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The purpose of circulation control for fixed wing aircrafts is to increase the lifting force when large lifting forces and/or slow speeds
are required, such as at takeoff and landing. Wing flaps and slats are used on almost all fixed-wing aircraft. While effective in
increasing lift, they do so with penalty of increasing drag, weight, and control complexity. The goal of this research was to find an
alternative way of pumping pressurized air to the trailing edge slot on a UAV propeller. This design called for rerouting stagnation
pressure from the frontal propeller area through the inside of the propeller blades to ejection slots on the trailing edge. This allows
for the forward velocity of the aircraft to drive the pressurization of the circulation control plenum passively, without additional
hardware. For this study, a Clark-Y airfoil section propeller with an overall diameter of 0.609 meters was designed and tested. The
comparison of the augmented to unaugmented propeller showed a 5.12 percent increase in efficiency, which is shown to act over
the entire range of flight envelopes of the aircraft and is shown to be particularly beneficial at advance ratios above 0.30, normal
operating conditions of propeller-driven UAVs.

1. Introduction

Circulation control (CC) is a lift augmentation methodology
that can be used in a variety of fluid dynamic systems, such
as on the wing of an aircraft. Applications of this technology
have been in the research and development phase since the
1960swith the primary emphasis on fixed-wing aircraftwhere
the initial implementations of this technology were referred
to as “blown flaps.” Circulation control increases the near
surface velocity of airflow over a rounded surface of an object,
typically a slightly modified airfoil.This is primarily achieved
though the addition of a jet of air to a specially designed air-
craftwing using a series of blowing slots that eject pressurized
high velocity (faster than the free-stream velocity) jets of air
over the trailing edge and/or leading edge [1–5].

The most prevalent design for a circulation controlled
wing has a rounded trailing edge and ejects the air tangential

to the surface, inducing the Coandă Effect.TheCoandă Effect
is typically characterized by a boundary layer jet that remains
attached to the wing surface longer than a conventional
wing and thus increases the virtual length, camber, and the
angle-of-attack of the airfoil by entraining the free-stream
air near the jet [6, 7]. The jet blowing over the rounded
trailing edge increases the circulation of the free-stream
around the airfoil, increasing the aerodynamic forces. As
the circulation control airflow entrains free-stream air, the
interaction between the object and the surrounding fluid
alters the pressure distribution along the surface of the airfoil,
another indication of the altered and normally enhanced
forces experienced by the object.

The principalmotivation for the use of circulation control
has been to increase the lifting force when large lifting forces,
particularly at slow speeds, are beneficial, such as at takeoff
and landing [2, 6, 8, 9]. On current fixed-wing aircraft, wing
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flaps and leading edge slats are used during landing and
on takeoff to increase lift generation [10–21]. The benefit
of the circulation control wing is that no additional skin
friction drag is created by the increased surface area produced
by the movement of conventional surfaces into the airflow
around the wing. This results in an increased lift coefficient.
However, as with any lifting surface, the use of circulation
control increases the induced drag of the airfoil in proportion
to the square of the lift coefficient [22]. Additionally, these
active circulation control systems require energy to pump the
fluid, along with the additional hardware, weight, and system
complexity which can reduce the effectiveness achieved by
the additional lift.

A further consideration of circulation control to rotor-
craft applications comes in managing the power needed to
supply the augmented airflow. An active circulation control
system uses an internal pumping system which can draw
power from the original aircraft power plant or from another
additional power source, such as a compressor, to pressurize
the air plenums in order to implement circulation control on
the aerodynamic body. In the past, for some of these applica-
tions, the additional weight and cost of components far sur-
passed the benefits derived from the use of circulation con-
trol. While new materials and control strategies have made
available a great variety of applications using active circula-
tion control for some simpler systems can still be problematic.

According to a report published by National Aeronautics
and Space Administration (NASA), in conjunction with Bio-
netics Corporation in June 1981, early researchwas completed
examining the effect that circulation control had on appli-
cations to propellers [23]. This report specifically found that
the overall system provided “greater than 7 percent reduction
in fuel usage at cruise.” This result was found on a system
applied to a “puller-type” 1.83 meter diameter propeller,
with an added external pumping system (actively pressurized
circulation control plenum). This added pumping system
siphons power from the engine and adds additional weight
to the overall aircraft, rendering the tradeoffs of adding
the system to the aircraft uneconomical. However, absent
the weight and complexity of the additional pressurization
system, the benefits of circulation control have been clearly
demonstrated. Thus, the object of this study is the develop-
ment of a passive pressurization system for potential use in
future high efficiency propeller applications [23].

There are numerous conventional aircraft that use pro-
pellers ranging from pilot controlled sport and passenger air-
craft to a growing number of unmanned and remote piloted
vehicles. This newest area of unmanned and autonomous
aircraft, with their restrictive flight regime requirements,
has forced designers to consider a variety of flight envelope
enhancements in hopes of squeezing a few more percent-
age points, if not parts of a percentage point, out of the
performance of these vehicles. Though potentially beneficial,
the application of an active circulation control to a UAV’s
propeller would likely create technical difficulties by adding
weight and system complexity thus reducing the effectiveness
of the craft. A passive system in which air can be supplied to
a strategically placed circulation control blowing slot could
be used to enhance the performance of these aircraft. It is

envisioned that the design of a passive circulation control
system on the propeller would not require this extra system
weight and complexity and would create a self-contained air
supply of its own.

Preliminary research has been done atWVUwith respect
to the feasibility of adding a passively pressurized circulation
control slot to a propeller body, for implementation to already
existing UAV aircraft [24]. This previous work showed that
the use of a rounded trailing edge and circulation control
plenum/ejection slot at specifically designed and located
areas on a propeller blade could potentially provide a single
digit performance increase in thrust of the propeller, thus
increasing the overall efficiency and fuel economy of the
aircraft.

This passive system can take advantage of the pressure
differential upstream and downstream of the propeller plane,
forward air velocity, and centripetal acceleration of the
propeller to pressurize the internal plenum of the circulation
control system. In doing so, no additional power source will
be necessary to augment the propeller of the aircraft.

2. Research and Development Objectives

The overall goal of this particular research program was to
use a specifically redesigned propeller to study the effect
that the passive capture and use of stagnation pressure from
the frontal area of the propeller plane could have on thrust
augmentation of an aircraft.Thiswas done in an experimental
environment to show differences in thrust and required
torque values of a CC modified propeller as compared to the
conventional propeller.

3. Blade and Circulation Control
Plenum Design

The inside slot geometry and propeller blade plenum proved
to be a difficult portion of the design of this particular
propeller.The unaugmented propeller chosen for this experi-
mentationwas purchased as an off-the-shelf replacement part
and was 0.61 meters in diameter and at its largest point was
only 0.001 meters in thickness. After extensive background
research into the use of circulation control on other airfoils,
wings, and aerodynamic bodies it was found that the most
important parameters for circulation control to be effec-
tive were the exit-slot-height-to-trailing edge-radius-ratio
(ℎ𝑗/𝑟), trailing-edge-radius-to-chord ratio (𝑟/𝑐), and exit-
slot-height-to-chord ratio (ℎ𝑗/𝑟). The most useful of these
parameters [4] were plotted and can be found in Figure 1.
The ratios of this particular propeller experiment fall just
within the bounds of the region of effectiveness, with the
values for this particularmodel being 0.04 𝑟/𝑐, 0.002 ℎ𝑗/𝑐, and
0.05 ℎ𝑗/𝑟, shown in Figure 1, highlighted with a yellow circle,
just at the upper most bound of the region of most effective
Coandă operation.

In order tomodel the geometry of the propeller accurately
in an engineering software package, to be able to manipulate
the dimensions, and to provide a circulation control plenum
inside the propeller blades, the first step was to scan the
unaugmented model with a three-dimensional camera. The
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Figure 1: Region of most effective circulation control geomerty [3,
4, 10, 11, 15, 25–32].

scan was done with a Konica Minolta Range 7 with some
smoothing and after processing done inside the Konica
Minolta proprietary software. When the resulting model
was oriented and surfaced appropriately, as a solid, with
no camera artifacts, it was exported as a stereo lithography
file and then imported into Pro-ENGINEER. The three-
dimensional modeling software aided in the ability to model
the circulation control plenum to the inside of the propeller
blades without the need to waste time and resources on
building several different models. This software allowed for
fast variation of slot geometry, and coupled with a flow
visualization software the models were checked for flow
criteria and a final dimension was chosen based on the flow
characteristics predicted at the circulation control exit.

Through contact with the propeller manufacturer, it was
found that the unaugmented propeller had a Clark-Y cross-
sectional area, with the data points being fit to a unity chord
length.Thenew augmented propeller also had a similar cross-
sectional shape, with the addition of the added circulation
control plenum. The size of this type of airfoil illustrates
the amount of space within the propeller blades that the
augmented propeller needed to be designed around.

In order to drive the airflow through the propeller blades
to the exit slot, the choke area of the circulation control
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Figure 2: Rounded trailing edge modification for Clark-Y airfoil.

system needed to be the cross section of the exit slot. The
height of this slot also depended on the accuracy of the three-
dimensional printer that would eventually make the proto-
type. The rapid prototyping machine employed to make this
part was the Fortus 900mc. Taking the three-dimensional
model from the computer software and modeling the pro-
peller layer-by-layer (0.127 millimeters in accuracy) two
prototypes were made, one constructed of a polycarbonate
(PC) and the second out of ULTEM 9085 plastic. The latter is
a material conceived by the rapid prototyping company and
was tested towithstand bending better than the PC typemate-
rials as well as having the ability to be printed in smaller lay-
ers. The ULTEM 9085 material was considered the strongest
material available for the printer both in shear strength and
in flexure resistance providing the best available choice for
experimentation at high rotational and thrust loads. Figure 2
shows a comparison of the original Clark-Y cross-sectional
geometry plotted over the CC augmented chordwise geom-
etry. Because of the addition of a rounded trailing edge and
CC ejection slot, the overall chord length of the airfoil was
reduced to accommodate the radius of the trailing edge.

The internal plenum of the propeller was designed in the
Pro-ENGINEER software package using the Konica Minolta
scanned files as a starting point. The propeller scans were
all merged together and assembled as a solid model file.
This model was then manipulated, using variable-section
sweeps and splines to create an internal geometry to allow the
pressurization air to flow from the front plane of the propeller
to the trailing edge ejection slot.The geometry of the plenum
had to be varied throughout the radial locations in order to
allow for the twist of the blade and still keep the plenum
relatively constant distance away from the wall’s surface. This
was done in order to prevent any unusual bending stresses
while the blade was under load while testing. Figure 3 shows
the radial locations for the internal plenum slot geometry
changes. In order to keep the geometry changes as uniform
as possible and to avoid any abrupt cross sectional changes
that would impact the airflow characteristics, there were four
different sections designed (Sections A through D).
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Table 1: Blade plenum reference geometries.

A B C D
Width (m) 0.026 0.026 0.030 0.028
Height (m) 0.0063 0.0063 0.0043 0.0041
Segment A-B B-C C-D A-D
Length (m) 0.034 0.061 0.096 0.19

In Figure 4, the root-to-tip geometry of the plenum is
shown with regard to the overall dimensions of width and
height.The generic shape of the section sweep did not change
over the radial locations; however, as shown in Table 1, the
overall width and height dimensions changed as a function of
radial location toward the tip of the propeller. From section A
to section B the dimensions are constant, providing a channel
for the pressurization air.

Then, the dimensions increase in the chord direction (the
width of the slot) to account for the change in blade twist,
forming a nozzle type of flow condition for the air to flow
through. Finally between StationC and StationD, the plenum
begins to reduce in size again, both in height and width
dimensions, accounting for the ejection slot which spans the
trailing edge of the entire 0.088 meter segment. At Station D,
the plenum ends with the ejection slot, giving way to a solid
blade planform as in the original propeller.

The sensitivity analysis done on a computer model of the
circulation control propeller showed that the middle third of
the propeller blade provides the most useful enhancement to
the output lift/thrust of the propeller. Therefore, in order to
minimize the effect drag when adding a circulation control
slot and rounded trailing edge to the propeller, only the

middle third of the propeller was retrofitted with CC ejection
slots. In Figure 5, the exit slot of one propeller blade can be
seen aswell as the plenumcross section throughout the length
of the blade. To enhance the strength of the propeller as best
as possible, the circulation control plenum was not extended
past the ejection slot providing a solid blade cross section
along the outer third of each blade.

4. Experimental Apparatus

While testing at the WPAFB/AFRL wind tunnel, several
components were used which were considered the main
components of the vertical wind tunnel. The propeller was
mounted to an adjustable sting along with the electric motor,
used to drive the model. The sting was then able to be posi-
tioned in the flow of the tunnel according to several different
angles of attack to the free-stream as well as be positioned
directly over the centerline of the tunnel for most reliable test
results. In Figure 6, the propeller and motor are positioned
on the end of the wind tunnel mount, with a three-axis force
balance directly behind the motor. The maximum force able
to be recorded through the force balance was 88.9 Newtons,
with a manufacturer specified error value of 0.05 Newtons.

A Hall Effect sensor was used in the rear of the propeller
hub to measure rotational speed, basically picking up a mag-
net signature every time it passed its field of view. Due to the
simplicity of this apparatus, no error was taken into account
for this particular measurement device. In Figure 7, the
voltage regulation and signal generator are shownwhichwere
used to run the electric motor while testing was completed.
The motor was connected to the 30 volt power source, which
was digitally controlled to 0.1 volts, and the Hall Effect sensor
and force balance were electrically driven by the 5 volt power
source. The 5 volt source had an experimental error input of
±0.5 volts due to the analog dial used to set the output.

Thewind tunnel itself was also characterized, with several
different measurement devices and copared to produce an
estimated error analysis for measuring the flow velocity of
the tunnel while testing. In Figure 8, the data was gathered
in relation to the tunnel fan rpm because the data acquisition
software was already written to easily change fan speed.
Among the instruments used were an anemometer mounted
to the wall of the tunnel at all times to monitor the veloc-
ity during testing, a simple pitot probe, randomly placed
throughout the tunnel radially, a separate wall mounted pitot
probe (which acts as a backup to the anemometer), and a
sting mounted pitot probe measuring data that the propeller
would encounter. All the velocity profiles are shown in the
data, as in Figure 8. The resulting error analysis showed only
a 5 percent difference in all the measurement values, which
was used as measurement error in the final data calculations.

5. Experimental Testing Schedule

To accurately test over the entire range of advance ratios for
this model and to find corresponding efficiency ratios for the
augmented propeller, this experimental study tested ranges of
advance ratios between 0.3 and 1.1. The testing schedule used
while experimenting in the WPAFB wind tunnel is shown in
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Figure 7: Experimental voltage regulation apparatus.

Table 2 and was conducted over a range of tunnel velocities
including 4.47, 8.94, and 13.412meters per second.The output
data of this experiment gave values for the output thrust
capabilities of the propeller as well as the input voltage needed
to turn the propeller at a specific rotational speed. This input
voltage converted to a power input could then be used to
calculate the torque input needed from the motor.

The thrust was measured with the three-axis force bal-
ance system mounted in the tunnel, while the torque was
calculated viameasured input power andmeasured rotational
speed. The data runs were sampled at a rate of 200 samples
per second. Also present during testing were a series of
anemometers and digital pitot probes which were used to
monitor the velocity of the tunnel while in operation. This
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Table 2: Advance ratio testing schedule at WPAFB/AFRL wind
tunnel.

Propeller
Tunnel velocity = 10, 20, 30 miles per hour

Diameter (m) Rotational speed (rpm) Rotational speed (rps)
0.60 0 0
0.60 600 10
0.60 1200 20
0.60 1350 22.5
0.60 1500 25
0.60 1650 27.5
0.60 1800 30
0.60 1950 32.5
0.60 2100 35
0.60 2250 37.5
0.60 2400 40
0.60 2700 45
0.60 3000 50
0.60 3600 60
0.60 3799.98 63.333

data was uploaded to a spreadsheet to be used in the calcula-
tion of the final performance results.

6. Experimental Results

The first variable that was examined was the thrust compar-
ison between the augmented and unaugmented propellers at
static conditions. This gave a starting point for what kind of
performance the propeller can be predicted to have while in
operation. It is also necessary to have the static data on file
as that is the industry standard on how to size the propeller
according to what kind of payloads and flying characteristics
are predicted. In Figure 9, the theoretical calculations for
thrust of a propeller are given in relation to the actual
tabulated values taken during experimentation in the wind
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tunnel. In this analysis, the trends of the data are shown to
agree; however, the simplistic view of the theoretical static
loading equations does not take into account boundary layer
effects and slipstream offset for the end result. As a result,
the theoretical calculation of static loading on a propeller is
an overestimated result, which is offset with a standard error
factor already included in the sizing convention.

When evaluating the augmented and unaugmented pro-
pellers with respect to the specific tunnel in which the exper-
iments were conducted, the accuracy of the data collected
was shown to be close to the theoretical calculations. Static
propeller characterization allows for a manufacturer to use
maximum allowable thrust settings to size a propeller to a
specific need or application. These types of specifications are
useful when choosing a motor or engine to mount with the
propeller and aircraft. It is necessary to know the maximum
capabilities of the propeller before sizing an ample power
supply for the craft. As an example of this, the maximum
output thrust for the original Zinger propeller [33], used as
the baseline propeller for these tests, was approximately 60.0
Newtons. Consequently, themotor chosen to drive the exper-
imental analyses as well as the mounting sting and force cali-
bration apparatuses was sized according to this output force.

7. Wind Tunnel Testing Analysis

For the experimental runs, data for thrust force and input
current were the main factors taken into account. These
values were used to study the overall performance of the pro-
peller in both aerodynamic performance (thrust and torque
required) and overall efficiency (based on input and output
relationships). Between the two propeller geometries and
testing scenarios, the thrust forces are shown to be similarly
linked. However, the experimental data for the amount of
input current needed to turn the propeller is higher for
the unaugmented propeller in comparison to the augmented
case. This suggests that the overall lift of the propeller blades
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has remained relatively constant between the two blade plan
forms, and the drag values of the augmented propeller have
been reduced with the pumping of the stagnation air for use
in circulation control.

In Figure 10, the experimental efficiencies are shown for
the unaugmented propeller as well as the augmented pro-
peller.These plots show the output results of the trend studies
of the two propellers over two different testing conditions
and show conformity between the two. Because the propeller
stopped producing thrust at an advance ratio of 0.60, the
results found were for what would be termed a “wind-milling
propeller.” This began the area of performance where the
propeller no longer produces thrust power but began adding
power back into the system.

In Figure 11, the measured thrust forces during experi-
mentation are shown as nondimensional values (𝐶𝑇) with
respect to the corresponding advance ratio of the propeller.
The trends for both propellers show a second order fit decline
in output thrust as advance ratio increases and show a net
negative thrust output leading to power being taken from the
free-stream velocity, much like a windmill or wind turbine
type of effect. Experimental results show that the output
thrust force of the augmented propeller is equal to or slightly
more than the baseline unaugmented experimental propeller
at all advance ratios. In specific tested sections between
advance ratios of 0.15 and 0.25, the two resulting thrust
capabilities are very close to being equal, with the augmented
propeller measured to be slightly higher, measuring as much
as 5.0 percent more.

In Figure 12, the input currentmeasured for each advance
ratio of the propeller tests was converted into a power
consumed by the motor in order to rotate the propeller to a
certain rotational speed. The trend study shows that at low
values of advance ratios (up to 0.2) the input torque needed
to turn the augmented propeller is 10.0–12.0 percent more
than that of the baseline propeller. At advance ratios between
0.25 and 0.55, the overall thrust coefficient of the augmented
propeller increases by a factor of as much as 50% while the



Journal of Aerodynamics 7

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0 0.1 0.2 0.3 0.4 0.5 0.6

Unaugmented propeller
Augmented propeller

Advance ratio, J

Th
ru

st 
co

effi
ci

en
t,
C
T

Figure 11: Output thrust coefficient comparison between aug-
mented and unaugmented propeller experiments.

0

0.001

0.002

0.003

0.004

0.005

0.006

0 0.1 0.2 0.3 0.4 0.5 0.6

Unaugmented propeller
Augmented propeller

Advance ratio, J

To
rq

ue
 co

effi
ci

en
t,
C
Q

Figure 12: Input torque coefficient comparison between augmented
and unaugmented propeller experimental data.

input torque coefficient increases by only 17 percent. This
provides overall system efficiency benefit just from replacing
the propeller on the aircraft. As the advance ratios begin to
approach 0.60, where the propeller ceases to make thrust, the
input torque required to turn the propellers begins to equalize
and shows little deviation from one another.

This portion of the experiment shows that the overall
efficiency of the circulation control propeller increases due to
the small increase input torque required to turn the propeller
as well as the overall increase in output thrust measured over
the medium range of values of advance ratios (0.25 to 0.5). As
the advance ratios climbed above 0.60 during experimenta-
tion, the overall efficiency ratings of the two tested propellers
show equality. Noted, however, was data collected at values
of advance ratios above unity, the thrust forces as measured
began resulting in negative values, and thus began the section
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of the propeller flight envelope where the aerodynamic forces
transitioned into a “windmill” type of loading.

This iswhen the propeller is so overloaded it begins taking
power from the free-stream velocity, rather than energizing it.
In Figure 13, the overall nondimensional power coefficient is
shown with respect to advance ratio which shows a relatively
consistent 8.0 to 10.0 percent difference in required power to
run the propeller. This is expected as the power coefficient is
based on the input torque needed to turn the propeller. The
calculation of this datamade overall efficiency of the propeller
easier to calculate based on the ratios of input power and
output thrust.

The data from the two experiments was reduced together,
allowing for a piecewise trend study of the overall effect of
circulation control on the prototype propeller from a coeffi-
cient and an efficiency standpoint. For the coefficient data, the
information was reduced into Figures 11, 12, and 13 removing
the repeated information between the two experiments via
averaging and providing a cleaner overall plot of the data.

Similarly, the overall propeller efficiency, shown
in Figure 14, with respect to experimental advance ratio was
estimated across results gathered in the WPAFB wind tunnel
environment. Together with the full spectrum of thrust coef-
ficient (𝐶𝑇), power coefficient (𝐶𝑃∗) and torque coefficient
(𝐶𝑄) data, and overall efficiency (𝜂) prediction was tabulated
for both the augmented and unaugmented propeller.

The use of the advance ratio of the propeller takes the
output results of the experiment to a nondimensional value
and allows for comparison of data between any number of
different blade types, forward velocities, and thrust forces. As
shown in Figure 14, the overall efficiency of the two studied
propellers does not seem to change between the advance
ratios of 0.0 and 0.30, with the unaugmented propeller being
just a fraction of a percent better overall.

However, at advance ratios between 0.31 and 0.55, the
experimental values of the augmented propeller show a better
performance factor and higher efficiency ratings. Using an
integration of the estimated curve of efficiency performance,
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the overall change in efficiency across the entire range of
advance ratios is estimated to be 5.12 percent better using the
CC propeller.

8. Conclusions

It is clear that this design utilizing passively energized
circulation control requires a systems approach for future
applications. Numerous studies have been conducted in the
past on propellers including the use of active blowing slots to
create large increases in thrust delivery. As with most active
circulation control systems, use of the hardware, weight, and
pumping penalties far outweighs the benefits for all but few
unique applications. In contrast, and particularly regarding
consumption of fossil fuel and environmental consciousness,
any improvements even single digit improvements will pro-
vide value to the UAV and propeller-driven aircraft industry.

It has been shown that this passive technology can
provide such a benefit. With the employment of a retrofitted
passively pressurized circulation control propeller, the need
for changing the existing hardware vital to the aircraft’s design
can be avoided. The use of this passive circulation control
system avoids the need for excess weight additions, such as
pumping systems, to control the augmented jet velocity.

This research indicates that the passively pressurized
system applied to a propeller can provide a net increase in
overall efficiency of the aircraft, 5.12 percent, and thus provide
proof-of-concept for the application of the technology. This
concept, currently envisioned for UAV applications, suggests
a single digit percent increase in the overall flight range of the
aircraft. Results also show that for application of a propeller
to a UAV which flies at a specific advance ratio, say 0.45, the
overall efficiency of the propeller increases by 9.5 percent.

Although small by conventional circulation control appli-
cation standards, this improvement could greatly increase the
overall versatility of the aircraft and is particularly attractive
because there is no need for additional hardware additions to

the currently employed aircraft. It merely requires a retrofit-
ted propeller to the already existing aircraft frame.

9. Recommendations

This research work looked specifically into the application
of adding a passively controlled circulation plenum and
ejection slot to improve overall range performance in UAV
application. It stands to reason, through scaling techniques
and Reynolds Number matching, that the application of this
technology to larger propeller-driven aircraft would behave
similarly, but future testing scenarios to prove this hypothesis
will need to be scheduled. Further work into the rotational
aspect of the plenum pumping forces and experimentation
into tailoring the plenum to each application is crucial.

In addition to optimization of the pressurization plenum,
the exit slot and inlet to the pressurization chamber should
also be optimized based on the applications. The selection
of the position along the radius and the jet exit dimensions
will allow for optimization of the entire system, as well as
making the exit area the limiting dimension of the system to
provide consistent pressurization for the jet velocity. Both of
these facets of the design are mainly dependent upon how
the propeller is manufactured, and the smaller the model
becomes, the harder it is to accommodate resilient materials
for the construction.

In order to be able to study this effect a particle image
velocimetry (PIV) wind tunnel study could be helpful in
determining the actual output velocities and pressures of the
circulation control plenum directly at the exit slot. Without a
built-in way of measuring the output pressure of the plenum,
the rotational aspect of the system makes data collecting
difficult. Due to cost constraints of this particular experiment,
no such study was feasible. Future experimental model
considerations could possibly include a preexisting mounted
hotwire anemometer or ultrasonic anemometer near and/or
at the inlet and exit of the CC plenum in order to accurately
determine the input and output velocities available during
testing. Velocity and pressurization gages could also be useful
within the plenum itself in order to read the maximum and
minimum values in which the plenum can be pressurized
during use. Due to the rotational nature of this experimental
setup, the electronics used tomeasure velocities and pressures
within the experimental system would also need to be able
to transmit data wirelessly, or through a slip ring to avoid
interference with the propeller.

Also, a possible area of interest is the higher rotational
speed testing regimes of a propeller model. As this study was
meant to show how the technology behaved, the high end
speeds, subsequent higher tip Reynolds numbers, and fully
turbulent flow characteristics could show interesting effects
when transferred through the ranges of incompressible and
compressible fluid behavior as well as sonic and transonic
speed regimes. Again, the use of stronger modeling materials
and testing equipment would need to be used in order to
study these effects. Perhaps a larger scale testing scenario
would also be beneficial for this type of experimentation.
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Nomenclature

AFRL: Air Force Research Lab
CC: Circulation control
𝐶𝑄: Torque coefficient
𝐶𝑇: Thrust coefficient
ESC: Electronic speed controller
𝐽: Advance ratio
𝜂: Efficiency
rpm: Rotations per minute
UAV: Unmanned aerial vehicle
WPAFB: Wright-Patterson Air Force Base
WVU: West Virginia University.
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