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SUMMARY

This study explores the aero-propulsive coupling effects of wing blended electric ducted

fans (EDF) lifting systems over the EDF unit. Wing blended EDFs and isolated EDF are

on the rise as a solution to increase ef�ciency on regional mobility platforms. Electri�-

cation of platforms has permitted the introduction of novel integration concepts that use

phenomena like BLI to enhance their performance. The lack of complex mechanical links

permits designers to place propulsive devices practically anywhere on the aircraft, opening

opportunities for research and development. As noted in the literature review section, little

attention has been given to understanding the effects of novel integrations on the EDF. This

experimental study aims to examine two edge cases: the leading edge integration and the

trailing edge integration. The leading edge integration studied in this work is characterized

by having the leading edge of the inlet of the EDF and the leading edge of the wing �ushed.

The trailing edge features the EDF mounted with the exhaust of the duct �ushed with the

wing's trailing edge; the angle between the freestream and the EDF is parallel. The duct is

translated vertically so that the inlet of the trailing edge EDF is tangent with the wing's sur-

face. Note that this is not an optimization study; simpli�ed integrations that represent the

generalized qualities of each integration were adopted. What is novel about the research is

that the EDF forces are decoupled from the system loads, providing unprecedented insight

into each integration's effects on the EDF itself.

The study was formed by three major test rigs described in the methodology section.

The �rst rig was designed to test EDFs in isolation at various angles of attack. In this test,

various sizes of EDFs were tested with a common duct geometry; the sizes ranged from 51

cm2 fan-swept area to 215cm2 fan-swept area. The EDFs were tested between the cruise

condition, edgewise �ight, and descent stages; performance data and 6 forces and moments

are explored in the results section. The second rig focused on studying the integration of

the EDF in both cases, but by introducing a symmetric airfoil design, the upper surface

xxvii



and lower surface integration was studied. This rig permitted to study such con�guration

in the low-turbulence tunnel at lower airspeeds and mostly the cruise condition. For these

tests, a Clark-Y duct shape coupled with Schubeler Technologies DS51-HST formed the

EDF system. These tests provided insight into all 4 possible integration edge cases and

presented interesting �ndings on pitching moment, thrust output, and performance effects

that the integration had on the EDF. The last test rig focused on studying the EDF integra-

tion in a more realistic platform (slimmer airfoil) and studying the transition cases, cruise

�ight, wing stall scenario, and high angles of attack. This test rig was placed in the Low

Turbulence Wind Tunnel and the Harper Wind Tunnel. The tests in the low turbulence tun-

nel focused on edgewise �ight, early transition, and the descent cases, studying airspeeds

between 2 m/s and 10 m/s. The tests on the Harper Wind Tunnel study the integration in

cruise and wing stall conditions at airspeeds between 10 m/s and 20 m/s. In that test, the

performance, thrust output, and normal force generated by the duct are investigated.

xxviii



CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1 Motivation

Regional and urban transportation methods have seen a surge in usage due to the increase in

population in urban areas and their surroundings. This has sparked a revolution in how city

planners design mobility platforms for current planners; with land routes already saturated

and inef�cient, the next option is to travel by air. For years, the world has constructed a

massive network of air routes that connect continents in short periods, but the world is still

landlocked for these periods. For comparison, it takes 1.5 hours to travel from London to

Munich by airplane, but for the average Londoner, it takes 1.3 hours to get from home to

work. Cutting down travel time is one criterion for the push, but the pollution and expensive

operation costs that the air routes produce have slowed its adoption. The EEA reported that

an airplane produces 6.7 times more CO2 per passenger per kilometer traveled than a small

car [1]. Due to this, the IATA approved the resolution to achieve Net-Zero emissions by

2050 during its 2021 General Meeting, quoting that the introduction of new technologies

in advanced aircraft con�gurations and propulsive systems will lead to 13% of this effort.

It was also projected that by 2030, small aircraft for regional (200 km) routes will feature

hybrid-electric or fully electric architectures [2].

Wing integrated Electric Ducted Fans (EDF) have been on the rise as an enabling

propulsive technology to help advanced concepts meet the ambitious goals set by the avia-

tion industry. The lack of mechanical transmissions permits these propulsion devices to be

integrated into different sections of the wings or fuselage. These new integration methods

allow novel concepts to take advantage of aero-propulsive coupling effects that could help

increase the ef�ciency of the overall vehicle.
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1.2 Literature Review

The topic of boundary layer ingesting propulsion systems has been studied extensively to

reduce fuel burn on subsonic and transonic �ights. These studies were done on legacy

and novel blended-wing body airframes alike. Uranga et. Al. showed a power reduction

required of 6% when using Boundary Layer Ingestion (BLI) propulsive mounted on the

fuselage of similar size to an A320 jetliner. In the study Uranga et. Al. positioned the

thrusters in various fuselage locations and found that placing them in locations where the

momentum de�cit is the largest [3]. Hartuc performed a comprehensive theoretical and

experimental analysis of propellers positioned in the wake behind the trailing edge of a

fuselage and found an 18% reduction in shaft power required to drive the propeller [4].

The �nding supports the claim by Uranga et al. that positioning the propulsive device in a

momentum de�cit zone can increase performance.

Perry et. Al studied the aero-propulsive effects of a trailing edge-mounted EDF array

on a small subsonic aircraft (SR22 wing)[5]. Perry et al. showed that adding the propulsor

array increases the circulation over the wing, effectively coupling the wing's lift curve

slope with the propulsor's thrust. In addition to the positive effects, the introduction of the

EDF array induced rolling and pitching moments that would affect the vehicle handling

and the changes in glide performance due to the windmilling of the EDF in the event of a

power-loss scenario [5].

Most of the previous work on BLI propulsion mechanisms has focused on studying

the integration for large high-speed transport aircraft or has only focused on the effect of

the integration at a system level for smaller aircraft. Decoupling of the EDF forces for

various wing integrations has been given little attention. The rise of novel con�gurations

like the Lilium Jet and the Whisper Jet, enabled by electric propulsion, have opened a �eld

of possibilities for enhanced performance. Understanding how the physics changes when

integrating the propulsor will drive novel designs, as these could render current architec-
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tures inoperable. Kim [6] performed a study on past blended propulsion-wing concepts

and concluded that to attain the most bene�ts and least drawbacks from these installations,

it will be important to integrate the propulsion concepts in the early design stages. De

Vries et al. [7] presented a framework that considers the aero-propulsive interaction effects

of novel ducted fan integration in the early design stage. Experimental results on various

con�gurations could help feed the models for enhanced optimization and design.

1.3 Overview of Electric Ducted Fan Aerodynamics

The forces and moments described in this thesis are from the propulsion unit as a whole: a

combination of the rotor forces and the duct forces. FIGURE shows a simpli�ed diagram of

the dominant forces and moments in the EDF system. The rotor related forces and moments

are shown in red. The duct's inlet related forces are shown in blue, and the duct's exhaust

related forces are shown in green. Note that a stabilizing moment is de�ned as one that

would pitch the EDF into the �ow direction. Figure 1.1(a) shows the forces produced in

the cruise condition. Due to the suction effect that the rotor induced velocity has, the duct

also produces a streamwise force. As the system is symmetric, both inlet sides produce

balancing forces, resulting in a net zero-moment system. The case of a pitched up (positive

angle of attack) EDF is shown in Figure 1.1(b). At an angle of attack, the system system is

not symmetric anymore, hence producing both stabilizing and destabilizing moments. The

windward side of the duct is de�ned as the side facing the wind. The �ow is accelerated on

the windward inlet lip, creating an enhanced duct force. The acceleration of the �ow on the

windward lip of the duct reduces the effective angle of attack of the windward side of the

rotor plane, causing a thrust reduction. The two force imbalances have competing effects:

the duct destabilizes, and the rotor stabilizes. The exhaust forces provide a stabilizing effect

on the system. Whether the net moment is stabilizing or destabilizing is a function of the

rotor size and duct geometry.
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(a) EDF at 0 degrees angle of attack

(b) EDF at positive angle of attack

Figure 1.1: EDF simpli�ed aerodynamic diagram
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CHAPTER 2

TEST DESIGN AND INSTRUMENTATION

In this chapter, the various techniques used to complete the thesis are discussed. The �rst

section discusses the development and testing of the measurement equipment used. The

discussion includes the development of a low noise ampli�er, setting analysis for the Lab-

jack DAQ systems, and error quanti�cation of the Interface 6A40A and 6ADF80B loadcells

used during testing. The section will then transition to a discussion on the development of

the experimental rigs in all three testing conditions: isolated EDF, low-turbulence wind

tunnel EDF rig, and Harper wind tunnel EDF rig. This section also discusses the various

techniques needed to build the wing sections to create a 2D wing around the EDF integra-

tion area. The section covers a description of the test matrix followed for the described

experiments.

2.1 Load Measuring Devices

6 Degree of freedom (6-DOF) force-torque sensors were used during this work. The added

information from these devices permits a more in-depth analysis by being able to couple

forces with moments and more easily identify the effects of phenomenons like inlet lip

stall. Interface force-torque sensors were selected due to their sensing ranges being closer

to the expected loads from the EDF. The two chosen devices were the Interface 6A40A and

6ADF80B. The 6A40A force-torque sensor was used for the smaller studied EDFs (DS51

and DS82), while the 6ADF80B was used for the larger EDFs (DS130 and DS215). The

6ADF80B was selected due to its low force sensing range and high moment tolerance. The

Interface force-torque sensor ranges are shown on Figure 2.1.

The higher loading on the wing integration tests required a larger capacity loadcell. The

ATI Mini58 with its corresponding IFPS boxes (calibrated to the 5V sensing range) was
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(a) Interface 6A40A sensing ranges

(b) Interface 6ADF80B sensing ranges

Figure 2.1: Interface force-torque sensor sensing ranges

used. That equipment had been validated by other lab members using them under similar

circumstances, making the integration of such a device low-risk. The sensing ranges of the

ATI Mini58 is shown on Figure 2.2.

Figure 2.2: ATI Mini58 force-torque sensor sensing ranges
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2.2 Development and Testing of Measuring Equipment

2.2.1 DataCollectionHardware

The data collection hardware used for these tests was a suite of LabJack DAQ cards. Lab-

Jack is a company that makes products designed for easy data acquisition and control. The

common characteristics among all LabJack devices are the multiple multi-function input

and output ports equipped with screw terminals to make it easy to connect wires and exter-

nal devices. The devices also provide several communication channels that enable different

data rates and quality levels. The author had conversations with the LabJack engineers to

ensure that the products were being used at its full potential. These conversations drove the

decision on the language and communication protocol, ultimately leading to the develop-

ment of the software through Python and communicating via ethernet with the devices.

The �agship LabJack T8 was selected as the primary load data acquisition device due to

its ability to perform simultaneous readings across eight analog channels. This would en-

sure that the author could capture moments in time and not several averaged through time.

This capability also permits us to perform unsteady measurements in the future. In some

cases, the Labjack T7-Pro was used due to hardware failure on the T8. The LabJack T7-Pro

was selected for sensor data collection as the lag between measurements was acceptable to

measure DC power and other ambient conditions. Additional LabJack T4 were purchased

to control the test, with one of the devices controlling the turn table and the other acting

as a PID controller for the motor. The con�guration and usage of each device is shown on

Figure 2.4.

The pressure data collection was done through an independent system triggered by the

LabJack data collection device every time data was taken. Both systems were sampled at

a frequency of 1000Hz to ensure reduced cross-talk between channels and reduced clock

drift on the pressure scanner. The pressure scanner used for this test was a 64 Channel

10kPa dynamic pressure scanner manufactured by Surrey Sensors based in the UK.
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Figure 2.3: Data collection and test control hardware

Figure 2.4: Surrey Sensors 64 channel pressure scanner

2.2.2 Developmentof a low-noiseinstrumentampli�er

Obtaining repeatable, low-noise loads with little post-processing was of primary concern

for this testing campaign. To meet these requirements, a low noise loadcell power supply

and signal ampli�er were developed and tested in-house. The development of the ampli�er

was motivated by the need to be able to debug the ampli�ers without having to go through

the manufacturer. The ampli�er developed (described in this section) has proven to be a

reliable and robust solution and is currently used on all testing campaigns involving an
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Interface loadcell.

The development cycle of the ampli�er product is shown on Figure 2.5. The initial

development of the prototype showed that the primary noise source was the loadcell's

power source. The �rst iteration provided the loadcell with power directly from a pre-

cision benchtop power supply, which provided precision up to the millivolt range. This

proved too noisy, providing a standard deviation of ¼ of a Newton for a static load; this

would magnify in a vibrating load such as the thrust of an EDF. Further development intro-

duced a precision 5V microchip (AD586MNZ) from Analog Devices. The initial prototype

proved it was reduced to 0.19N for a static load. To further reduce the noise in the signal, a

PCB was designed and manufactured to �t all the necessary electronics. This provided the

best results with a standard deviation of measurements of 0.17N using a T7-Pro. During

the development process, LabJack released the T8 model featuring simultaneous sampling.

The ampli�er and the new data collection device yielded the best results at 0.05N standard

deviation for 10 seconds of data sampled at 1000Hz.

Labjack settings tuning for designed ampli�er

The development of this ampli�er also led to a study of the effect that different settings on

the LabJack had on the system's performance. It was found that the higher the resolution

index of the device (the more bits it sends over from the ADC), the lower the noise and the

higher the accuracy of the load measurements. It was identi�ed that for both the T7-Pro

and the T8, the index that yielded the best results in terms of accuracy was an index 5 with

a sampling rate of 1000 Hz. The complete results from this study are found on Figure 2.6.

It is worth noting that with an index resolution of 1 (worst resolution setting), data

can be sampled at 10kHz and still obtain loads within 1% of the expected value, but the

noise band increases by 82.67 %. The needs of each experimentalist will determine the

selection of these settings. Still, this test shows that coupling the developed ampli�er with

any Labjack T7 setting makes it possible to obtain repeatable results.
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(a) Initial prototype using high preci-
sion voltage references and Labjack's
ampli�er. Sample STD 0.25N (T7-Pro)

(b) Prototype V2, powering the ampli-
�ers with high precision voltage source.
Sample STD 0.19N (T7-Pro)

(c) Prototype V3, Manufactured PCB,
still using off the shelf ampli�er. Sam-
ple STD: 0.17N (T7-Pro), 0.05N (T8)

Figure 2.5: Low noise instrument ampli�er development cycle

Creep Characterization

The Interface 6ADF80B was characterized for creep and repeatability in-house to ensure

the quality of the device and assurance that the team was using the equipment properly.
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Figure 2.6: Labjack (T7-Pro) resolution index sensitivity study using Interface 6ADF80B
and the developed low-noise ampli�er at maximum sampling speed

The tests showed that over 1 hour and a load of 71N, the measurement on average crept

0.119% over three tests. A similar characterization was done with the Interface 6A40A,

and an average of 0.135% was observed over three tests. The results are within the range

speci�ed by the manufacturer. During the testing procedure, tare values are stored every

15 minutes (length on an average test) to ensure that any creep or drift associated with

mechanical loosening is considered.

2.2.3 AdditionalSensors

Independent sensors were selected to measure the other operational conditions, such as the

RPM, DC voltage, DC current, and tunnel temperature. AC power was not measured due

to the specialized hardware requirement; this does not affect the project's scope. Measur-

ing the difference in DC power still provides insights into overall system power changes.

System ef�ciency identi�cation was outside the scope of this project.

• RPM Sensor: To eradicate any aerodynamic effect that an external RPM sensor could

generate, the capabilities built into the Electronic Speed Controller (ESC) used dur-

ing the tests were leveraged. The Castle Creations 160HV and APD controllers had

built-in RPM sensors read through the LabJack device.

• DC Voltage: To measure DC voltage, a simple voltage divider was constructed and

placed close to the ESC to ensure minimal voltage drop between the sensor and the

destination of the voltage.
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• DC Current: This was measured through an inline hall effect current sensor man-

ufactured by Allegro Micro Systems (ACS770). This device comes with different

ranges, so two were selected, one with a 400A range and one with a 250A range.

These ranges are suitable for all expected current draw ranges.

• Temperature: The temperature was measured using a 100K thermistor attached to

a voltage divider and powered by the LabJack T7-Pro. The thermistor was set up

without any coating to ensure that rapid temperature changes could be captured. The

manufacturer speci�es that it is accurate to the 0.1 deg system.

2.3 Isolated EDF Test Rig Design and Test Matrix

An initial test was designed to have a baseline and understand the aerodynamic behavior

of a stand-alone duct at various angles of attack. The test article closest to the EDF is the

conventional turbofan found on subsonic transport aircraft. These have only been studied

in low angles of attack and cruise condition. This was because that is their standard op-

erating procedure. As noted in the motivation section, the rise of eVTOL and regional air

mobility (RAM) has seen an increase in the use of EDFs as their propulsion unit. The new

use case requires the EDF to operate in more unusual attitudes, such as edgewise �ight and

descent cases. The design of this rig and matrix aimed to get a deep understanding of the

aerodynamic and performance effects on the EDF. The EDF was instrumented with pres-

sure taps along various inlet locations, and a wake rake was positioned one duct diameter

downstream of the exhaust to achieve this. This, coupled with the 6 DOF and DC power

measurements, provided a complete picture of the effects of positioning the EDF at various

angles of attack on the aerodynamic and system performance.

2.3.1 ElectricDuctedFan(EDF)Tested

This test campaign aimed to understand the aerodynamic and performance characteristics

of EDFs at unusual attitudes, from cruise conditions to descent. Understanding how these
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effects changed with scale was also an important goal. The Schuebeler Technologies HST

fan line was selected for having the largest selection of sizes and its track record in the

aerospace industry. The fans selected ranged from having a fan-swept area of 51cm2 to

215cm2, the range of their product line. Characteristics of the fans are shown on Table 2.1.

This information was obtained directly from the Schuebeler Technologies website.

Table 2.1: Tested Schuebeler Technologies HST Fans

DS51-HST DS82-HST DS130-HST DS215-HST
Fan Swept Area (cm2) 51 82 130 215

Total Weight (g) 640 1240 1750 3400
Static Thrust Range (N) 53-76 71-91 135-175 215-250

Exhaust Speed (m/s) 93-111 87-98 92-105 84-98
Total Ef�ciency (%) 71 72 76 78

2.3.2 TestStandDesignandManufacturing

The �nal design for the test stand is shown on Figure 2.7. The stand uses a 4”x 4” with

0.5” wall thickness steel post as the root of the test stand. Due to the thickness of the test

section �oor, an additional 0.5” aluminum plate was added to the base to ensure minimal

�exure of the �oor during testing, potentially reducing sources of error. A ½” steel plate

adapter was welded to the top of the steel post to create a rigid connection between the turn

table and the post. To permit the rig to rotate a commercial off-the-shelf (COTS) turn table

integrated with a high torque stepper motor. The turn table selected was a Sherline CNC

Turn Table; its worm gear construction ensured minimal back drive to the stepper motor,

ensuring repeatability and steady movement. Preliminary testing proved that combining the

high-torque stepper motor and the worm gear CNC turn table had zero drift and repeata-

bility. A steel offset post was manufactured to obtain maximum separation between the

�oor attachment and the EDF to the turn table plate, reducing the aerodynamic interactions

between the post and the test article. The load cell is then attached to the top of the offset

post. A secondary offset post was manufactured to separate the test article from the wake
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generated from the loadcell. The offset was maximized to ensure the loadcell is maintained

within limits and does not invalidate the calibration matrix.

(a) Isolated test stand CAD (b) DS82-HST propulsor on
test stand inside Harper wind
tunnel

Figure 2.7: Isolated test stand design CAD and integration

A loadcell fearing was 3D printed to ensure that the aerodynamic forces measured by

the loadcell were only from the test article, reducing the possible measurement error. The

fearing design is shown on Figure 2.8. All the manufacturing for the test stand was done

internally at Georgia Tech at the Aerospace Engineering Department Machine Shop, and

all 3D printing was done at the Aerospace Department Maker Space.

Figure 2.8: EDF loadcell fearing CAD
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2.3.3 Wind TunnelPositioning

To ensure the best �ow quality, a previous �ow survey showed that the best position inside

the repaired test section was near the exit of the test section. An integrated platform also

drove the decision to position the test article in the location shown on Figure 2.9.

Figure 2.9: Test article positioning in the wind tunnel

2.3.4 Axis De�nition andTransformations

The loadcell axes are de�ned in Figure 2.11. The transformed axis to represent the forces

and moments seen at the rotor plane are found on Figure 2.12. Equation 2.1 is used to

translate the origin and have all the forces and moments at the origin of the rotor-plane.

This transformation is vital to capture any aerodynamic effects on the inlet lip of the duct.
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(2.1)

The offsets applied to each EDF data set are shown on Table 2.2. The physical represen-

tation of the offset is shown on Figure 2.10. Note that the fans were not rotated at the rotor

plane due to the manufacturer's attachment point constraints. For ease of manufacturing of

the test stand, it was preferred that the fan's rotation be done in line with the manufacturer's

attachment point.

Table 2.2: EDF origin of rotor plane offset from loadcell origin

EDF X-offset (m) Y-offset (m) Z-offset (m)
DS51-HST -0.042 0.0 0.133
DS82-HST -0.069 0.0 0.145
DS130-HST -0.074 0.0 0.164
DS215-HST -0.110 0.0 0.118

Figure 2.10: Offset physical interpretation

The axis of rotation and how it all aligns with the freestream velocity is shown on
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Figure 2.13. Note that the loadcell rotates with the thruster hence the thrust will always be

aligned with the -Fx axis of the loadcell.

Figure 2.11: Interface loadcell axis de�nition

Figure 2.12: Transformed axis de�nition with origin of the rotor-plane as the origin

2.3.5 TestedDuctGeometryandPressurePortLocation

Duct Geometries

The duct geometry for the Schuebeler HST fans was provided by the project sponsor, Whis-

per Aero. All the mechanical design for integration on the wind tunnel test was done in-

house. The location and design of the inlet pressure ports was done in-house ensuring

17



Figure 2.13: Direction of EDF rotation during testing with relation to freestream velocity

increased number of ports near the leading edge, the number of ports was limited by the

space available inside the duct. The mechanical design and manufacturing of all the COTS

ducts was done in house using the Mechanical Engineering Department's SLS 3D printer

(EOS Formiga P110 (SLS)). The only duct that was outsourced for manufacturing was the

DS215 duct and was awarded to Hubs 3D. The geometry and 3D design of the ducts is

presented in Figure 2.14.

Pressure Port Locations

Low frequency pressure ports were positioned along the inlet to provide insight on the

nature of inlet distortion and identify separation behaviors for different inlet locations. The

set of ports were located on a straight line from the leading edge to the rotor plane, each

pressure port line was implemented on the windward side, leeward side, and top of the

inlet. This positioning was designed to characterize how each side of the inlet experiences

separation (or the lack of) at various angles of attack. All Schuebeler ducts accommodated

6 pressure ports per line, except for the duct for the DS130-HST which accommodated

7. The location of the ports for the the studied EDF ducts are shown in Table 2.3. Its

mechanical integration is shown on Figure 2.15.
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(a) DS51-HST duct geometry

(b) DS82-HST duct geometry

(c) DS130-HST duct geometry

(d) DS215-HST duct geometry

Figure 2.14: Duct geometry and mechanical design for wind tunnel test
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Table 2.3: Pressure port location on EDF Inlet

Port # Location Relative to LE (port distance in LE/ inlet length) Notes
1 0.0
Extra Port 0.04 Only on DS130
2 0.07
3 0.17
4 0.40
5 0.63
6 0.89

Figure 2.15: Pressure port mechanical integration CAD

2.3.6 PIV Setupfor InternalInlet Measurements

Time-resolved stereo particle image velocimetry (TR-SPIV) was performed at the duct inlet

on the DS215-HST EDF to demonstrate the capability and potential of optical �ow real-

ization for assessing inlet �ow conditions. Figure 2.16(a)(b) show the PIV experimental

setup with two Phantom v341 high-speed cameras from Vision Research (2560x1600 reso-

lution, 35 mm CMOS sensor chip, 50 mm lenses, f/4) placed in front of the test article with

one mounted above and one below resulting in oblique viewing angles of approximately

45o 55o. The region of interest (ROI) for this experiment is shown in Figure 2.16(c), which

yields a spatial resolution of 5 pixels/mm. A high-speed Nd:YLF dual-cavity pulsed laser

from Photonics Industries (527 nm, 30 mJ/pulse @ 1 kHz) was used to generate a horizon-
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tal laser sheet that intersected the center of each test article. The laser sheet had a thickness

of approximately 2 mm. It was created by directing the laser beam from the laser head

into the tunnel test section through spherical lenses, optical mirrors, and a -20 mm focal

length cylindrical lens at the end to spread the beam. Seeding particles were propylene

glycol aerosol with a median particle diameter of 4 µm generated through a Rosco Vapour

fog machine. Image acquisition and device synchronization were controlled through a pro-

grammable timing unit (PTU) and commanded using DaVis 10 by LaVision. Double-frame

images were captured at a frequency of 400 Hz at full resolution for 2.5 seconds, giving

a total of 1000 image pairs per camera with a laser pulse separation time of 50 µs for the

DS215-HST. This part of the project was done in collaboration with PhD candidate Wei-

Han Chen.

2.3.7 TestMatrix

As mentioned in the motivation chapter, EDFs have taken the stage as propulsion systems

for conventional aircraft and eVTOL applications. This new push to use the technology

could not limit the study to emulate its operation during cruise condition. Still, it would

also have to include hover, transition to forward �ight, speed reduction maneuver (jet �ow

into the freestream), and descent. To cover all the phenomena described, the Schuebeler

EDFs were rotated between -6 degrees and 180 degrees with respect to the freestream di-

rection with small step intervals in areas of interest. These areas of interest included close

to 0 degrees up to post-separation (24 degrees), +- 10 degrees of the hover position (90

degrees), and the full descent conditions. These attitudes were studied at various airspeeds

representative of the �ight conditions; for example, the unusual attitudes (above 24 de-

grees) were only studied at 5 m/s, 8 m/s, and 10 m/s, while the cruise condition attitudes

were examined at 10 m/s, 20 m/s, 30 m/s, 40 m/s, and 50 m/s. Depending on the thrust

production capability, the tests were terminated when the article could not produce thrust.

The test matrix completed for each thruster is shown in the table below. Note that some
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(a) Schematic of the experimental setup

(b) PIV setup in Wind Tunnel

(c) Region of Interest

Figure 2.16: PIV setup

thrusters could not complete the desired test matrix due to bearing burn-out, minimum

thrust reached, and other mechanical issues associated with the test article. The test matrix
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is shown on Figure 2.17.

Figure 2.17: Test Matrix

2.4 Isolated EDF (Clark-Y Duct)

2.4.1 TestRig

As mentioned, the isolated EDF tests shown in the previous section were sponsored by

Whisper Aero and featured unique duct designs. To create a baseline for the integration

tests and validate that the rig construction would work properly, a rig was designed and

tested. The rig features all the same technology present on the other isolated and integrated

tests. Figure Figure 2.18(a) shows the design of the isolated EDF rig in the wind tunnel test

section, and Figure 2.18(b) shows the de�nition of the axis. The aerodynamic fearing is

integrated to keep the loadcell measurements isolated from drag created by the offset post

and to maintain the loadcell isolated from the �ow. The test matrix

2.4.2 TestMatrix

The test matrix is shown in Table Table 2.6; a range including high angles of attack (AOA)

was selected to allow a study of the propulsor during the transition between hover and

forward �ight, where high angle of attack is expected.

Table 2.4: Experimental Test Matrix for isolated EDF validation test

Isolated EDF Test Matrix
Freestream Velocity (m/s) RPM Angles of Attack (deg)

0 10k : 10k : 30k -35 : 5 : 35
5
10
15
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