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Abstract
Ionic winds have many possible applications, for example as flow actuators or in cooling technology for
electronic appliances. The phenomenon of ionic winds arises due to charged particles in a plasma being
accelerated by an electric field and transferring part of their momentum to neutral molecules through
collisions. In this paper, the specific system that will be studied is the surface dielectric barrier discharge
(SDBD), consisting of two electrodes separated by a layer of dielectric material. A numerical model is
built in COMSOL Multiphysics to simulate this discharge. The model consists of a three-species system of
drift-diffusion equations to model the plasma, which when combined with the Navier-Stokes equations
can simulate the air flow resulting from this discharge. This model was solved for several types of input
voltage at the top electrode: positive and negative pulse voltages, as well as sine waves with various
frequencies and amplitudes. Various values for the dielectric constant of the barrier were used as well.
For a sinusoidal voltage with a frequency of 10 kHz and amplitude of 1.5 kV and a dielectric constant of
5, the average flow velocity throughout the simulation domain of 0.4 by 0.15 mm during one voltage
cycle was found to be 0.203 m/s. During the positive half-cycle, this was 0.440 m/s, and during the
negative half-cycle, this was -0.035 m/s in the opposite direction, as indicated by the minus sign.
Increasing the amplitude, frequency and dielectric constant all result in greater flow velocities.

Introduction
Ionic winds occur due to an electric field accelerating charged particles. The charged particles then cause
an electrohydrodynamic (EHD) force by transferring part of their momentum to the air around them in
collisions with neutral molecules. This force has been proposed to be used in cooling technologies or for
flow actuators [1-5].
There are several methods of generating ionic winds. An example of this is a needle-cylinder geometry,
consisting of two electrodes: a needle, where the plasma is generated at the tip, above a metal cylinder.
Another example is the surface dielectric barrier discharge (SDBD), which is used in this study. This setup
consists of two electrodes, separated by a layer of dielectric material. An AC voltage is applied to the top
electrode, while the bottom electrode is grounded [6-13]. This setup has some advantages over the
needle-cylinder geometry. In particular, the insulation from the dielectric barrier enables the setup to
withstand higher voltages, making higher gas flow possible while avoiding discharge breakdown. An
image of the experimental setup is shown in figure 1, which shows the setup used by another BEP
student who was doing experimental research on the SDBD. As can be seen in the image, the plasma is
created at the side of the top electrode. The bottom electrode is not visible in this image, as it is hidden
below the dielectric layer. The resulting airflow should be in the same direction as where the plasma is
generated (in this example, to the right).
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Figure 1: SDBD setup in action

The model used in this study assumes that there are three distinct species of charged particles: positive
ions, negative ions, and electrons. In the continuity equations for each of these species, the model takes
into account ionization of neutral atoms by electrons (producing a positive ion and another electron),
attachment of electrons to neutral atoms (producing a negative ion and consuming an electron), and
recombination of positive ions with both electrons and negative ions.
To find the electric field resulting from the charged particle densities, the continuity equations are
coupled with Poisson’s equation for the electric field. It is then possible to calculate the EHD force from
the electric field and the particle densities. This volume force term is then inserted into the NavierStokes equations to create a model for the resulting gas flow.
What sets the SDBD apart from a needle corona discharge is the dielectric surface: charge will
accumulate on this surface as charged particles are absorbed by it. There is also the possibility of
secondary emission of electrons caused by positive ions impacting the surface. Unlike a needle corona
discharge, it is not practical to use a DC voltage, as the accumulation of surface charge would cause the
discharge to stop quickly. For this reason, AC voltages have to be used.
In reality, the discharge does not only cause airflow through ionic winds, but also by heating the air. This
heating is not taken into account in this study.
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Model description
The number densities of the charged particle species are calculated using the following set of continuity
equations:
𝜕𝑛𝑝
+ ∇ ∙ (𝜇𝑝 𝐸⃗ 𝑛𝑝 − 𝐷𝑝 ∇𝑛𝑝 ) = 𝛼𝑛𝑒 |𝜇𝑒 𝐸⃗ | − 𝑟𝑛𝑝 𝑛𝑛 𝑛𝑝 − 𝑟𝑒𝑝 𝑛𝑒 𝑛𝑝
𝜕𝑡

(1)

𝜕𝑛𝑒
+ ∇ ∙ (−𝜇𝑒 𝐸⃗ 𝑛𝑒 − 𝐷𝑒 ∇𝑛𝑒 ) = 𝛼𝑛𝑒 |𝜇𝑒 𝐸⃗ | − 𝜂𝑛𝑒 |𝜇𝑒 𝐸⃗ | − 𝑟𝑒𝑝 𝑛𝑒 𝑛𝑝
𝜕𝑡

(2)

𝜕𝑛𝑛
+ ∇ ∙ (−𝜇𝑛 𝐸⃗ 𝑛𝑛 − 𝐷𝑛 ∇𝑛𝑛 ) = 𝜂𝑛𝑒 |𝜇𝑒 𝐸⃗ | − 𝑟𝑛𝑝 𝑛𝑛 𝑛𝑝
𝜕𝑡

(3)

In these equations np, ne and nn are the number densities of positive ions, electrons, and negative ions
respectively, μp, μe and μn their electrical mobilities, Dp, De, and Dn their diffusion coefficients, and 𝐸⃗ is
the electric field. The equations take into account ionization of neutral atoms (with ionization coefficient
α), attachment of electrons to neutral atoms (with attachment coefficient η), and recombination of
positive ions with both electrons and negative ions (with coefficients rep and rnp respectively).
From the densities of the charged particles, the electric field is then calculated with Poisson’s equation:
∇ ∙ (𝜀𝐸⃗ ) =

𝑒
𝑒
(𝑛𝑝 − 𝑛 𝑒 − 𝑛𝑛 ) + 𝜎𝛿𝑠
𝜀0
𝜀0

(4)

where e is the elementary charge, ε the relative permittivity and ε0 the vacuum permittivity. The last
term describes the surface charge density on the surface of the dielectric, with σ the charge density and
δs a Dirac function that is zero everywhere except at the surface. This equation, coupled with the
continuity equations mentioned above, completes the model of the discharge.
The EHD force 𝑓𝑒ℎ𝑑 resulting from the electric field and the space charge density can be written as
follows, as shown in [7]:
𝑓𝑒ℎ𝑑 =

𝑗⃗⃗⃗𝑝 ⃗⃗𝑗⃗𝑒 ⃗⃗⃗
𝑗𝑛
− −
≈ 𝑒(𝑛𝑝 − 𝑛 𝑒 − 𝑛𝑛 )𝐸⃗
𝜇𝑝 𝜇𝑒 𝜇𝑛

(5)

In this equation, 𝑗⃗⃗⃗𝑝 , 𝑗⃗⃗⃗𝑒 and 𝑗⃗⃗⃗𝑛 are the current densities of each of the charged particle species. This
volume force term is then inserted into the Navier-Stokes equations to complete the model of the
airflow. The flow is assumed to be incompressible and laminar. The equations used for the flow model
are shown below, with equation (6) being the mass continuity equation and equation (7) the
momentum continuity equation.
𝛻∙𝑢
⃗ =0

(6)
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𝜕𝑢
⃗
(7)
+𝑢
⃗ ∙ 𝛻𝑢
⃗ ) = −𝛻𝑝 + 𝜇𝜈 𝛻 2 𝑢
⃗ + 𝑓𝑒ℎ𝑑
𝜕𝑡
In these equations, 𝜌𝑔 is the mass density of air, 𝑢
⃗ the flow velocity, p the air pressure, and 𝜇𝜈 the
dynamic viscosity of air.
𝜌𝑔 (

Simulation domain and boundary conditions

Figure 2: Geometry used for the simulations.

The simulation domain is shown is figure 2. The total dimensions of the domain are 0.4 mm by 0.2 mm,
as can also be seen in the figure. The grey colored area is the dielectric, which is 50 µm high. Its relative
dielectric constant 𝜀𝑟 is assumed to be 5. The blue area is air. The Poisson equation is solved in both
subdomains, all other equations only in the air subdomain. The model is 2-dimensional.
The area cut out of the dielectric is the top electrode, which has a thickness of 5 µm. The voltage is
applied at the edges of this area. Three different types of voltages were used: pulse voltages of negative
and positive polarity and a sinusoidal voltage. For the pulse voltages, the voltage at the top electrode
was set to ±1500 tanh(5 ∙ 108 ∙ t) V. This function for the voltage has a rise time of 1.06 ns from 10% to
90% of its amplitude. For the sine wave voltage, the same amplitude of 1500 V was used, with a
frequency of 10 kHz. These values have also been used in other simulations [10]. As said before, the
bottom electrode, represented as the entire lower boundary of the dielectric, is grounded, meaning the
electric potential is set equal to 0.
The secondary emission at the electrode and dielectric surface is dealt with by setting the electron flux
into the plasma equal to -γ ∙ Γp, where Γp is the positive ion flux into the surface and γ is the secondary
4

emission coefficient, defined as the fraction of positive ions that induce secondary emission. The value
of this coefficient is the same at the electrode and at the dielectric, and is set to 0.05, which was also
used in other studies [7-8,10-11].
The surface charge on the surface of the dielectric is computed by setting the time derivative of this
surface charge equal to the current density normal to the surface, using the equation shown below.
Charged particle species can freely leave the simulation domain at all outer edges.
𝜕𝜎
= 𝑛⃗ ∙ 𝑗⃗⃗⃗𝑝 + 𝑛⃗ ∙ ⃗⃗𝑗⃗𝑒 + 𝑛⃗ ∙ ⃗⃗⃗
𝑗𝑛
𝜕𝑡

(8)

For the airflow model, there is a no-slip condition at the surface of the top electrode and the dielectric,
meaning the flow velocity is set to 0 at this boundary. The left boundary acts as an inlet, and the
pressure there is set to 0. The right and upper boundaries are open, meaning the air can flow freely into
and out of the system.
All calculations are done by finite element modeling. The mesh used for the calculations is finest in the
region above the surface of the dielectric and the electrode, up to 0.125 µm above this surface. Within
this region, the maximum element size is set to 1 µm. Outside of this area, the mesh elements gradually
grow to a maximum size of 4 µm, with a growth rate of 1.2.

Results
In this section we will present results of the simulations, specifically the space charge density, the
electric field, and the resulting flow velocity field, at different times during the discharge. We will first
consider the pulse voltages (both positive and negative) and examine the development of the discharge
for both polarities. The airflow resulting from the discharge has not been computed for either of the
pulse voltages.

Positive pulse voltage
These first simulations were done with pulse voltage, first a positive one, then a negative. This was done
to test whether the equations for the discharge simulation were working properly. As such, these
simulation results do not include results for the flow simulation.
The applied pulse was an input voltage of ±1500 tanh(108 ∙ 𝑡) V at the top electrode. First, we will look
at the current through the top electrode produced in the positive pulse voltage during the first 100 ns,
which is shown in figure 3 (in blue). The figure also shows an indication of the voltage (in green).
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Figure 3: Current produced during the positive pulse voltage discharge.

From this plot, it can be seen that the intensity of the discharge is greatest during the peak at 10 ns,
before slowly decreasing to nearly 0 after approximately 70 ns. To examine in closer detail what exactly
is occurring during this peak, we will show plots of the space charge density and the magnitude of the
electric field throughout the simulation domain, at three different times near this peak: 8 ns, 10 ns, and
15 ns. These plots are shown in figure 4.
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Figure 4: Space charge density (left) and the electric field magnitude (right) for a positive pulse voltage at 8, 10, and 15 ns

As can be seen in figure 4, a positive charge is built up at the edge of the electrode for approximately 8
nanoseconds, at which point the discharge begins propagating in the positive x-direction. The
propagation of the space charge fully begins at 10 ns, at which point the current is highest. As the
charge moves across the dielectric, the current slowly decreases until the edge of the simulation domain
is reached after approximately 60 ns. Once the edge is reached, the space charge begins to dissipate,
and no more current is generated.
The discontinuity of the electric field at the surface of the dielectric is due the surface charge at this
surface. Figure 5 shows this surface charge density at 8 ns (in blue), 10 ns (in green), and 15 ns (in red).
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Figure 5: Surface charge density at the dielectric for positive pulse voltage, after 8 (blue), 10 (green), and 15 ns (red).

As the discharge propagates along the surface, a positive charge is being left behind. This surface charge
density eventually levels out at approximately 0.0013 C/m2 across most of the surface.

Negative pulse voltage
We will now look at the discharge generated by an identical, but negative, pulse voltage. Figure 6 again
shows a plot of the generated current for the first 100 ns (in blue), again with an indication of the
voltage applied at the top electrode (in green).
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Figure 6: Current produced during the negative pulse voltage discharge.

Similarly to the positive pulse voltage, there is a peak after 10 ns. This peak is negative, and a higher
instantaneous value is reached (with a surface current density of 38 A/m compared to 14 A/m), although
the current also decays much faster. For closer detail, plots of the space charge density and electric field
magnitude are provided in figure 7, here at 6 ns, 9 ns, 12 ns, and 16 ns, to show the evolution of this
discharge.
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Figure 7: Space charge density (left) and electric field magnitude (right) for negative pulse voltage at 7, 9, 12, and 16 ns
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As can be seen from figure 7, the negative pulse voltage also generates a positive space charge near the
electrode. However, in this case the region of positive charge density appears to start slightly right of
the edge of the electrode, above the dielectric. This can be seen in the top two images at 7 ns. Due to
the negative electric potential, this positive charge moves towards the electrode, rather than away from
it like for the positive pulse voltage. This movement can be seen at the images for 9 and 12 ns. Once the
electrode is reached, the positive charge dissipates, as the final row of images shows. The surface charge
distribution resulting from the negative pulse is shown in figure 8, at 6 ns (in blue, before the discharge),
9 ns (in green, during the discharge), and 12 ns (in red, near the end of the discharge).

Figure 8: Surface charge density at the dielectric for negative pulse voltage, after 6 (blue), 9 (green), and 12 ns (red).

The resulting surface charge is positive near the electrode, but negative everywhere else. This negative
surface charge eventually approaches -0.001 C/m2 on most of the surface. This is similar to the case of
the positive pulse voltage, which results in a positive surface charge of just over 0.001 C/m2 on most
positions on the surface.

Discharge and resulting flow for sinusoidal voltage
The input voltage used for the following simulations was a sinusoidal voltage with a frequency of 10 kHz
and amplitude of 1500 V. To be more precise, the voltage was set equal to −1500 sin(1 ∙ 104 𝑡),
meaning that the voltage starts at zero, then becomes negative for the first 50 µs (reaching its peak at
25 µs), and positive for the second 50 µs. The negative and positive half-cycles will be discussed in two
separate sections, in which the resulting airflow will also be taken into account.
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Negative half-cycle

Figure 9: Current produced during negative half-cycle (first 50 µs)

Figure 9 shows a plot of the generated current during the negative half-cycle (in blue), combined with
the applied voltage (in green). Note that the voltage curve does not show exact values, and is only there
as an indication. The actual amplitude, as mentioned earlier, is 1500 V. The current is dominated by
several sharp peaks of negative current. All these peaks occur before the peak negative voltage is
reached at 25 µs. After this, as the slope of the voltage becomes positive, no more peaks occur. At the
end of the half-cycle, some positive peaks start to appear.
The shape of this current profile, with sharp peaks as the voltage grows increasingly negative and no
further current as the voltage returns to 0 is similar to results found in literature [14]. Specifically, it
appears to be characteristic of low frequency and low amplitude voltages.
We will look in more detail at the largest of these peaks, which occurs at approximately 14.5 µs. Like
before, we will first look at the space charge density and electric field magnitude at time steps
surrounding this peak (14.40 µs, 14.45 µs, and 14.50 µs). These results are shown in figure 10. Figure 11
shows the surface charge density before (14.40 µs, in blue) and after (14.50 µs, in green) this peak.
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Figure 10: Space charge density (left) and electric field magnitude (right) during peak in negative half-cycle
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Figure 11: Surface charge density on the dielectric surface at 14.40 µs (blue) and 14.50 µs (green)

Note that the colors in the electric field plots do not show the entire range of values: the electric field
reaches values of up to 7.5∙107 V/m next to the electrode, while the color bar only goes to 3∙107 V/m.
The same goes for the space charge density: in the plot of t=14.45 µs, there are several small areas near
the electrode in which values of up to 54.2 C/m3 are reached, while the colors only go up to 5 C/m3. The
high values were cut off so that the variation of these quantities can be seen throughout the entire
domain, and not only at the edge of the electrode.
From figure 10, it can be seen that a positive charge is created near the edge of the electrode, but
quickly dissipates. On the surface, however, the charge is mostly negative, except near the electrode.
The discharge during this peak causes the region with negative surface charge to expand, as can be seen
in figure 11.
The electric field is also affected by this: the region where the electric field is directed in the negative xdirection expands along the surface of the dielectric. The region where this electric field is greatest (with
the exception of the immediate surroundings of the electrode) is located at the surface, near the edge
of the negative electric field area. In between the peaks, the space charge density is close to 0. The
electric field only undergoes significant changes during these peaks as well.
The surface charge density also explains the positive peaks that appear at the end of the half-cycle. At
this point, the voltage at the top electrode is 0, but relative to the negatively charge surface this is
effectively a positive polarity. This is why some positive discharges already happen.
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To know the effects of the discharge on the airflow, the EHD force that results from the charge and the
electric field must first be calculated. As discussed in the model description, this volume force can be
found by multiplying the charge density and the electric field. During the negative part of the voltage
cycle, the space charge is mostly positive and the x-component of the electric field mostly negative, so
the EHD force is also directed in the negative x-direction. A plot of the volume force at 14.5 µs is shown
in figure 12.

Figure 12: EHD force at 14.50 µs during the negative half-cycle

The largest EHD force occurs at the edge of the electrode. There is a small area further along the x-axis
where the x-component of this force is positive. This is caused by the negative charge density in this
area. Everywhere else in the domain, the EHD force is either negative, or very close to 0. This can also be
seen in the following plot of the space-averaged EHD force over time (figure 13).
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Figure 13: Space-averaged EHD volume force during negative half-cycle

As seen in figure 13, the volume force is largely negative throughout the domain during the discharges,
while being close to 0 at all other times in the negative half-cycle. During the largest discharge at
14.5 µs, the volume force reaches a maximum of -3.40 ∙ 105 N/m-3, with the minus sign indicating that it
is in the negative x-direction. The average value of this space-averaged volume force during the entire
half-cycle is -3.03 ∙ 103 N/m-3. Of course, the volume force has a maximum at the tip of the electrode, so
in a small region around that point, the value of this volume force will be far greater.
Figure 14 shows a profile of the resulting airflow during this peak (at 14.5 µs).
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Figure 14: Flow velocity 14.5 µs into the negative half-cycle

Figure 14 shows the magnitude and direction of this velocity field at 14.5 µs, just after the largest peak.
Due to the negative EHD force, the airflow at the surface goes in the negative x-direction. Near the edge
of the electrode, instantaneous flow velocities of up to 3.24 m/s are reached. Each discharge similarly
increases the flow velocity, and after the discharge the flow velocity decreases again due to the lack of
significant volume force. The ‘final’ state of the airflow during the negative part of the cycle is shown in
figure 15, which shows the flow velocity at 25 µs.
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Figure 15: Flow velocity 25 µs into the negative half-cycle

At this point the flow velocity does not exceed 1 m/s anywhere. As no further discharges occur during
the negative part of the cycle, the maximum velocity continues to decrease until 48 µs, when it is
0.26 m/s. This time-evolution of the flow velocity is shown in figure 16, which is a plot of the spaceaveraged flow velocity across the simulation domain for the negative half-cycle.
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Figure 16: Space-averaged flow velocity during negative half-cycle

As could be expected, each current peak results in an increase in the flow velocity in the negative xdirection. A maximum average velocity of -0.075 m/s is reached around 15 µs, just after the largest
discharge. Over the entire half-cycle, the average of the space-average velocity is -0.035 m/s.
Positive half-cycle
The computations for the positive half-cycle were done using the final results of the negative half-cycle
(at 50 µs) as initial conditions. The generated current (in blue) and the applied voltage (in green) during
the positive half-cycle are shown in figure 17.
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Figure 17: Current produced during positive half-cycle (second 50 µs)

Note that the scale of this graph is smaller than that of figure 9. From this figure, it is already clear that
the behavior of the system during the positive half-cycle is different from that in the negative. After
some initial oscillations, positive current is produced in a peak that is lower than most of the peaks in
the negative half-cycle, but is also sustained for a far longer time, lasting for the entire first 25 µs of the
positive half-cycle. For the remainder of the positive half-cycle, the current is actually slightly negative,
before the peaks that characterize the negative half-cycle re-appear approximately 48 µs into this halfcycle.
Once again, this current resembles the low amplitude and frequency results from literature [14]. A
difference is that for these simulations, the discharge starts with several oscillations instead of a large,
sharp peak. After that however, the sustained, but relatively low, current does match the referenced
paper.
The space charge density and electric field magnitude at several time steps during this half-cycle (5 µs,
10 µs and 20 µs into it) are shown in figure 18, and the surface charge density throughout the first 25 µs
of this half-cycle is shown in figure 19.
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Figure 18: Space charge density (left) and electric field magnitude (right) at different times during the positive half-cycle
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Figure 19: Surface charge density throughout the first 25 µs of the positive half-cycle

In this half-cycle, a region with positive charge density is also generated near the electrode, which
gradually expands to cover a large part of the surface. The charge density never exceeds 0.33 C/m 3,
which is far lower than the values produced during the peaks in the negative half-cycle, but this lower
charge density is sustained for a far longer time. The surface charge is also affected by this, gradually
changing from negative to positive as time passes. Once again, this surface charge explains the negative
peaks at the end of this half-cycle, as the polarity of the top electrode is already negative compared to
the rest of the surface.
Initially, there remains a small region where the x-component of the electric field is still negative, but as
the positive charge spreads across the surface, the electric field turns positive here as well. The resulting
EHD force is thus also directed in the positive x-direction, as is shown 10 µs into the half-cycle in figure
20.
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Figure 20: EHD force 10 µs into the positive half-cycle

This force remains consistent for a relatively long time, unlike during the negative half-cycle, where
there was no significant volume force in between discharges. This can be seen in figure 21, which shows
the space average of the volume force during the positive half-cycle.
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Figure 21: Space-averaged EHD volume force during positive half-cycle

While the maximum volume force during the positive half-cycle is only 9.41 ∙ 104 N/m-3, which is smaller
than the greatest value reached in the negative half-cycle, the force is sustained for a longer time in the
positive half-cycle. This leads to a higher time average of 3.08 ∙ 104 N/m-3, an order of magnitude larger
than that of the negative half-cycle. For the full voltage cycle, this makes the average volume force for
the entire domain 1.39 ∙ 104 N/m-3, in the positive x-direction.
The consistency of the EHD force also results in a larger flow velocity during this half-cycle. The velocity
of the flow is greatest around 20 µs into the positive half-cycle. The velocity at this time is shown in
figure 22.
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Figure 22: Flow velocity 20 µs into positive half-cycle

At this moment, the airflow reaches speeds of up to 6.26 m/s. After 20 µs, this starts to decrease, but
even at 48 µs, speeds of 2.23 m/s are reached. At that moment, however, the region with the greatest
speeds is no longer near the electrode due to the lack of any significant EHD force anywhere, as shown
in figure 23.
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Figure 23: Flow velocity 48 µs into positive half-cycle

Once again, to clearly see the time evolution of the flow velocity, the space average of it is plotted for
the entire positive half-cycle in figure 24.
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Figure 24: Space-averaged flow velocity during the positive half-cycle

A peak space-averaged flow velocity of 0.68 m/s is reached at 23 µs into this half-cycle. The average
during the positive half-cycle is 0.44 m/s, making the average over the full voltage cycle 0.20 m/s.

Parametric study
Influence of voltage amplitude
As mentioned before, the previous simulations used a voltage amplitude of 1.5 kV, a frequency of
10 kHz, and a dielectric constant of 5. Further simulations were done for different values of each of
these parameters. Decreasing the voltage amplitude to 1 kV resulted in the space-averaged EHD force
and flow velocity shown in figure 25.
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Figure 25: Space-averaged EHD force and flow velocity for an amplitude of 1 kV, for the entire voltage cycle

Both plots in figure 25 show the results for the entire voltage cycle of 100 µs. Both plots look similar to
those of the 1.5 kV simulation, with sharp peaks in the negative half-cycle and a single larger peak during
the positive half-cycle. However, the volume force is much smaller during both half-cycles, with the
negative peaks now reaching only -5.57 ∙ 104 N/m-3. There are also fewer discharges during this negative
half-cycle (7 as opposed to 10 for the 1.5 kV simulation). The oscillations ahead of the positive discharge
are now in fact taller than the peak itself, reaching up to 2.03 ∙ 104 N/m-3. On average over the entire
cycle, the space-averaged volume force is only 1.27 ∙103 N/m-3, an order of magnitude smaller than for
the amplitude of 1.5 kV.
Of course, this also affects the flow velocities. In this simulation, the space average of the flow velocity
reaches maximums of -0.027 m/s during the negative half-cycle and 0.059 m/s during the positive halfcycle, for a total average of only 9.9 ∙ 10-3 m/s. This value is very close to zero compared to the initial
simulation, as the flow velocities during the positive half-cycle are now relatively closer in magnitude to
those in the negative half-cycle.

Influence of voltage frequency
Doubling the frequency to 20 kHz resulted in an increased EHD force and flow velocity, as shown in
figure 26. This figure again shows one full voltage cycle, which in this case lasts only 50 µs.
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Figure 26: Space-averaged EHD force and flow velocity for a frequency of 20 kHz, for the entire voltage cycle

The peak space-averaged EHD force reached during the negative half-cycle is -4.19 ∙ 105 N/m-3, and
during the positive half-cycle this is 2.14 ∙ 105 N/m-3. On average for the full cycle, the volume force is
3.33 ∙ 104 N/m-3. The resulting flow reaches peak velocities of -0.090 m/s in the negative half-cycle and
0.973 m/s in the positive half-cycle, for an average across the full cycle of 0.306 m/s.

Influence of dielectric constant
Increasing the dielectric constant to 10 results in increased EHD force and flow velocity, as shown in
figure 27.

Figure 27: Space-averaged EHD force and flow velocity for a dielectric constant of 10, for the entire voltage cycle

The peak space-averaged EHD force reached during the negative half-cycle is -8.79 ∙ 105 N/m-3, and
during the positive half-cycle this is 2.03 ∙ 105 N/m-3. On average for the full cycle, the volume force is
3.18 ∙ 104 N/m-3. The resulting flow reaches peak velocities of -0.140 m/s in the negative half-cycle and
1.66 m/s in the positive half-cycle, for an average across the full cycle of 0.515 m/s.
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A decrease in the dielectric constant to 2.5 leads to lower EHD force and flow velocities, as shown in
figure 28.

Figure 28: Space-averaged EHD force and flow velocity for a dielectric constant of 10, for the entire voltage cycle

The peak space-averaged EHD force reached during the negative half-cycle is -1.31 ∙ 105 N/m-3, and
during the positive half-cycle this is 4.30 ∙ 104 N/m-3. On average for the full cycle, the volume force is
5.51 ∙ 103 N/m-3. The resulting flow reaches peak velocities of -0.068 m/s in the negative half-cycle and
0.269 m/s in the positive half-cycle, for an average across the full cycle of 0.068 m/s.

Conclusion
In this paper, the characteristics of surface dielectric barrier discharges and the airflow resulting from
them were studied for three different types of applied voltage waveforms: a positive pulse, a negative
pulse, and a sinusoidal waveform with a frequency of 10 kHz and an amplitude of 1.5 kV. The dielectric
constant of the barrier was initially set to 5. This was done with numerical simulations, combining a
three-species model of the electric discharge with the Navier-Stokes equations. Similar simulations were
also done with different values for the voltage amplitude, the frequency and the dielectric constant.
A single positive voltage pulse resulted in a positive discharge moving away from the top electrode. The
discharge was created approximately 10 ns after the start of the pulse and reached the boundary of the
simulation domain at around 60 ns, meaning a rough approximation of its velocity is 8 km/s. To contrast,
the negative pulse voltage also created a positive space charge close to the electrode, but this discharge
moved towards the electrode in several nanoseconds.
For the sinusoidal voltage, the resulting airflow was calculated as well. This voltage resulted in many
sharp peaks current peaks during the negative half-cycle, as opposed to a longer sustained discharge
during the positive half-cycle. The current produced for this voltage waveform corresponds to other
results from literature.
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The two halves of the voltage cycle produce air flows in opposite directions. However, the airflow in the
‘positive’ direction during the positive half-cycle is more continuous and reaches greater velocities than
that in the ‘negative’ direction during the negative half-cycle. To be precise, the positive half-cycle
produces flow velocities of up to 6.26 m/s, while the negative half-cycle only generates a maximum flow
of 3.24 m/s, and this for a very short time and in a small volume near the tip of the electrode. The
reason for this is that although the negative discharges produce higher amounts of EHD force, they only
do so for very short periods and in a small region, whereas the positive discharge lasts longer and exists
in a larger area.
The characteristic behavior of each of the half-cycles starts slightly before half of a cycle is actually
completed. This is understandable, as surface charge remains on the surface of the dielectric (negative
after the negative half-cycle, positive after the positive half-cycle). This also affects the electric potential
at the surface, giving the electrode already a respectively higher or lower potential relative to this
surface at the start of a half-cycle. This surface charge can also explain the fact that the discharges cease
halfway through each half-cycle, when the voltage starts moving towards 0.
Increases in the voltage amplitude, the frequency and the dielectric constant all lead to a greater EHD
volume force and a higher flow velocity. The positive half-cycle is most strongly affected by these
changes, as seen for example in the simulation with 1 kV amplitude: the maximum flow velocity in the
negative half-cycle decreases from -0.075 m/s to -0.027 m/s (a decrease of 64%), whereas in the positive
half-cycle it decreases from 0.68 m/s to 0.059 m/s (a decrease of 91%). Similar results can be found in
the other parameter studies.
The influence of changing the voltage amplitude and frequency was studied by only simulating one
other value for these parameters. Other simulations were in fact attempted: a voltage amplitude of 2 kV
and a frequency of 5 kHz. However, both of these simulations did not converge. If the simulation for a
higher voltage had been successful, or simulations for even higher frequencies had been done, these
may have produced similar results to the higher frequency and voltage results in the referenced
literature [14].
One further thing to note is that while the negative half-cycle started from zero, the positive half-cycle
was affected by the charges left behind during the negative half-cycle. To make a fairer comparison
between both half-cycles, it would have been better to simulate one more negative half-cycle after the
positive one and use that one to compare. Another option would have been to also start the positive
half-cycle as a new simulation. Either way, the comparison between the two would have been more
accurate.
In the future, it may be useful to perform similar simulations with a larger range of frequencies and
amplitudes for the sinusoidal voltage, to find whether the different characteristics of the discharges at
those input conditions result in a greater or smaller airflow. If the reason for the convergence issues of
the 2 kV and 5 kHz simulations can be found, these could give further insight in the effect of the voltage
amplitude and the frequency on the discharge and resulting flow.
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Also, comparisons to experimental data could be made. In this study however, the size of the simulation
domain may be too small. This size was necessary however, as simulations with larger domains
appeared to run into singularities each time. If the cause for this is found, those simulations would be
useful as well.

References
[1]

Artana G, D’Adamo J, Léger L, Moreau E and Touchard G (2002). Flow control with
Electrohydrodynamic Actuators. AIAA J. 40 1773-1779

[2]

Forte M, Jolibois J, Pons J and Moreau E (2007). Optimization of a dielectric barrier discharge
actuator by stationary and non-stationary measurements of the induced flow velocity:
application to airflow control. Exp. Fluids. 43 917-928

[3]

Go D B, Garimella S V and Fisher T S (2007). Ionic winds for locally enhanced cooling. J. Appl.
Phys. 102 053302

[4]

Corke T C, Lon Enloe C and Wilkinson S P (2010). Dielectric Barrier Discharge Plasma Actuators
for Flow Control. Annu. Rev. Fluid Mech. 42 505-529

[5]

Chen I Y, Guo M Z, Yang K S and Wang C C (2013). Enhanced cooling for LED lighting using ionic
wind. Int. J. Heat Mass Tran. 57 285-291

[6]

Pons J, Moreau E and Touchard G (2005). Asymmetric surface dielectric barrier discharge in air
at atmospheric pressure: electrical properties and induced airflow characteristics. J. Phys. D:
Appl. Phys. 38 3635-3642

[7]

Boeuf J P, Lagmich Y, Unfer T, Callegari T, and Pitchford L C (2007). Electrohydrodynamic force in
dielectric barrier discharge plasma actuators. J. Phys. D: Appl. Phys. 40 652-662

[8]

Lagmich Y, Callegari T, Pitchford L C, and Boeuf J P (2008). Model description of surface dielectric
barrier discharges for flow control. J. Phys. D: Appl. Phys. 41 095205

[9]

Likhanskii A V, Shneider M N, Macheret S O, and Miles R B (2008). Modeling of dielectric barrier
discharge plasma actuator in air. J. Appl. Phys. 103 053305

[10]

Boeuf J P, Lagmich Y, and Pitchford L C (2009). Contribution of positive and negative ions to the
electrohydrodynamic force in a dielectric barrier discharge plasma actuator operating in air. J.
Appl. Phys. 106 023115

[11]

Unfer T and Boeuf J P (2010). Modeling and comparison of sinusoidal and nanosecond pulsed
surface dielectric barrier discharges for flow control. Plasma Phys. Control. Fusion 52 124019

[12]

Tran T N, Golosnoy I O, Lewin P L, and Georghiou G E (2011). Numerical modelling of negative
discharges in air with experimental validation. J. Phys. D: Appl. Phys. 44 015203

32

[13]

Debien A, Benard N, David L, and Moreau E (2012). Unsteady aspect of the electrohydrodynamic
force produced by surface dielectric barrier discharge actuators. Appl. Phys. Lett. 100 013901

[14]

Nishida H, Nonomura T and Abe T (2012). Characterization of Electrohydrodynamic Force on
Dielectric-Barrier-Discharge Plasma Actuator Using Fluid Simulation. Int. J. Aerospace Eng. 6
2324-2328

33

