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Turbine engines have many sets of blades. There are fan blades, low pressure
turbine and compressor blades, and high pressure turbine and compressor blades. In
a compressor or turbine section there are alternating sets of rotors and stators. The
rotor blades are rotating on a disk which is comprised of many blades. The stators
are stationary and act to direct the air flow into the following rotor section at the
most efficient angle [24]. Each of the blades on the rotor disks resemble an airfoil.

An example of a high pressure turbine (HPT) blade is shown in Figure 2.1. Each

Figure 2.1:  Typical HPT blade.

airfoil has a suction and a pressure surface. The bottom side of the blade shown
in Figure 2.1, is called the pressure side. There is a favorable pressure gradient
there and the flow will tend to remain attached. Conversely, the upper surface is
a suction surface and the flow will tend to separate. Schlichting [19] describes the
flows tendency to separate by relating energy. In the case of the turbine blade, as
the flow impinges on the leading edge of the blade, the flow is accelerated to get
up and around the top of the blade. The pressure energy is converted into kinetic
energy as the flow accelerates. The frictional boundary layer acts on the flow over
it by absorbing some of the kinetic energy, converting it into heat or other sources.
Once the flow reaches the top of the airfoil, the kinetic energy starts to be transferred
back into pressure energy. As the flow decelerates on the aft section of the blade, the
remaining kinetic energy is transferred back into pressure energy. As a result of the
losses to the boundary layer, there is not enough energy to enable the flow particles

to completely reach the trailing edge of the airfoil. The flow then stops and may



consequently start moving back on the airfoil, resulting in separation. To maximize
the work out of or produced by a rotor, one would like to turn the air flow through a
large angle. As the turning angle is increased, flow separation and adverse pressure
gradients as described above are encountered. Plasma actuators are investigated to

reattach these flows in an attempt to achieve the maximum work per rotor stage.

2.2 Plasma Discharge

The plasma generated for use in this research was very similar to that described
by Roth [17] as a one atmosphere uniform glow discharge plasma. It was also explained
by Enloe et al. [6] that the plasma was a surface configuration dielectric barrier
discharge (DBD). The plasma was created by placing two slender long electrodes
on each side of a thin dielectric plate. An essential aspect for the creation of the
most efficient plasma is the configuration of the electrodes. In most references the
configuration which yielded the most efficient results [6,17, 18] was an asymmetric
staggered configuration where the electrode on the bottom of the dielectric plate was
immediately aft of the electrode on the upper part of the plate. The trailing edge
of the upper electrode was coplanar with the leading edge of the lower electrode.
A plot of %—E;, where E? is the voltage, and z is the axial direction, would show
that the asymmetric staggered arrangement produces the highest voltage gradients
and resulting power. The electrode was supplied an AC signal operating at a given
frequency, usually on the order of a few kilohertz with a voltage amplitude on the
order of a few kilovolts as supplied through a transformer. Using Equations (2.1) and
(2.2), the instantaneous resistance and capacitance of the plasma could be determined

at each time step. For the resistance of the plasma, R,:

1
R, = %(1 +tan(¢)) 2, (2.1)

m

where V,, is the input voltage to the plasma electrode from the transformer secondary,

I,,, is the current measured via a current coil, and ¢ is the phase shift angle in radians



of the current lagging the voltage in radians. For the capacitance of the plasma, C):

1

= Rywtan(¢)’ (2.2)

where w is the input frequency as set on the HVPS.

As a result of a breakdown, or electron avalanche from one electrode to the
other, the current has an erratic behavior that can include large changes in value for
extremely small time steps. The mean of the signal retained a sinusoidal waveform,
but the magnitude could be very erratic if sampling at a short enough time step. As a
result of this, in order to obtain smoother plots a 100 point moving average was used
to smooth the data. An example of the raw (lighter) and smoothed (darker) data is
shown in Figure 2.2. The smoothed data was used in Equations (2.1) and (2.2) to
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Figure 2.2:  Current trace comparing rough and smoothed val-
ues.

calculate C), and R,,. The power computed using the aforementioned equations should

closely resemble the power P measured via Equation (2.3).

P=1V. (2.3)



Where [ and V' were taken directly from the instruments in the experiment. An

equation for P which used the value of R, derived from Equation (2.1) was
P =I’R,. (2.4)

The results from Equations (2.3) and (2.4) are included in Appendix C.

It was discovered by Enloe et al. [6] that a plasma went through distinguishable
phases of growth and decay in both a temporal and a spatial mode during each half
period of the supplied waveform. As mentioned in the previous section the phases
in the temporal mode were ignition and quenching, and in the spatial mode were
ignition and expansion. For use in visualizing the phases, the reader is referred to
Figures 4 and 9 of Enloe et al. [6]. To recapitulate, in the temporal mode, at the
extremum of the voltage trace the plasma quenches, a result Enloe et al. [6] say is
due to a lack of ions to recombine. As the voltage signal progresses in time, the
voltage begins increasing in magnitude. As long as this increase keeps changing in a
positive direction, the plasma can remain. As the magnitude reaches a local maxima,
the plasma no longer has ions available and the plasma quenches. Figure 2.3 shows
where the theoretical plasma phases occurred on voltage data taken during the current
study. Also studied by Enloe et al. [6], was the spatial structure of the plasma using
photoelectric observations. They found that the plasma is densest at the ignition
phase and trails off during the remainder of the voltage sweep. The authors called
this the ”expansion phase” of the plasma discharge. Further, the spatial structures
were non-uniform with denser regions nearest the electrode. Also, the plasma itself
ignited farther downstream of the electrode nearest the outer edges of the electrode.

Again, refer to Figure 9 in Enloe et al. [6].

As mentioned in the Section I, large gains could be realized if the impedance of
the plasma were matched to the output of the power supply. According to Chen [5] the
goal of matching the impedance of the plasma was to maximize the power delivered to

the plasma from the source. To this end, he determined that the plasma impedance

10



40001

30001

Q)
2000

10001
©)

Voltage (V)
o

-10001

-2000+ (A)

-30001

1 2 3 4 5 6
time (s) %107

-4000
0

Figure 2.3:  Voltage trace showing (A) quenching and (B) ig-
nition phases.

needed to be seen as purely resistive by the output terminals of the transformer or
power supply. The end goal of impedance matching is to attempt to minimize the
circulating current through the power supply. Minimizing the circulating current will
result in the plasma acting as pure resistance. The task of matching the impedance
is to determine what combination of devices is necessary to adjust the impedance to
a proper value. The noticeable result of using the impedance matching network was
that the discharge current was increased, thus maximizing the power output. Chen [5]
showed that by matching the impedance of his network on the secondary side of the
transformer, he was able to raise the plasma current by almost an order of magnitude.
In order to make the plasma or transformer appear as a purely resistive load, one has

to make the imaginary (time dependent) part of Equation (2.5) go away.

) 1

Equation (2.5), found in Kraus [12] determines the voltage (V') given the current (7),
the frequency of the input voltage (w), the inductance (L), and the capacitance (C').

As can be seen, if the term in the parenthesis is exactly zero, the imaginary part
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is eliminated and the load is purely resistive. For the electrode configuration used,
a theoretical method of determining the approximate capacitance of the plasma was
desired. A method that was attempted as an approximation for the capacitance (Cy;),

was one using flat plate capacitor theory. This theory is based on the equation,

A
Cpt = kGod—pl (2.6)

pl

where k is the dielectric constant of the material, ¢y is the permittivity of free space,
A, is the area of the plates which overlapped, and d,; is the displacement between the
two plates. The underlying assumption of the flat plate capacitor equation is that the
majority of the field strength lines between the plates will be normal to the plates and
parallel to each other, see Figure 2.4. The field strength lines which loop around from
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Figure 2.4:  Schematic of field strength lines between two par-
allel flat plates.

the outer edge of one plate to the other in an arc are called the fringes. The basis of
the theory is that these fringe effects can be negated without serious repercussions on
the determined capacitance. As an asymmetric configuration [17] is arranged, the field
strength lines between the electrodes will be dominated by fringe effects. Thus, it was

determined that the aforementioned theory would not yield the proper capacitance.
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To determine the theoretical capacitance, a more in depth analysis would need to be

undertaken.

2.3 Turbulence Generation and Decay

HPT blades generated TI levels of 10 - 20%. LPT blades generate TI levels
of 4 - 6%. LPT separation control is of primary interest so TI levels of 4 - 8%
were chosen for this study. The goal in creating turbulence in a low speed wind
tunnel is not only increasing the TI to a certain level, but to create an isotropic TI.
That is, turbulence that is very nearly the same over the individual cross section of
the wind tunnel perpendicular to the free stream. As mentioned before, Roach [16]
tested several configurations of turbulence generating grids as well as blown jet grids.
Roach’s equations for TT were derived using empirical data each having a length term

raised to the negative five sevenths. Roach derived the following equation for TI

TT = Chup @)_5/7 (2.7)

where Cy,,p is a constant derived from the geometry used to create the turbulence (not
to be confused with capacitance), x is the distance downstream from the grid, and d
is the representative grid dimension. Roach found that for a square mesh of square
bars such as that used in the present experiment, the constant Cy,,, above should be
1.13 [16]. Roach further theorized that the TI would be independent of Re as long
as it remains between 102> < Re < 10%. The Re limitation was from the range of
Re that Roach studied, not necessarily true limits on the phenomena observed. The
TI computed using Equation (2.7), will decay in the direction of increasing distance
from the turbulence generating mesh due to the negative exponent and should remain
nearly isotropic. The value actually used for Cy,,,;, in the present experiment was based
on the results obtained by Bons et al. [2], who used the same tunnel for another study.

The value derived was Cy,,, = 1.46. In Schlichting [19], turbulence intensity is defined
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as
U ?

TI = (2.8)

where uy; is the fluctuating velocity component in the streamwise direction and U
is the free stream velocity. The use of Equation (2.8) can be extended to three

dimensions.

2.4 Particle Imaging Velocimetry

Particle Imaging Velocimetry (PIV) is based on taking two pictures of a test
area with a known time interval between the images. The flow area is visualized
by inserting seed particles upstream of the test area which are convected with the
flow. The seed particles were created by boiling propylene glycol off of one of three
heating elements. In order to conduct a PIV based experiment, three main pieces of
equipment have to be utilized. First, a laser must be positioned such that the beam
is optically altered from a beam to a thin planar laser sheet focused at the point
where the images are to be taken. The laser must be of sufficient power to illuminate
the particles. The laser must also be able to fire rapidly in order to produce two
distinct pulses of light which are synchronized with the aperture of a photo capture
device. There are both two dimensional and three dimensional PIV setups, the latter
usually requiring two separate laser heads mounted at different locations. The next
critical piece of equipment was a high speed digital camera. The camera must be
setup so that the image is in focus exactly where the laser sheet crosses its field of
view. To complete the PIV process, a flow visualization software was used. The
flow visualization software uses the images captured via the high speed camera. The
images are imported to the flow visualization software, velocity vector maps are then
created using successive images taken at a known time interval apart. The images can
be recorded in one of two modes, the first being double frame mode. Double frame
mode takes a series of image pairs with a known time interval between them. The

correlation software only relates the two images of the pair. The correlation software
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does not relate one image pair to another image pair, so the timing between pairs
is not important. This allows the laser to recover longer than if fired rapidly at the
frequency necessary to obtain the optimal time between images. The second mode
is where the camera and laser constantly fire at the same frequency, perhaps with
a small delay between the camera aperture opening and the laser firing. The small
delay will alow the aperture to be open when the particles are illuminated by the
laser. In this mode all images are recorded. Depending on image size, vast amounts
of memory can be filled in a very short period of time. The resulting images will then

be imported into another program to complete the PIV process.

The flow visualization software used in conjunction with PIV will take the im-
ages and use correlation algorithms that determine the distance each particle has
travelled between each image. The maximum expected velocity of the flow field must
be known with relative certainty. Also, the use of PIV is usually limited to small
wind tunnels at low speeds [1]. One of the more important pieces of information
which needs to be determined for proper PIV results is the dynamic range. The dy-
namic range is determined by dividing the pixel resolution by the pixel displacement
for each time step. That is, if one were to resolve down to a 0.5 pixel resolution
with the particle travelling 15 pixels between images, the dynamic range would be
30. If the dynamic range was not of sufficient magnitude, the time between light
pulses would have to be decreased. As a result of firing a laser at high frequency, its
output power is decreased. The dynamic range can be increased by using adaptive
correlations. Adaptive correlations are correlation routines that are used in examin-
ing the PIV data in order to extract velocity data. The adaptive correlation is an
improvement upon the cross correlation routines by using an iterative process that
enables the result of more valid vectors with an increased image size and dynamic
range. The pitfalls of using adaptive correlations can be a larger impact from noise
as well as less accurate velocity measurement due to less vectors on which to base an

average.
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2.5 Hot Film Anemometry

Hot film anemometry has been used for many years. The basic concept behind
hot film anemometry is much the same as hot wire anemometry. The difference
between the two is that the hot film version is made by depositing a thin layer of
metal onto an insulating ceramic substrate [22]. The size of the hot film sensor is
larger than that of a hot wire and is less prone to destruction via small particles in
the flow field. Hot film anemometry can be undertaken in one of two methods, the
first being constant temperature and the second being constant current. Constant
current was not used and as such will not be discussed. In constant temperature
anemometry a feedback amplifier is used to sense the unbalance in a Wheatstone
bridge and in turn adjust the driving voltage in order to keep the bridge balanced.
The constant temperature arrangement can be used to measure phenomena with
frequencies of up to 400 kH z [22]. The equipment used in the present study was only
capable of measuring frequencies up to 20 kHz. Constant temperature anemometry
(CTA) is predicated on the fact that using the Wheatstone bridge, the resistance of
the sensing element is directly proportional to the temperature of the film. When
the film is immersed in a fluid, its temperature is altered due to the heat transfer
between the element and its surrounding medium. The heat transfer causes a change
in the resistance of the element and as stated before the amplifier will then adjust
the driving voltage to balance both legs. In order to derive a velocity from a voltage
measurement, a correlation has to be used. An equation relating the heat transferred
from the element as a function of fluid type and flow velocity is used. The equation

was derived by King [11] and is shown below as presented by Kays and Crawford [10]:

Nu = 0.42Pr%2 4+ 0.57Pr%33 Re%®,

where Nu is the Nusselt number, Pr is the Prandtl number, and Re is the flow

Reynolds number. Since for a given fluid at a given temperature Pr is constant, the
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previous equation can be re-written as [3],
Nu = A+ BRey,

where A and B are constants to be determined, Re, is the Reynolds number based
on hot film diameter, and n is approximated as 0.5. Also in Kays and Crawford [10],

the Nu is defined as
[Hy

Nu=————
YT AR(T, — T
which with area (A) and length () being constant with a fluid thermal conductivity,

k:p, can be reduced to
H
const - Nu= —4
T, — Ty
where H is equal to the heat lost to the surrounding fluid media, which is proportional
to the power input to the wire, namely I?R,,. The resistance of the wire in the flow
and resistance of the wire with no flow, Rz, and Ry respectively, are both functions of
temperature, namely 7T, and Ty. With these previous two results, it can be seen that
Hy I’R,
o :
T,—Ty R,— Ry

Also, recall

Eny = IRy,

where Ej; is the voltage from the anemometer, Ij,¢ is the current through the film, so

ng = Ingfu.
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With these facts and the assumption of constant current, King’s law can be restated

as shown below,

Nu=A+ BRe"
le
=A + BRe’;
(T, —Ty) T Bhed
Hy
:A/ B/R n
(T —TY) e
I’R
w _A/ B/R n
R — Rf + €4
I’R?
w :Rw A/l B//R n
Ru R, (A" + e)
—fi—Z&mM+BR@)
R, — Rf

E?> =R, (R, — Ry) (A" + B"Rel})

which for a given velocity and temperature can be re-written as,
EQ — A///+ B///Un7 (29)

where F is the voltage displayed on the anemometer, U is the velocity of the fluid,
and n is an exponent whose value typically lies between 0.4 — 0.6 [3] and relies on Rey

as defined above. A” and B" are constants to be found through calibration.

2.6 Photofabrication

In order to study the effects of plasma discharges, electrodes had to be fabri-
cated. This section explains the steps taken to create the electrode used in the present
study. Photofabrication is a generally-used term to represent a set of steps undertaken
to create printed circuit cards. The process of photofabrication contains several un-
derlying processes, the first of which was getting an electrode material on the surface
of a circuit board. Circuit boards are typically made of epoxy-glass, fabric, epoxy-

paper, phenolic-paper, polyimide-glass fabric, PTFE-glass fabric, and other moldable
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plastics [7]. The manufacturer of the circuit boards will usually bond copper foil to
the surface of the substrate via direct bonding and provide different thicknesses of
electrode material to the consumer depending on need. The thickness is determined
by the mass of copper deposited per square foot, typically 0.5 0z/ ft? to 2 0z/ft%. The
copper is protected by a material called photoresist. The photoresist acts as a barrier
between the copper to be used as an electrode and the materials used to remove the
unwanted copper. The photoresist is bonded to the copper by exposing it to high
energy ultra violet (UV) light. The bonded photoresist is harder than the unexposed
variety and as such will not come off as easily with a developer solution. It should
be noted that there are two types of photoresists. The first is a positive working and
the second is a negative working photoresist. The former is used when the exposed
photoresist is rendered soluble to the developers in the exposed region [7], whereas
the latter is used when the photoresist renders the exposed area more resistant to
the developing solution. The unwanted electrode material is removed via a chemical
reaction with an etchant and the final product is a bare circuit board with a copper

film electrode visible.
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IT1I. Experimental Setup and Procedure

r I \here were several pieces of equipment that needed to work in concert for the
experiment to be a success. The most important topics are described below.
Following the description of the facilities, the procedure utilized for data collection is

explained.

3.1 Wind Tunnel

3.1.1  Tunnel Setup. The wind tunnel used was a modified version of the
tunnel used by Jacob et al. [9] and Rivir et al. [15] in two previous studies. Figure 3.1
is a schematic of the tunnel and Figure 3.2 is a photograph of the tunnel looking down

from the exhaust end. The tunnel was essentially an open circuit low speed wind

au::llion
S~
_—
from conditioning center plate
plenum
turbulence
generating
grid

Figure 3.1:  Schematic of tunnel used for experiment.

tunnel. The blower section was situated prior to the test section. The tunnel could
operate on one of two compressors and was parallel with two other flow paths, each
of which could be utilized alone or altogether depending on the position of two air
controlled valves. Temperature control was attained using a chiller section. All of the
present research was conducted at 60°F. The operating air velocity of the section used
in this research was from 3 m/s to approximately 10 m/s, but it was noted by Rivir
et al. [15] that the velocity could reach as high as 80 m/s with an isotropic turbulence
intensity within one percent across the test section. The tunnel cross section could

be altered slightly in the vertical axis, but for the research documented here was 36
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Figure 3.2:  Photograph of tunnel used for experiment.

cm wide and 23 c¢m tall. The inlet to the tunnel was a larger cylindrical reservoir
with flow straighteners as well as an opening for injection of seed particles prior to
entering a round to rectangular divergent duct which routed the flow into the test
section. Also available for turbulence generation and suction were two separate blower
motors as well as a ShopVac vacuum. One blower motor provided air to a jet cross
flow turbulence rig. The cross jets were not used for turbulence generation due to the
blown air altering the tunnel velocity and not allowing the seed particles past for PIV

use.

3.2 Test Section Apparatus

3.2.1 Mid Tunnel Test Section.  The tunnel was configured with a was 1.27
cm thick by 69.85 ¢m long plexiglass plate that spanned the test section and was
suspended midway between the upper and lower tunnel walls, see Figure 3.3. The
plate had a 4:1 elliptical leading edge and a movable flap on the aft section that could
be used to alter the velocity on the top surface without having to throttle the valve at

the inlet to the tunnel. There was a 1.8 mm deep recessed portion in the center of the
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Figure 3.3:  Center plate used to support the electrode.

plate to receive the electrode. This configuration was adapted from a representation

of work done by Hultgren and Ashpis [8] as well as Volino and Hultgren [21].

3.2.2  Upper Wall Model. A method of imposing a modeled C;, profile of a
Pac-B LPT blade over a flat test surface was needed. To do this, the upper wall was
shaped from a block of polystyrene using a hot wire cutter in such a way so as to create
a contraction and expansion region that would in turn alter the dynamic pressure over
the flat plate. The resulting shape is shown in Figure 3.4. The C, data was supplied
and using it and flat plate boundary layer theory, the area at certain chord positions
was determined to model a proper pressure differential between total pressure above
the plate and the static pressure as measured on the sidewall of the tunnel. Also
shown in Figure 3.4 are three black marks on the bottom of the upper wall model.
The marks are reference points of 0, 65, and 100% chord, respectively. When the
wall model was initially installed, it was unsure whether or not suction would be
necessary to maintain attached flow on the downstream side of the contraction. In
order to test for separation, pieces of mylar tape (cassette tape) were used as tuft
material, see Figure 3.5. The mylar tape proved to be a superb material to use as a

flow visualization device, even the slightest flow would make the strips lie down on
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high TI, normal to electrode.

73



16

10

Flow field velocity vectors, Re~50k, 25W power

,,,,,,,, R I I e I P A I P
I g i I L LI P
<<<<< [ A g

.~ -

[

P e e s i e
NS s s> > > TP Z E R > > > o o s s s s s s e = — — e
J T s e O GHIIGHIG 2 U
B S U

R PP T s o s s s e a —  — — mma
s T T TP B s s s s e e s

B e e ST U N

S, s e s s e >~y —a s s > —> —> —a s s~

P A A A S

—_———— e S s S s e S
—_————— —. — e I Y S
— —. —_—— e L NS e
—-—— —_—— T e —
—_— — B e N N
B e — s > s > s

e e A A e

Figure A.12:  Velocity vectors, Re ~ 50k, power level 25W,
high TI, normal to electrode.

74



Appendiz B. Velocity Profiles and Reynolds Number Calculations

I I 1he velocity profile plots in sections B.1 and B.2 are a continuation of the material
presented in Section IV. The sections are divided up by how the PIV camera
images were oriented, then by the turbulence level or power setting. The method used

to determine Rey for each run at a given plasma power and Re. are shown in Section

B.3 using Equations B.1 and B.2.

B.1 Velocity Profiles Normal to Free Stream

Velocity profile at Re=75k and varied plasma power at 10.3 mm aft of upper electrode
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Figure B.1:  Velocity profiles, Re ~ 75k, varied power levels,
low TI.
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Velocity profile at Re=100k and varied plasma power at 10.3 mm aft of upper electrode
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Figure B.2:  Velocity profiles, Re =~ 100k, varied power levels,
low TI.

Velocity profile at Re=75k and varied plasma power at 10.3 mm aft of upper electrode
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Figure B.3:  Velocity profiles, Re ~ 75k, varied power levels,
high TT.
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Velocity profile at Re=100k and varied plasma power at 10.3 mm aft of upper electrode
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Figure B.4:  Velocity profiles, Re =~ 100k, varied power levels,
high TT.

Low TI, Plasma power=20W, variation of Re at 10.3 mm aft of upper electrode
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Figure B.5:  Velocity profiles, 20W power, varied Re, low TI.
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Low TI, Plasma power=25W, variation of Re at 10.3 mm aft of upper electrode
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Figure B.6:  Velocity profiles, 256W power, varied Re, low TI.
Comparison of BL probe and PIV profiles at Re=75k, 20W power, low TI
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Figure B.7:  Comparison of BL probe and PIV data, Re =
75k, low T1.

78



Comparison of BL probe and PIV profiles at Re=100k, 20W power, low TI
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High TI, Plasma power=20W, variation of Re at 10.3 mm aft of upper electrode
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Figure B.9:  Velocity profiles, 20W power, varied Re, high T1I.
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High TI, Plasma power=25W, variation of Re at 10.3 mm aft of upper electrode
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Figure B.10:  Velocity profiles, 26W power, varied Re, high
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Figure B.11:  Comparison of BL probe and PIV data, Re =~
75k, high TI.
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Re=100k, 20W power, high TI comparison of BL probe and PIV profiles
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Figure B.12:  Comparison of BL probe and PIV data, Re ~
100k, high TT.
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B.2 Velocity Profiles Normal to Electrode

Velocity profile at Re=75k and varied plasma power at 10.3 mm normal to upper electrode
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Figure B.13:  Velocity profiles, Re ~ 75k, varied power levels,
low TI.

Velocity profile at Re=100k and varied plasma power at 10.3 mm normal to upper electrode
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Figure B.14:  Velocity profiles, Re ~ 100k, varied power levels,
low TI.
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Velocity profile at Re=75k and varied plasma power at 10.3 mm normal to upper electrode
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Figure B.15:  Velocity profiles, Re ~ 75k, varied power levels,
high TT.

Velocity profile at Re=100k and varied plasma power at 10.3 mm normal to upper electrode

20 * x + o
* X + o
* x + o
18 x * + o
X % + ]
x * + o
16+ X * + o)
x *  +0
X D*
14~ * +No plasma o S ++ M *
*
15w, o+ *
12 X 20W x o + %

o 025W x O + %
=~ o x + *
] o x +
Sy 10 o x * o+
x o x * o+
> o x % +

8r o *x +
[} * X +
[¢] * X
6 * o x +
* O *
* [¢] +x
4r G? * X + *
o * + x
o * + X
2r o * + x
o * + %
[¢] * +  x
0 Il Il Il Il Il Il J
-0.2 0 0.2 0.4 0.6 0.8 1 1.2
Uy

Figure B.16:  Velocity profiles, Re ~ 100k, varied power levels,
high TT.
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Low TI, Plasma power=20W, variation of Re at 10.3 mm normal to upper electrode
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Figure B.17:  Velocity profiles, 20W power, varied Re, low TI.

Low TI, Plasma power=25W, variation of Re at 10.3 mm normal to upper electrode
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Figure B.18:  Velocity profiles, 25W power, varied Re, low T1I.
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High TI, Plasma power=20W, variation of Re at 10.3 mm normal to upper electrode
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Figure B.19:  Velocity profiles, 20W power, varied Re, high
TL
High TI, Plasma power=25W, variation of Re at 10.3 mm normal to upper electrode
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Figure B.20:  Velocity profiles, 25W power, varied Re, high
TL
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B.3 Momentum Thickness Reynolds Number Calculations

The momentum thickness € was found using:

0= zy?](ji (1 - ?}fﬁ) , (B.1)

where the sum was over every point of data collected. The sum over all points was
equivalent to the integral from 0 to a point where the local velocity was essentially

99% of the free stream velocity. Rey was then found using the following equation:

Ue
Reg B pT, (BQ)

where U was the free stream velocity, and the density, p, and viscosity, u, were the

values assigned for air at 860 ft above sea level.

The results of the Rey calculations for each data run are tabulated in table B.1.

Table B.1:  Rey calculation results

Re. Power | TI Reg

5.0-10* | 15W [ low | 770
7.5:100 | 15W | low | 416
10.0-10* | 15W | low | 740
5.0-10* | 20W | low | 691
7.5:10* | 20W | low | 717
10.0-10* | 20W | low | 1019
5.0-10* | 25W | low | 593
7.5:10 | 25W | low | 574
10.0-10* | 25W low | -84
5.0-10* | 15W | high | 821
7.5-10* | 15W | high | 1045
10.0-10* | 15W | high | 1128
5.0-10* | 20W | high | 776
7.5-10* | 20W | high | 1002
10.0-10* | 20W | high | 1395
5.0-10* | 25W | high | 771
7.5-10* | 25W | high | 1113
10.0-10* | 25W | high | 1275
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Appendiz C. Plasma Characteristics

ach set of data was taken at a given voltage and frequency as selected on a
EHVPS. Voltage, current, and time data were outputted to a text file via Na-
tional Instruments LabVIEW. The text file was then manipulated using MATLAB
to produce voltage, current, and power plots. There were two sets of voltage and
current data recorded via LabVIEW, one set corresponds to the upper electrode and
the other corresponds to the lower electrode. The power was calculated using two
separate formulae on a point by point basis, that is, at each time step calculated by
LabVIEW. Note that the power was only computed with the values obtained from
the upper electrode. In Section C.1, the voltage and current from each side of the
transformer are plotted on the same plot, the left ordinate defines the values for volt-
age while the right ordinate defines the values for the current, in volts and amperes
respectively. The abscissa displays the time in seconds. The power plots display the

power calculated via Equations (2.4) and (2.3), again with respect to time in seconds.
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C.1

Voltage and Current Plots

(a) Input 100V at 3kHz into primary of transformer
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Figure C.1:  Voltage and current on (a) upper and (b) lower

electrodes, input 100V at 3kH z.
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Voltage on upper electrode (V)

Voltage on lower electrode (V)

(a) Input 110V at 3kHz into primary of transformer
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Figure C.2:  Voltage and current on (a) upper and (b) lower

electrodes, input 110V at 3kH 2.
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Voltage on upper electrode (V)

Voltage on lower electrode (V)

(a) Input 125V at 3kHz into primary of transformer
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Figure C.3:  Voltage and current on (a) upper and (b) lower
electrodes, input 125V at 3kH 2.
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C.2 D:isplayed versus Calculated Power Comparisons
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Figure C.4:  Power levels, input 100V at 3kHz.
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Displayed power —— I*V (W)

Displayed power —— I*V (W)
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Figure C.5:  Power levels, input 110V at 3kHz.
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Figure C.6:  Power levels, input 125V at 3kHz.
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D.1

Appendiz D. Hot Film Calibration
Procedure For Calibration of Hot Film Anemometer

Begin by ensuring that you have TSI cables; Anemometer channel is set for

proper cable length and sensor type; Anemometer is given sufficient time to stabilize

temperature (30 min.).

N

Measuring Cable Resistance

Install the shorting plug in the end of the probe holder to be used during testing
Press RES MEAS to select the NULL DISPL mode.

Adjust the OPERATE RES knob to zero the display (balance the bridge)

Note: The OPERATE RES knob is a continuous pot, there are two levels of
resistance on the knob, the lesser resistance is for fine adjustment and the

greater resistance is for course adjustment.

Press RES MEAS to select the DISPL RES mode. The measured cable resistance
will be displayed - record this value.

Press ENTER to store the value of the cable reisistance in the IFA-100 memory.

Measuring Probe Resistance and Calculating the Overheat Ratio

Blow air through the calibration jet to remove any dirt particles.

Carefully install the probe to be calibrated in the probe holder. Tighten the

probe holder into the probe holder traverse of the calibration jet so that the

probe is less than one jet diameter (~ 0.25in) from the exit of the jet,

centered over, and normal to the flow.

With the pressure tap disconnected, verify the zero reading of the transducer
using a virtual channel in NI Measurement and Automation. Connect the pressure
tap from the calibration jet to the transducer.

Adjust the flow regulator on the calibration jet to = 0.05inH50.

Press RES MEAS to select the DISPL RES to display the measured probe
resistance - record this value.

Calculate the operating resistance:

OR = ((Probe Resistance - Internal Probe Resistance (R;,;))- OHR) + Ry,
where OHR = 1.5 for a hot film probe and 1.8 for a hot wire probe.

Press OPERATE RES and adjust the OPERATE RES knob until the display value
matches your calculated value.

Press ENTER to store this value.
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NGk W

Adjust the Bridge Frequency Compensation

Press BRIDGE COMP and adjust the BRIDGE knob until the displayed value matches
the correct value where: BRIDGE COMP =~ 115 for a film probe, ~ 35 for a wire probe
Press ENTER to store the value.

Increase the calibration jet flow to the maximum expected flow while testing.

Press RUN/STANDBY to go to "RUN” mode.

Turn the CABLE knob fully CCW. If the OSC light is off, then go to step 7.

Turn the CABLE knob CW until the OSC light goes out. Go to step 8.

Turn the CABLE knob CW until the OSC light illuminates. Turn the CABLE knob CCW
until the OSC light turns off. Frequency Compensation is roughly adjusted.

Connect the signal out to an oscilloscope to monitor the OUTPUT. Set the

oscilloscope to ~ 10%, ~ 200£>, and normal trigger.

Press TEST SIGNAL and adjust the CABLE knob until a desirable waveform without
oscillations is visible on the oscilloscope.
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free stream flow at three separate chord Reynolds numbers. The chord length was based on the geometry of the simulated
airfoil profile used for the upper wall of the test section. The flow turbulence intensity was varied by means of a passive grid
in the upstream flow. Velocity data were collected using particle imaging velocimetry as well as with a boundary layer pitot
probe. The power levels applied to the plasma were between 20 and 40 watts. The flow regimes studied were between chord
Reynolds numbers of 50,000 to 100,000. It was found that the use of plasma to control the boundary layer enabled the flow to
remain attached in the presence of an adverse pressure gradient. However, at the studied Reynolds numbers and electrode
configuration the plasma was unable to affect an already separated flow regardless of the power input to the electrode. It was
finally ascertained that two types of turbulent structures could be resolved, one being a counter-rotating vorticity pair and the
other being a counter-rotating vorticity sheet.
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