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Abstract …….. 

Phase-locked Particle Image Velocimetry (PIV) has been used to investigate the time-dependent 
behaviour of a Dielectric Barrier Discharge (DBD) plasma actuator, excited by a sine-wave signal 
with peak-to-peak amplitudes between 7.2 kV and 10 kV, and frequencies of 2.5 kHz and 4 kHz. 
Measurements were initially carried out in a 31.5 mm x 15 mm domain, resulting in a spatial 
resolution of 0.1072 mm, in 12 phase intervals throughout the excitation cycle. In order to 
improve the spatial and temporal resolution, additional measurements were carried out for a 
subset of the excitation parameters in an 8.1 mm x 6.1 mm domain, resulting in a spatial 
resolution of 0.0276 mm in 24 phase intervals. Momentum balance in a control volume 
surrounding the actuator has been used to estimate the body force based on the results of the PIV 
measurements. The results indicate that the maximum induced velocity and body force occur 
during the negative half-cycle of the excitation signal, with a phase lag relative to the excitation 
signal that grows when excitation voltage or frequency is increased. A smaller, secondary peak is 
observed in the induced body force, occurring during the positive half-cycle of the excitation 
signal. The results suggest that this peak is due to formation of a secondary high-velocity region 
due to local discharges near the grounded electrode. Two methods have been used to determine 
the shear force, resulting up to 25% variability in the estimated body force. Considering this 
variability, direct force measurements have been carried out using a precise balance to validate 
the results of the PIV-based control volume approach. The difference observed in certain 
conditions between the estimated body forces and those measured directly highlight the need for 
further improving the methodology for body force prediction based on PIV measurements. 

Significance to defence and security  

Requirements of high-speed vehicles for military and civilian applications have driven interest on 
novel flow control strategies; however, traditional techniques are complex and expensive. A 
promising new flow control technique is the DBD actuator. The potential of these actuators as 
flow control devices has been demonstrated in the control of laminar-to-turbulent transition of 
boundary layers, shock-boundary layer interactions, and flow field modification over airframes to 
modify stability and control characteristics. The flow control mechanism of these 
Electrohydrodynamic (EHD) devices is through a generated body force field caused by the 
actuator, which couples with the momentum of the external flow. Potential benefits of EHD 
devices are very large and span from several military and civilian applications and this 
technology has prompted significant interest and investment worldwide. Its potential use is 
continuously extending and includes several fields of interest to DND, such as propulsion and 
heat transfer minimization. Nevertheless, the complex physical phenomena associated with these 
actuators is not fully understood, and most research is limited to laboratory environments aimed 
at understanding key parameters affecting performance as well as physical operating principles of 
these devices. There remain several issues to overcome before this technology can be integrated 
into practical applications. For instance, the effects of operating conditions on EHD actuator 
performance, electrical power requirements and suitability to high-speed regimes are some of the 
parameters that must be addressed before incorporating such devices into practical systems. 
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Résumé …….. 

La technique vitesse par image de particule (PIV) à verrouillage de phase a été utilisée pour 
étudier le comportement temporal d'un actionneur plasma de décharge à barrière diélectrique 
(DBD) excité par un signal sinusoïdal avec des amplitudes crête-à-crête entre 7,2 kV et 10 kV, et 
les fréquences de 2,5 kHz et 4 kHz. Les mesures ont été réalisées dans un premier temps sur un 
domaine de 31,5 mm x 15 mm, ce qui entraîne une résolution spatiale de 0,1072 mm, à 
12 intervalles de phase pendant tout le cycle d'excitation. Afin d'améliorer la résolution spatiale et 
temporelle, des mesures supplémentaires ont été effectuées pour un sous-ensemble des 
paramètres d'excitation dans un domaine de 8,1 mm x 6,1 mm, ce qui entraîne une résolution 
spatiale de 0,0276 mm, à 24 intervalles de phase. Le bilan de la quantité du mouvement dans un 
volume de contrôle entourant l'actionneur a été utilisé pour estimer la force de corps basé sur les 
résultats des mesures par PIV. Les résultats indiquent que la vitesse et la force maximales se 
produisent pendant le demi-cycle négatif du signal d'excitation, avec un retard de phase par 
rapport au signal d'excitation qui agrandit lorsque la tension ou la fréquence d'excitation 
augmente. Un petit pic secondaire est observé dans la force induite se produisant pendant le  
demi-cycle positif du signal d'excitation. Les résultats suggèrent que ce pic est dû à la formation 
d'une région secondaire de grande vitesse en raison de décharges locales à la proximité de 
l'électrode encapsulé. Deux méthodes ont été utilisées pour déterminer la force de cisaillement, ce 
qui entraîne jusqu'à 25% de variation sur la force de corps estimée. Compte tenu de cette 
variabilité, des mesures directes de force ont été effectuées en utilisant une balance de précision 
pour valider les résultats de l'approche basée sur la technique PIV. La différence observée dans 
certaines conditions entre les forces corporelles estimées et celles mesurées directement mettre en 
évidence la nécessité de s'améliorer la méthodologie pour la prédiction de la force de corps 
obtenues par la technique PIV. 

Importance pour la défense et la sécurité  

Les exigences des véhicules à grande vitesse pour des applications militaires et civiles ont 
entraîné un intérêt sur les technologies innovatrices pour le contrôle d’écoulement. Différentes 
stratégies pour le contrôle d’écoulement à haute vitesse ont été utilisées; Cependant, les 
technologies traditionnelles pour le contrôle d’écoulement sont complexes et coûteuses. Une 
nouvelle technologie prometteuse est celle des actionneurs plasma à décharge à barrière 
diélectrique. Le potentiel de ces actionneurs comme dispositifs de contrôle d’écoulement a été 
démontré lors du contrôle de la transition laminaire-turbulente de la couche limite, des 
interactions ondes de choc-couche limite, ainsi que lors de la modification du champ 
d'écoulement autour des aéronefs afin de modifier leurs caractéristiques de stabilité et de contrôle. 
Le mécanisme de contrôle d’écoulement de ces dispositifs électro-hydrodynamique est par une 
force de volume générée par l'actionneur, laquelle se couple avec la quantité de mouvement de 
l’écoulement externe. Les avantages potentiels de ces dispositifs sont très grands et couvrent un 
vaste champ d’applications militaires et civiles. Cette technologie a suscité beaucoup d'intérêt et 
d’investissements partout dans le monde. Le nombre d’applications potentielles de cette 
technologie s’accroît continuellement et comprend plusieurs champs d'intérêt pour le MDN, 
comme la propulsion et la minimisation de transfert de chaleur. Toutefois, les phénomènes 
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physiques complexes associés à ces actionneurs ne sont pas entièrement compris et la plupart des 
recherches sont limitées à des conditions de laboratoire visant à comprendre les paramètres clés 
qui influencent la performance ainsi que les principes de fonctionnement de ces dispositifs. Il 
reste plusieurs questions à résoudre avant que cette technologie puisse être intégrée dans des 
applications pratiques. 
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1 Introduction 

Dielectric Barrier Discharge (DBD) plasma actuators are gaining increasing acceptance as flow 
control devices, due to their unique features including independence from external sources of 
flow, and relatively low geometric profile, which makes them relatively easy to implement. The 
growing range of successful application of plasma actuators for flow control includes control of 
transition of a laminar boundary layer [1] , control of flow separation on an airfoil [2], and control 
of bluff body wakes [3]. Many of these applications involve unsteady flow phenomena of various 
time scales, which require the use of active flow control for more effective interaction with the 
flow. One of the important aspects in active flow control is the time-dependent behaviour of the 
actuator, and in particular its temporal response to actuator commands. This characteristic 
becomes particularly significant when the dominant time scales of the flow phenomenon and the 
temporal response of the actuator are of the same order of magnitude. The study of the  
time-dependent behaviour of plasma actuators also provides a better understanding of their flow 
physics, which are closely related to the characteristics of the unsteady excitation signal. 
Improving the current knowledge in the two above-mentioned areas has been the primary 
motivation of this study. 

Various measurement techniques have been used in the past to investigate the time-dependent 
characteristics of the flow induced by plasma actuators. Boucinha et al. [4] have used Laser 
Doppler Velocimetry (LDV) to measure the induced velocity at a number of significant locations 
near a DBD plasma actuator. In their experiments, the velocity generated by exciting the actuator 
at a frequency of 1 kHz was measured at an average sampling rate of 4 kHz. While this sampling 
rate made it possible to demonstrate that the flow induced by the actuator varied through the 
excitation cycle, it was not sufficient to produce a high-resolution time-resolved representation of 
the behaviour of the induced flow. Furthermore, since LDV is a line of sight technique, a large 
number of separate measurements would be needed to characterize the entire flow field using this 
technique, making this measurement method particularly susceptible to eventual deterioration of 
the plasma actuator in long-duration operation [5]. 

Kotsonis and Ghaemi [6] have used Time-Resolved Particle Image Velocimetry (TR-PIV) to 
characterize the flow field around DBD plasma actuators excited by various waveforms. In their 
experiments, the actuator was excited at a frequency of 625 Hz, and the sampling rate was 6 kHz. 
While the time-dependent behaviour of the actuator was resolved with remarkable temporal 
resolution in their study, the excitation frequency was much lower than typical values of interest 
found in most other studies. This highlights the fact that application of this technique in general is 
limited to lower actuator excitation frequencies, due to limits in the sampling frequency of current 
TR-PIV systems and the prohibitive cost and technical challenges of very high frequency PIV 
measurements. As an example, to obtain a similar temporal resolution for a plasma actuator 
excited at a typical frequency of 5 kHz, a TR-PIV system with an unusually high sampling rate of 
50 kHz would be needed. 

DBD plasma actuators are usually excited using an Alternating Current (AC) signal. The periodic 
nature of the excitation signal makes it possible to use it as a triggering source for synchronized, 
phase-locked measurements. Phase-locked PIV measurement is an accessible and consistent 
alternative to the above-mentioned time-resolved techniques for characterizing the  
time-dependent behaviour of flow induced by plasma actuators. One of the earliest examples of 
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the use of this technique is the study by Kim et al. [7] to investigate the role of elevated levels of 
oxygen on improvement of the velocity induced during the positive half-cycle of the excitation 
voltage. This study shows the merit of this technique for measuring the entire flow field at the 
desired instances through the excitation cycle using a non-time-resolved PIV system, even when 
the excitation frequency is relatively large. Another example of the utilization of phase-locked 
PIV measurements to characterize the time-dependent behaviour of plasma actuators is the study 
by Murphy et al. [8], in which the effect of the amplitude of the excitation voltage on spatial and 
temporal variations of peak momentum transfer throughout the excitation cycle have been 
investigated. 

The present study extends the scope of the study by Murphy et al. [8] in several directions, while 
retaining the same physical configuration and geometry for the plasma actuator, to facilitate 
comparison with previous findings. The focus of the present study is to characterize the  
phase-dependent behaviour of the maximum induced velocity and its location, as well as the 
induced body force through the excitation cycle, using phase-locked PIV measurements with 
improved temporal and spatial resolution. Specifically, the number of phase intervals at which 
PIV measurements are carried out through the excitation cycle, is increased from 8 to 12, and in 
selected cases to 24, with concentration in the vicinity of the phase angles associated with the 
maximums of the induced velocity and body force. Also, the spatial resolution is improved to less 
than 0.03 mm in selected cases, using a catadioptric microscopic lens. 

Furthermore, in this study the measurements were carried out at two excitation frequencies, thus 
making it possible to investigate the effects of excitation frequency on the above-mentioned 
phase-dependent characteristics. Finally, the present study also includes a detailed investigation 
of the wall shear stress as a significant contributor to the induced body force. This investigation 
includes the effect of various estimation methods on the body force component resulting from 
wall shear stress, and an attempt to validate the body force estimation methods based on PIV 
measurements against direct body force measurements using a force balance. 

The Scientific Report is structured as follows. In Section 2, the details of the experimental 
apparatus and procedures, including the plasma actuator, the electronics used for excitation and 
monitoring, PIV and force measurement equipment are described. In Section 3, the results of the 
flow field and force measurements are presented and analyzed. These results include the  
phase-dependent behaviour of the induced velocity, the phase-dependent behaviour of the 
estimated body force and the role of wall shear stress in body force estimation, and direct force 
measurements. The principal findings of the study are summarized in Section 0. Based on these 
findings, recommendations have been made to improve the results and further expand the scope 
of the study. 



DRDC

2 

The p
electr
was 0
Poly(m
suppo
were 
existe

Throu
0.68 m
exper
degre
of vie

F

 

 

 

 

 

C-RDDC-2015

Experi

plasma actua
odes, separat
0.089 mm th
methyl metha

ort the electro
6.35 mm and

ed between th

ughout all ex
m, made of 
iments, the ac
e of freedom)

ew of the cam

Figure 1: The 

5-R071 

imental 

tor used in t
ted by four la
hick, bringing
acrylate (PMM
des and the d

d 19.05 mm, r
he adjacent ed

periments, th
transparent 

ctuator was su
) stage, which

mera, as presen

plasma actua

setup 

the present e
ayers of Kapt
g the total d
MA) or Acryl
dielectric laye
respectively, a
dges of the exp

he actuator w
PMMA, to 
upported by a
h facilitated t
nted in Figure

ator, mounted
during PI

  
  

 
 
  
  

experiments c
ton® tape as 

dielectric thic
lic with a thic
r. The widths
and the span 
posed and the

was placed in 
isolate it fro

a 4 degree of 
the precise po
e 1. 

d on the 4 deg
IV measurem

comprised of
dielectric. E

ckness to 0.3
ckness of 3 m
s of the expos
of both electr

e grounded el

a cubic cham
om ambient 
freedom (3 tr

ositioning of t

gree of freedo
ments. 

f two 80 μm
Each layer of 
356 mm. A p

mm was used 
sed and groun
trodes was 15
lectrodes. 

mber with a 
disturbances

ranslational a
the actuator w

om stage for p

m thick coppe
Kapton® tap
plate made o
as substrate, t

nded electrode
50 mm. No ga

side length o
s. During PI
and 1 rotation
within the fiel

 

positioning 

3 

er 
pe 
of 
to 
es 
ap 

of 
V 

nal 
ld 



4 

Durin
rigid s

The p
33210
20/20
±0.08

actu

ng direct forc
support assem

Figure 2: Th
balance (insi

plasma actuat
0A function g
0C amplifier (
8 Hz at 4.0 kH

Figure 3: Th
uator and the 

ce balance me
mbly, shown i

e direct force
ide the Farad

co

tor was excit
generator (Fi
(Figure 5). Th

Hz.  

he function ge
triggering sig

easurements, 
in Figure 2. 

e measuremen
day cage), the 
nnection, and

ted by a sin
gure 3), and 
he accuracy o

enerator used 
gnal for the P

  
  

 
 
  
  

the actuator 

nt setup includ
44 American

d the high vol

e-wave signa
amplified by

of the excitati

to generate t
PIV system (le

 

was placed 

ding the plasm
n wire gauge (
ltage probe. 

al, which wa
y a ratio of 2
ion signal wa

the excitation
eft) and the di

DRDC-RDD

on the force

ma actuator, 
(AWG) wire e

as generated 
2000:1 using 
as ±0.05 Hz a

 

n signal for th
igital oscillos

DC-2015-R07

 balance via 

the force 
electrical 

by an Agilen
a Trek Mod

at 2.5 kHz an

e plasma 
scope (right).

71 

a 

nt 
del 
nd 



DRDC

F

Durin
using 
metho
magn
plasm

C-RDDC-2015

Figure 4: Sche

Figu

ng each exper
the probe ca

odology desc
itude larger t

ma actuator an

5-R071 

ematic view of
volume for 

ure 5: The PIV

riment, the el
apacitance m
ribed in [9], 
than the cold 
nd the voltage

f the plasma 
body force es

V measuremen

lectric power
method describ

the capacitan
capacitance 

e across the p

  
  

 
 
  
  

actuator setup
stimation rela

nt setup, and 

r consumption
bed by Krieg
nce of the pr
of the plasma
probe capacit

up showing th
ative to the ac

the high volta

n of the plas
gseis et al. [
robe capacitor
a actuator. Th
tor were mea

e position of 
ctuator. 

 

tage amplifier

sma actuator 
9]. In accord
r should be t
he excitation 

asured and rec

 
the control 

r. 

was measure
dance with th
three orders o
voltage of th

corded using 

5 

ed 
he 
of 
he 

a 



6 

Rigol
The v
20 ms
respec
shown

PIV t
system
2386 
Veloc
windo
Phase
gener
angle 
signal

PIV 
measu
measu
with t
centre
in thi
partic
12 ph

8  
numb
QM-1

 

F

The u
horizo
resolu
volum
carrie
param

 1052E digit
voltages were
s, which span
ctively. A sch
n in Figure 4.

technique wa
m including 
x 1776 pixe

city vector fie
ows with 50
e-locked meas
ator as an ext
for each set 

l and the reco

measuremen
urements wer
uring 31.5 mm
the downstrea
e of the meas
s domain wa

cular combina
hase angles a

rad intervals
ber of phase a
1 catadioptric 

Figure 6: The

use of the Q
ontal (x) dire
ution to 0.027
me method for
ed out in two
meters. The 

tal oscilloscop
e recorded sim
nned 50 and 
hematic diagr
  

as used to m
an Imager S

els, and an E
elds were obt
% overlap, r
surements we
ternal trigger 
of measurem

ording of the i

nts were car
re carried ou
m in the hori
am edge of t
urement dom

as 0.1072 mm
ation of excit
at  4  rad 

, with 300 im
angles in the p

lens with a 3

e Questar QM

QM-1 lens re
ection and 6.1
76 mm. To ac
r body force 
o side-by-side

first meas

pe, simultane
multaneously 
80 cycles at 

ram of the el

measure the v
SX-4M (Cha
Evergreen 20
tained using 
resulting an 

ere carried out
for the PIV s
ents was spec
image pairs in

rried out in
t using a Sig
izontal (x) di
the exposed e

main. The spat
m. In this me
ation parame
intervals in t

mage pairs f
phase-locked 
35 mm equiva

M-1 catadioptr

educed the si
1 mm in the 
cquire data in
estimation (S
e windows f
surement wi

  
  

 
 
  
  

eous with the
with each PI
the excitatio

lectronic com

velocity field 
arge-Coupled 
0 mJ/pulse N
a cross-corre
array of 29

t using the ex
system Progra
cified by adju
n the PIV syst

n two differ
gma 105 mm
irection and 1
electrode ( x
tial resolution

easurement do
eters, phase-lo
the positive h

for each phas
measuremen

alent focal len

ric microscop

ize of the m
wall-normal 

n an area larg
Section 3.2), m
for each com
indow exten

e PIV and fo
IV and force 
on frequencie

mponents of th

around the 
Device) cam

Nd-YAG lase
elation schem
5 x 222 vec

xcitation signa
ammable Tim
usting the tim
tem. 

rent measur
m f/2.8 EX D
15 mm in the

0 y ) loca
n (spacing be
omain, for ea
ocked measur
half-cycle of

se angle. Con
nts as describe
ngth of 1700 m

pic lens, attac

measurement 
(y) direction

ge enough fo
measurements

mbination of p
nded from 

DRDC-RDD

orce balance m
balance expe

es of 2.5 kHz
he plasma ac

actuator. A 
mera with a
er was utiliz

me in 16 x 16
ctors for eac
al generated b

ming Unit (PT
me delay betw

rement doma
DG macro len
e wall-norma
ated 8 mm up

etween the adj
ach experime
rements were
f the excitatio

nsequently, t
ed in Section 
mm (Figure 6

 

ched to the PI

domain to 8
n, and improv
or application
s using the Q
phase angle 

1.66 mm 

DC-2015-R07

measurement
eriment durin
z and 4.0 kH
ctuator setup 

LaVision PI
a resolution o
zed (Figure 5
 interrogation

ch image pai
by the functio
TU). The phas

ween the trigge

ains. Initially
ns in a domai
l (y) direction
pstream of th

djacent vector
ent involving 
e carried out 
on signal, an

to increase th
3.1, a Questa

6) was used. 

IV camera. 

8.1 mm in th
ved the spati

n of the contro
QM-1 lens wer

and excitatio
upstream t

71 

ts. 
ng 

Hz, 
is 

V 
of  

5). 
ns 
ir. 
on 
se 
er 

y, 
in 
n, 
he 
rs) 

a 
at 

nd 

he 
ar 

he 
al 
ol 
re 
on 
to 



  
  

DRDC-RDDC-2015-R071 7 
 
 
  
  

6.44 mm downstream of the downstream edge of the exposed electrode ( 0 yx ). The second 
measurement window extended from 5.98 mm downstream to 14.09 mm downstream of the 
downstream edge of the exposed electrode. In these measurement domains, for each experiment 
involving a particular combination of excitation parameters, phase-locked measurements were 
carried out at 24 phase angles at  8 rad intervals in the positive half-cycle of the excitation 

signal, and  16 rad intervals in the negative half-cycle, with 250 image pairs for each phase 
angle. 

Direct measurements of the force generated by the plasma actuator was carried out using a 
Ohaus Explorer Ex-324 balance, which had a resolution of 0.0001 g and a linearity less than 
±0.0002 g. As shown in Figure 2, the balance was placed in a Faraday cage connected to the 
electric ground connection of the laboratory, to minimize electromagnetic interference. 

Electrical connection between the actuator and the power supply was established using 
44 American Wire Gauge (AWG) copper wires with nominal bare diameter of 0.0508 mm, to 
ensure that the electrical connection does not impose any mechanical constraint on the actuator 
during force measurements (Figure 2). 
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3 Results and discussions 

3.1 Time dependent behaviour of velocity 

An example of the results of phase-locked PIV measurements of the velocity field around the 
plasma actuator in the 31.5 mm x 15 mm domain described in Section 2 is shown in Figure 7. The 

figure shows the evolution of the induced velocity magnitude ( V  u2  v2 ) throughout the 

excitation cycle, for an excitation peak-to-peak voltage of 8.8 kV (8.8 kVpp) and an excitation 
frequency of 4 kHz. It can be observed that a phase lag exists between the maximum of the 
excitation voltage, which occurs at  0, and the maximum of the induced velocity, which 
occurs at 11 8. The maximum of the induced velocity occurs during the negative  
half-cycle of the excitation voltage, when the exposed electrode has a negative charge. The phase 
lag, which is of particular interest in application of plasma actuators for active flow control, can 
be investigated in more detail by examining the time-dependent behaviour of the maximum 
induced velocity relative to the excitation signal, for various combinations of excitation 
parameters. 

Figure 8 shows the variation of maximum magnitude of the induced velocity throughout the 
excitation cycle for three excitation voltages of 7.2 kVpp, 8.8 kVpp, and 10 kVpp, applied at 
2.5 kHz (Figure 8a) and 4.0 kHz (Figure 8b). The average values of the induced velocity 
magnitude are in close agreement with those reported by Murphy et al. [11] for the same plasma 
actuator. However, the figure indicates that the phase lag between the maximum induced velocity 
and the excitation voltage is not constant. Figure 9 shows the trend of variation of the phase lag 
with excitation parameters. It can be observed that the phase lag increases slightly when the 
actuator is excited with a higher voltage. This effect is more pronounced at the excitation 
frequency of 4 kHz, where relatively larger values of phase lag are observed. 

Another interesting aspect of the time dependent behaviour of the plasma actuator is the location 
of the maximum induced velocity within the measurement domain. As shown in Figure 10, the 
location of maximum velocity depends on the phase angle. The figures indicate a general trend in 
which the location of the maximum induced velocity is closer to the downstream edge of the 
exposed electrode ( x  y 0) during the negative half-cycle of the excitation signal, and farther 
from it during the positive half cycle. This trend, which is the opposite of the phase-dependent 
behaviour of the maximum induced velocity (Figure 8) suggests that during the negative-half 
cycle, when the exposed electrode has a negative charge, the largest velocity in the domain is 
induced by the exposed electrode. Conversely, during the positive half-cycle of the excitation 
voltage, the largest velocity is induced by the grounded electrode, which has a negative charge. 
The velocity induced by the grounded electrode is smaller than that induced by the exposed 
electrode, because it is isolated from the fluid by the dielectric layer. 
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(a) 

 

(b) 

Figure 8: Phase-averaged values of the maximum magnitude of the induced velocity 
V

max
  for three excitation voltages applied at (a) 2.5 kHz and (b) 4 kHz. 

  

Figure 9: Phase lag between the maxima of the induced velocity magnitude ( V  ) and body 

force (f), and the excitation voltage. 
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(a) 

 

(b) 

Figure 10: Phase-dependent variations of the location of the maximum magnitude of the 

induced velocity )(
max

Vx  for three excitation voltages applied at (a) 2.5 kHz and (b) 4 kHz. 
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In Equation (1), f is the plasma actuator excitation frequency, and t  is the time interval between 
the two frames in the PIV snapshot. When the phase interval so small that this condition is not 
met, the second frame in the PIV snapshot will no longer be captured within the intended phase 
interval, and therefore the phase-locked measurement will not be representative of the flow state 
in intended phase interval.  

The approach used to overcome this limit in the present study is to improve the spatial resolution 
by increasing the magnification of the PIV camera, using the Questar catadioptric lens described 
in Section 2. Magnifying the image makes it possible to use a smaller t  to maintain the pixel 
displacement consistent with the size of the interrogation window. This approach made it possible 
to carry out phase-locked measurements in 24 phase intervals in selected combination(s) of the 
excitation parameters, including excitation voltages of 8.8 kVpp and 10.0 kVpp, applied at an 
excitation frequency of 2.5 kHz. 

Figure 11 and Figure 12 show contours of the maximum magnitude of the induced velocity in the 
8.1 mm x 6.1 mm domain, for the excitation voltage of 8.8 kVpp and excitation frequency of 
2.5 kHz. The figure shows the development of a high velocity region in the vicinity of the 
downstream edge of the exposed electrode, which reaches its maximum velocity at  5 / 4 . 
The high velocity region then shifts downstream over the grounded electrode. 

The variation of the maximum magnitude of the induced velocity throughout the excitation cycle 
is shown in Figure 13, in comparison with the results of the measurements in the 
31.5 mm x 15 mm domain for the same excitation parameters. The figure indicates that while the 
trend of variation in both experiments is similar, the velocity magnitudes measured in the  
8.1 mm x 6.1 mm domain are up to 30% larger than those measured in the  
31.5 mm x 15 mm domain.  
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(a) 

 

(b) 

Figure 14: Comparison of the phase-averaged velocity profiles corresponding to (a) the 
maximum and (b) the minimum magnitude of the induced velocity V  obtained in the large and 

small fields of view, for an excitation voltages of 8.8 kVpp applied at 2.5 kHz. 

The profiles are compared for the highest induced velocity throughout the excitation cycle, which 
occurs at  5 4  (Figure 14a), and the lowest induced velocity, which occurs at (Figure 14b). 
It can be observed that while the velocity profiles measured in the two domains match closely 
down to a distance of 0.3 mm for the wall, the maximum velocity measured in 
8.1 mm x 6.1 mm domain is larger in both cases. This is because the maximum velocity occurs in 
a small interval in the wall normal direction, therefore, it is captured more accurately by the 
smaller interrogation windows of the 8.1 mm x 6.1 mm domain. On the other hand, in the  
31.5 mm x 15 mm domain, the behaviour of the velocity profile below the location of the 
maximum velocity is more similar to that of a laminar wall jet [12], compared to that of the 
velocity profile in the 8.1 mm x 6.1 mm domain. This difference can be attributed to the reduced 
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particle density in the near wall region. Because of the reduced particle density, the smaller 
interrogation windows of the 8.1 mm x 6.1 mm domain are less likely to contain sufficient 
particles to yield a reliable value for pixel displacement, and fail to generate a realistic value for 
the streamwise velocity. 

The phase-dependent behaviour of the location of the maximum induced velocity magnitude 
obtained from the measurements in the 8.1 mm x 6.1 mm domain is shown in Figure 15, in 
comparison with those obtained from the measurements in the 31.5 mm x 15 mm domain for 
similar excitation parameters. 

 

 

(a) 

 

(b) 
Figure 15: Phase-averaged values of the induced body force for three excitation voltages applied 

at (a) 2.5 kHz and (b) 4.0 KHz. 



  
  

18 DRDC-RDDC-2015-R071 
 
 
  
  

The figure indicates a similar behaviour for the data obtained in the two measurement domains, in 
which the location of the maximum induced velocity magnitude s closer to the downstream edge 
of the exposed electrode during the negative half of the excitation cycle, and farther from it 
during the positive half. In both experiments, the results obtained from measurements in  
the 8.1 mm x 6.1 mm domain show more scatter compared to those obtained in the  
31.5 mm x 15 mm domain, because of the higher spatial resolution of the former.  

In comparison, the results obtained from the 31.5 mm x 15 mm domain appear to be locked into 
the discrete locations of the grid points, due to the relatively large size of the interrogation 
windows. 

3.2 The body force 

The results of the phase-locked measurements of the velocity field around the plasma actuator can 
be used to estimate the body force generated by the actuator, based on the balance of momentum 
in a control volume surrounding the actuator (shown schematically in Figure 4). This method, 
which has been developed by Versailles et al. [10], assumes a steady, incompressible flow with 
constant and uniform pressure on the boundaries of the control volume. The formulation for this 
method can be summarized by the following equation: 

xy
uyuxuvyuf

adcdab bc
dd

dddd
Wall

22   




   (2)

In Equation (2), f is the body force generated by the actuator in the horizontal (x) direction. The 
last term in Equation (2) represents the shear force generated on the wall (along the boundary ad 
in Figure 4). The effect of the location of the boundaries on the estimated body force has been 
investigated in the study by Murphy et al. [11] for a similar actuator. In accordance  
with the findings reported in [11], the boundaries ab and cd have been placed 
at x  2  mm and x 15 mm, respectively, and the boundary bc has been placed at y15 mm 
for the present calculations. 

Figure 16 shows the phase-dependent behaviour of the estimated body force for three excitation 
voltages (7.2 kVpp, 8.8 kVpp, and 10 kVpp), applied at excitation frequencies of 2.5 kHz and 
4.0 kHz, respectively. The behaviour of the body force is generally similar to that of the induced 
velocity, as discussed in Section 3.1. The primary peak in the body force corresponds to the 
maximum induced velocity, as they both appear at the same phase angle during the negative  
half-cycle of the excitation signal. Similarly, a phase lag exists between the maximum body force 
and the peak excitation voltage, which increases slightly when the actuator is excited with a 
higher voltage, as shown in Figure 9. This effect is more pronounced at the excitation frequency 
of 4 kHz, where relatively larger values of phase lag are observed. 
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(a) 

 

(b) 

Figure 16: Phase-averaged values of the induced body force for three excitation voltages applied 
at (a) 2.5 kHz and (b) 4.0 KHz. 

Figure 16 also shows a smaller secondary peak in the phase-dependent variations of the body 
force, at the approximate phase angle of  2  . An investigation of the time-dependent 
variation of the electric current passing through the plasma actuator, shown in Figure 17 for an 
excitation voltage of 8.8 kVpp and frequency of 4.0 kHz, indicates that the phase angle of this 
secondary peak corresponds with spikes the positive electric current, which are believed to be 
caused by small and localized discharges associated with formation of the plasma near the 
grounded electrode during the positive half cycle of the excitation signal [6]. The  
phase-dependent behaviour of the location of the maximum induced velocity magnitude  
(Figure 10) supports this hypothesis, because it shows that during the positive half of the 
excitation signal, the location of the maximum induced velocity shifts downstream towards the 
grounded electrode. 
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Figure 17: A sample of the time series of the excitation voltage and current from the experiment 
at 8.8 kVpp and 4 KHz, showing the current spikes. 

Kotsonis and Ghaemi [6] have reported a similar correspondence between the spikes in the 
positive electric current and a secondary peak in the local fluid acceleration induced by the 
plasma actuator through the positive half cycle of the excitation signal, based on time-resolve PIV 
measurements of the velocity field. While the observation by Kotsonis and Ghaemi [6] is limited 
to a single point in the flow field, the results of the present study indicate that the effects of the 
formation of plasma near the grounded electrode during the positive half cycle of the excitation 
signal is more widespread, as indicated by the secondary peak in the body force. 

The ratio of the magnitude of the secondary peak of the body force to the primary peak is shown 
in Figure 18, for the excitation voltages and frequencies investigated in the present study. The 
figure indicates that the relative magnitude of the secondary peak grows as excitation voltage and 
frequency increase. Considering the fact that the secondary peak is associated with the formation 
of plasma over the grounded electrode during the positive half cycle of the excitation signal, this 
behaviour indicates that the effectiveness of the dielectric layer in isolating the grounded 
electrode from the fluid decreases at higher excitation voltages and frequencies. 
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Figure 18: The ratio of the magnitude of the secondary peak (f2) of the body force to the primary 
peak (f1). 

Murphy et al. [11] have shown that the wall shear stress, represented by the last term in 
Equation (2), constitutes up to 30% of the body force. Considering the significance of this term, 
the role of the estimation method for the wall-normal derivative in the shear stress term has been 
investigated in the present study. In previous studies ([8], [11]) this term has been estimated using 
the following first order numerical derivation scheme 

du

dy











wall

 u1

y
 (3)

in which is the horizontal velocity component at the first measurement point above the boundary 
ad, and y  is the distance of the measurement point from the boundary. This method is evidently 
dependent on the spatial resolution of the measurement technique in the wall-normal direction, as 
well as the accuracy of the velocity measured adjacent to the wall, which is usually affected by 
reflections from the wall and reduced particle density. 

The other approach for estimating the wall normal derivative is based on the assumption that the 
plasma actuator generates a two-dimensional laminar wall jet. Glauert [12] has shown that the 
self-similar velocity profile in a two-dimensional wall jet ( f ()  ) is given by the solution of the 
following ordinary differential equation 

02 2  ffff  (4)
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with boundary conditions f (0)  f (0)  0 and f ()  0. The term du
dy 

wall
 is then estimated 

by scaling the derivative of the self-similar velocity profile, using 

wallmax

max

max

max

wall
d

d

d

d







 




























 f

yf

u

y

u
. (5)

Numerical solution of Equation (4) yields the following values for the terms in Equation (5). 

d f
d










wall

 0.2222 , fmax  0.3150 , and max  2.0287. 

Equation (5) is therefore simplified to 

max

max

wall

4310.1
d

d

y

u

y

u









 (6)

in which maxu  is the local maximum velocity of the wall jet at any given streamwise (x) location, 

and maxy  is the location of the maximum velocity in the wall-normal direction. Rather than 

relying on the velocity adjacent to the wall, this method relies on the maximum velocity of the 
wall jet, which usually occurs away from the wall. Therefore, it is expected to be less sensitive to 
spatial resolution of the PIV measurements and less likely to be affected by the quality of velocity 
measurement adjacent to the wall. 

The results of estimation of the body force using the two above-mentioned methods to estimate 
the wall-normal derivative in the shear stress term are compared in Figure 19 for the excitation 
frequency of 2.5 kHz and excitation voltages of 8.8 kVpp and 10.0 kVpp. The figures show the 
results obtained in both the 31.5 mm x 15 mm and the 8.1 mm x 6.1 mm measurement domains. 
It can be observed that there is a difference of up to 30% between the values of the body force 
obtained using the two methods in the 31.5 mm x 15 mm domain. However, the results of the 
two methods match very closely in the 8.1 mm x 6.1 mm domain, with a maximum difference no 
more than 6%. The close match between the results of the two methods in the 
8.1 mm x 6.1 mm domain can be attributed to the improved spatial resolution in that domain, 
which makes it possible to determine u1, umax , and ymax  more accurately. 
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three terms of Equation (2). However, as shown by the results of the present study, as well as the 
study by Murphy et al. [11], the shear force comprises a significant part of the actuator body force 
for the present plasma actuator configuration, and is not negligible. Therefore, as shown by 
Ashpis et al. [14], the force measured directly by the balance is expected to include the effect of 
the shear force, which is represented by the last term in Equation (2). 

The results of the direct force measurements are compared to the forces obtained based on the 
PIV measurements using the control volume method (Section 3.2), in Figure 20. Each of the data 
points representing direct force measurements are based on three independent measurements. 

 

 

Figure 20: Comparison of the results of the direct force measurements to the forces obtained 
based on PIV measurements using the control volume method 

 at (a) f = 2.5 kHz and (b) f = 4 kHz. 

It can be observed that in all combinations of excitation voltage and frequency, the results of the 
direct force measurements are larger than the momentum-based component of the force, 
estimated using the first three terms of Equation (2), and that at the excitation frequency 
of f  2.5kHz , they are close to the estimated total force, which includes the shear force 
component. This observation confirms that the shear force component is indeed a significant 
contributor to the total body force in the present plasma actuator configuration. However, the 
difference between the results of direct force measurements and the estimated total force at 
f  4.0 kHz suggests that further improvement in the methodology for estimating the shear force 

component may be needed. 
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4 Conclusions and recommendations 

In the present study, phase-locked PIV measurements have been carried out using a conventional 
PIV system, to investigate the time-dependent behaviour of plasma actuators with a temporal 
resolution comparable to those achieved in previous studies using TR-PIV. The phase-locked 
measurement technique has been found to be advantageous over TR-PIV, because it allows 
measurement of the time-dependent behaviour of plasma actuators excited at relatively high 
frequencies (up to 4 KHz in the present experiments), without requiring high-speed cameras and 
laser light sources. The present technique also does not suffer from decreased camera resolution 
associated with high-speed cameras operated at high capture rates, and can therefore provide 
results with more adequate spatial resolution. In the present experiments, vector spacings of  
0.1 mm and 0.03 mm have been achieved in domains measuring 31.5 mm x 15 mm and 
8.1 mm x 6.1 mm, respectively. Measurements have been carried out in up to 24 phase intervals 
throughout the excitation signal, which is applied at frequencies of 2.5 kHz and 4.0 kHz. To 
achieve a similar temporal resolution, a TR-PIV system would require a sampling frequency up to 
96 kHz, which is beyond the capability of commercially available systems. 

The results of the present measurements indicate that a phase lag exists between the maximum 
induced velocity by the plasma actuator and the excitation signal. A similar phase lag also exists 
between the body force induced by the actuator and the excitation signal. The phase lag is found 
to have values between 180° and 270°, depending on the excitation voltage and frequency. In 
general, the phase lag increases when the excitation voltage or frequency are increased. 
Characterization of the phase lag, carried out in the present study, is significant from the point of 
view of application of plasma actuators in active flow control, especially when the characteristic 
time scales of the flow phenomena are close to those of the plasma actuator.  

The phase-dependent behaviour of the body force, estimated using a control volume method 
based on the results of the PIV measurements, shows a secondary peak. While the maximum 
induced body force throughout the excitation cycle is concurrent with the negative half-cycle of 
the excitation signal, the secondary peak occurs during the positive half-cycle of the excitation 
signal. The magnitude of the secondary peak, which varies between 80% and 90% of the 
maximum induced body force, is found to be dependent on the excitation voltage and frequency. 
In general, the magnitude of the secondary peak increases when the excitation voltage or 
frequency are increased. 

The results of the phase-locked velocity field measurements in the 8.1 mm x 6.1 mm domain, 
which have been carried out at 24 phase intervals, indicated that the secondary peak is due to the 
formation of a secondary high-velocity region near the grounded electrode during the positive 
half-cycle of the excitation signal. The formation of this secondary high-velocity region has been 
observed in the results of the TR-PIV measurements reported by Kotsonis and Ghaemi [6], and 
attributed to small and localized discharges associated with formation of the plasma near the 
grounded electrode during the positive half-cycle of the excitation signal. The spikes of the 
electric current observed in the present experiments during the positive half-cycle of the 
excitation signal support this hypothesis. Furthermore, the trend of variation of the magnitude of 
secondary peak indicates that the effectiveness of the dielectric layer in isolating the grounded 
electrode from the fluid decreases at higher excitation voltages and frequencies. 
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The results of the estimation of the induced body force using the control volume method indicated 
that the shear force acting on the surface of the actuator due to the induced flow is a significant 
contributor to the total body force. Since the shear force is proportional to the value of the 
wall-normal derivative of streamwise velocity at the surface of the actuator in the formulation of 
the control volume method, two different methods for estimating the wall-normal derivative have 
been evaluated. In one method, the derivative is calculated numerically based on the results of the 
PIV measurements. The other method is based on the assumption that the velocity induced by the 
actuator is represented by a laminar wall jet, and uses the self-similar solution of the laminar  
wall-jet problem to determine the derivative. Comparison of the results of the two methods 
indicates a difference of up to 30% in the body force estimated based on the measurements in the 
31.5 mm x 15 mm domain. However, when the measurements in the 8.1 mm x 6.1 mm domain 
are used to estimate the body force, the difference between the results of the two methods is 
limited to 6%. The convergence of the results of the two methods in the 8.1 mm x 6.1 mm domain 
can be attributed to the higher spatial resolution, which makes it possible to measure the 
maximum induced velocity in the near wall region more accurately. 

In order to evaluate the results of the estimation of the body force base on the PIV measurements, 
direct force measurements have been carried out using a precision balance. The results indicate 
that in all combinations of excitation voltage and frequency, the body force measured by the 
balance is larger than the momentum-based component of the body force estimated using the PIV 
results. At the excitation frequency of f = 2.5 kHz, the PIV-based body forces are close to those 
obtained from direct balance measurements. At f = 4 kHz, however, the control volume method 
over-estimates the body force. 

Based on the findings summarized above, the following recommendations can be made to expand 
the scope and improve the results of the present study: 

The PIV measurements have been carried out in a relatively limited range of excitation 
parameters, which includes three voltages and two frequencies. It is therefore recommended to 
expand this range, to ensure that the observed findings and trends remain valid for a more 
comprehensive set of excitation parameters. 

Furthermore, a more limited range of excitation parameters (including two voltages and one 
frequency) has been selected for a more detailed study with higher spatial and temporal 
resolution. Considering the differences observed between the results of the detailed study and the 
original PIV experiments, it is recommended carry out the detailed measurements with improved 
spatial and temporal resolution for more combinations of the excitation parameters, to examine 
the consistency of the differences observed between the two sets of results. 

Considering the fact that the body force estimated based on the PIV measurements is sensitive to 
the estimated wall-normal derivative of the streamwise velocity at the surface of the actuator, it is 
recommended to explore measures to improve the quality of measurement in the near-wall region. 
These measures may include alternative seeding techniques and materials to improve the particle 
density in the near-wall region. 
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While values of body force estimated using the PIV results are close to those obtained through 
direct force measurements at f = 2.5 kHz, the PIV-based estimation method over-estimates the 
body force at f = 4.0 kHz, in comparison to the values obtained from the direct measurements. It 
is therefore recommended to further improvement the method, and in particular the estimation of 
the shear force. 
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AC 

AWG 

CCD 

Alternating Current  

American wire gauge 

Charge-Coupled Device 

DBD Dielectric Barrier Discharge 

DND Department of National Defence 

DRDC Defence Research and Development Canada 

DSTKIM Director Science and Technology Knowledge and Information Management 

EHD Electrohydrodynamic 

LDV Laser Doppler Velocimetry 

MDN Ministère de la défense nationale 

PIV Particle Image Velocimetry 

PMMA Poly(methyl-methacrylate) 

R&D Research & Development 

TR-PIV Time-Resolved Particle Image Velocimetry 
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