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ABSTRACT 
 Purpose of this study is to create an overview of currently the most used active 

flow control methods and their application. Thesis also contains brief historical 

overview of flow control development along with comparison of individual methods. 

 

 

 

ABSTRAKT 
Cieľom tejto práce bolo vytvorenie prehľadu o momentálne najpoužívanejších 

metódach aktívneho riadenia prúdu a ich aplikácii. Práca taktiež obsahuje stručný 

historický prehľad z vývoja metód riadenia prúdu spoločne so stručným porovnaním 

jednotlivých metód. 
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INTRODUCTION 
 

Active flow control is a fast growing scientific and technological field focused 

on alternation of a airflow in order to achieve more desirable flow state. This represents 

whole new approach of improving flight performance of an aircraft. Rather than 

constantly improving the dimensions and parameters of the wing or aircraft itself, which 

has its limits, it is also beneficiary to manipulate airflow of the wing to achieve better 

overall performance.  

 

Flow control can be achieved by using certain mechanisms which consists of 

actuators and sensors. In a flight situation, sensors gather informations and conditions of 

airflow on the wing and also air mass ahead of an aircraft. These informations are 

passed to actuators which controls and improves airflow adequately. Not only it will 

increase the lift but also reduces drag which leads to usage of smaller engines. 

Improving an aircraft efficiency by flow control results in significant savings in fuel 

consumption, smaller  production of greenhouse gases and thanks to higher lift a lower 

airspeeds during final approach and therefore reduced jet noise. 
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1   FLOW CONTROL METHODS 
 

Flow control, as a technological field, covers all kind of different methods of fluid 

flow control. When comes to the classification, there are numerous ways how to 

classify them. One of those is based on energy consumption. Then, the flow 

control can be either passive or active as shown in Figure 1.  

 

 

 

       
                      Fig. 1. Active flow control methods classification [1] 

 

Passive control refers to devices, which does not require an auxiliary 

power. To this group belongs for example well known vortex generators or riblets. 

The main advantage of passive control is simplicity. Used devices are simple, 

lightweight and easy to maintain and manufacture. On the other hand, they are 

effective only in small range of operating conditions. In some situations they have 

a negative effect on overall performance.  

An active flow control method, on the contrary, requires a source of 

energy to work. These methods can be divided into two groups based on need of 

sensors. Predetermined method is a way of flow control, which does not consider 

the state of the flow field, therefore it does not require sensors. Interactive 

method, as its name says, is based on interaction between the actuator and sensor 
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 in other words, during the flow control, continuous adjustments are made based on 

changes in the flow field. These are also divided into two subcategories such as 

feedforward and feedback control.  

 

In feedforward or open loop, the measured and controlled variable differs. For 

example, this refers to situations in which sensor measures a variable at upstream 

location and resulting signal is sent to actuator which is placed at downstream position. 

In feedback or closed loop, a variable is measured, compared with desired value and 

then a signal is sent to the actuator with proper adjustment. 
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2   HISTORY 
 

The history of flow control can be divided into a three main eras of research and 

development which are scientific era (beginning of 20th century to 1938), the World 

War II and post war era (from 1938 to 1990), and the modern era (from 1990 till 

present).  

 

 

2.1   Scientific era 
 

 The first use of flow control can be dated to the beginning of the 20th century 

when Ludwig Prandtl used suction flow control to remove boundary layer on the walls 

of diffusers. This was done primarily as an experiment to achieve better understanding 

of flow physics. Within next 20 years began study of new methods of the boundary 

layer flow control or BLC.  

In the 1921, German aeronautical engineer A. Baumann patented the use of air 

jets flowing from slots on a wing as a lift-increasing mechanism. Use of air jets was also 

studied in the United States by engineers Knight and Bamber. In the 1929 they provided 

study which investigated the effect of jet slot width, slot location and jet flow rate based 

on air supply pressure inside the airfoil. The result of experiment was an approximately 

151% increase in lift to drag ratio for two-dimensional airfoil. [2] 

 

 

2.2   World War II and post war era 
 

The research of flow control was highly accelerated during the war. The need of 

higher speed aircrafts with great maneuverability led engineers to use different 

approaches in design and construction of an aircraft and one of that approaches was 

usage of flow control which played major role in achieving these needs. Research of 

natural laminar flow, laminar flow control and continuous development of boundary 

layer control were significant achievements at that time. [3] 

 

Natural laminar flow refers to situation, where laminar airflow over the wings or 

over tailerons is obtained passively. This is done by shaping these surfaces so transition 

between laminar and turbulent flow is delayed. For example, NFC can be observed on 

wings, which have leading edge sweep angles approximately less than 18 degrees so the 

local pressure on the wing surface decreases from leading edge to trailing edge and 

therefore velocity of flow increases and turbulent flow is delayed. [4] 

 

Laminar flow control refers to non-passive methods of keeping the flow laminar. 

First known experiment of laminar flow control was done by NACA engineers in the 

late 1930’s testing boundary-layer transition of suction through slots on the surfaces of 

the wind tunnel models. This was followed by first flight experiment in 1941 on 

modified B-18 aircraft with implemented test panel on the left wing. Seventeen suction 

slots were installed and distributed between 20 and 60 percent of the chord of a test 

panel. Picture of the test panel can be seen in Figure 2. [4] 
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Fig. 2. B-18 test panel [5] 

 

In the result, Reynolds number for transition achieved in flight experiment was 

lower than value gained in wind tunnel experiments mainly due to maximum plane 

speed and constraint in the length of the test panel. Further experimentation in laminar 

flow control at NACA slowed down during the war in order to focus on development of 

natural laminar airfoils also known as NACA 6 and 7 series. Other significant flight 

experiments of natural laminar flow airfoils with wing gloves were done in Great 

Britain in mid 1940’s on military aircrafts King Cobra and Hurricane. Although, large 

areas of laminar flow were obtained, it was highly dependent on quality and smoothness 

of wing surfaces. Despite the fact, that attainment of large areas of laminar flow was not 

possible in daily operations, these flow type airfoils were used in new high subsonic 

speed aircrafts mainly because of their great high-speed aerodynamic characteristics. [4] 

 

Among the USA and Great Britain, development of LHC also continued in 

Germany but with different approach. Instead of analyzing laminar stability with 

discrete suction slots, continuous suction analysis was performed. It was theoretically 

discovered, that boundary layer from continuous suction is very stable to small two-

dimensional disturbances or irregularities also known as Tollmien-Schlichting waves 

and amount of air, which must be removed to achieve this state is very small.  This type 

of disturbance refers to stream of turbulence, surface imperfections with large width 

perpendicular to the direction of air flow and noise. [4] 

However, experiments to prove this theoretical finding weren’t done cause of 

incapability of producing a surface suitable for continuous suction with the necessary 

smoothness of surface. As a result, alternative methods were tried, for example suction 

through perforated plate and suction through multiple slots. Suction through perforated 

plate wasn’t successful due to disturbances on the edges of the holes. Suction through 
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multiple slots led to large regions of laminar flow with Reynolds number of 3.2 million. 

[4] 

End of the World War II along with the release German reports referred to 

continuous suction reestablished interest both in USA and Great Britain. Numerous 

wind tunnel tests were initiated by NACA in 1946 using continuous suction through 

porous bronze surface. Although, extensive laminar flow was obtained along with high 

Reynolds number of 24 million, bronze plate was unusable in real conditions due to its 

low strength and large weight and no other suitable material was found. Continuous 

development of high-speed and supersonic speed aircraft led to wings with thinner 

profile and smaller planform areas. A new problem emerged, since smaller wings 

require higher landing speeds which are not desirable. This was fixed by development 

of steady blow techniques for low flight speeds. One of those techniques was blown flap 

technique developed from mid 1950’s to the mid 1960’s. The idea behind blown flap 

are  nozzles which blows jets of air over flap surfaces to extend laminar flow and 

greatly reducing the stall speed of aircraft with small wing area. Diagram of the 

plumbing system used on a Grumman F9F-4 is shown Figure 3. [2] 

 

 

 

 
Fig. 3. Grumman F9F-4 plumbing system [2] 

 

 

Another test by Northrop Company was performed on F-94 aircraft equipped 

with multiple suction slots. With 69 suction slots between 41 to 95 percent chord, full 

laminar flow was achieved on the upper surface of the wing at Reynolds number of 36.4 

million. However, at speeds higher than 1.09 Mach, the laminar flow was lost due to 

shock waves. Next important note of the F-94 flight tests was that wing surface was 

well made with minimum waves and very small roughness. However, the remains from 

impact of an insect at low altitudes caused disturbances and wedges of turbulent flow. 

Diagram of F-94 suction system is shown Figure 4. [2] 
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Fig. 4. F-94 suction system [4] 

 

By the early 1970’s, development of internally driven BLC methods was 

discontinued and were replaced with new method using externally blown flaps. These 

were later installed on well-known C-17 Globemaster III. During this time, also several 

experiments were performed regarding the applications of unsteady actuation. This type 

of actuation could be applied to more complex problems like drag reduction, lift 

enchantment or boundary layer separation. In the result, it was found out, that use of 

unsteady blowing or suction is more effective compared to already used BLC 

techniques. [2] 

Development of new methods also amplified the ongoing energy crisis which 

caused the shift of interest from military to civilian. Large-eddy breakup devices are one 

of those methods used for skin-friction drag reduction in turbulent boundary layers.  

Development was also boosted by usage of numerical simulations. [3] 

Thanks to the introduction of unsteady actuation, the research area of new 

methods expanded like delay airfoil separation, jet mixing, noise reduction etc. during 

the 1980’s. Primary focus of the research was towards the possible applications. 

 

2.3   Modern era 
 

Since the 1990’s, active flow control started to gain much higher attention. This 

caused huge progress in research and development of AFC devices. Development of 

small, lightweight and reliable actuators opened the possibilities in actual practical 

applications regarding some flow phenomena. A breakthrough invention was made by 

Smith and Glezer [6] by developing so called synthetic jet actuator with its main 

advantage of no need for external supply of fluid. Another particular invention were 
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oscillating flap actuators used by Katz et al. [7] to reattach separated flow to a deflected 

plate. [2]  

Nowadays, huge variety of actuators exists including the piezoelectric flaps, 

plasma actuators, Lorentz force actuators which all will be discussed in next chapters. 

However, even with such long experience and knowledge regarding the active flow 

control, the transition from laboratory to actual environment is quite challenging. 

Nevertheless, few notorious applications were accomplished in engineering areas like 

turbo-machinery or aircraft engine inlets. Implementation of pulsed-jet actuators to 

exhaust mixing control by Boeing and Pratt & Whitney led to reduction of exhaust gas 

temperature by 50%. Another successful implementation of AFC can be seen on XV-15 

tilt-rotor aircraft using zero-net-mass actuators. [2]  

Even though there still is a long journey to full scale implementation of AFC 

mainly in civil aviation, research from the last 20 years showed great advance and 

bright future for modern aviation. 
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3  FLOW CONTROL BY SUCTION AND BLOWING 
 

Flow modification based on suction can be considered as the oldest method of flow 

control. Like it was mentioned in previous chapter, the first application of flow control 

using suction was performed by L. Prandtl in 1904. Since then, suction became most 

popular flow control method till introduction of first actuators. A brief preview of its 

applications was also mentioned in previous chapter. For broader view on their 

applications, studies by Braslow [4] and Tani [8] are recommended. The idea behind 

suction method is reduction of boundary layer by drawing away the low-velocity fluid 

from the closest part to the surface. This also draws the higher-velocity flow from upper 

layers closer to the surface causing the delay of separation. The actual suction can be 

performed either through a porous surfaces or series of slits. If the slits are well 

distributed along the surface, the effective operation at different angles of attack is 

possible. Additionally, the separation of the flow can be delayed significantly. 

Particularly effective placement of suction slits turned out to be on the leading edge of 

an airfoil. However, the actual position of individual slits at leading edge is also crucial 

for final value of lift coefficient.   

 

In case of  blowing technique, the idea of flow control is opposite. Instead of  

removing part of  boundary layer, an additional energy in form of high speed flow is 

transferred to the boundary layer. This can be done by either a bowing jets placed on 

upper surface of the airfoil or by a slot in the wing. Like in the case of suction, the 

actual location of the blowing jets is also crucial. Experiments performed in France 

demonstrated a use of blowing technique at the trailing edge which turned out to be very 

effective in lift enchantment. Both suction and blowing method can be operated in two 

modes: 

 

 Steady or continuous operation 

 

 Unsteady or pulsed operation 

 

` Steady operation refers to situation, in which suction or blowing is performed 

continuously. This operation was widely used for a long period of time until the 

introduction of unsteady method. In this case, the blowing or suction works in 

oscillating manner. Series of studies were performed to demonstrate benefits of 

unsteady operation over the steady one and vice versa. Chen et al. [9] compared the 

effectivity of weak steady suction and blowing. At these low momentum input levels, 

the suction turned out to be more efficient since blowing requires a higher velocity of 

the output jet to be efficient. The efficiency of blowing can be increased by decreasing 

the dimensions of the slit from which the jet is expelled. For the maximum efficiency, 

the blowing slits should be located right at the separation point. In case of suction, the 

increase in performance can be achieved on contrary, by increasing the dimensions of 

the slit and placing towards the trailing edge. 

Study by Seifert et al. [10] demonstrates the use of oscillatory blowing and 

compares it to the steady one. The gathered results shows a noticeable improvement 

over the steady blowing in lift enchantment and power efficiency which turned out to be 

lowered by order of the magnitude. Another comparison of these two methods with 

similar results was performed by Lamp and Chokani [11] on control of cavity 

resonance. It was concluded, that for reaching the same efficiency level, the amount of 
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momentum delivered to the boundary layer by steady blowing has to be an order of 

magnitude higher compared to unsteady one. Numerical study by Huang et al. [12] also 

brings good perspective on suction and blowing flow control. Simulation was 

performed on NACA 0012 airfoil at angle of attack of 18 degrees and Reynolds number 

of 5×105. By changing parameters like angle, location and amplitude of the blowing and 

suction, a valuable results were obtained. Suction method turned out to work effectively 

at amplitudes lower than 0.2 and placed at  leading edge perpendicularly to the surface. 

In case of blowing, the high amplitudes are not desired since in the most cases the 

overall effect is rather negative than positive. The blowing technique brings good results 

while placed at downstream locations tangentially to the surface.  

 

In the last several years, an effort was made to combine these methods and apply 

them simultaneously. This resulted into development of Co-Flow Jet. This method 

combines the blowing on the leading edge with suction near the trailing edge. The 

specific sign of this method is the zero-net-mass flux flow control, since the same 

amount of blowed fluid is consequently sucked in near the trailing edge. The illustration 

of this method can be seen on Figure 5 and Figure 6.  

 

 

 

            
 

 

Fig. 5. Co-Flow jet airfoil [13] 
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               Fig. 6. Airflow streamlines at angle of attack 20° [13] 

 

This high-speed circulation creates a strong pressure gradient and dramatically 

increases the mixing of the turbulent shear layer. Furthermore, the strong interaction 

and energy exchange between jet and main flow results into delayed separation even at 

high angles of attack. In addition to that, a high increase of lift and drag reduction is 

also achieved. If the level of circulation of the flow is sufficiently high, a very low 

pressure created at leading edge can even cause negative drag or thrust at small angles 

of attack. [14] 

Performed experiments by Zha et al. [13] on NACA 0025 airfoil only amplifies  

the capabilities of this flow control method. A 3.2 times increase of lift coefficient was 

achieved along with increase of critical angle of attack from 19 to 44 degrees. Such an 

increase of lift coefficient is especially wanted in flight situations like short take-off and 

landing. Even though this method is still in development, it showed great potential for 

full-scale applications and it’s very likely to be implemented into aircrafts in future. 

 

3.1  Conclusion 
 

Flow control by suction  and blowing were widely used for a significantly long 

period of time in the last century. In terms of rate of application, they were preceded by 

modern flow control methods. This was due to their drawbacks which couldn’t be 

ultimately solved. In case of suction method, the primary advantage over blowing is 

efficiency at low momentum control. In addition it delays the separation control by 

drawing main flow closer to the surface while in case of blowing, the effect is rather 

opposite. However, the main drawback of suction method is the high maintenance 

requirement which comes from high sensitivity to dirt and flies. During the suction, a 

slits can be easily blocked by dirt and overall performance is dramatically reduced. On 

contrary, blowing method doesn’t suffer from this drawback. The biggest disadvantage 

of both of these methods is requirement of high power pump which not only causes high 

power consumption but also adds high amount of weight. As it turned out, this 

drawback can be partially reduced with introduction new promising methods in this are 

such as Co-Flow Jet. 
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4   ACTUATORS 
 

Any active flow control method requires an actuator to interact with the flow. Actuators 

in general are transducers which convert electrical signal to a specific physical quantity, 

in this case modification of a flow. [15] Since there are many types of actuators, there 

are also numerous ways how to classify them. One of that classification is by function 

as listed in Figure 7.  

 

 
                       Fig. 7. Classification of flow control actuators [15] 

  

The most common type is fluidic which is based on fluid injection or suction. 

The zero-net mass flux or synthetic jets uses oscillating diaphragm in cavity which 

periodically ingest and expel fluid and creates jet using only flow that is being 

controlled, so there is no need for external source. On the other hand, nonzero mass flux 

requires an external source and can employ steady or unsteady forcing by usage of 

fluidic oscillators, combustion device or combination of valves. The second class 

includes moving parts or objects inside or on the domain boundary. Although fluidic 

oscillators also have moving parts, the main difference between fluidic actuators and 

those classified as actuators with moving parts is, that fluidic are based on fluid 

injection or suction. Alternatively, the function of moving surface is to induce local 

fluid motion. [15] The third class refers to plasma actuators which are based on 

acceleration of the flow by its ionization. And lastly, fourth group represents special 

types of actuators which cannot be classified to neither of those groups mentioned 

above such as Lorentz force actuators. 
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3.1   Fluidic actuators 
 

Fluidic actuation represents the oldest method of flow control.  Thanks to the 

extensive study and development for a long period of time, several very promising 

actuators were developed. One of those earlier models are pulsed jets which uses an 

external source of fluid to control the flow rate. These devices can operate at various 

frequencies and cycles. In specific situations, which forcing frequency is null, the mass 

flow from the actuator is continuous and therefore they are referred to as continuous 

jets. Second, most recent type of actuators are synthetic jets. In case of synthetic jets, 

there is no need of external source of fluid. Both of these actuators will be discussed in 

next chapters.  

 

3.1.1   Synthetic jets 
 

Synthetic jets are nowadays most known and used type of fluidic actuators. They 

have been under close research and development for over twenty years. During this 

period they were also used in variety of applications for example separation, turbulence 

control and thrust vectoring. As it was mentioned earlier, the basic principle behind 

these actuators is periodic ingestion and expulsion of fluid across an orifice. Since the 

used flow is also the controlled one, they are also referred to as zero-net mass flux 

actuators as there is no net flux of fluid. Although the net flux of momentum to the 

external flow is not zero. Typical synthetic jet actuator consists of three main parts: a 

driver, a cavity and an orifice or a slot as shown in Figure 8.  

 

 

 
 

Fig. 8. Schematics of synthetic jet actuator [16] 
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Driver is the only moving part of an actuator. Its purpose is to intake and outtake 

large volume of fluid into cavity through the orifice or slot. Nowadays, most frequently 

used drivers are a piezoelectric composite diaphragm and an electrodynamic piston or 

diaphragm. The piezoelectric composite diaphragm consists of a metallic shim that has 

piezoceramic patch attached to its surface. The patch can be attached only from one side 

(unimorph diaphragm) or both sides (bimorph) depending on final application. Surface 

of the patch is coated in thin layer of electrodes which allows electrical connection. 

Metallic shim can be either pinned or clamped to the walls of an actuator, depending on 

actual application, since the change of the boundary conditions have significant impact 

on deflection profile, resonant frequency and even on mechanical properties of the 

shim. Actual deflection of diaphragm is caused by piezoelectric effect in patch which 

causes the strain. Strain of the piezoelectric patch then creates bending moment in the 

diaphragm which results to the deflection and change of the volume in a cavity. [17] 

The second type of driver, the electrodynamic piston, consists of a piston, a coil, 

a hard magnet and a soft magnet assembly. Magnets creates permanent magnetic field 

and when AC passes through the coil, another magnetic field is created and that results 

into electromagnetic force. This force causes the oscillation of piston which leads to 

volume displacement in the cavity. 

  

The second component of actuator, the cavity, also affects the overall 

performance of the device. It is a chamber, theoretically of any shape, where fluid is 

periodically compressed and expelled. The importance of cavity starts playing role at 

certain conditions where compressibility effect occurs. This effect causes the unwanted 

change of the jet velocity. One of that conditions is when the driver frequency is 

approximately the same as the Helmholtz frequency. Compressibility also occurs at 

high flow velocities which can even cause the choke of the flow.  

  

The last main part is the orifice or the slot. It is perhaps most important part of 

all three components since the actual dimensions and shape of the slot greatly affects 

the responsiveness of the actuator and the flow inside the slot.  The most frequently 

used shapes of the orifice are circular and rectangular. Besides these, also several others 

configurations have been developed, such as axisymmetric orifices, two-dimensional 

slots, three-dimensional slots each with its advantages in different applications. [17] 

 

 

3.1.1.1   Basic synthetic jet parameters 
 

In order to describe and judge the behavior of synthetic jets it is necessary to define 

relevant parameters. 

 

Stroke length describes the length of fluid pushed from the cavity during the blowing 

cycle. It is defined as:  

    ∫ ( )  

 

 

 

where u(t) is the average streamwise velocity in the orifice and 0 < t < τ is the expulsion 

portion of the cycle.  

 

Second parameter is time-averaged velocity. In order to compare different types 

of jets, a velocity scale had to be used and it is defined as follows: 
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where T is the period of the cycle. 

 

Last of mentioned parameters is Reynolds number. Reynolds number importance is well 

known in field of aerodynamics. It describes whether the flow is turbulent or laminar. It 

plays also important role in problematics of synthetic jets since viscosity is one of 

factors that influence the generation of the jet. Reynolds number is defined as below: 

 

   
    
 

 

 

where    represents timed-averaged velocity, L0 refers to dimensionless stroke length 

and   is the kinematic viscosity of the fluid. 

 

 

3.1.1.2   Jet generation 
 

During the outtake cycle, the flow is ejected out of the cavity and separates on 

its edges, creating a vortex rings or vortex pairs on circular orifices and moves away 

from the cavity. After that, suction cycle starts and creates pair of counter-rotating 

vortex rings on opposite side of the orifice. Interaction between created vortex and the 

reversed flow is dependent on the strength of the vortex and distance from the cavity. 

This interaction has another major consequence, which is the existence of so called 

stagnation point. Stagnation point is only created during the suction.  It is point on the 

centerline of the jet, which moves downwards during the suction stroke and separates 

two flows of the jet. The fluid which is above the stagnation point continues to move 

away from the orifice, while the fluid below this point flows to the orifice. [18] The 

whole cycle is illustrated in Figure 9. 
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Fig. 9. Synthetic jet generation [19] 

 

Effects of the cavity and orifice were studied by many experiments. Particularly 

interesting one was performed by Crook and Wood [20]. The goal of their study was 

determine the influence of the orifice and cavity on character of synthetic jet by 

changing its dimensions and Reynolds number. In order to change the dimensions of the 

cavity and orifice diameter, special type of actuator was constructed. Oscillation 

frequency was set to 50.1 Hz and Reynolds number was determined by measuring the 

speed of exiting jet. Figure 10 shows the images of different flow fields. [21] 
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Fig. 10. Effect of Reynolds number and orifice high-to-diameter ratio on flow field of 

synthetic jet [22] 

 

Approximate diameter of orifice is visualized in every picture by horizontal bars 

and Reynolds number decreases from top to bottom and increases from left to right. In 

several flow situations, a so called tail can be visible. Tail is created due to insufficient 

velocity of the jet which causes the incapability of vortex rings to roll upwards.  

 

 

3.1.1.3   Comparison to continuous jets 
 

A continuous jet represents the very basic model of non-zero-net mass flux 

actuators. In other words, they require an external source of fluid in order to work. 

Since the development of synthetic jets, the questions started to rise, how they perform 

against each other. In 2003, Smith and Swift [23] performed a series of experiments 

along with theoretical research and offered an answer to this particular question. To 

keep the comparison relevant, both of the studied jets had the same Reynolds number of 

2200 and same forcing frequency. The clear difference between the jets can be seen on 

Figure 11. 
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Fig. 11. Comparison of synthetic jet (on the left) and continuous jet (on the 

right) [23] 

 

Photograph on the left shows flow field of synthetic jet while on the picture on 

the right is continuous jet. It’s clearly visible, that under these experimental conditions, 

the behavior of synthetic jet is much more turbulent than in case of continuous jet. 

Another significant difference is the width of the jets. In the first case, the produced 

stream is much wider, allowing to control a bigger area of the flow. Measurements of 

the velocities were also performed, showing that in far field area of the flows, the 

velocities are quite similar. In the near field area, which refers to area close to the 

surface, the velocity of synthetic jet was always lower. In conclusion, the synthetic jets 

showed to be more capable of controlling the flow than the continuous jets, due to 

formation of vortex rings which acts on higher amount of fluid. The actual grow of the 

jet and volume flux is also higher in synthetic jets. Nevertheless, the continuous jets 

proved to be much more laminar and have great potential in micro-scale applications. 

[23] 

 

 

3.1.2  Fluidic oscillators 
 

Fluidic oscillators are nonzero mass flux actuators capable of producing 

sweeping or pulsed jets of high velocities. These devices were developed since 1960’s 

and first example of sweeping jet produced by fluidic oscillator was presented by Viets 

[24] . Eighteen years later, Raman et al. [25] extended their range of application to 

supersonic speeds. Year later, Raman et al. [26] also studied possibility of application 
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these devices for flow control. Another extensive study regarding possible applications 

and design was performed by scientists Funaki et al. [27]. Speaking of design, the 

fluidic oscillators can be either feedback-free or equipped with feedback. The difference 

between these designs can be seen in Figure 12.  

 

 

        

 

 

 

 

 

 

 

 

Fig. 12.  Schematics of fludic oscilator cavity [15] 

 

 

 

 

     

 

 

 

 

 

 

 

 

 

 

 

 

        Fig. 13.  Schematics of sweeping jet formation without feedback path [15] 

 

In an oscillator with feedback, the fluid from the supply flows through cavity 

into outlet and attaches itself onto left side of the cavity surface due to Coanda effect. 

As a result, change in pressure distribution occurs, which causes a generation of 

pressure pulse. This pulse travels back to the supply nozzle through the right feedback 

path and flips the primary jet to the opposite side of cavity and this repeats periodically. 

[15]  

The feedback free oscillator does not have the feedback channels, however the 

sweeping jet is created by interaction of two jets from the supply as shown in Figure 13. 

Study performed by Raghu and Raman [28] investigated the output parameters of the 

sweeping jet. For microfluidic oscillator with nozzle size of 200 µm to 1 mm, the 

frequencies from 1 to 10 kHz were achieved along with significantly low mass flow of 1 

g/s. It was also demonstrated, that mass flow rate changes with frequency linearly. 
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However, at high pressures, the compressibility starts to playing a role and therefore the 

relation between those two parameters is no longer linear.  

Another aspect is that determining the velocity of the output jet at these scales is 

very difficult, especially in case of sweeping jet. The different shapes of output waves 

such as rectangular or sawtooth can be obtained by modifying parameters such as 

geometry of cavity, length of feedback channels and nozzle diameter. However, the 

benefits of these different shapes in flow control are not known yet. [29] 

To generate pulsed jet instead of sweeping one, the so called splitter must be 

used. Splitter refers to the modification of the output nozzle by creating two channels at 

specific angle. When output jet hits the splitter, it separates into two smaller sweepings 

jets which are 180 degrees out of phase. At the exit, these jets cancel each other and 

create a pulse jet. The oscillators with splitters are in scientific publications also often 

referred to as fluidic diverters. More detailed information about these devices were 

brought by Cerretelli and Gharaibah [30] and Culley [31]. 

 

3.1.2.1  Applications 
 

Even though that the flow physics of fluidic oscillators are still not well 

understood, they were used for flow control with relative success. One of the most 

successful applications was accomplished by Cerretelli et al. [32] in which fluidic 

diverters was used for separation control on wind turbine blades. Approximately 60% 

increase of lift coefficient was observed. Another application of fluidic diverters was 

performed by Culley et al. [33] regarding stator vane separation control. In the last 

several years, few other examples of possible applications were done such as 

combustion control by Guyot et al. [34] or thrust vectoring using the pulsed jets by 

Raman et al. [35]. It is also worth mentioning the latest effort of Boeing Company and 

NASA regarding full-scale implementation of these devices onto a tail of Boeing 757. 

Brief results showed possible reduction of tail size by 17% and fuel reduction of 0.5% 

which for such a big airplane is not insignificant. [36] 

 

3.1.2.2  Conclusion 
 

As it was demonstrated, over the last decade, fluidic oscillators gained on their 

popularity and become very desirable type of actuator for flow control. This is primarily 

due to their ability to produce oscillating jets without any mechanical parts. Another 

advantage that comes from the previous fact is the low weight and small design. In 

addition, the actuator is capable of producing high speed jets which makes it suitable for 

supersonic flow control applications. On the other hand, the biggest issue of fluidic 

oscillators is the dependence of oscillation frequency on supply pressure. To increase 

their effectiveness it is desirable to suppress the close relation between those 

parameters. Another drawback is lack of deeper understanding of flow mechanisms in 

there devices. Nevertheless, sweeping jets turned out to be very promising type of 

actuators with bright future.  

 

3.2   Moving part actuators 
 

Most of the actuators, which are equipped with any moving or oscillating parts, 

can be simply referred to as moving part actuators. Although,  as it was mentioned in 

introduction to actuators, even the few actuators like synthetic jets, which consists of 

few moving parts, can form a whole different group. To this particular group belongs 
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mainly piezoelectric flap actuator, vibrating ribbons and electroactive polymer dimples. 

In this paper, only piezoelectric actuators will be discussed, which gained a lot of 

attention in past years and proved to be quite successful in many flow control 

applications. 

 

3.2.1   Piezoelectric flap actuators 
 

Piezoelectric flap actuators are based on piezoelectric actuation which was 

firstly implemented in 1960’s. The way how these devices work is very similar to the 

synthetic jets where piezoelectric effect is also used. The main part of these devices is a 

metallic shim which works as a flap. To its bottom side is bonded a piece of 

piezoelectric material. Such a device is classified as an unimorph. Bimorph would refer 

to actuator, which has piezoelectric material bonded symmetrically on both sides. 

However, bimorph versions with its piezoceramic on upper surface create additional 

drag. Because the shim is exposed to outer flow, it is often electrically grounded for 

safety. The real unimorth model and its illustration can be seen in Figure 14. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14. Piezoelectric flap [1] 

 

By applying alternative voltage across the piezoceramic, the alternative strain 

across the whole cross section of the shim is created due to piezoelectric effect. 

Alternative strain eventually leads to bending of the shim in oscillating manner which 

results into interaction with flow. 

 

  When comes to the performance, the typical displacement amplitudes at the tip 

of the flap range from 10–100 μm at a resonant frequency in between 1–2 kHz to 1 mm 

when the resonant frequency is lowered to several hundreds of Hz. [2] In order to 

maximize the performance and the tip deflection, it’s necessary to design the actuators 

for driving frequencies equal to the resonant frequencies.  
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Series of experiments were performed by Cattafesta et al. [37] in order to gain 

better understanding how they work and perform. Design optimizations were developed 

to maximize efficiency and deflection to applied voltage ratio. These optimizations 

were also extended to bimorph actuators. As a result, comparison between unimorph 

and bimorph versions was made. At the same bandwidth, bimorph were capable of 

producing higher tip deflections which makes them ideal for applications, where large 

tip displacements are preferred. [38] 

 

Experiment performed Seifert et al. [39] focused on applications in separation 

control. Two modes of operation were studied: a two-dimensional mode and a three-

dimensional mode. In the first mode, all of the actuators were operating at same 

amplitude and phase while in the second type of mode, operating amplitudes were also 

identical but phases were reversed. In the result, increase of lift by approximately 20% 

was achieved regardless of the operation mode. By comparing the lift to drag ratio, two 

dimensional mode are capable of producing the highest L/D ratio at the highest lift 

coefficient. When comes to power efficiency, three dimensional mode showed to be 

much more power efficient. Results gained in this experiment show a promising future 

in applications of these modes in crucial flight situations like take-off and landing.  

 

3.3   Plasma actuators 
 

Plasma actuators are devices that modify the flow by its ionization. The basic 

principle behind these actuators can be explained on simple example. Let’s imagine the 

metallic electrode which is submitted to high voltage. At the tip of the electrode, a 

corona discharge appears from which ions are created and eventually moved by the 

present electrical field. This movement of the ions is also known as „electrical wind”. 

This allows controlling the flow around the object and preventing the separation of an 

airfoil. As a result, additional increase in lift is present along with the increase of critical 

angle of attack. Plasma actuators are nowadays extensively studied mainly due to their 

advantages compared to other types of actuators. They solely consist of electrodes 

separated by dielectric material. This means that there are no mechanical parts, which 

means zero vibration and significantly lower noise. Also, they space a much smaller 

volume, which means a minimal weight. And they also were found as very responsive. 

 

3.3.1  Single dielectric barrier discharge plasma actuators  
 

Single dielectric barrier discharge (SDBD) plasma actuators are basic and most 

frequently used type of plasma actuators. They consist of two plane electrodes which 

are mounted asymmetrically and separated by thin layer of dielectric material. One of 

the electrodes is encapsulated under the dielectric layer and grounded. The second one 

is exposed to airflow. Schematic of SDBD actuator is illustrated in Figure 15. 
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Fig. 15. Schematic of the SDBD plasma actuator [40] 

 

Material of the electrodes is usually copper or aluminum. When alternating 

voltage with sufficiently high amplitude is applied, the air over the covered electrode 

will start to ionize. Naturally, the voltage on electrodes creates electrical field which 

interacts with ionized air resulting in forced movement. During that motion, ions collide 

with air molecules at boundary layer and transfer their kinetic energy and momentum.  

 

The electric field can be created either by direct or alternative current. In more 

detailed look, when the amplitude of electric field reaches the certain value called 

breakdown electric field, the plasma starts to generate. The value of this breakdown 

field depends on frequency of a current and at normal conditions (atmospheric 

pressure), this value is usually lower for an alternating current compared to direct one. 

Once the plasma is created, in order to remain it active, the breakdown electric field is 

no longer needed and can be set to lower value, called sustaining electric field. The 

correlation between sustaining and breakdown electric field is dependent on the 

operating conditions. Since the plasma contains charged particles which make it 

conductive, the flow of the current between the electrodes is present. This current 

consists of two components which are the conduction and displacement current. In the 

case of DC, the second component is zero. For AC, value of displacement current 

increases with frequency. [41] 

 

In case of much frequently used AC powered actuators, the whole plasma 

generation process can be divided into two parts or half-cycles. In the first half cycle, 

the negative one, electrons are released from the exposed electrode. These electrons are 

being attracted to the buried electrode, which has positive charge and eventually 

accelerated. During this acceleration, they collide with neutral air particles and creating 

a wind of ions or plasma.  

 

In the second half cycle, the whole process goes backwards but the body force 

remains in the same direction. Electrons produced in the first cycle, which are now 

gathered on dielectric material above the buried electrode, are accelerated back to the 

exposed electrode due to change of charge. Thanks to that motion, another plasma is 

generated. But it has to be noted, that amount of plasma generated by this half cycle is 

lower compared to the first one. This is due to a fact, that electrons are released more 

easily from the exposed electrode than from the dielectric material. The whole process 

stops when equilibrium between AC potential and charged particles is reached. This 

also prevents from leakage of charged particles which would eventually create the 

electric arc. The illustration of the whole process can be seen on Figure 16 below. 
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Fig. 16. Illustration of plasma generation during positive and negative half cycle [42] 

 

Accumulation of electrons on the dielectric layer also prevents micro-discharges 

from degeneration and eventually creation of thermal arcs. Thanks to this effect, the 

plasma is generated in „non-thermal equilibrium” which means, that all electrical 

energy is mainly used to produce excited electrons while the temperature of the gas 

remains almost unchanged. [41] This process also highly depends on actual waveform 

of the power source. Even though the sinusoidal wave is most commonly used, other 

types such as rectangular wave are used in specific applications. Therefore, the 

operation of the discharge can be divided into two categories which are: 

 

 steady or continuous operation 

 

 unsteady or pulse operation 

 

In the steady operation, the frequency of the alternative voltage is highly above the 

response frequency of the fluid. This means, that body force which acts on the flow is 

constant. On the other hand, in unsteady operation, assuming the same frequency of AC 

as in steady operation, the actuator can be periodically switched on and off even in short 

intervals. This kind of operation showed to be very effective in separation control and 

also very power efficient since the actuator   is not switched on permanently but can be 

put into idle state in specific intervals which lowers power consumption significantly. 

[43] The mostly used amplitude of voltage is between 5 and 20 kiloVolts and 

frequencies of alternative current range usually from tens to thousands of Hertz. Power 

consumption is relatively low, approximately from 2-40 W/30 cm, so they are 

considered as one of the most efficient active flow control actuators. [44] 
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3.4   SparkJet actuators 
 

SparkJet actuator is a zero-net-mass-flux device, similar to synthetic jet, which consists 

of cavity, small orifice and one or more electrodes. Cavity is made from electrical 

insulator such as ceramic which can sustain high temperatures. The key dimensions of 

the SparkJet actuators may vary, but typically, cavity volumes ranges from 28 to 52 

mm
3
 and orifice diameters from 0.08 to 0.5 mm. [2] By the way they operate, they are 

also referred to as plasma synthetic jet actuators. High pressure inside a cavity is created 

by rapidly heated air inside the cavity using electric discharge between electrodes. 

Whole work cycle of sparkjet actuator can be divided into three sub stages: energy 

deposition, discharge and recovery as illustrated on Figure 17. [45] 

Fig. 17. Sub stages of cycle of the SparkJet actuator [45] 

 

In the first stage, electric arc is generated by applying voltage greater than 

disruptive voltage of the gas. Air between electrodes acts like a large resistor with 

dielectric strength of approximately 3 kV/mm at standard conditions which means, that 

the disruptive voltage is in order of kilovolts. [46] Actual value is mainly dependent on 

distance between electrodes and also on the actual pressure and temperature conditions. 

The process of arc generation usually takes about 10 microseconds.  

Next stage refers to situation in which energy transition occurs. Energy 

accumulated in the arc is being transferred into the internal energy of the air inside the 

cavity. This results into rapid increase of pressure and temperature. This large pressure 

difference between the cavity and outer side, forces the air out through the orifice at 

high speeds creating a jet. When the velocity at the orifice reaches zero, the third stage 

begins. Due to an opposite pressure difference, the ambient air is sucked into cavity and 

new cycle begins. 

 

3.4.1   Operating characteristics  
 

Characteristics of this devices depends on geometry of the cavity and orifice, 

used materials, electrical parameters and also on deposited energy Q and initial internal 

energy E of gas. Ratio of these two energies represents useful parameter by which many 

aspects of operation are controlled. The effect of this ratio is shown in Figure 18. 

Velocity of the produced jet ranges from approximately 650 m/s to 950 m/s for the 

sonic orifice flow as seen in Fig. 18a). The amount of expelled mass and energy are 
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shown in Fig. 18b) and Fig. 18c), respectively. It is clear, that at high energy Q/E ratio, 

the SparkJet actuators are very efficient at transferring electrical energy into kinetic 

energy. [47] 
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Fig. 18.  Relation between deposited energy and basic operational parameters of 

SparkJet actuator [47] 

 

3.4.2   Conclusion  
 

SparkJet actuators represent fairly new promising technique in flow control, 

especially for high speeds. Although they have been studied in various, mainly 

computational experiments, they have not been applied in any flow control applications 

yet. This is due to disadvantages which limits their usage. The main disadvantage is the 

long cycle time compared to other methods. Another drawback is high temperature 

during the operation, which leads to usage of special materials and also causes rapid 

degradation. On the other hand, the welcome feature of this device is the velocity of the 

jet, which can be easily supersonic, making them attractive for usage at high-speed 

flows. Lastly, it also shares few advantages with plasma actuators like low weight and 

no moving parts. 
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3.5   Lorentz force actuator 
 

With continuous growth of understanding the flow physics and flow control, relatively 

huge number of actuator designs was developed. Despite that, many of those concepts 

were only theoretical, as they were severely limited by the engineering problems that 

have to be solved. One of the promising concepts with possible success in flow control 

are Lorentz force actuators.  The principle behind this actuator is clear from their name.  

Flow control is achieved by creating Lorentz force to induce flow motion. This also 

limits their usage, since in order to create the force on the flow, the fluid has to be 

electrically conductive. Even though, several experiments were performed by 

Nosenchuck and Brown, using the salt water as a conductive fluid and discovered their 

great potential in turbulent drag reduction applications. 

 

3.5.1   Design and actuation principle 
 

The concept of Lorentz actuators isn’t completely new. Since the first 

introduction of these devices, numerous different designs were developed. To describe 

how they work, the actuator developed by Henoch and Stace is used in this paper and 

illustrated in Figure 19. [48] 

Lorentz force actuators are solely electrical devices with simple design. 

Simplicity comes from using just 2 non-movable main parts: the permanent magnets 

and electrodes which are soled to the flat plate. In order to create Lorentz force, the 

magnets and electrodes must be alternated across the width of the surface perpendicular 

to the direction of flow. Magnets have to be embedded into surface lower than the 

electrodes to prevent possible mutual arcing. [49]  

When the electric current starts to flow through the electrodes, electrical field is 

created. Thanks to the permanent magnets, also magnetic field is present. Both electric 

fields and magnetic fields always intersect each other at two points. Under these 

conditions, the Lorentz force is created, which is mathematically described as follows: 

 

 

       

 

 

where j is a vector of the current density field and B is a vector  magnetic field.  

 

The body force comes as a cross product of these two physical quantities and 

direction is defined by right hand rule. The shape of both fields and the pattern of the 

attachment of the individual components are illustrated in Figure 19. 
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Fig. 19. Illustration of Lorentz force actuator from side and top view [48] 

 

The intensity and direction of the body force is controlled by varying the 

strength and polarity of electrical field. It was found out, that at low intensities, only the 

near-wall region of the flow is affected by the force. At higher values, the mean flow is 

unaffected, however the turbulence flow is reduced up to 30% in the lower part of the 

boundary layer. At highest values of forcing, turbulence intensity is increased along 

with skin friction. [50] When comes to the materials, the most common are copper for 

electrodes and neodymium for magnets. Although in some different design types, the 

electromagnets are used, thanks to their capability producing much stronger magnetic 

field. On the other hand, rare-earth magnets do not require power source. 

 

3.5.2  Experiments 
 

During the last twenty years, various experiments were performed in order to 

achieve better understanding of performance and capabilities of Lorentz force actuators. 

One of them was performed by Breuer el al. [48] to examine performance of these 

devices under broad range of different conditions. Actuator illustrated in Figure 19 was 

implemented and tested for turbulence control at low to moderate Reynolds numbers. 

By applying relatively low voltages, for example 3 V, the achieved gain in velocity of 

flow was around 4 cm/s which seems to be low, but certainly it’s not insignificant. 

Along with turbulence control, drag reduction was measured. However, the results in 

drag reduction were not as positive as in the previous method. This is mainly due to a 

fact, that saltwater, which was used as fluid in this experiment, has low conductivity 

which resulted into poor efficiency. This can be slightly improved by increasing the 

intensities of both fields, although at higher Reynolds numbers it would be still 

insufficient. [48] 
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Next experiment focused on drag reduction was performed by Berger et al. [50] 

Experiment was based on theory, that reduction of drag is achieved by disturbance of 

semi equilibrium state between stream wise vortices near the wall  and wall itself. It was 

found out, that when Lorentz force is applied in perpendicular direction to those 

vortices, noticeable skin-friction is achieved. Few methods were developed, based on 

alternation of strips of magnets and electrodes, which lead to reduction of skin friction 

by approximately 40%. Nevertheless, drawback of these methods is necessity of high 

power input. By judging all these factors, it turned out that these methods were 

impractical and not very efficient. [23] 
 

4.5.3  MEMS 
 

Since the first implementation of active flow control methods, the emphasis of 

research was to develop small, lightweight and efficient actuators. The huge leap in 

research was done in late 1980’s at Berkley University, when MEMS were introduced. 

Since them a huge progress in development was made. MEMS or Micro-Electro-

Mechanical Systems refers to a micron-sized mechanical  devices fabricated by 

techniques used for production of integrated circuits and silicon chips. MEMS is huge 

group of different systems, designed for different applications. In case of flow control, 

actuators, sensors and processing units are combined together, creating an micro-sized 

system. This tight integration of these devices is not only small-sized and power 

efficient, but also provides great level of precise flow control. However, in terms of a 

performance, a huge improvements  still needs to be done.  

The extensive review of MEMS actuators performance was performed by Bell et 

al. [51]. Thanks to the very small design, the MEMS actuators are nowadays not strong 

and fast enough to achieve desired effects. Nevertheless, over few years, several 

different actuators were developed such as thermal, moving surface or synthetic jet 

actuators. Since the synthetic jets were addressed in chapter 3.1.1, only thermal and 

moving surface actuators will be discussed. A review by Ho and Tai [52] provides 

broader review of MEMS application to flow control.  

 

4.5.3.1  Thermal Actuators  

 
Thermal actuators are considered to be the simplest type of MEMS actuators. The 

actuation is based on heating the fluid by resistor mounted on a surface. The thermal 

actuator fabricated by Breuer et al. [53] can be seen in Figure 20.  
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Fig. 20. MEMS Thermal actuator [53] 

 

However, two effects regarding the actuation are possible, which one will be 

present depends on the type of fluid. In case of gases, the force is created due to 

decrease of density. For liquids, this effect is insignificant, but due to injected heat, the 

decrease of fluid viscosity occurs which results into body-force. At gas flow, problems 

may occur if the flow speeds are low and thermal conductivity between resistor and gas 

is insufficient. In this situation, the actuator starts to overheat which significantly 

reduces its lifespan and response frequency. Although they weren’t widely used, mainly 

due to the high power consumption and tendency to overheat, they are still a plausible 

simple solution for basic operations. 

 

4.5.3.2  Moving Surface Actuators 
 

One of the first MEMS devices that uses moving surface for flow control were 

developed at University of California in 1990’s. As a moving surface was chosed  

electromagnetic flap, but at the end, the results weren’t plausible. Another flap actuator 

was developed by Tsao et al. [54]. Deflection was achieved by applying current to the 

coil implemented on a surface. Despite the fact, that high deflections were achieved, the 

device suffered from several issues such as high power consumption and bending of a 

flap. Next interesting concept known as microballoon-flap actuator was reported by 

Grosjean et al. [55]. Microballoons could be inflated by either by external pressure or 

by thermopneumatic device. These devices proved to be capable of withstand high 

forces up to 100 mN. However, those which uses thermopneumatic devices suffers from 

same disadvantage as thermal actuators, which is low response. Despite that, they were 

successfully used for maneuvering delta-wing aircraft. Microballoon-flaps were also 

experimentally studied by Yang et al. [56]. 

 

4.5.3.3  Miscellaneous 
 

Despite the actuators listed above, few other promising MEMS are worth 

mentioning. One of those is Seesaw Type Magnetic Actuator Array developed at 

University of Tokyo. System combines an array of 18 shear stress sensors and 16 

Silicon flaps both aligned in spanwise direction. On the backside of the flaps are 
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installed Copper coils and on the bottom of the whole system are placed permanent 

magnets. Thanks to the used coils, the tilting of the flaps around their axis is possible. 

The maximal achieved angle was around 12 degrees and experiments performed in 

wind tunnels showed 7% reduction in skin friction. Another interesting device called 

MEKA-5 actuator was developed at University Of Michigan. It was designed for drag 

reduction in turbulent boundary layers by manipulating vortical structures creating by 

electrokinetic pumping and time-varying electrical field. Performed experiments 

showed plausible results for further development. [57] 
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6   APPLICATIONS 
 

Even though actuators for flow control mentioned in previous chapters were used in 

many applications, it has to be noted that most of those applications were performed in 

laboratory conditions. Since the transition from laboratory to real conditions is really 

challenging, there are not many full-scale implementations yet. Nevertheless, those 

already performed in laboratories show big promise in future implementation to the real 

environment. The active flow control technology is primarily focused on control of 

certain flow phenomenas in order to improve overall performance of the aircraft. 

Nowadays, the application of AFC is really wide since there is a significant number of 

different flow phenomenas. However, the most important ones are separation control 

over the airfoils, drag reduction, noise suppression and jet vectoring. Series of 

experiments will be presented in next chapters which will demonstrate the 

implementation of AFC methods. 

 

6.1  Separation control 
 

Separation control has been extensively studied over significant period of time 

since it represents one of the most effective ways of improving overall performance of 

the aircraft. By delaying separation of the airflow, not only it enhances lift, but also 

reduces drag and delays stall. The control of separated flow is mainly done by using the 

fluidic or plasma actuators. Effective flow control in this area could lead to lift control 

over the wing without need of flaps or other lift-enchanting devices. 

 

6.1.1  Plasma actuators for separation control 
 

In case of plasma actuators, the SDBD type proved to be very effective in 

separation control. For example, series of application by Post et al. [58] showed great 

results in flow control. First experiment was performed on NACA 0015 airfoil with 

implemented SDBD actuator on leading edge. With actuator turned off, the lift 

increased linearly up to 14 degrees and full separation occurred at 16 degrees. With 

actuator turned on into steady mode, the stall angle increased to 18 degrees. Additional 

increase up to 22 degrees was achieved by switching actuator into unsteady mode. 

 

Another application by Post et al. [58] was addressed to stall control on oscillating 

airfoils used by helicopters. Airfoil type along with the placement of the actuator was 

identical as in the previous application. The axis of oscillation was set to 25% of chord 

length location. Cycle started at angle of attack 5 degrees with maximum at 15 degrees. 

The results can be seen in Figure 21. 
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Fig. 21. Flow visualization over NACA 0015 airfoil during pitching cycle [41] 

 

From Figure 21 its clear, that in second half cycle during pitching downwards, 

the flow starts to separate and is not fully reattached until the beginning of the next 

cycle. Figure 22 demonstrates the behavior of the flow over airfoil with plasma 

actuators switched on. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 22. Flow visualization over NACA 0015 airfoil during pitching 

cycle with plasma actuators [41] 
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 It is clear, that with use of plasma actuation, the flow stays fully attached during 

the whole cycle which in result led to approximately 30% increase of lift. Same year, 

another significant application was performed by Post and Corke [59] regarding 

separation control over airfoil at high angle of attack. NACA 66-018 airfoil was used 

thanks to its well documented characteristics. Experiment was performed in range of 

freestream velocities from 10 m/s to 30 m/s and Reynolds numbers from  77 ×10
3
 to 

333×10
3
. In the result, plasma actuators were able to reattach the flow at angles of 

attack higher than stall angle by 8 degrees. Moreover, full pressure recovery was 

achieved and up to 400% increase in the lift-to-drag ratio.  

Additionally, He et al. [60] also investigated the efficiency of unsteady operation 

over the steady one. Two sets of plasma actuators were used. One was placed on the 

leading edge simulating the use of slats and another at the trailing edge simulating the 

use of flaps. Used airfoil was NACA 0015 at freestream velocities 21 and 30 m/s and 

Reynolds number of 257×103. As expected, steady mode led to reattachment of the flow 

4 degrees past the normal stall angle. However, in case of unsteady mode it was up to 9 

degrees. Also, unsteady mode proved to be much more efficient than steady one. While 

power consumption during steady operation was 20 W, in case of unsteady mode it was 

2 W.  

Experimental study regarding efficiency was also done by Jolibois et al. [61]. 

Goal of experiment was to determine best location of plasma actuator for maximum 

separation control. Seven actuators were placed on 1 m chord NACA 0015 from 30 to 

80% of the chord. It was found out, in order to achieve maximum efficiency, the 

actuator must act directly at separation point regardless of value of angle of attack. 

 

6.1.2  Separation control by fluidic actuators and blowing 
 

Separation control using synthetic jets is based on their ability to stabilize boundary 

layer by adding or removing momentum to boundary layer along with creation of vortex 

rings.In recent years they showed a good level of implementation in industrial 

applications. One of the applications demonstrating qualities of synthetic jets was 

performed by Smith et al. [6]. Goal of this application was reattachment of the flow at 

stall angles by using synthetic jet placed near the leading edge. As a result, the lift 

coefficient was increased by more than 200% along with noticeable drag reduction.  

Similarly like an experiment by Jolibois et al. [61] mentioned earlier, Smith et 

al. [6] also performed study determining the most effective location for actuator. It was 

concluded, that when actual location of the jet approached the separation point, the 

amplitude needed for reattachment of the flow decreased significantly.   

Another application of synthetic jets was done by Gilarranz et al. [62]. 

Separation control was performed on NACA 0015 airfoil at free-stream velocity of 35 

m/s and Reynolds number 8.96×105. Angle of attack varied from -2 degrees to 29 

degrees. At angles of attack lower than 10 degrees, the effect of actuator on flow was 

minimal. It was concluded, that use of synthetic jet increased the lift coefficient by 80% 

and stall angle also increased from 12 to 18 degrees. An example of application of 

synthetic jets is shown in Figure 23. 
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Fig. 23.  Actuation by synthetic jets with visible streamwise vortex pairs [63] 

 

Lift enchantments was also achieved in series of experiments by Amitay  et al. 

[64] such as separation control in inlet ducts. Despite the increase of lift, it was also 

demonstrated that separation can be reduced or suppressed altogether.  

Applications using oscillatory blowing technique was performed by Seifert et al.  

[10]. It was demonstrated, that by using oscillatory method over the steady one, the 

overall efficiency of separation control increases, mainly power efficiency. Significant 

increase of lift along with decrease of drag were observed. In later experiment, the 

relations between parameters like oscillation frequency, location of the blowing slot etc. 

were studied. [1]  A series of applications of blowing and suction were also presented in 

Chapter 2.  

A few another studies performed by Wu et al. [65] and Donovan et al. [66] 

investigated numerically the efficiency of oscillatory blowing in post-stall flow. 

Donovan et al. [66] simulated the experiment performed by Seifert et al. [10] mentioned 

above. NACA 0015 airfoil was used and Reynolds number was set to 1.2×106. It was 

demonstrated, than increase in lift is caused by vortical streams flowing over the suction 

surface which causes a decrease of pressure. This causes the air stream flow closer to 

the surface. Results of the simulation showed a good level of match with experimental 

results. [1] 

Comparison between synthetic jet and steady jet was also performed by 

Donovan et al. [66]. Both actuators were similar in size and placed near the leading 

edge of and NACA 0012 airfoil. Application was performed at Reynolds number set to 

8.5×106. Synthetic jet proved to be very effective in the post-stall flow with lift increase 

up to 29%. On the other hand, steady jet stood-out in drag reduction significantly. 

 

6.2  Thrust vectoring 
 

Thrust vectoring refers to an ability to control and change the direction of thrust form an 

engine. This method is widely used in military fighter aircrafts and rockets using 

mechanical systems. Since these mechanical systems are relatively complex and heavy, 
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the emphasis of research in this area was to develop new method of thrust vectoring. 

The new promising method has been discovered by Smith and Glezer [67]. 

Rectangular continuous jet was used as a primary jet simulating the flow exhaust 

from engine and synthetic jet was placed at the corner of exit nozzle. During the suction 

stroke, part of the primary jet fluid is drawn into cavity of synthetic jet. This results into 

formation of low pressure region close to the actuator and causes the acceleration of the 

fluid and deflection towards the actuator as shown in Figure 24. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  Fig. 24.  Illustration of jet vectoring by synthetic jet [68] 

 

 

 

 

 
 

Fig. 25. Schlieren images of unforced (upper image) and deflected jet (bottom image) 

[68] 
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Over last two decades, another several mechanisms of thrust vectoring were 

developed such as counterflow vectoring, shock-vector control and aerodynamic surface 

shaping.  

 

6.2.1  Counterflow thrust vectoring 
 

Counterflow thrust vectoring was firstly introduced by Strykowski et al. [69] 

and Flamm [70]. This type of vectoring is based on low-volume suction applied 

adjacent to the surface of primary jet nozzle. As a result, countercurrent flow is created 

between the collar and primary jet as seen in Figure 26. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 26. Schematics of counterflow thrust vectoring using suction [71] 

 
The presence of the counterflow also increases mixing between the flows and 

creates a shear layer between them. Thanks to the collar, the mass flow is reduced into 

small area which results into acceleration of secondary flow and therefore decrease of 

pressure. Applying suction to only one side will lead to deflection of primary jet 

towards the low pressure region. Additional mixing of the flow brings also another 

possible benefits such as noise and temperature reduction. Several experiments were 

performed both by Strykowski et al. [69] and Flamm [70] achieving promising results. 

At relatively low suction, deflection of jet up to 16 degrees was achieved along with 

thrust efficiencies between 0.92-0.97. However, before full-scale implementation into 

industrial applications, several problems must be addressed such as dealing with thrust 

loss, additional weight from suction source and  possible instability.  

 

6.2.2  Shock Vector thrust vectoring 
 

Shock vector control is based on creation of shock in diffuser which 

consequently results into jet deflection. Shock can be created by injection of fluid 

through the injection port located on one side of the diffuser into the supersonic primary 

jet. SVC can be seen in Figure 27. By applying this method, high angles of deflection 

can be achieved, however at cost of significant loss in efficiency. Several other 

disadvantages of this method were observed by Deere [72]. Performance of SVC ranged 

typically from 0.86 to 0.94. Additional informations regarding performance and 
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optimization were brought by Wing et al. [73], Zmijanovic et al. [74] and Neely et al. 

[75]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                   

Fig. 27. Visualization of jet deflection by Shock Vector Control method [76] 

 

6.2.3 Throat skewing 

 
Throat skewing represents thrust vectoring by injecting fluid at the exit of the 

nozzle or at the throat. This method was extensively studied by Miller et al. [77] Based 

on results, it turned out as another promising method of thrust vectoring. Like it was 

said, nozzle is equipped with two injectors. If they are both turned on simultaneously, 

the effect on actual jet exhaust is minimal, however this operation can be used as an 

aerodynamic throttle of jet engine. In asymmetric operation, in which only one injector 

is turned on, the jet exhaust is deflected. Illustration of this method can be seen in 

Figure 28. Miller et al. [77] also studied the performance of this method at various 

operating conditions. Another study was performed by company Lockheed Martin 

investigating a level of responsiveness of this method. From performed CFD 

simulations it was found out, that rate of angle change was up to 100 degrees per 

second,  which is two times more than is normally required. Compared to other methods 

mentioned earlier, in the case of efficiency they perform similarly to shock vector 

control methods. 
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                Fig. 28.  Illustration of throat skewing thrust vectoring [1] 

 

6.3  Drag reduction 
 

Drag reduction is one of the most challenging goals when dealing with aircraft 

design and construction. It was determined, that more than 50% of total drag of 

conventional aircraft represents skin-friction drag. Therefore, in last decades research 

has been focused on flow control methods dealing with skin-friction drag. In the early 

1980’s, a passive control method using riblets was examined at NASA Langley 

Research Center. Achieved drag reduction was around 6% in wind tunnel experiments 

as-well as in flight tests. Although it may looks significant, the total drag reduction 

would be only between 1% and 2%. This led researchers to focus more on active control 

methods in which significantly higher drag reduction can be achieved.  

Series of numerical simulations of turbulent channel flow were performed. Jung 

et al. [78] simulated the turbulent flow with oscillating duct walls at high frequencies. 

Acquired drag reduction was around 40%. An experimental study was performed by 

Choi et al. [79] for drag reduction in wall-bounded flows using suction. The drag 

reduction in this case turned out to be around 25-30%. More than 90% reduction was 

achieved by Thomas et al. [80] on cylinder model using steady blowing. An 

implementation of Lorentz force actuators to the drag reduction problematics was tested 

by Kim [81]. However, even those simulations showed more than 50% reduction, the 

actual efficiency would be still too low in real environment even with very strong 

magnets. Historically, there are not many experimental results of drag reduction since 

higher focus was kept on other applications, mainly separation control. Nevertheless, in 

recent years it regains its popularity. [82] 
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6.4  Active  control of Flow-Induced Cavity Resonance 
 

Flow over cavities can be seen in many engineering applications. Thanks to this, 

a numerous studies were performed since 1950’s regarding a possible active control of 

these flows. The process of flow over the cavity is illustrated in Figure 29.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 29. Illustration of flow over the cavity [83] 

 

As soon as boundary layer reaches the edge of the cavity, the whole flow 

separates and becomes unstable and immediately rolls up into small vortices. As the 

flow hits the opposite edge of the cavity, the acoustic waves are created which results 

into high sound pressure inside cavity and leads to high unwanted vibrations. This is 

especially dangerous at supersonic speeds, since periodic vibration at such high sound 

pressure levels could lead to structural failure. The primary goal is to develop method, 

which would dramatically reduce the unwanted effects. In case of active control, it can 

be either open-loop or closed-loop. In open-loop control, which is preferred for its 

simplicity, the most frequently used actuation methods are based on suction or blowing, 

either steady or unsteady, resonance tubes and fluidic jets. From all of these, 

particularly attractive are fluidic jets since they are capable of working  at supersonic 

flow velocities, however at cost of high power consumption. In case of closed-loop 

control, the actuation is more complex since it requires additional hardware for 

feedback control. However it stands-out in power efficiency and more precise actuation. 

Actuators in closed-loop control are additionally divided into two groups based on 

control input signal. While the first group produces control input at several frequencies, 

the second one primarily only one. The noticeable advantage of the second group over 

the first one is that its actuators are capable of resonance control at supersonic speeds. 

[84] [85] 
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When comes to the actual performance, measurements of drag taken  by 

McGregor & White [86] showed the importance of cavity flow control.  At flow 

conditions in which aeroacoustic resonance occurs, the drag was approximately 250% 

higher compared to regular flow conditions. Study by MacManus and Doran [87] shows 

typical acoustic levels for various speeds. It was determined, that at flow speeds around 

speed of sound, the acoustic level is approximately 160 dB while at speeds around 100 

km/h the acoustic level still relatively high at 130 dB. In experimental study by 

Cattafesta et al. [88] piezoelectric actuators were used both in open loop and closed-

loop control. Results were in both cases similar. The achieved reduction of sound 

pressure was approximately 18 dB.  Two years later, Raman et al. [28] successfully 

applied sweeping jet actuator for noise suppression in cavity and achieved up to 10 dB 

reduction of noise. For broader view  of cavity flow resonance problematics, an 

excellent review by Cattafesta et al. [84] is advised.  To successfully implement active 

control methods into engineering applications, few issues has to be solved first, such as 

transition from laboratory to flight conditions and also better understating of cavity 

resonance despite the amount of  research studies.  
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5  COMPARISON OF FLOW CONTROL METHODS 
 

Dealing with actuators for flow control also brings question about efficiency and 

applicability. Most commonly used and known actuators were discussed. In this 

chapter, a key advantages and disadvantages of mentioned actuators will be presented.  

The brief summary can be seen in Table 1.  

 

Table 1 Brief summary of flow control actuators 

Flow control 

method / 

actuator 

Type Advantages Disadvantages Applications 

Suction, 

Blowing 

Fluidic -Simple design 

-Co-Flow jet 

-High weight 

-Sensitive to dirt 

and flies 

-Separation 

control 

-Drag 

reduction 

 

Synthetic jets Fluidic -Simple design 

-Low weight 

- No external 

source of fluid 

-Limited to 

moderate subsonic 

velocities 

-Resonant device 

-Separation 

control 

Fluidic 

Oscillators 

Fluidic -Small design 

-No moving 

parts 

-Able to 

produce large 

disturbances 

-Requires external 

souce of fluid 

-Separation 

control 

-Cavity flow 

resonance 

Piezoelectric 

flaps 

Moving 

part 

-Simple design 

-Broad range of 

frequencies 

-Sensitive to fluid 

loading 

-Separation 

control 

-Cavity flow 

resonance 

SDBD plasma 

actuator 

Plasma -Small size 

-No moving 

parts 

-Fast response 

-Requires high 

voltage 

-Low velocity of 

fluid 

-Drag 

reduction 

SparkJet 

actuator 

Plasma -Capable of 

producing high 

speed flow 

-High temperature 

-High noise 

-Long cycle times 

-Supersonic 

separation 

control 

Lorentz force 

actuator 

Electrical -Small design 

-No moving 

parts 

-Requires 

conductive fluid 

-Drag 

reduction 

-Turbulent 

flow reduction 

MEMS Electrical -Very small size 

-low power 

consuption 

-Low actuation 

forces 

-Limited 

application at 

moment 
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Advantages of flow control methods by suction and blowing were discussed in 

previous chapter. To summarize, since they are open-loop control methods, they have 

been surpassed by more desired closed-loop control methods. Another drawback that 

adds to their reduced application is heavy weight of pump system. Nevertheless, with 

such a long-time  innovation in this area, they became one of the most effective flow 

control methods, especially at separation control and drag reduction.  

 

 Continuing with synthetic jets, which their main advantage is no need of external 

source of fluid. Another advantage comes from their small and simple design. However, 

the biggest drawback is, that they are limited to moderate subsonic speeds since driving 

mechanism is based on piezoelectric ceramic. Since the first introduction, synthetic jets 

were used in broad range of applications which makes them very versatile and often 

used actuators. However, from numerous studies it seems, that they are best suited for 

separation control at low speeds.  

  

Fluidic oscillators, despite that they are not still fully understood, are used in 

variety of applications. Fluidic oscillators benefits mainly from simple and small design. 

The key advantage of these devices is ability to produce pulsed or oscillating jets 

without the need of any moving parts. This not only simples the maintenance and 

reduces weight, but also eliminates mechanical vibrations. These devices perform 

especially well in separation control. 

  

Moving to another actuator, the piezoelectric flaps offers also offers simple 

design and capability of producing streamwise or spanwise vortices. Although, they 

suffer from same disadvantage as the synthetic jets since they are both based on 

piezoelectric effect. In addition, they found to be sensitive to fluid loading. Despite that, 

they showed great potential in several applications, mainly in separation control and 

problematics of cavity resonance.  

  

Popularity of SDBD plasma actuators increased over past few years rapidly, 

thanks to their benefits over other actuators. The biggest benefit over previously 

mentioned actuators is, that they have no moving parts. As a result, the actual 

dimensions are very small which makes them easily applicable to a surface. In addition 

to that, they offer great responsiveness which is a prime result of lack of moving parts. 

Over past years, several modifications of SDBD actuators were presented, which adds 

them ability to produce vortical structures which are often desired in flow control. 

However, this advantages comes at cost of high voltage requirement and relatively low 

velocity of accelerated fluid. Despite high voltage demand, they have been applied to a 

numerous different flow phenomenas and shows promising future in drag and noise 

reduction and also in separation control.  

  

Another plasma actuators mentioned in this paper were SparkJet actuators. They 

show similarities in design with synthetic jets, but unlike them, they are  able to produce 

jet with high velocity which makes them ideal for supersonic applications. Furthermore, 

they also proved to be energy efficient. Nevertheless, nowadays they are fairly limited 

only to high-speed flow applications since the cycle times are still relatively high 

compared to other actuators. In addition, several issues regarding high noise and 

temperatures has to addressed.  
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Next promising technique for flow control uses Lorentz force actuators which is 

based on actuation using the electromagnetic force. Due to this fact, their application in 

airflow is nowadays limited, since for effective flow control, a conductive fluid is 

needed. Despite that, they showed great results in drag reduction and turbulent flow 

reduction although at cost of high power input.  

  

Lastly, the one of the recent  innovations in problematics of manipulation the 

fluid, the MEMS demonstrates the future of modern flow control. Biggest advantages of 

MEMS over other methods are extremely small size, low price, low energy 

consumption  and fact, that they gathers actuators, sensors and processing units all at 

one place. However, the drawback of small size is insufficient actuation force, therefore 

are nowadays fairly limited. 
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CONCLUSION  
 

The primary objective of this thesis is to provide  brief overview of currently studied 

and developed flow control methods along with their applications. The short summary 

of advantages and disadvantages of individual methods is also provided. Whole thesis is 

divided into three main parts.  

 First part of thesis adresses  the  introduction to flow control methods and brief     

historical preview of their development.  

 Second part provides overview of actuators for flow control. Aim of this thesis 

was not only to mention the most known and nowadays most frequently used actuators, 

but also to point out the overlooked ones which shows great amount of potential. Each 

of the reviewed actuators was described both in the way how it operates along with its 

performance.  

Third  part covers series of applications of actuators on flow phenomenas which 

affects the performance of the aircraft the most. The gained knowledge is summerized 

into a discussion regarding the both advantages and disadvantages of each flow control 

method along with the most suitable areas for their application.  
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LIST OF SYMBOLS 

 
Symbol Unit   Value 

 
µ   [m

2
·s

-1
]  Kinematic viscosity 

B   [T]   Magnetic flux density 

D   [N]   Aerodynamic drag 

E   [J]   Internal energy 

J   [A·m
-2

]  Current density 

L   [N]   Lift 

L0   [-]   Dimensionless stroke lenght 

Lf   [N]   Lorentz force 

Q   [J]   Deposited energy 

Re   [-]   Reynolds number 

T   [s]   Period of cycle 

u(t)   [m·s
-1

]   Average streamwise velocity 

U0   [m·s
-1

]   Time-averaged velocity 

τ   [s]   Time  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Matúš Daňko                   Overview of active flow control methods and their application 

 

65 

 

 

LIST OF ABBREVIATIONS 

 
Abbreviation  Definition 

 
AC    Alternating current 

DC    Direct current 

AFC    Active Flow Control 

BLC    Boundary Layer Control 

CFD    Computational Fluid Dynamics 

LFC    Laminar Flow Control 

MEMS  Micro-Electro-Mechanical Systems 

NACA    National Advisory Committee for Aeronautics 

SDBD    Single Discharge Barrier Discharge 
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