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ABSTRACT 

The interaction of synthetic jet actuators with the flow field of a finite circular 

cylinder was experimentally investigated utilizing surface pressure measurements and 

stereoscopic particle image velocimetry. The effect of both a single actuator and an array 

of four actuators was studied for various azimuthal locations and actuation strengths. For 

a number of cases the applied forcing was able to increase the suction peak, delay 

separation, and narrow and vector the near wake (at two diameters downstream of the 

model). These effects were shown at two transitional Reynolds numbers (~213,000 and 

~284,000) that are representative of the Reynolds numbers in flight conditions when the 

cylinder will be mounted on a T-33 aircraft in the future. 
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1. Introduction 

A topic of interest in the field of aerodynamics has been various forms of active 

flow control with goals such as drag reduction, lift augmentation, noise suppression, 

vibration control, and many more. Although there has been a large number of these 

studies in the laboratory environment, very few of these methods have been tested under 

flight conditions. In order to gain widespread acceptance in the aerospace industry, these 

technologies must be tested in flight. Previous work by DeMauro et al. (2012) has shown 

the ability of a single synthetic jet actuator to enact large changes on the flow field past a 

finite cylinder. In particular, small energy inputs to the actuator were able to create very 

large differences in the surface pressures and wake of the cylinder. The objective of the 

work presented here was to design a similar experiment that could be done both in the 

laboratory and in flight conditions. Before presenting the current work, it is important to 

become familiar with the flow field of a finite cylinder. 

1.1 Flow Field of a Finite Circular Cylinder 

Unlike the flow field associated with a two-dimensional cylinder, a finite cylinder 

flow field contains a spanwise velocity component. This component is due to a 

downwash that issues from the free end of the cylinder. The extent of the interaction of 

this downwash with the wake of the cylinder is proportional to the height to diameter 

ratio, or aspect ratio, AR (Norberg 1993). Figure 1.1 shows how the suction peak 

decreases and the base pressure increases as the aspect ratio decreases (Kawamura et al. 

1984). These features result in a lower drag seen by the finite cylinder than the two-

dimensional cylinder, and decreased velocity amplification. 

In addition to the surface pressure distribution, an additional difference between a 

two-dimensional cylinder and a finite span cylinder is the structure of the near wake.  

Below a critical aspect ratio, ARcrit, the wake transitions from the asymmetrical Von-

Karman vortex street to a symmetrically shedding arch-type vortex (Sumner et al. 2004). 

The downwash also interacts with the near wake, making it wider and dividing it into 

two distinct zones of recirculation (Afgan et al. 2007). Not surprisingly, these features 

play an important role when aerodynamic flow control is applied to the cylinder 

(DeMauro 2012). 
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Figure 1.1: Circumferential pressure distributions for various aspect ratios (Kawamura et al. 1984) 

1.2 Aerodynamic Flow Control 

Aerodynamic flow control is a very broad field encompassing many different 

techniques for accomplishing a host of different outcomes. These methods can be as 

simple as actively changing surface roughness, or as complicated as creating a micro-

electromechanical system, with goals such as separation control, noise suppression, or 

mixing enhancement (Gad-el-Hak 2000). This study in particular focuses on the 

synthetic jet and its ability to delay separation and alter the wake of the cylinder. 

A synthetic jet is a zero-net mass flux device that is able to impart momentum into 

the flow through the action of a vibrating piezo-electric diaphragm. These devices are 

attractive on a system level due to the relatively low actuation energy required, the lack 

of internal plumbing, and their high bandwith (Cattafesta & Sheplak 2011). When the 

device is in operation, fluid is moved through a small orifice in alternating blowing and 

suction cycles. Each blowing cycle forms a vortex ring that is convected away from the 

orifice due to its own self-induced velocity. In order to form a time averaged jet, this 

ring must travel sufficiently far from the orifice such that the next suction cycle has little 

effect on it (Glezer & Amitay 2002). A diagram of one such device can be seen in Figure 

1.2. 
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Figure 1.2: Diagram of a synthetic jet actuator (Glezer and Amitay 2002) 

Previous work has demonstrated the effectiveness of using synthetic jets to 

achieve flow modification about a quasi-two-dimensional cylinder. With only small 

momentum input, Amitay et al. (1997) were able to alter the azimuthal surface pressure 

distribution of the cylinder, notably increasing the suction peak when the synthetic jet 

itself was issuing from a quasi-two-dimensional orifice. They also showed that the extent 

of the effect is highly dependent on the azimuthal location of the synthetic jet orifice.  

In addition to azimuthal location, many other studies have shown that the 

effectiveness of a synthetic jet may be a function of a number of different variables.  

Tensi et al. (2002) studied the effect of actuation frequency on the point of boundary 

layer separation and drag coefficient on a two-dimensional cylinder. They found that at 

low frequencies, this can have a large effect on the actuator performance; however 

Amitay & Glezer (2006) showed that the effect of the actuator becomes independent of 

actuation frequency, once it is an order of magnitude above the natural frequency of the 

body. Studies by Amitay & Cannelle (2006) and Van Buren et al. (2012) have shown 

that the structure of the synthetic jet is sensitive to the aspect ratio of the jet orifice, 

where a finite length orifice can result in the formation of secondary structures (edge 

vorticies) that result in alternating regions of vorticity within the jet itself and are 

beneficial for increasing mixing (Elimelech et al. 2011). Finally, the jet’s momentum 

output and its blowing ratio also have a large impact on the ability of the actuator to 

affect the flow field (Honohan et al. 2000: JinJun et al. 2007). 
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1.3 Motivation 

The aerospace industry has become increasingly interested in the use of 

aerodynamic flow control, specifically synthetic jets, for various purposes. A few 

examples of this are the performance enhancement of a vertical stabilizer (Rathay et al. 

2012), the download alleviation on the XV-15 (Kjllegren 2012), and the control of the 

flow over a turret (Vukasinovic & Glezer 2007). Each of these three studies has 

demonstrated the effectiveness of active flow control methods on improving 

aerodynamic performance in a laboratory environment; however few investigations have 

addressed the concern of synthetic jet performance in realistic flight conditions. Nagib et 

al. (2004) performed a flight test of synthetic jets, also actuated on an XV-15, where the 

objectives were to provide a scaling parameter for the synthetic jets and to show that it is 

possible to achieve flow modification at the full scale. It is the goal of the study 

presented here to demonstrate that synthetic jet actuators can have a similar effect on a 

circular cylinder in the laboratory and flight environment. A single model will be tested 

in the wind tunnel and flown onboard a T-33 aircraft in order to accomplish this goal. 

Eventually the model, a circular cylinder instrumented with synthetic jet actuators, will 

be tested across a variety of flight conditions, however the current study focuses on the 

wind tunnel experiments, with the flight testing to be conducted at a later date. 
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2. Experimental Setup and Procedure 

The experiments were conducted at the Center for Flow Physics and Control at 

Rensselaer Polytechnic Institute in Troy, New York, using an open return wind tunnel 

with a 80 cm x 80 cm test section that is 5 m long. The maximum speed of the tunnel is 

50 m/s and it has a turbulence level of less than 0.2%. 

2.1 Flight Test Article 

A finite span circular cylinder with a diameter, D¸ of 127 mm was constructed for 

this experiment. The cylinder had an aspect ratio of 5.33 which created a blockage of 

12.5% when installed in the wind tunnel test section. In order to isolate the model from 

the wind tunnel boundary layer it was mounted on a fence with a diameter of 254 mm 

and raised 102 mm. In addition, an endplate with a diameter of 254 mm was mounted to 

the top of the cylinder. The cylinder itself was constructed of four separate pieces, 

allowing for the actuators to be changed as seen in Figure 2.1. This entire assembly was 

mounted to a motor in order to freely change the azimuthal location of the synthetic jet 

orifices with respect to the free stream flow. Figure 2.1 also shows the coordinate system 

used, where x, y, and z are the streamwise, cross-stream, and spanwise directions, 

respectively. The azimuthal location, θ, is defined such that 0° is at the stagnation point 

of the model. 
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Figure 2.1: CAD drawing of the cylinder model depicting the axes used in this study (a) and an 

exploded view showing how the model was constructed (b). 

The surface of the cylinder was instrumented with 54 pressure taps in three separate 

rows. Two of the rows were azimuthal rows locate a z/D locations of 1.2 and 1.6 and 

spaced across the circumference of the cylinder. The third row was a span-wise row 

located 25° behind the synthetic jet orifices. Table 2.1 shows the locations of all 54 

pressure ports. 

Table 2.1: List of pressure ports and their locations 

Row Port 
Location (° behind 

synthetic jet orifice) 
z/D 

stations 
global 

number 

1 1 15 1.2 1 

1 2 25 1.2 2 

1 3 40 1.2 3 

1 4 50 1.2 4 

1 5 60 1.2 5 

1 6 70 1.2 6 

1 7 80 1.2 7 

1 8 90 1.2 8 

1 9 100 1.2 9 
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1 10 110 1.2 10 

1 11 120 1.2 11 

1 12 150 1.2 12 

1 13 180 1.2 13 

1 14 210 1.2 14 

1 15 240 1.2 15 

1 16 250 1.2 16 

1 17 260 1.2 17 

1 18 270 1.2 18 

1 19 280 1.2 19 

1 20 290 1.2 20 

1 21 300 1.2 21 

1 22 315 1.2 22 

1 23 330 1.2 23 

1 24 350 1.2 24 

2 1 15 1.6 25 

2 2 25 1.6 26 

2 3 40 1.6 27 

2 4 50 1.6 28 

2 5 60 1.6 29 

2 6 70 1.6 30 

2 7 80 1.6 31 

2 8 90 1.6 32 

2 9 100 1.6 33 

2 10 110 1.6 34 

2 11 120 1.6 35 

2 12 150 1.6 36 

2 13 180 1.6 37 

2 14 210 1.6 38 

2 15 240 1.6 39 

2 16 250 1.6 40 
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2 17 260 1.6 41 

2 18 270 1.6 42 

2 19 280 1.6 43 

2 20 290 1.6 44 

2 21 300 1.6 45 

2 22 315 1.6 46 

2 23 330 1.6 47 

2 24 350 1.6 48 

2 25 0 1.6 49 

3 1 25 0.4 50 

3 2 25 0.8 51 

3 3 25 2 52 

3 4 25 2.4 53 

3 5 25 2.8 54 

     

 

2.2 Synthetic Jet Actuators 

The synthetic jets used in this study were dual disk actuators, meaning that two 

piezo-electric disks were used per jet orifice. There were a total of four orifices that were 

12 X 1 mm and ejected 60° to the radial dimension of the cylinder (Figure 2.2). The 

orifices were spaced 102 mm apart, leaving 52 mm between the edge of the cylinder 

fences and the outer most orifices. 

Over the course of this study two different synthetic jet actuators were used. The 

first iteration was used to collect a full range of pressure data, however it was discovered 

that a stronger actuator was necessary to obtain the desired results for the flight tests. 

The two designs differed only in the shape of the cavity. Both cavities were constructed 

out of three separate pieces of stainless steel, two outer plates and an inner cavity plate. 

The outer plates had a hole cutout where the piezo-electric rested, while the inner plate 

had a cutout leading to the jet orifice. Figure 2.2 shows a schematic of how the actuator 

was constructed as well as the difference between the first and second cavities. As seen, 

the second cavity allows a smoother transition into the orifice in an attempt to reduce 
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flow separation inside the cavity. The original cavity allowed a peak velocity of 94 m/s, 

while the redesign allowed for a peak velocity of 130 m/s. This corresponds to an 

increase in maximum blowing ratio, Cb, of 0.7 to 1.0 at a free stream speed of 40 m/s. 

Where blowing ratio is defined as: 

 

where Ujet(t) is the velocity of the synthetic jet where the peak velocity for the blowing 

and suction portions of the cycle were matched, T is the synthetic jet time period, and U∞ 

is the free stream velocity. 

 

Figure 2.2: CAD drawings of the synthetic jet actuators, including the first (a) and second (b) 

iterations of the cavity plates, and exploded view (c), and a section view (d) showing the angle the jet 

is ejected into the flow. 

2.3 Measurement Techniques 

Throughout this study four distinct measurement techniques were used. In order to 

measure the strength of the synthetic jets a hot wire anemometry system was used. A set 

of static pressure scanners were used to measure the static surface pressures for all 54 of 

the pressure taps on the model, while two unsteady pressure sensors were used at the 

locations described in Section 2.1. Finally a stereoscopic particle image velocimetry 

(SPIV) system was used in order to measure the three component velocity field at a 

plane two diameters downstream of the cylinder. 
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2.3.1 Hot Wire Anemometry 

An A.A. Labs Systems AN-1005 anemometry system was used in order to 

measure the speed of the flow near the synthetic jet orifices in a quiescent environment. 

The system had a frequency response of 500 kHz, which was well above the 750 Hz 

maximum actuation frequency of the synthetic jets. In order to produce consistent 

measurements, the hot wire probe was placed inside the orifice where the peak velocities 

of the blowing and suction cycles of the actuator were within 10% of each other. This 

system was used to calibrate the actuators across a range of excitation frequencies and 

voltages.  

2.3.2 Static Pressure Scanners 

Four Scanivalve DSA 3217 Netscanner systems were used to acquire the surface 

static pressure distributions. Each of the four scanners has a range of ±1.25 kPa with an 

error of ±0.05% of the full scale. Every pressure value was taken using 15,000 samples 

at a frequency of 500 Hz. The raw values were converted to a non-dimensional pressure 

coefficient, Cp, using the following formula: 

 

All data sets were taken using the 54 pressure taps, however port 13 was clogged 

and therefore removed from the data set. Data was taken with the synthetic jet orifices 

located from θ=90° to θ=120° for every 5°. At each angle various actuator strengths and 

free stream velocities were tested. 

2.3.3 Stereoscopic Particle Image Velocimetry 

A commercially available hardware and software system produced by LaVision 

was used to take the SPIV data. The hardware consisted of a double-pulsed 120 mJ 

Nd:YAG laser, two 1376 X 1040 pixel resolution thermo-electrically cooled 12-bit 

Imager Intenser CCD cameras, a programmable timing unit, and a custom built desktop 

computer. A cylindrical lens with a -50 mm focal length was used to widen the laser 

beam into a sheet, which was approximately 2 mm wide. The cameras were positioned 

such that they were able to capture the same field of view, while having a ~90° 
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difference in viewing angle (Figure 2.3). The focal issues associated with this angular 

misalignment were accounted for by using a Scheimpflug adapter mounted between each 

camera and its lens (Prasad and Jensen 1995). A pair of 200 mm focal length lenses was 

used in conjunction with a 532 nm ± 10 nm band-pass filter on each of the cameras. 

 

Figure 2.3: Cartoon diagram (not to scale) of the positioning of the cameras and laser for the SPIV 

measurement of the near wake. 

The flow was seeded with O(1 μm) smoke particles, generated by a theatrical fog 

machine. These smoke particles were injected into the tunnel upstream of the test-section 

into the blower inlet to allow it to fully mix and become uniformly distributed 

throughout the cross-section of the tunnel. The cameras and laser optical head were each 

attached to a three axis Velmex Bi-Slide stepper motor controlled traversing system with 

a positional accuracy of ± 4 μm. These traverses allowed the cameras and laser head to 

be uniformly translated after the system was calibrated. 

A single measurement plane (Figure 2.3) was taken at the cylinder’s near wake 

(x/D=2). In order to increase the spatial resolution of the measured flow field, this plane 

was divided into nine separate interrogation windows, which were then combined 

together using an interpolation routine. 
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The velocity components (U, V, and W) were computed using the stereoscopic 

cross-correlation of pairs of successive images with 75% overlap between the 

interrogation domains. The images were processed using the Da Vis 8.0 software, which 

utilized an advanced multi-pass method where the initial and final correlation passes 

were 64 X 64 pixels and 32 X 32 pixels, respectively. The La Vision manual (2007) 

contains a more detailed explanation of the SPIV technique and vector calculation. Since 

the images are dewarped into the global frame prior to the vector calculation, the 

variations in the magnification (due to the perspective) are eliminated. The cameras had 

magnifications of 114.9 μm/pixel. The time delay between successive laser pulses, Δt, 

was 23 μs for the lower free stream speed and 18 μs for the higher free stream speed. 

In order to completely quantify the error associated with the SPIV technique, a 

rigorous analysis of all the associated parameters is needed (Westerweel 2000). For the 

current work this in-depth analysis was not undertaken. Instead, a simple estimation of 

±0.1 pixel accuracy, for the two-dimensional PIV systems that when combined together 

produce a two-dimensional plane of all three components of velocity. With the time 

delay and assumed ±0.1 pixel accuracy, this corresponds to an uncertainty of 0.50 m/s 

and 0.64 m/s for the two free stream speeds. 
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3. Results 

This chapter is divided into two separate sections. The first section is devoted to 

effect that the actuation of the synthetic jets has on the surface pressure measurements. 

This includes both spanwise and azimuthal measurements for various blowing ratios, Cb, 

and azimuthal locations of the actuators. For this set of data the effect of one synthetic 

jet was examined as well as the effect of all four jets. The second section utilizes SPIV 

measurements to examine the effect of the synthetic jets on the near wake of the 

cylinder. These measurements were conducted with all four jets actuated at a single 

azimuthal location, but at several different actuation strengths. In addition, all data was 

taken at two different Reynolds numbers with corresponding free stream speeds of 30 

and 40 m/s. 

3.1 The Effect of Synthetic Jet Actuators on the Surface Pressure  

This section discusses the effect of the synthetic jets on the pressure distribution 

under various different conditions. These conditions include different actuation 

strengths, actuator locations, and free stream speeds. This section is divided into two 

major subsections: the case where only one jet is being fired, and the case where all jets 

are actuated. For both of these cases the differences in the azimuthal and spanwise 

pressure distributions are discussed. 

3.1.1 The Effect of a Single Synthetic Jet Actuator 

This portion of the study examines the effect of actuating the synthetic jet located 

at the same spanwise location as the first azimuthal pressure row. This jet was chosen in 

order to examine the difference in the pressure distribution both behind the jet and 

towards the free end of the cylinder. The azimuthal location of the jet was varied, as 

previous work (Amitay et al. 1997) has shown that its location has an impact on the 

effectiveness of the jet. Figure 3.1 shows the azimuthal pressure distributions for both 

rows of pressure taps for various actuation strengths and jet locations. On this figure and 

all subsequent figures showing pressure distributions, the different symbols signify data 

points at different actuation strengths, and the black dashed line signifies the location of 
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a synthetic jet, except for the mid-span azimuthal pressure distributions where the black 

dashed line signifies where a jet would be if there was one at that spanwise location. 

One important thing to note about these experiments is that the Reynolds 

number, ReD, is ~213,000 for the lower free stream speed and ~284,000 for the higher 

free stream speed. The Reynolds number is defined as: 

 

where μ is the dynamic viscosity of air. According to literature (Roshko 1961) both of 

these values fall in the transitional range for a circular cylinder. This signifies that the 

flow is sensitive to small perturbations and that small imperfections on the surface of the 

cylinder may artificially trip the flow to a turbulent state. When the jets are located at 

θ=95° this is evident as the baseline pressure distribution is asymmetric, indicating that 

the flow was tripped on the side where the jets were located. Although it is evident that 

there are differences in the actuated and baseline cases (especially at the mid-span 

location) it is difficult to compare this single case to the rest of the jet locations due to 

this difference in the baseline flow field; however the baseline distributions are 

symmetric for the other three locations. 

There are two major differences between the baseline and forced cases that show the 

effect of the jet. The first difference is that the suction peak is increased, which can be 

seen when the jet is located at θ=100°, and θ=105° to a lesser degree. This increase in 

the suction peak occurs on one side of the cylinder for both of these cases, and this 

asymmetric distribution should produce the presence of a side force on the cylinder (i.e. 

lift). For the case where θ=110° there is little, if any, difference in the suction peak likely 

due to the fact that the jets are far downstream of the point of separation. It is also 

evident that the suction peak is increased at the mid-span location for the highest 

blowing ratio in the θ=100° case, showing that the effect of the jet extends up the span of 

the cylinder.  The second difference between the distributions is the point of separation. 

As seen in the θ=100°, and θ=105° cases, the point of separation is delayed when the jets 

are actuated. For the highest blowing ratio in the θ=100° case, the point of separation is 

delayed at the mid-span location, again indicating that the effect of the jet is not 

localized. 
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Figure 3.1: Cylinder azimuthal pressure distributions behind actuated jet and at the cylinder mid-

span. The free stream speed was 30 m/s, corresponding to a ReD of 213,000. The jet was located at 

(a) 95°, (b) 100°, (c) 105°, and (d) 110°. 

When the free stream was increased to 40 m/s (ReD=284,000) the synthetic jet 

actuators were only able to achieve a blowing ratio of 0.7. As such, the effect of the jets 

is less than that of the lower free stream velocity cases (Figure 3.2). Again, the θ=95° 

case showed an asymmetric baseline so it will not be compared to the rest of the cases. 
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In the cases where the jet was located at θ=100° and θ=105°, the suction peak was 

noticeably increased only at the higher blowing ratio, and only locally behind the jet. 

The separation was likely delayed for both of these cases however the lack of pressure 

taps in the region near the jet makes it difficult to determine if this was actually the case. 

In addition, the effect of the jet is most prominent for the θ=100°, slightly less for the 

θ=105° and nearly non-existent for the θ=110° as in the lower Reynolds number case. 
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Figure 3.2: Cylinder azimuthal pressure distributions behind actuated jet and at the cylinder mid-

span. The free stream speed was 40 m/s, corresponding to a ReD of 284,000. The jet was located at 

(a) 95°, (b) 100°, (c) 105°, and (d) 110°. 

In order to further examine the three-dimensionality of the flow, the spanwise 

surface pressure distribution was plotted for both the lower (Figure 3.3) and higher 

(Figure 3.4) Reynolds numbers. In all cases the location of the spanwise row is 25° 
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behind the synthetic jet orifices, meaning that its location with respect to the stagnation 

point is different depending on the location of the jets. Despite this difference, the 

majority of the row is past the baseline point of separation for all cases except when the 

jets are located at θ=95°. This can be seen in Figure 3.3 where the baseline pressures are 

all approximately -0.6, the base pressure seen in the azimuthal pressure distributions. 

The baseline cases for the higher Reynolds (Figure 3.4) number show a decrease in the 

pressure coefficient at the lowest pressure tap. This is due to the flowing being in a very 

sensitive regime where the point of separation is non-constant for the different Reynolds 

numbers.  

 As Amitay and Glezer (2006) have shown, it is possible for synthetic jets to 

create a zone of quasi-steady recirculation. This zone has the effect of virtual reshaping 

the cylinder, causing the flow to accelerate around the region of recirculation. At the 

lower free stream speed and jet location of θ=100° the effect of the jet can be seen below 

the synthetic jet orifice, rather than behind it, indicating that this virtual aero-shaping is 

occurring. The synthetic jet is also able to reduce the pressure coefficient near the top of 

the cylinder for the highest blowing ratio at this location. This effect is due to the 

downwash issuing over top of the finite cylinder, causing the effect of the jet to be seen 

far from the synthetic jet orifice. Once the jets are located at higher angles (θ=105°, 

θ=110°) the effect of the jets is very minimal and localized, due to the distance between 

the points of separation and actuation. A similar trend is seen for the higher Reynolds 

number, even at θ=100° due to the low blowing ratios. 
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Figure 3.3: Cylinder spanwise pressure distributions 25° behind actuated jet. The free stream speed 

was 30 m/s, corresponding to a ReD of ~213,000. The jet was located at (a) 95°, (b) 100°, (c) 105°, and 

(d) 110°. 
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Figure 3.4: Cylinder spanwise pressure distributions 25° behind actuated jet. The free stream speed 

was 40 m/s, corresponding to a ReD of ~284,000. The jet was located at (a) 95°, (b) 100°, (c) 105°, and 

(d) 110°. 

3.1.2 The Effect of All Four Synthetic Jet Actuators 

The previous section showed the ability of one synthetic jet to impart significant 

changes to the surface pressure around the cylinder. This section will show even larger 
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changes when all four of the jets were activated. The same pressure taps were used in 

this study with the exception of port 13, which was clogged, meaning that the two 

azimuthal pressure rows were behind the second jet from base of the cylinder and 

between the second and third jet orifices. The same jet locations and blowing ratios as in 

the single jet cases were studied. 

As was mentioned previously, the flow at the Reynolds numbers in this studied is 

highly sensitive. For the single jet cases, the difference in the jet location from θ=95° to 

θ=100° changed the baseline azimuthal pressure distribution from asymmetric to 

symmetric. It is important to note that the model was disassembled and then reassembled 

in order to repair a faulty piezo-electric disk between when the single jet and all jets 

actuated cases were taken. Due to the design of the model, there is a seam upstream of 

the jet orifices that is impossible to make completely flush. The protrusion of this seam 

(O(0.5 mm)) is different every time the model is assembled and can be enough to trip the 

flow on one side of the model, as it did for the single jet at θ=95° baseline. After making 

the necessary repair to the piezo-electric, a baseline case was taken with the jets at 

θ=95°. As shown in Figure 3.5, a symmetric distribution was achieved for the set of data 

taken with all jets actuated at the lower free stream speed. Once the free stream was 

increased, the distribution became asymmetric, as the flow was tripped on the side with 

the jet orifices. The effect of the small difference in the surface of the cylinder and the 

modest increase in Reynolds number on the baseline are an indication of how sensitive 

the flow is in this regime. 

As in the single jet case, there were two major differences between the baseline and 

actuated cases with all jets firing. The first difference was an increase in the suction peak 

on the side of cylinder where the jets were located. Since the jets were able to be placed 

at θ=95° without tripping the flow, they were able to be placed close to the point of 

separation and massively increase the suction peak to a value near -3.0 (the inviscid 

solution of a two-dimensional cylinder) for all blowing ratios. A similar result was 

achieved when the jets were located at θ=100° for the highest blowing ratio, with a much 

smaller effect at the lower blowing ratios. Once the jets were farther away from 

separation (θ=105° and θ=110°), they were unable to increase the suction peak much at 

any blowing ratio.  
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The second major effect of the jets was to delay the point of separation. For the case 

where the jets were located at θ=95°, separation was delayed both behind the jet and at 

the mid-span for all blowing ratios. In particular separation was delayed by a much 

larger amount (~70°) at the mid-span than behind the jet, indicating that there is a larger 

induced velocity between the synthetic jets than directly behind them. Again, a similar 

effect is seen at the highest blowing ratio when the jets are located at θ=100°. At the 

smaller blowing ratios for this jet location the effect of the jets is also larger at the mid-

span than behind the jet further indicating the increase in induced velocity between the 

jets. As before, there is very little effect of the jets for the locations farther away from 

separation (θ=105° and θ=110°). 

As previously mentioned, once the Reynolds number was increased the baseline 

case for the jet location of θ=95° became asymmetric so it cannot be compared to other 

cases; although it is interesting to note that the effect of the jets is greater at the mid-span 

than behind the jet. For the case when the jets were located at θ=100°, the effects of 

actuation are similar to that seen at the lower free stream speed (Figure 3.6); the suction 

peak was increased and separation was delayed. Again it is seen that the effects are 

greater at the mid-span than behind the jet.  
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Figure 3.5: Cylinder azimuthal pressure distributions behind actuated jet and at the cylinder mid-

span, with all four jets actuated. The free stream speed was 30 m/s, corresponding to a ReD of 

213,000. The jets were located at (a) 95°, (b) 100°, (c) 105°, and (d) 110°. 
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Figure 3.6: Cylinder azimuthal pressure distributions behind actuated jet and at the cylinder mid-

span, with all four jets actuated. The free stream speed was 40 m/s, corresponding to a ReD of 

284,000. The jets were located at (a) 95°, (b) 100°, (c) 105°, and (d) 110°. 

When plotting the spanwise pressures, the baseline distributions are similar to 

those plotted for the case with one jet firing with the exception of when the jets were 

located at θ=95° (Figure 3.7). This difference is again due to the variance in the model 

surface each time it is reassembled, and for this case the baseline spanwise distribution 
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shows some three-dimensionality, due to the downwash over top of the cylinder, is more 

prevalent than when the jets are located farther downstream. Once the jets were actuated 

they produced a different result than in the case when only one jet was actuated. For all 

blowing ratios when the jets were located at θ=95° their effect can be seen 

predominately on the upper half of the cylinder. This indicates that the influence of the 

jets is vectored towards the top of the cylinder by the downwash. A similar result is seen 

when the jets were located at θ=100°, however to a lesser extent. Once the jets were 

located at the two locations farthest downstream they did not have much of an effect on 

the pressure distribution as in the single jet cases. 

 As seen in the azimuthal distributions, the baseline flow field for the higher 

Reynolds number case was different for the jet location of θ=95°, so it will not be 

compared directly to the rest of the jet locations. Despite the difference in baseline, it is 

interesting to see that the effect of actuation is seen predominantly outboard as in the 

other cases (Figure 3.8). For the case where the jets were located at θ=100° the effect of 

the jets is seen mostly outboard and between jets, further indicating that there is a high 

induced velocity between jet orifices. The final two jet locations (θ=105° and θ=110°) 

show very little effect of the jets due to the far distance from the point of separation and 

the low actuation strengths. 
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Figure 3.7: Cylinder spanwise pressure distributions 25° behind the second actuated jet, with all 

four jets actuated. The free stream speed was 30 m/s, corresponding to a ReD of ~213,000. The jet 

was located at (a) 95°, (b) 100°, (c) 105°, and (d) 110°. 
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Figure 3.8: Cylinder spanwise pressure distributions 25° behind the second actuated jet, with all 

four jets actuated. The free stream speed was 40 m/s, corresponding to a ReD of ~284,000. The jet 

was located at (a) 95°, (b) 100°, (c) 105°, and (d) 110°. 

After the complete set of surface pressure data was collected, the actuators were 

redesigned in order to increase their strength. This redesign (as detailed in Section 2.2) 

achieved a maximum blowing ratio of 1.2 for the lower free stream speed and 1.0 for the 
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higher free stream case. Due to time limitations, most of the data collected with these 

new actuators was SPIV data; however a small set of pressure data was taken 

corresponding to the SPIV cases taken. As a result, only one jet location was examined, 

θ=100°. 

3.1.3 The Effect of Synthetic Jet Actuators on the Near Wake 

This section shows the SPIV results at a plane two diameters downstream of the 

cylinder for eight different cases; all with the jets located at θ=100°. These cases include 

the two different free stream speeds with four different jet strengths at each (a baseline 

and three different blowing ratios). This data was collected after the redesign of the 

actuators allowing a maximum blowing ratio of 1.2 for the 30 m/s cases and 1.0 for the 

40 m/s cases. Due to experimental limitations, only the lower ~75% of the wake (up to 

z/D of ~2.5) was able to be resolved. Figures 3.9 and 3.10 show color contours of the U 

(streamwise) component of velocity superimposed with the in-plane (W and V) velocity 

vectors. The synthetic jet orifices were located on the left side of the images for these 

Figures. 

As previously discussed, the flow regime for this study is one that is very sensitive. 

Although the azimuthal pressure distribution showed a symmetric baseline when the jets 

were located at θ=100°, the wake shows some asymmetry near the top of the window of 

investigation. This irregularity is consistent for both free stream speeds and is likely due 

to imperfections on the surface of the model. For the higher Reynolds number, the wake 

narrows near the base of the cylinder which shows agreement with the spanwise pressure 

distribution. While the contours of the streamwise velocity show this representation of 

the size of the wake, the in-plane velocity vectors show the downwash due to the finite 

end of the cylinder. The flow patterns shown in the baseline cases are very similar to the 

results presented by Sumner (2004) for a cylinder with a free end and aspect ratio of 7, 

signifying that the end plate used in this study was able to effectively reduce the 

influence of the downwash. 

Once the jets were actuated two general trends emerged for both free stream speeds. 

The first was that the jets were able to narrow the wake, and therefore reduce the drag  

force by an amount that increased with blowing ratio. In particular the wake narrowed by 
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a larger amount towards the top of the cylinder. This is in agreement with the spanwise 

pressure data, as the effect of the jets was seen more towards the free end of the cylinder. 

Moreover, the jets were able to narrow the wake more for the higher Reynolds number 

case. This is likely due to that fact that the flow is transitional in this regime, meaning 

that as the free stream speed increases the point of separation is moving downstream. 

Therefore the jets are located closer to the point of separation for the higher Reynolds 

number case and are able to produce a stronger effect on the flow field. This was also the 

case for the azimuthal pressure data shown for the revised actuators.  

The second trend shown by the SPIV data is that the synthetic jets were able to 

vector the wake at an amount increasing with blowing ratio. This effect can be seen by 

the in-plane velocity vectors in the upper left of the interrogation window. With 

actuation, the flow is vectored toward the right of the window and can be seen across the 

entire width of the wake, especially for the higher blowing ratios.    
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Figure 3.9: Color contours of U component of velocity, superimposed with in-plane velocity vectors 

two diameters downstream of the model for a free stream speed of 30 m/s (ReD≈213,000). The jets 

were located at θ=100° and the jet strengths were: (a) Cb=0 (baseline), (b)  Cb=0.8, (c) Cb=1.0, and 

(d) Cb=1.2. 
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Figure 3.10: Color contours of U component of velocity, superimposed with in-plane velocity vectors 

two diameters downstream of the model for a free stream speed of 40 m/s (ReD≈284,000). The jets 

were located at θ=100° and the jet strengths were: (a) Cb=0 (baseline), (b)  Cb=0.6, (c) Cb=0.8, and 

(d) Cb=1.0. 
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4. Conclusions 

The effects of synthetic jet actuators on a finite cylinder were studied and 

quantified experimentally in a laboratory environment with the intent on collecting data 

in similar flow conditions in a flight environment. This was done utilizing both surface 

pressure measurements and SPIV to examine the flow field around the cylinder and in its 

near wake. The following are conclusions taken from each section. 

4.1 Section 3.1 Conclusions 

The effect of the synthetic jet actuators on the azimuthal and spanwise pressure 

distributions of the finite cylinder was quantified for a number of jet locations, actuation 

strengths, and free stream speeds. The baseline cases showed that the flow was very 

sensitive to small surface changes in the model due to the transitional regime of these 

experiments. It was shown by the azimuthal pressure distributions that both a single 

synthetic jet and all four synthetic jets were able to significantly increase the suction 

peak and delay separation. In addition, it was shown that there was a larger induced 

velocity between two jet orifices for the cases with all jets firing. Moreover the spanwise 

pressure distributions showed that the effect of the single jet was larger than the size of 

the jet itself, particularly for larger blowing ratios. For the cases with all jets firing, their 

effect was higher on the upper half of the cylinder due to the downwash issuing over top 

of the endplate. 

4.2 Section 3.2 Conclusions 

The effect of the synthetic jet actuators on the near wake of the cylinder was 

shown for eight different cases utilizing SPIV measurements. It was shown that the jets 

were able to narrow and vector the wake at a cross-stream plane located two diameters 

downstream of the model. The magnitude of these effects increased with blowing ratio 

for a given Reynolds number and the decrease in the wake deficit seen in these 

measurements indicated a significant reduction in the drag of the cylinder, especially at 

the higher blowing ratios.  
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5. Future Work 

As was outlined in the motivation for this work, a flight test of this model is 

planned for calendar year 2014. This test will be done on a T-33 aircraft at the Boeing 

Company in Seattle, WA. During this test surface pressure measurements will be taken 

and compared to the results presented here. Since the date for the flight test is still 

undecided, and may be pushed far into the future, there are a number of activities that 

can be completed to improve this project. The first is to take a more complete set of 

surface pressure data using the redesigned actuators. This will allow a better comparison 

to the flight data for higher blowing ratios. A second suggestion is to undertake a further 

redesign of the actuators to achieve blowing ratios on the order of 1.0 for the high speeds 

that the T-33 is capable of. One final option is to redesign the model entirely in such a 

way to ensure that the surface is perfectly flush each time the model is reassembled. 
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APPENDIX 

 In addition to the baseline data shown in the Results section, data were also taken 

with the synthetic jet orifices taped closed. Figures A.1 – A.4 show the comparison of 

the taped versus untapped baselines at jet locations of θ=95° to θ=110°. 

 

Figure A.1: Unforced surface pressure data for the azimuthal rows behind the second jet (a), at the 

midspan (b), and a spanwise row 25° behind the jet orifices (c) for a jet location of θ = 95°. 
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Figure A.2: Unforced surface pressure data for the azimuthal rows behind the second jet (a), at the 

midspan (b), and a spanwise row 25° behind the jet orifices (c) for a jet location of θ = 100°. 

 

Figure A.3: Unforced surface pressure data for the azimuthal rows behind the second jet (a), at the 

midspan (b), and a spanwise row 25° behind the jet orifices (c) for a jet location of θ = 105°. 
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Figure A.4: Unforced surface pressure data for the azimuthal rows behind the second jet (a), at the 

midspan (b), and a spanwise row 25° behind the jet orifices (c) for a jet location of θ = 110°. 

 Since the flow regime of these experiments was transitional, and very sensitive to 

small perturbations, an attempt was made to artificially trip the boundary layer on both 

sides of the cylinder. A trip wire with a diameter of 1.1% of the cylinder diameter was 

placed at ±30° from the stagnation point on the surface of the cylinder. Figures A.5 - A.8 

show the azimuthal and spanwise pressure distributions for these tripped cases with the 

jets at different azimuthal locations.  
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Figure A.5: Surface pressure data for a free stream speed of 30 m/s (ReD≈213,000) showing the 

azimuthal rows behind the second jet (a), at the midspan (b), and a spanwise row 25° behind the jet 

orifices (c) for a jet location of θ = 95°. For all cases there were 0.011D trips located at θ= ±30°. 

 

Figure A.6: Surface pressure data for a free stream speed of 30 m/s (ReD≈213,000) showing the 

azimuthal rows behind the second jet (a), at the midspan (b), and a spanwise row 25° behind the jet 

orifices (c) for a jet location of θ = 100°. For all cases there were 0.011D trips located at θ= ±30°. 
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Figure A.7: Surface pressure data for a free stream speed of 30 m/s (ReD≈213,000) showing the 

azimuthal rows behind the second jet (a), at the midspan (b), and a spanwise row 25° behind the jet 

orifices (c) for a jet location of θ = 105°. For all cases there were 0.011D trips located at θ= ±30°. 

 

Figure A.8: Surface pressure data for a free stream speed of 30 m/s (ReD≈213,000) showing the 

azimuthal rows behind the second jet (a), at the midspan (b), and a spanwise row 25° behind the jet 

orifices (c) for a jet location of θ = 110°. For all cases there were 0.011D trips located at θ= ±30°. 

 


