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Actuators for flow control based on plasma principle
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   One can distinguish between two types of flow control, passive and active. Active flow control has a few advantages. The biggest advantage is a possibility to influence the flow only if there is a need. By contrast, the passive control acts all the time and for all regimes and this is not good in terms of fuel consumption, for example. Active flow control provides the necessary momentum to the shear layer from an external source, as opposed to passive control which uses the momentum of free stream of fluid.

   The following will be addressed only plasma actuators. All actuators based on non-thermal plasma have many advantages. For example, they have no mechanical parts, they are not sources of noise and vibration, they have small volume, they can convert electric energy into kinetic energy without using mechanical parts, they are reliable and their response time is short and it allows high-quality flow control with a low need for power. The main disadvantage is the low efficiency of energy conversion. This actuators can modify the gas properties at the wall (such as density). But it seems that this effect is negligible for velocities up to 30m/s.

   Plasma can modify three phenomena:

1) The laminar to turbulent transition. The laminar shear layer has smaller skin friction, but turbulent one is more resistant to separation. This is very important for flow control over any profiles.

2) The separation. It is very important when and where there is separation because maximum lift is given the ability of flow to follow profile curvature.

3) The turbulence. A decrease in turbulence has a big important for cases of noise reduction. On the other hand an increase in turbulence can lead to better flow mixing.

   A simple plasma actuator consists of at least two electrodes near the wall which are powered by high voltage (kV). The cold plasma appears between the electrodes past an onset voltage. The discharge is based on the mechanism of electron avalanche. The electrons are created by photo ionization in electrode gap. Electric field between the electrodes deviate electrons toward the anode. Then electrons ionize the gas by precipitation with neutral particles according to the equation

A+e-→A++2e-
where A+ is positive ion. Avalanche multiplications due to growing number of electrons along the shift from cathode to anode; electric current flows. The discharge regime is determined by function voltage-current. Typical values for these discharges are : high voltage from a few kV to several tens kV, with DC or AC current, frequency from 50Hz to 50kHz, current from a few µA to a few mA and the density of charged species between 109 and 1013 cm-3. 

   For shear layer control, atmospheric pressure corona discharges or dielectric barrier discharges (DBD) are usually used. Corona discharge is in the case of DC excitation, the DBD in the case of AC excitation. Corona discharges are further divided into positive corona and negative corona. When strong electric field is near the cathode it is the negative one. When strong electric field is near the anode one can say it is positive corona.

   Electric wind (corona wind, ionic wind) forms because of collisions ions and neutral molecules in electrode gap. Electric wind is also flow between the electrodes. The velocity of electrons is greater then the velocity of ions but their role is negligible because their mass is too small. The first equation for velocity of electric wind is given by :
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where k is geometrical constant, µ is the ion mobility, i time-average current and ρ is gas density. It is necessary to distinguish this with velocity of ions:

vi=µE 

where E is intensity of electric field. The ions velocity is usually a few hundreds or thousands m/s. The electric wind velocity is a few m/s. The maximum attainable velocity is around 10m/s. 

   There are surface corona and volume corona in the cases of corona discharges. Geometric configuration of electrodes point/plane is a typical volume corona. One can usually use surface configuration: There are two wire-electrodes on the surface (or below the surface). The anode diameter is less in compare with the cathode one to be raised strong electric field. 

   One can observe five discharge regimes for surface corona: Spot regime over onset voltage V0. Streamer regime when growing electric field. One can see a thin sheet of blue ionized air between electrodes. For a growing ratio voltage/gap occurs glow regime. This is a typical corona. One can see only a few illuminating spots around both electrodes. When the ratio increases further there is filament regime. In addition, sparks may occur and the discharge is unstable. 

   For typical application, there are these values: E=8kV/cm, I=1mA/m, electric power Pelec=80mW/cm2. Surface corona discharge is sensitive to same parameters: humidity, pressure, temperature, electrode geometry etc. 

   One can obtain the velocity profiles by measuring using a glass Pitot tube. The velocity of electric wind is growing with applied current. The maximum velocity is near the wall, about 1mm from the surface. One can calculate induced electric power from the velocity profiles, as well as induced electro-mechanical efficiency.
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When the anode is thinner than the cathode there is the main positive space charge and electric wind forms from the movement of positive ions. 

   One can be prevent the transition corona/sparks using dielectric barrier between electrodes. But it is not possible to use a DC voltage due to dielectric barrier. There are AC frequencies from 50Hz to 500kHz. DBD do not use complicated power supplies - they may be excited by using a sine high voltage.

   One can distinguish between two types - volume DBD and much later surface DBD. Surface DBD was found by Rath in 1998. This device is protected by a patent and is named as OAUDP-One Atmosphere Uniform Discharge Plasma. 

   A simple DBD actuator consists of electrodes which are placed on both sides of dielectric. The first electrode is excited by an AC high voltage and the second electrode is grounded. Above the ignition voltage, plasma appears on both sides as well as electric wind. When there is a need the bottom electrode may be encopsulated. Then there is no electric wind on the bottom side. Electrical and mechanical properties are strongly dependent on various parameters and these parameters are usually: electrode width a few mm, electrode gap 0 or a few mm, dielectric made from kapton, glass, ceramics, plexiglass, its thickness is from 0,1mm to a few mm, high voltage from kV to 30kV and frequencies are in order of tens Hz or of tens kHz.
   Optical measurement showed that the structure of the plasma is different for negative and positive half-period. We can homogenize the plasma by encapsulation of the lower electrode. One can say that electric power consumption of DBD is almost the same as for corona. But the immediate value is different due to using AC high voltage. There are some maximum peaks in order a few kV.

   Mechanical effects can be illustrated by using three parameters. Electric wind velocity, mechanical power and electric power. It seems that the maximum velocity is closed to the profile about 0,5mm from the wall. Further velocity increases with applied voltage. Some experiments were performed which showed that velocity depending on the size of electrode gap or electrode width. Optimal electrode gap is about up to 5mm because plasma can not expand when this distance increases.

   Mechanical energy and electro-mechanical efficiency may be computed from velocity profiles. The efficiency of DBD is less then efficiency of corona discharge and even the bottom electrode is encapsulated. DBD discharge is more stable then corona one and it makes the possible to achieve higher velocities. 

   The other actuators are based either on a different geometry or completely different concept. For example, Roth invented an actuator where he combines peristaltic and paraelectric effect. This actuator allows reversing of electric wind. Other solutions on the principle of DBD consist of two annular electrodes.

   Our actuator is based on the principle of a simple DBD. Its electrodes are copper strips with a width of 15 mm and electrode gap is 5 mm. Powered alternating voltage is about 30kV and frequencies which can be changed from 5kHz to 50kHz. Dielectric is made of 3 mm glass and the lower electrode is covered plate of plexiglass. Initial experiments showed that the actuator is able to produce sufficiently strong wind that could affect the flow. In the next test will be studied the impact of an electrostatic field of actuator to particles used in PIV.
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