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An experimental investigation on thrust and body force of Dielectric Barrier Discharge
(DBD) /plasma actuators aimed at low power 
ow control applications is presented. A
parametric study on thrust is conducted for a wide range of geometrical con�gurations as
well as several electrical operational conditions. Direct measurements of the induced thrust
are taken using a highly sensitive load cell. Simultaneous readings of current and voltage
are also performed, providing the power consumption. Furthermore a novel technique
for determination of the spatial distribution of the body-force is proposed, developed and
tested. The technique involves the use of a high-speed PIV system to resolve all terms of
the Navier-Stokes equation representation of the 
ow �eld including body force. Results
reveal the existence of an explicit relation between voltage, thrust and consumed power.
Furthermore the in
uence of the geometrical con�guration of the actuator on the thrust is
shown. The body force obtained with the proposed technique agrees well with the thrust
measurements.

I. Introduction

Plasma actuators have been studied extensively in recent years, as 
ow control devises. Their low power
consumption, lack of moving parts and robustness render them ideal for 
ow manipulation. There are
several implementations of the actuators the most popular being the Dielectric Barrier Discharge (DBD)
kind (Fig.1). These are based on the ionization of air via an AC High Voltage (HV) signal. Two electrodes
are usually employed one being grounded, the other carrying the HV signal. The electrodes are separated
by a dielectric layer which prohibits arc forming and allows for the ionized gas to accumulate on the surface.
The exact mechanisms of the interaction between the weakly ionized gas and neutral air are still debated. It
is, nevertheless, commonly accepted that some sort of collisional processes between the heavy plasma species
(mostly ions) and neutral air is responsible for the momentum transfer. In a macroscopic scale, which is
usually the scale of the 
ow to be controlled, the model of an exerted body force on the 
uid seems to
describe the e�ect reasonably.

Plasma actuators have been used in several studies aiming at separation control,1 turbulent drag reduc-
tion,2 boundary layer control3{5 and transition delay.6 Excellent reviews on plasma actuators for aerody-
namic 
ow control have been published recently.7,8

The capabilities of the actuators suggest the feasibility of their implementation in several 
ow control
scenarios. It is therefore desirable to have an e�cient and accurate model of the e�ect of the actuator on a
given 
ow. A large amount of simulation studies has been conducted in order to simulate and capture the
underlying physics of the ionization process.9,10 These vary in model complexity, from simple phenomeno-
logical models to �rst principles 
uid models.11 Extended simulations for multi-species 
uids have also been
investigated.12 In the majority of these modeling approaches the �nal goal is to determine the exerted
body force on the 
uid. A number of studies on 
ow solvers implementing plasma actuators have used this
approach successfully to couple the e�ect of the actuator with the 
ow dynamics.13{15
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Apart from the modeling e�orts the experimental investigation on the actuator’s operation has also
received substantial attention. Several studies focus on the investigation of the induced 
ow �eld and the
produced thrust from the actuators.16,17 These two quantities can lead to an estimation of the space domain
integrated magnitude of the exerted body force. These techniques and others have been used successfully by
researchers for investigations and parametric studies on plasma actuators. They are robust and fast although
they present some drawbacks which render the results di�cult to be used as an input in 
ow solvers, an area
that so far has been served only by numerical plasma modeling studies. An inherent disadvantage for these
techniques is that part of the measured thrust is not to be credited to the actuator but to the shear forces
that develop between the induced 
ow and the 
at surface. The main disadvantage of these techniques,
though, is their inability to give any information on the spatial distribution of the force �eld, information
that is vital in cases of discrete, unsteady and localized actuation proposed by the majority of 
ow control
concepts. To the authors’s knowledge there has yet been an investigation on the determination of both the
magnitude and the spatial distribution of the body force vector �eld.

In this paper an investigation on the thrust and body force of the plasma is performed. A novel tech-
nique is proposed, developed and tested to accurately and e�ciently measure the body force magnitude,
spatial distribution and orientation in the vicinity of the actuator. After an overview of the methodology a
description of the experimental setup is given which is followed by a discussion on the results. Finally some
conclusions and future work are presented.

active electrode

 applied voltage

dielectric

ionization region (plasma)

grounded electrode
~ V

induced flow

Figure 1. Geometrical con�guration and operation of the plasma actuator

II. Methodology

The determination of the induced body force can be done experimentally in several ways. Nevertheless
due to the nature of the momentum transfer mechanisms only indirect methods based on the induced 
ow
�eld or reaction forces can be feasibly employed in the time span such an experiment allows. In this study
two techniques are applied to determine thrust and one technique to determine body-force. More speci�cally
the techniques employed are: direct thrust measurements using a highly sensitive load cell, thrust calculation
via momentum balance of the induced 
ow �eld and body-force estimation using high speed PIV data of the
accelerating 
ow �eld.

A. Direct thrust measurement

Direct thrust measurement is the most straightforward from the tested techniques. It simply involves at-
taching the actuator on a load cell and and measuring the force exerted by the induced 
ow on the actuator.
By means of Newton’s third law this force is equal and opposite to the total force the actuator exerts on
the 
ow. Although this is a very simple and robust technique, some further clari�cations must be made
on what exactly is being measured. It has been reported repeatedly and also veri�ed in this work that the
induced 
ow �eld from the continuous operation of the actuator resembles a typical laminar wall jet. As
such a certain shear force develops on the wall surface of the actuator which is also measured by the load
cell. This has to be taken under account as it is not directly related to the body-force the actuator exerts on
the 
ow. An other issue with this technique, and generally all techniques that deal with integrated values
such as thrust, is that an estimation can be given on the magnitude of the body-force but not on its spatial
distribution.

2 of 13

American Institute of Aeronautics and Astronautics

D
ow

nl
oa

de
d 

by
 T

E
C

H
N

IS
C

H
E

 U
N

IV
E

R
SI

T
E

IT
 D

E
L

FT
 o

n 
D

ec
em

be
r 

30
, 2

01
3 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
01

0-
46

30
 



B. Thrust calculation from velocity measurements

The second technique investigated is based on existing measurements of the induced velocity pro�le across the
formed jet. A control volume approach is then taken where the momentum 
ux is calculated and equilibrium
with the exerted force is assumed (Fig.2). For all subsequent �gures and references to distance, the displayed
coordinate system is used. The origin lies at the downstream end of the exposed electrode and on the 
at
surface. The calculated thrust is then the net thrust from the actuator with the e�ects of skin friction at
the wall also taken into account. This technique also su�ers from lack of any information on the spatial
distribution of the body force. More speci�cally applying the momentum balance equation on the control
volume gives:

b

c d

a

control volume

y

x

Figure 2. The control volume for the momentum balance equations

~F =

I
abcd

(�~U � dS)~U +

I
abcd

pdS (1)

where ~F is the body force exerted on the 
uid, ~U is the velocity �eld, � is the density and p is static
pressure. Eq.1 is developed for the boundaries taking account the no-slip condition at the wall. Note that
the boundaries where the unit vector perpenticular to the surface (dS) is negative take a minus sine:

� x -direction

Fx = �

Z
da

ux
2dy + �

Z
cd

uxuydx� �
Z
bc

ux
2dy +

Z
da

pdy �
Z
bc

pdy (2)

� y -direction

Fy = �

Z
da

uxuydy + �

Z
cd

uy
2dx� �

Z
bc

uxuydy +

Z
cd

pdx�
Z
ba

pdx (3)

Due to the fact that pressure is not readily available from velocity data a further assumption needs to be
made. This states that if the control volume boundaries are far enough from the bulk of the plasma body
force (near the inner electrode edge) pressure can be considered uniform and equal. This is justi�ed since the
induced 
ow �eld is not pressure driven but rather initiated by the actuator. It should also be noted here
that for the x-direction the calculated force (Fx) contains not only the contribution of the plasma actuator
(F p

x ) but also the shear force between the 
ow and the surface (F s
x). These assumptions reduce Eq.2 and

Eq.3 to

� x -direction

F p
x + F s

x = �

Z
da

ux
2dy + �

Z
cd

uxuydx� �
Z
bc

ux
2dy (4)

� y -direction

Fy = �

Z
da

uxuydy + �

Z
cd

uy
2dx� �

Z
bc

uxuydy (5)

C. Body-force calculation from PIV data

The third technique investigated is a novel approach in determining the full body-force �eld both in magni-
tude and spatial distribution. It involves the measurement of the induced 
ow-�eld using a two component
high-speed PIV system. The evolution of the 
ow �eld is recorded starting prior to the actuation where the

ow is quiescent and continuing until the 
ow has reached steady state. By resolving the 
ow �eld both
in space and time, an analysis based on the full Navier-Stokes equations can provide the body-force. More
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speci�cally: Consider the attained 2D 
ow�eld ~U(x; y; t) from the PIV measurements. The 2D incompressible
NS equations in the presence of body-forces read:

@~U

@t
+ ~U � r~U � � r2~U = �rp+

~F

�
(6)

A �rst approach in deriving the body force is to apply Eq.6 only for the �rst moments after the actuation.
During this stage the 
ow accelerates only around the region of the applied body force where the rest of the
�eld is still relatively quiescent. This implies that the convective, viscous and pressure gradient terms are
relatively small and can be neglected. This reduces Eq.6 to:

@~U

@t
=

~F

�
(7)

which is basically Newton’s second law. This method will be referenced as the ’reduced method’ throughout
this paper.

Another approach is to use the full NS equations to derive the force taking into account all the terms.
With this approach an issue is encountered regarding the number of unknowns. In conventional pressure
driven 
ows the only unknown is the pressure gradient which can be derived using Eq.6 since the velocity
�eld is already known. In the case of the plasma actuator though, the body force term appears as one
extra unknown. To be able to bypass this problem two major assumptions must be made: 1) the body-force
remains steady or quasisteady in time and 2) the pressure gradient prior to the actuation is zero. With these
assumptions Eq.6 is di�erentiated in time:

@2~U

@t2
+
@(~U � r~U)

@t
� � @(r2~U)

@t
= �@(rp)

@t
(8)

Based on the �rst assumption the time derivative of the body force becomes zero. Integrating Eq.8 back
in time the pressure gradient can be calculated. Based on an initial condition of zero pressure gradient, the
integration constant A is reduced to zero.Z t

0

(
@2~U

@t2
+
@(~U � r~U)

@t
� � @(r2~U)

@t
)dt = �(rp) +A (9)

Eq.9 is plugged back into Eq.6 and leaves the body force term as the only unknown. Since the time
gradient of the NS is used, this method will be referenced as the ’gradient method’ throughout this paper.
In contrast to the previous techniques the reduced and gradient methods have the considerable advantage of
resolving not only the magnitude of the body force but also its spatial distribution as well as its direction.
The results from such analysis can be valuable for validation of numerical models of plasma actuators as
well as an input into 
ow solvers investigating 
ow control applications using these actuators.

III. Experimental Setup

A. The actuator

For this study Dielectric Barrier Discharge (DBD) actuators are used. The actuators consist of thin rectan-
gular copper electrodes made out of self-adhesive copper tape separated by a dielectric layer (Fig.1). The
thickness of the electrodes is 60 �m while the width varies between 5 mm and 25 mm depending on the
test case. Their e�ective spanwise length (along which plasma is generated) is 300 mm for the load cell
measurements and 200 mm for the PIV measurements. The electrodes are separated by several Kapton tape
layers. The thickness of each layer is 2 mil (50.8 �m). For the entire study, no more than three layers were
used keeping the total thickness of the dielectric below ca. 150 microns. The upper electrode is connected to
the HV output cable of a TREK 20/20C HV ampli�er (20 kVpp, 20 mA, 1000 W ) while the lower electrode
is grounded.

The actuator operation is controlled remotely via a computer workstation were the driving signal is
created by software and is sent to the ampli�er via a Digital/Analog (D/A) converter. The ampli�er provides
direct readings of the output voltage and current through internal measurement probes. While the internal
voltage probe gives su�ciently accurate readings the internal current probe has been found to be too slow
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to resolve high frequency current 
uctuations. This is typically the case with discharge currents occurring
during plasma actuators operation. To resolve this, a resistance is placed between the lower electrode and
the grounding cable and voltage is measured across it indicating the in
ux of current.

To reduce the e�ect of any external disturbances on the measurements, the tests are ran in still air. To
ensure this, a test box is constructed from clear Plexiglas. The box is used in all cases involving both load
cell and PIV measurements.

For the direct thrust measurements several actuators are tested with variations in parameters such as
length of electrodes, horizontal gap, voltage and carrier frequency. Due to the conceptual stage of the PIV
investigation, only one actuator is tested with this method. This incorporates upper and lower electrodes of
10 mm length, with zero horizontal gap and 100 �m of dielectric thickness. For this actuator voltages of 8
to 16 kVpp and carrier frequencies of 1 to 4 kHz are tested. An overview of the actuator parameters for all
measurements is shown in Tab.1.

Table 1. Test cases for thrust and body force investigation

Direct thrust measurements

parameter value base value

upper electrode length (lu) 5, 10, 15 mm 10 mm

lower electrode length (ll) 5, 10, 15 mm 10 mm

dielectric thickness (td) 50, 100, 150 �m 100 �m

horizontal gap (g) -2.5, -1, 0, 1.5, 2.5 mm 0 mm

applied voltage (Vapp) - *

frequency (F ) - *

�for geometrical test cases

all possible combinations of:

applied voltage (Vapp) 6, 8, 10, 12, 14 kVpp

�
frequency (F ) 0.5, 1, 1.5, 2, 2.5, 3 kHz

PIV measurements

parameter value base value

upper electrode length (lu) 10 mm -

lower electrode length (ll) 10 mm -

dielectric thickness (td) 100 �m -

horizontal gap (g) 0 mm -

applied voltage (Vapp) 8 to 16 kVpp (steps of 2 kV ) 10 kVpp

frequency (F ) 1 to 4 kHz (steps of 1 kHz) 2 kHz

B. Load cell

For the direct thrust measurements, an electronic strain-gage load cell is used. A light Plexiglas plate of 5 mm
thickness, which carries the electrodes and dielectric, is directly mounted on the load cell. The connection
of the electrodes to the HV and ground connectors is done via thin copper wires to minimize disturbances
coming from the cables. Each test case is measured three times in order to minimize the in
uence from any
load cell relaxation. The measurement is done for ten seconds before actuation and thirty seconds after in
order to ensure steady conditions. The thrust is then calculated by comparing the time averaged readings
of the load cell from the two time periods.
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C. PIV setup

High speed PIV has been applied to characterize the 
ow �eld in the vicinity of the plasma actuator. This
technique provides the required spatial and temporal resolution in order to characterize the transient behavior
of the thin wall jet formed by the plasma actuator. A two component PIV con�guration has been chosen
since the span length of the actuator allows the assumption of two dimensional 
ow for the mid-span area.

The space in the Plexiglas box is seeded with approximately 1 micron olive oil droplets generated by
a TSI atomizer. The particles at the mid span of the actuator are illuminated by a light sheet of 2mm
thickness generated by a Quantronix Darwin-Duo laser system with an average output of 80 W at 3 kHz.
A Photron Fastcam SA1 high speed CCD camera of 1024� 1024 pixels (full sensor size) is used to capture
the �eld-of-view (FOV). Image acquisitions have been conducted at 10 KHz rate in single-frame mode. A
Nikkor 105 mm macro lens is used with extension tubes in order to achieve 0:8 magni�cation and a FOV
of 15� 6 mm imaged by cropping the image at 10KHz. The images are analyzed using Davis 7.4 (Lavision
GmbH) with �nal integration window size of 12 � 12 pixels and overlap factor of 75%. The interrogation
windows have been weighted using 4:1 aspect ratio in order to obtain higher spatial resolution in the wall
normal direction.

IV. Results

A. Load cell thrust measurements

Due to the 
exibility the load cell approach o�ers, a large number of test cases can be tested within a relatively
short time span. A parametric study has therefore been conducted in order to assemble a benchmark database
for future comparison with more time and resource demanding techniques such as the proposed PIV method.

lu ll

td
g

Figure 3. The geometrical properties of the
plasma actuator

Thrust measurements are taken for four geometrical param-
eters of the plasma actuator, namely upper (lu) and lower (ll)
electrode lengths, dielectric thickness (td) and horizontal gap
(g) (Fig.3). For each test case a sub-matrix of applied voltages
between 6 kVpp and 14 kVpp and frequencies between 0.5 kHz
and 3 kHz is constructed and all combinations are tested. The
overview of the parameters tested is shown in Tab.1. The para-
metric study is done in a ’ceteris paribus’ approach where for
each test case the investigated parameter is the only variable
while all other parameters are kept constant. For every test
case the �rst column in Tab.1 indicates the investigated parameter, the second column gives the tested range
of values and the third column indicates the constant base value of the parameter for all other cases.

Thrust for the lower electrode length variation is shown in �gure 4(a). The value appears to be indepen-
dent to any change in length. Measurements for the variation of the horizontal electrode gap are shown in
�gure 4(b). Positive gaps seem to have a reducing e�ect on the intensity of the electric �eld and all induced
quantities including body force. For negative gaps no signi�cant dependence of the force exists although the
traveling current and thus the power consumption increase considerably. For the case of 14 kVpp no negative
gap measurements are taken due to the destruction of the dielectric by the increased discharge current.

To this point it is clear that there is a thrust dependence on applied voltage. Geometrical parameters are
also in
uencing thrust magnitude albeit to a lesser degree. In order to gain more insight into the relation
of thrust and voltage, a �ne grid of frequencies and voltages is devised and a new actuator is tested. The
tested actuator has an upper electrode length (lu) of 5 mm, lower electrode length (ll) of 10 mm and zero
horizontal electrode gap (g). Dielectric thickness (td) is 0.1 mm. As with the previous investigations, the
spanwise length of the actuator (la) is 300 mm. The frequency range lies between 0.5 and 4 kHz with a step
size of 0.25 kHz while the applied voltage values span from 5 to 15 kVpp in steps of 0.5 kV . The upper right
area of the grid, which consists of high voltages and high frequencies, is not tested due to the HV ampli�er
slew-rate limitations. Simultaneous to the thrust measurements, discharge current is also measured in order
to calculate the power consumption.

From the results of the �ne grid investigation, several observations can be made on the behavior of
thrust and power consumption. Thrust and in extension body force appear to be connected with voltage
through a power law as it is already observed from the geometrical properties investigation, while the relation
with frequency is linear. This agrees with observations made by previous investigations.16,18 Additionally,
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Figure 4. Thrust measurements for lower electrode length (ll) variation (a) and horizontal electrode gap (g)
variation (b). Frequency (F ) is 2 kHz
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Figure 5. Experimental and modeled thrust (a) and power (b) for voltage and frequency variation.
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the existence of a threshold voltage value of approximately 5 kVpp is con�rmed. Below this threshold, no
detectable body force exists. For the power consumption, a similar power law exists in relation to the applied
voltage. Diverging from the body force case, a weak power law applies also in relation to the frequency. This
weak power law dependence has not been reported by any previous investigations. Based on the observed
behavior, two �tting formulas can be derived connecting voltage (Vapp) and frequency (F ) with thrust (T )
and power consumption (P ) respectively. Fb and P are considered to be normalized with the spanwise length
of the actuator (la). It is repeated here that the value of thrust includes the shear force on the 
at surface.

T =
a � F � (Vapp � V0)b

la
(10)

P =
c � F d � (Vapp)e

la
(11)

Coe�cients a and c correspond to the in
uence of discharge dynamics and actuator geometry while
coe�cients b and e de�ne the power law on the voltage. The value of d de�nes the weak power law that
connects frequency and power. The factor V0 accounts for the non-zero voltage threshold below which no
signi�cant body force is observed.

Table 2. Fitting coe�cients for the �ne grid investiga-
tion

coe�cient value

a 1:29 � 10�2 mN=kHz�kV b

b 2.798

c 4:29 � 10�2 mN=kHzd�kV e

d 1.35

e 2.738

V0 5 kV

For deriving the coe�cients of Eq.10 and Eq.11,
data from the �ne grid investigation is �tted only
for a range of frequencies from 0.5 to 1.25 kHz were
high voltage values can be reached by the ampli-
�er and thus the values of the body force are rela-
tively large. The coe�cients for the current actuator
are shown in Tab.2. Comparison of experimental
and modeled thrust and power values is shown in
Fig.5(a) and Fig.5(b) respectively. Despite the fact
that the coe�cients of the formulas are derived from
�tting only part of the measurement data, the for-
mulas describe the mechanics of the actuator well
across the entire grid. Average error is 3.8% for
body force and 2% for power estimation. Maximum
errors are 14% and 5.8% respectively. All errors are referenced in respect to the maximum experimental
values of force and power. It is important to note that the formulas described by Eq.10 and Eq.11 are only
valid for the tested range of frequencies and voltages. Regarding the power law connecting voltage with
thrust and power, the values of the exponent (coe�cients b and e) lie between similar reported values,18{20

although these researchers used thicker dielectrics.

B. PIV measurements: estimation of thrust

Table 3. Section contribution in thrust
(mN=mact) for case of 12 kVpp, 2 kHz

section x-thrust y-thrust

bc -0.131 0.0015

cd 0.0160 -0.1344

da 3.9828 -0.0235

total 3.8673 -0.1564

For the estimation of thrust using the momentum balance tech-
nique the dataset from the high speed PIV measurement is
used. After the initial acceleration stage the induced 
ow �eld
is fully developed into a laminar wall jet. The momentum bal-
ance equations are used in time-steady form thus the 
ow �eld
must have reached the steady state before data can be used.
Steady state is reached in approximately 30 ms after actuation.
In this respect is safe to average for approximately 400 frames
spanning from 43 ms after the actuation to 83 ms. Apart from
the processing of the raw PIV data and time averaging no other
�ltering or smoothing has been applied.

The time averaged 
ow �eld with the selected control vol-
ume is shown in Fig.6. It is obvious that the majority of momentum increase occurs in the x direction
while a weak suction e�ect is observed upstream the inner edge of the electrodes. The suction e�ect is an
indication of a pressure gradient which is potentially strong at the vicinity of the actuator. As mentioned
in the methodology description any existing pressure gradient cannot be readily resolved using the time
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averaged velocity data. It is therefore necessary to chose a control volume such that the e�ects of pressure
are minimized.

control volume
d

ab

c

U (m/s)

x (mm)

y 
(m

m
)

 

 

−5 0 5 10

0

2

4

6

−1

0

1

2

3

Figure 6. Time averaged total velocity �eld and control volume for momentum balance (12kVpp, 2 kHz)

In applying the momentum balance equation in direction x and y reveals the signi�cance of each of
the boundaries of the control volume. As is shown in Tab.3 and also apparent from the velocity �eld, the
maximum contribution to thrust comes from the out
owing horizontal velocity from section ad. This implies
that the very simple approach of calculating thrust from only one cross section of the jet would still deliver
satisfying results. Nevertheless since �eld data are available the method used herein takes into account all
sections of the control volume.

In comparing the calculated thrust from the PIV data with the direct thrust measurement using the load
cell, small discrepancies exist. These could be attributed to the three dimensional e�ects near the edges of
the actuator in the load cell case. Although these exist in the PIV case as well, they are not transfered in the
results since thrust is calculated from velocity data at the mid-span of the actuator. Nevertheless the thrust
value from the momentum balance analysis falls well into the error margin of the load cell measurements.

C. PIV measurements: estimation of body force

The technique of resolving the body force from velocity data is applied on the dataset from the PIV measure-
ments. As previously mentioned this can be done via two approaches, namely using only the initial steady
acceleration of the 
ow (reduced method) or using the full NS equations (gradient method). The 
ow �eld
evolution is presented in Fig.7.
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Figure 7. The temporal evolution of the total velocity �eld (U) for the actuation case of 12 kVpp, 2 kHz. No
processing on the data.

The 
ow reacts very fast to the actuation with initial velocity components already starting to appear
approximately 0.5 ms after the start of the actuation. The 
ow accelerates in a region starting from the
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end of the upper electrode and extending over half the covered electrode. A strong starting vortex is also
evident which develops and convects out of the FOV in less than 40 ms after the start of the actuation.

0 2 4 6 8 10
0

0.5

1

1.5

2

2.5

to
ta

l v
el

oc
ity

 (
m

/s
)

time (ms)

 

 

raw signal (x = 2 mm, y = 0.5 mm)
filtered (f

cutoff
 = 750 Hz)

Figure 8. Time evolution of velocity

At this point, some speci�c features of the in-
duced 
ow �eld should be discussed due to their
e�ect on the results of the proposed technique. In
a previous study21 high frequency velocity 
uctua-
tions are registered in the vicinity of the actuator.
These 
uctuations are a product of the carrier fre-
quency at which the actuator is operating. More
speci�cally it appears that the two half-cycles of the
sinusoidal HV do not contribute equally to the mo-
mentum transfer from the ionized gas to the neu-
tral air. These 
uctuations appear in the current
PIV measurements corresponding to the carrier fre-
quency for each case. The analysis of this behavior
does not fall in the scope of this paper and will be
described in subsequent reports.

The proposed method relies on the resolution of
the accelerating 
ow and interpretation of that to
a body force. In this process the �rst and second
time derivatives of velocity are required. Due to
the high frequency 
uctuations, these terms cannot
be resolved without large artifacts. Based on the large di�erence between the time scale governing the
acceleration of the 
ow from quiescent conditions to fully developed jet and the time scale of these 
uctuations
one further assumption must be made. This states that although the 
ow, and in extent the body force,

uctuate in time the later can be considered as quasi steady. This is further encouraged by the fact that the
rise time of the 
ow (accelerating part) is considerably larger than the 
uctuation period. In this fashion the
PIV series of 
ow �eld snapshots is �ltered with a 4th order low-pass Chebychev �lter (Fig.8). The cuto�
frequency is chosen based on the carrier frequency of the HV signal corresponding to the test case under
investigation.
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Figure 9. Evolution over time of the NS terms govern-
ing the development of the 
ow in x direction ( 12kVpp,
2kHz)

As already mentioned in the methodology sec-
tion, the reduced method involves the utilization of
the very �rst moments after actuation when all other
terms apart from acceleration can be neglected. The
acceleration, convective, viscous and pressure gradi-
ent components of the NS are shown in Fig.9 as a
function of time after actuation. As expected the
acceleration term dominates the very �rst moments
of actuation with a high and almost constant value.
Convection and pressure gradient eventually domi-
nate the event while viscous e�ects have a constant
and moderate in
uence. It should be mentioned
here that the pressure gradient term is calculated
using the gradient method as discussed in section
C. Although no real metric is available to deter-
mine the exact time span of the initial ’pure’ accel-
eration stage, a semi-arbitrary span of 1 ms seems
to provide reasonable results.

The spatial distribution of the body force as cal-
culated by the reduced method is shown in Fig.10
for the case of 12kVpp applied voltage and 2kHz car-
rier frequency. The frames used for this case cover
the �rst 0.8 ms after actuation and the force �eld is simply averaged over this span. The bulk of the force
appears to be just downstream the inner electrode edge while the horizontal extent spans almost a quarter
of the covered electrode. In the wall normal direction the force �eld extends no more than 1 mm which
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con�rms the very thin wall jet reported by this and numerous other investigations. The vertical force seems
to be very weak compared to the horizontal component. For this case the cuto� frequency of the Chebychev
�lter is 750 Hz.
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Figure 10. Spatial distribution of the body force using the reduced method (12kVpp, 2kHz).

For the same case the spatial distribution of the body force using the gradient method is shown in Fig.11.
For this case the �rst 20 ms after actuation are used and the �nal force �eld is averaged over this span. The
general shape of the �eld is identical to the results from the reduced method.
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Figure 11. Spatial distribution of the body force using the gradient method (12kVpp, 2kHz).
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Figure 12. Shear stress at the wall
along x direction

A small discrepancy exists in the intensity of the force �eld which
can be attributed to modeling errors inherent in the term elimination
of the reduced method. Nevertheless the agreement between the two
techniques seems to be su�cient. Additionally and in contrast to
the reduced method, the gradient method is not limited in the time
span of application. Applying this method for the �rst 20 ms after
actuation gives an almost constant in time body force distribution.
Several snapshots of the instantaneous total force �eld are shown in
Fig.13 . The temporal stability of the force distribution is one extra
indication of the validity of the method as this was an important
assumption made during the formulation of the technique.

A comparison on the thrust values attained by all the investigated
techniques is given in Tab.4 for the test case of 12kVpp and 2 kHz.
For the PIV methods thrust is calculated simply by integrating the
force distribution over the 2D space domain. As already mentioned
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Figure 13. Instantaneous total force �eld obtained using the gradient method (12kVpp, 2kHz).

the thrust values from the load cell measurement and momentum balance analysis contain the contribution
of the actuator as well as the shear stress between the jet and the surface.

Comparing the thrust value from the momentum balance to the two PIV methods, some interesting
comments can be made. The horizontal component of thrust in both PIV methods is larger than the
momentum balance value. Yet the vertical component is in excellent agreement especially in the case of
the gradient method. This implies that the di�erence in x-direction could be attributed in shear stresses
between the 
ow and the 
at surface. These simply do not exist in y-direction and act always in the direction
opposite to the 
ow. A rough calculation based on the velocity gradient of the �eld at the wall gives the
shear stress along the stream wise direction (Fig.12). Although the FOV is not su�cient to resolve further
than 10 mm downstream the actuator, an integration over the available span gives a shear stress of 0.9 mN .
This, added to the momentum balance thrust, brings the result even closer to the PIV method’s values.

V. Conclusions

An experimental study on the thrust and body force production by Dielectric Barrier Discharge actuators
has been conducted. A simple and robust technique of direct thrust measurement using a highly sensitive
load cell was �rstly used. With this technique a parametric study has been conducted on thrust with varying
parameters such as electrode lengths, voltage and frequency. A power law has been veri�ed to describe the
evolution of thrust with voltage while the relationship with frequency has been found to be linear.

Table 4. Thrust calculation from the tested tech-
niques (mN=mact) for case of 12 kVpp, 2 kHz

technique x-thrust y-thrust

load cell 4.012 -

momentum balance 3.860 -0.156

reduced PIV 4.202 -0.084

gradient PIV 5.679 -0.149

A second technique based on momentum balance of
the developed 
ow �eld has also been applied. The 
ow
�eld has been attained using a 2D high speed PIV system.
The time averaged 
ow �eld has been analyzed using a
control volume approach and results show thrust values in
the range of the respective load cell test case. Small dis-
crepancies can be attributed to the three-dimensionality
of the induced 
ow �eld near the edges of the actuator.
This is registered during the load cell measurement but
not during the PIV run. It should be noted that PIV data
is not a necessity for this method. It is shown that only
with the out
ow cross section velocities known, reliable
results can be achieved. The time and e�ort resources for this technique could be kept to a minimum if
velocities from one or more cross sections are measured using pilot tubes or hot wires.

To alleviate some of the drawbacks of the previous two techniques and mainly to acquire the spatial
distribution of the force �eld a novel technique is proposed, developed and tested. This involves the time
resolved measurement of the evolving 
ow �eld with a 2D high speed PIV system. Through decomposition of
the velocity �eld in the NS terms, the body force can be calculated. This can be done either using a reduced
form of the equations or using the full equations. Initial results demonstrate the feasibility of the method
while the calculated values show excellent agreement with the previously established thrust measurements.

Future work involves the application of the developed PIV technique for a full parametric study on the
variation of body force with several operational parameters of the actuator. This can subsequently be used
as a database for 
ow solvers incorporating plasma actuator techniques.
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