
Vol.:(0123456789)

Experiments in Fluids          (2025) 66:172  
https://doi.org/10.1007/s00348-025-04090-1

RESEARCH ARTICLE

Defocusing PTV flow measurements above a DBD plasma actuator 
array for oscillatory forcing

Saskia Pasch1   · Heinrich L. Lange1   · Robin Leister1   · Jochen Kriegseis1 

Received: 6 May 2025 / Revised: 9 July 2025 / Accepted: 20 July 2025 
© The Author(s) 2025

Abstract
Lagrangian defocusing particle tracking velocimetry (defocusing PTV, DPTV) measurements are performed in a thin volume 
above a plasma actuator array that is applied to mimic the effect of wall oscillations by inducing alternating, wall-parallel 
forcing in opposite directions into the air above the actuator surface for flow control purposes. The aim of the experi-
ments is to capture the plasma-induced flow topology in otherwise quiescent air throughout the oscillation cycle within the 
measurement volume of 14 mm × 1 mm × 14 mm, immediately adjacent to the wall-mounted actuator. For this purpose, 
particle image velocimetry equipment for time-resolved measurements with one camera is used in a DPTV setup, where the 
out-of-plane particle coordinate is obtained through the diameter of a defocused particle image. Three-dimensional, three-
component velocity and acceleration data is extracted by introducing a continuous particle tracking approach and an extended 
ex situ calibration procedure based on the detection of solid particles directly applied to a wall boundary, for which no prior 
knowledge of the flow topology or velocity data in the direct vicinity of the wall is required. A novel method for estimat-
ing measurement uncertainty in this context is introduced, and the influencing factors are discussed from an application 
perspective. Through the analysis of Lagrangian particle tracks, both individual flow events and statistical effects within the 
oscillation cycle can be evaluated. The extraction of phase-resolved flow fields with adaptable spatial resolution shows the 
forcing effect to be regular across different discharge zones on the plasma actuator array, indicating well-balanced voltage 
settings and precise manufacturing. Furthermore, the relation between the forcing-induced velocity and acceleration fields 
is quantitatively assessed, revealing the spatio-temporal transmission characteristics of the applied forcing. In summary, the 
obtained results demonstrate the applicability of DPTV measurement technique for the flow characterization above a plasma 
actuator array using the presented modifications.

1  Introduction

Flow control strategies for turbulent skin friction drag reduc-
tion have gained considerable interest due to their power 
saving potentials. Streamwise-traveling waves of spanwise 
wall velocity have been shown to reduce surface drag in 
turbulent flows (Quadrio 2011; Marusic et al. 2021). As a 
potentially simpler implementation of such strategies, arrays 
of dielectric barrier discharge (DBD) plasma actuators (PA) 
have been introduced to mimic the effect of physical wall 
movement without previously required moving parts fol-
lowing the approach of convective (Benard et al. 2024), 

temporal (Wilkinson 2003; Jukes et al. 2006; Hehner et al. 
2019, 2020) or combined spatio-temporal (Serpieri et al. 
2023) wall oscillations.

DBD plasma discharges occur when an alternating volt-
age beyond the breakdown voltage induces a strong electric 
field across two electrodes, separated by a dielectric material 
(Kogelschatz 2003). Upon discharge, ionized particles are 
accelerated by the electric field, which effectively initiates 
an additional body force in the surrounding air. As a result, 
a predominantly horizontal momentum input develops above 
the lower, encapsulated electrode, thus emphasizing the suit-
ability of DBD PAs for flow control applications. An over-
view of diagnostics application of PAs is provided in topical 
reviews on the topic, e.g., by Benard and Moreau (2014), 
Kotsonis (2015) and Kriegseis et al. (2016).

Figure 1 illustrates the multi-electrode PA array and beat-
frequency operation mode used in this study, developed for 
temporally oscillating forcing by Hehner et al. (2020). The 
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four color-coded electrode groups are, respectively, supplied 
with sinusoidal voltage signals of identical amplitude. The 
concept builds upon the beat of the voltage signals between 
two neighboring electrode groups, resulting in potential dif-
ferences that periodically exceed the breakdown voltage. The 
initiated phases of plasma discharges cause alternating forc-
ing in both directions at oscillation frequency fosc = 1∕Tosc , 
as indicated by the arrows in Figure 1. In contrast to real wall 
oscillations, the spanwise forcing is periodically interrupted 
by the exposed electrodes, which defines the characteristic 
length �z.

Previous measurements conducted in the cross-plane 
above a beat-frequency-driven PA array revealed vertical 
motions in addition to the desired horizontally directed forc-
ing effects and showed an increase in resulting drag in a tur-
bulent channel flow for a first selection of forcing parameters 
(Hehner et al. 2022; Hehner 2022). These observations raise 
further questions regarding the actuator design and opera-
tion parameter choice to optimize performance. To therefore 
enhance the understanding of the underlying mechanisms 
in this highly dynamic and complex control scenario, it is 
crucial to explore the spatio-temporal transmission relation 
between plasma discharges and their forcing impact through-
out the oscillation cycle further. Additionally, the forcing 
regularity of the used actuator arrays is to be verified as a 
basis for further studies of the flow control effects.

In a first step simultaneous electrical and optical meas-
urements investigated the occurrence and characteristics of 
plasma discharges throughout the plasma and oscillation cycle 
for the beat-frequency concept by means of intensified charge-
coupled device (ICCD) imaging (Pasch et al. 2023). A discrete 
distribution of individual plasma discharges as well as statis-
tical illumination irregularities were observed. As a second 
step, aiming at investigating the fluid-mechanical momentum 

transfer characteristics, flow velocity and acceleration data are 
extracted and evaluated in the scope of this work.

Defocusing particle tracking velocimetry (DPTV) enables 
time-resolved, volumetric flow measurements in thin meas-
urement volumes with comparatively simple setup, allowing 
to detect the flow velocity and its material derivative along 
pathlines directly, which makes it a promising experimental 
approach for the investigation of the forcing transmission 
behavior. In the present study, DPTV is applied to capture 
plasma-induced flow velocities and accelerations in a thin, 
wall-parallel volume directly above the actuator array in oth-
erwise quiescent air. The tracking-based nature of the chosen 
measurement approach allows for a combined Lagrangian and 
Eulerian evaluation, enabling both, the analysis of spatially 
resolved flow fields as well as individual particle trajectories. 
This dual perspective offers complementary insights into the 
forcing-induced flow topology and allows for the exploration 
of new Lagrangian viewpoints, which represents a valuable 
aspect of the investigation itself. Additionally, the spatio-
temporal regularity of the forcing effect is assessed based on 
the volumetric character of the measurements, completing the 
insights gained from the optical discharge characterization.

As described in detail in Section 2, calibration is a sensitive 
aspect of DPTV, and due to the still relatively recent and spe-
cialized nature of the measurement technique, the quantifica-
tion of measurement uncertainty is of particular importance. 
Calibration procedures and uncertainty estimation methods 
for DPTV measurements applied in earlier works are mainly 
based on flow measurements in direct wall vicinity, which 
is found to be rather challenging above the PA array. Con-
sequently, an adapted calibration procedure is implemented 
as an extension of an existing method, and a novel approach 
for a posteriori uncertainty quantification is developed for the 
present application. The specific limitations and introduced 
procedures are discussed in Sections 2.3 and 2.4. Furthermore, 
to address the experimental questions outlined above, continu-
ous, i.e., time-resolved Lagrangian tracking is implemented.

The conducted experiment represents an additional ben-
efit as a proof-of-concept experiment for future applications 
of DPTV for investigating the interaction of plasma-based 
forcing with a turbulent flow in direct wall vicinity, which 
has been shown to be challenging in previous works (Heh-
ner 2022; Pasch et al. 2024), as well as wall-bounded flows, 
wall-near flow control applications and microfluidic flows 
in general.

2 � Measurement technique

2.1 � State of research

DPTV is based on the work of Willert and Gharib (1992) 
and enables to measure three-dimensional particle positions 

Fig. 1   Multi-electrode PA array for beat-frequency operation (Heh-
ner et al. 2020) with color-coded electrode groups (1: , 2: , 3: , 4:
) at forcing wavelength �z . The applied beat-frequency voltage signals 
over time of are illustrated for two neighboring electrode group pairs. 
Plasma discharges occur when the applied voltage exceeds the break-
down voltage, which is indicated as horizontal line in the sketch. 
The discharges cause a body force above the dielectric in alternating 
directions at oscillation frequency f

osc
= 1∕T

osc
 as indicated by the 

horizontal gray arrows in the top drawing
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and velocities by associating features of a defocused parti-
cle image (PI) such as shape or size with the particle posi-
tion along the optical axis. Commonly applied mechanisms 
include astigmatism and out-of-focus imaging with and 
without an aperture using geometrical masks (Cierpka and 
Kähler 2012), out of which the latter is used here. Specifi-
cally, Fuchs et al. (2016) introduced an in situ calibrated 
DPTV approach for wall-bounded volumes of a few mil-
limeters thickness, where the depth location of the tracer 
particle is extracted from the PI diameter. A locally adaptive 
intensity filter is applied for particle detection, while the PI 
diameter is coupled to the physical depth dimension through 
in situ calibration. This work forms the basis for the present 
measurements, as discussed later. Various alternative detec-
tion mechanisms exist in literature, such as a comparison to 
a calibration stack (Barnkob and Rossi 2020) or a detection 
via deep convolutional neural networks (Dreisbach et al. 
2022).

An in situ calibrated DPTV approach was successfully 
applied by Leister et al. (2021, 2023a) for measurements of the 
oil-flow structure in an open wet clutch gap of a few hundred 
micrometers height. Lately, the suitability of DPTV for meas-
urements in a turbulent channel flow (Leister et al. 2023b) and 
the determination of wall-near turbulent flow structures and 
wall shear stress in a boundary layer flow (Fuchs et al. 2023) 
were shown. The investigation of the plasma-based forcing 
effects in air imposes similar requirements on measurement 
techniques, especially regarding flow characteristics and the 
flat measurement volume shape with a high aspect ratio and 
the proximity to a solid wall, which is often a challenge due to 

background illumination effects due to scattering and reflec-
tions. As such, the chosen technique appears well-suited for 
application above the PA array.

2.2 � Measurement principle

Figure 2 shows the measurement principle for two particles—
both positioned at different distances from the camera focal 
plane. The diameter of their out-of-focus PIs on the camera 
sensor contains the explicit distance information of each par-
ticle to the focal plane. Note the intensity of the image might 
be several orders-of-magnitude lower, compared to an in-focus 
image as the same amount of light is distributed across a larger 
area on the camera chip. Olsen and Adrian (2000) derived 
a mathematical equation of this defocusing behavior under 
absence of optical aberration effects, which quantifies the 
interrelation between the PI diameter di on the sensor and the 
physical diameter size of the particle dp as

The first term describes the geometric PI with the parameter 
M as magnification. The second term represents the diffrac-
tion of light on the aperture, with � as wavelength of the light 
and f# as focal number of the lens. The third term describes 
the diameter change of di caused by the distance y∗ of the 
particle to the focal plane, the opening diameter of the aper-
ture Da and the focal distance so . Figure 3a shows a graphi-
cal implementation of this equation for di over y∗ for two 

(1)di
2
= M2dp

2
+ 5.95(M + 1)2�2f#

2
+

M2y∗2Da
2

(so + y∗)2
.

Fig. 2   Detailed, not-to-scale sketch of measurement volume above PA and DPTV measurement principle



	 Experiments in Fluids          (2025) 66:172   172   Page 4 of 18

different particle diameters dp . With increasing y∗ , the geo-
metrical PI size and diffraction effects are not effected, while 
the third term, representing defocusing effects, increases. 
Consequently, as shown in the figure, the third term of the 
equation becomes the most dominant when considering 
particles at a specific distance from the focal plane, which 
applies in the current measurements. For this case, Equation 
(1) can be simplified to gain the linear interrelation

with d0 being the PI diameter at a known position, corre-
sponding to the wall and actuator surface in the present case. 
The second parameter md represents the slope of the defo-
cusing function. As discussed in the upcoming subsection 
(Section 2.3), Equation 2 is applied as calibration function 
based on the calibration parameters md and d0 obtained in a 
calibration procedure for the respective measurement setup.

2.3 � Calibration

Following the in situ approach of Fuchs et al. (2016), the 
two parameters of Equation (2) are found empirically in a 
calibration procedure based on a linear fit of detected parti-
cle displacements in the near-wall flow region, identifying 
the particle wall diameter representing zero displacement. 
Depending on the experimental setup, either information at 
two walls (Fuchs et al. 2016; Leister et al. 2021, 2023a) is 

(2)di = mdy
∗
+ d0

considered or the distance of the camera to a single wall 
(Fuchs et al. 2023; Leister et al. 2023b) is varied by means 
of traversing. Background illumination effects from flow-
exposed surfaces make it difficult to detect particles and 
obtain reliable velocity data, particularly in the near-wall 
region. Applying DPTV directly above the PA array, i.e., the 
dielectric material and exposed silver electrodes, therefore, 
requires a modified calibration approach. To overcome these 
challenges, the calibration is performed in a separate step 
using solid particles, which are directly applied to the PA 
array surface. For this purpose, Lycopodiaceae spores are 
used, which are advantageous due to their known, relatively 
constant size of around 30 µm (Giacosa et al. 2016), provid-
ing an increased PI light intensity. The transferability of the 
calibration with spores to the measurements with the 1 µm 
Di-Ethyl-Hexyl Sebacat (DEHS) particles is feasible, as the 
influence of the particle diameter on the size of the PI is 
negligible with sufficient defocusing. This effect is shown 
in Figure 3a, where the PI diameter is plotted over the dis-
tance of the particle to the focal plane for particle diameters 
of 1 µm and 30 µm according to Equation (1). The distance 
range considered in the calibration and the measurement are 
marked in the plot in gray. Instead of evaluating PI diam-
eters representing different wall-normal positions within the 
measurement volume in the calibration, the camera is moved 
along the optical axis as performed by Fuchs et al. (2023) 
and Leister et al. (2023b), while the PA array and the laser 
light volume can be kept stationary. For the measurement 

Fig. 3   (a) PI diameter over distance of particle from focal plane 
according to equation introduced by Olsen and Adrian (2000) for 
particle diameters of DEHS (1 µm) and Lycopodiaceae (30 µm). (b) 
Empirically determined calibration curve yielding a defocus sensitiv-

ity Sy of 184  µm/px, calibration function slope md = −0.74  px/mm 
and d

0
= 7.85 px. Note that the ordinate axes display PI diameter in 

different units
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shown here, the respective median diameter of PIs taken at 
four camera positions at 0.5 mm distance from each other 
is evaluated to find the calibration function by means of a 
linear fit as shown in Figure 3b.

2.4 � Uncertainty evaluation

For DPTV the spatial measurement accuracy depends on 
the detection of the PI diameter, in case of the out-of-plane 
coordinate along the optical axis, and position determination 
for the in-plane coordinates. Generally, a larger uncertainty 
is observed for the out-of-plane velocity component in pre-
vious works (e.g. Fuchs et al. 2016). In order to evaluate 
the measurement uncertainty quantitatively, the deviation of 
observed particle movement from an expected flow behav-
ior or a theoretical solution was evaluated by Fuchs et al. 
(2016) and Leister et al. (2021) for the measurement of pla-
nar flows. As an alternative, Leister et al. (2023a) considered 
the detected particle displacement at a stationary wall, where 
zero displacement is assumed. The latter approach cannot be 
applied for the present measurements due to the challenges 
to measure in the immediate vicinity of the wall. Addition-
ally, the flow above the PA array is characterized by forcing 
irregularities, such that the flow cannot be assumed to be 
planar or follow a known profile.

An alternative procedure is therefore introduced here, 
based on a separate measurement in which tracer particles 
are tracked in quasi-quiescent air at flow velocities close 
to 0 m/s. The measurement uses the same setup and meas-
urement parameters as the main measurements described 
later on in Section 3 without the application of forcing. 
Over the duration of a short measurement (see Section 4 for 
the parameters of the here-conducted measurements), the 
particle movement is approximated as a straight path. The 
observed deviations are expected to mainly represent parti-
cle detection inaccuracies. While residual fluctuations and 
random motion cannot be fully avoided, they are captured 
in the uncertainty estimate, which therefore represents an 
upper bound value. The observed low average particle veloc-
ity and homogeneous velocity distribution in the measure-
ment volume in Section 4 support the presented procedure. 
The standard deviation of in-plane and out-of-plane particle 
displacement is determined as an estimation for the velocity 
measurement uncertainty, which will be further discussed 
in Section 4.

2.5 � Lagrangian tracking

In order to characterize the spatio-temporal transmission 
behavior of the applied forcing together with the optical 
and electrical footprint of the underlying plasma discharges, 
flow velocity and acceleration data are extracted from the 
measurements. For this purpose, the evaluation algorithm 

based on the work of Leister et al. (2021) is adapted to track 
individual particles in multiple consecutive frames, and the 
used measurement equipment and procedure (see Section 3 
for details) is accordingly chosen to enable time-resolved 
measurements. In particular, a laser with a smaller pulse 
intensity and a camera with lower pixel resolution were used 
compared to the previous work of Leister et al. (2021, 2023a, 
2023b) to enable the required increased operation frequen-
cies at the price of reduced signal-to-noise-ratios (SNR). 
Consequently, continuous Lagrangian particle tracks can be 
detected and the fluid acceleration can be determined if two 
particle velocities or, respectively, three particle positions 
are evaluated.

3 � Experimental setup and procedure

3.1 � Plasma actuator construction and operation

The used PA array depicted in Figure 4a comprises five 
upper electrodes, each 1 mm wide, and four lower elec-
trodes, each 3 mm wide, resulting in a total of eight dis-
charge zones and a wavelength �z of 4 mm (compare Fig-
ure  1). To fabricate the upper electrodes, a conductive 
silver paint (sourced from Holland Shielding Systems BV) 
is applied to a polyethylene terephthalate (PET) foil, act-
ing as a dielectric, using an airbrush pistol and a laser-cut 
adhesive stencil foil. Unlike for the shown actuator, the 
lower electrodes are made out of copper tape here instead 
of sprayed silver. In order to isolate the lower electrodes, a 
layer of polymer resin (specifically, R&G 888658 HT2) is 
encased within a 3D-printed frame, which is glued to the 
PET foil. Copper tape serves as the electrical connections 
for the PA. The upper high-voltage (HV) electrode groups 
(shown in blue and red in Figure 1) are supplied by two 
Minipuls 1 HV transformers and the encapsulated electrodes 
(illustrated in green and back) are supplied by two Minipuls 
2 HV transformers. The plasma frequencies applied to the 
upper electrode groups is fac,12 = 16 kHz and to the lower 
encapsulated electrode groups fac,34 = 15.949 kHz, yielding 
a beat and oscillation frequency of fosc = 51 Hz. Voltage, 
current and trigger signals are captured simultaneously to 
the DPTV measurements, enabling the assignment of the 
exact phase within the plasma cycle of each measurement. 
The equipment for the plasma generation and the electrical 
measurements is accommodated on the left side of the opti-
cal table that accommodates the test rig and damps possible 
vibrations as shown in Figure 4b.

Figure 5 shows the course of measured voltages ΔV13 and 
ΔV14 applied to the respective electrode groups, illustrating 
the beat-driven oscillation of voltage amplitude introduced 
in the schematic in Figure 1. Note that the envelope volt-
ages ΔV24 and ΔV23 (not shown in the figure) are in phase 
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with ΔV13 and ΔV14 , respectively. Accordingly, all particle 
positions along a detected 3D trajectory can be assigned 
a phase � between 0 and 2� within the forcing oscillation 
cycle based on their frame of detection and the simultane-
ously conducted electrical measurements. Due to the strict 
periodicity of the forcing and its synchronization with the 
camera acquisition, this phase assignment is repeatable 

across cycles. The reference phase � = 0 is defined as the 
phase of minimum peak-to-peak voltage between electrode 
groups 1 and 3 which corresponds to the maximum peak-to-
peak voltage between electrode groups 1 and 4. This enables 
the construction of phase-averaged velocity and acceleration 
fields by grouping data from multiple cycles.

3.2 � Mechanical and optical setup

The DPTV measurement setup illustrated in detail in Fig-
ure 2 is positioned on the right side of the optical table 
shown in Figure 4b inside an extractor hood for the removal 
of the applied DEHS tracer particles (1 µm diameter (Raffel 
et al. 2018), Stokes number Stk ≈ 1, 5 × 10−3 ) and generated 
ozone. An additional, smaller Plexiglas box, which is not 
shown in the figure, with an opening on the side facing the 
camera is positioned around the PA to reduce the influence 
of external air flow in the room on the measurement results. 
The PA array is attached to a vertical mounting platform 
with precision screws for fine adjustment of the pitch angle 
and horizontal position. The laser beam enters the measur-
ing chamber via a mirror arm and is expanded using light 
sheet optics with an 8◦ cylindrical lens. The resulting laser 
light volume is positioned parallel to the PA array, with in-
plane expansion in the x and z directions being much larger 
than the thickness in the y direction, yielding a measurement 

Fig. 4   (a) Detailed view of a similar PA array. The electrodes are 
shown by the color-coded blocks according to Figure 1 and the cam-
era field of view is marked by the dashed line. Note that the array 
is mounted with the x-axis oriented horizontally and the z-axis verti-
cally, so that the coordinate system is rotated in following figures. (b) 
Measurement setup comprising DC power supplies, HV transformers, 
coils for current measurements, HV probes for voltage measurement 
(left table side) and laser light sheet optics, camera, PA array (right 

table side). The small filled orange box shows the MV position and 
the larger dashed orange box indicates the immediately surrounding 
area comprising the optical components shown in the technical sketch 
in Figure  2. The framework on the right side of the table is con-
nected to an extractor hood and can be closed with Plexiglass walls. 
A smaller box was inserted to shield the measurement area against 
influence of ambient air, which is indicated by the blue box

Fig. 5   Applied voltages ΔV
13

 and ΔV
14

 between upper electrode 
group 1 ( ) and lower electrode groups 3 ( ) and 4 ( ) over oscillation 
cycle phase � measured during the experiment. Dashed lines mark 
the oscillation phases � = 0.78� (red) and � = 1.28� (blue), and 
black horizontal lines show the breakdown voltage
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volume size of 14 mm × 1 mm ×14 mm in x, y and z direc-
tion. A horizontal blade is inserted above the PA mounting 
platform and can be fine-adjusted in y direction to align the 
laser volume with the actuator surface.

A Nd:YLF laser with a wavelength of � = 527 nm and 
a pulse width of < 210  ns is operated in double-pulse 
mode. To increase the illumination intensity for the meas-
urements, both laser cavities are fired simultaneously 
rather than in alternating sequence at a constant pulse 
frequency of 1837 Hz (corresponding to a pulse distance 
of Δt = 544.270 µs), resolving the oscillation cycle in 36 
phases. The camera is positioned opposite the PA array 
using an electrical fine traverse for horizontal adjustment 
of the distance. An adjustment screw for the PA array yaw 
orientation allows to align the actuator surface with the 
optical axis of the camera. The focal plane is positioned 
approximately 3.5 mm in front of the PA array, causing 
particles closer to the actuator to appear more defocused 
and accordingly larger. The camera (evaluated sensor sec-
tion size of 512 × 512 pixel, 12 bit resolution) is equipped 
with a f = 50 mm lens at f# = 2 aperture, and an additional 
distance ring of 12 mm. The measurements are taken at 
a magnification of 0.74, yielding a reproduction scale of 
Sxz of 27 µm/px. Table 1 provides a detailed list of model 
specifications and corresponding manufacturers for the used 
components.

A parameter study is conducted to optimize the setup, 
balancing surface illumination effects due to scattering and 

reflections and the shielding of particle illumination near 
the wall. Therefore, the light sheet optics distance from the 
actuator in the negative z direction (and, thus, the light vol-
ume width in the measurement volume) and the y position 
of the blade cutting the light sheet are systematically varied. 
The camera-to-PA distance is maintained constant to ensure 
a consistent defocusing level. Additionally, the PA array sur-
face is coated with a thin black layer applied by a brush pen 
to reduce background illumination effects due to scattered 
and reflected laser light.

4 � Results and discussion

4.1 � Image processing and particle tracking

Before detecting and tracking individual PIs, a pre-pro-
cessing routine illustrated in Figure 6 is applied to enhance 
the SNR and reduce background illumination artifacts 
from dust and the borders of the upper electrodes which 
occur when laser light reaches the PA surface. This is 
caused by diffraction of the light around the knife edge, 
beam divergence effects and the light intensity distribution 
within the light volume, despite the careful adjustment of 
the setup components described in Section 3.2. First, a 
background image is subtracted, generated from a moving 
median of consecutive frames. Note that the number of 
frames considered is aligned with the velocity-dependent 

Table 1   Components used in 
the experimental setup sorted by 
subsystems

Setup component Device and manufacturer

Plasma generation
Function generator Synchronizer control unit ILA 5150 GmbH
Power Supply VLP-2403 Pro, VSP-2410, VOLTCRAFT
HV transformer 2 × Minipuls 1, 2 × Minipuls 2, GBS Elektronik GmbH
Electrical measurements
Oscilloscope Picoscope 4424, Pico Technology Ltd.
HV probes Pintek HVP-39pro, Pintek Electronics Co., Ltd.
Current transformer Magnelab CT-C1.0 Rogowski coil, Magnelab Inc.
Optical measurements
Laser Darwin-Duo 527-100-M Quantronix Corp., energy per puls: 60 mJ
Laser beam propagation Articulated Mirror Arm ILA 5150 GmbH
Light sheet optics Standard Light Sheet Optics with cylindrical lens with effective

focal length of 125 mm ILA 5150 GmbH
Lens Zeiss f = 50 mm, f # = 2 and 12 mm distance ring
Camera FASTCAM SA4, Photron Deutschland GmbH, pixel size: 20 µm × 20 µm
Seeding particles DEHS
Seeding generator PIVlight30 PIVTEC GmbH
Mechanical equipment
Traverse system for camera Linear Translation Stage w. Integrated Controller, Stepper Motor

Thorlabs, Inc.
Vibration damping Optical table M-INT3 series  Newport Corporation
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particle displacement in-between frames to avoid the 
removal of slow particles. The so-generated background 
images are weighted by the instantaneous illumination 
level of each frame. A contrast enhancement is then 
applied to further improve the images.

For the flow measurements, the average PI pixel illumina-
tion is approximately 254 counts and the illumination of the 
brightest pixels of a PI 614 counts (12-bit depth, maximum 
count 4096), depending on local illumination and in-depth 
particle position, which was partly exceeded by the intensity 
of background artifacts from the electrodes. The average 
image intensity of an exemplary raw image for the given 
experimental settings was at 216 counts, resulting in a typi-
cal SNR for the brightest pixels of a PI of approximately 2.8. 
After applying the pre-processing, the visibility of the PIs 
and their contrast to the background are clearly enhanced.

As a next step, the PI positions and diameters are identi-
fied for each individual image. The procedure and imple-
mentation for the PI recognition are based on the Hough 
transform (Hough 1959), as implemented in the MATLAB 
function imfindcircles. An example for the detected circles 
for two PIs is shown in Figure 6c. For the implementation of 
Lagrangian DPTV, a tracking algorithm for the reconstruc-
tion of particle motion across multiple frames is developed, 
generating trajectories of varying lengths.

Velocity values are based on the particle displacement 
between two consecutive frames as u⃗ = Δx⃗∕Δt . Two succes-
sive particle displacements, or correspondingly three parti-
cle positions, result in one acceleration value a⃗ = Δu⃗∕Δt . In 
order to assign velocity and acceleration values to a given 
phase within the oscillation cycle, a symmetric set of five 
consecutive particle positions along a time-resolved track, 
corresponding to four velocity and three acceleration values 
is used.

The particle recognition and tracking algorithms are 
based on the methods used by Leister et al. (2021). For each 
PI that is detected in one frame, a search is conducted in the 
subsequent frame within a defined maximum displacement 
range, similar to a nearest-neighbor approach. The expected 
displacement range is adjusted iteratively to the given flow 
and therefore chosen smaller for the quiescent air measure-
ments than for the main experiments. If a match is found, 
the respective 3D particle position is added to the track. The 
process is then repeated for the next frame. The track ter-
minates if no suitable PI is found or if multiple potential 
matches are detected. The outcome of this approach is the 
generation of trajectories of varying lengths. The procedure 
is performed for all PIs in all frames that are not assigned 
yet to a track starting in previous frames.

4.2 � Measurement uncertainty analysis

As described in Section 2, a new approach has been devel-
oped to evaluate the measurement uncertainty for the present 
experiment. In order to reduce air movement due to the influ-
ence of ambient air, the test-rig housing is closed and then 
allowed to rest for several minutes before the measurements 
are carried out. While the procedure is found to improve 
the conditions for the presented uncertainty estimation 
approach, perfectly still air conditions are not achievable. 
To acknowledge this limitation, the resulting state is referred 
to as quasi-quiescent air.

As shown in Figure 7, the particles are observed to move 
slowly along seemingly straight tracks in the described set-
ting. A closer look (compare detail view of exemplary track 
in a volume of size 0.19 mm × 0.35 mm × 0.53 mm in x, y 
and z direction), however, reveals that the detected particle 
positions fluctuate along these linear paths. From the particle 

Fig. 6   Illustration of image pre-processing and processing routine: (a) raw image, (b) image after background subtraction and contrast enhance-
ment, (c) zoomed-in view of image section with two PIs with purple visualizes of the result of the PI recognition using the Hough transform
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tracks identified in the uncertainty evaluation measurement, 
70 tracks with particles detected in 50 to 100 consecutive 
frames are evaluated.

The mean PI displacements between two frames are found 
to be 0.05 px in negative x direction, 0.12 px in negative 
z direction and the mean PI diameter change between two 
frames was 0.00008 px. This yields an approximate abso-
lute flow velocity of 6.4 mm/s for the reported reproduction 
scale Sxz , the defocus sensitivity Sy and the temporal delay 
between two consecutive frames Δt.

The measurement uncertainty is estimated based on the 
PI displacement and diameter change standard deviations 
within individual particle tracks. The evaluated mean val-
ues are �

Δx,Δz = 0.33 px for in-plane PI displacements and 
�
Δy = 0.46 px for out-of-plane PI diameter change. Based 

on the reproduction scale for the in-plane displacements Sxz 
and the defocus sensitivity for out-of-plane displacements 
Sy and the temporal delay between two consecutive frames 
Δt , the estimated velocity measurement uncertainty yields 
�u,w = 0.016 m/s for in-plane motion and �v = 0.156 m/s 
for out-of-plane motion, while the maximum flow veloci-
ties induced by the plasma-based forcing are in the order of 
magnitude of 1 m/s.

The estimated measurement uncertainty, especially of the 
out-of-plane displacement, which is reconstructed based on 
the change of the PI diameter, is found to be comparably 
large (Fuchs et al. 2016; Leister et al. 2021). However, note 
that different methods were used for determination, but both 
would tend to overestimate the measurement uncertainty, as 

flow-induced deviations of fluctuations and random motions 
cannot be entirely avoided and are included in the value.

To investigate the observed effect further, possible 
influencing factors and ongoing potentials are analyzed 
starting from the calibration curve slope, which indicates 
how many different out-of-plane positions can be distin-
guished. A given measurement volume depth Δz is repre-
sented by a range of detectable PI diameters Δdi , where 
the largest possible di is limited by the image intensity at 
which PIs can still be distinguished from camera noise 
and be detected. This effect is a specific issue in DPTV, 
since the scattered light is spread over a larger area on the 
camera chip when defocused stronger. Accordingly, the 
largest, still detectable size of PIs is majorly limited due 
to the physical particle size and corresponding scattering 
properties, as well as the available laser light intensity. It 
further depends on the camera-specific illumination sen-
sitivity and noise level, as well as the lens-dependent PI 
shape in combination with the image evaluation algorithm. 
On the other hand, the evaluation of smaller PI diameters 
is, again, limited by the detectability of the applied image 
evaluation algorithms, particularly the use of the Hough 
transform in the present measurements. Additionally, it 
must also be ensured that the linearization assumption 
for the calibration function still applies. Considering the 
image evaluation algorithm, the interplay of the camera 
sensor physical pixel size and the image magnification 
is crucial for the pixel resolution of the ring-shaped PIs. 
Since the pixel size of 20 µm of the here-used camera is 

Fig. 7   Particle tracks in almost 
quiescent air, (a) in y-z plane, 
(b) in x-z plane and zoomed-
in view of particle track in 
highlighted in blue. Colors are 
chosen to distinguish differ-
ent tracks and indicate the 
information of a separate track. 
Electrode positions are shown 
for clarity, with color-coding 
based on electrode groups as 
defined in Section 1
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comparatively large, the brighter PI edge is represented by 
fewer pixels (compare Figure 6), likely limiting the algo-
rithm performance and PI size detection accuracy.

Consequently, several practical measures can be imple-
mented to enhance the accuracy of DPTV measurements. 
Initially, the size of the measurement volume is speci-
fied by the investigated problem and the tracer particles 
should be sufficiently small to ensures they track the flow 
dynamics accurately, requiring comparably small parti-
cles for measurements in air. However, increasing the laser 
light intensity and applying a camera which allows for an 
increased sensitivity and/or SNR enhances the PI quality. 
A reduced camera pixel size increases resolution of PIs, 
providing finer information for determining their position 
and size when the SNR is sufficient. However, such adjust-
ments need to be carefully balanced with the interplay 
of magnification, the lens-specific imaging characteris-
tics and the performance of the applied image processing 
algorithms.

As shown below, the Lagrangian measurement data can 
be sorted onto a spatial grid by means of local averag-
ing, enabling the construction of velocity and acceleration 
fields. This spatial organization allows the application of a 
different statistical approach to express the uncertainty of 
a bin-averaged quantity x , called the standard error of the 
mean (Altman and Bland 2005) which is given by

with standard deviation � and sample size N. The standard 
error of the mean represents the uncertainty in this context 
because the values within each bin are derived from multiple 
independent samples, providing a more robust estimate of 
the field’s statistical uncertainty.

The corresponding values for the present experiment, 
listed in Table 2, are based on a binning procedure and 
applied field resolutions that will be introduced later with 
a minimum of N = 25 or N = 40 samples per bin, respec-
tively. The standard error of the mean for in-plane dis-
placements �

Δx,Δz
 is based on the PI position uncertainty 

�
Δx,Δz and the reproduction scale Sxz . For the standard error 

of the mean for out-of-plane displacements �
Δy

 , the out-
of-plane displacement uncertainty �

Δy and the defocus sen-
sitivity Sy are evaluated. It is shown that the uncertainty 
of the averaged quantities induced by the measurement 
technique is in the order of magnitude of only 1 to 20 µm 
for the chosen grid cell sizes specified below.

(3)�x = �∕
√
N

4.3 � Flow topology

Based on the experimental setup and methods described in 
the previous sections, velocity and acceleration data along 
individual particle tracks were detected above the PA 
array. In total, approximately 43 000 images representing 
1200 oscillation cycles were evaluated, yielding 190 000 
particle tracks. On average, 40 particles were detected 
in each image, yielding a PI density (also referred to as 
source density NS ) of 0.036 based on the ratio between 
the sum of PI areas and the full image area (Barnkob and 
Rossi 2020; Cierpka and Kähler 2012).

It is important to note that the determined accelera-
tion from the Lagrangian tracks represents the material 
acceleration experienced by the individual particles, i.e., 
a⃗ = Δu⃗∕Δt = Du⃗∕Dt . If multiplied with a density � this 
term states the left-hand side of the momentum equation 
without any requirements of spatial derivatives for the con-
vective term. Accordingly, the determined acceleration a⃗ 
automatically provides immediate insight into the sum of 
specific forces 

∑
F⃗∕𝜚 . For the case of steady PA opera-

tion in quiescent air, this sum has been demonstrated to 
be predominated by the applied PA-based body force, i.e., ∑

F⃗∕𝜚 ≈ f⃗bf (see, e.g., Kriegseis et al. 2013; Benard et al. 
2013). As such, the below discussion on acceleration in 
turn also indicates a valuable spatio-temporal footprint of 
the applied body force to the observed flow topology.

4.3.1 � Lagrangian particle tracks

Figure 8a and 8b shows 500 and 3000 exemplary tracks 
color-coded according to their local acceleration az in the 
y-z plane and x-z plane, respectively. In accordance with 
the expected effect of the plasma-based forcing and earlier 
investigations (Hehner et al. 2020), the particle movement 
is observed to mainly occur in z direction, perpendicular 
to the electrodes. The figures clearly show that particles 
experience high acceleration close to the wall above the 
lower electrodes and next to the, respectively, involved 
upper electrodes, where the strongest forcing effect of the 
PA is located. In this context, the regions of maximum 
accelerations in positive and negative z direction occur-
ring throughout the oscillation cycle, represented by the 
red and blue color-coding, do not perfectly overlap but are 
instead shifted to different z positions. The figure visual-
izes the local density of particle detection decreasing near 
the wall and especially above the upper electrodes, likely 
due to increasing PI size at larger distances from the focal 
plane and background illumination effects especially above 
the exposed silver electrodes exceeding the dielectric sur-
face. Despite this irregularity in spatial particle detection 

Table 2   Standard error of the 
mean for in-plane and out-of-
plane displacement between two 
consecutive frames for sample 
size N = 25, 40

N �
Δx,Δz

 in µm �
Δy

 in µm

25 1.78 16.93
40 1.41 13.38
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distribution, it is shown that particles were generally found 
over the entire measurement volume, proofing suitability 
of DPTV measurement technique and the chosen setup 
for an investigation of the plasma-induced flow directly 
above the wall.

In the following, a closer look is taken at the paths of 
individual particles. 40 tracks are considered that pass the 
same z position range between z = 5 mm and z = 6 mm in 
the chosen coordinate system during the same oscillation 
cycle phases � = 0.78� and � = 1.28� , respectively, cor-
responding to phases 14 and 23 out of 36. The spatial range 
represents the center region above one of the encapsulated 
electrodes, where maximum cumulative forcing impact is 
expected throughout the oscillation cycle. The phases are 1/4 
of the oscillation cycle apart from each other and arranged 
symmetrically around the phase of maximum voltage as 
marked in the voltage diagram in Figure 5 with vertical 
dashed lines. The particle tracks representing these phases 
are shown in Figure 9a in red and blue shades, where the 
intensity gradient indicates the progression of time or, cor-
respondingly, direction of movement from light to dark. The 
potential differences ΔV13 and correspondingly also ΔV24 
increase during phase � = 0.78� , reach their maximum 
shortly after and decrease again during phase � = 1.28� . 

Thus, the considered phases are associated with forcing 
in positive z direction. In accordance with this, it can be 
observed that most red particle tracks starting in phase 
� = 0.78� reverse from negative to positive z direction 
during the first frames of observation. Most particle tracks 
marked in blue move predominantly in positive z direction in 
phase � = 1.28� and the upcoming frames, while a change 
of direction can be observed in later frames of the longest 
particle tracks.

The reversal of the direction of particle movement is 
often accompanied by a seemingly non-systematic lateral 
drift in x direction. This may indicate an instability in the 
movement when the z velocity component becomes very 
small, potentially caused by superimposed convective effects 
near the actuator caused by forcing distribution irregulari-
ties or wavering of the surrounding air. At the same time, 
most observed particles of both starting phases experience 
a downward movement in negative y direction, which is not 
visible in the shown topview perspective.

Generally, tracks passing through the same volume during 
the same oscillation phase resemble each other, indicating 
coherent forcing-based flow behavior. However, the Lagran-
gian perspective allows the evaluation of individual events 
and their deviations, which would otherwise only occur in 

Fig. 8   Particle tracks under 
oscillating forcing (a) in y-z 
plane, (b) in x-z plane color-
coded according to their z 
acceleration. Electrode positions 
are shown for clarity, with 
color-coding based on electrode 
groups as defined in Section 1
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statistical flow quantities. Thus, a physical interpretation of 
individual particle behavior and, on this basis, a distinction 
of flow-driven events and measurement noise are possible. 
Braun et al. (2006) identify the curvature of a particle path 
given by

as one aspect for the intrinsic geometric characterization of a 
curve in 3D space, where r is the respective curvature radius.

Figure 9b shows histograms of, respectively, 400 cur-
vature radii values observed within the considered tracks. 
Note that for this evaluation only the curvature in the y-z 
plane is considered to avoid any possible impact of the afore 
discussed drifts occurring in x direction. It is observed that 
within tracks passing the same z range at earlier oscilla-
tion cycle phase � = 0.78� (red) the radii tend to be slightly 
larger than for those passing at � = 1.28� (blue). The effect 
can be associated with the temporal evolution of vortical 
structures over the course of the oscillation cycle, which 
result from the forcing-induced motion in z direction and 
superimposed downward motion toward the electrodes, lead-
ing to the formation of vortex structures of varying expan-
sion at different phases.

(4)𝜅 =
1

r
=

|u⃗ × a⃗|
|u⃗|3

,

These results highlight the effectiveness of the Lagran-
gian measurement approach in accessing topological fea-
tures—such as the formation of vortical structures—from 
spatially sparse data, where Eulerian field information 
would suffer from coarse spatial (discretized) resolution. 
Particularly, the particle track curvature provides a quanti-
tative measure for characterizing vortical motions as a result 
from the PA force. This allows individual particle tracks 
to be compared or grouped based on flow features, help-
ing to organize and better understand complex flow patterns 
directly from the particle motion.

In summary, particle tracks are detected over the entire 
measurement volume, demonstrating the suitability of 
DPTV for near-wall flow measurements above the PA. The 
extracted velocity and acceleration values characterize the 
particle motion throughout the oscillation cycle, showing 
the formation of vortical structures and a spatial decou-
pling of acceleration zones toward both directions for the 
present geometrical actuator parameters. At the reversal of 
the forcing direction a tendency of the particles is observed 
to laterally drift in the x direction along the electrodes. The 
evaluation of Lagrangian tracks is shown to offer an analysis 
of individual flow events and their coherence, offering new 
insights for the identification and interpretation of topologi-
cal features.

Fig. 9   (a) Particle tracks in the x-z plane which have crossed z-posi-
tions between z = 5 mm and 6 mm during the same oscillation phases 
� = 0.78� (red) and � = 1.28� (blue). Color gradient indicates par-
ticle direction from light to dark shade of color. Electrode positions 
are shown for clarity, with color-coding based on electrode groups as 

defined in Section 1. (b) Histograms of particle track curvature radii 
r = 1∕� according to Equation (4) in the y-z plane determined from 
tracks passing the same volume in oscillation phases � = 0.78� (red) 
and � = 1.28� (blue)
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4.3.2 � Extracted Eulerian flow fields

In a next step, the captured flow data are projected on a grid 
by calculating mean velocity values within each grid cell. 
The Eulerian perspective allows a statistical evaluation of 
the observed particle tracks in order to link the flow data 
to the above-mentioned electrical–optical measurements 
(Pasch et al. 2023).

The applied particle tracking algorithm requires a low 
particle density, yielding sparse instantaneous data. The bin-
ning is based on a phase-averaging approach aligned with 
the cyclic character of the oscillating flow forcing. Accord-
ingly, all values assigned to the same grid cell and phase are 
averaged, resulting in near-continuous, volumetric, phase-
resolved velocity and acceleration fields. As applied in the 
later evaluations, the spatial grid and phase resolution of 
the binning allow to display the measurement results from 
different perspectives, demonstrating the flexibility achieved 
through the Lagrangian measurement approach with the 
measurement time and corresponding data statistics being 
the limiting factor. Accordingly, the local data density needs 
to be considered, which depends on the illumination dis-
tribution, imaging effects and the algorithm performance. 
As already discussed above, the statistical convergence of 
averaged data depends on the measurement noise as well as 
the deviation of occurring physical events.

First, the measurement volume is divided into 15 bins in 
y and 40 bins in z direction, yielding respective spatial reso-
lutions of 0.1 mm and 0.35 mm. No partition of the meas-
urement volume in x direction is considered, as the forcing 
is applied continuously along this direction. A velocity or 
acceleration value is assigned to a grid cell when at least 
40 data points were detected in the respective cell, which is 
determined empirically to allow for statistical convergence 
of the mean values. The expected displacement uncertainty 
based on the measurement technique is given in Table 2. 
Figure 10 shows the z-component acceleration distribution 
in the y-z plane as contour plot and the in-plane velocity 
fields as vector arrows for six out of 36 phases within the 
oscillation cycle.

Flow fields in the x-z plane are shown in Figure 11, 
where the same procedure is applied for a grid with 14 
cells in x and z direction and a corresponding spatial reso-
lution of approximately 1 mm in both directions. Different 
from the approach above, the shown flow field represents 
only the lower third of the measurement volume from the 
PA array up to 500 µm above it, as the flow field is known 
to deviate strongly along the wall-normal direction (com-
pare Figure 10). For this choice of spatial resolution the 
total number of grid cells increases, while less particle 
track data are considered in the binning. At the same time, 
a large velocity gradient occurs in wall-normal direction. 
To yield a mostly continuous flow field representing the 

near-wall flow layer the minimum number of values per 
grid cell is reduced to 25. These aspects are considered in 
the interpretation of the flow fields.

The surface plots in Figure  10 show that particles 
experience high acceleration in horizontal direction in 
the region above the encapsulated electrodes on the side 
of the, respectively, involved upper electrodes due to 
the plasma-based forcing. Subsequently, deceleration is 
observed further downstream along z, where the particle 
velocity decreases again (compare phases 1 and 3 in Fig-
ures 10 and 11, respectively). The maximum occurring 
flow velocities are in the order of magnitude of 1 m/s, with 
the maximum acceleration being around 1000 m/s2 . Over 
the course of one oscillation cycle, the forcing strength 
toward one direction can be observed to increase, e.g., 
between � = 2∕3� and � = � , and then decrease, e.g., 
between � = � and � = 4∕3� . Eventually, the forcing in 
opposite direction begins, as visible in phase � = 5∕3� 
and the reverse process takes place. The velocity field that 
develops under the influence of the described oscillating 
forcing indicated by the quiver plot is predominantly hori-
zontally oriented. The flow direction is observed to reverse 
shortly after the forcing direction changes. The average 
flow velocities in x direction in Figure 11 are mostly very 
small, indicating that the drift events at flow direction 
reversal in Figure 9a cancel out statistically and do not 
represent dominant local flow structures. In addition to 
the desired horizontal flow, a downward motion can be 
observed above the regions of strongest forcing, which 
induce the already mentioned vortical flow structures. 
These can be associated with a potential increase in skin 
friction drag, since high-momentum fluid is pulled toward 
the wall in these structures in a (turbulent) shear flow.

Both perspectives on the plasma-induced flow fields in 
Figures 10 and 11 emphasize the symmetric character of 
the forcing throughout the oscillation cycle. In particular, 
the phases opposite to each other in the oscillation cycle, 
separated by Δ� = � , exhibit phenomenologically similar 
yet oppositely oriented behavior. This indicates that the 
applied voltages are balanced and the actuator geometry is 
manufactured with sufficient precision, which are impor-
tant requirements for the development of the plasma-based 
implementation of the oscillating wall effects. Small irregu-
larities can for example be observed in phase � = 1∕3� , 
where the forcing effect is stronger between the electrode 
groups marked in red and black than those shown in green 
and blue. A study of forcing homogeneity along electrodes 
is limited by the achieved resolution in x and z direction in 
the context of statistical convergence of the data shown in 
Figure 11 especially near the wall for the reasons discussed 
above. However, some local deviations are indicated, e.g., 
in the acceleration field shown for phase � = 5∕3� in the 
region of z between 5 and 7 mm.
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The presented results demonstrate that phase-resolved, 
nearly continuous, volumetric Eulerian velocity and accel-
eration fields can be derived from the instantaneously, rather 
sparse particle tracks captured using DPTV. The spatial grid 
resolution can be adjusted flexibly, allowing to focus on dif-
ferent aspects on the flow, though it remains constrained 
by the statistical convergence at the available data density. 
It is shown that the particles experience a strong accelera-
tion near the edge of the upper electrodes and decelerate 
further downstream before the subsequent upper electrode. 
The periodically regular formation of vortical structures, 
characterized by downward motion toward regions of strong 
forcing and upward motion thereafter, is observed. Com-
pared to the Lagrangian perspective, the Eulerian field data 
offer a more statistical representation of the flow above the 
oscillating PA array, enabling an evaluation of the forc-
ing regularity and homogeneity. A regular distribution of 
velocity and acceleration along multiple discharge zones, as 
well as symmetrical behavior of opposing discharge zones, 
is observed. Despite minor local deviations, these findings 

support a good balance of applied voltages for the electrode 
groups and sufficient manufacturing precision.

4.3.3 � Interplay of acceleration and velocity

In order to investigate the spatio-temporal transmission 
behavior of the plasma-based oscillating forcing from a 
quantitative perspective, the relation between velocity and 
acceleration fields is investigated. As a measure for the 
respective footprints in the flow, the mean of velocity and 
acceleration profiles shown in Figure 10 is considered in 
wall-normal direction up to 0.7 mm. The respective mean 
values over the spanwise z direction and oscillation cycle 
phase � are illustrated in Figure 12 as surface and contour 
plots for velocity uz and acceleration az , respectively.

The distribution of mean acceleration values over z for 
phases between approximately � = 0.5� and � = 1.5� shows 
well how the flow is accelerated by the forcing in the region 
next to the upper electrode in shades of blue and decelerated 
further downstream in positive z direction in shades of red. 

Fig. 10   Distribution of z 
acceleration as surface plot and 
in-plane velocity as quiver plot 
in y-z plane for six exemplary 
oscillation phases. More intense 
shades of colors indicate higher 
z acceleration. Electrode posi-
tions are shown for clarity, with 
color-coding based on electrode 
groups as defined in Section 1. 
A scale vector representing 
w = 1 m/s is added as reference
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The z extension of high acceleration values is shown to first 
increase gradually over the phase and then decrease more 
abruptly when the forcing direction changes. The accelera-
tion strength increases and decreases evenly over the phases 
with the maximum value approximately in the middle of the 
forcing period at potential difference peaks � = � , where 
the applied voltage amplitude is at its maximum (compare 
Figure 5). The mean velocity distribution reveals a similar 
spatio-temporal pattern as the forcing-based acceleration 
distribution but appears shifted in space and time. As such, 
the maximum mean velocity value is located approximately 
1 mm downstream in z direction and 1∕6� later within the 
oscillation cycle, being equivalent to 1∕4�z and 1∕12Tosc , 
quantifying the convective shift and inertial delay of the flow 
response to local acceleration. Similar effects are observed 
for the opposite forcing direction across the other phases of 
the oscillation cycle.

The temporal evolution of the oscillatory flow pattern 
along z, in contrast, can be related to the rate of change of 
the estimated plasma length Δzbf (which is the momentum 
transfer length, compare Kriegseis et al. 2013) on the dielec-
tric, i.e., �Δzbf∕�t , which is known to increase with increas-
ing voltage amplitude (Benard and Moreau 2014; Kriegseis 
et al. 2016). This term corresponds to the inverse of the 
slope ��∕�z in the interplay map of Figure 12, which is 
particularly salient in the range around � = � separating the 
force-driven acceleration on the plasma and the drag-domi-
nated deceleration next to the plasma. As obvious from the 
diagram, the sign flip between acceleration and deceleration 
coincides with the location of velocity peak. This spatio-
temporal interplay between acceleration and velocity there-
fore provides evidence in the above-outlined cause–effect 
relation between body force input Du⃗∕Dt = a⃗ =̂ f⃗bf and the 
flow response u⃗ during acceleration.

Fig. 11   Distribution of z acceleration az as surface plot and in-
plane velocity as quiver plot in x-z plane representing the velocity 
data detected in a 500  µm thick volume above the PA array for six 
exemplary oscillation phases. More intense shades of colors indicate 

higher z acceleration. Electrode positions are indicated with dashed 
lines for clarity. A scale vector representing w = 1 m/s is added as ref-
erence
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The evaluation described above characterizes the forc-
ing transmission behavior of the plasma-induced oscillating 
forcing quantitatively by relating the flow acceleration and 
velocity distributions, both, spatially in spanwise direction 
and temporally throughout the oscillation cycle. The accel-
eration distribution over spanwise direction and oscillation 
cycle peaks symmetrically at phases of maximum applied 
voltages, while the velocity follows a similar pattern but is 
shifted in time and space, quantifying the transmission iner-
tia and convection of the flow response to the applied forc-
ing. The spanwise expansion of the region of acceleration, 
indicating the momentum transfer zone, increases over the 
course of the oscillation halfcycles with the resulting slope 
in the �-z map coinciding with the maximum of the velocity 
distribution, confirming the direct, causal link between body 
force input and resulting flow velocity.

5 � Conclusions

The DPTV measurement technique is applied to measure 
the periodic airflow in a wall-bounded region above a PA 
array using a setup with only one camera. It is shown that 
3D3C velocity and acceleration data can be determined by 
introducing a continuous tracking approach and a novel ex 
situ calibration procedure based on an established method 
by Fuchs et al. (2016), for which no prior knowledge of 
the flow topology or velocity data in the direct vicinity of 
the wall is required. For these conditions, a new procedure 
for the estimation of the measurement uncertainty is pre-
sented based on separate measurements in quasi-quiescent 
air. Since calibration and uncertainty estimation must be 

carried out in additional steps, the overall experimental 
effort increases. At the same time, the described adapta-
tions significantly enhance the practical applicability of 
the measurement technique in unknown, complex flow 
situations. As such, great potential is shown for further 
studies of wall-near flow control applications, including 
plasma-based approaches, and (turbulent) boundary layer 
flows for which the region of interest is characterized by 
large length-to-width aspect ratios.

The measurement uncertainty is found to be strongly 
influenced by the choice of setup and equipment, in inter-
action with the processing algorithm. A compromise was 
made in selecting the laser, balancing available illumi-
nation with the need for high pulse frequency for time-
resolved measurements. Measurement accuracy can be 
improved by increasing laser light intensity and cam-
era sensitivity under consideration of the SNR, which 
improves PI quality and extends the range of usable PI 
diameters, thereby in turn enhancing the range of viable 
defocus sensitivities. Additionally, increasing pixel resolu-
tion is expected to further improve algorithm performance 
and reduce uncertainty.

The Lagrangian particle tracks are shown to allow an 
analysis of individually occurring events in the flow, as 
well as statistical effects based on extracted field data with 
flexible spatial and temporal resolution representing an 
additional benefit of DPTV as a volumetric, tracking-based 
measurement technique. On this basis, physical deviations of 
flow behavior and measurement noise can be distinguished, 
offering valuable insights into the coherence of the flow 
behavior over multiple oscillation cycles of the applied 
plasma-based forcing. In this context, a lateral drift in x 

Fig. 12   Distribution of mean 
z acceleration profile values as 
surface plot with red shades 
representing negative and blue 
positive values and mean z 
velocity profile values as 
contour plot with solid lines 
representing negative values, 
dashed lines representing 
positive values and dotted line 
indicating zero over oscillation 
phase � and z direction. The 
z velocity isolines represent 
0.25 m/s steps. Electrode posi-
tions are shown for clarity, with 
color-coding based on electrode 
groups as defined in Section 1. 
The voltage signals over phase 
from Figure 5 are replotted on 
the left for orientation
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direction is often detected during the reversal of the forcing 
direction, when the particle velocity becomes very small.

The distinct electrode positions cause a discontinuous 
forcing along the z direction, which is observed to induce 
vortical motions. Moreover, the conducted measurements 
reveal spatially decoupled forcing impact zones for both 
forcing directions, which appear to be correlated in space 
to the oscillatory discharge extent Δzbf . The forcing impact 
and the subsequently developing velocity fields are found 
to be regular between the discharge zones of the different 
neighboring electrode groups, indicating the applied operat-
ing voltages to be balanced across the discharge zones and 
the PA arrays to be manufactured with reasonable precision. 
However, some remaining irregularities in the distributions 
of velocity and acceleration uncover small effects of local 
forcing irregularities along the discharge zones during spe-
cific phases. Generally, the findings verify the plasma-based 
forcing to be capable of inducing spatially and temporally 
well-organized flow responses despite the highly dynamic 
character in the timescales of the oscillation and therefore 
support the application of the used PA arrays and operation 
concept for further parametric studies of the drag impact in 
turbulent flows as a next step.

The spatio-temporal relation between acceleration and 
velocity is evaluated quantitatively, revealing the inertia- 
and convection-driven forcing transmission behavior of 
the PA array. This analysis confirms the cause–effect rela-
tion between the plasma-induced body force input and the 
resulting flow response. Moreover, the inverse of the slope 
of maximum velocity ��∕�z is identified to resemble the rate 
of change of spatial body force extent, �Δzbf∕�t , leading to 
significant spanwise displacement of the resulting velocity 
peak during oscillation.

These insights lead to the conclusion that oscillation fre-
quency and body force magnitude appear to span a two-
dimensional parameter space, which allows to control the 
spatio-temporally oscillatory location of maximum spanwise 
velocity. Despite the observed drawback of spatially inter-
rupted forcing with plasma actuators, this parameter space is 
envisioned to introduce an additional degree of freedom for 
the conceptualization of PA arrays and controller conception 
to achieve turbulent drag reduction by means of plasma-
based oscillatory forcing.
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