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The aerodynamic interaction between an unsteady, inclined synthetic jet and a crossflow boundary layer was

studied as a precursor toward applying active flow control concepts for rotor applications, such as dynamic stall

control and fuselage drag reduction. Because the flowfield offered numerous challenges from a measurement

perspective, several experiments were carried out using a phase-locked, two-dimensional microscopic particle image

velocity technique in a building block approach, by adding one complexity after another. The procedure began with

boundary layer measurements made on a simple flat plate using the microscopic particle image velocity technique.

Velocity measurements were made deep in the viscous sublayer, as close as 20�m from the surface. Following this,

the synthetic jet actuator was characterized while operating in quiescent air as well as in crossflow. The results

showed that the evolution of the synthetic jet in crossflow was substantially different from its evolution in quiescent

air, suggesting that any flow physics or performance prediction (for example, the depth of penetration of the jet into

the boundary layer) made based on the quiescent flow conditions may not be applicable in crossflow. All the

momentum added to the boundary layer had its source from the synthetic jet actuator, and the penetration of the jet

was limited to the viscous sublayer and log layer; the outer layer was unaffected, despite using a jet to freestream

velocity ratio of four. Significant effort was also made to validate the microscopic particle image velocity technique

and evaluate its capability to accurately resolve such a complex flowfield. To this end, microscopic particle image

velocity measurements were compared with hot-wire measurements made on a simple steady jet, as well as an

unsteady, periodic synthetic jet. Excellent correlation was found between the two techniques, validatingmicroscopic

particle image velocity measurements.

Nomenclature

A = rotor disk area, m2

b = width of the actuator slot
D = diameter of the steady jet nozzle, m
fe = effective flat plate area, m2

H = momentum flux deficit, Nm�1

l = distance from the leading edge of the flat plate
N = number of vectors skipped to avoid image congestion
R = range of a helicopter
r = radial distance, m
U = axial velocity of the jet, ms�1

hUi = absolute velocity,
������������������
U2 � V2
p

UJet = designated axial velocity of the jet
Umax = peak axial velocity, ms�1

U� = nondimensional streamwise velocity, u=u�

u = streamwise velocity, ms�1

u0 = freestream velocity, ms�1

u� = friction velocity

V = radial velocity of the jet, ms�1

VR = velocity ratio, USyn:Jet=U1
X = axial coordinate of the jet
x = streamwise coordinate of the wind tunnel
Y = radial coordinate of the jet
Y� = nondimensional wall normal distance, yu�=�
y = wall normal coordinate of the wind tunnel
Z = out-of-plane coordinate of the jet
z = out-of-plane coordinate of the wind tunnel
� = thickness of the boundary layer, m
�b = thickness of a laminar boundary layer, m
�turb = thickness of a turbulent boundary layer, m
�� = displacement thickness of the boundary layer, m
� = phase of the actuator signal, deg.
� = momentum thickness of the boundary layer
� = von Kármán constant
�-PIV = microscopic particle image velocity
� = kinematic viscosity
� = air density, kgm�3

Introduction

C ONSIDERABLE effort has been spent in the past several
decades to improve helicopter performance and, in turn, extend

the operational flight envelope [1–4]. The goals include increased
maximum speed, range, and endurance, as well as enhancingmaneu-
vering envelopes in forward flight while reducing rotor vibration and
noise.

Using a generic military helicopter as an example,Martin et al. [5]
derived an expression relating the sensitivity of the maximum
range of a helicopter to the changes in its flat plate area (changes in
drag) as
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where fe is the effectiveflat plate area, andA is the rotor disk area. At
the best-range speed (after taking into account the increase in the
best-range speed associated with a reduction in drag), a 30% reduc-
tion in drag was shown to provide only a 12% increase in the
maximum range. This illustrates the need for a substantial reduction
in drag if the goal is to achieve a significant improvement in the range.
Similarly, continuous improvements in engines (and transmission)
have enabled previously power-limited helicopters that operate in
high-altitude to reach the stall boundary before reaching the limita-
tions of power [6]. Although reducing drag and extending the stall
boundary have been subjects of active research for the past several
decades, recent advances in active flow control (AFC) concepts
suggest that they have a potential to play a valuable role in over-
coming these aerodynamic hurdles.

AFC devices have been widely used to energize boundary layers
when adverse pressure gradients cause flow separation. This is
achieved by increasing fluid momentum in the boundary layer
through enhanced turbulentmixing, steadymass injection, or suction
of low-momentumfluid through the surface. Early efforts in applying
AFC to rotor applications used steady blowing, and were found to
result in some performance benefits. The power required and com-
plexity of the systems, however, keeps the concept from being
feasible for a flight vehicle. Modern studies have shown that
unsteady flow control by synthetic jets can be more effective than
steady methods for a given momentum input [7,8]. For example,
unsteady AFC systems have been successfully applied toward
controlling dynamic stall [9] and in fuselage drag reduction [10].

In spite of this progress, state-of-the-art synthetic jet (unsteady)
flow control techniques still suffer from the earliest problems of
predicting the required momentum input, optimum frequency of
unsteadiness, and placement of the flow control orifice to maximize
the system performance on an untested problem. Synthetic jets
interact with a boundary layer through two mechanisms. First, by
directly pulling low-speed fluid into the actuator and pumping out
high-speedfluid into the shear layer; the actuator acts as amomentum
source. Second, appropriate tuning of the actuator frequency can
excite instabilities in the shear layer that, in turn, cause large-scale
coherent structures to bring high-momentum fluid from the mean
flow into the boundary layer. The effectiveness of this mechanism,
however, is highly dependent on the location of the actuator slot with
respect to the location at which the flow separates.

These two mechanisms do not necessarily operate independently
and have often been shown to be interrelated [11]. Provided with an
appropriate placement of the actuator slot (near the point of separa-
tion) and excited with correct frequency, only a small fraction of
momentum may be needed to reattach the flow. These inter-
dependencies need to be understood fromaflowphysics standpoint if
the final goal is to systematically develop and optimize future AFC
systems for rotorcraft. This will directly depend on developing
accurate fundamental knowledge of the aerodynamic interaction
between the unsteady actuator jet and the boundary layer, especially
near the slot exit. This is a daunting problem in itself even in the case
of a simple 2-D airfoil model. For dynamic rotorcraft testing there are
even more significant challenges that are now being explored for the
first time. Current and futureAFCdynamic stall and rotor tests need a
measurement technique that can unobtrusively resolve the boundary-
layer flowfield and explain the flow physics of dynamic stall delay
through AFC techniques.

Substantial work has been done in the past decade toward char-
acterizing AFC actuators and optimizing flow control systems
through both computational fluid dynamic (CFD) simulations [12]
and experimental measurements [13–16]. A wide variety of syn-
thetic jets of varying sizes (0.9-mm–125-mm) and shapes (circular,
elliptical, and rectangular), operating at a wide range of Reynolds
numbers and Mach numbers have been analyzed using different
measurement techniques. These include hot-wire anemometry
(HWA), laser Doppler velocimetry (LDV), and particle image velo-
cimetry (PIV). Different kinds of actuating mechanisms that include

peizoelectric, peizoceramic, solenoid, and simple acoustic speakers
havebeen tried at operating frequencies in the range of 1–4000-Hz. In
the case of rectangular and elliptic jet configurations, the orienta-
tion of the slots with respect to the freestream flow (yaw) have been
studied in detail. However, one common feature among most of the
synthetic jet experiments performed in the past, which is different in
thepresent study,hasbeen the inclinationof the jet axiswith respect to
the exit plane.Whereasmost of the studiesweremade on jets blowing
normal to the exit plane, the presentwork uses synthetic jets that blow
at approximately 50 deg to the exit plane. The advantages of using an
inclined synthetic jet can be found in [17,18]. However, very limited
studies exist on characterizing an inclined synthetic jet [17–20].

One of the biggest shortcomings for both CFD and experiments
(irrespective of the choice of the synthetic jet actuator used) has been
the inadequate spatial resolution. This is understandable considering
the thickness of the boundary layer (�2–3-mm) at large Reynolds
numbers that are found in full-scale helicopter rotors. Similarly, the
physical dimensions of the actuator jets that are often used to control
the flow are typically of the order of very few millimeters and have
very high velocities (of the order of freestream flow). Thismeans that
the velocity gradients are very high.

Consequently, grid sizes of the order of tens or, at least, low
hundreds ofmicrons are necessary to resolve theflowaccurately. This
involves significant computing time. Furthermore, the actuator jet
also produces small-scale coherent structures that are even smaller
than the jet itself. The interaction between these structures and the
boundary layer is the key to understanding the flow physics of active
flowcontrol.Despite these challenges,CFDsimulations are routinely
used to provide the first iteration on AFC design by, for example,
predicting the spatial location at which the actuator may be placed.
Although this is valuable information, the poor confidence level in
CFD predictions when the flow experiences significant adverse
pressure gradient prevents it from being a reliable predictive tool.

Measurement Challenges

Understanding the aerodynamic interaction between the synthetic
jet and the boundary layer involves solving several experimental
challenges (Fig. 1) that require specific instrumentation capabilities.
The challenges include 1) measuring the high-velocity gradients
exhibited by the synthetic jets, especially at their edges, 2) resolving
small-scale, rotational coherent structures (such as lip vortices)
produced in the flow because of the shear between the jet and the
freestream, 3) characterizing the boundary layer accurately, and
4) performing phase-resolved measurements that are synchronized
with the actuator excitation signal.

While the first two challenges require the capability to perform
measurements at high-spatial resolution [21–23], the second
challenge also requires the measurement technique to be free of
directional ambiguity. The third challenge demandsmeasurements to
be made as close to the surface as possible, especially near the wall,
where the velocity gradients have been proven to be nonlinear.
Finally, the fourth challenge helps to characterize the time evolution
of the coherent structures released by the unsteady, periodic synthetic
jet, as well as their interaction with the boundary layer. A measure-
ment technique with the previously mentioned capabilities is key to
fully understanding the physical process of AFC.

A critical parameter underlying the first three requirements is the
size of the measurement volume. This is defined by the physical
dimensions of the probe itself and plays the primary role in deter-
mining the accuracy of the measured velocities. The size of the
measurement volume should be as small as possible and is the key to
accurately resolving high-velocity gradient flow fields. This is
understandable considering that the velocity gradient within the
measurement volume gets averaged.

Among the available measurement techniques, HWA has the
smallest measurement volume. Defined by the diameter of the probe,
it is of the order of �3-�m. Although this satisfies the first require-
ment comfortably, using HWA for characterizing boundary layers
with AFC has significant disadvantages. This is because of the
inherent ambiguity in resolving the flow direction, thus failing to
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satisfy the second condition. Also, accurately, repeatably, and safely
placing a physical probe near an oscillating or rotating wingmodel is
impractical. This directly points to nonintrusive, optical measure-
ment techniques such as LDVor PIV.

The measurement volume for LDV is defined by a small region
that is common to all six coincident beams.With good alignment, this
size is of the order of �80-�m [24,25]. Even though the mea-
surement volume of LDV is one order larger than hot wires, it might
still be considered acceptable for the flow under consideration. Also,
LDV satisfies all the requirements. However, because LDVis a point
measurement technique, these benefits are countered by the large
time consumed to perform a set of measurements in a given plane.
Also, reconstructing the velocity field to understand the evolution of
coherent structures inside the boundary layer will be challenging.

PIV, on the other hand, measures the velocity field over a plane at a
given instant of time, allowing studies on the time varying interaction
between the synthetic jet and the boundary layer to be conductedwith
considerable ease [26–29]. Here, the size of the interrogation
window in the physical dimension defines the size of the measure-
ment volume. Historically, the main problemwith PIV technique has
been the size of its measurement volume, despite continuous
improvements in camera resolution. Even though it satisfies all the
aforementioned requirements, the size of the measurement volume
has been its Achilles heel. In the present study, this shortcoming has
been overcome by significantly reducing the region of interest
(viewing area) through the application of a microscope instead of a
conventional optical lens. Consequently, the size of themeasurement
volume is reduced considerably (�40-�m), making it suitable for the
current application. The term �-PIV has been used because the size
of the viewing area is smaller than the imaging CCD, meaning that
the magnification is greater than one.

With the PIV technique, reducing the size of the measurement
volume has an added advantage in terms of the accuracy of measured
velocity. Other than velocity gradient being averaged within the
measurement volume (discussed earlier), PIV measurements suffer
from velocity gradient bias error when applied to a flowfield con-
taining high-velocity gradients. This is because of the better
correlation occurring at lower-velocity regions within the interro-
gation window that biases the measured velocity to lower values.

Smaller interrogation windows have proven to resolve the velocity
gradients better than the larger windows. Furthermore, it should be
understood that the size of the measurement volume defines how
close measurements can be made to the surface, which is essential to
understanding the interaction between the synthetic jet and the flow
inside the boundary layer.

A key issue, however, is that the capability of �-PIV to resolve
high-velocity gradient jets that are filled with small-scale rotational
coherent structures remains to be fully evaluated. This is an essential
intermediate step before applying it to understand the interaction
between the synthetic jet and a boundary layer; otherwise the new
observed physics may not derive from the flow, but from the instru-
mentation technique itself.

The objective of the present work is twofold. First, to assess and
validate the capability of �-PIV technique to accurately resolve a
nonlinear, high-velocity gradient flowfield that is filled with small-
scale rotational coherent structures. Toward this end, two validation
tests were conducted. Second, to perform �-PIV measurements that
will help to understand the aerodynamic interaction between the
synthetic jet and the boundary layer. This was achieved by con-
ducting experiments on a flat platewith zero pressure gradient and by
characterizing an unsteady, periodic synthetic jet operating in still air,
as well as in crossflow. By comparing the streamwise velocity
distribution, momentum flux deficit, and the evolution of coherent
structures inside the boundary layer among the three measurements,
it was possible to develop an understanding of the aerodynamic
interaction between the synthetic jet actuator (SJA) and the boundary
layer. This, in turn, helped to identify key parameters that will play a
significant role in improving the effectiveness of SJA for flow control
applications.

Methodology

Figure 2 shows the sequence of measurements that were
performed in the present study. These include two validation tests to
evaluate the capabilities of �-PIVand three measurements to under-
stand the aerodynamic interaction between the synthetic jet and a
boundary layer.

(2) Unsteady SJA
inclined at an angle

- in still air

Test case - 2
Unsteady SJA

normal to the surface

Test case - 1
Steady jet

(1) Flat plate
boundary layer
measurements

(3) Unsteady SJA
inclined at an angle

- in cross flow

Experiments to validate µ-PIV
(performed in still air conditions)

Experiments to understand the interaction between
synthetic jet and boundary layer

Fig. 2 Sequence of measurements made in the present study.

Freestream
flow

Flat plate

Synthetic jet actuator

Laminar
B. L.

Turbulent
B. L.

Unsteady, periodic, high
velocity gradient jet

Jet induced flowFlow reversalSmall scale
rotational
coherent
structure

Non-linear velocity
gradient

Large scale coherent
structure

Fig. 1 Challenges in understanding the interaction between a synthetic jet and a boundary layer.
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Test Case 1

Here, �-PIV measurements were made in a steady blowing
axisymmetric jet in quiescent air at two different velocities (15-m=s
and 50-m=s). This experiment validated the capability of �-PIV
technique to accurately resolve the high-velocity gradients. The jet
was provided by a calibration system that is usually used to calibrate
hot wires. More details of the system are given in the section
explaining the experimental setup. A steady axisymmetric jet was
chosen as a test case for two reasons: 1) themean flow characteristics
are very well established (being a calibration system by itself), and
2) the shear layers at the edges of the jet, especially near the exit of the
nozzle, are very thin (�800-�m) with velocity gradients that are
similar to those found in actuator jets. The results were compared
with hot-wire measurements (being the best among all the available
techniques in terms ofmeasurement volume), aswell as conventional
PIV for comparison.

Test Case 2

While the first experiment was on a steady jet, the second
experiment was performed on a periodic, unsteady synthetic jet. The
ability to resolve small-scale coherent structures that not only have
high-velocity gradients but also include the added complexity of
being rotational was verified through this experiment. Both �-PIV
and conventional-PIV measurements were made on a synthetic jet
actuator blowing normal to the surface. An evaluation of the capab-
ilities of �-PIV was achieved by looking at the minimum number of
measurement points inside each rotational coherent structure.

Experiment

Based on the outcome of these two tests, �-PIV measurements
were first made to characterize the boundary layer of a flat plate with
zero pressure gradient, similar to the classical experiment by
Klebanoff [30]. This served as the baseline case that also helped
identify 1) how close to the surface velocity measurements could be
made usingmicroscopic PIV, and 2) the ability to accurately resolve a
nonlinear, high-velocity gradient boundary-layer profile.

Following this, measurements were made to characterize the
synthetic jet actuator both in still air as well as in a crossflow. On the
same flat plate where boundary-layer measurements were made, a
voice coil-type synthetic jet actuator was flush mounted. In this case,
the nozzle was modified to release the jet in the streamwise direction
at an angle rather than normal as in test case 2. This is a more realistic
case that has been proven to improve the flow control effectiveness of
the actuator. Comparing the boundary-layer profilewith the synthetic
jet switched on and switched off enabled understanding the aerody-
namic interaction between the jets and the boundary layer.

Table 1 summarizes the measurements and the corresponding
experimental techniques.

Experimental Setup

A brief overview of all of the mechanical and optical systems used
in the present study are provided in this section. Details of the
instrumentation techniques including �-PIV, conventional PIV, and
hot-wire anemometry are also provided.

Steady Jet

The axisymmetric steady jet is provided by a calibration system
(TSI, Inc.Model 1129) that is usually used to calibrate hot wires. The

system includes an inlet for compressed air, a settling chamber with
several honeycomb structures, a total pressure sensor at the top end of
the settling chamber, and a nozzle (see Fig. 3). A feedback system
sets and continuously monitors the pressure inside the settling
chamber, which when contracted through the nozzle provides a jet of
designated speed. The inlet of the calibrating systemwasmodified to
mix smoke with the pressurized air. The nozzle has an exit diameter
of 10-mm.

Synthetic Jet

The synthetic jet actuator used in this experiment is of voice coil-
type designed to fit inside a 7.5 in. chord rotor blade. The top surface
of the actuator is fixed with the piston oscillating underneath. This
oscillation forms a synthetic jet with a blowing and suction cycle.
There is no net mass flow but net momentum is still delivered to the
flow. Blowing/suction is done through a slot segmented into seven
equal sections (see Fig. 4). A periodic excitation signal of type
V � V0 sin�!t� has been applied where V0 is the amplitude of the
excitation signal and ! is the frequency of excitation.

Boundary-Layer Measurements

Boundary-layer measurements were made in an open jet wind
tunnel with circular cross section. A flat plate with rounded leading
edge was placed at the exit of the nozzle section. The region of
interest (ROI) in the case of �-PIV was limited to a 10-by-10-mm
plane at 0.68-m from the leading edge. The laser light sheet was
focused at the center of the flat plate, and the camerawithmicroscope
was placed orthogonal to it (see Fig. 5). One thousand PIV image
pairs were acquired. Freestream velocity was set at 15-m=s for all
cases. This corresponds to the Reynolds number of 680,000 based on
the distance from the leading edge of theflat plate to themeasurement
location.

PIV camera -1
(Conventional PIV)

PIV camera -2
(Micro PIV)

Microscope

Total pressure
probe

Hot-wire
anemometer

Laser light
arm

Nozzle exit

Settling
chamber

Fig. 3 Experimental setup for the steady jet measurements.

Table 1 Measurements made in the present study

Flowfield Technique

Steady jet (15-m=s and 50-m=s) HWA, PIV, �-PIV
Synthetic jet: still air (normal jet) PIV, �-PIV
Flat plate boundary layer �-PIV
Synthetic jet: still air (angled jet) �-PIV
Synthetic jet: crossflow �-PIV Slots

Screws that attach
the actuator
to the rotor blade

Moving part

Non-moving part

Fig. 4 Synthetic jet actuator.
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Hot-Wire Anemometry

The present study used a single wire, constant temperature hot-
wire anemometer that had a diameter of 3 �m. The length of the
sensitive (etched) area is 1.28-mm. The distance between the two
prongs is 3-mm. Overheat ratio was maintained at 1.8. Data acqui-
sition was made at a frequency of 100-KHz, with 50-KHz low-pass
filter. The time of acquisition is 0.655 s per measurement location.
The probe traversed the steady jet using a high-precision traverse
with an instrument precision of 0.0625-mm. The choice on the
sample size and the frequency at which the measurements were
conducted was estimated after performing a sweep of the frequency
of acquisition and the sample size.

Microscopic PIV and Conventional PIV

For all the experiments, the light sheet was produced by a dual Nd:
YAG laser, which generated a pulse (240 mJ) on the order of
nanoseconds in duration at a frequency of up to 15 Hz. Two separate
charge-coupled device (CCD) cameras (TSI, Inc. PowerviewPlus,
model number 610039) were used for �-PIVand conventional PIV.
Both the cameras had an optical resolution of 2 K-by-2 K pixels at
12-bit resolution. Whereas one of the cameras was equipped with a
microscope, the other used a conventional lens with a focal length of
105-mm. The ROI of the microscopic and conventional PIV were
�10-mm and �50-mm, respectively.

PIV is based on the principle of estimating the displacement of
seed particles in the flow. This means that the choice of seed particle
plays a critical role in accurately estimating the velocity of the jet. In
the present study, the seedwas produced byfirst vaporizing amineral
oil-based fluid into a dense fog. The oil fog was then broken down
into a fine mist by adding nitrogen and forced into a pressurized
heater block where it was heated to its boiling point and became
vaporized. As the vapor escaped from the heat exchanger nozzle, it
was mixed with ambient air, rapidly cooled, and condensed into a
fog. From a calibration, 95% of the particles were between 0:2-�m
and 0:22-�m in diameter. The entire roomwas filled with this smoke
before every set of image acquisition.

For steady jet measurements, the cameras for both �-PIV and
conventional PIV were placed parallel to each other, however, on
either side of the laser light sheet, as shown in Fig. 3. One thousand
pairs of images were acquired with each camera at each case.

In the case of synthetic jet actuators, 100 phase-locked image pairs
were acquired for both microscopic and conventional PIV at every
15 deg of the actuator signal, meaning that image acquisitions were
made at 24 phase locations in one cycle. Additional measurements
were made at the early phases of the blowing cycle, at 5 deg
resolution to better resolve the evolutionary process of the coherent
structures. The pulse separation timewasmaintained at 1:3-�s for all
the test cases and experiments. Such a low-pulse separation time has

been proven to be essential to reducemeasurement errors in resolving
rotational flowfields [31] using PIV.

Image Processing

The acquired images were cross-correlated using a deformation
grid correlation algorithm [32,33] shown in Fig. 6 combined with
Rohalay Hart correlation [34]. This advanced algorithm not only
employs shifting of the interrogation windows but also allows
shearing in determining the velocity. This means that the velocity
gradient bias errors associated with the measurements will be
reduced. In the present study, the threshold signal-to-noise ratio (i.e.,
the ratio of first and second correlation peaks) was set at 2.0. No
interpolation (or filling) was performed when an interrogation
window failed the S=N condition and was not included when esti-
mating the mean or standard deviation.

Deformation grid correlation algorithm is based on window
shifting method, with a reduction in window size after every n
iteration. This means that choosing the sizes of the initial and final
interrogation window are critical. Whereas the size of the initial
windowwas determined by themaximum value of the mean velocity
to be measured in the flow, the final window size was determined by
the velocity gradient requirements.

In the case of steady jet measurements made using �-PIV, the
initial window was as high as 48-by-48-pixels for the 50-m=s to as
low as 24-by-24-pixels for the 15-m=s case. The final window size
was 24-by-24-pixels in both the cases. For the unsteady synthetic jet,
the size of the initial window was as high as 96-by-96-pixels and the
final window size was 24-by-24-pixels, with 50% overlap.

Boundary-layer measurements were obtained by using two
window sizes, 1) 24-by-24-pixels, and 2) 48-by-8-pixels, without
changing their size throughout the processing. The latter (higher
aspect ratio case) allowed for more velocity vectors close to the
boundary, without compromising the accuracy of the correlation
algorithm previously discussed.

Conventional PIVused an interrogation window size of 24-by-24-
pixels all through the correlation process.

Laser Reflection

It should be understood that PIV image processing algorithms are
based on correlating the intensity of the light recorded by each pixel
in the camera between the two images that were acquired within a
short span of time. Usually these reflections come from the moving
seed particles in the flow. However, when the reflected laser light
comes from a solid surface (such as in the case of a flat plate or
airfoil), they tend to saturate both the images (reference and
displaced). From the perspective of the processing algorithm, this
basicallymeans that the seed particles have not moved andwill result
in a zero displacement vector. This results in inaccurate estimation of
velocity, especially near the interface between the air and solid
boundary.

Microscope

4MP
CCD camera

(Nd:YAG laser)
Laser light

sheet

Actuator jet blowing
normal to the surface

Actuator jet blowing
at an angle

Freestream
flow

X

Y

Z

Synthetic jet
actuator

Freestream
flow

Close-up views of the
center slot

Fig. 5 Schematic of the experimental setup for flat plate boundary-
layer measurements and SJA in cross flow (not drawn to scale).

First window

Second window

R1/2

- R1/2

24 X 24

R2

Shear

R0
First window

Second window

R0

Translation

48 X 48

R1
24 X 24

48 X 48

48 X 48

48 X 48

Fig. 6 Schematic explaining the deformation grid correlation

algorithm.
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This is a significant challenge if the goal is to make accurate
boundary-layer measurements very close to the surface. Background
subtraction in those situations may be challenging and time con-
suming [35,36]. Because this issue was expected, substantial effort
has been spent to negate this during image acquisition to alleviate the
challenges during image processing. In the present study, this issue
was countered by various arrangements, both optically and through
chemicalmeans. First, judicious placement of the laser light sheet (by
shooting along the flat plate instead of shooting normally) curbed the
laser reflections significantly. Second, subtracting the background
image (from all the images) that was captured before the seed
particles were released into the flow helped reduce this reflection.
Further reduction was possible through the application of a fluo-
rescent dye (Kiton Red 620) on the solid surface that altered the
wavelength of the incident light. By using awavelength filter in front
of the camera, it was possible to capture only the laser light and not
the reflection from the surface. Any reflection that was captured after
all these processes was masked so that it was not included in the
correlation procedure.

Results and Discussion

The observed results will be discussed under two broad categories.
First, measurements that validate�-PIV: 1) steady jet in quiescent air
and 2) unsteady, periodic synthetic jet blowing normal to the surface
in quiescent air. Second, measurements made using�-PIV to under-
stand the interaction between the boundary layer and the synthetic
jet: 1) flat plate boundary-layer measurements, 2) SJA operating in
quiescent air with the jet blowing at an angle, and 3) SJA operating in
crossflow.

Microscopic PIV Validation

Test Case 1: Steady Jet in Quiescent Air

This test case evaluated the capability of �-PIV technique to
accurately measure high-velocity gradients. This was achieved by
comparing �-PIV measurements with hot-wire measurements made
at two different velocities across the steady jet. Comparison with
conventional-PIV measurements were also made to underscore the
importance of high-spatial resolution (possible only through �-PIV
technique) that is necessary to resolve the flowfield.

Initially, laser light sheet flow visualization was performed to
identify the regions of aerodynamic interest, specifically those that
do not introduce directional ambiguity for hot-wire measurements.
Figure 7 shows the flow features of the steady jet blowing at 15 and
50-m=s obtained using laser light sheet flow visualization. It can be
seen that the jet can be classified into two zones, 1) a laminar region
until a particular axial distance from the nozzle exit that is free of
coherent structures, and 2) a turbulent region away from the exit that

is filled with several small-scale coherent structures including
shedding vortex rings. The viscous nature of the fluid combined with
the velocity difference between the jet and the surrounding quiescent
air results in high-shear near the edges of the jet. This causes the flow
to roll up as the downstream distance increases, eventually resulting
in vortex rings. These flow reversal areas were avoided by keeping
the �-PIV region of focus and hot-wire measurements within one
diameter of the nozzle exit. This is also where the highest velocity
gradients are present, which allows a good comparison of techniques.

Figure 8a shows time-averaged velocity flowfield of the steady jet
blowing at 50-m=s. Microscopic PIV measurements are shown on
the left side, and conventional PIV measurements are shown on the
right side. The abscissa and the ordinate are normalized by the nozzle
diameter, and the velocity is normalized using the set jet velocity.
The color contour represents the normalized absolute velocity
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) of the steady jet. Qualitatively, the velocity distribution
looks similar in the full view between the two techniques. However, a
closer look of the shear layer shown in Fig. 8b portrays a different
picture. It can be seen that the �-PIV shows a clear sharp velocity
gradient that is smeared in the conventional PIV technique.

The axial velocity distribution across the jet at x=D� 0:25 is
plotted in Fig. 9 for the hot-wire, PIV, and �-PIV techniques. The
bars spanning along the x axis at eachmeasurement location show the
size of measurement volume of each technique. In the case of hot
wire, the bar is inside the symbol itself. The velocities were normal-
ized by the corresponding set velocity of the jet in both cases. Two
observations should be made here. First, until about 0:42D from the
axis of the jet, all three techniques measured within 1% of the set
velocity. Second, although the velocity of the surrounding quiescent
air measured by both the PIV techniques showed almost zero
velocity, hot-wire measured a higher value. This is because of the
calibrating issues associated with the hot wire at very low velocities,
resulting from natural convection.Nevertheless, thesemeasurements
validated the capability of both the microscopic and conventional
PIV systems used in the present study to measure the mean velocity
accurately, provided that the flow is uniform with negligible velocity
gradient.

Although all the three measurement techniques showed a good
correlation inside the steady jet, the shear layer clearly shows the
differences in the capability among the measurement techniques.
Microscopic PIVmeasurements can be seen to correlatewell with the
hot-wire measurements, however, with a small shift in the spatial
location. The shift was found to be within one-half the size of the
interrogation window. The difference in the size of the measurement
volume (shown by the bars spanning along each measurement point)
suggests that the dynamic range (or the velocity gradient) that was
averaged within the measurement volume is significantly different
between the two techniques. Despite this difference, �-PIV can be
seen to have resolved the velocity gradient within a reasonable

Fig. 7 Laser light flow visualization of the steady, axisymmetric jet showing the complex nature of the flow.
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accuracy. This is possible only when the measurement volume
(interrogation window) is small enough that the local velocity gra-
dient (within thewindow) is linear. The inability of the conventional-
PIV technique, on the other hand, is clearly evident in that it simply

does not have the necessary resolution to resolve the high-velocity
gradients. These observations conclude that�-PIV has the necessary
spatial resolution to resolve high-velocity gradients with reasonable
accuracy.

Fig. 8 Steady jet in quiescent air at 50-m=s obtained using �-PIV (left) and conventional PIV (right).

Fig. 9 Comparison of the steady jet velocitymeasured using variousmeasurement techniques at x� 0:25D (bars represent the size of themeasurement

volume of the instrumentation technique).
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Test Case 2: Unsteady Synthetic Jet in Quiescent Air

It is awell-known fact that during the blowing cycle, a synthetic jet
releases a pair of counter-rotating vortices when operated in still air.
The size of these vortices was of the same order as the size of the jet.
This test case was performed to evaluate the capability of �-PIV to
resolve such small-scale rotational coherent structures. To achieve
this, an experiment was conducted by blowing an unsteady, periodic
synthetic jet in quiescent air. Microscopic PIV measurements were
made using stroboscopic principle by synchronizing the laser and
camera with the actuator excitation signal. Measurement using
conventional PIV (lower resolution) were also made for comparison.

Figures 10a and 10b show the phase-resolved flowfield of a
synthetic jet blowing normal to the surface obtained using �-PIVat
�� 15 deg and �� 45 deg, respectively. Both the ordinate and
abscissa are normalized using actuator slot width. It can be seen that
the jet is symmetric about its axis. The counter-rotating coherent
structures on either edges of the high-velocity jet can be clearly
identified. The same measurement made using conventional PIV at
�� 45 deg is shown in Fig. 10c. The difference in the region of focus
between the two techniques is evident. Whereas conventional PIV
measured until a normal distance of 60 slot widths, �-PIV could
measure only up to 15 slot widths. A close-up view of the vortex on
the right-side edge of the jet measured using both the microscopic

and conventional PIVare plotted on top of each other in Fig. 10d. The
black vectors show the measurements made using conventional PIV,
and the red vectors show those that were made using �-PIV. The
difference in the spatial resolution between two techniques can be
clearly seen. Whereas conventional PIV had five vectors inside the
vortex, there are at least 25 vectors in the case of �-PIV. This must
directly translate into improved accuracy in the measurements of the
jet velocity, being a high-velocity gradient flow by nature.

A radial cut made across the jet at X=b� 3 (through the center of
both the vortices shown in Fig. 10b) is shown in Fig. 11a. The
measured values of the jet and the vortices obtained using �-PIV at
this distance is consistently higher at all radial locations when
compared with conventional PIV measurements. The peak velocity
of the jet measured by �-PIV was at least 20% greater than that was
measured using conventional PIV. By performing uncertainty
analysis on vortex measurements, Martin et al. [37] suggested that a
minimum of 10 measurement points inside the vortex core are
required to resolve the velocity gradients within a vortex within
1% error. It is evident that the microscopic PIV has at least
25 measurement points within the vortex satisfying this requirement.

Another radial cut made near the nozzle (slot) exit at X=b� 0:1 is
shown in Fig. 11b. It can be seen that the peak velocity measured by
conventional PIV is at least 40% lower than that measured using

Fig. 10 Flowfield of a synthetic jet actuator blowing normal to the surface in still air conditions.
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�-PIV. Overall, this test not only validated the capability of�-PIV to
resolve small-scale, rotational coherent structures that are found in
synthetic jets, but also helped emphasize the need for high-resolution
�-PIV measurements, especially near the jet exit.

Boundary Layer And Unsteady Synthetic Jet

Having validated the capability of �-PIV technique, the next step
is to develop an experiment that will help understand the aerody-
namic interaction between the synthetic jet and boundary layer. As
shown in Fig. 2, this involves three independent �-PIV measure-
ments that include 1) flat plate boundary-layer characterization,
2) SJA operating in still air, and 3) SJA operating in crossflow. The
difference between the present experiment and test case-2 in terms of
the applied SJA lies in the geometry of the nozzle (slot) exit.Whereas
in test case 2 the synthetic jet was blowing normal to the surface, in
this experiment the slot was modified to blow the jet at an angle
(52 deg) to the exit plane. Even though the�-PIV technique has been
validated, more validations were made wherever possible along the
way while the observed results from the aforementioned measure-
ments were analyzed.

Boundary-Layer Characterization

Accuratelymeasuring the streamwisevelocity distribution inside a
boundary layer is a prerequisite for making measurements towards
understanding the interaction between the boundary layer and
synthetic jets. However, characterizing a boundary layer continues to
be a challenge even though it is one of oldest problems in modern

fluid mechanics. This is especially true if the goal is to measure
velocities very close to the surface (y < 100-�m), such as inside the
viscous sublayer. Very few high-fidelity measurements exists, and
most of themwere made using hot-wire probes specifically designed
for boundary-layer measurements [38]. Optical techniques such as
LDV and PIV have been used recently [39,40], but most of these
measurements were made on enlarged boundary layers that were
purposefully tailored to accommodate the large measurement
volumes of the applied instrumentation. Nomeasurements have been
made on realistic scales that are typically found on rotors, and
especially no PIV measurements exist lower than 100-�m from the
surface. This is primarily because of the reflection of laser light from
the surface that saturates the recorded PIV images. In the present
study, significant effort has been made to reduce the reflection; the
techniques that were used are explained in the experimental setup.
This will serve as the baseline case to determine the effectiveness of
the actuator while also evaluating the �-PIV system in-situ.

Figure 12 shows the streamwise velocity distribution across the
flat plate obtained using �-PIV The freestream velocity was set at
15-m=s. A close-up view of the regions adjacent to the surface is
shown in Fig. 12b. The thickness of the laminar boundary layer was
estimated using Blasius’ solution [41] given by

�b � 4:5

�������
�

u0l

r
(2)

was 3.7-mm, where � is the viscosity of the fluid, l is the distance of
themeasurement location from the leading edge of the plate, andu0 is

Fig. 11 Synthetic jet in still air with jet blowing normal to the exit plane.

Fig. 12 Measured streamwise velocity on a flat plate with streamwise velocity contour.
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the freestream velocity. The thickness of a turbulent boundary layer
measured at the same l using

�turb � 0:37l

�
�

uol

��0:2
(3)

was estimated to be 17.2-mm. Because the Reynolds number at the
measurement location is 680,000 (based on the distance from the
leading edge of the plate to the measurement location) the flow
appears to be transitional. As a result, the measured thickness of the
boundary layer (�� 7:6-mm) lies between the laminar and the
turbulent solutions.

Displacement thickness, momentum thickness, and the flux deficit
inside the boundary layer were estimated at several streamwise
stations using
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respectively and were plotted in Fig. 13. It can be seen that within the
measurement region, both the displacement and momentum thick-
ness are relatively constant.

Figure 14 shows the measured streamwise velocity plotted against
the wall normal distance (obtained at x=b� 0) in terms of viscous
units, where

Y� � yu
�

�
(7)

and

U� � u

u�
(8)

Here, u� (friction velocity) is obtained using Clauser chart method.
The law of the wall

U� � 1

�
ln �Y�� � B (9)

and the equation for viscous sublayer

U� � Y� (10)

were also plotted along with the measurements, where � is von
Kármán constant (0.41) and B is another constant (5.5). Wall normal
distances y of 100-�m and 1-mm are shown to emphasize the need
for high resolution to accurately characterize the boundary layer,
especially the viscous sublayer. It can be seen that the measurements
follow viscous sublayer profile when Y� < 5, followed by the log
law forY� > 30. Between these two regions is the buffer layer. These
excellent correlations with theory validate the capability of�-PIV to
accurately measure the velocity distribution inside the boundary
layer. The accuracy of thesemeasurements is critical considering that
the effectiveness of the actuator will be based on comparison with
these measurements.

Unsteady Synthetic Jet in Still Air and in Crossflow

Figure 15 shows the peak velocity of the synthetic jet during
blowing cycle (both in still air and in crossflow) measured using hot-
wire anemometer and phase-resolved�-PIV technique. The velocity
values were nondimensionalized using the maximum value of
velocity measured using �-PIV when the SJA was operated in still
air. The hotwirewas placed at the center of the slot exit to prevent any
ambiguity in the direction of flow caused by the presence of lip
vortices. An excellent correlation exists between the two measure-
ment techniques, further validating �-PIV measurements. An
interesting observation here is that the measured velocity of the jet is
not smooth (or sinusoidal) as the blowing cycle progresses. It can be
seen that themeasured velocity of the jet begins to increase rapidly as
the blowing cycle starts (0 deg � � � 15 deg). This was followed by
shallow increases to the peak value between �� 15 deg and
�� 90 deg, with the peak occurring at �� 90 deg. The reduction in
the slope has been associated with the formation of secondary
vortices [8]. As the blowing cycle progresses, the measured veloc-
ity reduces smoothly before the suction cycle starts. In the case of
SJA operating in crossflow, the measured velocity shows higher
value at all phases because of the additional freestream velocity
included in all the vectors.

Mass and Momentum

Figure 16 shows the mass flow rate and momentum through the
nozzle of the SJA. Whereas mass flow rate was obtained by
integrating the normal velocity across the slot width, momentumwas

Fig. 13 Measured properties of the flat plate boundary layer.

Fig. 14 �-PIVmeasurements on a flat plate showing various regions of

a boundary layer: 1) viscous sublayer, 2) buffer layer, and 3) log layer.

Fig. 15 Comparison of phase-resolved peakblowing velocitymeasured

using hot-wire and �-PIV.
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estimated from the product of mass and the absolute velocity. The
values were nondimensionalized using the corresponding peak
values. It can be seen that the totalmass inflow into the SJAduring the
suction cycle equals the total mass outflow during the blowing cycle,
resulting in zero net mass flow, as expected for an SJA. However, the
net momentum added to the flow can be seen to be positive.

Blowing Cycle

Figures 17–19 show the phase-averaged �-PIV measurements
acquired during various phases of the blowing cycle of the SJA
operating in still air (left) and in crossflow (right). The distances in
both cases were normalized using the measured flat plate boundary-
layer thickness. In the case of the synthetic jet operating in still air,
this allowed estimating the probable depth of penetration of the jet
into the boundary layer under ideal conditions (i.e., without any
aerodynamic interaction between synthetic jet and boundary layer).
Also, in both these cases the color contour represents the streamwise
velocity normalized by the freestream velocity.

Explaining the formation and evolution of the lip vortices, to begin
with, is logical considering the role they play in the momentum
transport. Figure 17a (left side) shows the velocity contour of the
flowfieldwhen the SJAwas operated in still air with the jet blowing at
an angle. This portrays a different picture from what was expected
based on test case 2 in that these vortex pairs did not form
simultaneously on either edge of the jet. While the left-side vortex
can be seen at �� 5 deg, the roll up on the right-side edge of the jet
occurred with a phase delay (�� 10 deg). Because the nozzle exit is
placed at an angle, the right-side edge of the jet is close to the surface
and the left-side edge is away from it. The mere presence of a solid
boundary near the right edge of the jet seems to play a role in the
delayed roll up of the lip vortex, suggesting that the development of
the jet may not be symmetrical.

On the other hand, in the case of SJA operating in crossflow, there
is only one vortex and it forms on the right side of the jet. Although
the lip vortices on either edge of the jet can be clearly identified in the
case of SJA operating in still air, only the right-side edge of the jet has
rolled up into a vortex when the SJAwas operated in crossflow. This
is because of the direction of the freestream flow that opposes the roll
up on the left side. Also, the measured peak swirl velocity of the left
lip vortex (in still air case) is approximately the same magnitude as
the freestream velocity in crossflow, but with a negative sign. This
suggests that thismay be a special casewhere the swirl velocity of the
vortex is of the same order as that of the freestream velocity,
preventing the roll up on the left side.

A higher jet velocity (and the associated increased peak swirl
velocity of the lip vortex) may provide different results, in that both
the left and right vorticesmay form. It should, however, be noted that
in the present study the velocity of the jet is at least four times higher
than the freestream velocity. Even though such a ratio is desirable,
current status of SJA is such that the jet velocity is lower than the
freestream velocity,meaning that the left-side lip vortexwill not form
in crossflow.

For description purposes, the left-side vortex will henceforth be
referred to as the windward-side vortex, as the flow is from left to

right. The right-side vortex is referred as lee-side vortex. These
notations are followed both in the still air case and in the crossflow
case.

The evolution of the lip vortices were also found to be different in
still air and in crossflow. In the still air case, both the windward-side
and the lee-side vortices convect away from the actuator surface and
also away from each other (see Figs. 17b, 17c, and 18a–18c). The lip
vortices play a significant role in transferring themomentum from the
jet to a wider region in the flow. The windward-side vortex can be
seen to travel as high as the outer layer of the boundary layer (or even
higher). As both the vortices convect through the quiescent air, the
strength of the vortices continue to decrease because of viscous
diffusion. Eventually, these lip vortices become part of the jet itself.

In the case of SJA operating in crossflow, an immediate con-
sequence of the absence of the windward-side vortex appears in the
orientation of the jet downstream of the slot exit. Whereas the
synthetic jet operating in still airmaintains its orientation (same as the
inclination of the nozzle), the synthetic jet operating in crossflow
aligns itself almost parallel to the freestream velocity within a very
short distance downstream from the nozzle exit. In the latter case, the
change in orientation results from 1) the presence of the crossflow,
and 2) the presence of just the lee-side vortex and its associated
induced velocity (without any countereffect from the windward-side
vortex) that pulled the jet toward the solid surface.

Figure 20 shows the trajectory of the jet obtained by tracking the
peak value of velocity along the streamwise direction. Thefigure also
includes the trajectory expected from an inclined, axisymmetric
steady jet given by Wu [42] that was corrected for synthetic jet
applications by Eroglu and Breidenthal [7], given by

y

VRb
� 1:75

�
x

VRb

�
0:38

(11)

This plot basically shows the difference in the trajectory between an
axisymmetric synthetic jet (with a circular nozzle) and an asym-
metric plane jet (such as the one in the present study, where only the
lee-side vortex is present). The substantial reduction in the depth of
penetration clearly shows how a boundary layer interacts differently
between a symmetric and an asymmetric jet. This means that more
momentum will be added closer to the wall in the asymmetric case
than in the symmetric case, a beneficial factor. However, interaction
with the outer layer or with the mean flow to bring energy into the
boundary layer becomes questionable.

This increased inclination of the jet, in turn, has another important
consequence. It can be seen that the solid surface acts as a boundary
on one side of the vortex and the jet forms the boundary on the other
side, trapping the vortex between the jet and the solid surface. It is
very well known that the presence of a solid surface resists any
motion in a viscous fluid (no slip condition), whether it is upstream or
downstream. As a result, the vortex faces significant resistance in
maintaining its coherence. However, the vortex continues to get
energy from the jet as the blowing cycle continues. These two actions
compete against each other, eventually resulting in the breakdown of
the vortex. The remnants of the vortex can be seen in Figs. 18b, 18c,
19a, and 19b. The process leading to the breakdown of the lee-side
vortex can be expected to reduce the momentum that should have
otherwise been added to the boundary layer, resulting in reducing the
efficiency of the system.

Increasing the inclination of the nozzle by allowing the jet to shoot
more normally (away from the surface) might be beneficial in that it
will increase the depth of penetration of the jet deep into the outer
layer of the boundary layer, and also by not trapping the vortex.
Increasing the penetration of the jet will be beneficial in terms of
bringing the energy from the mean flow into the boundary layer.
Also, in real applications when the SJA is used to prevent flow
separation, most often the SJA slot exit is placed at the quarter-chord
of the airfoil (or the point of the maximum thickness). This means
that the angle between the jet and the surface downstream of the slot
automatically increases, a favorable condition that may prevent the
breakdown of the vortex, resulting in a better transport of
momentum. Optimizing the inclination of the jet with respect to the

Fig. 16 Characteristics of the synthetic jet actuator measured in

crossflow.
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Fig. 17 Velocity contour of the phase-averaged �-PIV measurements made on an unsteady SJA during blowing cycle, in quiescent air (left) and in

crossflow (right): a) �� 5deg, b) �� 10deg, and c) �� 15deg.
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Fig. 18 Velocity contour of the phase-averaged �-PIV measurements made on an unsteady SJA during blowing cycle, in quiescent air (left) and in
crossflow (right): a) �� 20deg, b) �� 25deg, and c) �� 30deg.
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Fig. 19 Velocity contour of the phase-averaged �-PIV measurements made on an unsteady SJA during blowing cycle, in quiescent air (left) and in
crossflow (right): a) �� 60deg, b) �� 90deg, and c) �� 120deg.
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exit plane appears to be a keyparameter in improving theflow control
effectiveness of actuators, and is an area of future research.

Flow Reversal

Figures 19b and 19c show the full flowfield measured by �-PIV.
Synthetic jet induces the surrounding flow to align with its axis,
especially at its edges. In the case of the synthetic jet operating in still
air, the entire flowfield can be divided into two zones, separated by
the axis of the jet (or at the diagonal of the image). On the upper half
(upstream edge of the jet) the horizontal component of velocity can
be seen to be positive and upward. However, in the lower half the
horizontal component of velocity is negative (i.e., the flow is in the
upstream direction). This is especially evident close to the surface
(relatively large zone with dark blue color contour).

The effect of the induced velocity of the jet on the surrounding
flow is similar in crossflow as well. This means that the area between
the jet and the solid surface experiences flow reversal (negative
streamwise velocity).Also, the direction of rotation of the lip vortices
(before they break down) aidsflow reversal closer to the surface. As a
result, almost throughout the entire blowing cycle a small region

Fig. 20 Measured and expected trajectory of the synthetic jet in

crossflow.

Fig. 21 Velocity contour of the phase-averaged �-PIV measurements made on an unsteady SJA during suction cycle in quiescent air (left) and in

crossflow (right).
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downstream of the slot exit will always remain opposite to that of the
streamwise direction (shown by the blue color contour). As the
streamwise distance from the slot exit increases (x=� > 0:5), the
streamwise velocity becomes positive because of the direct addition
of momentum from the jet. The region between the nozzle exit and
x=� > 0:4 appears like a separation bubblewith low recirculation. By
about one boundary layer thickness downstream from the slot exit,
the flow can be seen to be uniform and free of any coherent structure.

Suction Cycle

Figure 21 shows the phase-averaged flowfield during the suction
cycle of the synthetic jet actuator both in still air (left) and in cross-
flow (right). In the case of SJA operating in still air, the stagnation
point can be easily located. No coherent structure can be seen. As the
suction cycle progresses, more and more region was influenced by
the suction pressure of the actuator. Also, the magnitude of suction
velocity was found to increase.

Figure 22 shows the streamwise velocity distribution along the
wall normal direction at 12 slot widths downstream of the slot exit
(approximately at one boundary layer thickness) throughout the
entire SJA cycle. The phase locations marked on top of the profiles
correspond to the phase of the SJA excitation signal. Because the cut
is made far downstream of the slot exit, it can be seen that it takes
approximately 45 deg in terms of the actuator cycle time for the effect
of jet to be felt. At about 135 deg, which corresponds to the 90 deg of
the SJA signal, it can be seen that the depth of penetration reaches
maximum value. The phase-averaged velocity values are more than

twice the freestream velocity, suggesting significant addition of
momentum. As the blowing cycle completes, it can be seen that the
velocity profiles go back to their original condition at around
210 deg. The effect of the suction pressure of the actuator was not felt
this far downstream.

Region of Influence

Time-averaged velocities that are obtained by averaging all the
phase-average velocities are shown in Fig. 23. It can be seen that the
influence of synthetic jet in still air reaches up to a normal distance
equivalent to the outer edge of the boundary layer. However, in the
case of crossflow, not more than 60% of the boundary layer was
affected by the synthetic jet. This is despite having the jet velocity
four times higher than the freestream velocity. This means that the
momentum added to the boundary layer is only through the
momentum from the SJA.

Figure 24a shows the streamwise velocity distribution along the
wall normal direction (at various streamwise stations) obtained from
the time-averaged �-PIV measurements made on the SJA operating
in crossflow. The streamwise velocity distribution from the simple,
flat plate boundary layer is also included for comparison. Two slot
widths upstream of the slot exit it can be seen that the stream-
wise velocity is higher at all locations compared with the simple
boundary-layer measurements. This is primarily because of the
additional momentum added to the flow during suction cycle, where
the low pressure created by the SJA actuator accelerated the flow. At
two slot widths downstream from the slot exit the jet is confined

Fig. 22 Phase-averaged �-PIV measurements at x=b� 12 throughout the entire SJA cycle.
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within a small region. As a result, it can be seen that the streamwise
velocity is almost twice that found in simple boundary-layer
measurements. Very close to the surface, however, the velocity is
lower than that wasmeasured on the simple flat plate boundary layer,
indicating the presence of upstream flow (negative streamwise
velocity) reducing the overall average. The region of influence of the
jet can be seen to increase continuously as downstream distance
increases, to reach as high as 60% of the boundary layer from the
surface at about 10 slot widths downstream from the slot. Figure 24b
shows the velocity distribution normal to thewall in terms of viscous
units. All the momentum that is added to the flow by the SJA can be
seen to alter the viscous sublayer and the log layer. The outer layer
seems unaltered, clearly suggesting that there is no interaction with
the mean flow.

Figure 25a shows the momentum thickness obtained from the
time-averaged boundary-layer measurements at various downstream
distances when the SJAwas operated in crossflow using Eq. (5). The
associatedmomentumflux deficit estimated using Eq. (6) is shown in
Fig. 25b. As expected, both the figures show the same trend. Both
these figures also include measurements obtained by vectorial
addition of the flow over simple flat plate and synthetic jet operating
in still air (an ideal case). In all these cases, the measured values were
normalized using the corresponding values from simple flat plate
boundary-layer measurements.

Momentum thickness can be defined as the distance the solid
boundary should be moved to compensate for the reduction in

momentum caused by the presence of boundary layer. At the jet exit
x=D� 0 the momentum thickness of simple flat plate boundary
layer and that of a synthetic jet operating in crossflow are almost the
same. This is because the time-averaged incoming and outgoing
velocity from the nozzle exit is zero, causing no change in the
momentum thickness. On the other hand, slightly upstream of the
nozzle exit, it can be seen that the momentum thickness of the SJA in
crossflow case shows lower momentum thickness. This means that
the momentum lost inside the boundary layer has reduced. The only
source for this to happen comes during the suction cycle when the
SJA draws in air from all directions. This accelerates (adds the
momentum) to the flow causing a reduction in the momentum flux
deficit.

Themomentum thickness and themomentum flux deficit continue
to decrease with increasing distance from the SJA nozzle exit. This,
however, is expected and is from the direct addition of momentum
from the SJA. An interesting observation is that the momentum
thickness becomes negative, suggesting that themomentum added to
the boundary layer completely removed the momentum lost because
of the formation of the boundary layer. To maintain the same
momentum as that of the potential flow, the solid boundary must be
moved down. It is also clear that the ideal case (where the simple
boundary-layer velocity profilewas vectorially added to the SJAflow
in still air) shows the exact same behavior as the real SJA in crossflow
except that the momentum added to the fluid is significantly higher
than that observed in real crossflow conditions. This clearly suggests

Fig. 23 Time-averaged �-PIV measurements

Fig. 24 Comparison of time-averaged streamwise velocity profiles between a simple boundary layer and when the synthetic jet was operated in

crossflow.
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that the aerodynamic interaction between the synthetic jet and the
boundary layer unfavorably affects the performance of the actuator.

Conclusions

Microscopic PIVmeasurements weremade toward understanding
the aerodynamic interaction between an unsteady, inclined synthetic
jet and a boundary layer in a building block approach. Emphasis was
made to ensure that the�-PIV technique has the ability to resolve all
the complex flow features such as high-velocity gradient flowfield,
small-scale coherent structures, and so forth, that are essential to
understand this interaction.

The following are specific conclusions derived from the present
study:

1) The spatial resolution provided by�-PIV seems to be necessary
(and sufficient) for resolving the physical dimension of the synthetic
jet, its high-velocity gradient, and the associated small-scale rota-
tional coherent structures. Comparison with hot-wire measurements
showed excellent correlation, validating the �-PIV technique.
Conventional PIV, on the other hand, was found to have insufficient
spatial resolution to perform this study.

2) The synthetic jet was found to add momentum to the boundary
layer without any addition of mass, as expected. This was verified by
the reduced momentum flux deficit and the associated reduction in
momentum thickness.However, all of the addition ofmomentumhad
its source from the synthetic jet actuator itself. The jet never reached
beyond 60% of the boundary-layer thickness from the surface to
interact with or transport energy from the mean flow. All of the
interaction caused by the synthetic jet was limited to the viscous
sublayer and log layer.

3) The time evolution of the synthetic jet in still air and in crossflow
were almost completely different. The results suggested that any
performance prediction, such as momentum added to the boundary
layer or the penetration of the jet in terms of boundary-layer thickness
based on still air conditions may not be applicable in crossflow
conditions at all. The aerodynamic interaction between the synthetic
jet and boundary layer was found to unfavorably alter the effective-
ness of the actuator.

4) �-PIV technique has the necessary spatial resolution to resolve
the nonlinear velocity gradients found near the wall in a boundary
layer. The issues of laser reflection were successfully mitigated,
which allowed velocity measurements to be made as close as 20�m
to the surface. The present measurements met the test objectives,
clearly establishing the bounds for critical parameters to apply�-PIV
for the forthcoming dynamic stall control experiment.
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