et al. [77] numerically studied the spacing between 

adjacent harmonically-operated (i.e., zero net mass flux), segmented actuators on a 

deflected flap in a high-lift configuration. They found segmentation led to a clear 

increase in lift in comparison to the lift increase from a continuous orifice. Their results 

showed the presence of an optimum spacing value between actuator segments below and 

above which the lift enhancement is less, and they cite the excitation of longitudinal 

vortices as the prime mechanism for lift enhancement. McGlynn and Sahni [78] 

computationally varied the spacing between two segments of a synthetic jet on an airfoil. 

They found that the fluid structures originating from the two segments interfered with 

each other at small spacings and were almost independent at a larger spacing. Clearly, 

spanwise spacing between actuators is a current area of interest with practical 

application. The current state of understanding is that, under some conditions, increasing 

spanwise spacing results in improved performance. The detailed interactions between 
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actuators have not been studied in great depth, and further understanding these 

interactions is one of the objectives of the present work. 

1.5 Previous Work 

1.5.1 Performance Results 

The experiments of Rathay [7] and Rathay et al. [8]–[13], which are the 

motivation for the present work, focused on understanding the effect of various synthetic 

jet parameters on the performance enhancement of 1/19
th

 scale and 1/9
th

 scale vertical 

tail models based on the geometry of a Boeing 767. The smaller 1/19
th

 scale model was 

named the Beta model and the larger 1/9
th

 scale model named the Gamma model (a prior 

model was named the Alpha model [7]). The design of the Gamma model is reported by 

Saunders et al. [79]. An in-depth look into the underlying flow physics was performed 

using SPIV on the Beta model. An array of 12 finite-span synthetic jets was located just 

upstream of and parallel to the rudder hingeline. The rudder chord was 29.5% of the total 

mean aerodynamic chord of 0.271 m. Tests were performed at a number of rudder 

deflections, 𝛿, sideslip angles, 𝛽, and jet parameters. The main results were that 

synthetic jets were capable of increasing the side force by as much as 34% in some 

cases, and that this was highly dependent on individual jet strength (mostly the area 

based momentum coefficient, 𝐶𝜇, over the momentum coefficient per chord, 𝑐𝜇,𝑐, and the 

blowing ratio, 𝐶𝑏). The effectiveness of the jets was found to be dependent on the 

separation severity, in that at different regions along the span the effectiveness of flow 

control varied, depending on the local separation severity. Performance results for the 

Gamma model were, in general, similar to the results from the Beta model. Detailed 

SPIV data on the Beta model obtained around a single jet [7] showed that jets had an 

effect mainly downstream and outboard of the orifice, reducing the degree of separation 

and reducing the spanwise flow that exists on the rudder of a swept model via the 

“virtual wall” that forms from the jet’s structures. 

While the results between the differently scaled models agreed in most cases, 

unexpectedly different results were discovered when the spacing was varied while the 

individual jet momentum coefficient, 𝐶𝜇,𝑗𝑒𝑡, was held constant. Spacing was changed by 

turning off jets such that every other jet was actuated, every third, fourth, and so on, to 
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mimic the practicality of installing jets on airplanes with manufacturing and structural 

constraints, as well as to study scenarios with failed jets. The results for the side force 

enhancement, ∆𝐶𝑌, versus normalized rudder deflection angle, 𝛿∗, for different spacing 

cases on both models is shown in Figure 2. For the (smaller) Beta model in Figure 2a, 

the results show that for all tested rudder deflections, the side force enhancement, ∆𝐶𝑌, 

decreased with increased spacing between jets. This was an expected result since 

increasing the spacing meant reducing the area-based momentum coefficient, 𝐶𝜇. Less 

momentum added corresponded to less of an improvement in side force. Tests on the 

(larger) Gamma model showed more complicated behavior, as shown in Figure 2b. At a 

normalized rudder deflection of 𝛿∗ = 0.4, the same trend seen on the smaller model is 

observed. However, at higher rudder deflections this was not the case, especially at 

𝛿∗ = 0.6, where the opposite trend is observed. Here, the side force enhancement, ∆𝐶𝑌, 

was improved with increased spacing and less area-based momentum coefficient, 𝐶𝜇. 

Understanding this result is the motivation for the present study. 

  

a) Beta model (1/19th scale) b) Gamma model (1/9th scale) 

Figure 2: Side force enhancement, ΔCY, versus normalized rudder deflection, δ*
, for various jet 

spacing on the (a) Beta model, and (b) Gamma model. 

To investigate the underlying flow physics associated with the spacing study on 

the Beta model, SPIV was performed in the three regions over the rudder span marked in 

Figure 3: two larger areas (one inboard and one outboard) encompassing multiple jets, 

and one detailed region focused on a single jet near mid-span. SPIV was unable to be 

performed on the Gamma model due to experimental facility constraints. Figure 4 shows 

representative SPIV data from the test on the Beta model at RPI’s Subsonic Wind 



 

     16 

Tunnel. Figure 4a and b, and Figure 4c and d show iso-surfaces of normalized 

streamwise vorticity, 𝛺𝑥𝑤 𝑈∞⁄ , over inboard and outboard regions, respectively, of the 

rudder looking upstream from the trailing edge towards the hingeline. Active jets are 

denoted by the black rectangles upstream of the rudder hingeline, which is marked by 

the thick black line. The iso-surfaces of normalized streamwise vorticity values are 

between -0.01 and 0.01, where red is counter-clockwise vorticity and blue is clockwise. 

Comparing the cases when a single jet and all jets were actuated, the jets had a beneficial 

effect on each other in the inboard region (Figure 4a and b) and a detrimental effect in 

the outboard region (Figure 4c and d). This result can be observed from the chordwise 

extent of the strong vorticity concentrations (length of blue structure over rudder). 

Inboard, this extent increased with the addition of the other jets, but decreased 

substantially in the outboard region. It was concluded that this was due to the variation 

in separation severity and the magnitude of the spanwise velocity along the span [7]. 

 

 

Figure 3: Beta model with SPIV regions highlighted in green and circled in red. 
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a) Inboard, single jet actuated b) Inboard, all jets actuated 

  

c) Outboard, single jet actuated d) Outboard, all jets actuated 

Figure 4: Normalized streamwise vorticity over the rudder; inboard region (a, b), and outboard 

region (c, d), and single jet active case (a, c) and all the jets active case (b, d). 

1.5.2 Mechanism for Separation Control 

Rathay [7] investigated the flow mechanisms for separation control due to a 

single synthetic jet using zoomed-in SPIV in a region directly surrounding a jet orifice 

near the Beta model’s mid-span. For these experiments, only a single jet was actuated. 

Figure 5 shows six phases of total normalized velocity, |�⃗� |/𝑈∞, surfaces superimposed 

with an iso-surface of total normalized vorticity, |𝛺𝑇|, just downstream of a single 

actuated synthetic jet. The view is from the trailing edge looking upstream and the 

location of the hingeline is marked with a black dot. These data show the vortex ring 

emerged from the orifice in Figure 5d and traveled downstream in Figure 5e and f until it 

reached the hingeline. At this point it rotated, warped, and began to break down (Figure 

5a-d) as it interacted with flow that had both separation and a strong spanwise 

component over the rudder [7]. The spanwise and inboard edge vortices broke down 

first, and a sideways horseshoe-shaped structure that formed from the outboard edge of 
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the vortex ring persisted longest over the rudder chord (Figure 5e and f). The overall 

effect of actuation was to reduce the severity of separation downstream and outboard of 

the jet trajectory, as can be seen in the reduction in the heights of the total normalized 

velocity iso-surfaces. The flow inboard of the jet’s trajectory seems to be unaffected by 

flow control, while the flow outboard was greatly affected. Rathay described the 

blockage of the spanwise flow velocity component due to the jet acting as a “virtual 

wall” [7]. The flow structure causing this virtual wall can be seen as the sideways 

horseshoe shaped feature in the phases of Figure 5 that was formed from the outboard 

edge of the vortex ring emanating from the orifice. This structure had clockwise 

streamwise vorticity (blue) that can be seen from the normalized streamwise vorticity 

iso-surface in Figure 6. At the time of this work, it was hypothesized that the opposing 

vorticity of this structure to the cross flow effectively blocked outboard spanwise-

oriented flow, while also pulling the flow outboard of its trajectory towards the surface. 

The reduction in spanwise flow allowed the spanwise boundary layer to re-form and the 

separation in the chordwise direction to be reduced, as per the boundary layer 

independence principle [59]. 

Jansen et al. [27] investigated the same synthetic jet on the Beta model 

computationally and experimentally, and continued the analysis begun by Rathay [7]. 

The computational aspect of the research allowed the flow over the entire vertical tail 

model to be simulated. Figure 7 shows an iso-surface of total vorticity colored by 

streamwise vorticity where the complex, highly three-dimensional flow field of the 

vertical tail and synthetic jet is apparent. The synthetic jet was located at about mid-span 

and caused the formation of the middle streamwise vortex. The tip vortex is also clearly 

visible, as is the vortex associated with the flow near the root. The authors state that a 

noticeable increase in side force was obtained with this single jet active through the 

formation of middle, oblique vortex. Zoomed-in analysis showed that this vortex was not 

directly formed by the synthetic jet structures, but by the roll up of the flow between the 

attached flow in the vicinity of the jet and the more separated flow outboard of the jet. 

The higher velocities and lower pressures associated with the induced vortex were found 

to cause the side force enhancement. The spanwise flow near the active jet was found to 
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be accelerated underneath the vortex system and brought closer to the surface, instead of 

being blocked completely by the jet structures as was previously thought. 

 

Figure 5: Phase-averaged flow field near a single jet at mid-span from Rathay [7]. The grey iso-

surface is a normalized total vorticity magnitude of ΩT = 0.4 and the colored iso-surfaces are values 

of normalized total velocity. The phases are: ϕ = 0° (a), ϕ = 60° (b), ϕ = 120° (c), ϕ = 180° (d), ϕ = 

240° (d), and ϕ = 300° (f). 

 

Figure 6: Normalized streamwise vorticity iso-surfaces and normalized total velocity iso-surfaces 

near a single jet at mid-span from Rathay [7]. 
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Figure 7: Iso-surface of vorticity magnitude colored by streamwise vorticity, CFD results with a 

single jet active (jet 5) on the Beta model [27]. 

1.6 Objectives 

This work supplements and builds on the existing research on active flow control 

of three-dimensional configurations, especially via synthetic jet actuators. The following 

results provide a more in-depth understanding of the flow physics behind the interactions 

of synthetic jets with cross flows of varying separation severity and spanwise flow with 

further insight into the influence of spanwise jet spacing. The ultimate goal is to assist in 

the preparation of this technology for integration into a commercial aircraft. Specifically, 

this endeavor involved the investigation of the vortical structures emanating from the jet 

orifices and the mechanisms causing the measured performance results. Motivated by 

the spacing trends of the previous work, conditions for which interactions between 

adjacent synthetic jets lead to either increased or decreased performance enhancement 

were explored and inferred. The flow mechanisms, trends, and conclusions discovered 

throughout this work are applicable to a wide range of aerodynamic surfaces, in addition 

to the vertical tails of commercial airplanes, which provided the initial motivation for the 

research campaign. 

 

Specific objectives were formed at the onset of the research project. These include: 

 Address scaling questions formed during Phase 1 by designing a model 

representative of the 1/9
th

 scale Gamma model and capable of varying flow 

conditions and actuator parameters through interchangeable parts. 
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 Test with synthetic jet flow control on the model in flows of varying separation 

severity and spanwise flow magnitude to understand how the actuators operate in 

flows of varying complexity to infer behavior during actual flight conditions. 

 Determine cases where it is suspected adjacent synthetic jets destructively 

interfere with each other by varying spanwise jet spacing to further validate 

previous results from Phase 1 and to understand the underlying flow 

mechanisms. 

 Perform detailed, zoomed-in SPIV to observe, identify, and analyze flow 

structures and understand their interactions with the flow over a deflected control 

surface to determine how the synthetic jets yield performance enhancement on 

aerodynamic force. 

 Recommend synthetic jet characteristics, such as spanwise jet spacing, 

specifically for a vertical tail application and generally to any aerodynamic 

surface.
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2. EXPERIMENTAL SETUP 

2.1 RPI Subsonic Wind Tunnel  

All experiments were performed in the Rensselaer Polytechnic Institute (RPI) 

Subsonic Wind Tunnel at the Center for Flow Physics and Control (CeFPaC). The test 

section with the model used during these tests installed is shown in Figure 8. The facility 

is a blow-down, open-circuit wind tunnel with a maximum test section speed of about 50 

m/s. The test section is 0.8 m by 0.8 m by 5 m and is optically accessible with 

transparent acrylic windows, floors, and ceilings. The turbulent intensity of the tunnel is 

less than 0.2% [7]. The contraction ratio between the settling chamber area and the test 

section area is 9:1. A number of experimental methods were employed in this study, 

including surface pressure measurements, particle image velocimetry (PIV), stereo 

particle image velocimetry (SPIV), hotwire anemometry, and tuft flow visualization. 

Tests were typically performed at a freestream velocity of 20 m/s, as measured from the 

differential pressure between an upstream static pressure ring in the settling chamber and 

a test section static pressure ring located near the leading edge of the model. The 

location of the test section ring was chosen to partly account for model blockage effects. 

The differential pressure was measured using a Setra Model 267 Differential Pressure 

Transducer and the atmospheric pressure was measured using a Setra Model 276 

Barometric Pressure Transducer. The stated accuracies are 0.25% of the full scale 0.5” 

𝐻2𝑂 (±0.00125” 𝐻2𝑂) and 0.25% of the full scale 600-1100 mb (± 1.25 mb), 

respectively. The temperature in the wind tunnel was measured using an Omega 

TMQSS-125U-6 thermocouple with a stated accuracy of ±1.0 °C placed just upstream of 

the tunnel test section in the freestream. The corresponding Reynolds number based on 

total chord was about 720,000 for a freestream velocity of 20 m/s. 
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Figure 8: Test section of RPI Subsonic Wind Tunnel with model installed. 

2.2 Wind Tunnel Model 

Experiments were performed with a model designed specifically to meet the 

desired requirements and address future work identified by the previous project phase. 

The fundamental model was an airfoil with a modified NACA 0012 cross-section that 

could be reconfigured to obtain variations in sweep angle, control surface deflection 

angle, actuator properties, and more. Through the interchangeability of this model, 

multiple configurations could be tested. 

2.2.1 Model Requirements 

The results from the previous work concluded that the severity of separation and 

magnitude of spanwise flow were important flow field features that determined whether 

synthetic jets constructively or destructively interfered with each other based on the 

model scale. A model that was capable of systematically changing the spanwise flow 

velocity and the extent of separation over a control surface of various sizes was desired 

in order to further study and test this hypothesis. As in the previous project phase, the 

model needed to be representative of a vertical tail; however, it also needed to be 

applicable to other aerodynamic surfaces such as wings, horizontal tails, wind turbine 

blades, etc. 
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A simplified model for fundamental experiments was designed without the taper 

of the previous models in pursuit of a uniform flow along the span such that the 

spanwise velocity and separation severity would be approximately constant (over a large 

portion of the span) for each configuration. Systematic variation of two main parameters, 

the control surface deflection angle, 𝛿, and the sweep angle, 𝛬, were required in order to 

control the separation and spanwise flow conditions respectively. A model where the 

control surface chord length could be changed, but the total chord remains the same, was 

also desired so that a proper scaling method could be investigated further. This control 

surface length study was motivated by the incomplete understanding of the effect of 

scale that was apparent in the differing trends observed during the spacing studies on the 

Beta (1/19
th

 scale) and Gamma (1/9
th 

scale) models [7], [10]. In those studies, the rudder 

chord, 𝑐𝑟, had been used to non-dimensionally scale the spanwise jet spacing leading to 

the hypothesis that varying this parameter may lead to scaling insights. 

In addition to the model geometry requirements, actuator characteristics were 

specified as well. The most important desired functionality was the ability to modify the 

spanwise spacing since it was the main motivation for the continuing work. Another 

design requirement was the ability to change the chordwise location of the actuators. 

This would allow the sensitivity of the aerodynamic force enhancement to distance from 

the hingeline to be quantified. Additionally, the model needed the capability of including 

other actuators for comparison testing and for other related projects. 

A number of other desired parameter variations did not depend on the model or 

actuator geometry, but instead on the input signal to the synthetic jets or on the overall 

test conditions. These included the blowing ratio, 𝐶𝑏, and momentum coefficient, 𝑐𝜇,𝑐, of 

the synthetic jets, as well as the tunnel freestream velocity, 𝑈∞, and the model angle of 

attack, 𝛼. 

The size of the model was chosen so the chord matched the mean aerodynamic 

chord (MAC) of the Gamma model (𝑐̅ =0.538 m) so that SPIV data could be obtained on 

a model of that scale. SPIV data were unable to be obtained on the Gamma model; 

therefore it was necessary to have this experimental capability on the new model to 

compare flow physics data on a larger scale model to results on the Beta model. The 

airfoil was chosen to be based on the NACA 0012 geometry to be similar to the previous 
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Beta and Gamma models and to be representative of a real commercial airplane’s 

vertical tail with a symmetric airfoil cross-section and a similar thickness-to-chord (𝑡 𝑐⁄ ) 

ratio. The NACA 0012 airfoil geometry was modified in order to accommodate the 

above-mentioned variation in actuator chordwise location. This will be discussed in 

detail in the following section. The above discussed model requirements are summarized 

in Table 1. 

Table 1: Summary of model geometry requirements. 

Feature Motivation 

Vary sweep angle (𝛬) Vary spanwise flow magnitude 

Vary control surface deflection angle 

(𝛿) 
Vary separation severity 

Change control surface chord (𝑐𝑟) Investigate scaling 

Spanwise actuator spacing Observe flow physics of jet interactions 

Chordwise actuator location Investigate sensitivity to location 

Chord equal to MAC of Gamma model Enable SPIV on larger scaled model 

NACA 0012 airfoil (modified) 
Representative of commercial tail and 

match previous work 

Ability to swap actuators Comparison and interchangeability 

2.2.2 Completed Model 

The new model, called the Delta model in keeping with the naming convention 

of the previous work, met all the requirements listed in Table 1. The main feature of the 

Delta model was its interchangeability, which enabled the desired flow conditions to be 

attained by reconfiguring the model components. It consisted of a combination of 

aluminum and stereolithography parts. 

The airfoil chosen for this model was modified from the NACA 0012 geometry 

in order to enable the variation in chordwise location of modules containing flow control 

actuators.  Figure 9a shows the modifications to the original NACA 0012 geometry and 

the location of the flow control module. The original NACA 0012 geometry was kept 

from the leading edge to the maximum thickness location at 𝑥 𝑐⁄ = 0.3. From this point 

until the control surface hingeline at 𝑥 𝑐⁄ = 0.67, the curve was modified to have a 

constant radius of 88.94”, which was tangent to the leading edge geometry and 
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coincident with the trailing edge. The airfoil was further modified to remove the slight 

curvature on the control surface to allow easier machining of a linear surface. The radius 

of the curve over the hingeline between the constant radius upstream and the linear 

control surface region was chosen so that the curves were tangent. An internal rail 

system was designed to be concentric to the upper surface radius to allow the flow 

control module to slide along the chord while maintaining the same airfoil cross-

sectional geometry at all locations. The synthetic jet module was located as far 

downstream as possible in  Figure 9a. In  Figure 9b, the module was moved upstream 

along the rail to be located at a different chordwise position. A comparison between the 

original and modified NACA 0012 geometries is presented in Figure 10, showing that 

the modifications did not result in significant alterations to the cross-section. 

 

a) 

 

b) 

 Figure 9: Model airfoil cross-section: actuator module located as close as possible to the hingeline 

(a), and actuator module located upstream of the hingeline by 25.4 mm (b). 
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a) 

 

b) 

Figure 10: Comparison between NACA 0012 geometry and model modified NACA 0012 geometry, 

(a) entire airfoil chord and zoom between x/c = 0.55 and x/c = 0.75 (b). 

It was determined in the previous work that positioning the synthetic jet orifices 

as close as possible to the point of separation was most effective. Therefore, the gap that 

was present on the previous models between the main element and the control surface 

was removed in order to maximize the internal volume and position the jet module near 

the hingeline. This eliminated the possibility of varying the control surface deflection 
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angle dynamically. The hinge, connectors, and gap associated with motorized control 

would have reduced the amount of internal space available for the synthetic jets and 

forced them to be placed farther upstream from the hingeline. The control surface 

deflection angle, 𝛿, was therefore designed to be statically varied by interchanging one 

control surface assembly for another. Two control surfaces with deflection angles of 

𝛿 = 20° and 𝛿 = 30° (see Figure 11) were designed, fabricated, and tested as a part of 

this work to generate moderate and severe separation, respectively. These values also 

corresponded to conditions tested in the previous Gamma model experiments [7], [10], 

where differing results were observed when spacing was varied at these two deflection 

angles. Note that 𝛿 = 20° and 𝛿 = 30° correspond to 𝛿∗ = 0.4 and 𝛿∗ = 0.6. 

 

 

a) 

 

b) 

Figure 11: Control surface deflection angle, δ = 20° (a) and δ = 30° (b). 

The magnitude of the spanwise flow velocity was varied by changing the sweep 

angle, 𝛬, of the model. As the sweep angle varies, swept wing theory [57] states that the 

streamwise flow will have components in both the chordwise and spanwise directions. 

This spanwise flow component will increase in magnitude with increasing sweep angle. 

The variation in sweep angle was accomplished by taking the center portion of the 

model where the actuators are located and rotating it to the desired angle. Specific spars, 

inboard spacers, and outboard spacers were used to complete the model for each sweep 

angle. Tests included an unswept configuration and a configuration at 𝛬 = 20°. Both 
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configurations are shown in Figure 12. The reuse of the many model components in the 

center module, including all the parts instrumented with pressure ports and the synthetic 

jets, enabled the conservation of resources and the increase in possible model 

configurations. 

The unswept model in the RPI Subsonic Wind Tunnel is shown in Figure 13a 

and b as both vertically mounted and horizontally mounted, respectively. Initial tests 

were done with the model cantilevered from the floor in the vertical orientation to take 

advantage of the motorized turntable on the tunnel floor to vary angle of attack. 

However, later tests used the horizontal orientation to allow stereo particle image 

velocimetry (SPIV) data to be obtained more easily by allowing the laser sheet and 

cameras to be oriented at larger angles to each other to reduce reflections. Additionally, 

horizontally mounting the model enabled two threaded rods to secure the outboard edge 

of the model to the tunnel ceiling in order to reduce vibrations and to provide support. 

The angle of attack was then varied using a manual turntable on the tunnel sidewall. 

Both orientations shifted the model 57.15 mm out of the tunnel floor/wall’s boundary 

layer by the presence of a boundary layer fence. For the unswept model, the gap between 

the model tip and the ceiling/sidewall was about 12.7 mm. The coordinate system for the 

unswept model is streamwise/chordwise (𝑥), chord-normal (𝑦), and spanwise (𝑧). 

  

a) b) 

Figure 12: Model at two sweep angles, Λ = 0° (a), and Λ = 20° (b). 
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a) b) 

Figure 13: Unswept model installed vertically (a), and horizontally (b) in the RPI Subsonic Wind 

Tunnel. 

The sweptback model at 𝛬 = 20° installed horizontally in the RPI Subsonic 

Wind Tunnel is shown in Figure 14. The presence and relative size of the gaps between 

the model and the sidewalls, as well as the presence of the boundary layer fence, for both 

the unswept and swept model configurations, were chosen based on preliminary CFD 

performed by Shmilovich and Yadlin [80] at The Boeing Company to create a relatively 

uniform flow and loading near the center of the model. The aim was for the jet 

interactions to be studied in flows of nearly constant spanwise velocity magnitude and 

separation severity. No boundary layer fence was utilized for the swept model after 

considering the uniformity of the flow with and without this feature. Based on the initial 

CFD work [80], the fence made the flow over the unswept model more uniform in the 

spanwise direction and the flow over the swept model less so. Additionally, a gap of 

about 3.24 mm was left between the tip of the swept model and the sidewall for more 

spanwise uniformity. As was seen for the horizontally mounted unswept model 

configuration, two threaded rods supported the model tip and attached to the tunnel 

ceiling to reduce vibrations and ensure the safety of the otherwise cantilevered model. 

The model was also mounted to the manually operated sidewall turntable that allowed 

the angle of attack, 𝛼, to be varied. The coordinate system for the swept model is 

chordwise (𝑥), chord-normal (𝑦), and spanwise (𝑧). 
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Figure 14: Λ = 0° swept model installed in RPI Subsonic Wind Tunnel. 

The actuators used for these experiments were dual-disc synthetic jets. The jets 

were formed from the periodic actuation of two piezoelectric discs that act as 

diaphragms pulling fluid from the flow over the airfoil into the cavity between them and 

then expelling it out in a series of vortex rings. Using two discs enabled higher jet 

velocities to be reached than would be possible with a single disc. Each jet orifice was 

19.1 mm by 1mm and was located about 4.7 mm upstream of the hingeline (∆𝑥 𝑐𝑟⁄  = 

0.026). The jet’s trajectory angle was 26° in relation to the model surface to orient the jet 

as tangent to the airfoil surface as possible. A cross-sectional view of one synthetic jet is 

presented in Figure 15. 

The center portion of the model was instrumented with seven main chordwise 

rows of pressure ports that were located along the span. The spanwise locations were 

determined based on the locations of the synthetic jets, as well as the locations of 

dynamic vortex generators (DVGs). The DVGs were for a different, related project and 

will not be discussed in the context of this work. Additional ports were located over each 

jet assembly and over the control surface upper surface. Figure 16 is a cross-sectional 

view of the model showing the chordwise distribution of pressure ports with the internal 

tubing of each port visible. Figure 17 shows the locations of the upper surface pressure 

ports in both the chordwise and spanwise directions. 

The synthetic jet module could be removed and replaced with other actuators for 

comparison and interchangeability. The above-mentioned DVGs were tested in this way 

by Rice et al. [81], as were dynamic pins by Gildersleeve et al. [82] at RPI on related 

work. Other actuators could be tested as well, such as steady jets, sweeping jets, and any 

other type of flow control. 
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Figure 15: Cross-sectional view of synthetic jet assembly. 

 

 

Figure 16: Model cross-section showing chordwise pressure port locations. 

 

Figure 17: Schematic of pressure port locations on the model upper surface. 
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Three coordinate systems were employed during the course of this study to view 

the data based on the needs of particular analyses. They are defined in Figure 18. The 

first is the airfoil global coordinate system, marked in black in Figure 18, with the origin 

located at the leading edge and aligned with the center of the middle jet (jet 5). The 𝑥-

direction is normal to the model leading edge in the same direction as the chordline, the 

𝑦-direction is normal to the chordline away from the surface, and the 𝑧-direction is 

inboard along the model span. The second coordinate system is a local system for the 

deflected control surface, where the 𝑥∗ and 𝑦∗directions are rotated 27.5° from the airfoil 

coordinate system so that the 𝑥∗-direction is aligned parallel with the suction surface of 

the control surface and the 𝑦∗-direction is normal to the control surface. The 𝑧∗-direction 

is the same as the 𝑧-direction. These axes are marked in red in Figure 18. The origin is 

located at the intersection of a line coincident with the control surface and aligned 

vertically (in airfoil coordinates) with the hingeline location. The third coordinate system 

is a local system for surface locations upstream of the hingeline, marked in blue in 

Figure 18, used to analyze boundary layer profiles. The surface-parallel component is 

denoted as 𝑥𝑠 and the surface-normal component is denoted as 𝑦𝑠. The origin location 

varies so that it is positioned at points of interest. 

 

Figure 18: Coordinate systems: airfoil coordinates (black), local surface coordinates (blue), and 

local control surface coordinates (red). 

2.2.3 Future Capabilities 

The Delta model was designed to be configured in more than the configurations 

tested during this work. It was versatile to be used for many future planned and not-yet-

thought-of experiments. Progress has been made on the design and fabrication of some 

of these future test configurations. 

The model was designed to be capable of varying the control surface chord, 𝑐𝑟, 

while maintaining a constant total chord, 𝑐, to address the scaling concerns brought to 
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light by the previous work of Rathay [7] and Rathay et al. [10]. The unexpected 

performance results on the 1/9
th

 scale Gamma model where increasing the spacing 

between active jets resulted in increased side force enhancement occurred with the 

dimensional spacing 𝑧𝑗 between the jets was held constant in comparison to the 1/19
th

 

scale Beta model. When the spanwise spacing varied so that the non-dimensional 

spacing 𝑧𝑗 𝑐𝑟⁄  was matched between the Beta model and the Gamma model, the results 

still differed. The ability to vary the control surface chord, 𝑐𝑟, will address the effect the 

dimensional size of the control surface has in relation to the dimensional size of the jet 

orifice, the dimensional jet spacing, and the strength of the jets. The variation in control 

surface chord also will change the extent of the jets’ effect in relation to the size of the 

separated region over the control surface. Figure 19a and b show two configurations 

where the control surface chord, 𝑐𝑟, is either 33% of the total chord or 20% of the total 

chord, respectively. Much progress has been made on these designs so that it is expected 

this will be the focus of a near-future test campaign. 

The model was also designed to be configured in multiple sweep angles, 𝛬. The 

angles tested as part of this work generated no spanwise flow (ideally) when 𝛬 = 0° and 

spanwise flow when 𝛬 = 20°. However, many aerodynamic components, including the 

models used in the previous work, have sweep angles larger than those tested during this 

project. For this reason, higher sweep angles, such as 𝛬 = 40° are planned to be tested in 

the future. Figure 20 is a computer-aided design (CAD) model of this concept. 

 

a) 

 

b) 

Figure 19: Control surface chord variation for cr = 0.33c (a), and cr = 0.2c (b). 
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Figure 20: CAD concept of model configuration with Λ = 40°. 

2.3 Experimental Methods 

2.3.1 Pressure Measurements 

The static pressure on the model surface at various locations was measured via 

surface pressure taps connected to six, sixteen channel Scanivalve DSA3217 differential 

pressure scanners as shown in Figure 21. Four scanners were calibrated for a 1.0 psid 

differential pressure range with a stated accuracy of ±0.12% of the full scale of 1 psid 

(±0.0012 psid) and two scanners for a 10” 𝐻2𝑂 with an accuracy of ±0.2% of the full 

scale of 10” 𝐻2𝑂 (±0.02” 𝐻2𝑂 or ±7.2 x 10
-4

 psid). 1280 or 1600 samples were collected 

at 125 Hz and averaged for each port during each run. The scanners were re-zeroed, at a 

minimum, at the start of each day of experiments to remove any electrical drift due to 

randomness and temperature fluctuations. Pressure measurements were obtained in 

multiple scans so that a greater number of measurements could be made. This was 

achieved by utilizing quick disconnects so that a large number of pressure tubes could be 

connected and disconnected relatively quickly. Three scans were performed for the 

initial unswept testing and two scans for all the other cases. MATLAB was used to plot 

the pressure distributions and to integrate the results to obtain aerodynamic force 

information. 

An uncertainty analysis using the method described by Kline and McClintock 

[83] was performed to determine the uncertainty in the measured pressure coefficient 



 

     36 

and the lift coefficient obtained through pressure integration. The general formula is 

stated in  2.1, where 𝑈 is the uncertainty, 𝑅 is the calculated result for which the 

uncertainty analysis is performend, and 𝑟 is the component values that 𝑅 depends on. 

The final uncertainty value is a root sum square of the uncertainty multiplied by the 

sensitivity of 𝑅 to each component. The uncertainty in 𝐶𝑝 is ±0.03 and the uncertainty in 

𝐶ℓ is ±0.01. 

 

𝑈𝑅 = √∑(
𝜕𝑅

𝜕𝑟𝑖
𝑈𝑟𝑖

)
2

𝑖

 
 2.1 

 

Figure 21: DSA 3217 pressure scanners. 

 

Figure 22: Pressure tubes from the model and quick disconnects connecting the tubes to the 

pressure scanners. 
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2.3.2 Tuft Flow Visualization 

Tuft flow visualization allowed for qualitative evaluation of the uniformity and 

direction of the flow over the model control surface. Small lengths of white thread 

(about 25.4 mm to 31.75 mm long) were taped in rows over the control surface chord. 

As the flow moved over this surface, the tufts were pulled in the flow direction. 

Information about the unsteadiness and direction of the flow can be made from recording 

the tuft behavior over a period of time. About twenty-five still photographs were 

obtained using a Nikon D80 digital camera and at least 30 seconds of footage was 

obtained using a video camera. The camera settings, aperture and exposure length, 

varied between tests, but were chosen to minimize the motion of the tufts during each 

image while still yielding bright tufts. A MATLAB program was written and utilized to 

combine the still images from the digital camera for each case into a single image. The 

final image was created from the maximum intensity value of each pixel over the 

twenty-five photographs. This yielded information about the unsteady movement of the 

tufts while ensuring the tufts were not averaged or washed out of the final image. Tuft 

data were acquired for the untripped, unswept experiment, and tripped experiments for 

both the unswept and swept model configurations. 

2.3.3 PIV and SPIV 

The main experimental method for this work was particle image velocimetry 

(PIV), both in 2-D and in stereo. Due to the goals and challenges of particular 

experiments, different equipment and setup was necessary. The (S)PIV details are 

described for each experiment separately in sections below. The equipment and 

procedures, which remained constant throughout all experiments, are described in this 

section. 

All experiments used a New Wave Solo double-pulsed 120 mJ Nd:YAG laser for 

illumination of the smoke particles seeded to the flow via a theatrical fog machine 

located at the tunnel inlet. The laser beam was guided to focal and cylindrical lenses by a 

LaVision Laser Guiding Arm. Figure 23 and Figure 24 show the experimental setup, 

which was similar for all tests. Various camera lenses were chosen for the experiments 

depending on the setup and the desired data. Each camera lens was always fitted with a 
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bandpass filter at 532 nm ±10 nm to predominantly pass the laser light and filter out 

most ambient light. The camera(s) were mounted on a 3-axis traverse system and the 

laser head was mounted on its own 3-axis traverse system. The two traverse systems 

were always moved the same increments. Additionally, during SPIV, the two cameras 

were mounted to the same set of traverses in order to always move together. 

The measurement planes were chosen to be perpendicular to the control surface 

hingeline and parallel to the chordwise direction. This orientation was ensured by 

calibrating and focusing the cameras and aligning the laser sheet to a calibration plate 

that was placed in the correct direction via a model-specific mount. The calibration plate 

type varied depending on the size of the measurement windows. Zoomed-out 

measurement domains captured the effects of multiple synthetic jets such that the 

characteristics of the general flow field could be determined. Zoomed-in regions were 

studied to resolve the detailed structures emanating from the synthetic jets and to capture 

boundary layer profiles. Multiple planes were taken in the spanwise direction by 

traversing the camera(s) and laser together. Volumes could be constructed from these 

planes if the spacing between them was small enough.  

Data acquisition was performed using the DaVis software. Both time-averaged 

and phase-averaged data were acquired for most cases. The laser and camera were 

synced and triggered by the input signal to the synthetic jets to acquire data randomly for 

the time-averaged runs or a particular phase (i.e., 0°, 60°, 120°, 180°, 240°, and 300°) for 

the phase-averaged runs. Processing of the (S)PIV data was done in DaVis to calculate 

the velocity vectors from the image files. The resulting vector files were converted to 

.dat files to be read by Tecplot 360 for visualization and analysis. 
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Figure 23: SPIV setup showing cameras and model in tunnel. 

 

Figure 24: SPIV setup showing laser, optical arm, and laser sheet from under tunnel. 

2.3.3.1 Baseline PIV 

Two-dimensional PIV was initially done on the unswept model to characterize 

the baseline and understand the effect of boundary layer trips. The model was mounted 

vertically in the tunnel for this PIV test only, so that the laser came from the optical table 

and the one LaVision Imager Intense thermoelectrically cooled, 12-bit CCD camera with 

a resolution of 1376 pixels x 1040 pixels was mounted above the tunnel ceiling. A 
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Martin Magnum 850 fog machine with Martin Regular DJ Fluid was used to generate 

the smoke particles which seeded the flow. Two sets of data were acquired: zoomed-in 

to resolve the boundary layer profile and zoomed-out to measure a larger flow field 

window over the control surface. All cases were time-averaged only, with 1000 image 

pairs. The locations and sizes of these planes are shown in Figure 25 with the model 

cross-section. The zoomed-in experiments used a 200 mm Nikon camera lens, which 

was calibrated using the Type 5 calibration plate. Five chordwise locations were chosen 

along the model surface to acquire data centered at 𝑥 𝑐⁄ = 0.43, 0.47, 0.54, 0.62, and 

0.66 in order to observe the boundary layer development upstream of the hingeline. The 

window at 𝑥 𝑐⁄ = 0.66 encompassed the jet 5 synthetic jet orifice. Windows were 16.2 

mm by 21.5 mm and were acquired both on the model surface and at 50 mm away from 

the surface to measure the freestream velocity. The zoomed-out experiments used a 35 

mm camera lens to measure a window that was 189.2 mm by 249.5 mm. The Type 31 

calibration plate was used to calibrate the camera. Three chordwise planes were taken 

over the deflected control surface to obtain the entire separated portion of the flow field 

and some of the wake with coordinates centered near the pressure port rows at 𝑥 𝑐⁄ ≈

0.66, 0.82, and 1.10. Additionally, three planes in the spanwise direction were obtained 

at 𝑥 𝑐⁄ ≈ 0.65, and 𝑧 𝑐⁄ ≈ 0, 0.077, and 0.126 to investigate any spanwise variation. 

Four freestream velocities were used, corresponding to 𝑈∞ = 10 m/s, 15 m/s, 20 m/s, 

and 25 m/s. The model was tested at one control surface deflection angle, 𝛿 = 20°, two 

angles of attack, 𝛼 = 0° and 𝛼 = 5°, and both with and without trips. The trips were 

placed at 0.1𝑐 on the pressure surface and 0.05𝑐 on the suction surface. It was made of 

Wings & Wheels turbulator tape (zig zag tape) with a width of 12 mm, height of 0.4 

mm, and angle of 60°.  

The processing settings chosen in DaVis included a subtracted background image 

averaged from all images, a normalized min-max filter with a filter length of 10 pixels, 

windows with a 50% overlap in the first pass and 75% in the second and third, and 

vector removal if the calculated velocity value was greater than 2 standard deviations. 

Vectors were replaced if they were within 3 standard deviations of neighboring vectors. 

The smallest smoothing filter of 3 x 3 filters was used to smooth the data. Individual 
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vector images were averaged to obtain the averaged flow field result. The model and any 

reflections were masked out before the PIV calculations.  

 

Figure 25: PIV window locations for initial baseline PIV test. 

2.3.3.2 SPIV on the Untripped, Swept Model 

This experiment focused on the flow over the swept model configuration without 

the effect of the leading edge trips before the more detailed work of later experiments. 

The control surface deflection angle was fixed at 𝛿 = 20° and the angle of attack at 

𝛼 ≈ 5°. The freestream velocity was 20 m/s. The Martin fog machine with regular fluid 

was used. A 105 mm camera lens and a -20 mm cylindrical laser lens were chosen to 

measure a medium sized SPIV window of 130.4 mm by 97.8 mm from 𝑥 𝑐⁄ = 0.63 to 

𝑥 𝑐⁄ = 0.87, which was small enough to resolve the general flow structures and large 

enough to see a portion of the flow development over the control surface. Two LaVision 

Imager LX 2M CCD cameras having a resolution of 1610 pixels x 1210 pixels with an 

angle between them of 34.5° were mounted to a three-axis traverse in line with the 

airfoil coordinate system. A Scheimpflug adaptor was utilized on one camera to enable 

the angled plane of view to be brought into focus, while the other camera was positioned 

to look straight on to the measurement plane. The cameras were calibrated using the 

calibration process in LaVision’s DaVis software and the Type 31 calibration plate. Two 

data sets were acquired: sparse data over a large portion of the model span and higher 

resolution data around a single jet (jet 3) to resolve the flow structures associated with 

the interaction of the jet with the cross flow. Both time-averaged and phase-averaged 

data were acquired with 500 image pairs per case. The time increment between each 
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image in an image pair was 50 μs. There were 10 planes acquired for the sparse data set 

between 𝑧 𝑐⁄ = 0.17 to 𝑧 𝑐⁄ = −0.21 with 22.7 mm (∆𝑧 𝑐⁄ = 0.0422) between planes 

(except where reflections from pressure port rows necessitated moving some planes a 

short distance). There were 15 planes acquired for the high resolution volumes between 

𝑧 𝑐⁄ = −0.14 and 𝑧 𝑐⁄ = −0.21 with 2 mm (∆𝑧 𝑐⁄ = 0.0037) between most planes. A 

larger volume was obtained for the baseline and single jet case using 18 planes 

extending to 𝑧 𝑐⁄ = −0.3 with a larger increment for the added planes. The higher 

resolution data were assembled into a volume in order to resolve structures emanating 

from the jet orifice and evolving over the control surface. The locations of both sets of 

planes are shown in Figure 26 and Figure 27. 

The processing settings chosen in DaVis included a subtracted background image 

averaged from all images, square interrogation windows with a 50% overlap for all 

passes (64 pixels x 64 pixels for the first pass, and 32 pixels x 32 pixels for the second 

and third), and vector removal if the calculated velocity value was greater than 2 

standard deviations. No weighting function of the interrogation windows was utilized in 

the SPIV calculation. Vectors were replaced if they were then within 3 standard 

deviations of neighboring vectors. The smallest smoothing filter of 3 x 3 filters was used 

to smooth the data. Individual vector images were averaged to obtain the averaged flow 

field result. The model and any reflections were masked out before the PIV calculations.  

 

Figure 26: Sparse SPIV planes for the untripped, swept experiment. 
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Figure 27: SPIV volume around jet 3 for the untripped, swept experiment. 

2.3.3.3 Tripped, Swept SPIV 

SPIV experiments on the tripped, swept model configuration further investigated 

the effect of jet spacing in a cross flow having a spanwise velocity component. The 

control surface deflection angle was fixed at 𝛿 = 20° and the angle of attack at 𝛼 = 0°. 

The freestream velocity was 20 m/s with a corresponding chord-based Reynolds number 

of 720,000. Predominantly, an ADJ 1600 fog machine with Martin Pro Smoke Super 

(ZR Mix) medium density fog fluid was used, although a hand full of experiments used 

the Martin machine and regular fluid. Two data sets were acquired, zoomed-in and 

zoomed-out, in order to resolve the detailed flow structures as well as the flow over the 

entire control surface. Both data sets focused on the flow field surrounding jet 5, which 

was the center jet of the actuator array, and used the two LaVision Imager LX 2M CCD 

cameras discussed for the untripped, swept SPIV experiment. Both time-averaged and 

phase-averaged data were acquired with 500 image pairs per case. The time increment 

between the first and second images of each image pair was 15 μs for the zoomed-in data 

set and 57 μs for the zoomed-out data set.  

The zoomed-in experiments were enabled by two 200 mm lenses on the cameras 

which measured a window of 78.3 mm by 58.3 mm, from 𝑥 𝑐⁄ = 0.6 to 𝑥 𝑐⁄ = 0.78. The 

cameras were at an angle of 33.1° to each other and brought into focus by Schiempflug 

adaptors. The laser sheet was created with a -20 mm cylindrical lens. Thirty-eight planes 

were acquired in the spanwise direction from 𝑧 𝑐⁄ = −0.04 to 𝑧 𝑐⁄ = 0.03 with 1 mm 

(∆𝑧 𝑐⁄ = 0.0019) between planes. Occasionally, reflections in a plane forced the 

removal of the plane from the final volumes, but this was rare (e.g., 3 out of 38 planes). 
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During pulse modulation testing, only time-averaged data were acquired for only the 

single jet case. 

The zoomed-out experiments used two 60 mm camera lenses to measure a 

window of 264.5 mm by 199.0 mm, which extended from 𝑥 𝑐⁄ = 0.6 to 𝑥 𝑐⁄ = 1.2. The 

cameras were at an angle of 31.5° to each other and also used Schiempflugs. The laser 

sheet was created with a -10 mm cylindrical lens so that the sheet was wide enough to 

encompass the entire control surface. Only time-averaged data were acquired for the 

zoomed-out experiments since most of the variations with phase would be present in the 

region close to the orifice captured by the zoomed-in data. The global flow field was not 

expected to vary significantly with jet phase. The zoomed-out data for the all jets, odd 

jets, and baseline cases were measured in 48 planes from 𝑧 𝑐⁄ = −0.14 to 𝑧 𝑐⁄ = 0.03 

with 2 mm (∆𝑧 𝑐⁄ = 0.0037) between planes. The zoomed-out data for a single jet 

actuated were measured in 72 planes from 𝑧 𝑐⁄ = −0.11 and 𝑧 𝑐⁄ = 0.03 with 1 mm 

(z/c = 0.0019) between planes. Some planes were removed due to large reflections 

from pressure ports or the orifice edges. In those cases, additional planes were added on 

either side of that spanwise location. Figure 28 and Figure 29 show the locations of the 

zoomed-in and zoomed-out volumes respectively. 

The processing settings chosen in DaVis included a subtracted background image 

averaged from all images, a normalized min-max filter which used a filter length of 10 

pixels, higher accuracy circular Gaussian weighted interrogation windows with 50% 

overlap (64 x 64 for the first pass and 32 x 32 for the second and third passes), and 

vector removal if the calculated velocity value was greater than 2 standard deviations. 

Vectors were replaced if they were then within 3 standard deviations of neighboring 

vectors. The smallest smoothing filter of 3 x 3 filters was used to smooth the data. 

Individual vector images were averaged to obtain the averaged flow field result. The 

model and any reflections were masked out before the PIV calculations.  
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Figure 28: SPIV around jet 5 (zoomed-in) on swept model. 

 

Figure 29: SPIV around jet 5 (zoomed-out) on swept model. 

2.3.3.4 Tripped, Unswept SPIV 

This experiment had a similar setup as the tripped swept configuration SPIV. In 

contrast to the previously discussed untripped, unswept SPIV data, this experiment was 

performed at an angle of attack of 𝛼 = 0°. Zoomed-in experiments used the 105 mm 

camera lenses on the two LaVision Imager LX 2M CCD cameras, which were 39.4° 

apart. The Schiempflug adapters were used to bring the measurement plane into focus. A 

-20 mm cylindrical laser lens converted the laser beam to the laser sheet. The 

measurement domain was 82.7 mm by 60.7 mm and extended from 𝑥 𝑐⁄ = 0.64 to 

𝑥 𝑐⁄ = 0.83. 35 chordwise planes were acquired in the spanwise direction from 𝑧 𝑐⁄ =

 −0.04 to 𝑧 𝑐⁄ = 0.03, with the origin at the center of jet 5. The size of the measurement 

domain was chosen to approximately match the size of the swept zoomed-in 

measurement domain. The distance between planes was 1 mm (∆𝑧 𝑐⁄ = 0.0019). The 

Martin fog machine with Martin medium density fog fluid was used. 500 image pairs 
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were acquired for time-averaged and six phase-averaged data sets. The time increment 

between images in each image pair was 15 μs. The DaVis processing settings used to 

calculate the velocity fields included subtraction of the average background from all 

images, a min-max filter length of 10 pixels, higher accuracy circular Gaussian weighted 

interrogation windows with 50% overlap (64 pixels x 64 pixels for the first pass and 32 

pixels x 32 pixels for the second and third passes), and vector removal if the calculated 

velocity value was greater than 2 standard deviations. Vectors were replaced if they were 

then within 3 standard deviations of neighboring vectors, where the smallest smoothing 

filter of 3 x 3 filters was used to smooth the data. Individual vector images were 

averaged to obtain the averaged flow field result. The model and any reflections were 

masked out before the PIV calculations.  

 

Figure 30: SPIV around jet 5 (zoomed-in) on unswept model. 

2.3.3.5 PIV Convergence 

The number of (S)PIV image pairs acquired was chosen to be 500 as a 

compromise between convergence and time to acquire data. A convergence analysis at 

two points in the velocity field at the center of jet 5 (𝑧∗ 𝑐⁄ = 0) was performed where 

increasing numbers of image pairs were processed with the data from the zoomed-in, 

swept SPIV experiment. One point was located off-surface in the freestream and a 

second point was located close to the surface in the boundary layer (Figure 31). The 

convergence of each velocity component and the total velocity is presented in Figure 32. 

Each component is in the original coordinates of the PIV window and is marked with a 

“PIV” subscript.  
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In general, the variation in velocity with increasing number of images is small for 

both the 𝑈𝑃𝐼𝑉 and 𝑉𝑃𝐼𝑉 components. The near-surface magnitudes were obtained inside 

the boundary layer and are, therefore, smaller than the off-surface velocities. 

Convergence seems to have been achieved, or almost achieved, in both time- and phase-

averaged 𝑈𝑃𝐼𝑉 results in both locations (Figure 32a and b). The 𝑉𝑃𝐼𝑉 component is 

converged at the phase-averaged off-surface location, but does not seem to be 

converging yet near the surface or in the time-averaged data set (Figure 32c and d). 

The spanwise velocity component, 𝑊𝑃𝐼𝑉, has not converged in any case and is 

characterized by larger changes in velocity magnitude with increasing number of 

processed images than the other velocity components (Figure 32e and f). However, the 

phase-averaged spanwise velocity seems to be starting to converge by 500 images. The 

near-surface velocity is greater close to the surface than off-surface, in contrast to the 

two other components. It was expected that spanwise velocity component would be more 

difficult to measure because its direction is through the laser sheet such that smoke 

particles reside inside the illuminated region for a short time. The summation of the three 

velocity components (Figure 33a and b) shows the off-surface location converged at a 

faster rate than the near-surface location, but that the total velocity has nearly converged 

in all cases with 500 images. The convergence results show that increasing the number 

of image pairs would have resulted in better statistical results, but that the 500 image 

pairs decently captures the flow field. 

 

Figure 31: Locations of convergence analysis (black circles) superimposed on color contours of the 

time-averaged UPIV-component of velocity. 
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a) Time-averaged, 𝑼𝑷𝑰𝑽 b) Phase-averaged, 𝑼𝑷𝑰𝑽 

  

c) Time-averaged, 𝑽𝑷𝑰𝑽 d) Phase-averaged, 𝑽𝑷𝑰𝑽 

  

e) Time-averaged, 𝑾𝑷𝑰𝑽 f) Phase-averaged, 𝑾𝑷𝑰𝑽 

Figure 32: Convergence of each velocity component with increasing number of image pairs at two 

points: off-surface (red circles) and near-surface (blue diamonds), in the flow field for time-

averaged (a, c, e) and phase-averaged, ϕ = 0° (b, d, f), SPIV results at z
*
/c = 0. 
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a) Time-averaged, 𝑽𝑻𝒐𝒕𝒂𝒍,𝑷𝑰𝑽 b) Phase-averaged, 𝑽𝑻𝒐𝒕𝒂𝒍,𝑷𝑰𝑽 

Figure 33: Convergence total velocity with increasing number of image pairs at two points: off-

surface (red circles) and near-surface (blue diamonds), in the flow field for time-averaged (a) and 

phase-averaged, ϕ = 0° (b), SPIV results at z
*
/c = 0. 

2.3.3.6 PIV Uncertainty Analysis 

The uncertainty in the velocities calculated from the zoomed-in, SPIV on the 

sweptback model at 𝛼 = 0° and a freestream velocity of 20 m/s was determined to be 

less than 0.28 m/s, with an average uncertainty of 0.02 m/s and standard deviation of less 

than 0.1 m/s. Data from a plane over the orifice (𝑧∗ 𝑐⁄ = 0) were used in order to capture 

the uncertainty in the region where the velocity fluctuations from the synthetic jets were 

present. Uncertainty values for each vector were obtained internally in the DaVis 

software from the standard deviation of each averaged velocity component divided by 

the square root of the number of vectors (see 2.2) [84]. The number of vectors was 

ideally 500 to correspond to the 500 image pairs, but occasionally was less due to outlier 

vector removal during post-processing. The resultant of each component uncertainty was 

calculated to obtain values for the total uncertainty at each vector. An average of the 

uncertainties over a subset of the vector field was then calculated, in addition to the 

minimum and maximum values. The subset did not include the edge effects, masked 

area, and some vectors near the model surface. Similar statistics were expected for the 

other flow field results. 

 𝑈𝑥 =
𝜎𝑥

√𝑁
 2.2 
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2.4 Hotwire Measurements 

Placing a hotwire in the wake and calculating the signals’ frequency spectra 

yielded information about the shedding frequency of the flow over the model and 

deflected control surface. This test was performed for the unswept model at angles of 

attack of 𝛼 = 0° and 𝛼 = 5°. Both the untripped and tripped cases were tested at 

freestream velocities of 10 m/s, 15 m/s, 20 m/s, and 25 m/s (with corresponding 

Reynolds numbers of 𝑅𝑒𝑐 = 360,000, 540,000, 720,000, and 900,00, respectively. An 

uncalibrated tungsten hotwire was placed in a probe holder and mount in the region 

where the shedding frequency could be easily detected. The recorded voltage signal was 

transformed into the frequency domain by a LabVIEW Fast Fourier Transform (FFT) 

code [85] and recorded. At a freestream velocity 𝑈∞ = 20 m/s, the measured frequency 

at 𝛼 = 0° was 93 Hz and at 𝛼 = 5° was 96.5 Hz.  

2.5 Synthetic Jets 

Nine, finite-span, synthetic jets were integrated into the model for these series of 

experiments. Each jet was created from two piezoelectric discs on either side of a cavity 

with an orifice on the upper surface of the model just upstream of the control surface 

hingeline. This dual-disc design enabled the jets to obtain higher velocities than if one 

disc was used. When a sinusoidal signal was sent to the piezoelectric discs, they 

oscillated such that they alternatingly pulled fluid into the cavity and expelled it into the 

flow. Each disc in a pair of discs was wired and oriented such that its motions were 180° 

to its partner so to create a billow effect. Operating the discs at any other phase would 

have resulted in decreased jet performance. All the jets in the array, in contrast to the 

individual discs, were wired to be in phase with each other. The expulsion stage results 

in the flow from the jet separating off the edges of the orifice and rolling up into vortical 

structures. These structures can be leveraged to beneficially affect a flow field, such as 

the severely separated cross flow in these experiments. The “synthetic” nature of the jet 

arises from the zero-net mass flux associated with using the working fluid to create the 

jet. While no mass is added to the flow, momentum is increased due to the introduction 

of vortical structures into the flow. It is this addition of momentum, added vorticity, and 

specific vortical structures that interact with a cross flow to potentially reduce separation 
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and increase performance. A schematic of the synthetic jet assembly is shown in Figure 

34a and a photograph of the actuator is shown in Figure 34b. 

There are a number of parameters which describe synthetic jet characteristics and 

performance. The blowing ratio, 𝐶𝑏, is the ratio of the average jet velocity, 𝑈𝑗, to the 

freestream velocity (2.3), where the average jet velocity is defined in 2.4 to be the 

integral of the jet velocity at the orifice, 𝑢𝑗(𝑡), during only the ejection portion of the 

cycle divided by the total time period, 𝑇, of the actuation cycle. Since the driving 

frequency is sinusoidal, the average jet velocity, 𝑈𝑗, can be approximated by the peak jet 

velocity, 𝑈𝑝, divided by 𝜋 (2.5). The momentum added to the flow by the actuators 

relative to the momentum in the flow is defined by the momentum coefficient. The 

momentum coefficient can be defined in a two-dimensional sense by the sectional 

momentum coefficient, 𝑐𝜇,𝑐, where 𝜌𝑗 is the density of the jet, 𝑈𝑗 is the average jet 

velocity, 𝑤 is the jet width (in the chordwise direction), 𝜌∞ is the freestream density, 𝑈∞ 

is the freestream velocity, and 𝑐 is the chord (2.6). In a three-dimensional sense, the 

measure of the total momentum added by all jets is the area-based momentum 

coefficient, 𝐶𝜇, which can be defined by 2.7 where 𝑛 is the total number of jets actuated, 

𝐴𝑗 is the jet orifice cross-sectional area, and 𝑆 is the model planform area. An additional 

momentum coefficient (2.8) was defined by Rathay [7] as the area-based momentum 

coefficient per jet, 𝐶𝜇,𝑗𝑒𝑡. This present work predominantly looked at the blowing ratio, 

𝐶𝑏, and the sectional momentum coefficient, 𝑐𝜇,𝑐. 2.9 states another non-dimensional 

parameter of importance, the reduced frequency, 𝐹+, which is the ratio of the jet 

frequency to a frequency associated with the flow (i.e., time of flight or the shedding 

frequency). The 𝐹+ value yields information about the flow control category used by 

particular actuators. 𝐹+ = 𝑂(1) matches the frequency of the actuator to a frequency in 

the flow field so that energy is added to the most amplified modes. In this way, large 

vortical structures are formed that intermittently attach the flow in time, but attach the 

flow in the time-averaged sense. Operating actuators at 𝐹+ = 𝑂(10)  removes the time-

dependent nature of reattachment since the frequency of the actuator is too high for the 

flow field to react to each cycle. This method, called “aero shaping” [38], can create a 
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steady redirecting of streamlines as if the surface was modified (with a slip condition), 

and is what was used in this study.  

The frequencies and voltages sent to the jets were determined a priori through 

benchtop hotwire calibration of each synthetic jet used in the experiments. A calibrated 

hotwire was placed at the point in space (i.e., the jet orifice) where the suction and 

ejection velocities from the jet were matched and the voltage recorded and compared to 

the hotwire calibration to determine jet velocity. Frequencies of either 1800 Hz or 1850 

Hz were chosen to be at least an order of magnitude higher than the frequencies in the 

flow. This choice was also based on frequency sweeps while the voltage was held 

constant. The actuation frequency was chosen so that the jets would operate at a 

frequency lower than that of the resonant peak to avoid damage. The 𝐹+ in relation to 

the time of flight and the control surface length (the approximate separation length) for 

these tests was about 48 and 16 respectively. In relation to the measured wake shedding 

frequency from the hotwire test, the 𝐹+ was about 19. The voltage vs. velocity 

calibration was performed at the chosen frequency to determine the input voltage (before 

amplification) to yield peak velocities from 46 m/s to 65 m/s. These values correspond to 

blowing ratios 𝐶𝑏 of 0.73 and 1.0 and two-dimensional jet momentum coefficients 𝑐𝜇,𝑐 

of 0.20% and 0.40% when the freestream velocity was 20 m/s. The jets were also 

operated at the peak velocity of 65 m/s while the freestream velocity was lowered to 

13.8 m/s to test a blowing ratio 𝐶𝑏 of 1.5 and two-dimensional jet momentum coefficient 

𝑐𝜇,𝑐 of 0.84%. 

Actuation of the synthetic jets was controlled by a function generator LabVIEW 

program [85] that sent a sinusoidal signal to the piezoelectric discs through Mide and 

Viking amplifiers with gains of about 50 and 33.3 respectively. Note that each 

amplifier’s gain was measured individually at the correct inputs and loading for the tests. 

Each individual jet calibration was added to the program so each jet could be tuned 

separately, though some jets had to share amplifiers due to a limitation on the number of 

outputs. In those cases where multiple jets shared the same amplified signals, jet pairs 

were chosen with similar calibration curves and those calibrations were averaged. 
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a) b) 

Figure 34: Dual synthetic jet actuator, schematic (a) and photograph of actual synthetic jet module 

used in testing (removed from model) (b). 
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3. RESULTS 

3.1 Baseline Characterization 

A thorough understanding of the flow field over the baseline, unactuated model 

in both unswept and swept configurations is necessary before beginning the analysis of 

the actuated results in later sections. The effectiveness of the addition of synthetic jet 

actuation could be measured only by the extent of the jets’ improvement over the 

baseline. The particular characteristics of the baseline flow fields (i.e., separation 

severity, spanwise flow magnitude, flow direction, and turbulence transition point) had 

an effect on the development and evolution of the resulting fluid structures from the 

operation of the synthetic jets. For this reason, a number of model and tunnel parameters 

were tested in the absence of synthetic jet actuation. These parameters included angle of 

attack, boundary layer trip presence, control surface deflection angle, and sweep angle. 

Specific conditions were chosen for the actuated cases based on a larger test matrix 

performed only on the baseline. The rationale for those choices is discussed throughout 

this section. 

3.1.1 Baseline Case – Unswept Airfoil 

A total of four experiments were performed with the unswept model. These tests 

included pressure measurements and particle image velocimetry in both 2-D and 3-D on 

the baseline model both with and without leading-edge boundary-layer trips. Baseline 

data from each of these tests are analyzed prior to discussing actuated results in order to 

understand the flow into which the synthetic jets operate. Two sets of surface pressure 

experiments tested the unswept model without and with the boundary-layer trips. A third 

test used 2-D PIV on only the baseline model and included very zoomed-in windows of 

the flow upstream of the control surface hingeline near the surface in order to resolve the 

boundary layer profiles preceding the synthetic jet orifices. The aim of the PIV 

experiment was to find the conditions where the flow was turbulent when it approached 

the control surface and uniform in the spanwise direction, with no spanwise flow 

component. Lastly, an SPIV experiment on the tripped, unswept model investigated the 

flow physics in depth. 
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The unswept, uniform, turbulent condition was the most fundamental flow field 

studied during this work. Understanding this flow is the first step in understanding 

highly three-dimensional flows with flow control. Initial testing investigated the baseline 

with and without the leading-edge trips, at different angles of attack, and with different 

control surface deflection angles. The goal was to understand the baseline flow in which 

the synthetic jets interact in conditions that emulate different conditions that may be 

experienced in flight. The trips were made using turbulator tape (i.e., zig zag tape) 

placed at 0.05𝑐 on the suction surface and at 0.10𝑐 on the pressure surface.  

3.1.1.1 Surface Pressure Data 

Results obtained from the pressure ports over the model surface yielded 

information about the pressure gradients and separation extent of the baseline flows, and 

were important for understanding the opposition the synthetic jets encounter from the 

surrounding flow. Figure 35 is the pressure coefficient, 𝐶𝑝, distribution versus chordwise 

location, 𝑥 𝑐⁄ , for three model configurations: a) a control surface deflection angle of 

𝛿 = 20° and angle of attack of 𝛼 = 0°, b) the same control surface with an increased 

angle of attack, 𝛼 = 5°, and c) an increased control surface deflection angle, 𝛿 = 30°, at 

an angle of attack of 𝛼 = 0°. The chord-based Reynolds number was 720,000 (which 

corresponded to a freestream velocity of 𝑈∞ = 20 𝑚/𝑠) for the three configurations. 

The change in control surface deflection angle and angle of attack varied the pressure 

gradient over the model and the transition point along the surface so that the flow over 

the synthetic jet orifice and the control surface had different characteristics. The plots 

show data from each chordwise pressure port row, with row 1 starting from the outboard 

side. The exact locations of the pressure port rows are stated in the Experimental Setup 

section. Row 2 was removed for space constraint issues inside the model. Rows 10.3 and 

10.4 corresponded to partial rows over jets 3 and 4. Partial rows also existed over jets 2 

and 5, but those rows corresponded to the main pressure port rows of 1 and 5, 

respectively, and therefore do not have their own label. The dashed, vertical line at 

𝑥 𝑐⁄ = 0.67 marks the location of the control surface hingeline for reference. 

Figure 35a is the pressure distribution when 𝛿 = 20° and 𝛼 = 0°. The pressure 

distribution exhibits a suction peak near the leading edge due to the acceleration of the 
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flow over the curved NACA 0012 leading-edge geometry. This suction peak has a 

pressure value of 𝐶𝑝 = −1.5, followed by a pressure recovery region. There was 

approximately a zero pressure gradient region at mid-chord from 𝑥 𝑐⁄ = 0.33 to 

𝑥 𝑐⁄ = 0.5, where the pressure coefficient changed by only ∆𝐶𝑝 = 0.03. As the 

hingeline location was approached, the pressure began to decrease, with a suction peak 

formed at the hingeline. For this model configuration, the value of this hingeline suction 

peak varied between each pressure port row location with a maximum difference 

between the greatest and lowest magnitude peaks of ∆𝐶𝑝 = 1.07. It was thought that this 

was due to the flow transitioning near the hingeline, which would not necessarily occur 

uniformly along the span. The local Reynolds number at the hingeline location was 

calculated to be 𝑅𝑒𝑥 ≈ 480,000, which was close to the theoretical transition value of 

500,000. Therefore, it was probable that transition effects were present at this freestream 

velocity at this chordwise location. Additionally, during these unswept, untripped tests, 

the model was mounted vertically in the tunnel with a free end. The free end led to 

vibrations and possible tip deflections, which could manifest as model twist along the 

span. These model behaviors may have had an effect on the spanwise pressure 

coefficients at the hingeline. Downstream of the hingeline, the pressure increased again 

as the flow encounters the deflected surface. This increase continued until the 

downstream-most pressure port and presumably until the trailing edge. Under these 

conditions, the flow seemed to have good pressure recovery and no indicated separation. 

The pressure distribution on the pressure surface behaved as expected, where the 

pressure decreased downstream of the stagnation point near 𝑥 𝑐⁄ = 0 as the flow 

accelerated over the curved leading edge. The pressure gradient was mild until the 

control surface was encountered. In this region the pressure decreased again, likely due 

the blockage of the control surface. Its presence effectively reduced the streamtubes’ 

areas such that the velocity increased and the pressure decreased. 

Figure 35b shows the pressure distribution when the angle of attack was 

increased. There are a number of differences between this distribution and the pressure 

results at the lower angle of attack in Figure 35a. The leading-suction peak increased in 

magnitude to 𝐶𝑝 = −3.38 and the nearly constant pressure region shifted downstream so 

that it existed from about 𝑥 𝑐⁄ = 0.57 to 𝑥 𝑐⁄ = 0.62. The hingeline pressure peak is 



 

     57 

much more uniform than at the lower angle of attack, with values from 𝐶𝑝 = −1.32 to 

𝐶𝑝 = −1.19, a difference of ∆𝐶𝑝 = 0.13. This most likely stemmed from the migration 

of the transition point upstream due to the increased adverse pressure gradient at the 

higher angle of attack, thus, causing turbulent flow everywhere along the span. The 

pressure increased downstream of the hingeline and plateaued near 𝑥 𝑐⁄ = 0.72, 

indicating separation. There was a slight decrease in pressure as the trailing edge was 

approached, due to the behavior of the separated flow in this region where it had higher 

magnitude reversed flow near the trailing edge that lost strength as it traveled upstream. 

The implications for flow control were that while the overall pressure gradients 

increased in severity at the higher angle of attack, the local pressure gradient directly 

upstream of the orifice was milder, which could allow the jet structures to have more of 

an effect. The greater uniformity in pressure over the hingeline is more representative of 

a higher Reynolds number flow where transition would occur well upstream of the 

control surface hingeline. Additionally, actuating into a spanwise uniform flow field was 

more applicable to the fundamental nature of this study. Lastly, the indicated separation 

over the control surface showed the potential for a beneficial effect by the addition of 

active flow control. At the lower angle of attack in Figure 35a, the enhancement due to 

flow control will most likely be smaller due to the fact that the flow is already attached. 

Figure 35c is the pressure distribution with an increased control surface 

deflection angle of 𝛿 = 30°. This larger deflection resulted in an increased leading-edge 

suction peak magnitude of 𝐶𝑝 = −1.66 when compared to the 𝛿 = 20° distribution at 

the same angle of attack in Figure 35a. The hingeline suction peak seems uniform along 

the span with values between 𝐶𝑝 = −1.44 and 𝐶𝑝 = −1.35. The pressure plateaued over 

the control surface at about 𝑥 𝑐⁄ = 0.71, which is more upstream than the distribution of 

Figure 35b and in contrast to the attached flow in Figure 35a. 
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a) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟎° b) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟓° 

 

c) 𝜹 = 𝟑𝟎° and 𝜶 = 𝟎° 

Figure 35: Baseline Cp distributions from the unswept, untripped model. 

Pressure contours (Figure 36) assembled from the pressure port data plotted in 

Figure 35 give further insight into the spanwise characteristics of the pressure 

distribution over the model. These contours were created from the pressure ports only 

over the control surface and include the main pressure port rows minus row 2. The 

locations of the synthetic jet orifices, not to scale, are marked with the unfilled 

rectangles. The color scale is such that blue denotes high magnitude negative pressures 

and red denotes low magnitude negative pressures. The non-uniformity of the pressure 

distribution when 𝛿 = 20° and 𝛼 = 0° is evident from Figure 36a. Lower pressure is 

observed in the center of the contour, with the region approximately symmetric about jet 

4 (the fourth jet from the right). This trend seems to persist over the entire chord of the 

control surface, where the region directly behind jet 4 (pressure port row 4) measured the 

lowest pressures. Figure 36b and Figure 36c show the increase in spanwise uniformity as 
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either the angle of attack was increased or the control surface deflection angle was 

increased, respectively. A slight decrease in pressure in the outboard direction (i.e., from 

left to right) seems to have existed for both of these cases as well. 

  

a) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟎° b) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟓° 

 

c) 𝜹 = 𝟑𝟎° and 𝜶 = 𝟎° 

Figure 36: Baseline Cp contours over the control surface from the unswept, untripped model. 

In an effort to both decrease the spanwise variability in the pressure distribution 

that resulted from the transition point being located too close to the hingeline and to 

simulate turbulent conditions, expected at higher Reynolds numbers, trips were placed to 

set the transition location near the leading edge. The pressure tests performed for the 

untripped, baseline model discussed above were repeated with the trips. These data were 

acquired during a different tunnel entry and with a slightly different model setup. The 

model was no longer cantilevered vertically in the tunnel, but was mounted horizontally 

with its tip secured to the tunnel ceiling via threaded rods. Additionally, the mounting 
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system was strengthened. These changes ensured no spanwise twist from tip deflection 

under loading existed, and that there were no vibrations. 

Figure 37 presents the pressure distributions for the tripped, unswept model at 

two angles of attack, 𝛼 = 0° and 𝛼 = 5°, and two control surface deflection angles, 

𝛿 = 20° and 𝛿 = 30°. Comparing Figure 37a with the trips to Figure 35a without the 

trips, for the same model configuration when 𝛼 = 0° and 𝛿 = 20°, shows the same 

general characteristics of the leading-edge and hingeline suction peaks with the 

increasing pressure downstream of each. However, certain differences can be observed. 

First, the height and shape of the leading-edge peak changes with the addition of the 

trips. The shape exhibits a double peak at 𝑥 𝑐⁄ = 0.015 and 𝑥 𝑐⁄ = 0.0575. This second 

peak is at the location of the suction-surface trip and was thought to be an artifact of the 

presence of the zig zag tape. While this feature is not indicative of any major flow 

behavior, it was kept in the data set and included in the integrations which will be 

discussed later in this document. Also, the magnitude of the suction peak decreased to 

𝐶𝑝 = −1.41, in comparison to 𝐶𝑝 = −1.5 measured in Figure 35a for the untripped case. 

Second, the hingeline peak uniformity was much improved in comparison to the 

untripped baseline. With the trips, the variation in pressure at the hingeline was only 

∆𝐶𝑝 = 0.12. Thirdly, the pressure distribution plateaued near 𝑥 𝑐⁄ = 0.75, while no 

pressure plateau was observed in the untripped case under these same model and flow 

conditions. It can be concluded that the presence of the trips led to relatively uniform 

separation over the control surface span. 

The pressure distribution for the same control surface deflection angle, 𝛿 = 20°, 

and an increased angle of attack, 𝛼 = 5°, is presented in Figure 37b. As expected with a 

higher angle, the leading-edge suction peak increased in magnitude to about 𝐶𝑝 = −3 in 

comparison to the lower angle of attack case in Figure 37a. There was a slight variation 

in pressure at the leading edge with a small adverse pressure gradient existing in the 

outboard direction towards the tip. The bump in the distribution at 𝑥 𝑐⁄ = 0.0575 was 

most likely due to the presence of the leading-edge trip on the suction surface. Following 

the increase in pressure downstream of the leading-edge suction peak, there was a 

spanwise uniform hingeline peak and indicated separation over the control surface. In 

comparison to the untripped case under the same conditions in Figure 35b, the presence 
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of the trips reduced the leading-edge pressure peak, eliminated the approximately zero 

pressure gradient region upstream of the hingeline, and reduced the magnitude of the 

hingeline peak. However, the variation along the span at the hingeline improved with the 

addition of the trips. The extent of separation seems to be similar between both cases, 

with the control surface pressure plateau beginning around 𝑥 𝑐⁄ = 0.72 and extending 

over the rest of the control surface until the trailing edge. 

The pressure results for an increased control surface deflection angle of 𝛿 = 30° 

with angle of attack of 𝛼 = 0° (Figure 37c) show an increase in leading-edge suction 

peak magnitude in comparison to the lower control surface angle case in Figure 37a and 

an increase in comparison to the untripped flow in Figure 35c. Here, the peak has a value 

of 𝐶𝑝 = −1.84. The hingeline peak decreased from about 𝐶𝑝 = −1.1 at 𝛿 = 20° to 

𝐶𝑝 = −1.06 at 𝛿 = 30°. In comparison to the untripped case, the hingeline peak was 

reduced as well. Without the trips (Figure 35c), the hingeline peak was approximately 

𝐶𝑝 = −1.4. Despite the differences in the hingeline peak magnitude, the pressure 

plateaued at about the same chordwise location, 𝑥 𝑐⁄ = 0.71, in both the tripped and 

untripped cases. 

While data were only acquired for the tripped case when 𝛿 = 30° and 𝛼 = 5°, 

the results in Figure 37d show the effect of increasing both control surface deflection 

angle and angle of attack. Under these conditions, the leading-edge suction peak 

increased in magnitude to 𝐶𝑝 = −3.71 and the hingeline peak reduced to 𝐶𝑝 = −0.94. 

Indeed, the hingeline peak barely seems to have existed such that the pressure value 

remained similar in comparison to just upstream of the hingeline. The pressure plateaus 

directly downstream of the hingeline, at about 𝑥 𝑐⁄ = 0.69, showing what was most 

likely massive separation over a majority of the control surface. While this case may 

have had the most potential for improvement using active flow control due to the control 

surface separation and small hingeline suction peak, the large adverse pressure gradient 

upstream of the jet orifices may destructively interact with the jet structures so that non-

negligible effects are difficult to achieve. 
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a) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟎° b) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟓° 

  

a) 𝜹 = 𝟑𝟎° and 𝜶 = 𝟎° b) 𝜹 = 𝟑𝟎° and 𝜶 = 𝟓° 

Figure 37: Baseline Cp distributions from the unswept, tripped model. 

The pressure coefficient contours in Figure 38 each corresponds to a pressure 

distribution in Figure 37. Overall, the spanwise pressure distributions for all four cases 

were relatively uniform, especially in comparison to the untripped contours in Figure 36. 

For example, Figure 38a for 𝛿 = 20° and 𝛼 = 0° with the trips, shows much less 

spanwise variation than the same flow conditions in Figure 36a without the trips. The 

small spanwise variations, noticeable near 𝑥 𝑐⁄ = 0.7, were much smaller than the large-

scale variations in Figure 36. This waviness may have been the result of an inconsistent 

placement and resolution of pressure ports in each row. Indeed, these features were 

present when fewer pressure ports were located in a row in relation to neighboring rows. 

Figure 38b and Figure 38c are likewise more uniform than the untripped counterparts.  
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a) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟎° b) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟓° 

  

a) 𝜹 = 𝟑𝟎° and 𝜶 = 𝟎° b) 𝜹 = 𝟑𝟎° and 𝜶 = 𝟓° 

Figure 38: Baseline Cp contours over the control surface from the unswept, tripped model. 

A more quantitative comparison of the tripped versus untripped cases was 

achieved in Figure 39 by taking the pressure measurements at the center pressure port 

row (row 5) at the three model configurations where comparison data existed. Figure 39a 

is the comparison when 𝛿 = 20° and 𝛼 = 0° where the blue squares are for the tripped 

data points and the black dots for the untripped data points. The features pointed out in 

the above discussions are clearly seen here. These include the slight decrease in leading-

edge suction peak when the trips were present, the suction side trip’s disruption of the 

pressure distribution, the drastic difference in hingeline suction peak behavior, and the 

presence or absence of a pressure plateau over the control surface. Overall, the area 

between the pressure and suction pressure distributions was reduced in the tripped case, 

which would lead to a lower integrated lift in comparison to the untripped case. Indeed, 

the average lift coefficient calculated by integrating the pressure measurements from 
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port rows 1, 3, 5, and 7 (to be consistent between all experiments where the measured 

pressure ports varied) for the untripped case was 𝐶ℓ = 1.02 and for the tripped case was 

𝐶ℓ = 0.87. While the hingeline peak magnitude was much different at this center 

pressure port row between the two cases, the magnitude of this difference varied along 

the span, as was previously observed in the results of Figure 35a and Figure 36a. Figure 

39b compared the untripped and tripped model when 𝛿 = 20° and 𝛼 = 5°. Most of the 

same differences between the tripped and untripped cases were similar to the lower angle 

of attack results in Figure 39a. Here, however, both cases seemed to be separated over 

the control surface. The calculated lift coefficient decreased with the addition of the trips 

from 𝐶ℓ = 1.31 without the trips to 𝐶ℓ = 1.23 with the trips present. In Figure 39c 

(𝛿 = 30° and 𝛼 = 0°), the leading-edge suction peak magnitude actually increased 

slightly due to the presence of the trips. However, the hingeline peak magnitude was 

reduced with the addition of the trips. It is difficult to determine whether the area 

between the curves was reduced in the tripped case or remained about the same. 

Integrating the respective curves yielded the result that the lift coefficient increased with 

the presence of the trips. The untripped case had a lift coefficient of 𝐶ℓ = 1.08 and the 

tripped case had a value of 𝐶ℓ = 1.11. 

Overall, the trips made the pressure distribution over the control surface more 

uniform. This was likely due to the trips setting the transition location well upstream of 

the hingeline and at a consistent location along the span. The turbulent flow was also 

more likely to be less susceptible to small surface imperfections, which may have 

affected the transitioning flow in the untripped cases. While the presence of the trips 

reduced the circulation over the model such that the lift was lower with the 𝛿 = 20° 

control surface, the benefits of the uniform spanwise flow and simulated higher 

Reynolds number outweighed the drawbacks. The goal of this work was to understand 

the interaction of synthetic jets in various three-dimensional flows. The exact details of 

how those flows were created are not as important as their final characteristics. For these 

reasons, the trips were predominantly used during experiments. Throughout, some 

discussion will be included comparing tripped to untripped cases where data were 

acquired. It should also be noted that the characteristics of the trips were not optimized 

since that was outside the scope of this work. It was likely better trip characteristics exist 
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where no bump will manifest in the pressure distributions while a turbulent flow is still 

produced. 

  

a) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟎° b) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟓° 

 

c) 𝜹 = 𝟑𝟎° and 𝜶 = 𝟎° 

Figure 39: Baseline Cp distribution comparison between untripped (black circles) and tripped (blue 

squares) configurations at the center pressure port row (row 5), unswept configuration. 

3.1.1.2 Flow Field Data 

2-D and stereo particle image velocimetry measurements on the unswept model 

yielded information about the baseline flow field and boundary layer development. 

These tests provided information about the characteristics of the boundary layer 

upstream of the hingeline and the global flow behavior over the control surface. First, 

results from an experiment on the vertically cantilevered, unswept model will be 

presented and discussed. The focus of this test was the measurement and understanding 

of the boundary layer profiles and the determination of the effectiveness of the boundary 

layer trips. These experiments were performed using the 2-D PIV, and so only two 
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components of velocity were measured. Next, baseline results from a later experiment on 

the horizontally mounted with secured tip experiment on the unswept model are 

discussed where a larger volume was measured. Since this second test used SPIV, the 

third, spanwise component of velocity was measured to enable the analysis of the 

complete flow field.  

Figure 40 shows the development of the boundary layer through five PIV 

windows located along the airfoil surface upstream of the control surface hingeline. 

These windows are labeled 1 through 5 with location 5 located over the synthetic jet 

orifices. The profiles are from the center of each window and are obtained normal to the 

local surface. Measurements were acquired at two angles of attack, 𝛼 = 0° and 𝛼 = 5° 

for both untripped and tripped cases. The profiles of local velocity tangent to the surface, 

𝑈𝑠, versus surface-normal height, 𝑦𝑠, were non-dimensionalized by the maximum 

chordwise velocity, 𝑈𝑀𝑎𝑥, and the momentum thickness, 𝜃. 

At 𝛼 = 0°, the boundary layer became fuller in the absence of the trips and as the 

downstream distance increased; this is apparent in Figure 40a. Profiles progressively 

closer to the hingeline had greater values of velocity closer to the surface. This shows 

the increase in momentum associated with the transition to turbulence. The shape factor, 

𝐻, was calculated for each of these profiles as the ratio of the displacement thickness to 

the momentum thickness, and found to be close to the empirical turbulent value of 1.4 

for a flat plate with zero pressure gradient. In order, locations 1, 2, 3, 4, and 5 each 

respectively had shape factors of 1.43, 1.36, 1.39, 1.41, and 1.44. With the exception of 

location 1, the shape factors in the four other windows increased with chordwise 

distance traveled. Some of the middle profiles exhibit an inflection point, characteristic 

of transitioning flow. 

Interestingly, the tripped results at the same locations and same angle of attack in 

Figure 40b show a progression similar to that observed in the untripped data. However, 

all profiles seem to be fuller than in the untripped case, leading to the conclusion that 

while the trips increased how turbulent the boundary layer was at all locations, the flow 

was not fully transitioned throughout each window, suggesting that for these conditions 

the trips used were not ideal. The inflection point in the tripped profiles seems to be 

either eliminated or reduced, lending support to this conclusion. Calculation of the shape 
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factor, 𝐻, for these tripped profiles supports the observation of fuller profiles with 

generally lower values than were calculated for the untripped condition. In order, 

locations 1, 2, 3, 4, and 5 have shape factors of 1.31, 1.33, 1.34, 1.40, and 1.33.  

At an increased angle of attack, the transition point should move upstream in 

comparison to a lower angle. This hypothesis was supported by the fuller profiles in 

Figure 40c at locations 1, 4 and 5, closer to the surface. There was a region at a middle 

height of the profiles (between about 𝑦𝑠 𝜃⁄ ≈ 1.5 to 𝑦𝑠 𝜃⁄ ≈ 6) where the velocity was 

reduced for the higher angle of attack in comparison to the lower angle of attack. This 

was thought to be the result of the increased magnitude of the adverse pressure gradient. 

This larger adverse pressure gradient acted to oppose and slow the chordwise flow. The 

profiles at locations 2 and 3 did not fit the trend of the other locations. It was possible 

that not enough data points were resolved close to the surface in order for this non-

dimensionalization and plotting method to apply correctly. Shape factors for each 

location along the chord were 1.40, 1.40, 1.38, 1.42, and 1.48. These values are quite 

similar to each other, perhaps because increasing the angle of attack succeeded in 

bringing the transition point sufficiently upstream for the flow to be fully turbulent 

through all PIV window locations. The addition of the trips at 𝛼 = 5° (Figure 40d) 

shows more consistently shaped profiles along the chord. This observation lends 

credence to the aim of setting the transition location and producing fully-developed 

turbulent flow over the airfoil chord upstream of the hingeline via the trips. Some 

variation in shape and fullness still existed, meaning that the flow was probably not 

completely fully-developed, but was more so in this model configuration than in the 

other three cases. The shape factor calculations for each of these windows yielded values 

of 1.50, 1.44, 1.40, 1.49, and 1.45. These values were generally higher than for the 

untripped case, with the exception of location 5. 

A more direct comparison of the untripped and tripped cases is presented, where 

both profiles are plotted at location 5 (𝑥 𝑐⁄ = 0.66) at 𝛼 = 0° and 𝛼 = 5° in Figure 41a 

and Figure 41b, respectively. Untripped data were plotted with red circles and tripped 

data with light blue squares. Both subplots show a fuller boundary layer with the 

presence of the trips, though this effect is greater at the lower angle of attack. At 𝛼 = 0°, 

the shape factor with the trips, 𝐻 = 1.33, was lower than without the trips, 𝐻 = 1.44, 
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also showing that the profile was more turbulent due to the trips. The same trend was 

found at 𝛼 = 5°, where the untripped case had a shape factor of 𝐻 = 1.48 and the 

tripped case a shape factor of 𝐻 = 1.45. In general, the effect of the trips was minimal at 

𝛼 = 5° (Figure 41b) due to the transition point most likely being located sufficiently 

upstream in the untripped case to cause turbulent flow at the hingeline. This 

corroborated the results discussed previously where the hingeline pressures were more 

uniform along the span at 𝛼 = 5° than at 𝛼 = 0° (Figure 35). 

  

a) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟎°, untripped b) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟎°, tripped 

  

c) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟓°, untripped d) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟓°, tripped 

Figure 40: Boundary layer profiles from 2D PIV baseline test at five locations upstream of the 

hingeline. 
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a) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟎° b) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟓° 

Figure 41: Boundary layer profile comparison between untripped and tripped configurations from 

2D PIV baseline test at location 5. 

The upstream boundary layer characteristics affected the downstream flow over 

the control surface. In addition to the zoomed-in windows upstream of the hingeline, 

zoomed-out windows over the control surface were used to explore the effect of the 

angle of attack and the presence of the trips on the flow in the separated region. Figure 

42 shows contours of normalized local chordwise velocity over most of the control 

surface chord as well as the hingeline. Yellow and red contours denote positive 

velocities and blue contours denote negative velocities. The white contour is the location 

of zero velocity. The untripped model at 𝛼 = 0° (Figure 42a) resulted in attached flow 

over the hingeline and for a short distance over the control surface. The location where 

the white contour intersected the surface was the separation point. Downstream of this 

point the flow was separated, as shown by the large separation region of negative 

velocities. The tripped case in Figure 42b caused the contours to slightly bend towards 

the surface more than in Figure 42a and the magnitude of the separated flow region to 

decrease so that the separation was less severe. A close look at the contours upstream 

and over the hingeline reveals that the contours in the untripped case in Figure 42a were 

at a greater distance from the surface than the contours in the tripped case at the same 

values in Figure 42b. This was a result of the trips energizing the flow close to the 

surface so that the turbulent boundary layer was less susceptible to separation. 

Interestingly, the separation point seems to have been farther downstream for the 

untripped case, though only slightly. 
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Figure 42c and Figure 42d present the untripped and tripped velocity contours, 

respectively, at 𝛼 = 5°. Note that the data are oriented to the tunnel coordinates and not 

to the airfoil, so that the airfoil changed its angle relative to the PIV window as the angle 

of attack increased. From this qualitative view, not much difference is noticeable 

between the two angles of attack for the untripped case (Figure 42a and Figure 42c) or 

for the tripped cases (Figure 42b and Figure 42d). Comparing Figure 42c and Figure 42d 

for the untripped and tripped cases at 𝛼 = 5°, the upstream contours were brought closer 

to the surface and the separation point was moved slightly upstream due to the trips, 

similar to what was observed at 𝛼 = 0°. However, the shear layer over the control 

surface remained at about the same height off the surface, supporting the earlier 

conclusion that the tripped and untripped flows at 𝛼 = 5° were similar. 

  

a) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟎°, untripped b) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟎°, tripped 

  

c) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟓°, untripped d) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟓°, tripped 

Figure 42: Zoomed-out normalized local chordwise velocity contours over the control surface for 

both angles and tripped and untripped, at location 2. 

Zoomed-out flow fields were also acquired in the near-wake region of the airfoil. 

Figure 43 shows the contours of normalized local chordwise velocity, 𝑈∗ 𝑈∞⁄ , in a 

region that encompassed the trailing edge at the left edge of each image and a portion of 

the wake further downstream. Figure 43a and Figure 43b show the untripped and tripped 

wakes at 𝛼 = 0°, respectively. The velocity deficit is clearly observed in both subplots. 
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When trips were used (Figure 43b) the wake width decreased, which would lead to less 

drag on the model in comparison to the untripped case. Figure 43c and Figure 43d 

present the flow field in the wake for the untripped and tripped cases, respectively, at an 

angle of attack of 𝛼 = 5°. In comparison to the lower angle of attack results, the wake at 

the higher angle of attack was deflected downwards as expected. The size of the wake 

between the untripped and tripped conditions seems to be similar, further supporting the 

conclusion that the trips did not have much effect at 𝛼 = 5°. 

  

a) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟎°, untripped b) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟎°, tripped 

  

c) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟓°, untripped d) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟓°, tripped 

Figure 43: Zoomed-out normalized local chordwise velocity contours in the wake for both angles 

and tripped and untripped. 

To further investigate the spanwise variation evident in the pressure results, PIV 

planes were acquired at three spanwise locations for both the untripped and tripped cases 

at 𝛼 = 0° using both zoomed-in windows at location 5 (i.e., the location closest to the 

hingeline) and zoomed-out windows at location 1 (the first chordwise location of the 

control surface windows). These data seek to determine whether the trips forced the 

boundary layer profiles to be more uniform along the span or not. The boundary layer 

profiles from the zoomed-in experiments (Figure 44) were obtained at spanwise 
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locations near pressure port rows 4, 5, and 6. In order to avoid the reflections off the 

ports, the planes were offset slightly. Figure 44a shows the slight variation that existed 

over most of the profile height between the three locations. The profile at row 6 (green 

diamonds) had slightly higher values of velocity, followed by row 5 (light blue squares), 

and lastly by row 4 (red circles). The profile at row 6 featured an inflection point 

reminiscent of a transitioning boundary layer profile. This feature was absent at the other 

two locations. Additionally, the profile at row 4 seems slightly fuller near the surface. 

The calculated shape factor in row 4 was 𝐻 = 1.29, which was lower than in row 5 and 

row 6, where the shape factor was 𝐻 = 1.44 and 𝐻 = 1.43, respectively. In comparison, 

the tripped profiles seem to be more similar to each other (Figure 44b). While some 

differences still existed at about 𝑦 𝜃⁄ = 1, all other heights have similar normalized 

velocity values. The shape factors were more similar to each other with the trips in 

comparison to without it. The row 4 profile had a shape factor of 𝐻 = 1.29, row 5 of 

𝐻 = 1.33, and row 6 of 𝐻 = 1.36. These values of 𝐻 were overall lower than in the 

untripped case, in addition to being more uniform along the span, indicating turbulent 

boundary layer profiles with the addition of the trips. This shows how the trips served to 

increase spanwise uniformity, though some spanwise variation still existed. 

  

a) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟎°, untripped b) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟎°, tripped 

Figure 44: Boundary layer profile spanwise comparison between untripped and tripped 

configurations from 2D PIV baseline test at location 5. 

The spanwise variation was also investigated using zoomed-out windows over 

the hingeline at three spanwise locations. These corresponded to pressure port rows 5, 6, 

and 7. The PIV planes were offset slightly to avoid laser reflections. Contours of 

normalized chordwise velocity, 𝑈 𝑈∞⁄ , on the untripped model show similar 
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distributions over the control surface at rows 6 and 7 (Figure 45b and Figure 45c, 

respectively). Note that these results were plotted in airfoil coordinates since the 𝑦-

direction was closer to the surface-normal upstream of the hingeline than the 𝑦∗-

direction. Since the region upstream of the hingeline was of more interest for these plots, 

airfoil coordinates were utilized. The separated shear layer at row 5 in Figure 45a was 

closer to the surface than those of rows 6 and 7. The separation point also varied 

between the three planes, whereas at row 5 the separation point was the farthest 

downstream, while at row 7 the separation point was the closest to the hingeline. These 

different separation locations show there is a noticeable variation along the span. 

   

a) Row 5 b) Row 6 c) Row 7 

Figure 45: Zoomed-out normalized chordwise velocity contours over the control surface at three 

spanwise location, untripped, δ = 20° and α = 0°. 

When trips were used, the same trend was visible, where the separated shear 

layer in row 5 (Figure 46a) was closer to the surface than at the other two spanwise 

locations (Figure 46b and Figure 46c). It seems that the separation severity was smaller 

at mid-span, even in the presence of the trips. The separation point location varied with 

the same trend as was observed in the untripped case, where the separation point 

migrated upstream along the span in the inboard direction.  

   

a) Row 5 b) Row 6 c) Row 7 

Figure 46: Zoomed-out normalized chordwise velocity contours over the control surface at three 

spanwise location, tripped, δ = 20° and α = 0°. 

 

 



 

     74 

A more global, three-dimensional flow field of the unswept baseline model 

configuration was attained with SPIV acquired at a high spanwise resolution around jet 5 

for the tripped model at 𝛼 = 0°. This one set of test conditions was chosen due to the 

observed spanwise uniformity in pressure distribution over the control surface (Figure 

37a and Figure 38a). The potential for improvement with active flow control also made 

these good conditions to study. A similarly sized SPIV volume with similar test 

conditions was acquired for the tripped, swept configuration as well, and is discussed 

later in this document.  

 Iso-surfaces of normalized local chordwise velocity, 𝑈∗ 𝑈∞⁄ , plotted in Figure 

47a, show negative, upstream velocities near the surface, which were associated with 

separation and were present throughout the spanwise measurement domain. From this 

perspective, the iso-surfaces seem to have a uniform spanwise behavior. Figure 47b 

shows streamlines colored by normalized spanwise velocity, 𝑊∗ 𝑈∞⁄ . The streamlines 

show the path the flow took over the hingeline and in the separated flow near the 

surface. The upstream streamlines came from over the hingeline and passed over the 

separated region in the downstream direction with varying degrees of outboard-oriented 

tilt. The lower streamlines had more of an outboard, spanwise component than the upper 

streamlines, which flowed almost straight across the control surface chord. Under these 

streamlines, the underlying streamlines in the separated region moved upstream along 

the chord with a positive, inboard-oriented inclination before separating and joining the 

streamlines from upstream. The streamlines seem to have behaved in a uniform way 

over the spanwise extent of the measurement volume. Note that while this model aimed 

to produce two-dimensional flow in the unswept configuration, the separated streamlines 

had a non-negligible spanwise component. 
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a) Iso-surfaces of normalized local chordwise 

velocity, 𝑼∗ 𝑼∞⁄  

b) Streamlines colored by normalized spanwise 

velocity, 𝑾∗ 𝑼∞⁄  

Figure 47: SPIV volumes for unswept, tripped model configuration, α = 0°. 

A more detailed look at the specific components of velocity was obtained 

through visualizing planes normal to the 𝑥∗-direction at four chordwise locations. The 

normalized local chordwise velocity, 𝑈∗ 𝑈∞⁄ , contours (Figure 48a) offer more 

conclusive proof of the spanwise uniformity of the flow through the volume. The 

separation point was located between the first and second upstream planes, with negative 

velocities present near the surface in the last three planes. Likewise, normalized surface-

normal, 𝑉∗ 𝑈∞⁄ , and spanwise, 𝑊∗ 𝑈∞⁄ , velocity contours (Figure 48b and Figure 48c, 

respectively) show relatively uniform values along the span. Positive surface-normal 

velocity throughout the measurement region pulled flow away from the surface. The 

spanwise velocity contours show positive, inboard-oriented values within the separation 

region. Both upstream and above this region the flow was oriented in the negative, 

outboard direction. Far enough away from the model surface, the flow had almost no 

spanwise component of velocity. The normalized spanwise vorticity, 𝛺𝑧
∗𝑐 𝑈∞⁄ , is shown 

to be uniform throughout the volume as well (Figure 48d). The negative values were 

expected in the attached boundary layer and the separating shear layer. As the distance 

over the chord increased, the magnitude of vorticity dropped as the shear layer became 

more diffuse. 
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a) Normalized local chordwise velocity, 𝑼∗ 𝑼∞⁄  b) Normalized surface-normal velocity, 𝑽∗ 𝑼∞⁄  

  

c) Normalized spanwise velocity, 𝑾∗ 𝑼∞⁄  d) Normalized spanwise vorticity, 𝜴𝒛
∗𝒄 𝑼∞⁄  

Figure 48: x*-normal planes from SPIV volumes, δ = 20°, Λ = 0°, α = 5°. 

The same data plotted in the 𝑥∗-normal planes of Figure 48 were also plotted in 

𝑧∗-normal planes throughout the spanwise extent of the measurement region (Figure 49) 

in order to obtain a complete picture of the unswept flow field. The normalized local 

chordwise velocity data, 𝑈∗ 𝑈∞⁄ , in Figure 49a show the attached flow accelerating over 

the hingeline, following the control surface for a short distance, and separating where the 

white contour (zero velocity) intersects the surface. The negative velocities near the 

surface downstream of this separation point extended until the end of the measurement 

domain and were expected to extend until the trailing edge. Figure 49b shows the 

normalized surface-normal velocity, 𝑉∗ 𝑈∞⁄ , which was positive through the planes with 

reduced magnitude close to the surface. The normalized spanwise velocity, 𝑊∗ 𝑈∞⁄ , in 

Figure 49c switched along the chord, with negative, outboard-oriented flow just 

downstream of the hingeline and through the shear layer, and positive, inboard-oriented 
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flow within the separated region. The values of the spanwise flow were about 0.15𝑈∞. 

Figure 49d shows the contours of the normalized spanwise vorticity, 𝛺𝑧
∗𝑐 𝑈∞⁄ , where 

there was a region of high magnitude negative vorticity near the hingeline. The negative 

vorticity contours, associated with the separating shear layer, separated from the surface 

downstream of the hingeline. A small, thin region of positive vorticity flow was located 

near the surface, due to the reverse flow.  

  

a) Normalized local chordwise velocity, 𝑼∗ 𝑼∞⁄  b) Normalized surface-normal velocity, 𝑽∗ 𝑼∞⁄  

  

c) Normalized spanwise velocity, 𝑾∗ 𝑼∞⁄  d) Normalized spanwise vorticity, 𝜴𝒛
∗𝒄 𝑼∞⁄  

Figure 49: z*-normal planes of from the SPIV volumes; δ = 20°, Λ = 0°, α = 5°. 

The unswept baseline flow field possesses different characteristics depending on 

model configuration and the presence or absence of boundary layer trips. The location of 

the transition point was thought to be important in creating relatively spanwise uniform 

flow over the control surface; an important flow feature for fundamental work. While a 

number of combinations were found which produced approximately constant flow 

features along the span, a true, ideal two-dimensional flow was elusive. However, results 
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from the unswept model with small components of spanwise velocity provided insight in 

a scenario approaching the ideal condition. 

3.1.2 Baseline Case – Sweptback Airfoil 

Similar to the experiments performed on the baseline unswept model, 

experiments were conducted on the model in the sweptback configuration with and 

without the trips, and at different angles of attack and control surface deflection angles. 

For all experiments in the swept condition, the model was mounted in the horizontal 

orientation and placed in a freestream flow of 𝑈∞ = 20 𝑚/𝑠. Pressure measurement and 

SPIV test results are discussed below. Note that zoomed-in, detailed boundary layer 

measurements upstream of the hingeline were not obtained for this configuration, but 

only for the unswept model. 

3.1.2.1 Surface Pressure Data 

The chordwise 𝐶𝑝 distributions for the untripped model at four angles of attack 

are presented in Figure 50 for a constant control surface deflection angles of 𝛿 = 20°. 

Figure 50a is the distribution when 𝛼 = −5°, and shows there was no leading-edge 

suction peak at this negative angle, but a relatively high magnitude hingeline peak. This 

was due to the expected location of the stagnation point on the upper airfoil surface such 

that the flow did not accelerate over as much of the curved leading edge as it did for 

positive angles of attack. However, the effective curvature of the hingeline increased due 

to the negative angle of attack. Comparing the pressure coefficient value at the hingeline 

at 𝛼 = −5° to the other angles shows that as the angle of attack increased, the hingeline 

peak magnitude decreased. Between the leading edge and the mid-chord, pressure was 

relatively constant. There was some spanwise variation at both leading-edge and 

hingeline locations, with a slight decrease in pressure along the span in the outboard 

direction at the leading edge and a larger variation at the hingeline. This hingeline 

variation was as much as ∆𝐶𝑝 = 0.71. Over the control surface, there was good pressure 

recovery for all spanwise locations. Rows 6 and 7 (turquoise and blue dots) had a small 

pressure plateau between 𝑥 𝑐⁄ = 0.68 and 𝑥 𝑐⁄ = 0.72, indicative of a small separation 

bubble. Downstream of this separation bubble the flow seems to reattach with continued 
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pressure recovery. The favorable pressure gradient just upstream of the hingeline 

indicates that flow was accelerating as it encountered the synthetic jet orifices. 

  

a) 𝜹 = 𝟐𝟎° and 𝜶 = −𝟓° b) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟎° 

  

c) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟐. 𝟓° d) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟓° 

Figure 50: Baseline Cp distributions from the swept, untripped model. 

Increasing the angle of attack to 𝛼 = 0° (Figure 50b) resulted in a clear leading-

edge suction peak and a hingeline suction peak of approximately the same magnitude. 

The slight decrease in pressure along the span from the inboard row 7 to outboard row 1 

that was observed on the leading edge for the 𝛼 = −5° results was observed at 𝛼 = 0° as 

well. The approximate pressure coefficient of the leading edge was 𝐶𝑝 = −2. 

Downstream of this peak there was an adverse pressure gradient which extended until 

about 𝑥 𝑐⁄ = 0.42, where a small relatively constant pressure existed until about 

𝑥 𝑐⁄ = 0.5. A favorable pressure gradient then indicated acceleration over the hingeline. 

The hingeline peak was more spanwise uniform than that at 𝛼 = −5°, and shows an 

increase in pressure along the span in the outboard direction. This was associated with an 
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implied deceleration towards the tip at the hingeline. The extent of pressure recovery and 

lack of pressure plateau indicate attachment over the control surface, though some of the 

outboard rows may be close to separating. For example, row 1 had a region near the 

trailing edge with approximately constant values that could indicate a pressure plateau 

over the control surface. 

Increasing the angle of attack to 𝛼 = 2.5° (Figure 50c) further increased the 

magnitude of the leading-edge suction peak to about 𝐶𝑝 = −3. A large adverse pressure 

gradient existed until the hingeline, where a hingeline suction peak is observed. The 

magnitude of the hingeline peak was reduced in comparison to the lower angles of 

attack, with values between 𝐶𝑝 = −1.22 and 𝐶𝑝 = −0.66. The hingeline pressure 

increases along the span in the outboard direction such that a deceleration was expected 

towards the tip. The flow seems to have been separated over a larger portion of the 

control surface from 𝑥 𝑐⁄ = 0.70 to the trailing edge. 

Figure 50d presents the pressure coefficient distribution at 𝛼 = 5°, where the 

leading-edge suction peak increased, in comparison to the lower angles, to values 

between 𝐶𝑝 = −3.94 and 𝐶𝑝 = −3.55. The spanwise variation was such that the 

pressure decreases along the span so that acceleration was expected toward the tip at the 

leading-edge. A more severe adverse pressure gradient existed along the chord than at 

the lower angles and a small suction peak existed at the hingeline. This small peak had a 

pressure coefficient value between 𝐶𝑝 = −0.68 and 𝐶𝑝 = −0.65. The flow was expected 

to be separated over most of the control surface due to the pressure plateau that began at 

𝑥 𝑐⁄ = 0.70. There was a further decrease in pressure over the control surface, which 

was thought to be due to the separated flow having higher velocities near the trailing 

edge than near the separation point. This separated flow behavior will be observed with 

the SPIV results in later sections in discussions of flow streamlines. 
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a) 𝜹 = 𝟐𝟎° and 𝜶 = −𝟓° b) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟎° 

  

c) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟐. 𝟓° d) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟓° 

Figure 51: Baseline Cp contours over the control surface on the swept, untripped model. 

The pressure contours of Figure 51 support the results from the pressure 

distributions of Figure 50. These contours were created from most of the pressure ports 

over the control surface, including all seven main rows and the extra rows in-between. 

The open rectangles mark the locations of the jet orifices. The color scale is such that 

blue signifies more negative pressures. Figure 51a shows the small constant pressure 

region near rows 6 and 7 (between 𝑧 𝑐⁄ ≈ 0.13 to 𝑧 𝑐⁄ ≈ 0.04) just downstream of the 

hingeline. The slight acceleration towards the tip was also evident at the hingeline. 

Interestingly, this trend seems reversed over the rest of the chord. An increase in 

pressure along the span associated with deceleration is evident for the 𝛼 = 0° results in 

Figure 51b, as well as the increased pressure at the hingeline peak in comparison to 

𝛼 = −5°. This trend continued at 𝛼 = 2.5° and 𝛼 = 5° in Figure 51c and Figure 51d, 

where the magnitude of 𝐶𝑝 at the hingeline was reduced further. Additionally, the 
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increase in pressure along the span is observed at the higher angles of attack. Pressure 

plateaus, which are indicative of separation, are also observed, though these constant-

pressure regions seem slightly skewed in the streamline direction due to the presence of 

the swept flow. This caused the chordwise 𝐶𝑝 distributions to have a slight decrease in 

pressure near the trailing edge. While this was understandable in the swept sense, this 

trailing edge pressure decrease was also observed in the unswept 𝐶𝑝 distributions of 

Figure 35 and Figure 37, where the swept flow reason no longer applied. It may be that 

the negative velocity in the separated region had a higher magnitude closer to the trailing 

edge which decreased as the flow moved upstream towards the separation point. 

Similar pressure coefficient and pressure contour results were acquired for the 

tripped, swept model configuration. Here, both the control surface deflection angles 

(𝛿 = 20° and 𝛿 = 30°) and only two angles of attack (𝛼 = 0° and 𝛼 = 5°) were tested. 

Figure 52 shows the pressure distributions for these four configurations. The results for 

𝛿 = 20° and 𝛼 = 0° in Figure 52a show a reduced leading-edge suction peak due to the 

addition of the trips. Note that the bump in 𝐶𝑝 at 𝑥 𝑐⁄ = 0.06 is associated with the 

suction-surface trip’s placement close to pressure ports. Whereas the trip greatly 

improved the spanwise uniformity of the hingeline suction peak in the unswept case 

(Figure 37), the addition of the trips did not eliminate the spanwise variation in the swept 

configuration. Indeed, the variation in pressure coefficient was actually greater at the 

hingeline along the span after the addition of the trips. The variation was ∆𝐶𝑝 = 0.79 

with the trips and ∆𝐶𝑝 = 0.67 without them. The trips also seem to have increased the 

extent of separation over the control surface since a pressure plateau existed from 

𝑥 𝑐⁄ = 0.75 to the trailing edge for all rows. The trend continued where a decrease in 

pressure is observed along the span at the leading edge and an increase in pressure along 

the hingeline in the outboard direction. 

An increase in angle of attack to 𝛼 = 5° for the same control surface (Figure 

52b) results in the expected increase in leading-edge suction peak magnitude and 

decrease in hingeline suction peak magnitude as was observed in the previously 

discussed configurations. The hingeline pressure coefficient values were clearly more 

uniform at the higher angle. In comparison to the untripped pressure distribution at the 

same conditions (Figure 50), the tripped case resulted in a similar spanwise variation in 
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the hingeline suction peak magnitude (∆𝐶𝑝 = 0.13 without the trips and ∆𝐶𝑝 = 0.12 

with the trips). It seems that the trips did not have much of an effect for either angle of 

attack at this control surface deflection angle of 𝛿 = 20°. It may be that the strength of 

the spanwise flow eliminated the effect of the transition point and surface quality. 

  

a) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟎° b) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟓° 

  

c) 𝜹 = 𝟑𝟎° and 𝜶 = 𝟎° d) 𝜹 = 𝟑𝟎° and 𝜶 = 𝟓° 

Figure 52: Baseline Cp distributions on the swept, tripped model. 

Figure 52c and Figure 52d are the results for the tripped model configuration 

with the control surface with a deflection angle of 𝛿 = 30° at angles of attack of 𝛼 = 0° 

and 𝛼 = 5°, respectively. For this control surface angle, only tripped data was obtained. 

The two subplots show the increase in suction peak magnitude at the leading edge with 

increase in angle of attack, and the decrease in suction peak magnitude at the hingeline. 

Both cases show uniform hingeline peaks along the span and pressure plateaus over most 

of the control surface chord. The leading-edge suction peaks at both angles of attack 

have spanwise variation where there was a decrease in pressure towards the tip. The 
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slight decrease in pressure as the trailing edge was approached is observed over both 

plots, as was observed in both tripped and untripped cases on the 𝛿 = 20° control 

surface. It seems that the flow near the hingeline was approximately spanwise uniform 

and that there was a large potential for improvement using synthetic jets to reduce the 

indicated massive separation over the control surface. However, the severity of both the 

adverse pressure gradient and the separation may have created a hostile environment for 

the synthetic jet structures. 

The pressure contours of Figure 53 agree with the pressure coefficient results of 

Figure 52. This includes the spanwise variation of the hingeline peak in Figure 53a for 

the 𝛿 = 20° control surface at 𝛼 = 0°, where the increase in pressure along the hingeline 

is clear with the progression from blue and green to orange when moving towards the 

tip. The other three cases at the higher angle of attack at 𝛿 = 20°, and both angles of 

attack for the larger control surface deflection angle, have relatively uniform hingeline 

pressures along the span. The slight pressure increase near the trailing edge downstream 

of the pressure plateau over the control surface in a chordwise direction is shown also, 

similar to what was observed for the untripped configuration in Figure 51. 

A quantitative comparison of the untripped and tripped pressure distributions at 

the center pressure port row (row 5) at angles of attack of 𝛼 = 0° and 𝛼 = 5° at 𝛿 = 20° 

were plotted in Figure 54 where the untripped data were plotted with black dots and the 

tripped data with the blue squares. At 𝛼 = 0° (Figure 54a), the effect of the trips in the 

swept configuration was found to be similar to the effect on the unswept configuration at 

𝛿 = 20° (Figure 39a), where both leading-edge and hingeline suction peaks were 

reduced in magnitude and the circulation over the airfoil was reduced. The bump at 

𝑥 𝑐⁄ = 0.06 was due to the suction-surface trip’s placement near a pressure port, as was 

also seen previously. The calculated lift coefficient without the trips was 𝐶ℓ = 1.08 and 

was 𝐶ℓ = 0.95 with the trips. At 𝛼 = 5° (Figure 54b), the tripped and untripped pressure 

distributions are almost indistinguishable, except near the leading edge where the trips 

caused a slightly higher magnitude suction peak. These plots reveal how the trips may 

not have been necessary at 𝛼 = 5° to change the characteristics of the flow over the 

control surface. Indeed, the calculated lift coefficient was 𝐶ℓ = 1.32 without the trips 

and, similarly, 𝐶ℓ = 1.33 with the trips. 
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a) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟎° b) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟓° 

  

c) 𝜹 = 𝟑𝟎° and 𝜶 = 𝟎° d) 𝜹 = 𝟑𝟎° and 𝜶 = 𝟓° 

Figure 53: Baseline Cp contours over the control surface on the swept, tripped model. 

  

a) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟎° b) 𝜹 = 𝟐𝟎° and 𝜶 = 𝟓° 

Figure 54: Baseline Cp distribution comparison between untripped and tripped configurations at 

the center pressure port row (row 5), swept configuration. 
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3.1.2.2 Flow Field Data  

SPIV experiments were performed at angles of attack of 𝛼 = 0° and 𝛼 = 5° with 

and without trips, respectively, to determine the baseline flow field the synthetic jets 

would emit into. At 𝛼 = 5°, the untripped data included two sets: sparse data taken over 

a large portion of the span with large spanwise spacing between planes, and higher-

resolution data surrounding jet 3. Both these data sets used an SPIV window that 

encompassed most of the control surface and the jet orifices, but did not extend all the 

way to the trailing edge. For the cases where 𝛼 = 0°, tripped data included two sets as 

well. The first was zoomed-in around jet 5 (the center jet) and the second was zoomed-

out to include the entirety of the control surface chord and the jet orifices in a region 

extending over jets 4 and 5.  

Testing was performed where spanwise uniformity could be accomplished, 

whether through an angle of attack increase or addition of the trips. The untripped SPIV 

data were acquired at an angle of attack of 𝛼 = 5° in order to test in flow conditions that 

were expected to be more spanwise uniform based on the pressure distributions and 

contours of Figure 50 and Figure 51. The tripped SPIV data were acquired at an angle of 

attack of 𝛼 = 0° in order to test in conditions where a less severe adverse pressure 

gradient is present. While this means that the following results are not directly 

comparable between the two angle of attack data sets due to inconsistent trip 

characteristics, much can be learned about the effects pressure gradients on the 

effectiveness of synthetic jet actuators. The sparse data from the 𝛼 = 5° experiment are 

discussed separately at first to gain an overview of the flow field over the swept model. 

The higher spanwise resolution SPIV data for both the 𝛼 = 0°and 𝛼 = 5° experiments 

with zoomed-in and zoomed-out volumes are then discussed together.  

The SPIV experiment at 𝛼 = 5° was used to investigate the behavior of the flow 

field over a large spanwise extent with ten sparsely-spaced 𝑧∗-normal planes. Note that 

some of the data were blanked where 𝑦 𝑐⁄ > 0.035 in order to view all the planes 

adequately. Each plane of normalized local chordwise velocity (𝑈∗ 𝑈∞⁄ , Figure 55a) 

shows negative velocities indicating separated flow. The magnitude of the negative 

velocity was greater on the inboard side of the model than outboard. The height of all 

contour lines upstream of the hingeline increased in the outboard direction, showing an 
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increase in the boundary layer thickness over the orifice outboard along the span. This 

variation continued over the control surface where the contour lines bent towards the 

surface in the inboard planes and were higher off the surface in the outboard planes. A 

close look at each plane reveals the location and height of the contours were 

approximately constant from the 6
th

 inboard plane until the most outboard plane. Despite 

these non-uniformities, the separation point seems to have stayed in a consistent location 

along the span, as did the wall-normal location of the zero velocity contour at the 

downstream end of the measurement planes. 

Differences between the inboard and outboard sides of the flow field are visible 

in the normalized surface-normal velocity contours of Figure 55b. The inboard region 

was characterized by higher magnitude surface-normal velocity near the surface in 

comparison to outboard. This region shifted further downstream in each plane along the 

span in the outboard direction until it could no longer be observed or no longer existed in 

the three outboard-most planes. 

This difference between inboard and outboard regions is also clear in the 

normalized spanwise velocity, 𝑊∗ 𝑈∞⁄ , in Figure 55c. The inboard-most planes featured 

positive, inboard-oriented flow in a region sandwiched between an upper and a lower 

region of negative, outboard-oriented flow. The highest magnitudes of velocity, both 

positive and negative, are observed in the inboard-most plane. The small region of 

positive flow eventually disappeared near the center plane (5
th

 inboard plane) and the 

magnitude of the negative, outboard-oriented flow decreased near the surface. The two 

outboard-most planes again show a small region of positive, inboard flow, but it existed 

in a thin layer close to the surface. Negative velocity flow was present above this thin 

positive layer. 

Figure 55d presents the normalized spanwise vorticity, 𝛺𝑧
∗𝑐 𝑈∞⁄ , in the sparse 

planes. The vorticity distribution does not change along the span, where the region of 

highest vorticity extended straight over the hingeline over the control surface. However, 

a noticeable difference existed underneath the high magnitude vorticity contours close to 

the surface. In this region, there was a slightly higher vorticity magnitude in the inboard 

planes than in the outboard planes, where the spanwise vorticity was approximately 0.  
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The details and characteristics of the separated flow varied substantially along 

the span at 𝛼 = 5°, especially in the inboard half of the measurement domain. It was 

possible that the spanwise variation was simply an edge-effect, which would be 

minimized on a model of higher aspect ratio. It does seem that the flow field became 

more uniform in the outboard planes. 

  

a) Normalized local chordwise velocity, 𝐔∗ 𝐔∞⁄  b) Normalized surface-normal velocity, 𝐕∗ 𝐔∞⁄  

  

c) Normalized spanwise velocity, 𝑾∗ 𝑼∞⁄  d) Normalized spanwise vorticity, 𝜴𝒛
∗𝒄 𝑼∞⁄  

Figure 55: z
*
-normal SPIV planes for the swept, untripped model configuration, α = 5°. 

SPIV measurements with higher spanwise resolution at both angles of attack 

allowed for an in-depth flow view, and enabled the calculation of three-dimensional 

streamlines. These analyses were useful to understand how the flow behaved along the 

span. The higher resolution SPIV volumes were either acquired near jet 3 or jet 5 for the 

𝛼 = 5° and 𝛼 = 0° cases, respectively. Both jets were located away from the observed 

edge effects on the inboard portion of the model, though jet 5 may have experienced 

some three-dimensionality. Jet 3 was within the region of spanwise uniformity.  
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Iso-surfaces of normalized local chordwise velocity (𝑈∗ 𝑈∞⁄ , Figure 56) show 

separation over the spanwise extents of the measurements domains. Both 𝛼 = 0° and 

𝛼 = 5° data show uniform reversed flow along the spanwise extents of the 

measurements, though separation was more severe at the higher angle of attack. Figure 

56b shows reversed flow over a greater extent of the control surface when 𝛼 = 5° than 

when 𝛼 = 0° in Figure 56a. Figure 56c shows the zoomed-out SPIV data at 𝛼 = 0°. This 

plot likewise shows uniform iso-surfaces and separation along the span, while also 

showing flow from the pressure side wrapping around the trailing edge. From this figure 

it can be concluded that relatively spanwise uniform flow was accomplished through 

either an increase in angle of attack or addition of trips. The presence of separation was 

also proven in both cases. 

  

a) Tripped, zoomed-in, 𝜶 = 𝟎° b) Untripped, zoomed-in, 𝜶 = 𝟓° 

 

c) Tripped, zoomed-out, 𝜶 = 𝟎° 

Figure 56: SPIV volumes of iso-surfaces of normalized local chordwise velocity; δ = 20°, Λ = 20°. 
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Figure 57 shows the streamlines colored by normalized spanwise velocity and the 

underlying behavior of the flow observed in Figure 56. The flow field at both angles of 

attack had two main sets of streamlines. The first set came from upstream of the 

hingeline and crossed over the separated region at an angle to the chordline due to the 

swept nature of the flow. The second set of streamlines was in the separated region. At 

𝛼 = 0° (Figure 57a), the streamlines indicated less severe separation compared to the 

case where 𝛼 = 5° (Figure 57b). In Figure 57a, the upstream streamlines seem to have 

followed the control surface for about half of the measurement domain before lifting off 

the surface. Most of the underlying streamlines in the separated region had an outboard 

and slight upstream orientation. Some streamlines near the chordwise extent of the 

domain seem to have rotated around each other in the spanwise direction. In contrast, the 

higher angle of attack, untripped streamlines in Figure 57b had many streamlines with 

reversed flow. These underlying streamlines were oriented upstream and inboard. Also, 

the streamlines originating from over the hingeline turned inboard over the hingeline and 

had a positive (red) spanwise velocity before turning outboard again.  

At 𝛼 = 0° (Figure 57c), the streamlines show more of the rotating streamlines 

along the span in the latter third of the control surface. A clearer view was obtained by 

rotating the point-of-view to the side-view in Figure 57d. From this angle, it is apparent 

that the flow moved over the hingeline (with a slight inboard tilt) and followed the 

surface for a short distance before separating. The streamlines closest to the surface at 

the separation point then moved over the separated region until reaching the trailing edge 

vicinity. Here, they rolled over towards the surface and flow upstream, creating a 

recirculation region. These underlying streamlines then separated from the surface at the 

separation point, which they approached from the downstream direction, before joining 

the separating flow from upstream. The flow from the pressure surface was visible in the 

streamlines near the trailing edge which pointed upwards slightly as they go into the 

wake. 
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a) Tripped, zoomedin, 𝜶 = 𝟎° b) Untripped, 𝜶 = 𝟓° 

  

c) Tripped, zoomed-out, 𝜶 = 𝟎° d) Tripped, zoomed-out, 𝜶 = 𝟎°, side view 

Figure 57: Streamlines colored by normalized spanwise velocity; δ = 20°, Λ = 20°. 

Further investigation of the baseline flow was accomplished with 𝑧∗-normal 

planes of the three components of normalized velocity and of normalized spanwise 

vorticity through the SPIV measurement domains. Figure 58 compares the 𝛼 = 0° and 

𝛼 = 5° normalized local chordwise velocity, 𝑈∗ 𝑈∞⁄ , at several 𝑧∗-normal planes. It 

clearly shows that the extent of the separated flow was larger at the higher angle of 

attack. Figure 58a shows a small region of separated flow near the surface with a 

separation point, marked by the intersection the white 0 m/s contour with the surface, 

which moved upstream with outboard distance. Figure 58b shows a much more 

extensive separation uniformly along the spanwise region of the measurement domain. 

The wall-normal distance of the contours between the two angles of attack results were 

quite different, with the 𝛼 = 0° contours following the surface while the 𝛼 = 5° 

contours had greater heights. The full extent of this separation in the 𝛼 = 0°, tripped 
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condition is shown to extend over the rest of the control surface in the zoomed-out data 

of Figure 58c.  

The normalized surface-normal velocity, 𝑉∗ 𝑈∞⁄ , contours of Figure 59 show 

positive velocity values throughout both the zoomed-in regions of the 𝛼 = 0° and 

𝛼 = 5° flow fields. The zoomed-out data at the lower angle of attack in Figure 59c show 

that the positive velocity extended almost to the trailing edge. Just upstream of the 

trailing edge there was a region of downward, negative velocity flow associated with the 

recirculating flow directed towards the surface in this location (see Figure 57d) and 

perhaps some roll-up of the flow from the pressure side. 

  

a) Tripped, zoomed-in, 𝜶 = 𝟎° b) Untripped, zoomed-in, 𝜶 = 𝟓° 

 

c) Tripped, zoomed-out, 𝜶 = 𝟎° 

Figure 58: z
*
-normal planes of normalized local chordwise velocity; δ = 20° and Λ = 20°. 
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a) Tripped, zoomed-in, 𝜶 = 𝟎° b) Untripped, zoomed-in, 𝜶 = 𝟓° 

 

c) Tripped, zoomed-out, 𝜶 = 𝟎° 

Figure 59: z
*
-normal planes of normalized surface-normal velocity; δ = 20° and Λ = 20°. 

 Figure 60 presents the contours of the normalized spanwise velocity, 𝑊∗ 𝑈∞⁄ , for 

the two angle of attack cases. It is clear that there was a larger positive, inboard-oriented 

flow region for the 𝛼 = 5°, untripped case (Figure 60b). However, similar inboard-

oriented flow region existed in the tripped case (Figure 60a), but it was much smaller in 

size and extended over less of the control surface chord. It seems that the greater the 

extent and severity of separation, the larger the positive, inboard spanwise flow region. It 

follows that as separation severity decreased on this swept model, the negative, outboard 

spanwise flow increased. The normalized spanwise velocities were as high as about 

𝑊∗ 𝑈∞⁄  = 0.35 at 𝛼 = 0° and about 𝑊∗ 𝑈∞⁄  = 0.275 at 𝛼 = 5°. 
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a) Tripped, zoomed-in, 𝜶 = 𝟎° b) Untripped, zoomed-in, 𝜶 = 𝟓° 

 

c) Tripped, zoomed-out, 𝜶 = 𝟎° 

Figure 60: z
*
-normal planes of normalized spanwise velocity; δ = 20° and Λ = 20°. 

Figure 27 presents 𝑧∗-normal planes of color contours of normalized spanwise 

vorticity, 𝛺𝑧
∗𝑐 𝑈∞⁄ . Figure 61a shows that high magnitudes of spanwise vorticity were 

present close to the surface at the lower angle of attack with the trips. In contrast, at 

𝛼 = 5° (Figure 61b), the concentration of spanwise vorticity separated from the 

hingeline in a straight line and had lower magnitudes. This adds further evidence 

showing the flow was more separated without the trips at the higher angle of attack. The 

zoomed-out case, where 𝛼 = 0° (Figure 61c), shows that due to the flow from the 

pressure side of the model near the trailing edge, a vorticity with opposite sign was 

present. 
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a) Tripped, zoomed-in, 𝜶 = 𝟎° b) Untripped, zoomed-in, 𝜶 = 𝟓° 

 

c) Tripped, zoomed-out, 𝜶 = 𝟎° 

Figure 61: z
*
-normal planes of normalized spanwise vorticity; δ = 20° and Λ = 20°. 

In summary, the study of the baseline flow field provided the necessary 

information needed to implement the proper flow control methodology. Through choice 

of trips, angle of attack, and control surface deflection angle, different desired flow 

fields with varying spanwise uniformity and separation severity could be obtained, 

depending on the focus of the particular experiments. In general, most of the following 

results used the leading-edge trips on both the suction and pressure surfaces. It was 

concluded from the results discussed above that the inclusion of the trips helped in 

controlling the location of flow transition such that a turbulent flow was present over the 

control surface, resulting in a more uniform flow along the span (in most cases).  
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3.2 Effect of Actuation: Pressures and Aerodynamic Force 

3.2.1 Overall Effect of Actuation (Λ = 0°, δ = 20°, and α = 0°) 

The overall effect of synthetic jet-based flow control on the unswept model 

configuration with 𝛿 = 20° deflected control surface at an angle of attack of 𝛼 = 0° is 

discussed in this section. Figure 62 presents the pressure distribution at the center 

pressure port row (𝑧 𝑐⁄ = 0) around the airfoil for the baseline case (black dots) and the 

all jets active case (red triangles). The suction peak over the control surface hingeline 

near 𝑥 𝑐⁄ = 0.67 was increased in magnitude by ∆𝐶𝑃 = 1.4 (136%) when the synthetic 

jets were activated. Additionally, circulation was increased over the entire airfoil, shown 

by the increased area between the upper and lower surface 𝐶𝑃 values for the actuated 

case in comparison to the baseline. This includes an increase in the magnitude of the 

leading-edge suction peak. Lastly, the indicated separation over the control surface in the 

baseline case, where a pressure plateau existed over the control surface, was eliminated 

with the addition of flow control. There was also increased pressure recovery, 

represented by the magnitude of the difference between the hingeline and trailing edge 

𝐶𝑃, of ∆𝐶𝑃 = 0.2 over the control surface when the synthetic jets were actuated, which 

would lead to decreased pressure drag and increased control surface effectiveness.  

The pressure distribution on the unswept model was measured at four complete 

pressure port rows along the span at 𝑧 𝑐⁄ = −0.25,−0.15, 0, and 0.1. The pressures for 

each row were integrated and the results were averaged over the four rows to obtain the 

lift coefficient. The integrated pressures for the baseline yielded a lift coefficient of 

𝐶ℓ = 0.87, whereas the lift coefficient for the actuated case was 𝐶ℓ = 1.10, which was 

an increase in lift of ∆𝐶ℓ = 0.23, or an increase of 26.3% over the baseline. 

Next, color contours of 𝐶𝑃 over a spanwise extent on the control surface from 

𝑧 𝑐⁄ = −0.32 to 𝑧 𝑐⁄ = 0.13 for the baseline and all jets cases are presented in Figure 

63a and b, respectively. These contours show that the effects of actuation at the 

centerline pressure distribution in Figure 62 also occurred along the entire span of the 

measurement domain. 𝐶𝑃 was plotted for most of the pressure ports over the control 

surface only, at the seven main pressure port rows and the extra rows in-between. The 

rectangles denote the locations of the jet orifices. Unfilled rectangles mark unactuated jet 
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locations and green filled rectangles mark active jet locations. The black circles denote 

the locations of the pressure ports. Data between these circles were interpolated. The 

lower 𝐶𝑃 values in the darker blue for the actuated case show that the magnitude of the 

hingeline suction peak was increased at all spanwise locations. The waviness in the 

contours was most likely due to an inconsistent concentration of pressure ports along the 

span. 

 

Figure 62: Cp distribution comparison of all jets (red triangles) to baseline (black circles), Λ = 0°, δ 

= 20°, and α = 0°. 

   

a) Baseline b) All jets active 

Figure 63: Cp contour comparison between baseline and all jets active case; Λ = 0°, δ = 20°, and α = 

0°. 

 Next, tuft flow visualization was used to provide a qualitative view of the effect 

of the jets on the control surface. Figure 64 shows the beneficial effect of flow control 

over the control surface for the baseline and all jets active cases. About half of the model 

chord is visible in the pictures to focus on the tufts placed only the control surface, and a 
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dashed red line marks the approximate location of the synthetic jet orifices near the 

hingeline. The baseline tuft image (Figure 64a) shows the upstream-most tuft row, 

located over the hingeline, was oriented in the downstream direction, where the tufts 

have some unsteadiness. Downstream of the hingeline, there were large fluctuations in 

the tufts over the entire control surface chord and span. The chaotic behavior of the tufts 

was characteristic of severe separation. The addition of active flow control, when all the 

jets were active (Figure 64b), decreased the unsteadiness of the tufts and oriented the 

tufts in a downstream direction. The tufts near the trailing edge were still quite unsteady, 

though their average orientation seems to have been mostly downstream. Additionally, 

the hingeline tufts were steadier than in the baseline flow and had very little observed 

motion. Note that the flow was still separated in the unactuated regions inboard and 

outboard of the jet module. These visualizations show the beneficial, global effect of 

synthetic jet-based flow control. 

  

a) Baseline b) All jets active 

Figure 64: Tuft flow visualization comparison between baseline and all jets active case, 

approximate location of synthetic jet orifices marked with red dashed line; Λ = 0°, δ = 20°, and α = 

0°. 
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3.2.2 Overall Effect with Increased Separation Severity 

3.2.2.1 Increased Angle of Attack (𝜦 = 𝟎°, 𝜹 = 𝟐𝟎°, 𝐚𝐧𝐝 𝜶 = 𝟓°) 

Next, the angle of attack was increased to 𝛼 = 5°, which increased the severity 

of the adverse pressure gradient across the model. At 𝛼 = 0°, the synthetic jets ejected 

into an approximately zero pressure gradient flow just upstream of the hingeline, as seen 

in Figure 65 with the black circles, while at 𝛼 = 5°, there was a slight adverse pressure 

gradient present, as observed with the green triangles. This pressure gradient at the 

higher angle of attack is observed as the slight negative slope in 𝐶𝑃 between 𝑥 𝑐⁄ =

0.6 and 0.7. The increase in separation severity with increased angle of attack was small 

in this case with the hingeline suction peak magnitude slightly reduced by ∆𝐶𝑃 = 0.15. 

The lift coefficient was 𝐶ℓ = 1.23 and was greater than the lift coefficient at the lower 

angle of attack by ∆𝐶ℓ = 0.36.  

 

Figure 65: Cp distribution comparison of baselines at α = 0° (black circles) and at α = 5° (green 

triangles); Λ = 0° and δ = 20°. 

Actuating all the jets into this flow field increased the magnitude of the hingeline 

suction peak and the overall circulation, similar to the effect at the lower angle of attack, 

but in smaller increments. These effects can be observed in Figure 66 for the baseline 

distribution (black circles) and all jets active case (red triangles). The increase of the 

hingeline suction peak was ∆𝐶𝑃 = 0.78, an 86% increase from the baseline. In 

comparison to the lower angle of attack, this was about half of the increase in 𝐶𝑃. The 

pressure recovery over the control surface increased in comparison to the baseline and in 

comparison to the lower angle of attack case. The greater influence of the synthetic jets 

at the lower angle of attack was a result of the smaller (or non-existent) pressure gradient 
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at the jet orifice location. The lift coefficient with all jets active was 𝐶ℓ = 1.49, which is 

an increase of ∆𝐶ℓ = 0.26 and a percentage increase of 21.0% compared to the baseline. 

 

Figure 66: Cp distribution comparison of all jets (red triangles) to baseline (black circles); Λ = 0°, δ 

= 20°, and α = 5°. 

3.2.2.2 Increased Control Surface Deflection Angle (𝜦 = 𝟎°, 𝜹 = 𝟑𝟎°, 𝐚𝐧𝐝 𝜶 = 𝟎°) 

An increase in separation extent and severity resulted from increasing the control 

surface deflection angle from 𝛿 = 20° to 𝛿 = 30°. Figure 67 shows the comparison 

between these two control surface deflection cases at an angle of attack of 𝛼 = 0° with 

black circles for the 𝛿 = 20° case and magenta diamonds for the 𝛿 = 30° case. While 

the magnitudes of the hingeline suction peaks are relatively similar for both deflection 

angles with 𝐶𝑃 = −1.06 for 𝛿 = 20° and 𝐶𝑃 = −1.08 for 𝛿 = 30°, the pressure 

recovery was greater for the smaller deflection angle. The observed lesser pressure 

recovery when 𝛿 = 30°, would lead to an implied increase in pressure drag and 

reduction in control surface effectiveness. Additionally, the onset of separation was 

indicated with the start of the pressure plateau upstream at about 𝑥 𝑐⁄ = 0.698 in 

comparison to 𝑥 𝑐⁄ = 0.720 for 𝛿 = 20°, which means flow was separated over a greater 

extent of the surface. The higher deflection angle also increased the circulation over the 

airfoil due to increased camber. This led to a higher lift coefficient value of 𝐶ℓ = 1.11 at 

𝛿 = 30°, while the lift coefficient was 𝐶ℓ = 0.87 at 𝛿 = 20°. This increase in lift was 

the main reason of deflecting the control surface, and the assumed increased drag and 

reduced effectiveness were the side effects that the flow control aims to address. 
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Figure 67: Cp distribution comparison of baselines with δ = 20° deflected control surface (black 

circles) with δ = 30° deflected control surface (magenta diamonds); Λ = 0° and α = 0°. 

Actuating the synthetic jets into this flow field with greater separation severity 

increased the hingeline suction peak magnitude and the overall circulation, but did not 

seem to greatly affect the extent of separation. These effects can be seen in Figure 68 

where the baseline data for this configuration are plotted with black circles and the 

actuated data with red triangles. The hingeline suction peak with all the jets active was 

𝐶𝑃 = −1.861, which was an increase of ∆𝐶𝑃 = 0.76, or 70%, in comparison to 𝐶𝑃 =

−1.10 for the baseline. The calculated lift coefficient with all jet active was 𝐶ℓ = 1.32. 

This was an increase of ∆𝐶ℓ = 0.21, or 18.8%, in comparison to the baseline. 

 

Figure 68: Cp distribution comparison of all jets (red triangles) to baseline (black circles); Λ = 0°, δ 

= 30°, and α = 0°. 
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3.2.3 Overall Effect with Spanwise Flow 

3.2.3.1 Addition of Spanwise Flow (𝜦 = 𝟐𝟎°, 𝜹 = 𝟐𝟎°, 𝐚𝐧𝐝 𝜶 = 𝟎°) 

The addition of sweep angle added a spanwise component to the flow, which 

increased the three-dimensionality and complexity of flow control actuation. With 

sweep, the inboard jets had a larger effect on outboard jets than they did without sweep. 

Figure 69 shows the overall effect of actuation with all jets active (red triangles) on 𝐶𝑝 

distribution in comparison to the swept baseline (black circles). These data are from the 

center pressure port row, which was normal to the swept hingeline. The hingeline 

suction peak magnitude increased from 𝐶𝑃 = −1.27 to 𝐶𝑃 = −2.00, an increment of 

∆𝐶𝑃 = 0.73 (57.5%). The pressure recovery was increased as well due to actuation. 

Actuating all the jets resulted in an integrated lift coefficient of 𝐶ℓ = 1.11, an increase of 

∆𝐶ℓ = 0.15 (15.9%) from 𝐶ℓ = 0.95 for the baseline. (Note that during the swept 

experiments, jet 1 did not perform well and was removed from testing). In comparison to 

the unswept 𝐶𝑃 distribution under the same conditions (Figure 62), the extent of 

indicated separation was less. 

 

Figure 69: Cp distribution comparison of all jets (red triangles) to baseline (black circles); Λ = 20°, δ 

= 20°, and α = 0°. 

Figure 70a and b present contours of the pressure coefficient over the control 

surface for the baseline and actuated cases, respectively. The spanwise adverse pressure 

gradient of the baseline case (Figure 70a) was consistent with other work [37]. The 

addition of synthetic jet flow control (Figure 70b) increased the magnitude of the suction 

peak at the hingeline and increases the uniformity of the flow along the span. 
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a) Baseline b) All Jets Active 

Figure 70: Cp contour comparison between the baseline case and all jets active case; Λ = 20°, δ = 

20°, and α = 0°. 

3.2.3.2 Spanwise Flow with Increased Angle of Attack (𝜦 = 𝟐𝟎°, 𝜹 = 𝟐𝟎°, 𝐚𝐧𝐝 𝜶 =
𝟓°) 

Increasing the model’s angle of attack to 𝛼 = 5° yields the 𝐶𝑃 distribution 

marked with the green triangles in Figure 71. In comparison to the case where 𝛼 = 0°, 

represented with the black circles, increasing the angle of attack increased the leading-

edge suction peak substantially, as well as the circulation over the airfoil. However, the 

magnitude of the hingeline suction peak was reduced from 𝐶𝑃 = −1.27 to 𝐶𝑃 = −0.67 

as the angle increased. The reduction in peak height of ∆𝐶𝑃 = 0.61 was accompanied by 

an indicated onset of separation at 𝑥 𝑐⁄ ≈ 0.72 instead of 𝑥 𝑐⁄ ≈ 0.80 as it was for the 

lower angle of attack. The pressure gradient of the flow approaching the synthetic jet 

orifice was small and almost zero for 𝛼 = 0°. At 𝛼 = 5°, there was a noticeable adverse 

pressure gradient approaching the orifice location. At the higher angle of attack, the 

actuator therefore needed to overcome a more severe pressure gradient and increased 

separation severity over the control surface in order to be effective. The lift coefficient 

was 𝐶ℓ = 1.32 at 𝛼 = 5° in comparison to 𝐶ℓ = 0.95 at 𝛼 = 0°. 
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Figure 71: Cp distribution comparison of baseline cases at α = 0° (black circles) to α = 5° (green 

triangles); Λ = 20° and δ = 20°. 

Figure 72 shows the effect of actuation into this three-dimensional flow with an 

adverse pressure gradient and separation. The all jets active case (red triangles) is 

compared to the baseline case (black circles). In these conditions, the leading-edge 

suction peak and global circulation effect seem to be minimal with the addition of 

actuation. A significant, beneficial effect is still seen near the hingeline. The hingeline 

peak magnitude was increased by ∆𝐶𝑃 = 0.89, from 𝐶𝑃 = −0.67 to 𝐶𝑃 = −1.56, an 

increase of 134%. The pressure recovery was increased in comparison to the baseline, 

while the indicated separation point was pushed downstream from 𝑥 𝑐⁄ ≈ 0.72 to 

𝑥 𝑐⁄ ≈ 0.8. The effects combined to yield an overall increase in lift coefficient from 

𝐶ℓ = 1.32 to 𝐶ℓ = 1.37 with the addition of actuation, an increase of 𝛥𝐶ℓ = 0.05 or 

3.3%. 

 

Figure 72: Cp distribution comparison of all jets active case (red triangles) to baseline case (black 

circles); Λ = 20°, δ = 20°, and α = 5°. 
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3.2.3.3 Spanwise Flow with Increased Deflection Angle (𝜦 = 𝟐𝟎°, 𝜹 =
𝟑𝟎°, 𝐚𝐧𝐝 𝜶 = 𝟎°) 

Figure 73 compares the baseline 𝐶𝑃 distributions for the 𝛿 = 20° control surface 

(black circles) with the 𝛿 = 30° control surface (magenta diamonds) in the swept 

configuration. Similar to what was observed on the unswept model, the effect of 

increasing the control surface deflection angle was to increase the overall circulation, but 

also to reduce the hingeline suction peak magnitude, reduce pressure recovery, and 

increase separation extent. The hingeline peak was reduced from 𝐶𝑃 = −1.27 when 

𝛿 = 20° to 𝐶𝑃 = −0.88 when 𝛿 = 30°, a decrease of 𝛥𝐶𝑃 = 0.40 or 45.4%. The 

pressure recovery was reduced as the control surface deflection angle increased. There 

was also a slight adverse pressure gradient in the 𝛿 = 30° case upstream of the jets. 

Overall, the lift coefficient increased from 𝐶ℓ = 0.95 to 𝐶ℓ = 1.09, which was 𝛥𝐶ℓ =

0.13 or 13.8%.  

 

Figure 73: Cp distribution comparison of baselines with δ = 20° deflected control surface (black 

circles) and δ = 30° deflected control surface (magenta diamonds); Λ = 20° and α = 0°. 

Actuation of synthetic jet flow control reversed the negative effects of reduced 

hingeline suction and increased separation severity that came with the increased control 

surface deflection angle. These benefits can be observed in Figure 74 where the actuated 

case (red circles) is plotted with the baseline case (black circles). The circulation was 

increased, the hingeline peak magnitude and pressure recovery were increased, and the 

separation extent was reduced. The hingeline peak increased from a baseline value of 

𝐶𝑃 = −0.88 to an actuated value of 𝐶𝑃 = −1.89, an increment of 𝛥𝐶𝑃 = 1.01 or 115%. 

The pressure recovery improved. The indicated separation point moved downstream 
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from 𝑥 𝑐⁄ ≈ 0.72 to 𝑥 𝑐⁄ ≈ 0.80. Overall, the lift coefficient increased from 𝐶ℓ = 1.09 

to 𝐶ℓ = 1.12, which was 𝛥𝐶ℓ = 0.11 or 10.1% due to the synthetic jets actuation. 

 

Figure 74: Cp distribution comparison of all jets active case (red triangles) to the baseline case 

(black circles); Λ = 20°, δ = 30°, and α = 0°. 

3.2.4 Spanwise Spacing Between Active Jets 

In this section, the effect of spanwise spacing between synthetic jets is discussed, 

where the spacing was varied by turning on or off particular jets while holding the 

blowing ratio, 𝐶𝑏, and individual jet momentum coefficient, 𝐶𝜇,𝑗𝑒𝑡, constant. This was 

motivated by the practicality of installing synthetic jets on an aircraft with physical 

constraints and by the need to understand the outcome when some jets in an array fail. 

Additionally, the spacing study seeks to further understand the results from Phase 1 of 

the project. As discussed in the Introduction, previous work found that under certain 

flow conditions fewer active synthetic jets led to an increased augmented side force in 

comparison to when a greater number of jets where active. This was opposite the trend 

seen in most other configurations where decreasing the spacing between the jets, and 

therefore increasing the number of active jets and the overall momentum added, led to 

the greatest side force enhancement. 

The current project phase investigated the effect of spanwise spacing 

fundamentally by measuring the aerodynamic force via pressure integration. This was 

done when the spacing was varied for cases where the total number of jets remained 

constant and for cases where the total number of jets varied. It also included tests where 

a set number of jets with the same spacing were shifted along the span to investigate the 
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effect of proximity to the pressure port rows and to investigate the effect of spanwise 

location. Trends indicating the effect of spacing were observed, with some conditions 

showing how an optimal spacing could exist, which was larger than the smallest spacing. 

Ultimately, from the pressure results, the need for detailed flow physics measurements 

via SPIV was found. 

Throughout the remainder of the discussion here, the jets will be referred to by 

their numbers. The jets were numbered 1 through 9, with 1 being the most-outboard jet. 

The legends in the 𝐶ℓ plots will list the specific active jets for each spacing case. For 

example, the legend will say “258” when jets 2, 5, and 8 were active to test the case 

where every third jet was active. 

3.2.4.1 General Spacing Trends 

The general spacing trends discussed here were the cases when the spanwise 

spacing was varied without keeping the total number of jets constant. These cases 

included all jets, odd jets, even jets, every third jet, every fourth jet, and a single jet (jet 

5). These comparisons aim to compare with other, related work, which employed the 

same method and to real aircraft that would have a fixed total number of actuators. Due 

to experimental constraints during one of the experiments, data including jets 1 and 9 

were unable to be acquired. In order to compare fairly between other cases where those 

jets were operable, the cases presented in this section do not use those two jets. For 

example, the “all jets” case included jets 2 through 8 instead of jets 1 through 9. 

Figure 75 and Figure 76 present the variation of the lift coefficient with spacing 

for various configurations of the unswept and swept models, respectively. The angle of 

attack, 𝛼, and control surface deflection angle, 𝛿, were varied for each sweep angle, 𝛬. 

The plots are the averaged lift coefficient, 𝐶ℓ, as calculated from the average of the 

integration of four pressure port rows. The averaged lift coefficient, 𝐶ℓ, is plotted versus 

the number of active jets. A linear trend is observed for the no sweep case with mild 

separation (𝛬 = 0°, 𝛿 = 20°, and 𝛼 = 0°, Figure 75a), where each spacing case led to an 

increase in lift in comparison to the baseline marked by the red star. As the spacing 

decreased and the number of jets increased, the lift enhancement increased as well. This 

was as much as 𝛥𝐶ℓ = 0.21, or 23.9% over the baseline, when all jets were active. As 
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the adverse pressure gradient and separation severity increased with the increase in angle 

of attack (𝛬 = 0°, 𝛿 = 20°, and 𝛼 = 5°, Figure 75b) the overall lift increased for each 

case and there was some variation between the cases where the number of jets were the 

same. This small variation could have been due to the spacing difference between the 

every third jet active (yellow left pointing triangle) and every fourth jet active (green up 

pointing triangle) cases or due to the proximity of the active jets to the pressure port 

rows. When the separation severity increased further by increasing the control surface 

deflection (𝛬 = 0°, 𝛿 = 30°, and 𝛼 = 0°, Figure 75c and 𝛬 = 0°, 𝛿 = 30°, and 𝛼 = 5°), 

Figure 75d) the trend is not as clear. At both angles of attack, the single jet case (blue 

down pointing triangle) seems to have produced less lift than the baseline case. At 

𝛼 = 5°, every fourth (green up pointing triangle) also produced less lift than the 

baseline. These indicate that there were spacings and numbers of synthetic jets, which 

caused a detrimental effect in flows with high separation severity. Interestingly, the 

every third jet case (yellow left pointing triangle) yielded greater lift than the odd and 

even cases when 𝛼 = 0° and yielded similar lift to the all jets case with 𝛼 = 5°. While 

the difference in lift coefficient between the all jets, every other jet, and every third jet 

cases may have been small (less than ∆𝐶ℓ = 0.1), the fact that the generated lift 

enhancement was similar could mean that in highly separated flow conditions, such as 

Figure 75c and d, actuating fewer jets may be just as effective as actuating all of them. 

This has implications for power and space savings. 

  



 

     109 

  

a) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟎° b) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟓° 

  

c) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟎° d) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟓° 

Figure 75: Variation of Cℓ with number of active jets and spacing; Re = 720,000, Cb = 1.0. Unswept 

case.  

Figure 76 presents the general spacing trends for the swept model configuration, 

which shows how the addition of a spanwise flow component altered the lift coefficient 

behavior as spacing was varied in comparison to the unswept configuration. Figure 76a 

shows that when 𝛬 = 20°, 𝛿 = 20°, and 𝛼 = 0°, the lift increased as the spacing 
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decreases and number of jets increased. In comparison to the unswept case, this trend is 

not linear. It seems that the spanwise flow reduced lift enhancement from a maximum of 

∆𝐶ℓ = 0.21 in the unswept case to ∆𝐶ℓ = 0.14 (14.2%) when swept. (Note that the 

addition of sweep increased the dimensional lift of the baseline). With an increase in 

angle of attack, 𝛼, in Figure 76b (𝛬 = 20°, 𝛿 = 20°, and 𝛼 = 5°), the trend is similar, 

but with an overall shift in lift coefficient to greater values. Under these model 

conditions, the all jets, even, and every third jets cases produced approximately the same 

lift. It seems that actuating three or more jets resulted in a 3.7-5.5% increase in lift 

coefficient over the baseline, which was much less than the 14.2% increase observed at 

the lower angle of attack. Similar results can be observed with the larger control surface 

deflection angle. Figure 76c shows that when 𝛬 = 20°, 𝛿 = 20°, and 𝛼 = 0° the every 

third jet active case (yellow left pointing triangle) case resulted in the greatest lift 

enhancement of 12.4% in comparison to the baseline for the cases presented. This is 

∆𝐶ℓ = 0.14 from the baseline and ∆𝐶ℓ = 0.03 from the all jets result. It seems that a 

similar conclusion can be drawn for this case at the 𝛿 = 30° control surface and 𝛼 = 0° 

angle of attack as for the case in Figure 76b at 𝛿 = 20° control surface and 𝛼 = 5°, 

where actuating three or more jets resulted in similar lift enhancement. Figure 76d is the 

case when 𝛬 = 20°, 𝛿 = 30°, and 𝛼 = 5°. This was when the spanwise flow, the 

separation severity, and the adverse pressure gradient were at their greatest within this 

test matrix. Here, there was only a 1.3% increase between the even jets active case 

(orange diamond) and the baseline. Each of the actuation cases fell within the small 

increment range of ∆𝐶ℓ = 0.01 − 0.02, showing that for this flow condition, actuation 

did not greatly alter the aerodynamic force and spacing most likely had a negligible 

effect. 
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a) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟎° b) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟓° 

  

c) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟎° d) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟓° 

Figure 76: Variation of Cℓ with number of active jets and spacing; Re = 720,000, Cb = 1.0. Swept 

case. 

3.2.4.2 Effect of Spanwise Spacing - All Cases 

To further investigate the effect of spacing on the lift coefficient, a number of 

additional cases were tested and plotted along with the general spacing cases already 
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discussed. This gives a more complete picture with other spacing combinations 

considered. Included within these plots are cases where (1) the spacing was varied and 

the total number of jets held constant, (2) the spacing was varied while holding the outer 

jets constant, and (3) the spacing was constant while the active jets were shifted along 

the span. A study of the effect of jet strength, defined by blowing ratio and momentum 

coefficient, is included in Appendix B. The overall spacing results were similar when 

blowing ratio was increased and momentum coefficient decreased. 

3.2.4.2.1 Spacing Variation on Unswept Model Configuration 

Figure 77 presents the variation of 𝐶ℓ with the number of active jets for the 

unswept model at the two angles of attack and the two control surface deflection angles 

for all spacing cases tested. Overall, trends within each plot show that for each of the 

four configurations tested, the lift coefficient increased with a larger number of jets and 

smaller spacing. Between the subplots, the expected increase in lift with increased angle 

of attack or deflection angle was evident in the upward shifts of all data points in Figure 

77b, c, and d in comparison to Figure 77a at 𝛬 = 0°, 𝛿 = 20°, and 𝛼 = 0°. 

The additional cases in Figure 77a (𝛬 = 0°, 𝛿 = 20°, and 𝛼 = 0°) predominantly 

follow the linear trend observed in the general spacing study in Figure 75a. However, 

there was variation in the results when the number of jets was held constant and the 

spacing or jet location is changed. This was tested when the number of active jets 

equaled 3. The variation in 𝐶ℓ as spacing was changed was expected. The variation in 𝐶ℓ 

as the spanwise location of active jets with constant spacing was not expected since in 

the idealized case of spanwise uniformity, changing the spanwise location of active jets 

should not have had any effect. It was thought this was due to the limitation of the 

pressure ports in fully resolving the jets’ effect, as well as the proximity of the pressure 

rows to the active jets. 

Figure 78a presents the cases when 3 jets were actuated while the spacing was 

varied for the same flow conditions such that the total momentum added was constant. 

This plot indicates the possibility of an optimal spacing due to a middle spacing value (2 

jet widths) producing the largest 𝐶ℓ of the tested spacings. The difference between these 

3 active jet cases was, at most, 𝛥𝐶ℓ = 0.06, which was much less than the overall 
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increase in lift of 𝛥𝐶ℓ = 0.23 seen with all the jets active in Figure 77a. In these cases, 

the variation in spanwise location while holding the spacing constant at 3 jet widths 

produced a small variation of 𝛥𝐶ℓ = 0.02. Therefore, in absence of sweep and at a 

moderate deflection angle, the spacing effect was larger than the effect of relative 

location to pressure ports. The variation due to the resolution of the pressure ports should 

not overtake the overall spacing trend. 

Increasing the angle of attack to 𝛼 = 5° (Figure 77b), where 𝛬 = 0° and 𝛿 = 20° 

resulted in similar results as for the lower angle of attack, but with increased variation 

when the number of active jets was held constant. Figure 78b shows how the variation of 

spanwise location, while the spacing was held constant, at three jet widths (every third 

jet active) resulted in a variation of 𝛥𝐶ℓ = 0.10, which was close to the overall variation 

in lift coefficient for all the 3 jets cases (𝛥𝐶ℓ = 0.11). At this angle of attack, the 

resolution of the pressure ports may have been hindering the discovery of any spacing 

trends. For example, the difference between the 3 jets cases was larger than the 

difference between the all jets active case and the odd case (𝛥𝐶ℓ = 0.05) and close to the 

difference between the all jets case and the even case (𝛥𝐶ℓ = 0.12). 

Figure 77c (𝛬 = 0°, 𝛿 = 30°, and 𝛼 = 0°) and Figure 77d (𝛬 = 0°, 𝛿 = 30°, and 

𝛼 = 5°) at the higher control surface deflection angle show similar results. There is a 

general increasing trend with a decrease in spacing and increase in number of jets, but 

the trend is called into question by the variation seen when 3 jets were active. A closer 

look in Figure 78c for the lower angle of attack at 𝛼 = 0° indicates that there may have 

been an optimal spacing for this flow condition as well. The middle spacing values of 

two and three jet widths had greater 𝐶ℓ results than either the smallest or largest spacing 

cases. Additionally, the variation between the maximum and minimum lift coefficients 

of these tested cases was 𝛥𝐶ℓ = 0.17, which was larger than the variation of 𝛥𝐶ℓ =

0.038 between the cases where the spanwise location was shifted, thus lending more 

credence to the pressure results. Figure 78d at an angle of attack of 𝛼 = 5° shows how at 

the higher angle of attack with the associated increase in adverse pressure gradient 

produced a greater variation in lift coefficient as spanwise location varied (𝛥𝐶ℓ = 0.164) 

than if the jet spacing varied. These flow conditions may have produced a much more 

three-dimensional flow which was more difficult to capture with the pressure port rows. 



 

     114 

  

a) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟎° b) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟓° 

  

c) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟎° d) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟓° 

Figure 77: Cℓ vs. Number of Active Jets, all spacing cases; Λ = 0°, Re = 720,000, Cb = 1.0. 
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a) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟎° b) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟓° 

  

a) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟎° d) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟓° 

Figure 78: Cℓ vs. Spacing, 3 active jets, Λ = 0°; Re = 720,000, Cb = 1.0.  

The cases where the total number of jets was held constant at 3 active jets was 

further investigated using pressure contours made from the pressure port array over the 

control surface. Figure 79 shows these contours for the flow condition of 𝛬 = 0°, 

𝛿 = 30°, and 𝛼 = 0° where for all cases the spacing was 3 jet widths, which resulted in 
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greater lift than either smaller or larger spacings (see Figure 78c). Figure 79a shows the 

pressure contour for the case when three jets were active with 1 jet width between them 

(jets 4, 5, and 6). There was a low pressure region in dark blue downstream and between 

the three active jets. Inboard and outboard of this region the hingeline suction peak was 

not as high. Directly behind jet 5 (the center jet) there was a small increase in pressure 

such that the low pressure region has two lobes. This behavior where three active jets 

created two lobes is also present in most of the other subplots of Figure 79. Generally, as 

the spacing between jets increased, the lower pressure region near the hingeline stretched 

in the spanwise direction to encompass all the active jets. Figure 79b shows this behavior 

when there are 2 jet widths spacing between each of the three active jets (jets 3, 5, and 

7), and Figure 79c shows an even greater expansion of the lower pressure region when 

every third jet is active (jets 1, 4, and 7). The spreading of this low pressure region led to 

the greater lift coefficient values. Figure 78d and Figure 78e also present contours for the 

every third jet active case, but at shifted locations along the span. Shifting the active jets 

in these conditions translated the stretched, double lobe pressure region along the span. It 

is clear that some of the beneficial increase in the suction peak magnitude along the 

hingeline extended outside the measurement region, visibly showing how the pressure 

ports cannot resolve the entire effect of the synthetic jets on the performance increase for 

certain cases. Indeed, the shifted case when jets 3, 6, and 9 were active resulted in a 

slightly lower 𝐶ℓ value in comparison to the two other third spacing cases since the low 

pressure region most likely extended inboard of the pressure port array, such that the 

total effect was not measured. Lastly, Figure 79f presents the pressure contour when the 

spacing is 4 jet widths and jets 1, 5, and 9 were active. The measured pressures show 

low pressure lobes which did not directly correspond to active jets. For example, there 

are two of these blue lobes extending between jets 1 and 5. The reason for this was 

unclear, though this behavior did appear in other cases as well. While these contours 

show that overall the greatest increase in the low pressure region size, with associated 

greatest increase in 𝐶ℓ (Figure 78c), occurred for 3 jet widths spacing (every third jet 

active), the lowest pressure value was obtained when the spacing was 2 jet widths 

(Figure 79b). If spacing could truly be isolated, it may be that 2 jet widths would be the 

true best case. 
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a) 1 jet width (jets 4, 5, and 6) b) 2 jet widths (jets 3, 5, and 7) 

  

c) 3 jet widths (jets 1, 4, 7) d) 3 jet widths (jets 2, 5, and 8) 

  

e) 3 jet widths (jets 3, 6, and 9) f) 4 jet widths (jets 1, 5, and 9) 

Figure 79: Cp contours when 3 active jets; Λ = 0°, δ = 30°, and α = 0°. 
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Figure 80: Cp vs. x/c along row 5 only when 3 jets active; Λ = 0°, δ = 30°, and α = 0°.  

A quantitative comparison between all the 3 jets cases can be made by plotting 

the pressure coefficient vs. chordwise location at the center pressure port row for all 

spacing cases together, as is presented in Figure 80. This plot removed some of the 

dependence on the spanwise extent of the active jets and may be a closer attempt at 

isolating spacing effects. The center pressure port was located in the relatively uniform 

flow section along the span that existed for most of the symmetric jet cases, so that it 

may give a more accurate measure of the effect of spacing. The case when the active jets 

were 2 jet widths apart (jets 3, 5, and 7) had the highest hingeline suction peak with 

𝐶𝑃 = −2.16. This was in comparison to the baseline hingeline peak of 𝐶𝑃 = −1.08. The 

second highest peak was the every third jet case (jets 2, 5, and 8), followed by the single 

spaced jets (jets 4, 5, and 6). The every fourth jet case yielded an increase in suction 

peak at the hingeline, but did not seem to postpone separation much. Every third jet case 

had a plateau region between 𝑥 𝑐⁄ = 0.7 and 𝑥 𝑐⁄ = 0.75 before the pressure increases 

again downstream. In contrast, the single spaced jets case resulted in an increase in the 

pressure over the control surface sooner, indicating less separation postponement. 

Interestingly, the pressure began to decrease again close to the trailing edge, which was 

also observed in the baseline. It was thought that this was due to the velocity of the 

reversed flow decreasing in magnitude as if moves upstream. These results show how 
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the middle spacing case of 2 jet widths yielded more beneficial pressure distributions 

than the smaller spacing of 1 jet width and the larger jet spacings of 3 or 4 jet widths. 

A similar analysis where the number of active jets was held constant at 2 is 

reported in Appendix A.1. Those results also indicated an optimum value for spanwise 

jet spacing may exist for certain flow conditions. 

3.2.4.2.1.1 Spacing Variation on Unswept Model Configuration, outer jets 2 and 8 

The above plots with 3 jets show the effect on 𝐶ℓ when the total momentum 

added to the flow was held constant while the spacing and the spanwise location were 

varied. While these comparisons attempted to isolate the spacing effect, edge effects 

from the non-actuated regions inboard and outboard of the jet module could have varied 

the surrounding flow field in a way that was not consistent between all spacing cases. 

Additionally, the location of some pressure port rows outside of the actuation region 

could add to this inconsistency.  

 To begin to address this, a spacing comparison is presented in Figure 81 where 

the outermost jets remained constant. In this plot, jets 2 and 8 were always active. The 

cases plotted vary which jets were active between those two outer ones. This method 

aimed to keep the overall, surrounding flow field consistent between all the spacing 

cases tested, but coae at the expense of not being able to hold the total momentum 

constant. The subplots for both angles of attack (Figure 81a and b) for the 𝛿 = 20° 

deflection angle show a decrease in lift as the spacing increased and the number of jets 

decreased. These variations in 𝐶ℓ for the different spacings were much larger than the 

variations in Figure 78 for the same flow conditions. This could mean that in these cases 

the total momentum added was a more important parameter than spacing, which agreed 

with previous work [7]. At the larger deflection angle, 𝛿 = 30°, in Figure 81c and d, 

three of the cases produced similar lift values even though their momentum inputs were 

significantly different from one another. Every third jet active (jets 2, 5, and 8, red 

circle) produced about the same amount of lift as when all the jets minus jets 1 and 9 

were active (jets 2, 3, 4, 5, 6, 7, and 8, red, left-pointing triangle). At both angles of 

attack, the largest spacing produced less lift than the other spacing cases. It may be that 

with a larger adverse pressure gradient and associated increased separation severity, the 
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performance was not dependent on momentum coefficient within a certain range. Below 

this momentum input range, performance decreased. 

  

a) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟎° b) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟓° 

  

c) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟎° d) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟓° 

Figure 81: Cℓ vs. Spacing, outer jets (jets 2 and 8) remain constant, Λ = 0°, Up = 65 m/s, U∞ =20 m/s. 

Figure 82 shows pressure contours for one of the flow conditions (𝛬 = 0°, 

𝛿 = 20°, and 𝛼 = 5°) where the performance results in Figure 81 showed a decrease in 

lift with increased spacing. Figure 84 shows contours for one of the flow conditions 
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(𝛬 = 0°, 𝛿 = 30°, and 𝛼 = 0°) where the performance results show similar lift for the 

three closest spacings and less lift for the largest spacing case. When 𝛿 = 20° and 

𝛼 = 5° in Figure 82a, the 𝐶𝑃 hingeline values were lowest when the spacing was 

smallest and the number of active jets was greatest. The pressure distribution was 

approximately uniform along the span. As the spacing between active jets increased in 

Figure 82b so that only the even jets were actuated, the hingeline pressures were 

increased relative to the smallest spacing case. There was significant spanwise variation 

over the control surface as well. The pressure measurements show greater suction 

between jets 2 and 4, and between jets 6 and 8. There was less of an effect between jets 4 

and 6. This was an unexpected result since the jets have the same strengths and are 

uniformly distributed. It was expected the effect would be uniform along the span, or 

spanwise periodic with a period of the distance between active jets. This observed effect 

may have been spanwise periodic with a larger period of two times the distance between 

active jets. The reason for this alternating effect was still under investigation. When 

every third jet was active (Figure 82c), this same pressure behavior is observed where 

there was more suction between jets 5 and 8 than between jets 2 and 5. The fourth 

spacing case in this data set, when jets 2 and 8 were active (6 jet widths) is presented in 

Figure 82d and shows how at this spacing the effect was much smaller compared to the 

other cases. It may be that the jets were too far apart to interact with each other.  

Figure 84 shows the results when the control surface deflection angle was 

𝛿 = 30°, and the angle of attack was 𝛼 = 0° for the four spacing cases when the outer 

jets are 2 and 8. Overall, the contours for the spacings of 1, 2 and 3 jet widths are similar 

in comparison to the jet width of 6, where there were much higher pressure values and 

only a small increase in hingeline peak behind the active jets (it was assumed jet 8 has a 

similar local effect even though there are no pressure port data plotted in its location). As 

was expected from the lift coefficient plot in Figure 81c, the case when 7 jets were active 

with a spacing of 1 jet width produced the greatest effect with the lowest pressures over 

the greatest spanwise extent. The pressure contour is however less uniform than the 

contour in Figure 82a at the lower deflection angle, perhaps due to an increase in the 

separation severity outboard of the actuation region. When the even jets were actuated 

and the spacing was 2 jet widths, the previously discussed non-uniformity in spanwise 
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pressure was observed in this flow condition, similar to how the flow behaved when 

= 20° 𝛼 = 5°. In contrast to the flow condition in Figure 82c, Figure 84c shows a more 

uniform pressure distribution along the span. Overall, Figure 82 and Figure 84 show how 

the global effect of the synthetic jets was most increased when neighboring jets were 

close. However, under some conditions the smallest spacing may not have yielded the 

greatest performance. There also seemed to be a jet spanwise spacing above which the 

jets did not interact so that their effects were localized. 

  

a) all jets minus jets 1 and 9 (jets 2, 3, 4, 5, 6, 7, 

and 8) 

b) even (jets 2, 4, 6, and 8) 

  

c) every third jets (jets 2, 5, and 8) d) 2 jets active with 6 jet widths spacing (jets 2 

and 8) 

Figure 82: Cp Contours, outer jets (jets 2 and 8) held constant, Λ = 0°, δ = 20°, and α = 5°. 
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Figure 83: Cp vs. x/c, outer jets (jets 2 and 8) held constant, row 5 only, when Λ = 0°, δ = 20°, and α 

= 5°. 

The centerline pressure distribution in Figure 83 shows supporting conclusions 

when 𝛬 = 0°, 𝛿 = 20°, and 𝛼 = 5°. At this location, the smallest spacing case of 1 jet 

width, while jets 2 through 8 were active, shows the greatest area between the upper and 

lower surface pressure distributions for the greatest integrated lift. The hingeline suction 

peak magnitude and pressure recovery were greatest. There is no indication of separation 

due to the absence of a pressure plateau over the control surface. While the every third 

jet active (jets 2, 5, and 8) had the second highest hingeline peak, followed by the even 

jets (jets 2, 4, 6, and 8), the even jet case produced more lift. The reason for this is 

apparent from the observation of the 𝐶𝑃 distribution over the entire chord. From the 

leading edge to 𝑥 𝑐⁄ ≈ 0.5, the even jets measured lower pressure than the every third 

jets. Even though this difference was small at each pressure port, it added over the entire 

span so that the even jets resulted in a greater lift coefficient than the every third jets. 

Also, the centerline pressure port row was located between the two low pressure regions 

observed in the pressure contour for this case in Figure 82b. Pressure distributions at 

other spanwise locations within these low pressure regions would show an increased 

suction peak for the even jets case. The actuated case with the least benefit over the 

baseline was two jets active with 6 jet widths between them (jets 2 and 8).  
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 Figure 85 shows the pressure distribution at the center pressure port row for the 

𝛬 = 0°, 𝛿 = 30°, and 𝛼 = 0° flow condition. As expected from the lift plotted in Figure 

81c and the pressure contours in Figure 84, the pressure coefficient values over most of 

the chord (upstream of the hingeline) were similar for the three smallest spacing cases. 

The values were also similar between the baseline and the 6 jet widths spacing case (jets 

2 and 8). Over the hingeline these trends were exaggerated. The smallest spacing case 

(jets 2 through 8) had the tallest hingeline peak, most pressure recovery, and no 

indicated separation. The second best case was the third jets, followed by the even jets. 

This trend agreed with the lift trends. 

  

a) all jets minus jets 1 and 9 (jets 2, 3, 4, 5, 6, 7, 

and 8) 

b) even (jets 2, 4, 6, and 8) 

  

c) every third (jets 2, 5, and 8) d) 2 active jets with 6 jet widths spacing (jets 2 

and 8) 

Figure 84: Cp contours, outer jets (jets 2 and 8) held constant, Λ = 0°, δ = 30°, and α = 0°. 
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Figure 85: Cp vs. x/c, outer jets (jets 2 and 8) held constant, row 5 only, when Λ = 0°, δ = 30°, and α 

= 0°. 

3.2.4.2.2 Spacing Variation on Swept Model Configuration 

Figure 86 shows the variation of 𝐶ℓ with the number of active jets for all tested 

jet combinations on the swept model configuration. These experiments included a 

slightly shorter test matrix in comparison to the previously discussed unswept results due 

to experimental limitations (jets 1 and 9 did not function well throughout the entire 

experiment). The experiments on the swept model were performed prior to the unswept 

one, so that some spacing cases were only thought of during the later experiment and not 

included in the swept work. A general observation from Figure 86 for all four swept 

flow conditions shows how the increase in 𝐶ℓ for each of the jet cases was smaller than 

for the same conditions on the unswept model seen in Figure 77. It was postulated that 

this was due to the spanwise flow reducing the strength of the vortical structures 

emanating from the jets, a detrimental interaction between neighboring jets as their 

trajectories were swept into each other, or a combination of those two effects. There may 

also have been less potential for improvement of the swept flow field due to the higher 

baseline lift coefficient and smaller extent of the pressure plateau over the control 

surface in comparison to the unswept case. The validity of these hypotheses will be 
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studied with SPIV data discussed below (Section 3.3). Despite the smaller flow control 

effect with sweep, there is still a noticeable increase with the addition of the synthetic 

jets for three out of four of the tested flow conditions. The exception was 𝛬 = 20°, 

𝛿 = 30°, and 𝛼 = 5° where the spanwise flow and adverse pressure gradient were the 

strongest out of all eight of the tested flow conditions. Figure 86d shows that the 

addition of flow control did not change the produced lift by much in comparison to the 

baseline. Indeed, the standard deviation in 𝐶ℓ of this data set was only 0.008. While 

actuation did not result in an appreciable increase in lift, it was interesting that it did not 

result in decreased lift either.  

The general trend in Figure 86a (𝛬 = 20°, 𝛿 = 20°, and 𝛼 = 0°) shows an 

overall lift increase with smaller jet spacing and increased number of jets. The all jets 

case still produced the greatest amount of lift, even over the additional spacing cases 

added to this plot in comparison to Figure 76a. There was some variation when the 

number of active jets equaled 1, 2, or 3 due to spacing and shifting. In some cases, this 

resulted in a smaller spacing (4, 6) producing less lift than a larger spacing (2, 5, 8). 

Caution must be taken when drawing conclusions here because the total momentum 

added was different, as was the relative distance to pressure port rows. Holding the 

number of jets constant at 3 and varying the spacing and spanwise location yielded the 

results plotted in Figure 87a. The two cases where the spacing was kept the same and the 

active jets shifted along the span jets 2, 5, and 8 and jets 3, 6, and 9 (red and yellow left 

pointing triangles) produced about the same amount of lift with lift coefficients 

calculated to have been 𝐶ℓ = 1.06 and 𝐶ℓ = 1.06 respectively. This result indicates that 

the spanwise location did not have as much of an effect on lift as spanwise spacing does. 

This plot also shows a decrease in lift with decreased spacing for these tested cases, with 

a difference of 𝛥𝐶ℓ = 0.04 between the largest and smallest spacing cases. 

When the angle of attack of the swept model was increased in Figure 86b 

(𝛬 = 20°, 𝛿 = 20°, and 𝛼 = 5°), certain cases produced a higher or similar lift 

coefficient to the smallest spacing cases (all jets active minus jet 1 or all jets active 

minus both jets 1 and 9). For example, when only two jets were active (jets 2 and 8, 

orange diamonds), a comparable lift coefficient of 𝐶ℓ = 1.394 was calculated to the all 

jets cases when 7 or 8 jets were active (red five-pointed stars and red six-pointed stars, 
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respectively) and 𝐶ℓ = 1.40 or 𝐶ℓ = 1.37. In contrast to the lack of effect when 𝛬 =

20°, 𝛿 = 30°, and 𝛼 = 5° in Figure 86d, most jet cases resulted in an appreciable 

increase in lift coefficient. The result that a similar increase in lift may be attainable with 

fewer jets was significant because it means that under certain flow conditions less energy 

may need to be expended to achieve the greatest effect. Figure 87b shows the trend when 

the number of active jets was held constant at 3 and the spacing and spanwise location 

varied. There was an indicated increase in lift with increased spacing, with a difference 

of 𝛥𝐶ℓ = 0.05 between the largest and smallest lift values. While this trend agreed with 

the hypothesis that in some flow conditions the spanwise spacing between synthetic jets 

may be too small for maximum performance enhancement, the conclusion was called 

into question by the fact that the difference between the two cases with a spacing of 3 jet 

widths was larger than the difference between each of the other spacing cases. 

Similar conclusions can be made from Figure 86c when 𝛬 = 20°, 𝛿 = 30°, and 

𝛼 = 0°, where the largest number of active jets case did not produce the greatest lift 

enhancement and where a dependency of the lift coefficient on spacing is clearly 

observed for the 3 active jets cases. The fewer active jet cases of 2 and 8 (yellow 

diamond), 2, 5, and 8 (red left pointing triangle), and 2, 4, 6, 8 (red up pointing triangle) 

produced more lift than the smallest spacing case when 7 jets were active (red five-

pointed star). While the 𝐶ℓ difference between these four cases may have been small 

(𝛥𝐶ℓ = 0.03), the fact that fewer than the total number of jets yielded a similar 

performance as all the jets was significant. The variation when the number of active jets 

equaled 3 in Figure 87c gives further insight into the spacing effect and supports the 

previously observed trends in other flow conditions that decreasing spacing can result in 

less lift enhancement. This plot shows how when jets 2, 5, and 8 were active with a 

spacing of 3 jet widths (red left pointing triangle) more lift was produced (𝐶ℓ = 1.22) 

than the other two spacing cases, with jets 4, 5, and 6 and a spacing of 1 jet width 

(orange square) resulting in the smallest lift value of 𝐶ℓ = 1.13. No cases where the 

active jets were shifted along the span were tested in this flow condition; thus no 

information about distance to pressure ports can be made from this figure.  

Figure 87d plots lift coefficient as the spacing was varied and the total number of 

active jets held constant at three for 𝛬 = 20°, 𝛿 = 30°, and 𝛼 = 5°. As mentioned above 
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in relation to Figure 86d, the differences in lift coefficient were not large enough to form 

conclusions on spacing trends. 

  

a) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟎° b) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟓° 

  

c) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟎° d) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟓° 

Figure 86: Cℓ vs. Number of active jets, all spacing cases; Λ = 20°, Re = 720,000, Cb = 1.0.  
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a) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟎° b) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟓° 

  

c) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟎° d) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟓° 

Figure 87: Cℓ vs. jets spacing, 3 active jets; Λ = 20°, Re = 720,000, Cb = 1.0.  
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a) 1 jet width (jets 4, 5, and 6) b) 2 jet widths (jets 3, 5, and 7) 

 

c) 3 jet widths (jets 2, 5, and 8) 

Figure 88: Cp Contours, 3 active jets at various spacings, Λ = 20°, δ = 30°, and α = 0°. 

Pressure contours corresponding to Figure 87c are presented in Figure 88 to 

show the effect of spacing on the pressure distribution over the control surface as the 

spacing was varied and the total momentum added was held constant in a flow where 

𝛬 = 20°, 𝛿 = 30°, and 𝛼 = 0°. This flow condition was chosen for further analysis 

because it showed the greatest increase in performance with increased spacing. Figure 

88a shows the contours for the smallest tested spacing case, where there were three 

active jets with 1 jet width between each. This resulted in a small region of lower 

pressure directly behind the active jets. Figure 88b presents the case when three jets were 

active with 2 jet widths spacing between them. This increased spacing caused the lower 

pressure region to extend further along the span. Figure 88c shows the contour for the 3 

jet widths spacing (jets 2, 5, and 8) and shows how this spacing created a higher suction 

peak over more of the span than in the other two cases. However, there seems to have 
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been less pressure recovery. Similar to the unswept configuration in Figure 79, the swept 

pressure contours show that the greater the spacing between the jets, the more of the 

control surface was affected, and the greater the beneficial effect on performance (Figure 

87). All cases seem to have had some outboard tilt to the suction peak from the active 

jets, which should be the effect of the spanwise flow component. This outboard tilt was 

less than expected, but still was present. 

The trend where the largest spacing produced the most beneficial effect of the 

three data sets was observed quantitatively in Figure 89 at the center pressure port row. 

Over the entire model chord, the every third jet case (jets 2, 5, and 8) produced the 

lowest pressures over the upper surface. This was followed by the 2 jet widths case (jets 

3, 5, and 7) and then by the 1 jet width case (jets 4, 5, and 6). This trend supports the 

hypothesis that in some flow conditions a larger spacing produced more lift. Since only 

the center row was plotted and it was located in a relatively uniform flow region, the 

effect of spacing was fairly isolated. 

 

Figure 89: Cp vs. x/c, 3 active jets, row 5 only, when Λ = 20°, δ = 30°, and α = 0°. 

An analysis of the lift coefficients and pressure distributions when the number of 

active jets was held constant and the spacing was varied is included in Appendix A.2 for 

brevity. Those results show how the smallest jet spacing may not have produced the 

largest enhancement of lift. However, the trends may have been susceptible to end 
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effects from the unactuated regions due to the smaller spanwise extent of the interaction 

domain. 

3.2.4.2.2.1 Spacing Variation on Swept Model Configuration, outer jets 2 and 8 

Figure 90 shows the spacing variation when the outer active jets were kept 

consistent with jets 2 and 8 active for the swept configuration. There was a slight 

decreasing trend in 𝐶ℓ as the spacing increased and the number of active jets decreased 

in Figure 90a when 𝛬 = 20°, 𝛿 = 20°, and 𝛼 = 0°. The difference between the smallest 

spacing of 1 jet width and the largest spacing of 6 jet widths was ∆𝐶ℓ = 0.04. As the 

separation severity was increased via either increased angle of attack or increased 

deflection angle in Figure 90b and Figure 90c, a trend was more difficult to determine 

due to the smaller variation in 𝐶ℓ between each spacing case. There could have been a 

very small decrease in lift as the spacing increased for the three smaller spacings in 

Figure 90b (𝛬 = 20°, 𝛿 = 20°, and 𝛼 = 5°) and a small increase in lift for the same 

spacings in Figure 90c (𝛬 = 20°, 𝛿 = 30°, and 𝛼 = 0°). Even if these small trends were 

simply due to the locations of the pressure port rows in the three-dimensional flow 

fields, the generated lift between a larger spacing when there were only 2 or 3 jets active 

was similar to the lift when 7 jets were actuated. It could be that as the spacing 

decreased, the interactions of the jet structures or trajectories had less of a beneficial 

effect. When this decrease in spacing was accompanied by also increasing the number of 

active jets, the hypothesized reduction in lift could have been offset by the additional 

momentum. The results from Figure 90 could indicate that in the presence of spanwise 

flow and chordwise separation, actuating fewer jets than the total number that can fit on 

an aerodynamic surface may be as effective at increasing performance as actuating all 

possible jets. This would lead to less of a power requirement. 
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a) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟎° b) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟓° 

  

c) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟎° d) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟓° 

Figure 90: Cℓ vs. Number of Active Jets, out jets (jets 2 and 8) held constant, Λ = 20°, Up = 65 m/s, 

U∞ = 20 m/s. 

Figure 91 presents the pressure contours for the spacing variation when the outer 

jets are jets 2 and 8. It corresponds to the flow condition plotted in Figure 90c when 

𝛬 = 20°, 𝛿 = 30°, and 𝛼 = 0°. The similarity in suction peaks and spanwise extent 

support the similar calculated 𝐶ℓ values for these spacing cases. For all cases except the 
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largest spacing (jets 2 and 8), the greatest decrease in pressure is observed near the 

centerline. The edge regions outside of the actuated domain may have had more of an 

effect in the swept configuration than the unswept configuration which may have caused 

more non-uniformity along the span. There was a slight outboard tilt to the data, which 

also indicated the effect of spanwise flow. Figure 91a and b are remarkably similar 

considering the even case added half the momentum of the 7 active jets case to the flow. 

Figure 91c shows how the inboard side of the measurement domain had lower pressure 

values than the outboard half.  

  

a) all jets minus jets 1 and 9 (jets 2, 3, 4, 5, 6, 7, 

and 8) 

b) even (jets 2, 4, 6, and 8) 

  

c) every third (jets 2, 5, and 8) d) 2 active jets with 6 jet widths spacing (jets 2 

and 8) 

Figure 91: Cp Contours, outer jets (jets 2 and 8) held constant, Λ = 20°, δ = 30°, and α = 0°. 
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The chordwise pressure distribution at the center pressure port row for these 

spacing cases is presented in Figure 92. Upstream of the hingeline, the pressure 

coefficient values followed the trends observed in the lift coefficient plot of Figure 90c 

where there was an increase in lift with increased spacing for the three smallest spacing 

cases. The third jet case (jets 2, 5, and 8) produced the lowest pressure values over the 

model upper surface, followed by the even jet case (jets 2, 4, 6, and 8). The 1 jet width 

case (jets 2 through 8) produced similar pressures in this region to the 2 jet width case 

(jets 2 to 8) even though many more jets were active. The pressure distribution over the 

hingeline and control surface was more complicated. The smallest jet spacing had the 

tallest suction peak, but less area between the upper and lower surface distributions than 

the other actuated cases. Every third jet had a tall peak along with an extended low 

pressure region over a large portion of the control surface. The 6 jet width case was 

similar, though with a smaller hingeline suction peak. The even jet case had a tall 

hingeline peak, but higher pressure over most of the control surface. All cases had good 

pressure recovery with no indicated separation, with the exception of the baseline case. 

Some of the complexity over the control surface may have been due to the pressure port 

rows being aligned perpendicular to the hingeline and not aligned with the streamwise 

direction. This could have been the reason behind the plateau regions from 𝑥 𝑐⁄ = 0.7 to 

𝑥 𝑐⁄ = 0.8 present in the third and 6 jet widths cases. While the final lift coefficient 

value calculated from these cases was similar for all spacings, the pressure distribution 

reveals the complex differences over the control surface. 
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Figure 92: Cp vs. x/c, outer jets (jets 2 and 8) held constant, row 5 only, when Λ = 20°, δ = 30°, and 

α = 0°. 

3.3 Flow Physics 

From the large pressure measurement test matrix, selected cases were chosen for 

detailed flow analysis using SPIV. The model configurations were chosen such that 

actuation had a significant effect over the corresponding baseline cases and such that a 

noticeable spanwise jet spacing trend was observed in the integrated lift coefficient 

results. The separation severity was minimized for the flow physics investigation by 

setting the angle of attack to 𝛼 = 0° and the control surface deflection angle to 𝛿 = 20°; 

thus, enabling the jets’ structures to persist in the adverse pressure gradient over the 

control surface farther than possible at higher angles of attack or at larger control surface 

deflection angles. The pressure results showed that the largest lift enhancements were 

obtained at this angle of attack and control surface deflection angle, with a reduced 

effect at the higher angles, most likely due to the earlier annihilation of the jet structures 

in stronger adverse pressure gradients. The spacing studies typically showed clear trends 

at 𝛿 = 20° and 𝛼 = 0°; where decreased spacing resulted in increased performance 

enhancement. Since no model configuration clearly showed a trend where smaller 

spanwise jet spacing led to decreased performance enhancement, configurations where 
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chosen where the opposite effect was observed. While some configurations indicated the 

trend where reducing the spacing led to decreased performance enhancement, those 

results were accompanied by questions about the effectiveness of the jets or the 

uniformity of the flow field. It was determined that the first step should be the detailed 

exploration of how the jet structures interact with both unswept and swept cross flows to 

help in gaining the understanding necessary to optimize their performance. Future work 

should seek to test other flow conditions of interest found through performance testing 

with increased adverse pressure gradients and spanwise flow magnitude to prove or 

disprove the existence of the indicated spacing trends at the higher angle of attack and 

control surface deflection angle. The results presented in this section were obtained with 

the leading-edge boundary layer trips present on the suction and pressure surfaces. These 

trips were discussed at length in the baseline results section (Section 3.1) and were 

chosen in order to ensure a spanwise-uniform turbulent boundary layer at the hingeline. 

Four jet spacing conditions were investigated: baseline case (no jets active), all jets 

active, odd jets active, and a single jet active (jet 5). These were chosen as a fundamental 

step in understanding the flow physics with different spacings. Other interesting cases 

where the total number of jets was held constant and the spacing varied were not studied 

with PIV and were left as future work. Succinctly, the goal of the flow physics analysis 

was to understand how the addition of a spanwise flow component modified the jet 

structures and the resulting global flow field for select jet spacings. These PIV results 

provide insight into the previously discussed performance results and enable the 

projection of flow characteristics to other configurations. 

The effects on the flow field over the control surface are first compared between 

the unswept and swept model configurations for the baseline case and when all the jets 

were actuated. Following this discussion, the effect of spanwise jet spacing in swept 

conditions is analyzed. Lastly, the effect of model angle of attack on the actuated flow 

field is investigated on the swept model configuration.  

3.3.1 Effect of Unswept and Swept Cross Flow: Baseline and All Jets 

The first parameter analyzed is spanwise flow magnitude, which was varied by 

changing the model’s sweep angle. SPIV measurements were performed with similar 
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field-of-views and volume sizes for both the unswept and swept model configurations. 

This allowed comparisons to be made directly between the two data sets. The one 

difference in the data sets presented below was the removal of the planes inboard of 

𝑧 𝑐⁄ = 0.02 in the swept data due to surface reflections. The plotted data, after masking 

edges to remove noise and improve visibility, extended from 𝑥 𝑐⁄ ≈ 0.67 to 𝑥 𝑐⁄ ≈ 0.77 

and surrounded the center jet (jet 5). The data were plotted to 𝑧 𝑐⁄ = −0.024 in the 

outboard direction. Flow was generally from the top left to the bottom right, with the 

freestream direction angled more to the right in the swept configuration. The orifice of 

jet 5 was located underneath the iso-surfaces over the hingeline. The approximate 

location of the center jet can be inferred from the orifices of neighboring jets. All data 

were plotted in coordinates rotated 27.5° about the 𝑧-axis and aligned with the control 

surface such that 𝑥∗ is parallel to the control surface and 𝑦∗ is normal to the control 

surface. The spanwise axis is denoted as 𝑧∗ and is the same as 𝑧.  

3.3.1.1 Time-Averaged Flow Fields 

The flow fields over the control surface for the unswept and swept conditions for 

the baseline and all jets active cases can be observed in Figure 93 in the iso-surfaces of 

normalized local chordwise velocity, 𝑈∗ 𝑈∞⁄ . The unswept baseline case (Figure 93a) 

and the swept baseline case (Figure 93b) both show separated flow over the spanwise 

extent of the SPIV volume with the negative velocities near the surface. The separation 

was more severe in the unswept case with the blue iso-surfaces of negative velocity 

extending over a larger portion of the chord than in the swept case. Additionally, the 

unswept iso-surfaces were located farther off the surface than the swept iso-surfaces of 

the same velocity values. The swept baseline flow field shows that the flow was attached 

for a larger portion of the control surface chord and the iso-surfaces were pulled closer to 

the surface. Moreover, it shows greater resistance to separation, most likely due to the 

presence of the spanwise flow, suggesting that the unswept baseline had a greater 

potential for improvement with active flow control. 
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a) 𝜦 = 𝟎°, baseline b) 𝜦 = 𝟐𝟎°, baseline 

  

c) 𝜦 = 𝟎°, all jets active d) 𝜦 = 𝟐𝟎°, all jts active 

Figure 93: Iso-surfaces of the time-averaged normalized local chordwise velocity comparison of 

unswept (a, c) and swept (b, d) for the baseline (a, b) and all jets active (c, d) cases; δ = 20° and α = 

0°. 

Activating all the jets in the spanwise array resulted in the normalized local 

chordwise velocity, 𝑈∗ 𝑈∞⁄ , iso-surfaces of Figure 93c and Figure 93d for the unswept 

and swept configurations, respectively. Both unswept and swept flow fields show 

complete reattachment of the flow with the elimination of the negative velocities 

observed in the corresponding baseline cases. Additionally, the iso-surfaces were pulled 

closer to the surface. These results were associated with increased momentum close to 

the surface and enabled the flow to resist separation. Figure 93c shows an indentation (or 

trench) directly downstream of the jet orifice and extended throughout the measurement 

domain. This trench was the trajectory of the jet’s effect. The separation was reduced 

most within this trajectory region. Figure 93d shows how the jet trajectory was affected 

by the presence of the outboard-oriented spanwise flow, which was towards the right 
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from this viewpoint. The trajectory was pushed outboard and downstream. The decrease 

in separation severity due to actuation was increased outboard of the trajectory in 

comparison to inboard, though both regions were considerably improved in relation to 

the baseline flow. In comparison to the unswept results, the inboard iso-surfaces were 

higher off the surface. In addition to direction and path of the jet trajectory, its spanwise 

shape seems dependent on the spanwise flow magnitude. In the unswept case, the 

indentation’s inboard and outboard edges were gradual, whereas in the swept case, the 

spanwise boundary between the inboard region and the trench was more distinct. 

Additionally, the swept trench was made up of two smaller, component indentations. 

Comparisons of the local chordwise velocity profiles between the baseline and all 

jets actuated cases in Figure 94 and Figure 95 for the unswept and swept model 

configurations, respectively, show a more quantitative view of the effect of actuation. 

Wall-normal profiles were acquired from nine identical locations on both the unswept 

and swept configurations (three local chordwise locations and three spanwise locations), 

where 𝑥∗ 𝑐⁄  is the non-dimensional distance from the hingeline. Overall, the profiles 

proved the observations from the iso-surfaces in Figure 93. The baseline cases for both 

sweep angles show a progression from attached flow just downstream of the hingeline to 

separated flow with negative velocities farther downstream. The more extensive 

separation in the unswept baseline flow is apparent in the higher magnitude reversed 

flow at 𝑥∗ 𝑐⁄ = 0.066 and 0.101 and less full profile (i.e., larger velocity deficit) 

throughout the measurement domain. In all locations and in both sweep cases, actuation 

causes a velocity magnitude increase throughout the profile and complete flow 

reattachment. The effect of actutaion was more pronounced in the unswept results, 

supporting the greater performance enhancement measured in that case. Actuation on the 

unswept model also caused a sizeable increase in the freestream velocity, whereas 

actuation on in the swept case caused only a slight acceleration in the upstream-most 

location and slight deceleration in the downstream-most location. The profiles are 

similar along the span in the unswept results and show the effects of the swept jet 

trajectory in the swept results. Figure 95 shows fuller velocity profiles near the wall 

outboard of the center jet at 𝑧 𝑏𝑗⁄ = −0.367 than at the two inboard locations. Farther 

downstream, at 𝑥∗ 𝑐⁄ = 0.101, the flow field of the swept configuration seems to have 
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become spanwise uniform. The lower velocities, measured in the swept profiles, were in 

part due to the spanwise flow containing some of the streamwise velocity component.  

   

a) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟑𝟕, 

𝒛 𝒃𝒋⁄ = 𝟎. 𝟑𝟔𝟕 

b) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟑𝟕, 

𝒛 𝒃𝒋⁄ = 𝟎 

c) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟑𝟕, 

𝒛 𝒃𝒋⁄ = −𝟎. 𝟑𝟔𝟕 

   

d)∆𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟔𝟔, 

𝒛 𝒃𝒋⁄ = 𝟎. 𝟑𝟔𝟕 

e) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟔𝟔, 

𝒛 𝒃𝒋⁄ = 𝟎 

f) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟔𝟔, 

𝒛 𝒃𝒋⁄ = −𝟎. 𝟑𝟔𝟕 

   

g) 𝒙∗ 𝒄⁄ = 𝟎. 𝟏𝟎𝟏, 

𝒛 𝒃𝒋⁄ = 𝟎. 𝟑𝟔𝟕 

h) 𝒙∗ 𝒄⁄ = 𝟎. 𝟏𝟎𝟏, 

𝒛 𝒃𝒋⁄ = 𝟎 

i) 𝒙∗ 𝒄⁄ = 𝟎. 𝟏𝟎𝟏, 

𝒛 𝒃𝒋⁄ = −𝟎. 𝟑𝟔𝟕 

Figure 94: Wall-normal profiles of normalized local chordwise velocity for the unswept model for 

the baseline (black circles) and all jets active (red squares) cases; Λ = 0°, δ = 20°, and α = 0°. 
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a) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟑𝟕, 

𝒛 𝒃𝒋⁄ = 𝟎. 𝟑𝟔𝟕 

b) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟑𝟕, 

𝒛 𝒃𝒋⁄ = 𝟎 

c) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟑𝟕, 

𝒛 𝒃𝒋⁄ = −𝟎. 𝟑𝟔𝟕 

   

d) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟔𝟔, 

𝒛 𝒃𝒋⁄ = 𝟎. 𝟑𝟔𝟕 

e) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟔𝟔, 

𝒛 𝒃𝒋⁄ = 𝟎 

f) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟔𝟔, 

𝒛 𝒃𝒋⁄ = −𝟎. 𝟑𝟔𝟕 

   

g) 𝒙∗ 𝒄⁄ = 𝟎. 𝟏𝟎𝟏, 

𝒛 𝒃𝒋⁄ = 𝟎. 𝟑𝟔𝟕 

h) 𝒙∗ 𝒄⁄ = 𝟎. 𝟏𝟎𝟏, 

𝒛 𝒃𝒋⁄ = 𝟎 

i) 𝒙∗ 𝒄⁄ = 𝟎. 𝟏𝟎𝟏, 

𝒛 𝒃𝒋⁄ = −𝟎. 𝟑𝟔𝟕 

Figure 95: Wall-normal profiles of normalized local chordwise velocity for the swept model for the 

baseline (black circles) and all jets active (red squares) cases; Λ = 20°, δ = 20°, and α = 0°. 

Iso-surfaces of normalized total vorticity, 𝛺𝑇
∗𝑐 𝑈∞⁄ , for the baseline and 

activated cases in both sweep conditions are shown in Figure 96. The unswept and swept 

baseline cases in Figure 96a and Figure 96b show uniform vorticity throughout the 

spanwise extent of the baseline domains. Higher values of vorticity were present close to 

the surface near the hingeline and away from the surface further downstream, showing 

the separated shear layer. With actuation, the shear layer moved towards the surface and 
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separation was eliminated in both the unswept and swept cases shown in Figure 96c and 

Figure 96d. The trenches, where higher vorticity was pulled close to the surface by the 

jet, are clear in the vorticity iso-surfaces. In Figure 96c, the jet trajectory was in a 

chordwise direction, where its width started as approximately the length of the jet orifice 

before decreasing farther downstream. By the chordwise end of the measurement 

domain, the trench lost most of its distinctiveness. In comparison, Figure 96d shows the 

results with all the jets active in the swept case. As also observed in the local chordwise 

velocity iso-surfaces of Figure 93d, the jet’s effect was bent outboard by the spanwise 

flow. The trench did not seem to decrease in width as it did for the unswept flow and its 

reduction in the height of the vorticity iso-surfaces continued outboard of the trajectory. 

These plots show the addition of sweep can cause the synthetic jets to affect a larger 

spanwise extent than without sweep, but at the expense of affecting a smaller chordwise 

extent. 

More detailed comparisons can be made through contour slices from the 

measurement volumes. 𝑍∗-normal slices were obtained at 𝑧∗ 𝑐⁄ = −0.024, −0.009,

0.005, and 0.020 and 𝑥∗-normal slices at 𝑥∗ 𝑐⁄ = 0.02, 0.04, 0.06, and 0.08. Figure 97 

shows 𝑧∗-normal slices of normalized local chordwise velocity, 𝑈∗ 𝑈∞⁄ , contours, which 

show the same trends between the unswept and swept, and baseline and actuated cases as 

the iso-surfaces in Figure 93. However, the slices reveal spanwise behavior that could 

not be observed in the iso-surfaces. The unswept baseline case (Figure 97a) shows that 

the flow was uniform along the span, while the swept baseline case (Figure 97b) shows 

increasing separation severity in the outboard direction to the right. Note the decreasing 

chordwise location of the start of separation region as the white contour of zero velocity 

marking the separation point moved upstream in the outboard direction. The actuated 

results (Figure 97c and Figure 97d) show that the local chordwise velocity iso-surfaces 

were pulled closer to the model’s surface along the jet trajectory, creating the trench seen 

in the iso-surface results of Figure 93 and Figure 96. This trench is observed for the 

unswept, actuated flow field in the second slice from the left in Figure 97c, where the 

contour lines are clearly closer to the surface than in the outboard slices and likely closer 

to the surface than the inboard slice. The swept, actuated flow field in Figure 97d, shows 

the presence of the trench in the second through fourth slices from the left. The trench is 
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especially clear in the third plane, where the slice cuts obliquely into the trench such that 

the ridge between the trench region and downstream region is visible.  

  

a) 𝜦 = 𝟎°, baseline b) 𝜦 = 𝟐𝟎°, baseline 

  

c) 𝜦 = 𝟎°, all jets active d) 𝜦 = 𝟐𝟎°, all jets active 

Figure 96: Iso-surfaces of time-averaged normalized total vorticity, comparison of unswept (a, c) 

and swept (b, d) for the baseline (a, b) and all jets active (c, d) cases; δ = 20° and α = 0°. 

Next, 𝑥∗-slices of normalized local chordwise velocity, 𝑈∗ 𝑈∞⁄ , are shown in 

Figure 98, which corroborate the conclusions from Figure 97. The unswept, baseline 

flow (Figure 98a) is revealed to have a slight increase in separation severity along the 

span, though overall the flow is spanwise uniform. The swept, baseline flow (Figure 

98b) had increased separation severity along the span. The actuated results in Figure 98c 

and Figure 98d clearly show the presence of the trench. In the unswept, actuated case 

(Figure 98c), the contour lines dip directly downstream behind the jet orifice. A clear 

peak in contour lines is visible outboard of the jet trajectory. A smaller peak, or at least 

an increase, is visible inboard. In the swept, actuated case (Figure 98d), the dip in the 

contour lines followed the swept trajectory. The second slice from the upstream direction 
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shows the dip in about the center of the slice. In each successive slice the dip moved 

outboard. 

  

a) 𝜦 = 𝟎°, baseline b) 𝜦 = 𝟐𝟎°, baseline 

  

c) 𝜦 = 𝟎°, all jets active d) 𝜦 = 𝟐𝟎°, all jets active 

Figure 97: z
*
-normal planes of time-averaged normalized local chordwise velocity, comparison of 

unswept (a, c) and swept (b, d) for the baseline (a, b) and all jets active (c, d) cases; δ = 20° and α = 

0°. 
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a) 𝜦 = 𝟎°, baseline b) 𝜦 = 𝟐𝟎°, baseline 

  

c) 𝜦 = 𝟎°, all jets active d) 𝜦 = 𝟐𝟎°, all jets active 

Figure 98: x
*
-normal planes of time-averaged normalized local chordwise velocity, comparison of 

unswept (left) and swept (right) for the baseline (top) and all jets active (bottom) cases; δ = 20° and 

α = 0°. 

The effect on the normalized surface-normal velocity, 𝑉∗ 𝑈∞⁄ , due to sweep and 

actuation can be seen in the 𝑧∗-normal slices and 𝑥∗-normal slices of Figure 99 and 

Figure 100, respectively. In general, comparison of the actuated cases in Figure 99c, 

Figure 99d, Figure 100c, and Figure 100d to the baseline cases in Figure 99a, Figure 

99b, Figure 100a, and Figure 100d shows a significant reduction in the magnitude of the 

wall-normal velocity component with the addition of flow control. The high, positive 

magnitude velocity in the baseline case was characteristic of separated flow pulling 

away from the surface. The reduction in the vertical velocity magnitude through flow 

control was achieved by redirecting the flow more towards the surface to reduce 

separation severity.  
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a) 𝜦 = 𝟎°, baseline b) 𝜦 = 𝟐𝟎°, baseline 

  

c) 𝜦 = 𝟎°, all jets active d) 𝜦 = 𝟐𝟎°, all jets active 

Figure 99: z
*
-normal planes of time-averaged normalized vertical velocity, comparison of unswept 

(a, c) and swept (b, d) for the baseline (a, b) and all jets active (c, d) cases; δ = 20° and α = 0°. 

The degree of spanwise uniformity observed in the local chordwise velocity of 

Figure 97and Figure 98 is likewise observed in Figure 99 and Figure 100 for the 

normalized vertical velocity. The contour lines were approximately spanwise uniform in 

the unswept configuration (Figure 99a and Figure 100a) and in the swept configuration 

(Figure 99b and Figure 100b). As expected, the contour lines had increased distance 

from the surface in each successive plane. The vertical velocity magnitude was reduced 

more in the swept case and is noticeable from the greater extent of yellow contour levels. 

The unswept, actuated slices in Figure 100c show increased velocity magnitude in a 

region slightly inboard of the center of the slices roughly aligning with the jet trajectory. 

The addition of sweep (Figure 100d) reduced the magnitude and distinctness of this 

increased velocity region while causing it to drift outboard (to the right). It seems that 
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this increased velocity was associated with the location of the trenches observed in the 

velocity (𝑈∗ 𝑈∞⁄ ) and total vorticity (𝛺𝑇
∗𝑐 𝑈∞⁄ ) results of Figure 93 and Figure 96. 

  

a) 𝜦 = 𝟎°, baseline b) 𝜦 = 𝟐𝟎°, baseline 

  

c) 𝜦 = 𝟎°, all jets active d) 𝜦 = 𝟐𝟎°, all jets active 

Figure 100: x
*
-normal planes of time-averaged normalized vertical velocity, comparison of 

unswept (a, c) and swept (b, d) for the baseline (a, b) and all jets active (c, d) cases; δ = 20° and α = 

0°. 

The greatest difference between the unswept and swept flow fields was in the 

magnitude of the spanwise velocity component, as expected. Contours of the normalized 

spanwise velocity, 𝑊∗ 𝑈∞⁄ , are presented in several 𝑧∗-slices of Figure 101 and 𝑥∗-

slices of Figure 102. The difference in the magnitude of the negative, outboard flow 

from the unswept plots on the left to the swept plots on the right is obvious due to the 

orientation of the local chordwise planes at an angle to the swept streamwise direction 

and the spanwise pressure gradient in the swept case. The unswept, baseline case in 

Figure 101a and Figure 102a shows negative, outboard oriented flow in the shear layer. 

While ideally the unswept, baseline model should not have any spanwise flow 
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component by definition, the nature of real experiments resulted in a slight pressure 

gradient along the span, which was observed previously in the pressure contour for this 

test configuration. Above the shear layer, spanwise flow was minimal. Below the shear 

layer, a region of positive, inboard spanwise flow was present along the spanwise extent 

of the measurement domain. This positive region was thought to be due to separation of 

the spanwise boundary layer and will be verified with streamlines in Figure 105 and 

Figure 106 below. The swept, baseline flow in Figure 101b and Figure 102b show 

mostly negative, outboard spanwise flow with a pocket of small magnitude, positive, 

inboard spanwise flow near the surface in the outboard half of the measurement region 

and sandwiched between upstream and downstream negative flow. This feature was not 

constant along the span and is investigated further with the streamline analysis below.  

  

a) 𝜦 = 𝟎°, baseline b) 𝜦 = 𝟐𝟎°, baseline 

  

c) 𝜦 = 𝟎°, all jets active d) 𝜦 = 𝟐𝟎°, all jets active 

Figure 101: z
*
-normal planes of time-averaged normalized spanwise velocity, comparison of 

unswept (a, c) and swept (b, d) for the baseline (a, b) and all jets active (c, d) cases; δ = 20° and α = 
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0°. 

 

In the unswept case, the effect of actuation was to reduce the magnitude of the 

spanwise velocity component, such that the actuated flow field was more two-

dimensional and closer to the expected behavior. The 𝑧∗-slices in Figure 101c show that 

the negative spanwise flow was pulled closer to the surface in a very thin layer. Figure 

102c shows how the velocity values were overall quite small. In contrast, actuation on 

the swept model configuration enhanced the negative, outboard spanwise velocity 

component and eliminated all positive, inboard spanwise velocity pockets. Both the 𝑧∗-

slices in Figure 101d and the 𝑥∗-slices in Figure 102d show no positive contour levels. 

  

a) 𝜦 = 𝟎°, baseline b) 𝜦 = 𝟐𝟎°, baseline 

  

c) 𝜦 = 𝟎°, all jets active d) 𝜦 = 𝟐𝟎°, all jets active 

Figure 102: x
*
-normal planes of time-averaged normalized spanwise velocity, comparison of 

unswept (a, c) and swept (b, d) for the baseline (a, b) and all jets active (c, d) cases; δ = 20° and α 

= 0°. 
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Figure 103 and Figure 104 show slices of normalized spanwise vorticity, 

𝛺𝑧
∗𝑐 𝑈∞⁄ , in 𝑧∗- and 𝑥∗-planes, respectively. The slices show negative spanwise 

vorticity values for the entire baseline measurement domain in both unswept and swept 

conditions where concentrations of higher magnitude vorticity mark the location of the 

separated shear layer. Figure 103a and b show the baseline 𝑧∗-slices and Figure 104a and 

b show the baseline 𝑥∗-slices. The shear layer was closer to the surface for the swept 

model, supporting the conclusion from Figure 93 where the swept model was observed 

to have less severe separation compared to the unswept model. As the distance over the 

chord increased, the strength of the shear layer diminished in the adverse pressure 

gradient. Activation of the jets for both the unswept and swept conditions caused the 

separated shear layer to adhere to the surface. This behavior is observed in the 𝑧∗-planes 

of Figure 103c and d. The unswept contours were pulled closer to the surface directly 

downstream of the jet orifice, which is evident in the middle two slices. The same effect 

seems to have existed in the swept case, though it was angled along the surface. The 

third plane from the left shows a region just downstream of the hingeline where the 

contours were closer to the surface than either upstream or downstream. A similar 

feature is observed further downstream in the right-most plane. Information about the 

spanwise behavior of the spanwise vorticity and shear layer is shown in the 𝑥∗-planes of 

Figure 104c and d. In addition to the adherence of the shear layer to the surface after the 

addition of actuation, these planes also show the same contour dips observed in the 

velocity contours. Therefore, the vorticity near the wall was highest along the trench 

created by the jets. 
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a) 𝜦 = 𝟎°, baseline b) 𝜦 = 𝟐𝟎°, baseline 

  

c) 𝜦 = 𝟎°, all jets active d) 𝜦 = 𝟐𝟎°, all jets active 

Figure 103: z
*
-normal planes of time-averaged normalized spanwise vorticity, comparison of 

unswept (a, c) and swept (b, d) for the baseline (a, b) and all jets active (c, d) cases; δ = 20° and α = 

0°. 
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a) 𝜦 = 𝟎°, baseline b) 𝜦 = 𝟐𝟎°, baseline 

  

c) 𝜦 = 𝟎°, all jets active d) 𝜦 = 𝟐𝟎°, all jets active 

Figure 104: x
*
-normal planes of time-averaged normalized spanwise vorticity, comparison of 

unswept (a, c) and swept (b, d) for the baseline (a, b) and all jets active (c, d) cases; δ = 20° and α = 

0°. 

There were many similarities between the baseline flow fields, as shown in the 

above velocity figures, but the streamline results in Figure 105 and Figure 106 reveal 

some important differences that affect the way the synthetic jets interact with the flow 

fields. Figure 105 shows velocity streamlines colored by normalized spanwise velocity, 

𝑊∗ 𝑈∞⁄ , plotted with iso-surfaces of normalized local chordwise velocity, 𝑈∗ 𝑈∞⁄ . The 

iso-surfaces were cut at 𝑧∗ 𝑐⁄ = 0 (the center of jet 5) and removed inboard in order to 

observe the underlying streamlines. For the unswept case (Figure 105a), the flow had a 

slight negative, outboard spanwise component as it moved over the hingeline. 

Eventually, the flow separated, indicated by the presence of the reverse flow near the 

surface downstream of the hingeline. This reversed flow had a slight positive, inboard 

component to it. The reversed streamlines moved upstream until reaching the separation 
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point, where they lifted off the surface and joined the flow from over the hingeline. The 

streamlines continued along the chord above the separated region. In contrast, the 

streamlines for the swept configuration (Figure 105b) show strong, undercutting, 

outboard-oriented streamlines in the separated region. The flow over the hingeline was 

similar to the unswept case where the streamlines high above the surface flowed over the 

separated region with a negative, spanwise component. However, as expected, the 

magnitude of the spanwise component was much larger for the swept case. The behavior 

of the streamlines can more clearly be observed with the removal of the iso-surfaces in 

Figure 106. It can be observed that the flow in the swept baseline twisted around itself 

near the surface near the downstream extent of the measurement volume. Some 

streamlines very close to the surface in the separated region moved upstream until 

reaching the separation point, lifted off the surface, and joined the flow coming from 

over the hingeline. 

Actuation of all the jets caused the streamlines in both the unswept and swept 

flows to move predominantly in a chordwise direction such that there was no reversed 

flow. Figure 105c shows how the unswept streamlines were directed more along the 

chord and downwards toward the surface in the all jets case compared to the baseline. 

The spanwise velocity magnitudes were reduced as well. The flow was more complex in 

the swept actuated case (Figure 105d), where the jets caused the streamlines, moving 

over the hingeline, to change direction and bend more along the chord line. At a certain 

point, the streamlines could no longer follow this direction and once again pointed more 

aligned with the streamwise direction. These behaviors were more clearly observed in 

the streamlines-only plots of Figure 106c and d, where it is observed that both actuated 

cases were approximately spanwise uniform. The difference in flow direction is clearly 

observed between the chordwise-oriented unswept flow and the spanwise-tilting swept 

flow. 



 

     155 

  

a) 𝜦 = 𝟎°, baseline b) 𝜦 = 𝟐𝟎°, baseline 

  

c) 𝜦 = 𝟎°, all jets active d) 𝜦 = 𝟐𝟎°, all jets active 

Figure 105: Iso-surfaces of time-averaged normalized local chordwise velocity and streamlines 

colored by normalized spanwise velocity, comparison of unswept (a, c) and swept (b, d) for the 

baseline (a, b) and all jets active (c, d) cases; δ = 20° and α = 0°. 

Figure 107 shows the time-averaged components of vorticity for the two sweep 

conditions when the synthetic jets were active. The left column shows the unswept case, 

where the freestream flow was approximately from top left to bottom right, and the right 

column shows the swept case, where the freestream flow was approximately from left to 

right. Two iso-surfaces are plotted for each component, one positive and one negative. 

The values of the iso-surfaces are stated in the respective figure captions. Note that 

additional blanking was used for these figures in order to view the important flow 

structures. 
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a) 𝜦 = 𝟎°, baseline b) 𝜦 = 𝟐𝟎°, baseline 

  

c) 𝜦 = 𝟎°, all jets active d) 𝜦 = 𝟐𝟎°, all jets active 

Figure 106: Time-averaged streamlines colored by normalized spanwise velocity, comparison of 

unswept (a, c) and swept (b, d) for the baseline (a, b) and all jets active (c, d) cases; δ = 20° and α 

= 0°. 

Figure 107a and b show the normalized local chordwise vorticity, 𝛺𝑥
∗𝑐 𝑈∞⁄ , for 

the unswept and swept model configurations, respectively. In the unswept case, two 

clear vorticity concentrations originated at the short orifice edges and persisted in a 

chordwise direction. These features were associated with the counter-clockwise, positive 

flow roll up over the inboard orifice edge and the clockwise, negative flow roll up 

around the outboard edge. These features increased mixing along the chord. The 

normalized local chordwise vorticity iso-surfaces behaved quite differently for the swept 

case. Here, the iso-surface values were chosen to match those plotted for the unswept 

case, such that flow features were accurately shown under both conditions. The swept 

flow field shows less-clear local chordwise vorticity concentrations. The clockwise, 

negative concentration still existed, though it was swept outboard and was less-distinct 
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from its surroundings. Its angle off the surface was increased, showing less of an ability 

to keep the flow close to the surface. The counter-clockwise, positive concentration was 

much reduced compared to the unswept case. It is also weaker and lost strength at this 

vorticity level earlier than its negative counterpart. The positive roller interacted with the 

spanwise-oriented flow with the opposite vorticity sign, leading to its earlier demise. 

There was an increase in the negative vorticity throughout the volume due to the 

orientation of the spanwise flow, which had a negative sign of vorticity. 

The normalized surface-normal vorticity, 𝛺𝑦
∗𝑐 𝑈∞⁄ , in Figure 107c and Figure 

107d also show how the clear vorticity concentrations resulting from actuation into the 

unswept flow were diminished by the addition of spanwise flow. The unswept vorticity 

field (Figure 107c) exhibited positive vorticity associated with the outboard side of the 

jet orifice and negative vorticity associated with the inboard side, whereas the vorticity 

field associated with the swept model (Figure 107d) shows how both positive and 

negative concentrations were swept outboard and were less distinct from the surrounding 

vorticity. The inboard, negative vorticity concentration seems more diffuse, indicating a 

loss of strength in comparison to the unswept flow field. The outboard, positive vorticity 

iso-surface was more concentrated, perhaps indicating greater strength. 

 The normalized spanwise vorticity, 𝛺𝑧
∗𝑐 𝑈∞⁄ , plots of Figure 107e and f show 

similar results to the total vorticity iso-surfaces of Figure 96. In a time-averaged sense, 

the jets brought negative spanwise vorticity close to the surface. The trenches, visible 

downstream of the orifices, show the region of jets’ influence under both of the sweep 

conditions. Figure 107e shows the chordwise trajectory of the jet effect for the unswept 

case, with gradual edges to the trench. In comparison, Figure 107f shows the trajectory 

of the jets for the swept case due to the spanwise flow and the sharper trench edges. 

Insight into the global performance difference between the unswept and swept 

configurations was found through these time-averaged vorticity plots. In general, the 

unswept, actuated flow field resulted in clear, distinct vorticity concentrations. The 

swept, actuated flow field caused these vorticity concentrations to lose strength and 

distinctness. This loss of strength and differentiation from the surrounding flow field 

caused the jets to be less effective in the swept conditions. This conclusion agreed with 

the previous discussed pressure measurements and global performance results.  
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a) 𝜴𝒙
∗𝒄 𝑼∞⁄ , 𝜦 = 𝟎° b) 𝜴𝒙

∗𝒄 𝑼∞⁄ , 𝜦 = 𝟐𝟎° 

  

c) 𝜴𝒚
∗𝒄 𝑼∞⁄ , 𝜦 = 𝟎° d) 𝜴𝒚

∗𝒄 𝑼∞⁄ , 𝜦 = 𝟐𝟎° 

  

e) 𝜴𝒛
∗𝒄 𝑼∞⁄ , 𝜦 = 𝟎° f) 𝜴𝒛

∗𝒄 𝑼∞⁄ , 𝜦 = 𝟐𝟎° 

Figure 107: Iso-surfaces of time-averaged components of normalized vorticity of -10 (blue) and +10 

(red); δ = 20° and α = 0°. 
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3.3.1.2 Phase-Averaged Flow Fields 

In the previous section, the effects of the synthetic jets on the time-averaged flow 

fields were discussed. However, due to the unsteady nature of the synthetic jets, a 

complete understanding of the effect of the synthetic jets on the flow field can only be 

obtained through studying both time-averaged and phase-averaged flow fields. The flow 

mechanisms behind the time-averaged flow field results and the global performance 

effects were observed, defined, and analyzed through the study of the phase-averaged 

vortical structures emanating from the jet orifices. SPIV results from six phases are 

compared for the unswept and swept configurations with all the jets active. Figure 108 

shows phase-averaged iso-surfaces of normalized local chordwise velocity, 𝑈∗ 𝑈∞⁄ . 

Also plotted are the jet vortical structures. The structures were calculated from the 

phase-averaged normalized total vorticity, 𝛺𝑇
∗𝑐 𝑈∞⁄ . In order to better view the vortical 

structures, the time-averaged (TA) normalized total vorticity was subtracted from the 

phase-averaged (PA) normalized total-vorticity. The resulting quantity, 

(𝛺𝑇
∗𝑐 𝑈∞⁄ )𝑃𝐴−𝑇𝐴, is plotted at an iso-surface value of 35 in the phase-averaged figures 

below. 

Figure 108 shows these iso-surfaces for the unswept model with all the jets 

active. Vortical structures created by jet 5 are clearly seen in the white iso-surfaces. 

These structures were formed at the orifice and moved downstream with the flow in the 

chordwise direction. Dips in the phase-averaged normalized local chordwise velocity 

iso-surfaces were located underneath each vortical structure due to the induced velocity 

by these structures. In a time-averaged sense, these structures and the associated dips 

caused the trenches observed in the time-averaged SPIV data. An elongated, rectangular 

vortex ring was formed at the orifice and began to convect downstream. This rectangular 

ring can be observed near the hingeline at 𝜙 = 240° and 𝜙 = 300°. The ring developed 

three-dimensionalities as it advected downstream (clearly seen in 𝜙 = 0° and 𝜙 = 60°) 

before becoming a double-ring in 𝜙 = 180°. This double ring lost its shape as it traveled 

farther downstream, where the center pulled apart to create a single ring again, at least at 

this vorticity level. The ring was then pinched at the center, but was relatively symmetric 

about its chordwise centerline. The pinched ring can be observed in the downstream-

most complete structure in 𝜙 = 300° and 𝜙 = 0°. The inboard and outboard vortex ring 
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edges, which originated from the short orifice edges, moved farther along the chord in 

relation to the center of the ring. This was most likely axis switching due to induced 

velocity effects of the ring on itself. Axis switching of a synthetic jet with a similar 

aspect ratio was observed previously by Van Buren et al.[40], [41] on a synthetic jet 

issuing into a quiescent flow. These edges were also the strongest parts of the structure 

and they persisted after the center portion of the ring at this vorticity level disappeared, 

as can be seen for example in the downstream-most structure of 𝜙 = 120°. 

The development and character of these vortical structures were dependent on the 

magnitude of spanwise flow. Figure 109 shows the phase-averaged normalized local 

chordwise velocity superimposed with phase-averaged minus time-averaged normalized 

total vorticity, (𝛺𝑇
∗𝑐 𝑈∞⁄ )𝑃𝐴−𝑇𝐴, iso-surfaces for the swept model configuration when 

all the jets were active. The phases used in the unswept configuration in Figure 108 were 

also measured with the swept model configuration. It is clear that the vortical structures 

followed a trajectory that bent in the outboard direction due to the outboard-oriented 

spanwise velocity component. The dips beneath the structures seem more clearly defined 

than in the unswept case. A relatively rectangular vortex structure emerged from the 

orifice at 𝜙 = 240° and quickly developed three-dimensionalities. The exact shape of 

the emerging vortex ring was assumed to be an elongated rectangle, though this was 

difficult to see for certain due to the reflections near the orifice and the resolution of the 

experimental method near the surface. The ring quickly developed into a double-ring 

shape, as seen first clearly at 𝜙 = 0°. The inboard (left) ring was smaller and 

presumably weaker than the outboard (right) ring. This double-ring structure convected 

downstream and outboard along the jet trajectory through the actuation cycle. The longer 

the structures existed, the more they were exposed to the severe separation, adverse 

pressure gradient, and spanwise flow over the control surface. The flow field gradually 

annihilated the double-ring structure, starting from the inboard edge of the inboard ring 

as can be seen in 𝜙 = 180°. As the vortical structures continued to advect downstream, 

the inboard edge of the inboard ring continued to lose strength and disappeared at this 

vorticity value, while the inboard edge of the outboard ring began to disappear as well. 

The beginning of the annihilation of the inboard edge of the outboard ring can be 

observed in the second structure along the chord at 𝜙 = 0°. It was the outboard edge of 
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the outboard ring that persisted the farthest. This behavior was likely a combination of 

axis switching and gradual annihilation from the spanwise flow component. 

  

a) 𝝓 = 𝟎° b) 𝝓 = 𝟔𝟎° 

  

c) 𝝓 = 𝟏𝟐𝟎° d) 𝝓 = 𝟏𝟖𝟎° 

  

e) 𝝓 = 𝟐𝟒𝟎° f) 𝝓 = 𝟑𝟎𝟎° 

Figure 108: Iso-surfaces of phase-averaged normalized chordwise velocity with phase-averaged 

(PA) minus time-averaged (TA) iso-surfaces of normalized total vorticity of 35 for the all jets case; 

Λ = 0°, δ = 20°, and α = 0°. 
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a) 𝝓 = 𝟎° b) 𝝓 = 𝟔𝟎° 

  

c) 𝝓 = 𝟏𝟐𝟎° d) 𝝓 = 𝟏𝟖𝟎° 

  

e) 𝝓 = 𝟐𝟒𝟎° f) 𝝓 = 𝟑𝟎𝟎° 

Figure 109: Iso-surfaces of Phase-averaged normalized local chordwise velocity with a phase-

averaged (PA) minus time-averaged (TA) iso-surface of normalized total vorticity of 35, for the all 

jets case, Λ = 20°, δ = 20°, and α = 0°.  

The manner in which the vortical structures interacted with the flow can be 

visualized after subtracting the time-averaged velocity flow field from the phase-



 

     163 

averaged velocity flow fields. Iso-surfaces for each component of velocity are shown for 

the unswept and swept cases in Figure 110, Figure 112, and Figure 114 for two phases 

specified in the captions. The subtraction of the mean flow allows the coherent 

fluctuations to be observed. These coherent flow movements reveal how the synthetic 

jets changed and influenced the baseline flow fields. Two transparent iso-surfaces, one 

positive (red) and one negative (blue) are shown in each figure at the levels specified in 

the legends. The unswept data are presented on the left and the swept data on the right. 

In all plots, the normalized total vorticity iso-surfaces (in white) were superimposed on 

the velocity field. 

Figure 110 presents the phase-averaged minus time-averaged local chordwise 

velocity, (𝑈∗ 𝑈∞⁄ )𝑃𝐴−𝑇𝐴, iso-surface comparison between the unswept and swept flow 

fields with all jets activated for two phases, 𝜙 = 0° and 𝜙 = 120°. These data show how 

the resulting vortical structures from the interaction of the synthetic jets and the cross 

flow pushed the flow either upstream or downstream. The unswept iso-surfaces at 

𝜙 = 0° in Figure 110a show regions of positive local chordwise flow in the centers of 

the white, normalized vorticity iso-surfaces and negative, reversed flow surrounding the 

structures. This is more clearly seen in the zoomed-in results around a single structure in 

Figure 111a, at a later phase of 𝜙 = 120°, where arrows were added showing inferred 

flow directions. The vortical structures seem to have pulled flow around the outside of 

the ring. The flow was then pulled through and underneath the structure in the positive 

direction. It was probably this movement in the positive chordwise direction, along with 

the general increase in momentum, which caused the reduction in separation. Figure 

110b, also at 𝜙 = 120°, shows how the positive regions in the center of the structures 

moved downstream and increase in size. A positive-valued iso-surface is apparent just 

downstream of the orifice since this phase was during the blowing portion of the jet 

cycle where flow was pushed downstream over the downstream orifice edge.  
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a) 𝜦 = 𝟎°, 𝝓 = 𝟎° b) 𝜦 = 𝟐𝟎°, 𝝓 = 𝟎° 

  

c) 𝜦 = 𝟎°, 𝝓 = 𝟏𝟐𝟎° d) 𝜦 = 𝟐𝟎°, 𝝓 = 𝟏𝟐𝟎° 

Figure 110: Iso-surfaces of phase-averaged (PA) minus time-averaged (TA) normalized local 

chordwise velocity -0.04 (blue) and +0.04 (red), with a phase-averaged (PA) minus time-

averaged (TA) iso-surface of normalized total vorticity of 35, for the all jets case; δ = 20° and α = 

0°. 

Figure 110c presents the iso-surfaces of normalized local chordwise velocity 

with the time-averaged flow field subtracted for the swept configuration at 𝜙 = 0°. The 

same general flow behavior, as was observed for the unswept flow at this phase, is 

observed for the swept case. The center of the vortical structures was associated with 

positive local chordwise velocity while the surrounding region had negative local 

chordwise velocity. However, the effect of the jets on the chordwise velocity component 

was limited to the region directly surrounding the vortical structures. At a phase of 

𝜙 = 120°, the local chordwise velocity concentrations moved downstream. Again, the 

extent was less than in the unswept case. A close comparison in Figure 111b between the 
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inboard edges of the vortex rings for the unswept and swept conditions shows relatively 

symmetric flow along the jet trajectory in the unswept case and asymmetric flow in the 

swept case. This is mostly apparent in the lack of a negative local chordwise velocity 

iso-surface on the inboard edge of the vortex structure in the swept condition. Another 

difference due to the addition of sweep was in the relative size of the positive velocity 

iso-surface. This iso-surface marking the acceleration of the flow through the ring 

structure was larger in the unswept case. It seems that this flow feature was important for 

the reduction of separation and the enhancement of performance.  

   

a) 𝜦 = 𝟎° b) 𝜦 = 𝟐𝟎° 

Figure 111: Zoomed-in iso-surfaces of phase-averaged (PA) minus time-averaged (TA) 

normalized local chordwise velocity of -0.04 (blue) and +0.04 (red), with a phase-averaged (PA) 

minus time-averaged (TA) iso-surface of normalized total vorticity of 35, for the all jets case at ϕ 

= 120°; δ = 20° and α = 0°. 

Figure 112 shows the iso-surfaces of normalized surface-normal velocity, 

(𝑉∗ 𝑈∞⁄ )𝑃𝐴−𝑇𝐴, where the time-averaged flow field was subtracted from the phase-

averaged, show the jet structures alternatingly pulled flow close to the surface and 

pushed it away from the surface along the jet trajectory. Figure 112a shows these data 

for the unswept flow at a phase of 𝜙 = 120°. This phase was during the blowing portion 

of the jet actuation cycle, as can be seen by the large iso-surface of positive velocity that 

is observed over the orifice. Figure 112c shows the unswept case at 𝜙 = 300°, where the 

negative vertical velocity over the orifice shows that the jet was in its suction phase. 

Both phases show the alternating train of positive and negative wall-normal velocity 

concentrations along the chord. These iso-surfaces show that flow moved upwards in the 

center of the vortical structures and downwards between successive structures. These 
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observations can also be seen in the zoomed-in iso-surfaces on a single vortical structure 

at 𝜙 = 120° in Figure 113a. 

  

a) 𝜦 = 𝟎°, 𝝓 = 𝟏𝟐𝟎° b) 𝜦 = 𝟐𝟎°, 𝝓 = 𝟏𝟐𝟎° 

  

c) 𝜦 = 𝟎°, 𝝓 = 𝟑𝟎𝟎° d) 𝜦 = 𝟐𝟎°, 𝝓 = 𝟑𝟎𝟎° 

Figure 112: Iso-surfaces of phase-averaged (PA) minus time-averaged (TA) normalized surface-

normal velocity of -0.03 (blue) and +0.03 (red), with a phase-averaged (PA) minus time-averaged 

(TA) iso-surface of normalized total vorticity of 35, for the all jets case; δ = 20° and α = 0°. 

The corresponding flow fields for the swept case are presented in Figure 112b 

and Figure 112d, which exhibit similar behaviors. The main differences from the 

unswept data were the tilt of the iso-surfaces’ trajectory in the outboard direction and the 

gradual reduction in size where the inboard edge was smaller than the outboard edge of 

the iso-surfaces. Each pair of iso-surfaces was offset slightly in the outboard direction 

from the upstream pairs. Additionally, each iso-surface was thinner in the local 

chordwise direction and elongated in the spanwise direction. The unswept iso-surfaces 

remained approximately symmetrically shaped and had similar dimensions in the local 
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chordwise and spanwise directions. This shape difference is clear from the zoomed-in 

iso-surfaces in Figure 113. The difference in the height of the structures is also apparent, 

where the vortical structures in the swept case were located farther from the surface than 

the corresponding ones of the unswept case.  

   

a) 𝜦 = 𝟎° b) 𝜦 = 𝟐𝟎° 

Figure 113: Zoomed-in iso-surfaces of phase-averaged (PA) minus time-averaged (TA) normalized 

surface-normal velocity of -0.03 (blue) and +0.03 (red), with a phase-averaged (PA) minus time-

averaged (TA) iso-surface of normalized total vorticity of 𝟑𝟓, for the all jets case at ϕ = 120°; δ = 

20°  and α = 0°. 

Figure 114 presents the phase-averaged spanwise component of normalized 

velocity with the time-averaged flow subtracted, (𝑊∗ 𝑈∞⁄ )𝑃𝐴−𝑇𝐴. The flow field of the 

unswept case, presented in Figure 114a at 𝜙 = 0° and Figure 114c at 𝜙 = 180°, was 

characterized by flow moving away from the center of the jet trajectory in the 

downstream region of each structure such that positive velocity was on the inboard side 

and negative velocity on the outboard. This behavior is observed with the arrows in the 

zoomed-in iso-surface results of Figure 115a for 𝜙 = 120° that originated from 

downstream of the structure and wrapped around the inboard and outboard edges. The 

flow then moved in toward the center of the jet trajectory upstream of each structure 

such that negative velocity was located on the inboard side and positive flow on the 

outboard. It seems that each vortex ring pulled flow from downstream and wrapped it 

around its short edges. There was some positive, inboard-oriented spanwise flow inside 

the vortex rings. The swept results in Figure 114b and Figure 114d show an increase in 

the positive velocity inside of the rings. This is clear from the zoomed-in view in Figure 

115. There are no iso-surfaces indicating flow wrapping around the inboard edge of the 
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structure as the inboard effect of the structures was diminished with the addition of 

spanwise flow. 

  

a) 𝜦 = 𝟎°, 𝝓 = 𝟎° b) 𝜦 = 𝟐𝟎°, 𝝓 = 𝟎° 

  

c) 𝜦 = 𝟎°, 𝝓 = 𝟏𝟖𝟎° d) 𝜦 = 𝟐𝟎°, 𝝓 = 𝟏𝟖𝟎° 

Figure 114: Iso-surfaces of phase-averaged (PA) minus time-averaged (TA) normalized spanwise 

velocity of -0.035 (blue) and +0.035 (red), with a phase-averaged (PA) minus time-averaged (TA) 

iso-surface of normalized total vorticity of 35, for the all jets case; δ = 20° and α = 0°. 
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a) 𝜦 = 𝟎° b) 𝜦 = 𝟐𝟎° 

Figure 115: Zoomed-in iso-surfaces of phase-averaged (PA) minus time-averaged (TA) normalized 

spanwise velocity of -0.035 (blue) and +0.035 (red), with a phase-averaged (PA) minus time-

averaged (TA) iso-surface of normalized total vorticity of 35, for the all jets case at ϕ = 120°; δ = 

20° and α = 0°. 

Vorticity components were also calculated from the phase-averaged minus time-

averaged velocity flow fields to yield information about the orientation and 

characteristics of the vortical structures generated by the synthetic jets. Figure 116 shows 

the phase-averaged normalized 𝑥∗-component (local chordwise) of vorticity with the 

time-averaged flow field subtracted, (𝛺𝑥
∗𝑐 𝑈∞⁄ )𝑃𝐴−𝑇𝐴. The unswept data in Figure 116a 

and c at two phases, 𝜙 = 60° and 𝜙 = 300°, respectively, show positive 𝑥∗-vorticity 

associated with the inboard edges of the rings and negative with the outboard edges. This 

behavior was associated with flow rolling around the ring through the center of the ring 

upwards and around the edges. Note that there was 𝑥∗-vorticity in portions of the 

upstream and downstream spanwise legs of the ring due to the pinching and deforming 

of the structure. Between the structures, the flow shows the opposite-signed iso-surfaces, 

in relation to the inboard and outboard edges of the ring, due to the induced velocity 

through and around the structure. For example, on the inboard side, the iso-surfaces 

between structures were negative, in contrast to the positive-valued vorticity of the 

structures’ inboard edge. The opposite trend was present outboard. Figure 117a shows 

these characteristics with arrows. Vorticity formation at the orifice is observed in both 

phases of Figure 116. At 𝜙 = 60° (Figure 116a), the positive and negative iso-surfaces 

at the inboard and outboard orifice edges were expected as flow was ejected and rolled 
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up around the short orifice edges. Conversely, the opposite-signed iso-surfaces are 

observed in Figure 116c at 𝜙 = 300° during the suction portion of the jet cycle.  

  

a) 𝜦 = 𝟎°, 𝝓 = 𝟔𝟎° b) 𝜦 = 𝟐𝟎°, 𝝓 = 𝟔𝟎° 

  

c) 𝜦 = 𝟎°, 𝝓 = 𝟑𝟎𝟎° d) 𝜦 = 𝟐𝟎°, 𝝓 = 𝟑𝟎𝟎° 

Figure 116: Iso-surfaces of phase-averaged (PA) minus time-averaged (TA) normalized x
*
-

vorticity of -10 (blue) and +10 (red), with a phase-averaged (PA) minus time-averaged (TA) iso-

surface of normalized total vorticity of 35, for the all jets case; δ = 20° and α = 0°. 

The 𝑥∗-component of vorticity iso-surfaces behavd similarly in the swept flow 

around the orifice. Figure 116b and Figure 116d show the results for the swept model at 

both phases and Figure 117b shows the zoomed view at 𝜙 = 120°. In comparison to the 

unswept flow, the structures were more lifted off the surface. Additionally, the structures 

seem to have been closer together, indicating more resistance from the surrounding flow 

field. However, the general behavior of the upstream structures was the same as in the 

unswept, where the inboard edge of the ring had positive vorticity and the outboard edge 

has negative. There was also a smaller region between successive structures so that the 

opposite signed iso-surfaces were not as fully formed as in the unswept case, and an 
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addition of 𝑥∗-vorticity in some of the undulations at the center of the structure. Overall, 

the cohesiveness of the structures, and most likely, the strength of the 𝑥∗-vorticity iso-

surfaces diminished with spanwise flow.  

  

a) 𝜦 = 𝟎° b) 𝜦 = 𝟐𝟎° 

Figure 117: Zoomed-in iso-surfaces of phase-averaged (PA) minus time-averaged (TA) normalized 

x
*
-vorticity of = -10 (blue) and +10 (red), with a phase-averaged (PA) minus time-averaged (TA) 

iso-surface of normalized total vorticity of 35, for the all jets case at ϕ = 120°; δ = 20° and α = 0°. 

Figure 118 presents contours of the 𝑦∗-vorticity component, (𝛺𝑦
∗𝑐 𝑈∞⁄ )𝑃𝐴−𝑇𝐴. 

The unswept flow in Figure 118a and Figure 118c was characterized by positive 

vorticity on the lower-outboard and upper-inboard corners of each structure. There was 

negative vorticity on the upper-outboard and lower-inboard edges. These iso-surfaces 

were the result of the angled and deformed vortex ring. Axis-switching caused the short 

edges to move up and away from the rest of the ring, which caused vorticity in the 

surface-normal direction. Some positive vorticity was present inside each structure and it 

was thought the connection point between the double rings was mostly made of 𝑦∗-

vorticity. The strength and cohesiveness of the 𝑦∗-vorticity concentrations were reduced 

in the swept cases of Figure 118b and Figure 118d. While the same general effect was 

present, the spanwise flow acted to reduce and eliminate the inboard concentrations 

relative to the unswept case. The zoomed view in Figure 119a for one of the unswept 

vortical structures most clearly illustrates the vorticity signs at each corner of the ring. 

The decrease in distinctness for the swept flow is apparent in Figure 119b. 
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a) 𝜦 = 𝟎°, 𝝓 = 𝟎° b) 𝜦 = 𝟐𝟎°, 𝝓 = 𝟎° 

  

c) 𝜦 = 𝟎°, 𝝓 = 𝟏𝟖𝟎° d) 𝜦 = 𝟐𝟎°, 𝝓 = 𝟏𝟖𝟎° 

Figure 118: Iso-surfaces of phase-averaged (PA) minus time-averaged (TA) normalized y
*
-vorticity 

of -10 (blue) and +10 (red), with a phase-averaged (PA) minus time-averaged (TA) iso-surface of 

normalized total vorticity of 35, for the all jets case; δ = 20° and α = 0°. 
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a) 𝜦 = 𝟎° b) 𝜦 = 𝟐𝟎° 

Figure 119: Zoomed-in iso-surfaces of phase-averaged (PA) minus time-averaged (TA) normalized 

y
*
-vorticity of -10 (blue) and +10 (red), with a phase-averaged (PA) minus time-averaged (TA) iso-

surface of normalized total vorticity of 35, for the all jets case at ϕ = 120°;δ = 20° and α = 0°.  

Next, the spanwise vorticity concentrations, (𝛺𝑧
∗𝑐 𝑈∞⁄ )𝑃𝐴−𝑇𝐴, are presented in 

Figure 120 and Figure 121, which show alternating signs of vorticity for both unswept 

and swept configurations at phases of 𝜙 = 60°and 𝜙 = 300°. In general, the spanwise 

vorticity results were similar to the surface-normal velocity results of Figure 112. The 

upstream vortex leg had positive vorticity values and the downstream leg negative. 

These iso-surfaces supported the previous observations that flow rolled upwards through 

the center of the vortex rings and around the upstream and downstream legs. The vortical 

structures for the swept case were tilted outboard, as was expected due to the spanwise 

flow component. The negative vorticity concentrations were closer to the downstream 

positive iso-surfaces in the swept flow than in the unswept flow showing either reduced 

strength or interference between successive structures with the addition of sweep. 
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a) 𝜦 = 𝟎°, 𝝓 = 𝟔𝟎° b) 𝜦 = 𝟐𝟎°, 𝝓 = 𝟔𝟎° 

  

c) 𝜦 = 𝟎°, 𝝓 = 𝟑𝟎𝟎° d) 𝜦 = 𝟐𝟎°, 𝝓 = 𝟑𝟎𝟎° 

Figure 120: Iso-surfaces of phase-averaged (PA) minus time-averaged (TA) normalized z
*
-vorticity 

of = -10 (blue) and +10 (red), with a phase-averaged (PA) minus time-averaged (TA) iso-surface of 

normalized total vorticity of 35, for the all jets case; δ = 20° and α = 0°. 
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a) 𝜦 = 𝟎° b) 𝜦 = 𝟐𝟎° 

Figure 121: Zoomed-in iso-surfaces of phase-averaged (PA) minus time-averaged (TA) normalized 

z
*
-vorticity of = -10 (blue) and +10 (red), with a phase-averaged (PA) minus time-averaged (TA) 

iso-surface of normalized total vorticity of 35, for the all jets case at ϕ = 120°; δ = 20° and α = 0°. 

 The phase-averaged iso-surfaces and structures may have the characteristics and 

results of the interaction between the jet structures and the cross flow, but they do not 

completely reveal the underlying mechanisms causing one to affect the other. Analysis 

of the phase-averaged minus time-averaged velocity vectors provides the missing link 

between the structures and the overall flow field. The following figures zoom-in around 

the vortical structures and view them from the inboard, downstream point-of-view. 

Vectors of phase-averaged minus time-averaged velocity were plotted at every data point 

in 𝑧∗-normal planes. The vectors are colored by their magnitude, with red denoting high 

magnitudes and yellow denoting low magnitudes. Included in these plots are the same 

iso-surfaces of phase-averaged minus time-averaged total vorticity, (𝛺𝑇
∗𝑐 𝑈∞⁄ )𝑃𝐴−𝑇𝐴, at 

a value of 35, as were plotted in Figure 108 and Figure 109. The iso-surfaces are semi-

transparent in order to see the vectors underneath and behind the structures. 

Figure 122 shows planes of vectors at four spanwise locations for the unswept 

flow over the model at a phase of 𝜙 = 60°. Note the vectors pointing outwards and 

upwards from the orifice proving this phase was during the blowing portion of the jet 

actuation cycle. The spanwise plane locations were chosen to correspond to points on the 

first fully-formed structure downstream of the orifice at 𝑧∗ bj⁄ =  −0.26,−0.16, 0, and 

0.16, where 𝑧∗ bj⁄  is the distance from the center of the active jet normalized by the jet 

orifice spanwise length. Figure 122a shows a plane slicing through the outboard edge of 
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the upstream structure at 𝑧∗ bj⁄ = −0.26. The vectors near the surface were pulled under 

the vortical structure towards the inboard direction. Vectors slightly downstream were 

pointed upwards and inboard with high magnitude. The vectors near the downstream 

ring show counter-clockwise rotation.  

Figure 122b shows a plane corresponding to the center of the outboard ring. 

Vectors were pulled up through the center of this ring at a high magnitude, showing how 

the rings accelerated the flow. The vectors then show how the flow wrapped around the 

iso-surface both clockwise and counter-clockwise; thus pulling high momentum flow 

closer to the surface. Between the structures, the flow was pointed downwards before 

being pulled under either the upstream or downstream ring. The downstream structure, 

while not as strong as the first structure, exhibited the same behavior. The vectors show 

how flow was accelerated through the center of the ring and wrapped around the 

upstream and downstream legs. Even farther downstream, only a small portion of the 

structure is still visible at this vorticity value. However, the vectors still reveal its 

influence on the flow with the counter-clockwise rotation visible at the end of the figure. 

Figure 122c corresponds to the middle point between the two adjacent rings. The 

overall behavior of the vectors seems similar to the previous location where the flow was 

accelerated through the center of the ring, though the magnitude was less. There was no 

wrapping around of the flow in the 𝑥∗-direction as may be assumed from the total 

vorticity iso-surface dividing the two rings. It may be that calling the structure a “double 

vortex ring” was not completely correct, but that it was one vortical structure with a 

pinched center. The downstream structure clearly shows vectors pointed towards its 

center as flow was pulled underneath. The flow was accelerated and pushed through the 

center of the ring. 

Figure 122d is a slice at a spanwise location corresponding to the center of 

inboard side of the upstream ring. There was increased acceleration through the center of 

the ring in comparison to the pinch point location in Figure 122c. Otherwise, the same 

flow features are observed as were found in the other spanwise locations. 
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a) 𝒛∗ 𝒃𝒋⁄ =  −𝟎. 𝟐𝟔 b) 𝒛∗ 𝒃𝒋⁄ =  −𝟎. 𝟏𝟔 

  

c) 𝒛∗ 𝒃𝒋⁄ =  𝟎 d) 𝒛∗ 𝒃𝒋⁄ =  𝟎. 𝟏𝟔 

Figure 122: Vectors of phase-averaged minus time-averaged total velocity colored by magnitude at 

4 spanwise locations for the all jets spacing case plotted with a phase-averaged (PA) minus time-

averaged (TA) iso-surface of normalized total vorticity of 35 at ϕ = 60°; Λ = 0°, δ = 20°, and α = 0°. 

 Similar analysis was conducted for the swept model, where vectors are viewed in 

the same way in Figure 123. The spanwise locations of the 𝑧∗-normal vector planes were 

chosen to correspond to the same locations on the vortex rings as in the unswept case, 

not the same physical locations relative to the model. Here, they were located at 

𝑧∗ 𝑏𝑗⁄ = −0.58, −0.42,−0.26, and −0.10. Figure 123a, where the plane crosses the 

outboard edge of the upstream ring structure, the velocity vectors show the same pulling 

in of flow in the inboard direction underneath the total vorticity iso-surface. Near the 
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orifice, the upward pointing vectors show the jet was in its ejection stage. Downstream, 

the vector plane crossed the next structure at a more inboard location due to the swept 

nature of the jet trajectory. The vectors show the flow rotated counter-clockwise around 

the structure and accelerated through the iso-surface in an inboard, downstream 

orientation.  

 The vectors near the upstream ring in Figure 123b show flow accelerated both 

through the outboard ring in an upward, inboard direction and underneath the structure 

in an inboard, downstream direction. Over the orifice the vectors clearly show the 

upwards flow of the ejection portion of the jet cycle. The vectors near the downstream 

structures show diminished rotation and acceleration as chordwise distance increased. In 

the second structure, the flow acceleration underneath the structure and through the ring 

are both visible, but had smaller magnitudes than their counterparts near the upstream 

ring. The last visible structure shows some rotation of the vectors at this location, though 

this was partially because the plane is inboard of its region of greatest effect. 

 Figure 123c shows the vector plane passing through the pinch point of the 

upstream ring structure. In contrast to the vectors at the center of the outboard ring and 

to a similar location on the unswept structures in Figure 122c, there was no upward 

velocity. The vectors continued to show counter-clockwise rotation around the upstream 

leg of the vortical structure. Downstream near the second structure, the vectors clearly 

show rotation around the upstream leg and acceleration through the center. 

 The vector plane in Figure 123d passed through the center of the inboard ring of 

the upstream structure. Again, the induced velocity through the ring is observed. The 

vectors near the downstream structure show some rotation, but were significantly 

reduced in magnitude compared to the vectors near the upstream structure. 

 The structures in the swept case exhibited similar general behavior as in the 

unswept case, where the vortical structures pulled flow from the surroundings and 

rotated it around the legs while accelerating it through its center and underneath along 

the surface. The main difference was in the relative strength of the effects from the 

inboard and outboard rings. In the swept case, the inboard ring accelerated less of the 

flow to a smaller magnitude. Additionally, fewer vectors are observed to have been 
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pulled in from the inboard side. Gradually, very little effect was left from the inboard 

portion of the vortical structure.  

  

a) 𝒛∗ 𝒃𝒋⁄ =  −𝟎. 𝟓𝟖 b) 𝒛∗ 𝒃𝒋⁄ =  −𝟎. 𝟒𝟐 

  

c) 𝒛∗ 𝒃𝒋⁄ =  −𝟎. 𝟐𝟔 d) 𝒛∗ 𝒃𝒋⁄ =  −𝟎. 𝟏𝟎 

Figure 123: Vectors of phase-averaged minus time-averaged total velocity colored by magnitude at 

4 spanwise locations for the all jets spacing case plotted with a phase-averaged (PA) minus time-

averaged (TA) iso-surface of normalized total vorticity of 35 at ϕ = 60°; Λ = 20°, δ = 20°, and α = 

0°. 

Another way to explore the induced velocity by the vortical structures is to look 

at a specific vector plane as the jet cycle progresses. Figure 124 shows six phases of a 

single 𝑧∗-normal vector plane at z
*
/bj = 0.16 for the unswept model configuration. Figure 

124a shows vectors pointed into the orifice at a phase 𝜙 = 0°, which was near the end of 

the suction portion of the actuation cycle. Figure 124b,  c, and d were during the ejection 

portion of the jet cycle, where vectors pointed upwards out of the orifice. Figure 124c at 

𝜙 = 120° was closest to peak ejection velocity. Figure 124e and f show the vector plane 
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during the suction phases. Overall, the planes at each phase show how the rotation and 

acceleration associated with the structures moved downstream with the cross flow. 

  

a) 𝝓 = 𝟎° b) 𝝓 = 𝟔𝟎° 

  

c) 𝝓 = 𝟏𝟐𝟎° d) 𝝓 = 𝟏𝟖𝟎° 

  

e) 𝝓 = 𝟐𝟒𝟎° f) 𝝓 = 𝟑𝟎𝟎° 

Figure 124: Vectors of phase-averaged minus time-averaged total velocity colored by magnitude 

at for six phases when all jets are active plotted with a phase-averaged (PA) minus time-

averaged (TA) iso-surface of normalized total vorticity of 35 at z
*
/bj = 0.16; Λ = 0°, δ = 20°, and α 



 

     181 

= 0°. 

Similar phase results are observed for the swept model in Figure 125. The 𝑧∗-

normal vector plane is held in a constant spanwise location of 𝑧∗ 𝑏𝑗⁄ = −0.10 while the 

jet phases were progressed through. The rotation and acceleration of the vectors moved 

downstream and outboard. The movement of the structures with the swept cross flow 

caused no noticeable effect to be observed in the latter part of the vector plane. 

A more detailed look at the flow field is provided by zooming-in on a single 

structure at a single phase and observing the vectors in 𝑥∗-normal planes. Figure 126 

shows, for the unswept case, a single structure as an iso-surface of normalized vorticity 

at a phase of 𝜙 = 180° with the time-averaged velocity field subtracted. This structure 

corresponds to the upstream ring in Figure 124d. The vectors were calculated in the 

same way as they were for the 𝑧∗-normal planes, though the relative lengths were 

increased for visibility purposes. The time-averaged components of velocity were 

subtracted from each phase-averaged component of velocity. The sub-figures are 

arranged such that the planes are presented from upstream of the structure to 

downstream. Note that the gap at the left-hand side of the sub-figures in the vectors was 

due to the removal of two SPIV planes.  

Upstream of the structure in Figure 126a, the vectors near the surface pointed 

downstream underneath the structure showing how flow was pulled underneath the ring 

from the surrounding flow. Just upstream of the structure in Figure 126b, the magnitude 

of the velocity fluctuation vectors increased. There was some asymmetry to the vector 

behavior, where the vectors on the outboard side (right) had more of an inboard-oriented 

component than the inboard side vectors (left). Figure 126c is the plane just inside the 

iso-surface where there was increased velocity close to the surface and throughout the 

height of the structure. The high-magnitude vectors pointed downstream along the 

surface near the center of the ring, but pointed outboard, towards the right on the inboard 

edge and inboard towards the left on the outboard edge. The inwards pointing vectors 

from the two edges were not symmetric, where the outboard ones had more of a 

spanwise component. 
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a) 𝝓 = 𝟎° b) 𝝓 = 𝟔𝟎° 

  

c) 𝝓 = 𝟏𝟐𝟎° d) 𝝓 = 𝟏𝟖𝟎° 

  

e) 𝝓 = 𝟐𝟒𝟎° f) 𝝓 = 𝟑𝟎𝟎° 

Figure 125: Vectors of phase-averaged minus time-averaged total velocity colored by magnitude 

for the all phases when all jets are active plotted with a phase-averaged (PA) minus time-averaged 

(TA) iso-surface of normalized total vorticity of 35, at z
*
/bj = -0.1; Λ = 0°, δ = 20°, and α = 0°. 
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 Progressing through the ring to the location in Figure 126d shows larger vectors 

through the ring center due to acceleration in two directions: upwards through the ring 

center and downstream underneath the ring. The inboard vectors through the ring center 

had larger 𝑦∗-components than those outboard. The asymmetrical behavior of the 

vectors near the short ring edges continued with increased magnitudes, where the 

outboard-edge vectors had greater spanwise components than the inboard-edge vectors, 

which pointed more downstream. In Figure 126e, the vector magnitudes through the ring 

center increased due to increased acceleration. The peak magnitude was near the center 

of the inboard ring (left). Here, the inboard edge of the structure had outboard-oriented 

vectors. There was less acceleration under the vortical structure in the downstream 

locations than in the upstream locations. The vectors near the surface at the edge of the 

structure had negative local chordwise velocity components as the flow wrapped around 

the outside of the ring. The vectors’ magnitude through the ring center was reduced at 

the location in Figure 126f, though there was still higher velocity compared to the time-

averaged flow field. The vectors near the edges pointed outwards along the span.  

 Figure 126g shows an increase in the outward oriented flow from the center of 

the jet trajectory. Vectors on the inboard side of the ring center pointed inboard and 

vectors on the outboard side of the ring center pointed outboard. In Figure 126h just 

downstream of the structure, vectors in the center of the plane show downward flow that 

swept upstream and under the ring. Vectors near the structure edges had downstream 

velocity components. Downstream of the ring in Figure 126i, this trend continued, where 

the vectors at the center of the jet trajectory pointed downwards and then turned 

upstream near the surface and the vectors away from the center pointed downstream. 

 The overall effect on the flow field of the double (or pinched) ring was to pull 

flow near the surface in towards its center. It accelerated the flow up through its center 

or downstream along the surface. This acceleration, especially along the surface, helped 

resist separation. The short edges of the structure accelerated flow through them in 

towards the center of the structure. These vectors had spanwise components. 

Downstream of the structure, flow was pulled down to the surface and under. Away 

from the trajectory center, the flow accelerated outward from the ring center, where it 

interacted with the downstream oriented time-averaged flow so that it was accelerated 
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along the surface. These combined effects caused momentum addition and separation 

reduction. This analysis only looked at a single structure at a single phase; however, the 

observations can generally be applied to the structure at other stages of its evolution. 

   

a) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟐𝟔 b) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟐𝟗 c) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟑𝟐 

   

d) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟑𝟓 e) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟑𝟕 f) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟒𝟎 

   

g) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟒𝟑 h) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟒𝟔 i) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟒𝟗 

Figure 126: Zoomed-in x
*
-normal vector planes of phase-averaged minus time-averaged total 

velocity colored by magnitude when all jets are active plotted with a phase-averaged (PA) minus 

time-averaged (TA) iso-surface of normalized total vorticity of 35 at ϕ = 180°; Λ = 0°, δ = 20°, and 

α = 0°. 



 

     185 

Figure 127 shows the 𝑥∗-normal vector planes progressing through the upstream 

vortical structure under swept conditions at a phase of 𝜙 = 180° seen in Figure 125d 

above. Figure 127a shows a plane upstream of the vortical structure. Here, the flow 

generally was oriented downstream and outboard along with the swept global flow field. 

There was already acceleration due to the presence of the vortical structure that induced 

velocity close to the wall and near the center of the jet trajectory. Just upstream of the 

vortical structure in Figure 127b, the vectors were more aligned with the chord. There 

was increased velocity over the time-averaged flow field due to the structures. In Figure 

127c, the vectors through the surface were associated with higher magnitudes and were 

more aligned with the chordwise direction than with the swept flow. Above the structure, 

the vectors still pointed outboard and downstream.  

Up until this point, the vectors were fairly uniform and symmetric throughout the 

iso-surface footprint. At the local chordwise location in Figure 127d, the flow was no 

longer symmetric or uniform. The weakening of the inboard edge (left) of the ring 

structure caused different induced flow when compared to the structure in Figure 126 

under unswept conditions. The vectors closer to the surface were accelerated 

downstream along the surface, though less so near the inboard ring. The vectors from the 

outboard ring edge (right) were accelerated with an inboard-oriented component. Farther 

from the surface, some vectors pointed upwards, showing the beginning of the 

acceleration through the ring center. The acceleration through the rings’ centers 

continued in Figure 127e, where high magnitude vectors were present at both inboard 

and outboard rings’ centers. The pinch-point between the rings was noticeable through 

the reduced magnitude of the vectors in its vicinity. The magnitude of the vectors at the 

outboard ring edge show the flow was accelerated through this edge in a strong inboard 

manner. In contrast, there was no effect from the disappearing inboard edge. The vector 

magnitude through the ring centers dropped off in Figure 127f. The vectors on the outer 

edges of the structure had upstream orientations, showing the flow wrapped around the 

structure. The vectors in Figure 127g show the flow pulled under and upstream the iso-

surface, as well as backwards and around the sides. The magnitudes were stronger on the 

outboard side. The vectors in Figure 127h were quite asymmetric with low magnitude, 

downstream and inboard-oriented flow on the inboard side (left) and high magnitude, 
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upstream and outboard-oriented flow on the outboard side (right). This was most likely 

because the inboard edge of the vortex ring no longer had strength to wrap the flow 

around like the outboard edge continued to do. Lastly, the vectors downstream of the 

structure in Figure 127i had downward components towards the surface, where, near the 

surface, the flow was oriented outboard. The flow on the inboard side had more of an 

outboard-oriented component, perhaps because the spanwise flow had overtaken the 

effect of the vortical structure at this location. 

Generally, the vortical structures reoriented the flow in the local chordwise 

direction. The structures accelerated the flow through the ring centers and along the 

chord. At the edges, flow wrapped around the short legs, though this was more 

pronounced on the outboard edge. The outboard edge accelerated flow through its loop 

towards the center of the structure. This effect was not present in reverse on the inboard 

edge because the inboard edge of the vortex ring lost strength and effectiveness due to 

the spanwise component of the swept flow field. The vectors between structures show 

flow pulled towards the surface. 

 It was theorized that the relative strengths of the spanwise-oriented vectors from 

the inboard and outboard short edges of the vortical ring structure partially determine the 

effectiveness of the synthetic jet flow control. In the unswept case, strong flow was 

measured through both inboard and outboard arches directed toward the center of the 

ring. In the swept case, stronger flow was measured through the outboard arch that 

opposes the swept global cross flow. This opposition of the spanwise flow may be 

detrimental for separation reduction, though the overall net effect of the synthetic jets 

was to reduce separation. Insight into this can be found in the normalized spanwise 

velocity results in Figure 101 and Figure 102 where the negative, outboard flow was 

enhanced with the addition of flow control. It can be inferred from these results that the 

greater the outboard spanwise flow enhancement, the greater the separation reduction, 

and the greater the performance enhancement. Any flow feature in opposition to the 

spanwise flow would reduce the effect. In the unswept case, the spanwise flow 

component through the inboard ring reduced or eliminated the spanwise flow component 

through the outboard ring. It may be that there was a summation of the vectors through 

the two arches with the accelerated flow under the vortical structure such that there was 
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enhanced acceleration downstream along the control surface. The greater lift coefficient 

increment observed in the integrated pressure results for the swept configuration may 

have been due to this difference in flow physics.  

   

a) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟏𝟖 b) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟐𝟎 c) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟐𝟑 

   

d) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟐𝟔 e) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟐𝟗 f) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟑𝟐 

   

g) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟑𝟓 h) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟑𝟕 i) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟒𝟎 

Figure 127: Zoomed-in x
*
-normal vector planes of phase-averaged minus time-averaged total 

velocity colored by magnitude when all jets are active plotted with a phase-averaged (PA) minus 

time-averaged (TA) iso-surface of normalized total vorticity of 35 at ϕ = 180°; Λ = 20°, δ = 20°, and 

α = 0°. 
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3.3.2 Spacing Effects in Presence of Swept Cross Flow 

The second parameter analyzed is spanwise jet spacing. The spanwise spacing of 

active synthetic jets was varied by turning on or off specific jets in order to achieve 

every jet active, every other jet active (where only odd jets were active), and a single jet 

active (jet 5) at the center of the flow control module. While the previously discussed 

pressure measurement experiments included large test matrices of spanwise spacing 

configurations, only three were tested with SPIV for this study. Once the flow physics of 

this simplified spacing study are understood, more extensive testing can continue in the 

future on some of the other interesting cases highlighted in the pressure and performance 

results. The model configuration was held constant with a sweep angle of 𝛬 = 20°, 

control surface deflection angle of 𝛿 = 20°, and angle of attack of 𝛼 = 0°. The swept 

volumes were obtained in a similar location as the volumes on the unswept 

configuration. Note that many of the figures for the baseline case and the case when all 

jets were active are repeated from the previous section on the effect of sweep. In 

addition to zoomed-in SPIV volumes, time-averaged zoomed-out SPIV volumes were 

also acquired. These volumes encompassed the jet orifice location, the entirety of the 

control surface chord, and some of the wake. 

3.3.2.1 Time-Averaged Flow Fields 

The iso-surfaces of time-averaged normalized local chordwise velocity, 𝑈∗ 𝑈∞⁄ , 

are presented in Figure 128, which show the effect of synthetic jet actuation on the swept 

flow field with different spanwise jet spacings. The detailed discussion of the 

comparison between the baseline and all jets active cases will not be repeated here as it 

was described in Figure 93b and Figure 93d. The differences in the flow fields between 

all jets activated in Figure 128b and every other jet activated in Figure 128c were small. 

Overall, the greatest difference was a small increase in separation severity at the end of 

the measurement domain for the every other jet active case, where a small region of 

negative local chordwise velocity showed that the flow was just starting to separate. The 

iso-surfaces in the all jets active case were closer to the surface with no negative, 

reversed flow, as would be expected when there was no separation. Similarities included 

the characteristics of the trenches associated with the jet trajectory, which had similar 
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shapes and extents through the measurement region. Overall, the flow fields were 

generally similar between these two spacing cases. Actuating just a single jet into the 

highly three-dimensional flow, however, resulted in a significantly different flow field. 

Figure 128d shows increased separation inboard (to the left) of the jet trajectory in 

comparison to both other actuated cases and the baseline case in Figure 128a. Outboard 

(to the right) of the trajectory the flow was attached so that the iso-surfaces seem to be 

closer to the surface than in the baseline case. The trench in the single jet active case 

reached the end of the spanwise extent of the measurement domain earlier due to an 

increased trajectory angle with respect to the chordline. This presumably was due to the 

uninterrupted spanwise flow having more of an influence on the jet’s trajectory than in 

the other jet cases where other inboard jets already disrupted the spanwise flow.  

  

a) Baseline b) All jets active 

  

c) Odd jets active d) Single jet active 

Figure 128: Iso-surfaces of time-averaged normalized local chordwise velocity. Comparison of 

spacing cases; Λ = 20°, δ = 20°, and α = 0°. Zoomed-in. 
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The local chordwise velocity, 𝑈∗ 𝑈∞⁄ , profiles in Figure 129 provide a more 

quantitative comparison between the spanwise jet spacing cases in the swept flow field. 

The profiles were obtained at nine locations throughout the measurement domain. Three 

local chordwise locations and three spanwise locations were chosen to ensure data were 

presented from all regions of the flow field within the SPIV volume. The baseline 

profiles (black circles) show flow was attached at the upstream-most location at 𝑥∗ 𝑐⁄ =

0.037, where 𝑥∗ 𝑐⁄  is the non-dimensional distance from the hingeline. Farther 

downstream, at the second local chordwise plane (Figure 129d-f) a small region of 

reverse flow was present near the wall. The wall-normal extent of the reversed flow 

increased farther along the chord, observed in the downstream-most profiles. Overall, 

the baseline flow field was nearly spanwise uniform. The profiles of both the all jets 

active case (red squares) and odd jets active case (blue diamonds) exhibited attached 

flow at 𝑥∗ 𝑐⁄ = 0.066 and 𝑥∗ 𝑐⁄ = 0.101 and increased momentum near the wall (i.e., 

less velocity deficit) at 𝑥∗ 𝑐⁄ = 0.037. The outboard profiles (𝑧∗ 𝑏𝑗⁄ = −0.367) had 

fuller profiles in comparison to the inboard profiles (𝑧∗ 𝑏𝑗⁄ = 0.367) at the first two local 

chordwise locations due to the jets reducing separation to a greater extent outboard of 

their trajectories, as was observed in Figure 128. At all locations, the profiles of the all 

jets active case were fuller with higher velocities than the odd jets case profiles. Also, 

the profile heights, approximately defined by the height at which the velocity becomes 

constant, were consistently smaller with all the jets actuated than with every other jet 

active. These show how similar flow fields were produced by both spacings, but 

reducing the spacing and adding more jets enhanced separation reduction. As expected, 

the profiles of the single jet active case were vastly different. The single jet profiles at 

every location except the outboard-most location closest to the hingeline (Figure 129c) 

show negative velocities close to the wall and profile heights that were larger than the 

baseline and the other jet cases. This was especially so at the downstream-most location 

(𝑥∗ 𝑐⁄ = 0.101) where the single jet profile heights were significantly larger than the 

other cases. It was expected that any benefit from the single jet would be observed 

farther outboard. However, the one profile that showed an improvement over the 

baseline in Figure 129c shows only a slight increase in momentum close to the wall. The 

velocity magnitude away from the surface was actually less than in the baseline case. 
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a) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟑𝟕, 

𝒛∗ 𝒃𝒋⁄ = 𝟎. 𝟑𝟔𝟕 

b) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟑𝟕, 

𝒛∗ 𝒃𝒋⁄ = 𝟎 

c) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟑𝟕, 

𝒛∗ 𝒃𝒋⁄ = −𝟎. 𝟑𝟔𝟕 

   

d) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟔𝟔, 

𝒛∗ 𝒃𝒋⁄ = 𝟎. 𝟑𝟔𝟕 

e) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟔𝟔, 

𝒛∗ 𝒃𝒋⁄ = 𝟎 

f) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟔𝟔, 

𝒛∗ 𝒃𝒋⁄ = −𝟎. 𝟑𝟔𝟕 

   

g) 𝒙∗ 𝒄⁄ = 𝟎. 𝟏𝟎𝟏, 

𝒛∗ 𝒃𝒋⁄ = 𝟎. 𝟑𝟔𝟕 

h) 𝒙∗ 𝒄⁄ = 𝟎. 𝟏𝟎𝟏, 

𝒛∗ 𝒃𝒋⁄ = 𝟎 

i) 𝒙∗ 𝒄⁄ = 𝟎. 𝟏𝟎𝟏, 

𝒛∗ 𝒃𝒋⁄ = −𝟎. 𝟑𝟔𝟕 

Figure 129: Profiles of normalized local chordwise velocity, comparison of spacing cases for the 

baseline (black circles), all jets (red squares), odd jets (blue diamonds), and single jet (green 

triangles), cases; Λ = 20°, δ = 20°, and α = 0°. 

 

Next, zoomed-out time-averaged iso-surfaces of 𝑈∗ 𝑈∞⁄  are presented in Figure 

130, which encompassed the flow over the entire control surface chord and a small 

portion of the wake. The baseline results in Figure 130a include reversed flow along 

most of the control surface chord. There was a slight increase in the height of the iso-
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surfaces along the span in the outboard (right) direction indicating increasing separation 

severity and an adverse pressure gradient along the span. Actuating all the jets (Figure 

130b) resulted in significantly reduced separation severity; there was only a small region 

of separated flow near the trailing edge. The iso-surfaces were generally pulled closer to 

the surface, with the exception of the inboard, downstream corner of the measurement 

domain (bottom left). Here, the iso-surfaces were higher off the surface, indicating 

separation that was locally more severe than in the baseline. The iso-surfaces were 

pulled closer to the surface along the span in the outboard direction. The periodic, swept 

valleys and ridges observed along the span were the result of the jets’ structures 

interacting with the flow. Each trench corresponded to a single jet. This periodicity did 

not extend all the way to the trailing edge, which may indicate that the flow did not fully 

reach a uniform condition and still felt some end effects from the unactuated region 

inboard of jet 9. However, each trench was expected to reach the wake along a swept 

trajectory. 

Increasing the spacing between the jets to two jet widths (i.e., actuating every 

other jet) yields the flow field shown in Figure 130c. Only one ridge is observed, though 

the valleys/trenches from both jets 5 and 7 are visible. The separation point moved 

upstream and there was more reversed flow in relation to the all jets active flow field in 

Figure 130b. The iso-surfaces at the trailing edge were higher off the surface as well. 

While the extent of separation in the odd jets case was less than in the baseline, the 

severity of the separation at the trailing edge was greater. Actuation of a single jet, 

shown in Figure 130d, shows a single ridge and a single trench from the one active jet as 

expected. Note that the cut in the iso-surfaces in the bottom right side of the figure was 

due to masking the measurement volume at a certain height above the surface to increase 

visibility and remove the minimal noise that existed on the volume edges. The jet caused 

reduced separation severity along and outboard of the trench, but actually increased 

separation severity inboard in relation to the baseline. Inboard, the separation point 

moved upstream and the iso-surfaces were higher off the surface than in the unactuated 

flow field. The separation severity seems to have been greatest directly inboard of the jet 

trajectory, with decreasing iso-surface height in the inboard direction toward the left. 

The behavior of the single jet gives insight into the non-uniform flow fields in the 
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vicinity of the trailing edge for the other jet cases, especially for the odd jets. The first jet 

to interact with an incoming spanwise cross flow causes an increase in separation 

severity directly inboard of its trajectory. This enhanced separation is located in a region 

that extends diagonally across the model control surface due to the swept nature of the 

flow field. Additional jets further decrease the separation severity on the outboard side 

of the inboard-most jet, but cannot greatly affect the trailing edge separation zone as 

their own trajectories are swept outboard as well. It seems that the SPIV measurement 

region was not located in a region that had developed into fully uniform spanwise flow 

yet. It can be projected that uniform spanwise flow would occur approximately behind 

jet 3 in the all jets case. A higher aspect ratio model would be useful to test this theory in 

the future. These flow fields also highlight the need for both three-dimensional 

measurement techniques and research perspectives in order to capture and analyze the 

highly three-dimensional results. Two-dimensional rows of pressure ports were not 

sufficient enough to provide a complete picture of the effects of synthetic jets in three-

dimensional flow fields. 

The iso-surfaces of time-averaged normalized total vorticity, 𝛺𝑇
∗𝑐 𝑈∞⁄ , in Figure 

131 and Figure 132 support the conclusions from the local chordwise velocity iso-

surfaces while showing the areas of high vorticity. The zoomed-in SPIV results in Figure 

131 compare the vorticity iso-surfaces for the tested spacings. The vorticity field of the 

baseline case (Figure 131a) shows that the vorticity was concentrated close to the surface 

over the hingeline and off the surface farther downstream, along the separated shear 

layer. When all the jets were activated (Figure 131b) this high-vorticity region was 

brought close to the surface. A clear trench is visible and had a swept trajectory that 

corresponded to where vorticity was brought closest to the surface. These figures were 

discussed previously in Figure 96b and d. Figure 131c shows some noticeable 

differences when the jet spacing was increased to every other jet from the all jets case. 

The general shape and trajectory of the vorticity trench was similar to the smaller 

spacing case, but the region of concentrated vorticity was lifted off the surface inboard 

of the trench in comparison. Throughout the measurement domain, the iso-surfaces seem 

farther from the surface. The jet trajectory also had a larger angle to the chordline with 

respect to the all jets case showing less ability to resist the spanwise flow. The iso-
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surfaces of the total vorticity for the single jet active case (Figure 131d) continued this 

trend with even greater iso-surface heights and a greater trajectory angle. The height of 

the vorticity concentration inboard of the trajectory indicated the separation that was 

observed in the velocity iso-surfaces of Figure 130d. 

  

a) Baseline b) All jets active 

  

c) Odd jets active d) Single jet active 

Figure 130: Iso-surfaces of time-averaged normalized local chordwise velocity. Ccomparison of 

spacing cases; Λ = 20°, δ = 20°, and α = 0°. Zoomed-out. 
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a) Baseline b) All jets active 

  

c) Odd jets Active d) Single jet active 

Figure 131: Iso-surfaces of time-averaged normalized total vorticity. Comparison of spacing cases; 

Λ = 20°, δ = 20°, and α = 0°. Zoomed-in. 

The zoomed-out iso-surfaces of time-averaged total vorticity, 𝛺𝑇
∗𝑐 𝑈∞⁄ , in 

Figure 132 give a more global view of the vorticity fields at different spacings. The same 

contour levels were chosen to match the data in the zoomed-in plots of Figure 131. The 

baseline total vorticity in Figure 132a shows concentrations at the hingeline and at the 

trailing edge, where flow was accelerating over the hingeline and wrapping around the 

trailing edge from the pressure surface, respectively. The vorticity was generally uniform 

along the span, though the iso-surface heights increased in the outboard direction toward 

the right. This behavior agreed with the increased separation severity along the span that 

was observed for the baseline flow field in Figure 130a. Activation of all the jets (Figure 

132b) brought the total vorticity iso-surfaces close to the surface and caused the 

formation of ridges and valleys. These results were similar to those found from the 

velocity results in Figure 130b. Increasing the jet spacing in Figure 132c to just the odd 
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jets resulted in fewer ridges and trenches as was expected. The single jet vorticity field 

in Figure 132d was also expected from the velocity results where the vorticity 

concentration was pushed away from the surface inboard of the jet trajectory. Overall, it 

is observed from these figures that both the all jets and odd jets cases caused higher 

momentum flow to be brought closer to the surface over the entire length of the control 

surface, from hingeline to trailing edge. It was difficult to conclude the extent of the 

beneficial effect of the single jet outboard of the measurement domain; however, it can 

be projected that the effect extended more than halfway over the control surface chord.  

  

a) Baseline b) All jets active 

  

c) Odd jets active d) Single jet active 

Figure 132: Iso-surfaces of time-averaged normalized total vorticity. Comparison of spacing cases; 

Λ = 20°, δ = 20°, and α = 0°. Zoomed-out. 

Overlaying the total vorticity, 𝛺𝑇
∗𝑐 𝑈∞⁄ , iso-surfaces with the local chordwise 

velocity, 𝑈∗ 𝑈∞⁄ , iso-surfaces in Figure 133 shows how the features in each type of plot 

line up with similar features in the other plot. For all the jet cases, the trenches and 

ridges in the velocity data correspond to the trenches and ridges in the vorticity data. 
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a) Baseline b) All jets active 

  

c) Odd jets active d) Single jet active 

Figure 133: Iso-surfaces of time-averaged normalized local chordwise velocity with an iso-surface 

of normalized total vorticity of 25. Comparison of spacing cases; Λ = 20°, δ = 20°, and α = 0°. 

Zoomed-out.  

A more detailed comparison between the spacing cases can be accomplished 

using slices of data normal to 𝑧∗-direction and normal to the 𝑥∗-direction. Only the 

zoomed-out data is shown here because the zoomed-in results are redundant. 

Planes of 𝑧∗-normal normalized local chordwise velocity, 𝑈∗ 𝑈∞⁄  for the baseline 

case are presented in Figure 134a, which show an approximately uniform flow field 

along the spanwise extent of the measurement region with similarly sized reversed-flow 

regions in each plane. The separation point did, however, migrate upstream with 

increasing outboard distance. In contrast, the all jets case almost eliminated the reversed 

flow, as seen from Figure 134b. The planes show that only the most inboard location had 

some separation. All the other outboard planes had no regions of negative reversed flow. 

The planes were parallel to the chord such that they sliced through the swept jet 
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trajectories. The trajectories caused the contours to have undulations in the local 

chordwise direction; these features are observed in every plane. The reduced height of 

the contours in comparison to the baseline case is clear. In contrast, when only the odd 

jets were active (Figure 134c) the contours exhibit reduced velocity and larger region of 

reverse flow, especially on the downstream half of the control surface. The separated 

region near the trailing edge existed over about a third of the control surface chord at the 

inboard-most plane and was also present in the second plane from the left. The 

undulations seen with all the jets active were not seen here because only one trajectory 

crosses through the region measured with SPIV. The single jet active case in Figure 

134d shows separation in all four planes. The trench caused by the jet trajectory is 

apparent just downstream of the hingeline in the two outboard planes on the right. Notice 

that separation was indeed reduced outboard of the jet trajectory in comparison to the 

baseline. These results show how under these flow conditions, the all jets case resulted 

in the least separation of the tested cases. 

Further insight, especially in relation to spanwise behavior and uniformity, is 

provided by the 𝑥∗-normal planes of Figure 135. The baseline planes in Figure 135a 

show a growing separation region in the outboard direction toward the right. In contrast, 

the all jets active case in Figure 135b show almost complete reattachment. There was a 

small region of separation visible in the third plane from the hingeline. The fourth plane 

is located in the wake. The valleys and ridges from each jet’s trajectory can be seen 

along the span in these planes. As mentioned previously in the discussion of the total 

velocity iso-surfaces in Figure 130, the periodicity seen upstream did extend into the 

wake, though with a swept trajectory so that the effect of the inboard, unactuated region 

was still apparent. When only the odd jets were active (Figure 135c) the overall flow 

field was similar to the all jets case. The wavelength of the valleys and ridges was larger, 

as was expected with increasing the spacing between active jets. The contour heights 

were greater and the extent of separation was greater than for all the jets case. This is 

seen from the near-zero velocity values near the surface in Figure 135c compared to the 

definite positive velocities near the surface in Figure 135b. Additionally, increasing the 

spacing resulted in a wider wake, which indicates increased drag. Finally, when only a 

single jet was active (Figure 135d), the flow field was highly three-dimensional and 
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varied greatly along the spanwise extent of the measurement region. One ridge directly 

inboard of the jet trajectory is observed where separation was most severe. This ridge 

traveled downstream and outboard due to the direction of the swept cross flow. 

  

a) Baseline b) All jets active 

  

c) Odd jets active d) Single jet active 

Figure 134: z
*
-slices of time-averaged normalized local chordwise velocity. Comparison of spacing 

cases; Λ = 20°, δ = 20°, and α = 0°. Zoomed-out. 

 

 



 

     200 

  

a) Baseline b) All jets active 

  

c) Odd jets active d) Single jet active 

Figure 135: x
*
-slices of time-averaged normalized chordwise velocity. Comparison of spacing cases; 

Λ = 20°, δ = 20°, and α = 0°. Zoomed-out. 

The dependence of normalized surface-normal velocity, 𝑉∗ 𝑈∞⁄ , on spanwise jet 

spacing is shown in Figure 136 and Figure 137. The 𝑧∗-normal planes in Figure 136a for 

the baseline case show positive flow over most of the control surface chord due to the 

orientation of the coordinate system. A region of negative velocity existed at the trailing 

edge due to the effect of the flow from the pressure surface. Both the all jets and odd jets 

cases (Figure 136b and Figure 136c, respectively) show a decrease in positive velocity 

over the hingeline due to the momentum addition of the synthetic jets, where flow was 

pulled more toward the surface in comparison to the baseline case. Lower surface-

normal velocities in this coordinate system were associated with a reduction in 

separation severity. As seen in previous results, separation was reduced to a greater 

extent with all the jets active than with every other jet active shown by the lower 

surface-normal velocity magnitudes in the odd jets case. Figure 136d shows how 
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activation of a single jet seems to have slightly decreased the positive velocity near the 

hingeline, and clearly decreased it at the mid-chord of the control surface in comparison 

to the baseline flow. Additionally, the magnitude of the negative velocity near the 

trailing edge was reduced in every jet case. The effect on surface-normal velocity from 

the single jet was beneficial, but not as beneficial as the other jet cases. 

  

a) Baseline b) All jets active 

  

c) Odd jets active d) Single jet active 

Figure 136: z
*
-slices of time-averaged normalized surface-normal velocity. Comparison of spacing 

cases; Λ = 20°, δ = 20°, and α = 0°. Zoomed-out. 

Figure 137 shows these results from a different perspective. Color contours of the 

wall-normal velocity component in 𝑥∗-normal planes for the baseline case are presented 

in Figure 137a, which shows contours of uniform height along the span. Actuating all 

the jets (Figure 137b) reduced the magnitude of the positive velocity, which reduced 

separation. The second plane from the hingeline shows two ridges in the velocity 

contours that were each associated with the trenches created by the active jet. The odd 

jets case in Figure 137c also indicated the presence of these ridges, which were farther 
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apart due to the larger jet spacing. Figure 137d shows the 𝑥∗-normal planes for the single 

jet active case with the improved lower magnitude velocity over the baseline case, which 

was not as beneficial as the other jet cases. 

  

a) Baseline b) All jets active 

  

c) Odd jets active d) Single jets active 

Figure 137: x
*
-slices of time-averaged normalized surface-normal velocity. Comparison of spacing 

cases; Λ = 20°, δ = 20°, and α = 0°. Zoomed-out. 

 The normalized spanwise velocity, 𝑊∗ 𝑈∞⁄ , results in Figure 138 and Figure 139 

show mostly negative, outboard flow throughout the measurement region for all tested 

cases. A small positive, inboard spanwise flow region was present in the baseline from 

the zoomed-in results in Figure 101 and Figure 102 at some spanwise locations. The 

zoomed-out results below did not clearly resolve these positive regions, though their 

presence was not negated. The baseline flow field in Figure 138a and Figure 139a shows 

a reduced outboard velocity (less negative) in the separated shear layer sandwiched 

between regions of slightly higher magnitude velocity above and below. The thickness 

of the shear layer increased in the outboard direction. Figure 138b and Figure 139b show 
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the region of reduced outboard flow was brought closer to the surface. In comparison to 

the baseline case, the outboard-oriented velocity was enhanced everywhere except close 

to the wall on the second half of the control surface, where it was reduced. The negative, 

outboard flow seems to have been enhanced over the upstream half of the control 

surface. The 𝑥∗-normal planes in Figure 139b show peaks in the spanwise velocity 

contours that were related to the spanwise jet spacing. Likewise, the spanwise velocity 

flow field with every other jet actuated brought the lower magnitude velocity closer to 

the surface and exhibited contour peaks associated with jet placement. The variation in 

spanwise velocity magnitude along the span was more pronounced with the increased 

spacing. The 𝑧∗-normal planes in Figure 138c shows how a region of lower magnitude 

outboard flow followed the sweep angle of the jet trajectory as this region moved 

downstream with each successive outboard plane. It looks like the reduced magnitude 

region was located inboard of the jet trajectory. When a single jet was active (Figure 

138d and Figure 139d), a large region of lower magnitude velocity was present when 

compared to all the other cases. This presumably was due to the single jet interacting 

with the full force of the swept cross flow, resulting in a much larger separation inboard 

of the jet’s trajectory, since the presence of the jet blocks much of the outboard oriented 

flow so that it separated. This was similar to the “virtual wall” and “fluidic fence” 

concepts discussed in the introduction, though here it had a less beneficial effect.  
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a) Baseline b) All jets active 

  

c) Odd jets active d) Single jet active 

Figure 138: z
*
-slices of time-averaged normalized spanwise velocity. Comparison of spacing cases; 

Λ = 20°, δ = 20°, and α = 0°. Zoomed-out. 
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a) Baseline b) All jets active 

  

c) Odd jets active d) Single jet active 

Figure 139: x
*
-slices of time-averaged normalized chordwise velocity. Comparison of spacing cases, 

Λ = 20°, δ = 20°, and α = 0°. Zoomed-out. 

Planes of normalized spanwise vorticity, 𝛺𝑧
∗𝑐 𝑈∞⁄ , show the shear layer location 

and characteristics. The 𝑧∗-normal planes in Figure 140 and 𝑥∗-normal planes in Figure 

141 show actuation resulted in the concentrated spanwise vorticity of the shear layer 

pulled to the surface. It was confirmed that the cross flow had negative spanwise 

vorticity in this coordinate system for all cases in Figure 140 and Figure 141, and a 

region of positive spanwise vorticity was measured past the trailing edge due to the flow 

from the pressure side. The baseline flow in Figure 140a and Figure 141a was separated 

and the vorticity was concentrated in the shear layer. In contrast, when all the jets were 

active (Figure 140b), the vorticity was concentrated close to the surface over more than 

half of the control surface chord before beginning to lift away. The 𝑧∗-normal planes 

alternated the extent of the high concentration contours such that this region was short in 

the inboard-most (left-most) plane, long in the second, short in the third, and long in the 
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outboard-most (right-most) plane. The planes with the longer contour extents were 

located directly downstream of orifices. The 𝑥∗-normal planes show undulations in the 

vorticity along the span from the jet spacing. The second plane from the hingeline shows 

three regions of higher magnitude negative spanwise vorticity that aligned with the jet 

trajectories. For the odd jets active case (Figure 140c), the vorticity concentration did not 

exhibit consistent spanwise behavior. A clearer picture is provided by 𝑥∗-normal planes 

in Figure 141c where the height variation seems due to the increased spacing between 

the jets and trajectories. When only a single jet was active the vorticity concentration had 

a wall-normal extent slightly larger than the baseline at the inboard-most 𝑧∗-normal 

plane in Figure 140d. Progressing inboard, the shear layer lifted farther from the surface 

before coming closer again in the outboard-most plane. Figure 141d shows the peak also. 

  

a) Baseline b) All jets active 

  

c) Odd jets active d) Single jet active 

Figure 140: z
*
-slices of time-averaged normalized spanwise vorticity. Comparison of spacing cases; 

Λ = 20°, δ = 20°, and α = 0°. Zoomed-out. 
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a) Baseline b) All jets active 

  

c) Odd jets active d) Single jet active 

Figure 141: x
*
-slices of time-averaged normalized spanwise vorticity. Comparison of spacing cases; 

Λ = 20°, δ = 20°, and α = 0°. Zoomed-out. 

A comparison of the velocity streamlines in all the spacing cases for both the 

zoomed-in and zoomed-out measurement volumes provides a view into the flow field 

under the different actuation conditions. Figure 142 shows the streamlines colored by 

spanwise velocity superimposed on iso-surfaces of normalized local chordwise velocity, 

𝑈∗ 𝑈∞⁄ , in the zoomed-in measurement domain. The iso-surfaces were removed inboard 

of the center of jet 5’s orifice in order to view the underlying streamlines. Figure 142a 

and Figure 142b are repeated from Figure 105 and show how the baseline flow separated 

from the surface and had a strong spanwise oriented flow in the separated region. The all 

jets active case shows no separation and the streamlines were uniform with an outboard 

spanwise velocity component. These features are also observed in the streamlines only 

results in Figure 143a and Figure 143b. When every other jet was actuated (Figure 

142c), some undercutting outboard-oriented spanwise flow is observed. This agreed with 
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what was observed in previously discussed data, such as the local chordwise velocity 

iso-surfaces of Figure 128, where the flow seemed about to separate. Figure 143c shows 

this behavior clearly without the iso-surfaces. The streamlines for the case where a 

single jet was active behave differently (Figure 142d), where the streamlines inboard of 

the jet trajectory were separated. Above the separated region, the streamlines were 

oriented just about straight off the hingeline in contrast to the streamlines in the all jets 

and odd jets cases that follow the hingeline curvature. The streamlines close to the 

surface originally oriented upstream and outboard before encountering the jet trajectory 

or “virtual wall.” These streamlines were blocked from progressing farther outboard and 

thus they turned inboard and upstream. Figure 143d shows the three-dimensionality of 

these streamlines, where in the center of the measurement domain, the streamlines also 

began with an upstream, outboard orientation. In contrast to the inboard most 

streamlines, these center and outboard streamlines encountered the jet trajectory and 

abruptly changed direction towards downstream and outboard. All the streamlines 

plotted in this area were grouped closely to each other after they encountered the jet’s 

trench. 

The streamlines from the zoomed-out data set show that the characteristics of the 

streamlines in the small, zoomed-in data set extended along the entire control surface 

chord. Note that the seeding points for the streamlines were the same in each spacing 

case. Figure 144a shows the baseline streamlines plotted with normalized iso-surfaces of 

local chordwise velocity, 𝑈∗ 𝑈∞⁄ , where the iso-surfaces were removed inboard of the 

halfway point between jets 4 and 5 at 𝑧∗ 𝑐⁄ = −0.042. Some streamlines originated from 

over the hingeline before separating and moving over other undercutting streamlines in 

the separated region. These undercutting streamlines moved and rotated in the outboard 

direction toward the right. Figure 145a shows the separating baseline flow over the first 

third of the control surface, reversed flow in the center region, and rotating flow along 

the span in the last third of the control surface. For the all jets active case (Figure 144b 

and Figure 145b), the streamlines show that the upstream half of the control surface was 

characterized by attached, uniform flow with a swept component. Farther downstream, 

outboard oriented streamlines began to appear near the surface, with streamlines that 

were parallel to the span at the trailing edge. The location of the span parallel 
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streamlines moved upstream when every other jet was active (Figure 144c and Figure 

145c). For the single jet active case (Figure 144d and Figure 145d), similar behavior, 

described in the zoomed-in data set, was seen, where some of the flow in the separated 

region was directed inboard and some was redirected outboard along the jet trajectory. It 

was most likely the redirection of the inboard streamlines in the inboard direction which 

resulted in the severe separation inboard of the jet trajectory. Since the flow needed to go 

somewhere, it turned upwards and pushed the flow away from the surface; thus, 

increasing separation severity. Downstream near the trailing edge in the separated 

region, the streamlines exhibited rotation in the spanwise direction due to the 

recirculating nature of the flow and the spanwise pressure gradient.  

  

a) Baseline b) All jes active 

  

c) Odd jets active d) Single jet active 

Figure 142: Iso-surfaces of time-averaged normalized local chordwise velocity and streamlines 

colored by normalized spanwise velocity. Comparison of spacing cases; Λ = 20°, δ = 20°, and α = 0°. 

Zoomed-in. 
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a) Baseline b) All jets active 

  

c) Odd jets active d) Single jet active 

Figure 143: Time-averaged streamlines colored by normalized spanwise velocity. Comparison of 

spacing cases; Λ = 20°, δ = 20°, and α = 0°. Zoomed-in. 
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a) Baseline b) All jets active 

  

c) Odd jets active d) Single jet active 

Figure 144: Iso-surfaces of time-averaged normalized local chordwise velocity and streamlines 

colored by normalized spanwise velocity. Comparison of spacing cases; Λ = 20°, δ = 20°, and α = 0°. 

Zoomed-out.  
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a) Baseline b) All jets active 

  

c) Odd jets active d) Single jet active 

Figure 145: Time-averaged streamlines colored by normalized spanwise velocity. Comparison of 

spacing cases, Λ = 20°, δ = 20°, and α = 0°. Zoomed-out. 

3.3.2.2 Phase-Averaged Flow Fields 

The phase-averaged flow fields discussed in this section compare the vortical 

structures resulting from the differently spaced synthetic jets along the span and their 

interaction with the swept cross flow. The corresponding time-averaged vorticity results 

are included in Appendix C for brevity. 

Phase-averaged normalized total vorticity iso-surfaces with the mean flow 

subtracted, (𝛺𝑇
∗𝑐 𝑈∞⁄ )𝑃𝐴−𝑇𝐴 = 35, were calculated and plotted with phase-averaged 

normalized local chordwise velocity, 𝑈∗ 𝑈∞⁄ , iso-surfaces for all three spacing cases at 

six phases along the synthetic jet actuation cycle. Note that Figure 146 also appears as 

Figure 109. The removal of the mean flow allowed the coherent fluctuations in the flow 

to manifest and flow structures to be observed. Figure 146 shows all six phases when all 
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the jets were active while Figure 147 shows the phases when every other jet was 

actuated. Comparing each phase between the two spacing cases shows how both flow 

fields were formed through similar mechanisms. The structures formed from the 

synthetic jets had similar shapes and behaviors where a double ring vortex moved along 

the control surface chord and eventually broke down and disappeared at this vorticity 

level. The vortical structures show how the jets added momentum and vorticity to the 

flow. The effect of these vortical structures was clear in the underlying local chordwise 

velocity, 𝑈∗ 𝑈∞⁄ , iso-surfaces. Below each structure was a dip in the velocity iso-

surfaces showing how the structures pulled higher velocity flow to the surface. 

Compared to the baseline in Figure 128a, it was clear that separation was reduced with 

jet activation. In a time-averaged sense, the dips in the velocity iso-surfaces constituted 

the trenches or valleys discussed in the time-averaged actuated data of Figure 128. 

Both the all jets and odd jet phase-averaged results show similar behaviors in the 

vortical structures. An elongated, rectangular vortex ring structure emerged from the 

orifice beginning in Figure 146b and Figure 147b. It was assumed that this ring had four 

straight legs and no undulations at first, though this was not visible from these data. As 

the ring began to move downstream, it developed spanwise undulation and deformed. 

The spanwise cross flow component caused the vortical structures to follow an oblique 

path across the control surface toward the outboard tip of the model. The spanwise flow 

also caused the inboard side of the ring to be weaker as it took the full brunt of the 

opposite-signed spanwise cross flow. A third effect, axis switching, caused the short 

edges of the vortex ring to be propelled downstream ahead of the rest of the ring due to 

increased self-induced velocity from the high ring curvature in that location and a 

pinching of the center of the vortex ring. The increasing vortex ring instability and 

pinching from axis switching combined to form a double vortex ring, or at least one 

vortex ring with a pinch point. As this double ring structure moved downstream, the 

spanwise flow began to annihilate the inboard (left) edge. The increasing pressure 

gradient over the control surface chord and outboard-oriented spanwise flow continued 

to oppose the propagation of the vortex rings so that the rings lost strength. The first 

edge to disappear was the inboard edge of the inboard ring, as just mentioned previously, 

followed by the inboard edge of the outboard ring, and then the downstream leg of the 
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inboard ring. Next, the rest of the inboard ring was annihilated before the outboard edge 

gradually lost strength and disappeared.  

  

a) 𝝓 = 𝟎° b) 𝝓 = 𝟔𝟎° 

  

c) 𝝓 = 𝟏𝟐𝟎° d) 𝝓 = 𝟏𝟖𝟎° 

  

e) 𝝓 = 𝟐𝟒𝟎° f) 𝝓 = 𝟑𝟎𝟎° 

Figure 146: Iso-surfaces of phase-averaged normalized local chordwise velocity with a phase-

averaged (PA) minus time-averaged (TA) iso-surface of normalized total vorticity of 35, for the all 

jets case; Λ = 20°, δ = 20°, and α = 0°. 
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There are minor differences in these iso-surfaces between the all and odd jet 

cases of Figure 146 and Figure 147. First, as was also observed in the time-averaged 

results in Figure 128, the overall height of the local chordwise velocity iso-surfaces was 

greater with every other jet active compared to all the jets. This implied that the 

momentum of the flow near the wall was more susceptible to separation as the spacing 

increases. This was shown to be true through the time-averaged analysis of the flow 

fields in the previous section. Second, the vortical structures persisted longer at this 

vorticity level with the smallest spacing when all the jets were actuated. This was 

noticeable by comparing the last structure in the measurement domain between the all 

jets and odd jets cases at the same phase. In all phases when all the jets were active, the 

structures had a greater strength over a larger portion of the control surface chord. The 

trajectory of the jets seems approximately the same from this viewpoint.  

When a single jet was activated, the flow field looks quite different from the 

other two spacing cases, as found also from the previous time-averaged analysis. It was 

expected, therefore, that the structures emanating from the jet orifice will behave 

differently as well. The structures had the same general process of forming, developing, 

and dissipating as the other control cases. However, the process from formation to 

annihilation at this vorticity level occured over a shorter distance, about half of the 

measurement domain, than the other control cases, which took the entire domain to 

disappear. The strong spanwise flow caused the breakdown of the structures earlier and 

slows their progress along the chord. Each successive structure was much closer to the 

preceding and successive structures than in the other two control cases. It is apparent that 

the single jet encountered more opposition due to a stronger spanwise flow component 

and surrounding separation severity. It can be assumed that the inboard-most jet in the 

array for any spacing would encounter a similar opposition. 
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a) 𝝓 = 𝟎° b) 𝝓 = 𝟔𝟎° 

  

c) 𝝓 = 𝟏𝟐𝟎° d) 𝝓 = 𝟏𝟖𝟎° 

  

e) 𝝓 = 𝟐𝟒𝟎° f) 𝝓 = 𝟑𝟎𝟎° 

Figure 147: Iso-surfaces of phase-averaged normalized local chordwise velocity with a phase-

averaged (PA) minus time-averaged (TA) iso-surface of normalized total vorticity of 35, for the odd 

jets case; Λ = 20°, δ = 20°, and α = 0°. 
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a) 𝝓 = 𝟎° b) 𝝓 = 𝟔𝟎° 

  

c) 𝝓 = 𝟏𝟐𝟎° d) 𝝓 = 𝟏𝟖𝟎° 

  

e) 𝝓 = 𝟐𝟒𝟎° f) 𝝓 = 𝟑𝟎𝟎° 

Figure 148: Iso-surfaces of phase-averaged normalized local chordwise velocity with a phase-

averaged (PA) minus time-averaged (TA) iso-surface of normalized total vorticity of 35 for the 

single jet active case; Λ = 20°, δ = 20°, and α = 0°. 
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a) Baseline b) All jets active 

  

c) Odd jets active d) Single jet active 

Figure 149: Combined zoomed-in and zoomed-out SPIV data. Zoomed-in: phase-averaged (PA) 

minus time-averaged (TA) iso-surface of normalized total vorticity of 35 at ϕ = 0°. Zoomed-out: 

time-averaged iso-surfaces of normalized local chordwise velocity with an iso-surface of 

normalized total vorticity of 25. Comparison of spacing cases; Λ = 20°, δ = 20°, and α = 0°. 

 The vortical structures in all three control cases lost most of their strength by the 

end of the SPIV measurement region at 𝑥 𝑐⁄ ≈ 0.78, but still had a global influence on 

the flow field. Figure 149 shows how the tiny structures from the jets affected the flow 

over the entire control surface. Iso-surfaces of time-averaged normalized local chordwise 

velocity in rainbow colors were plotted with an iso-surface of normalized total vorticity, 

𝛺𝑇
∗𝑐 𝑈∞⁄ = 25, in blue for the time-averaged zoomed-out measurement set. These data 

were combined with the zoomed-in data of the phase-averaged structures from the jet 

cases at a phase of 𝜙 = 0°. The same white iso-surfaces plotted in earlier figures where 

the time-averaged normalized total vorticity was subtracted from the phase-averaged 

results, (𝛺𝑇
∗𝑐 𝑈∞⁄ )𝑃𝐴−𝑇𝐴 = 35, were included here as well. These plots put into 
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perspective the large effect of a train of small vortical structures. For each of the jet 

cases in Figure 149b, c, and d, the structures were within the time-averaged trench. Note 

that the all jets active case only shows one train of vortical structures even though others 

would be visible in the zoomed-out region. This was because the zoomed-in data were 

only acquired in the vicinity of jet 5, so that no phase-averaged data exists for jet 4. 

Phase-averaged velocity component data with the time-averaged flow field 

subtracted connected the presence of the vortical structures to the effect on the flow field 

to answer how the small structures influenced the overall flow. Figure 150 shows iso-

surfaces of normalized phase-averaged minus time-averaged local chordwise velocity 

component, (𝑈∗ 𝑈∞⁄ )𝑃𝐴−𝑇𝐴, for all three jet spacing cases at two phases, 𝜙 = 0° and 

𝜙 = 120°. When all the jets were active (Figure 150a and b), the contours show positive 

concentrations of local chordwise flow in the center of each structure and upstream 

oriented along the upstream and downstream legs. This was consistent with flow 

accelerated through the center of the vortical structure and wrapped around the upstream 

and downstream edges. Figure 150b is during the jet outstroke, and increased positive 

concentrations are seen through the measurement domain. The partial iso-surface of 

negative velocity upstream of the orifice and large iso-surface of positive velocity 

downstream of the orifice were consistent with flow ejected from the jet cavity and into 

the cross flow. The results for the odd jets active case in Figure 150c and d were very 

similar to the all jets active case at both phases. Figure 150e and f show similar flow 

physics for the single jet as well, though the iso-surfaces were closer together in the local 

chordwise direction due to the increased opposition from the flow field. The iso-surfaces 

were higher off the surface, but the general behavior where the vortex rings push flow 

through the center was the same. A closer look at the similarities in this velocity 

component between the spacing cases is provided by Figure 151. No distinct differences 

were noticeable in this structure, so that it may be concluded that at this chordwise 

location the flow mechanisms were similar. However, there seems to be an important 

difference underneath the next structure along the chord. The bottom right corner of the 

image shows a large positive local chordwise velocity iso-surface in both the all and odd 

jets cases showing acceleration along the surface toward the trailing edge. This flow 

feature was absent in the single jet case, indicating less of an ability to reduce separation. 
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a) All jets active, 𝝓 = 𝟎° b) All jets active, 𝝓 = 𝟏𝟐𝟎° 

  

c) Odd jets active, 𝝓 = 𝟎° d) Odd jets active, 𝝓 = 𝟏𝟐𝟎° 

  

e) Single jet active, 𝝓 = 𝟎° f) Single jet active, 𝝓 = 𝟏𝟐𝟎° 

Figure 150: Iso-surfaces of phase-averaged (PA) minus time-averaged (TA) normalized local 

chordwise velocity of -0.04 (blue) and +0.04 (red), with a phase-averaged (PA) minus time-

averaged (TA) iso-surface of normalized total vorticity of 35. Spacing comparison; Λ = 20°, δ = 20°, 

and α = 0°. 
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a) All jets active b) Odd jets active c) Single jet active 

Figure 151: Zoomed-in iso-surfaces of phase-averaged (PA) minus time-averaged (TA) normalized 

local chordwise velocity of -0.04 (blue) and +0.04 (red), with a phase-averaged (PA) minus time-

averaged (TA) iso-surface of normalized total vorticity of 35. Spacing comparison at ϕ = 120°; Λ = 

20°, δ = 20°, and α = 0°. 

The ability of the vortical structures to pull higher momentum flow towards the 

surface between structures and accelerate the flow upwards through the ring centers is 

observed with phase-averaged minus time-averaged normalized surface-normal velocity 

component, (𝑉∗ 𝑈∞⁄ )𝑃𝐴−𝑇𝐴, iso-surfaces in Figure 152, where the two phases shown 

correspond to the ejection and suction portion of the actuation cycle, respectively. The 

𝜙 = 120° results show a large positive iso-surface emanated from the orifice during 

ejection and the 𝜙 = 300° results show a large negative iso-surface over the orifice 

during suction.  

All three spacing cases were characterized by alternating positive and negative 

surface-normal velocity concentrations. The positive iso-surfaces were located in the 

center of the vortex ring structures and the negative iso-surfaces were located between 

successive rings. The locations of these negative and positive iso-surfaces were 

consistent with flow pushed upwards through the center of the rings and wrapping 

around the upstream and downstream vortex ring legs. The negative velocity iso-

surfaces seem to be more closely associated with the structure relatively downstream 

than the structure upstream. This is noticeable by the gap between the upstream vortical 

structure and the negative velocity iso-surface when all the jets were active (Figure 152a 

and b). 
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a) All jets active, 𝝓 = 𝟏𝟐𝟎° b) All jets active, 𝝓 = 𝟑𝟎𝟎° 

  

c) Odd jets active, 𝝓 = 𝟏𝟐𝟎° d) Odd jets active, 𝝓 = 𝟑𝟎𝟎° 

  

e) Single jet active, 𝝓 = 𝟏𝟐𝟎° f) Single jet active, 𝝓 = 𝟑𝟎𝟎° 

Figure 152: Iso-surfaces of phase-averaged (PA) minus time-averaged (TA) normalized surface-

normal velocity of -0.03 (blue) and +0.03 (red), with a phase-averaged (PA) minus time-averaged 

(TA) iso-surface of normalized total vorticity of 35. Spacing comparison; Λ = 20°, δ = 20°, and α = 

0°. 
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The backlog of structures and iso-surfaces discussed with the 𝑥∗-component data 

in Figure 150 was also apparent in both the odd jets and single jet cases for the 𝑦∗-

component of velocity. The iso-surfaces for the all jets case in Figure 152a and b were 

slightly more spread apart along the chord than the odd jets case in Figure 152c and d. 

The backlog of structures was more clearly observed in Figure 152e and f for the single 

jet case where there was little separation between the alternating iso-surfaces. The trend 

in gap size between structures was also observed with a zoomed-in view in Figure 153. 

   

a) All jets active b) Odd jets active c) Single jet active 

Figure 153: Zoomed-in iso-surfaces of phase-averaged (PA) minus time-averaged (TA) normalized 

surface-normal velocity of -0.03 (blue) and +0.03 (red), with a phase-averaged (PA) minus time-

averaged (TA) iso-surface of normalized total vorticity of 35, spacing comparison at ϕ = 120°; Λ = 

20°, δ = 20°, and α = 0°. 

Figure 154 presents the effect the jets had on the spanwise velocity coherent 

fluctuations, (𝑊∗ 𝑈∞⁄ )𝑃𝐴−𝑇𝐴, due to spanwise spacing at 𝜙 = 0° and 𝜙 = 180°. Figure 

154a and b show a positive and a negative iso-surface for the all jets active case. Each 

ring structure center was characterized by inboard, positive velocity (toward the left). 

The flow in-between structures had outboard, negative velocity (toward the right). Both 

phases showed the same features, but offset along the chord. Actuating every other jet 

(Figure 154c and d) resulted in a similar series of concentrations, though the iso-surfaces 

were higher off the surface and the structures disappeared sooner at the chosen velocity 

levels. When a single jet was active (Figure 154e and f), the positive iso-surfaces seemed 

larger at the two phases. However, a third phase, 𝜙 = 120°, plotted in Figure 155 for a 

zoomed-view shows similarly-sized positive velocity concentrations in the ring centers, 

at least at this location. The two positive iso-surfaces in the structure center, visible in 

the all and single jet cases, were likely each associated with a side of the ring. 
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a) All jets active, 𝝓 = 𝟎° b) All jets active, 𝝓 = 𝟏𝟖𝟎° 

  

c) Odd jets active, 𝝓 = 𝟎° d) Odd jets active, 𝝓 = 𝟏𝟖𝟎° 

  

e) Single jet active, 𝝓 = 𝟎° f) Single jet active, 𝝓 = 𝟏𝟖𝟎° 

Figure 154: Iso-surfaces of phase-averaged (PA) minus time-averaged (TA) normalized spanwise 

velocity of -0.035 (blue) and +0.035 (red), with a phase-averaged (PA) minus time-averaged (TA) 

iso-surface of normalized total vorticity of 35. Spacing comparison; Λ = 20°, δ = 20°, and α = 0°. 
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a) All jets active b) Odd jets active c) Single jet active 

Figure 155: Zoomed-in iso-surfaces of phase-averaged (PA) minus time-averaged (TA) normalized 

spanwise velocity of -0.035 (blue) and +0.035 (red), with a phase-averaged (PA) minus time-

averaged (TA) iso-surface of normalized total vorticity of 35, spacing comparison at ϕ = 120°; Λ = 

20°, δ = 20°, and α = 0°. 

Next, the effect of spanwise jet spacing on each component of vorticity is shown 

in Figure 156, Figure 158, and Figure 160. These results give insight into how vorticity 

is added to the flow field. Zoomed-in spacing comparisons are presented in Figure 157, 

Figure 159, and Figure 161. 

 Figure 156 presents the phase-averaged minus time-averaged normalized local 

chordwise vorticity, (𝛺𝑥
∗𝑐 𝑈∞⁄ )𝑃𝐴−𝑇𝐴, for the all jets, odd jets, and single jet cases at 

phases of 𝜙 = 0° and 𝜙 = 120°. The short inboard and outboard edges of each vortex 

ring structure are colored red for positive local chordwise vorticity and blue for negative 

vorticity. Between each structure, concentrations of the respective opposite sign were 

present. While it was difficult to observe from this view, the center of each vortical 

structure seems to have had both positive and negative vorticity values. A closer 

inspection in Figure 157 reveals that these iso-surfaces were at the ring pinch point. As 

the middle of the ring pinched together and the inboard side of the outboard ring faded, 

the outboard side of the inboard ring persisted farther, resulting in a negative vorticity 

iso-surface visible at the center of the structure in the downstream features. The overall 

behavior of the flow was similar for each spacing case, but the effects were noticeable 

over a smaller chordwise extent as spacing increases. 
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a) All jets active, 𝝓 = 𝟔𝟎° b) All jets active, 𝝓 = 𝟑𝟎𝟎° 

  

c) Odd jets active, 𝝓 = 𝟔𝟎° d) Odd jets active, 𝝓 = 𝟑𝟎𝟎° 

  

e) Single jet active, 𝝓 = 𝟔𝟎° f) Single jet active, 𝝓 = 𝟑𝟎𝟎° 

Figure 156: Iso-surfaces of phase-averaged (PA) minus time-averaged (TA) normalized x
*
-vorticity 

of -10 (blue) and +10 (red), with a phase-averaged (PA) minus time-averaged (TA) iso-surface of 

normalized total vorticity of 35. Spacing comparison; Λ = 20°, δ = 20°, and α = 0°. 
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a) All jets active b) Odd jets active c) Single jet active 

Figure 157: Zoomed in iso-surfaces of phase-averaged (PA) minus time-averaged (TA) normalized 

x
*
-vorticity of -10 (blue) and +10 (red), with a phase-averaged (PA) minus time-averaged (TA) iso-

surface of normalized total vorticity of 35, spacing comparison at ϕ = 120°; Λ = 20°, δ = 20°, and α 

= 0°. 

Figure 158 presents contours of the phase-averaged minus time-averaged 

normalized local surface-normal vorticity, (𝛺𝑦
∗𝑐 𝑈∞⁄ )𝑃𝐴−𝑇𝐴, which shows how each 

structure had regions of positive and negative surface-normal vorticity. The small 

inboard and outboard vortex ring edges were propelled into the flow at a higher induced 

velocity than the rest of the ring structure due to an axis switching effect. This caused 

these two sides to have arch shapes more in the surface-normal direction, though the 

inboard arch was eliminated earlier on in the vortex ring development due to the 

spanwise flow. As can be observed in most of the structures of Figure 158, this yielded 

positive vorticity around the outboard downstream corner of the structure and negative 

vorticity around the outboard upstream corner. The vorticity fields for all jets and odd 

jets cases in Figure 158a and b and Figure 158c and d, respectively, had similar 

distributions where the outboard arch was clearly visible with the opposite signs of 

vorticity coloring each leg. The distinctiveness of this arch is not visible in the single jet 

results (Figure 158e and f). This outboard arch may have an important role to play in 

separation reduction and performance enhancement because the more distinct and 

stronger it was, the greater the performance increase.  

The zoomed-in spacing comparison in Figure 159 shows the progression from 

distinct to less-distinct 𝑦∗-component vorticity iso-surfaces as spacing increases. A 

negative-signed vorticity concentration is more easily observed at both the boundary 

between the inboard and outboard rings and the inboard edge of the inboard ring than in 
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Figure 158. The lack of a paired positive iso-surface at the inboard edge shows the 

inboard arch was flattening out and fading.  

  

a) All jets active, 𝝓 = 𝟎° b) All jets active, 𝝓 = 𝟏𝟖𝟎° 

  

c) Odd jets active, 𝝓 = 𝟎° d) Odd jets active, 𝝓 = 𝟏𝟖𝟎° 

  

e) Single jet active, 𝝓 = 𝟎° f) Single jet active, 𝝓 = 𝟏𝟖𝟎° 

Figure 158: Iso-surfaces of phase-averaged (PA) minus time-averaged (TA) normalized y
*
-vorticity 

of -10 (blue) and +10 (red), with a phase-averaged (PA) minus time-averaged (TA) iso-surface of 

normalized total vorticity of 35. Spacing comparison; Λ = 20°, δ = 20°, and α = 0°. 
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a) All jets active b) Odd jets active c) Single jet active 

Figure 159: Zoomed-in iso-surfaces of phase-averaged (PA) minus time-averaged (TA) normalized 

y
*
-vorticity of -10 (blue) and +10 (red), with a phase-averaged (PA) minus time-averaged (TA) iso-

surface of normalized total vorticity of 35, spacing comparison at ϕ = 120°; Λ = 20°, δ = 20°, and α 

= 0°. 

Phase-averaged minus time-averaged data for normalized spanwise vorticity, 

(𝛺𝑧
∗𝑐 𝑈∞⁄ )𝑃𝐴−𝑇𝐴, iso-surfaces is presented in Figure 160 at phases of 𝜙 = 60° and 

300°. All cases show alternating iso-surfaces of positive and negative vorticity 

associated with each vortical structure. As expected from the nature of a vortex ring, 

there was positive vorticity at the upstream leg as the flow wrapped around counter-

clockwise from the center of the ring to the upstream side. Negative vorticity was 

located on the downstream leg as the flow wrapped around the downstream side 

clockwise from the ring center. The negative iso-surfaces extended over a larger area, 

indicating less strength in comparison to the positive vorticity. The iso-surfaces in each 

case showed the pinch point between the inboard and outboard rings with the dip near 

each structure center. The 𝑧∗-vorticity reduction in the dips was due to the bending of the 

vortical structures so that vorticity was apparent in other components (see 𝑥∗-component 

and 𝑦∗-component plots in Figure 156, Figure 157, Figure 158, and Figure 159). The all 

jets results in Figure 160a and b show the vorticity concentrations were spread 

throughout the measurement region. The trend where increasing the spacing resulted in 

reduced spacing between successive structures observed in other figures was observed 

here. This is most apparent in the single jet case in Figure 160e and f. It was assumed 

that the reduced distance between the structures led to interference and a reduced effect 

on opposing separation. The closer the structures were, the less area they affected.  



 

     230 

  

a) All jets active, 𝝓 = 𝟔𝟎° b) All jets active, 𝝓 = 𝟑𝟎𝟎° 

  

c) Odd jets actve, 𝝓 = 𝟔𝟎° d) Odd jets active, 𝝓 = 𝟑𝟎𝟎° 

  

e) Single jet active, 𝝓 = 𝟔𝟎° f) Single jet active, 𝝓 = 𝟑𝟎𝟎° 

Figure 160: Iso-surfaces of phase-averaged (PA) minus time-averaged (TA) normalized z
*
-vorticity 

of -10 (blue) and +10 (red), with a phase-averaged (PA) minus time-averaged (TA) iso-surface of 

normalized total vorticity of 35. Spacing comparison; Λ = 20°, δ = 20°, and α = 0°. 
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The zoomed-view of 𝑧∗-component vorticity for the three spacing cases, shown 

in Figure 161, provides a closer look at the shrinking size of the negative iso-surfaces 

with increased spacing. The elongated negative iso-surface of the all jets case was in 

contrast to the constricted iso-surface in the single jet case. The odd jets case fell in-

between. The dip in the iso-surfaces associated with the double-ring pinch point was 

clear and distinct in the all jets case, less distinct in the odd jets case, and slight in the 

single jet case. Overall, the features of the vortical structure were less clear as spacing 

increases. 

   

a) All jets active b) Odd jets active c) Single jet active 

Figure 161: Zoomed in iso-surfaces of phase-averaged (PA) minus time-averaged (TA) normalized 

z
*
-vorticity of -10 (blue) and +10 (red), with a phase-averaged (PA) minus time-averaged (TA) iso-

surface of normalized total vorticity of 35. Spacing comparison at ϕ = 120°; Λ = 20°, δ = 20°, and α 

= 0°. 

The complex 3-D flow field for each control case can be observed with vectors 

of phase-averaged minus time-averaged velocity, (�⃗� ∗ 𝑈∞⁄ )𝑃𝐴−𝑇𝐴. Planes normal to the 

𝑧∗-direction at two spanwise locations (𝑧∗ 𝑏𝑗⁄ = −0.10 and 𝑧∗ 𝑏𝑗⁄ = −0.42) are shown 

with vectors at a phase of 𝜙 = 180° in Figure 162. The vectors were plotted with the 

transparent iso-surfaces of phase-averaged minus time-averaged normalized total 

vorticity, (𝛺𝑇
∗𝑐 𝑈∞⁄ )𝑃𝐴−𝑇𝐴 = 35. This phase occurred during the ejection portion of the 

jet actuation cycle so that upward pointing vectors are seen over the orifice. The 

magnitude and direction of these vectors was consistent between all three jet cases, 

showing that the flow emanating from the jet was not dependent on other jets, as was 

expected. The two spanwise locations for the planes were chosen to correspond to the 

centers of the inboard and outboard rings in the upstream double-ring vortical structure. 
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 Figure 162a and b show the vectors when all the jets were active. The inboard 

plane (Figure 162a) shows acceleration upward through the center of the inboard ring 

and along the surface underneath the iso-surface of the second structure. Downstream at 

the third major structure, some counter-clockwise rotation of the vectors and 

acceleration along the surface were still noticeable even though the inboard portion of 

the structure disappeared at this vorticity level. In the outboard plane (Figure 162b), 

these effects were increased in strength. Additionally, rotation is noticeable near the 

fourth structure which was not observed in Figure 162a due to the swept trajectory of the 

structures. The outboard ring had much more of an effect of the flow since the flow was 

accelerated more through its center and along the surface than in the inboard ring. The 

outboard ring also continued to accelerate and rotate the flow after the inboard ring no 

longer existed. 

  Figure 162c and d show the vectors at the same planes for the case when every 

other jet is active. The overall behavior of the flow was the same as when all the jets 

were active; however, the magnitudes of the vectors along the surface under the second 

structure were reduced at both spanwise locations. This was especially so underneath the 

third structure in the outboard plane at 𝑧∗ 𝑏𝑗⁄ = −0.42 where the magnitude of the 

vectors under the structure pointing in the local chordwise direction was reduced in 

comparison to the all jets active case. It seems that while the flow fields had similar 

features, the effect was weaker with the increased spacing and did not persist as far 

along the chord. This conclusion agreed with all the data observed thus far. Note that the 

high magnitude vectors located downstream of the second structure in Figure 162c were 

due to the small noise region near the surface. It was thought this was caused by 

reflections from the pressure port and representative of the actual flow.  

 The vectors for the single jet active case in Figure 162e and f are different than 

the other two jet cases, as was expected based on the other results. In the inboard plane 

at 𝑧∗ 𝑏𝑗⁄ = −0.10 (Figure 162e), the vectors accelerated flow through the inboard ring 

and wrapped counter-clockwise around the upstream vortex leg. These vectors had 

similar magnitudes as the vectors in the same locations in the other cases. The greatest 

difference in the single jet case was downstream of the second structure, where no other 

noticeable effect was visible because the downstream structures were pushed outboard 
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with the swept cross flow. The outboard vector plane in Figure 162f shows acceleration 

through the outboard ring of approximately the same magnitude as the other jet cases, 

but with a more upward, inboard direction. This orientation may have contributed to the 

enhanced separation inboard of the jet trajectory. The flow wrapped around both 

upstream and downstream legs. Counter-clockwise rotation was visible near the inboard 

side of the next structure and the hint of the third structure was seen even further 

downstream.  

An interesting difference between the single jet case and the other cases was the 

chordwise spacing between the structures and the direction of the flow in the region 

between the structures. As pointed out in previous discussions, the distance between the 

vortical structures from the synthetic jets was dependent on the strength of the pressure 

gradient and spanwise flow magnitude over the control surface. These parameters were 

locally governed by the spanwise jet spacing. As the jet spacing increased, the structures 

interacted with a more hostile flow that impeded their motion along the chord. This 

combination of events caused the structures to exist very close to each other when a 

single jet was active and the structures to be spaced farther apart when all the jets were 

active. The structures were spaced at an in-between distance when the odd jets were 

active.  

The behavior of the flow around the downstream leg of the double vortex ring 

structure and through the region downstream before the next structure was affected by 

this backlog. The phase-averaged minus time-averaged surface-normal normalized 

velocity results in Figure 152 and the phase-averaged minus time-averaged normalized 

spanwise vorticity in Figure 160 showed elongated iso-surfaces of both negative velocity 

and negative vorticity, compared to the positive iso-surfaces, between the structures 

when multiple jets were active. These negative iso-surfaces became smaller and more 

equal in size to the positive iso-surfaces when only the single jet was actuated, and the 

alternating iso-surfaces were located much closer together.  

The vectors in Figure 163 give further insight into this in-between region with a 

zoomed-in view of the vectors at the three spacing cases at 𝜙 = 60°. Figure 163a and b 

provide a close look at the in-between region with all jets active. The flow from the 

upstream structure was accelerated through the ring and gradually turned over the 
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downstream leg toward the surface. In the outboard location, some of this flow 

continued wrapping around the downstream leg such that it was pulled back into the 

same ring, but a large portion was pulled under the downstream ring. In the inboard 

location, the flow predominantly flows downstream under the second structure because 

the pinch point in the upstream location did not pull flow from the surface. The in-

between region when every other jet was active in Figure 163c and d had vectors 

showing similar behavior but in a tighter, more constricted region.  

In contrast, Figure 163f shows how most of the flow was pulled back under the 

upstream ring when only a single jet was active at the outboard location. The inboard 

location shows more flow in the downstream direction, though this was not 

representative of most of the rest of the span. In most other locations between the rings, 

the flow predominantly pointed upstream. This flow behavior shows a detrimental 

enhancement of reversed flow along the surface in the single jet case. The reason for this 

likely had to do with the placement of the second structure in relation to the first. The 

second structure was closer to its upstream neighbor and higher off the surface when a 

single jet was actuated in comparison to the other jet spacing cases. Reducing the 

spacing between the structures caused stronger induced velocities between the structures 

and increasing the spanwise flow caused a greater offset in the ring centers. The portion 

of the downstream ring that lined up with flow from the upstream ring was relatively 

weaker in the single jet case in comparison to the all jets case such that the incoming 

flow from the upstream structure encountered a portion of the downstream ring that had 

already begun to fade. Therefore, more flow was pulled under the stronger upstream 

structure. Additionally, the higher adverse pressure gradient that existed in the single jet 

flow field lifted the structures farther off the surface. In contrast, the structures that were 

closer to the surface (in the all jets case) caused acceleration along the span due to the 

restricted area beneath them. As the spacing between jets increased and the resulting 

structures lifted off the surface, the area constriction was reduced so that less or no 

acceleration occurred along the chord. These flow features increased separation severity 

inboard of the jet trajectory in the single jet case. 
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a) All jets active, 𝒛∗ 𝒃𝒋⁄ = −𝟎. 𝟏𝟎 b) All jets active, 𝒛∗ 𝒃𝒋⁄ = −𝟎. 𝟒𝟐 

  

c) Odd jets active, 𝒛∗ 𝒃𝒋⁄ = −𝟎. 𝟏𝟎 d) Odd jets active, 𝒛∗ 𝒃𝒋⁄ = −𝟎. 𝟒𝟐 

  

e) Single jet active, 𝒛∗ 𝒃𝒋⁄ = 𝟎. 𝟏𝟎 f) Single jet active, 𝒛∗ 𝒃𝒋⁄ = −𝟎. 𝟒𝟐 

Figure 162: Vectors of phase-averaged minus time-averaged total velocity colored by magnitude at 

two spanwise locations for different jet spacings plotted with a phase-averaged (PA) minus time-

averaged (TA) iso-surface of normalized total vorticity at ϕ = 180°; Λ = 20°, δ = 20°, and α = 0°. 
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a) All jets active, 𝒛∗ 𝒃𝒋⁄ = −𝟎. 𝟏𝟎 b) All jets active, 𝒛∗ 𝒃𝒋⁄ = −𝟎. 𝟒𝟐 

  

c) Odd jets active, 𝒛∗ 𝒃𝒋⁄ = −𝟎. 𝟏𝟎 d) Odd jets active, 𝒛∗ 𝒃𝒋⁄ = −𝟎. 𝟒𝟐 

  

e) Single jet active, 𝒛∗ 𝒃𝒋⁄ = −𝟎. 𝟏𝟎 f) Single jet active, 𝒛∗ 𝒃𝒋⁄ = −𝟎. 𝟒𝟐 

Figure 163: Zoomed-in vector planes of phase-averaged minus time-averaged total velocity colored 

by magnitude at two spanwise locations for  jet spacings plotted with a phase-averaged (PA) minus 

time-averaged (TA) iso-surface of normalized total vorticity at ϕ = 60°; Λ = 20°, δ = 20°, and α = 0°. 
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A zoomed-in view of 𝑥∗-normal vector planes progressing across a single 

structure in each jet case at 𝜙 = 180° is provided by Figure 164, Figure 165, and Figure 

166. Surface locations were chosen to correspond to approximate locations relative to 

the vortex ring structure. As such, the locations relative to the coordinate system were 

not consistent between the jet cases. Note that Figure 164 is replotted and also appeared 

as Figure 127. The general behavior of the vectors around and through a single vortical 

structure was similar for all the cases. The flow was pulled in from the surrounding fluid 

near the surface in all directions and accelerated up and through the center of the 

decaying inboard and outboard vortex rings. Flow was also accelerated along the surface 

in the downstream direction and through the arch of the outboard edge of the structure in 

an inboard direction. Downstream of the structure, flow was accelerated outboard near 

the outboard edge of the structure. 

Figure 164a, Figure 165a, and Figure 166a show generally similar flow upstream 

of the structure with a spanwise outboard, downstream velocity component. The vectors 

were more uniform in the all jets case and odd jets case, and more chaotic with just a 

single jet active. Figure 164b, Figure 165b, and Figure 166b show accelerated flow 

underneath the structure in the local chordwise direction. The direction of these vectors 

was relatively straight along the chord for the all jets and odd jets cases, but had an 

outboard spanwise component when a single jet was active. Figure 164c, Figure 165c, 

and Figure 166c show further acceleration along the surface for all cases.  

A number of differences are noticeable in Figure 164d, Figure 165d, and Figure 

166d. The flow through the outboard edge of the vortex structure created an arch through 

which flow was accelerated generally in an inboard, local chordwise direction. The 

magnitude of this acceleration was greater in the all and odd jets cases compared to the 

single jet case. When all the jets were active the structure accelerated the flow in this 

region more along the chord, while both the odd jets and single jet cases accelerated this 

portion of the flow with a more inboard tilt. Flow was also accelerated upward through 

the structure center. A pinch point was observed in the upward pointing vectors in the all 

jets results, and was more apparent in the odd jets data. The vectors, for the single jet 

case, showed no boundary between the inboard and outboard rings. There were some 

variations in the magnitudes and directions of these upward vectors also. The vectors for 



 

     238 

all and odd jets cases pointed up through the inboard ring and pointed up and inboard 

through the outboard ring. The odd jets case had an increased magnitude in comparison 

to the all jets case. Most of the accelerated vectors in the center of the single jet structure 

had an inboard tilt. The trends continued in Figure 164e, Figure 165e, and Figure 166e. 

   

a) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟏𝟖 b) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟐𝟎 c) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟐𝟑 

   

d) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟐𝟔 e) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟐𝟗 f) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟑𝟐 

   

g) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟑𝟓 h) ∆𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟑𝟕 i) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟒𝟎 

Figure 164: Zoomed-in x
*
-normal vector planes of phase-averaged minus time-averaged total 

velocity colored by magnitude plotted with a phase-averaged (PA) minus time-averaged (TA) iso-

surface of normalized total vorticity of 35 at ϕ = 180°; Λ = 20°, δ = 20°, and α = 0°. All jets active. 
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In Figure 164f, Figure 165f, and Figure 166f, there is a difference in the vectors 

at the inboard ring (left). The vectors for the all jets case still accelerated upwards, while 

no noticeable acceleration occurred for the single jet case in this location. The vectors in 

the outboard ring had an increased tilt in the inboard direction as the spacing increased. 

There was negative flow pointed upstream underneath the structures, which had a higher 

magnitude in both the odd jets active and single jet active cases in comparison to the all 

jets active case. 

The strength and effect of the inboard vortex ring was reduced in comparison to 

the outboard ring due to the opposition of the swept cross flow. This effect was reduced 

further with increasing spacing. Figure 164g, Figure 165g, and Figure 166g show that 

for the all jets case there were some vectors near the inboard side of the structure, which 

pointed upstream and inboard. These vectors were associated with the flow wrapping 

around the inboard edge of the structure. The magnitude of this flow was reduced in the 

odd jets case and was practically non-existent in the single jet case.  

All three jet cases show upstream, reversed flow near the outboard edge at the 

surface in Figure 164h, Figure 165h, and Figure 166h associated with the flow wrapping 

around the downstream leg of the structure. The magnitude of these vectors increased 

with increasing spacing. There was additional upstream flow on the inboard side of the 

structure as well.  

At the downstream-most vector plane in Figure 164i, Figure 165i, and Figure 

166i, most of the vectors in all three cases had a spanwise velocity component. The 

vectors when all the jets were active have more of an outboard tilt while the vectors for 

the single jet case were tilted more downstream as they were already affected by the 

preceding vortical structure. This lack of a downstream-oriented flow region may also 

have contributed to the reduced separation reduction with increased spacing. 
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a) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟏𝟖 b) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟐𝟎 c) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟐𝟑 

   

d) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟐𝟔 e) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟐𝟗 f) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟑𝟐 

   

g) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟑𝟓 h) ∆𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟑𝟕 i) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟒𝟎 

Figure 165: Zoomed-in x
*
-normal vector planes of phase-averaged minus time-averaged total 

velocity colored by magnitude plotted with a phase-averaged (PA) minus time-averaged (TA) iso-

surface of normalized total vorticity of 35 at ϕ = 180°; Λ = 20°, δ = 20°, and α = 0°. Every other jet 

is active. 
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a) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟏𝟐 b) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟏𝟓 c) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟏𝟖 

   

d) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟐𝟎 e) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟐𝟑 f) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟐𝟔 

   

g) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟐𝟗 h) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟑𝟐 i) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟑𝟓 

Figure 166: Zoomed-in x
*
-normal vector planes of phase-averaged minus time-averaged total 

velocity colored by magnitude plotted with a phase-averaged (PA) minus time-averaged (TA) iso-

surface of normalized total vorticity of 35 at ϕ = 180°; Λ = 20°, δ = 20°, and α = 0°. A single jet is 

active. 

The most important predictor of the effect of a vortical structure of the type seen 

here was its strength. The stronger the legs of the vortex were, the greater the separation 

reduction. As the vortical structure lost strength with the increased spanwise synthetic jet 
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spacing, the flow around it was modified slightly. It seems that the more the vectors 

pointed along the local chord underneath the structures, the more performance was 

increased. This was observed in Figure 164d, Figure 165d, and Figure 166d where the 

vectors near the surface in the all jets case were pointed along the local chord while the 

vectors of the single jet case had more of an inboard tilt. A larger gap between 

successive structures allowed more flow to be pulled from the higher velocities away 

from the surface towards the model. Additionally, increased strength of the outboard 

oriented vectors near the outboard edge of the structure seems to be associated with 

increased performance as well. This accelerated flow in the outboard direction enhanced 

the swept flow over the model and reduced spanwise separation. These flow features 

caused the global effects, but they were caused ultimately by the strength of the vortical 

structures. It was the decay rate of the structures that was most important when 

comparing the three jet spacing cases. Increasing the presence of the structures through 

smaller synthetic jet spacing produced more flow mixing and momentum transfer.  

3.3.3 Effect of Angle of Attack: Swept Configuration 

The third parameter investigated is the angle of attack, 𝛼, where flow fields were 

studied at 𝛼 = 0° and 𝛼 = 5°. The increased angle of attack of 𝛼 = 5°, compared to the 

previously discussed 𝛼 = 0° configurations, enabled an increase in the separation 

severity of the flow over the control surface to investigate other aircraft conditions that 

would be encountered in flight. The SPIV experiment in which the increased angle of 

attack data were acquired did not utilize boundary layer trips, whereas the 𝛼 = 0° 

experiment did. However, a comparison between the two data sets was valid because 

baseline PIV on the unswept model showed that the flow, with and without boundary 

layer trips, was turbulent at the hingeline at this angle (see Figure 40c). The increased 

angle of attack caused the transition point from laminar to turbulent flow to move 

sufficiently upstream to ensure turbulent flow at the hingeline. A comparison of the 

baseline model between the tripped and untripped flow fields showed that the boundary 

layer profiles were approximately the same in the region directly upstream of the 

hingeline (see Figure 41b). Based on these results, it was assumed that the lack of the 

trips did not alter the flow over the control surface for the analysis presented here. 
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However, the effect of the trips and the effect of angle of attack cannot be truly 

decoupled for the experiments undertaken with this research. The SPIV data included 

sparse planes at locations over a large portion of the model span and a volume taken 

around jet 3. Note that the volume was not acquired in the same location as the volume 

in the lower angle of attack tests. The size of the SPIV window was larger than the SPIV 

window for the lower angle of attack as well, extending to 𝑥 𝑐⁄ = 0.87 in comparison to 

𝑥 𝑐⁄ = 0.78. 

3.3.3.1 Time-Averaged Flow Fields 

Sparse SPIV planes of contours of time-averaged normalized local chordwise 

velocity, 𝑈∗ 𝑈∞⁄ , are presented in Figure 167, which shows the general effect of flow 

control over the model at the increased angle of attack. Figure 167a is the baseline case 

showing reversed, negative velocity near the surface in every plane. The magnitude of 

the reversed flow was greater in the inboard (left) planes and seems to become mostly 

uniform from the 5
th

 plane from the left until the outboard-most plane. Actuating all the 

jets (Figure 167b) reduced the extent of separation in all the planes. This separation 

reduction can be observed from the smaller regions of negative flow and the migration 

of the separation point farther downstream with the addition of synthetic jet flow control. 

The flow field was not uniform along the span, with the flow separated more in the 

inboard planes, at least partly because of the swept nature of the flow. Flow from 

inboard of the actuated region swept outboard and downstream such that its effects were 

felt at outboard locations over progressively less of the chord. Eventually the flow field 

became approximately uniform along the span starting from about the 4
th

 plane from the 

left. The valley and peak visible in the 6
th

 plan from the left were due to the trench 

created from an active jet, as was observed and discussed in the other model 

configuration results (i.e., Figure 93). Figure 167c shows the results when every other jet 

was actuated such that only the odd numbered jets were active. The inboard planes had 

increased separation in comparison to both the all jets case and the baseline case; 

however, the outboard planes looked remarkably similar to the outboard planes of the all 

jets case. The location of the separated shear layer was slightly higher, but the extent of 

separation and general features were the same. It seems that the inboard, unactuated flow 
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had more of an effect on the measurement region in the odd jets case where fewer active 

jets interacted with the flow. The increased spacing caused the development of the 

uniform flow region to extend further than in the all jets spacing case. A comparison of 

only the outboard planes where the flow was uniform shows that actuating every other 

jet in these flow conditions led to a similar flow field as when all the jets were active. 

This implies that fewer actuators could achieve similar results as actuating all jets so that 

power and space inside an aircraft could be saved. Indeed, the lift coefficient results of 

Figure 76b show similar values for all jets and every other jets cases. 

  

a) Baseline b) All jets active 

 

c) Odd jets active 

Figure 167: z
*
-planes of time-averaged normalized local chordwise velocity. Comparison of spacing 

cases; Λ = 20°, δ = 20°, and α = 5°, and untripped. 

Figure 168 shows the results for the normalized surface-normal velocity 

component, 𝑉∗ 𝑈∞⁄ . The baseline results (Figure 168a) show positive velocity in all 

measurement locations. The outboard planes had surface-normal velocity values near 

zero close to the surface in contrast to similar locations in the inboard planes. This 
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indicated more severe separation inboard, which agreed with the local chordwise 

velocity of Figure 167. Actuating all the jets (Figure 168b) pulled higher magnitude 

velocity close to the surface and reduced the magnitude of the contours higher off the 

surface. The overall effect with every other jet active in Figure 168c was similar, though 

the surface-normal velocity magnitude was reduced less than in the all jets case. 

  

a) Baseline b) All jets active 

 

c) Odd jets active 

Figure 168: z
*
-planes time-averaged of normalized vertical velocity. Comparison of spacing cases; 

Λ = 20°, δ = 20°, and α = 5°, and untripped. 

The normalized spanwise velocity, 𝑊∗ 𝑈∞⁄ , results (Figure 169) show the 

enhancement of outboard flow with the addition of actuation. The baseline flow (Figure 

169a) shows low magnitude negative velocity in a region off of the surface, which was 

sandwiched between regions of higher magnitude of negative velocity above and below. 

The two inboard-most planes had a small region of positive, inboard-oriented flow near 

the separation location seen in the local chordwise velocity of Figure 167a. The two 

outboard-most planes show a small region of positive spanwise flow close to the surface. 
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Both the all jets and odd jets actuation cases enhanced the outboard-oriented, negative 

spanwise flow. As observed in the results of the other velocity components, the inboard-

most planes were still affected by the surrounding unactuated flow. 

  

a) Baseline b) All jets active 

 

c) Odd jets active 

Figure 169: z
*
-planes of time-averaged normalized spanwise velocity. Comparison of spacing cases; 

Λ = 20°, δ = 20°, and α = 5°, and untripped. 

Planes of normalized spanwise vorticity, 𝛺𝑧
∗𝑐 𝑈∞⁄ , in Figure 170 show the 

location of the shear layer and the separated flow for the baseline case. The addition of 

actuation caused the region of concentrated vorticity to be pulled towards the surface. 

The 6
th

 and 8
th

 planes in the all jets case (Figure 170b) show a trench and ridge that were 

due to jet trajectories passing through those planes. When every other jet was actuated 

(Figure 170c), the vorticity results corroborated the enhanced separation in the inboard 

planes observed in the velocity contours. 
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a) Baseline b) All jets active 

 

c) Odd jets active 

Figure 170: z
*
-planes of time-averaged normalized spanwise vorticity. Comparison of spacing 

cases; Λ = 20°, δ = 20°, and α = 5°, and untripped. 

Time-averaged volumes of normalized local chordwise velocity, 𝑈∗ 𝑈∞⁄ , and 

normalized total vorticity, 𝛺𝑇
∗𝑐 𝑈∞⁄ , are shown in Figure 171 and Figure 174, 

respectively, in the region surrounding jet 3. Four cases were tested: baseline, all jets 

active, odd jets active, and a single jet active. The baseline flow (Figure 171a) shows 

approximately uniform separation throughout the small measurement domain with 

reversed, negative velocity in the local chordwise velocity iso-surfaces, and the off-

surface vorticity concentrations in the total vorticity iso-surfaces are seen in Figure 174a. 

Both the all jets case (Figure 171b and Figure 174b) and odd jets case (Figure 171c and 

Figure 174c) resulted in mostly attached flow where the separation severity was greatly 

reduced in the entire measurement region. Trenches existed downstream of the jet 

orifice, similar to those observed at the lower angle of attack cases. Higher velocity, 

higher vorticity flow was pulled closer to the surface in their vicinity. The separation 
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severity was especially reduced outboard of the trenches. In contrast to the lower angle 

of attack results, the trajectory of the trench was affected between the all jets and odd 

jets cases. The angle the trajectory makes with the chordline increased with increased 

spacing so that the trench reached the end of the measurement volume sooner with every 

other jet active. This means that the jets’ effects should not be felt over as much of the 

chord for the odd jets case than for the all jets case. This flow field difference may not 

have been enough to significantly affect the performance. The iso-surfaces of vorticity in 

Figure 174 show the same trajectory trends. Actuation of a single jet (Figure 171d) 

resulted in a highly three-dimensional flow field where there was enhanced separation 

inboard of the jet trajectory and reduced separation outboard. These characteristics were 

similar to the flow behavior for the single jet at the lower angle of attack. The vorticity 

iso-surfaces in Figure 174d likewise show this. 

Wall-normal profiles of normalized local chordwise velocity, 𝑈∗ 𝑈∞⁄ , are 

presented in Figure 172 and Figure 173, which show the effect of actuation in 

comparison to the baseline profiles for 𝛼 = 0° and 𝛼 = 5°, respectively. Note that 

Figure 172 also appears as Figure 95. For 𝛼 = 5° (Figure 173) the separation of the 

baseline flow field is seen at all locations. This separation increased in severity along the 

local control surface chord. In comparison to the lower angle of attack (Figure 172), the 

velocity profiles extended much farther away from the surface at 𝛼 = 5°. Even in this 

extensively separated flow field, the synthetic jets reattached the flow in most of the 

locations. The resolution of the SPIV in this experiment did not capture points as close 

to the surface as in the 𝛼 = 0° experiment, but reattached flow was indicated in all 

locations except perhaps in Figure 173h where there may have been slight negative 

velocities near the surface. The ability of the synthetic jets to greatly alter a flow field 

was evident through the separation reduction, boundary layer height reduction, and 

increased profile momentum (i.e., reduced velocity deficit). In comparison to the lower 

angle of attack profiles in Figure 172, the profiles at 𝛼 = 5° (Figure 173) had larger 

velocity deficit and have greater heights. However, the change induced on the baseline 

flow was larger.  

These observations show that in a less severe adverse pressure gradient where 

separation was present, synthetic flow control was able to increase the velocity and 
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reduce separation to a greater extent than in a more severe pressure gradient. However, 

the effect of flow control was greater when the baseline flow field was more 

inhospitable. Synthetic jets were clearly capable of significant, beneficial flow effects. 

The larger increment may have been related to the milder pressure gradient in the 

vicinity of the hingeline at 𝛼 = 5°, in comparison to the pressure gradient at 𝛼 = 0° that 

was observed in Figure 35. It may also have had to do with the trips. If the flow was not 

completely turbulent at the location of the synthetic jet orifices, the fluctuations and 

momentum addition of the jets would alter the boundary layer such that it would become 

fuller, with more momentum close to the surface. This would cause a larger decrease in 

separation in comparison to a completely turbulent boundary layer. 

  

a) Baseline b) All jets active 

  

c) Odd jets active d) Single jet active 

Figure 171: Iso-surfaces of time-averaged normalized local chordwise velocity. Comparison of 

spacing cases; Λ = 20°, δ = 20°, and α = 5°, and untripped. 
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a) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟑𝟕, 

𝒛∗ 𝒃𝒋⁄ = 𝟎. 𝟑𝟔𝟕 

b) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟑𝟕, 

𝒛∗ 𝒃𝒋⁄ = 𝟎 

c) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟑𝟕, 

𝒛∗ 𝒃𝒋⁄ = −𝟎. 𝟑𝟔𝟕 

   

d) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟔𝟔, 

𝒛∗ 𝒃𝒋⁄ = 𝟎. 𝟑𝟔𝟕 

e) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟔𝟔, 

𝒛∗ 𝒃𝒋⁄ = 𝟎 

f) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟔𝟔, 

𝒛∗ 𝒃𝒋⁄ = −𝟎. 𝟑𝟔𝟕 

   

g) 𝒙∗ 𝒄⁄ = 𝟎. 𝟏𝟎𝟏, 

𝒛∗ 𝒃𝒋⁄ = 𝟎. 𝟑𝟔𝟕 

h) 𝒙∗ 𝒄⁄ = 𝟎. 𝟏𝟎𝟏, 

𝒛∗ 𝒃𝒋⁄ = 𝟎 

i) 𝒙∗ 𝒄⁄ = 𝟎. 𝟏𝟎𝟏, 

𝒛∗ 𝒃𝒋⁄ = −𝟎. 𝟑𝟔𝟕 

Figure 172: Profiles of normalized local chordwise velocity for the swept model; baseline (black 

circles) and all jets active (red squares) cases; Λ = 20°, δ = 20°, and α = 0°.  
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a) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟑𝟕, 

𝒛∗ 𝒃𝒋⁄ = 𝟎. 𝟓𝟐𝟓 

b) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟑𝟕, 

𝒛∗ 𝒃𝒋⁄ = 𝟎 

c) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟑𝟕, 

𝒛∗ 𝒃𝒋⁄ = −𝟎. 𝟓𝟐𝟓 

   

d) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟔𝟔, 

𝒛∗ 𝒃𝒋⁄ = 𝟎. 𝟓𝟐𝟓 

e) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟔𝟔, 

𝒛∗ 𝒃𝒋⁄ = 𝟎 

f) 𝒙∗ 𝒄⁄ = 𝟎. 𝟎𝟔𝟔, 

𝒛∗ 𝒃𝒋⁄ = −𝟎. 𝟓𝟐𝟓 

   

g) 𝒙∗ 𝒄⁄ = 𝟎. 𝟏𝟎𝟏, 

𝒛∗ 𝒃𝒋⁄ = 𝟎. 𝟓𝟐𝟓 

h) 𝒙∗ 𝒄⁄ = 𝟎. 𝟏𝟎𝟏, 

𝒛∗ 𝒃𝒋⁄ = 𝟎 

i) 𝒙∗ 𝒄⁄ = 𝟎. 𝟏𝟎𝟏, 

𝒛∗ 𝒃𝒋⁄ = −𝟎. 𝟓𝟐𝟓 

Figure 173: Profiles of normalized local chordwise velocity for the swept model; baseline (black 

circles) and all jets active (red squares) cases; Λ = 20°, δ = 20°, and α = 5°. 
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a) Baseline b) All jets active 

  

c) Odd jets active d) Single jet active 

Figure 174: Iso-surfaces of time-averaged normalized total vorticity. Comparison of spacing cases; 

Λ = 20°, δ = 20°, and α = 5°, and untripped. 

Next, three-dimensional velocity streamlines throughout the volumes are shown 

with and without iso-surfaces of normalized local chordwise velocity, 𝑈∗ 𝑈∞⁄ , in Figure 

175 and Figure 176, respectively. For the baseline case (Figure 175a and Figure 176a), 

the streamlines near the surface in the separated region moved upstream and outboard. 

Streamlines originating from upstream of the hingeline flowed over the separated region 

along with the swept cross flow. In contrast to the streamlines at the lower angle of 

attack, when the angle of attack was increased to 𝛼 = 5°, a strong inboard turn occurred 

over the hingeline before the streamlines swept outboard along the chord again. At both 

angles of attack there was a slight pressure gradient along the span at the hingeline 

where there was lower pressure inboard (see Figure 50 and Figure 52). The flow at 

𝛼 = 5° may have been more susceptible to this pressure gradient. Similar to the behavior 

at the lower angle of attack, the separated streamlines traveled upstream while 
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encountering an adverse spanwise pressure gradient and blockage from the upstream 

flow. They turned inboard before separating and joining the separating flow from 

upstream. 

  

a) Baseline b) All jets active 

  

c) Odd jets active d) Single jet active 

Figure 175: Time-averaged iso-surfaces of normalized local chordwise velocity with streamlines 

colored by normalized spanwise velocity. Comparison of spacing cases; Λ = 20°, δ = 20°, and α = 5°, 

and untripped. 

Figure 175b and Figure 176b show the streamlines when all jets were activated. 

This flow field also featured streamlines from upstream that passed over other 

streamlines in an underlying separated region. The underlying streamlines did not turn 

upstream despite the existence of the two separate regions. The upstream streamlines had 

a sudden strong turn inboard over the hingeline, similar to the baseline flow. Overall, the 

streamlines were angled more towards the surface than in the baseline, showing higher 

velocity flow was located close to the surface. Most of the underlying streamlines had a 

strong outboard spanwise component, but still predominantly traveled in the local 
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chordwise direction. The one exception was the streamlines at the very end of the 

measurement domain, which traveled parallel to the trailing edge. It was observed before 

that this behavior often indicated separation or imminent separation. 

  

a) Baseline b) All jets active 

  

c) Odd jets active d) Single jet active 

Figure 176: Time-averaged streamlines colored by normalized spanwise velocity. Comparison of 

spacing cases; Λ = 20°, δ = 20°, and α = 5°, and untripped. 

When only the odd jets were active (Figure 175c and Figure 176c) the 

streamlines had a very similar behavior to the all jets active case. Some streamlines near 

the surface in the middle of the chordwise extent of the measurement domain traveled 

parallel to the trailing edge. Since the placement points for the streamlines were the same 

between the all jets case and odd jets case, it was unlikely that a portion of the flow field 

was captured in one and not the other. It may have been that when the odd jets were 

active the flow was more susceptible to separation even though it remained attached 

throughout most of the measurement domain. 
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 When a single jet was active (Figure 175d and Figure 176d) the streamlines 

inboard of the jet trajectory show similar behavior to the baseline case. The reversed 

directed streamlines near the surface traveled upstream and outboard until they 

encountered the blockage of the jet trench. They then turned inboard for a short distance 

before separating and joining the streamlines from upstream over hingeline. The region 

outboard of the jet trajectory shows attached flow in a downstream, outboard direction. 

3.3.3.2 Phase-Averaged Flow Fields 

Finally, phase-averaged data is presented in this section, where six phases, 

𝜙 = 0°, 60°, 120°, 180°, 240°, and 300° were acquired. A comparison of the two angle 

of attack data sets is shown in Figure 177 with iso-surfaces of normalized local 

chordwise velocity, 𝑈∗ 𝑈∞⁄ , superimposed with normalized phase-averaged minus time-

averaged normalized total vorticity, 𝛺𝑇
∗𝑐 𝑈∞⁄ = 35. The structures in the 𝛼 = 5° results 

did not have as high of a spatial resolution as the structures in the 𝛼 = 0° results due to 

the increased size of the SPIV measurement domain with the same number of vectors. 

Overall, the data sets from the two angles of attack were similar. Trains of vortical 

structures created a trench of high velocity close to the surface under and outboard of 

which separation was especially reduced.  
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a) All jets active, 𝜶 = 𝟎° b) All jets active, 𝜶 = 𝟓° 

  

c) Odd jets active, 𝜶 = 𝟎° d) Odd jets active, 𝜶 = 𝟓° 

  

e) Single jet active, 𝜶 = 𝟎° f) Single jet active, 𝜶 = 𝟓° 

Figure 177: Iso-surfaces of phase-averaged normalized local chordwise velocity with a phase-

averaged (PA) minus time-averaged (TA) iso-surface of normalized total vorticity of 35. 

Comparison of spacing cases at ϕ = 60°; α = 0° (left) and α = 5° (right), when Λ = 20° and δ = 20°. 

 



257 

4. SUMMARY AND CONCLUSIONS 

An experimental investigation was conducted into the effects of synthetic jets-

based flow control on the performance enhancement and flow field modification on a 

fundamental model, representative of an aerodynamic aircraft surface (i.e., a vertical 

tail). The detailed exploration was undertaken with the variation of select parameters, in 

particular, the effects of spanwise flow magnitude and separation severity as the 

spanwise distance between active jets was varied. Previous work showed that, under 

specific circumstances, synthetic jet actuators could be located too closely to each other 

such that they would interfere with each other and reduce the enhanced aerodynamic 

force, especially under the influence of a strong cross flow. A fundamental, 

interchangeable model was designed and fabricated to systemically vary the sweep angle 

and control surface deflection angle. A parametric study was performed with surface 

pressure measurements where the sweep angle, control surface angle, angle of attack, 

and spanwise jet spacing were varied. Select cases were further studied with SPIV in 

order to further understand the flow field of the interaction between synthetic jets and a 

cross flow. The fluid mechanisms responsible for the aerodynamic force enhancement 

were identified and characterized as the spanwise flow magnitude, separation severity, 

and spanwise flow varied. The main findings and conclusions from this work include: 

 Synthetic jet flow control just upstream of a deflected control surface enhanced 

lift in most of the tested configurations, in comparison to the baseline (i.e., 

unactuated) case. Pressure measurements showed increased circulation over the 

whole airfoil chord, with increased leading-edge and hingeline suction peaks in 

most cases. Tuft flow visualization showed a reduction in unsteadiness with the 

addition of actuation. Flow field measurements via SPIV showed reduced or 

eliminated separation over the deflected control surface with respect to the 

separated baseline flow. These results agreed with the literature. 

 The sectional lift coefficient, 𝐶ℓ, was increased by 26.3% in the unswept 

configuration and 15.9% in the swept configuration when the number of active 

jets was greatest. 

 The enhancement due to actuation was reduced with the addition of a spanwise 

cross flow in the swept model configuration in comparison to the unswept 
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configuration. In part, this was due to less separation severity in the swept case, 

and, therefore, less room for improvement. 

 The spacing trend observed in phase 1 on a vertical tail model with a sweep of 

𝛬 = 43.5° [7], [10], where aerodynamic force enhancement increased with 

increased spacing when the individual jet strengths were held constant, was not 

definitely observed in the present phase. It was hypothesized that the spanwise 

flow magnitude, which was determined by the sweep angle, was not large 

enough to cause adjacent jets to reduce each other’s effects. The model in the 

present work had a sweep angle of 𝛬 = 20° in its swept configuration. 

 In general, the lift enhancement increased with decreased spacing and increased 

number of active jets. However, some increased spacing cases produced similar 

or larger lift values than the all jets active (smallest spacing) case. This was 

especially true when the separation severity and/or the spanwise flow were 

greatest. Due to the resolution of the pressure ports and varying end effects, 

these results were determined to be inconclusive. 

 An optimum spanwise spacing was indicated when the total number of active 

jets was held constant so that the total added momentum was constant. The 

smallest spacing did not produce the greatest lift enhancement. A dependence on 

spanwise location was also found such that higher resolution pressure 

measurements or SPIV testing is still needed for these spacing cases to further 

understand the results. 

 The effect of spanwise jet spacing was reduced so that most spacing cases 

produced similar lift coefficient values when the edge jets were held constant. 

This implied that for the flow conditions tested, as much lift enhancement could 

be obtained with fewer active jets as with all the jets active. 

 Surface pressure contours revealed highly three-dimensional pressures along the 

span for the larger spacing cases. The enhanced suction peak was asymmetrical 

in these cases where the peak was enhanced to a greater extent between certain 

jets than others. Some cases also revealed suction peak variations with a 

spanwise wavelength smaller than the period of the active jets. These results 

need further investigation. 
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 The spacing trends did not greatly vary with blowing ratio and momentum 

coefficient. As expected, greater lift enhancement was measured for higher 

blowing ratios and momentum coefficients. Since only two values for each 

parameter were tested, the trends will not necessarily hold for greater jet 

strengths. 

 Flow field results, obtained via SPIV, revealed a trench in the time-averaged 

velocity and vorticity fields, which corresponded to the trajectory of an active 

jet, and was characterized by higher velocity and higher vorticity close to the 

surface. In the unswept, actuated cases, the trajectory of the trench was 

downstream along the chordline of an active jet. In the swept case, the trench 

trajectory was swept outboard with the spanwise cross flow and marked the 

boundary between an inboard region of higher velocity deficit and outboard 

region of less velocity deficit. The trench boundary was the “virtual wall” 

observed in phase 1 [7]. As discussed in the literature[27], the swept flow was 

accelerated under the trench such that the spanwise flow magnitude was 

increased close to the surface. 

 For the select spacing cases studied with SPIV, the all jets active case resulted in 

the most separation reduction. When every other (odd) jet was actuated, a 

similar flow field to the all jets active case was produced, but with higher 

velocity deficits. When only a single jet was active, it resulted in a different flow 

field, where separation was actually enhanced inboard of the jet trajectory, 

though reduced outboard. 

 Iso-surfaces of time-averaged vorticity components revealed reduced vorticity 

values with the addition of the swept cross flow and an increase in spanwise jet 

spacing.  

 Vortical structures in the form of vortex rings were generated by the periodic 

actuation of the synthetic jets. The rings were formed at the jet orifice, 

convected downstream by the flow over the model, and deformed by the 

separated flow. Axis switching was observed, where the short edges of the ring 

were propelled along the chord at a greater rate than the long edges due to self-
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induced velocity. Additionally, the long edges developed undulations such that 

the ring became pinched at its center and resembled a double ring-like structure. 

 The streamwise spacing between successive vortical structures increased with 

decreased spacing such that the structures affected a greater extent of the control 

surface chord in comparison to larger jet spacing cases. 

 The evolution of the double ring structure was dependent on the spanwise flow 

magnitude and spanwise jet spacing. In the unswept configuration, both inboard 

and outboard edges of the ring structure persisted the longest, such that the 

center portion dissipated first. In the swept configuration, the inboard edge of 

the structure was annihilated first due to the opposing vorticity sign of the swept 

cross flow. It was this cancellation of the inboard vortical structure edge that 

partly caused the decrease in synthetic jet effectiveness in swept flows. 

 The presence of these vortical structures was the mechanism through which the 

synthetic jets reduced separation. Surrounding fluid was pulled underneath the 

structure and pushed through the ring center and underneath the ring such that it 

resulted in increased velocity near the surface. The increase in momentum and 

mixing caused the reduced or eliminated separation. In the unswept 

configuration, flow was pushed through both the inboard and outboard arches of 

the vortical ring with a component inwards toward the ring center and 

downstream along the chord. The opposing spanwise components from each 

side of the ring approximately canceled each other and the components in the 

chordwise direction added together such that the flow was pushed along the 

chord. In the swept configuration, the inboard arch was either weaker or 

nonexistent such that the flow through the outboard arch had a larger velocity, 

which opposed the spanwise cross flow. This opposition increased the velocity 

deficit and enhanced separation severity, especially when only a single jet was 

active. It was hypothesized that the strengthening of the inboard arch would 

cancel the spanwise component of the flow through the outboard arch to 

increase the lift enhancement with a similar increment to the unswept case.  
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5. RECOMMENDATIONS FOR FUTURE WORK 

Based on the conclusions and the potential for new test configurations with the 

interchangeable model, future work is recommended. The continual improvement of 

synthetic jet actuators and the interest in active flow control for separation reduction on 

aircraft motivates research into the sensitivity to and optimization of every consequential 

parameter. This work addressed a subset of the overall, extensive test matrix. The 

insights presented here yield increased understanding of the flow physics of synthetic jet 

interactions with a highly three-dimensional cross flow, yet other questions remain. 

Suggested next steps include: 

 Flow field investigations using SPIV when the spanwise flow magnitude is 

increased via increased sweep angle (𝛬 > 30°) will more closely replicate the 

sweep conditions of the Gamma model and actual vertical tails. Under these 

conditions, the vortical structures from the synthetic jets may interact 

destructively so that the clear trend observed in Phase 1, where increased 

spanwise jet spacing led to increased force, may be observed again. 

 Improvements to the synthetic jet actuator design will ensure the effectiveness 

and durability of the actuators. This includes testing of piezoelectric discs made 

from different materials and processes. It is necessary to increase the blowing 

ratio and momentum coefficient of the jets and to increase the jet’s life cycle. 

The experiments discussed here should be repeated with stronger jets. 

 Further scaling investigations will explore the effect of the relative size of the 

control surface relative to the overall chord length. Flow control should be more 

effective on shorter control surfaces since the synthetic jets’ vortical structures 

would persist over the whole control surface chord, and thus is expected to yield 

a greater increase in performance over the baseline. 

 Manipulation of the vortex rings emanating from the synthetic jet orifices, via 

geometric orifice variations, such that they can overcome the vorticity associated 

with the cross flow. For example, varying the orifice cross-section may enable 

the inboard side of the ring to persist longer. This effect may block the inboard-

oriented flow from the outboard side of the ring and enhance the downstream, 
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separation-opposing flow. Other potential options are the sharpness of the orifice 

edges and the jet pitch and skew angles. 

 Expansion of the flow physics study via SPIV to include spanwise jet spacing 

cases studied only with surface pressure measurements in this work would 

answer some of the questions raised in the presented data. The cases where there 

were spanwise variations in the surface pressure contours with wavelengths 

shorter than the period between active jets, are of particular interest. Another 

interesting experiment is the study of the flow physics when the number and 

spacing of active jets remains the same while the spanwise location varies. The 

surface pressure results showed variation in lift coefficient; SPIV would reveal 

whether this variation was truly representative of the flow, as well as exploring 

the mechanisms responsible for the lift variation. 

 Optimization of the boundary layer trips would improve data applicability. 

 Comparisons to other flow control actuators such as sweeping jet actuators and 

steady jets would show the strengths and weaknesses of each method with 

respect to the same application.  

 Studies of the transient behavior of the flow field as the synthetic jets are 

activated and deactivated would yield interesting and important information for 

the implementation of the synthetic jets on actual aircraft.  

 Revisiting the original, complex geometry of the vertical tail, at both sub- and 

large-scale, to implement the findings discovered in the course of Phase 2 would 

test the conclusions with the addition of taper and a finite tip. 
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 APPENDIX 

A Spacing Variation with 2 Active Jets 

A similar analysis to the spacing study performed with 3 active jets (see Sections 

3.2.4.2.1 and 3.2.4.2.2), where the spanwise spacing was varied while the number of 

active jets was held constant, was performed with 2 active jets.  

A.1 Unswept Model Configuration 

Figure A.1 presents the 𝐶ℓ results for four unswept flow conditions when 2 jets 

were active and the spanwise spacing was varied. In all subplots, the differences in 𝐶ℓ 

between the spacings was on the order of 𝛥𝐶ℓ ≈ 0.1. While these differences may have 

been small, the results indicated that spacing had an effect on aerodynamic force. Figure 

A.1a (𝛬 = 0°, 𝛿 = 20°, and 𝛼 = 0°) shows a slightly higher lift coefficient was 

measured for the smallest spacing (2 jet widths, yellow circle) between the two jets. 

When the angle of attack was increased in Figure A.1b (𝛬 = 0°, 𝛿 = 20°, and 𝛼 = 5°) a 

trend was observed where increased spacing resulted in less generated lift. In contrast, 

when the control surface deflection angle was increased to 𝛿 = 30° in both Figure A.1c 

and d, a maximum lift seems to have been measured for a middle jet spacing when jets 3 

and 7 were active (4 jet widths, red circle). It is important to remember that the pressure 

port rows did not capture the entire effect of the synthetic jets, so the observed trends 

may be different than the actual behavior. In the two jet case, the inboard jets (jets 1, 2, 

and 3) were further away from the pressure ports than the other jets. It was possible that 

a greater lift effect was created for some of the larger spacing cases than was able to be 

measured. If this were so, it may be that with two active jets the lift continued to increase 

with increased spacing past the 4 jet width value. 

Pressure contours corresponding to Figure A.1c (𝛬 = 0°, 𝛿 = 30°, and 𝛼 = 0°) 

for each of the two jets spacing cases are shown in Figure A.2 and provide more 

information about the flow behavior along the span. This flow condition was chosen 

because the integrated force data indicated a spacing value other than the smallest 

spacing may produce the greatest lift coefficient. The pressure contours further 

illustrated the lift trends. The two smallest spacing cases in Figure A.2a and b show the 
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lowest pressure coefficient values with the darker blue regions. The low pressure region 

was smaller for the smallest spacing case (jets 4 and 6) than in the spacing case when the 

jets are 4 jet widths apart (jets 3 and 7). This shows that a more beneficial increase in 

hingeline suction was measured when the two active jets were spaced at a middle 

spacing value. When there were 6 or 8 jet widths between the active jets in Figure A.2c 

and d, the increase in hingeline suction was localized to immediately downstream of the 

active jets. Only one region was observed due to few pressure ports being located in the 

region of the inboard active jet. It is interesting to compare the contours for the two 

closer spacings to the two larger spacings. Figure A.2a and b show what seems to be a 

constructive interaction in the region between the two active jets where the pressure 

coefficient was lower (darker blue) than at the same spanwise distances outboard of the 

active jets’ centerlines. This region did not extend much past the inboard edge of the 

inboard jet and the outboard edge of the outboard jet. It seems that the presence of a 

neighboring jet enhanced the suction between the two. When the jets were more isolated, 

as in Figure A.2c and d, the jets’ effects were small and symmetric directly behind the 

orifice. The other jet was too far away to constructively interfere. 

The pressure contour results were quantified with the pressure distribution plot in 

Figure A.3 measured from the center pressure port row. The trends observed in Figure 

A.1c and Figure A.2 are supported since the case when the two active jets were 4 jet 

widths apart (jets 3 and 7) clearly produced the most beneficial pressure distribution with 

a large hingeline suction peak, good pressure recovery, and a smaller constant pressure 

region over the control surface. The hingeline peak for this case was 𝐶𝑃 = −1.65 in 

comparison to 𝐶𝑃 = −1.08 for the baseline. The next highest hingeline suction peak was 

obtained with the closest spacing for the two active jets data set, where jets 4 and 6 were 

active with 2 jet widths between them. This case resulted in a smaller suction peak and 

higher pressure over the control surface than when jets 3 and 7 were active, and a slight 

decrease in pressure as the trailing edge is approached. Spacings of 6 and 8 jet widths 

seem to have reduced the suction peak to below the baseline value and had higher 

pressure over the whole control surface, which led to less lift. 
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a) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟎° b) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟓° 

 
 

a) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟎° d) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟓° 

Figure A.1: Cℓ vs. Spacing, 2 active jets, Λ = 0°, Up = 65 m/s, U∞ = 20 m/s. 
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a) 2 jet widths (jets 4 and 6) b) 4 jet widths (jets 3 and 7) 

  

c) 6 jet widths (jets 2 and 8) d) 8 jet widths (jets 1 and 9) 

Figure A.2: Cp Contours, 2 active jets (Λ = 0°, δ = 30°, and α = 0°). 
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Figure A.3: Cp vs. x/c, 2 active jets, row 5 only, when Λ = 0°, δ = 30°, and α = 0°. 

A.2 Swept Model Configuration 

Figure A.4 shows results for when two jets were active and the spacing between 

them was varied in the presence of spanwise flow in the swept model configuration. 

Figure A.4a (𝛬 = 20°, 𝛿 = 20°, and 𝛼 = 0°) plots the spacing variation for the flow 

condition with the least separation severity. While the variation between the three 

measured cases was small, the results did show the smallest jet spacing case with jets 4 

and 6 active (2 jet widths, yellow diamond) produced the least amount of lift. Figure 

A.4b and c (𝛬 = 20°, 𝛿 = 20°, and 𝛼 = 5° and 𝛬 = 20°, 𝛿 = 30°, and 𝛼 = 0°) show 

increased lift with increased spacing. For these two flow conditions, the largest spacing 

case where jets 2 and 8 were active (6 jet widths, orange right pointing triangle) was 

𝛥𝐶ℓ = 0.05 and 𝛥𝐶ℓ = 0.076 above the smallest spacing case respectively. 

This trend in increasing lift coefficient as spacing increases was investigated with 

pressure contours in Figure A.5 for the flow condition when 𝛬 = 20°, 𝛿 = 30°, and 

𝛼 = 0°. The smallest spacing (jets 4 and 6) resulted in a small region of lower pressure 

between the two jets, as can be observed from Figure A.5a. There was an outboard 

sweep to the lower pressure region, especially further downstream. As the spacing 

increased to 4 jet widths in Figure A.5b, the size of the low pressure region increased in 
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both spanwise extent and chordwise extent. Interestingly, the effect was stronger closer 

to jet 7 than to jet 3. This was also seen in Figure A.5c for the largest tested spacing case 

in this data set with 6 jet widths between active jets. Here, the suction peak was highest 

and extended over the greatest extent of the span. It was this combination which led to 

this case having the greatest calculated lift in these flow conditions. The reason for the 

skewed pressure decrease was likely related to the spanwise flow present in the swept 

configuration. Perhaps the combination of the inboard jet’s trajectory with the spanwise 

flow annihilated the jet structures of the outboard jet when there were only two jets 

present. 

Figure A.6 is the pressure distribution from the center pressure port row for the 

cases when the spacing was varied between two active jets. The trends here support 

those seen in the lift coefficient plot of Figure A.4c, where increased spacing led to 

increased lift under these flow conditions. Over most of the model chord, the largest 

spacing of 6 jet widths (jets 2 and 8) produced the lowest pressures over the upper 

surface. This was followed by 4 jet widths (jets 3 and 7) and then 2 jet widths (jets 4 and 

6). While the hingeline suction peak for the 4 jet width case is tallest, followed by 2 jet 

widths and then 6 jet widths, the data over the whole control surface follow the same 

trend as upstream of the hingeline. Here the 6 jet width case had the greatest area 

between the upper and lower pressure distributions for the greatest lift. It also shows 

pressure recovery at the trailing edge. The 4 jet widths case shows higher pressure than 

the 6 jet width case over the downstream half of the control surface. The smallest jet 

spacing with 2 jet widths had a pressure plateau which begins near 𝑥 𝑐⁄ = 0.5, indicating 

separation over the rest of the control surface. 
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a) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟎° b) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟓° 

  

c) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟎° d) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟓° 

Figure A.4: Cℓ vs. Number of Active Jets, 2 active jets, Λ = 20°, Up = 65 m/s, U∞ = 20 m/s. 
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a) 2 jet widths (jets 4 and 6) b) 4 jet widths (jets 3 and 7) 

 

c) 6 jet widths (jets 2 and 8) 

Figure A.5: Cp Contours, 2 jets active, Λ = 20°, δ = 30°, and α = 0°. 
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Figure A.6: Cp vs. x/c, 2 active jets, row 5 only, when Λ = 20°, δ = 30°, and α = 0°. 

B Effect of Blowing Ratio and Effect of Momentum Coefficient 

B.1 Effect of Blowing Ratio, Cb 

The effect of blowing ratio, 𝐶𝑏, was investigated by keeping the jet velocity 

constant and reducing the free stream velocity such that the blowing ratio was increased 

from 1 to 1.5. Note that the momentum coefficient could not be held constant as the 

blowing ratio was varied, so that momentum coefficient was also increased during this 

study. Figure A.7 shows the effect of the blowing ratio on lift coefficient at various 

spacing and number of active jets for the four flow conditions on the unswept model 

configuration. Figure A.9 is the same but for the swept model configuration. In order to 

compare to the lower blowing ratio data, ∆𝐶ℓ versus number of active jets with common 

spacing cases between the two data sets were plotted together in Figure A.8 and Figure 

A.10. The 𝐶𝑏 = 1 cases were plotted with filled symbols and the 𝐶𝑏 = 1.5 cases were 

plotted with open symbols. Calculating the change in 𝐶ℓ allowed comparisons to be 

made between the conditions where the baseline freestream velocity (or Reynolds 

number) was not matched. 

Figure A.7a shows an increase in 𝐶ℓ with increased number of active jets when 

𝛬 = 0°, 𝛿 = 20°, and 𝛼 = 0° at the larger blowing ratio. Under these conditions, there 
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were no cases where smaller jet spacings produced less lift than a larger spacing. In 

comparison to the lower blowing ratio for the same flow condition in Figure 77a, Figure 

A.8a shows how increasing the blowing ratio increased the lift enhancement for the all 

jets, odd jets, and even jets active cases by 0.04, 0.03, and 0.03, respectively. The other 

jet cases had a negligible effect on lift coefficient with the increase blowing ratio. Figure 

A.7b (𝛬 = 0°, 𝛿 = 20°, and 𝛼 = 5°) shows some cases where increased spacing cases 

produced more or similar lift to a smaller spacing. For example, every third jet shifted 

(jets 3, 6, and 9, yellow left pointing triangle) case yielded a higher lift coefficient than 

the case of even jets with 2 jet widths between active jets (red upward pointing triangle). 

Additionally, actuating 2 jets with 4 jet widths between active jets (jets 3 and 7, red 

diamond) resulted in approximately the same performance as measured in the baseline 

case. The single jet cases actually produced a larger measurable increase in lift than the 

every fourth spacing case. In comparison to the lower blowing ratio in Figure 77b when 

𝐶𝑏 = 1 and all jets are active, the lift coefficient was 𝐶ℓ = 1.49, while when 𝐶𝑏 = 1.5 

the lift coefficient was 𝐶ℓ = 1.51. Most of the other spacing cases had a small increase 

of about 𝛥𝐶ℓ ≈ 0.02 − 0.04 in comparison to the lower blowing ratio, as observed in 

Figure A.8b.  Figure A.7c shows similar lift coefficient values for most spacing cases 

when 𝛬 = 0°, 𝛿 = 30°, and 𝛼 = 0°. As in the lower blowing ratio plot, some larger 

spacing cases may have resulted in similar lift enhancement as the smaller spacings. For 

example, actuating every third jet may have resulted in equivalent lift as the every other 

jet case, both even and odd. When the angle of attack was increased in Figure A.7d and 

Figure A.8d so that 𝛬 = 0°, 𝛿 = 30°, and 𝛼 = 5°, only slight variations in lift coefficient 

were observed between the two blowing ratios. The higher blowing ratio resulted in a 

0.07 increase in lift coefficient in comparison to the lower blowing ratio when all jets 

were active. Not all jet cases resulted in an increase in lift coefficient with an increase in 

blowing ratio; in the every third jet case (jets 2, 5 and 8), there was a decrease in lift 

coefficient of 0.09 when the blowing ratio was increased. These data at the higher 

blowing ratio were not discussed further because there were no clear cases where larger 

spacing resulted in a large increase in lift in comparison to a smaller spacing , and 

because the other trends discussed in this section were similar to the lower blowing ratio 

case. 



 

     282 

  

a) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟎° b) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟓° 

  

c) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟎° d) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟓° 

Figure A.7: Cℓ vs. number of active jets; Λ = 0°, Cb = 1.5, Re = 500,000. 
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a) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟎° b) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟓° 

  

c) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟎° d) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟓° 

Figure A.8: ΔCℓ vs. number of active jets; Λ = 0°, Cb = 1.5, Re = 500,000. 

Next, the effect of the blowing ratio when spanwise flow was added via leading 

edge sweep, was explored and is presented in Figure A.9 and Figure A.10 in comparison 

to the lower blowing ratio. This was similar to what was seen for the unswept model 

configuration. Likewise, these results are not discussed further. 



 

     284 

  

a) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟎° b) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟓° 

  

c) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟎° d) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟓° 

Figure A.9: Cℓ vs. number of active jets; Λ = 20°, Cb = 1.5, Re = 500,000. 
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a) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟎° b) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟓° 

  

c) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟎° d) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟓° 

Figure A.10: ΔCℓ vs. number of active jets; Λ = 20°, Cb = 1.5, Re = 500,000. 

B.2 Effect of Momentum Coefficient, Cμ 

The effect on the lift enhancement due to jet strength was also tested by varying 

the momentum coefficient of the jets. The two-dimensional momentum coefficient, 𝑐𝜇,𝑐, 

was halved by reducing the peak jet velocity to 46 m/s and keeping the freestream 

velocity at 20 m/s. This reduced the momentum from 𝑐𝜇,𝑐 = 0.4% to 𝑐𝜇,𝑐 = 0.2%. Note 

that the blowing ratio was also reduced during this study. Figure A.11 shows the lift 

coefficient trends for the unswept model configuration and Figure A.13 shows the trends 

for the swept configuration. Figure A.12 and Figure A.14 show the ∆𝐶ℓ results for the 
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same cases. Overall, the lower momentum cases typically resulted in less lift 

enhancement than the higher momentum cases presented in Figure 77. This led to less 

variation between the spacing cases. Larger spacings (i.e., every third jet) produced a 

greater percentage of the maximum measured lift from the smaller spacing cases (i.e., all 

jets active). It also highlights how increased momentum resulted in a more beneficial 

effect on performance with clearer trends. The addition of spanwise flow in Figure A.13 

removed most of the effect on lift with spacing. The jets seem unable to overcome the 

highly three-dimensional separation flow under these conditions. In most cases, there 

was still a modest increase in lift coefficient with actuation, though the variation with 

spacing was almost non-existent. Clearly, the momentum coefficient must be larger in 

order to take advantage of any spacing effects and to have the most increase in lift. 
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a) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟎° b) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟓° 

  

c) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟎° d) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟓° 

Figure A.11: Cℓ vs. number of active jets; Λ = 0°, Cμ = 0.2%. 
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a) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟎° b) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟓° 

  

c) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟎° d) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟓° 

Figure A.12: ΔCℓ vs. number of active jets; Λ = 0°, Cμ = 0.2%. 
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a) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟎° b) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟓° 

  

c) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟎° d) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟓° 

Figure A.13: ΔCℓ vs. number of active jets; Λ = 20°, Cμ = 0.2%. 
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a) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟎° b) 𝜹 = 𝟐𝟎°, 𝜶 = 𝟓° 

  

c) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟎° d) 𝜹 = 𝟑𝟎°, 𝜶 = 𝟓° 

Figure A.14: ΔCℓ vs. number of active jets; Λ = 20°, Cμ = 0.2%. 

C Iso-Surfaces of Time-Averaged Components of Normalized 

Vorticity for Swept Spacing Cases 

Iso-surfaces of each vorticity component reveal how the synthetic jet flow 

control added momentum and vorticity to the flow in order to effect a global change. 

Figure A.15, Figure A.16, and Figure A.17 show a positive and a negative iso-surface 

for normalized 𝑥∗, 𝑦∗, and 𝑧∗ components of vorticity for the three jet spanwise jet 

spacings that were the focus of this study. 
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a) All jets active b) Odd jets active 

 

c) Single jet active 

Figure A.15: Iso-surfaces of time-averaged (PA) minus time-averaged (TA) normalized x
*
-vorticity 

of -10 (blue) and +10 (red). Spacing comparison; Λ = 20°, δ = 20°, and α = 0°. 

The iso-surfaces of normalized local chordwise vorticity, 𝛺𝑥
∗𝑐 𝑈∞⁄ , in Figure 

A.15 show how the vorticity created by the synthetic jet actuation resulted in varying 

levels of mixing and momentum addition based on spanwise spacing. Figure A.15a (also 

discussed as Figure 107b), shows the all jets case. A pair of opposite signed-vorticity 

concentrations existed over the chord. The positive, inboard iso-surface was small and 

did not extend far along the control surface chord. The negative, outboard iso-surface 

extended at least twice as far as the positive iso-surface in the local chordwise direction. 

As discussed with Figure 107, the earlier annihilation of the inboard structure was due to 

the spanwise flow component of the overall flow field. The positive local chordwise 

vorticity iso-surface became even smaller with increased spanwise jet spacing in Figure 

A.15b due to the larger effect of the oppositely signed swept cross flow. The negative 
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iso-surface was harder to distinguish from the surrounding flow because it had the same 

sign of vorticity. The iso-surfaces for the single jet case show no real distinct local 

chordwise vorticity iso-surfaces. The strength of the jets’ effects in this direction 

decreased with the increase in spanwise flow strength. 

  

a) All jets active b) Odd jets active 

 

c) Single jet active 

Figure A.16: Iso-surfaces of time-averaged (PA) minus time-averaged (TA) normalized y
*
-vorticity 

of -10 (blue) and +10 (red). Spacing comparison; Λ = 20°, δ = 20°, and α = 0°. 

In contrast to the unswept results in Figure 107, the normalized surface-normal 

vorticity, 𝛺𝑦
∗𝑐 𝑈∞⁄ , iso-surfaces in Figure A.16 had less-distinct structures. However, 

features can be pointed out and differences between the spacing cases found despite the 

lack of distinctness from much of the surrounding flow. A pair of opposite-signed 

surface-normal vorticity concentrations can be observed in both the all jets and odd jets 

flow fields of Figure A.16a and Figure A.16b. A negative vorticity iso-surface was 

present on the inboard side and a positive iso-surface on the outboard side. These iso-
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surfaces seem very similar between the two spacing cases. The surface-normal vorticity 

in Figure A.8c for the single active jet flow field did not show any distinct structures.  

  

a) All jets active b) Odd jets active 

 

c) Single jet active 

Figure A.17: Iso-surfaces of time-averaged (PA) minus time-averaged (TA) normalized z
*
-vorticity 

of -10 (blue) and +10 (red). Spacing comparison; Λ = 20°, δ = 20°, and α = 0°. 

The normalized spanwise vorticity, 𝛺𝑧
∗𝑐 𝑈∞⁄ , iso-surfaces for the three spacing 

cases are presented in Figure A.17. The all jets negative iso-surface in Figure A.17 

shows the trench formed by the center jet’s trajectory. The trench shows a double-trench 

characteristic where the spanwise vorticity was pushed closer to the surface under the 

dips. The results with every other jet actuated in Figure A.17b show similar effects, 

though the iso-surface had a greater height off surface. The spanwise vorticity for the 

single jet flow field in Figure A.17c shows increased iso-surface height compared to 

both other spacing cases. The trench associated with the jet trajectory was shorter and 

left the measurement domain sooner, meaning the jet did not affect as much of the chord 
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as it did when other jets were also on. Lastly, a positive spanwise vorticity region was 

generated close to the surface. 

 


