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summary

This document is a technical report of a master thesis project relevant to flight performance optimization
strategy. The project is titled as "Towards flow separation control at the lip of a ducted propeller”. The
project might be applicable to both ducted propeller or propeller over-the-wing configuration under high
angle of attack. Flow separation occurs due to strong adverse pressure gradients caused by the viscous
interaction between a moving fluid and the surface of a body immersed in the flow. The larger the
separation region is, the larger the pressure drag on the body. The goal of the project is to investigate
the effectiveness of a near-wall blowing jet method to reduce, or even completely prevent, the flow
separation region at the lip of a ducted propeller. The blowing jet is investigated based on an active and
passive air supply approach. The analysis has been performed on a rotating propeller in close proximity
to a uniform cross-section wing model. The propeller-wing configuration is designed such that the closest
proximity is achieved at the mid-span of the wing. This choice is made to minimize the 3D-effects of the
flow such as wingtip vortices and boundary layer influence developing on the mounting parts and the
wind-tunnel walls. Hence, the representation of a ducted propeller condition is approximated only at the
mid-span of the wing.

The propeller performance has been estimated by Blade Element Momentum theory (BEM) analysis.
As the proximity of the propeller tip to the wing surface suppresses the blade tip vortices, and hence,
increases the loading of the propeller towards the tip, the Prandtl tip loss correction is ignored to obtain
the resulting pressure jump. Numerical simulations are then performed to estimate the separation point
at different angles of attack. The computational domain approximates the intended experimental setup
to validate the results. The freestream velocity has been selected to be 20 m/s, while the advance ratio
of propeller is set to be 1.4. Compared were the results of the SST k& — w and Spalart-Allmaras turbulent
models.

Experimental validation of the results has been performed in the SLT wind-tunnel facility of the Low-
Speed Laboratory of TU Delft. The effectiveness of the blowing jet has been analyzed in terms of the
blowing coefficient which is a measure of the momentum of the blown air. The influence of the blowing
coefficient on the flow field has been evaluated while the propeller is active and inactive at freestream
velocity of 10 and 20 m/s. Total pressure probe readings and tufts flow visualization were considered
for estimation the resulting velocity development under various blowing coefficients. Additionally, the
flow field has been experimentally quantitatively visualized by using planar Particle Image Velocimetry
(PIV) technique showing the impact on the blowing coefficient on the velocity field region upstream the
propeller.

The results of the project match with found literature that the low-blowing coefficient increases the sep-
aration region, rather than suppressing it. The exact mechanism description behind this is still unknown
to the found literature, but it is suggested that the addition of low air momentum near the wall reduces
the boundary layer’'s momentum, inducing thickness growth and destabilization of the boundary layer,
making it more susceptible to earlier separation. Based on the obtained data, the threshold where the
blowing switches from detrimental to beneficial for flow separation is found to decrease with decreasing
either the angle of attack or the freestream velocity. This is suggested to occur as the adverse pressure
gradient over the lip under these conditions is weakened, reducing the momentum required from the
blown jet to suppress flow separation. The passive air supply of the blowing jet was attempted to be
provided by a flow channel collecting mass-flow downstream of the propeller and recirculating it back to
the blowing slot. However, the designed channel showed no capability of flow separation suppression,
indicating that the inflow velocity is highly disturbed by the flow development at the inlet location. Hence,
no effective solution for a passive flow control could be found.

Several recommendations are provided aiming for increasing the accuracy of future research. They con-
cern both the numerical and experimental approach in this project, along with the propeller performance
estimation.

el



Introduction

This document serves a technical report of a master thesis project of the MSc Aerospace Engineering
program in TU Delft. The project represents a research focusing on analysis of the effectiveness of a flow
control method for mitigation of the aerodynamic disadvantages due to occurrence of flow separation
region at the lip of a ducted propeller. Such disadvantages are reduction of thrust, increase of the
required power and noise during the operation of the propeller. More specifically, the flow control method
is applying a blowing jet near the surface of the duct’s lip such that the flow separation point is pushed
downstream, benefiting the ducted propeller’'s performance at high angles of attack in forward flight.
Figure 1.1 shows a numerical study of the potential of the blowing jet method for flow separation region
size mitigation.

Base line (No blowing) | ms1™ Blowing at PR=1.1

15 Blowing at PR=1.2 | = Blowing at PR=1.3

Figure 1.1: Visualization of a flow separation size mitigation at the lip of a ducted propeller using blowing jet. The figure
compares the unblown with active control cases, indicating the potential of the method to suppress flow separation [2]

The research outcome in this project is based on performed literature survey, numerical- and experi-
mental analysis on the flow behavior affected by the application of blowing jet near the duct’s surface at
a selected freestream velocity and propeller operational setting. A limitation of the research is that the
flow analysis is based solely on a planar flow domain between a straight wing and an isolated propeller,
preventing an accurate recreation of a ducted propeller geometry and hence, accounting for the 3D flow
characteristics. Therefore, the title of the project is formulated as "Towards flow separation control at
the lip of a ducted propeller”. The project findings can be not only relevant to flow behavior studies in a
ducted propeller, but also over-the-wing propeller configuration involving flow control such as near-wall
blowing jet.



1.1. Research definition 2

The conducted literature survey is based on academic research papers related to flow control by em-
ploying a blowing jet. The objective is to obtain synthesized information for answering the sub-research
questions, contributing to finding the answer of the main research question of the project. The design of
the blowing jet is selected to maximize the use of Coanda effect allowing for minimizing the deterioration
of the aerodynamic characteristics of the duct’s surface when the blowing slot is not active. The propeller
performance is then estimated based on Blade Element Momentum Theory (BEM) analysis allowing for
first-order accurate prediction of the pressure jump at the propeller plane. The numerical analysis in-
volves performing Computational Fluid Dynamics (CFD) simulations with the purpose of approximation
of the flow development at a close similarity to the experimental setup conditions. The propeller is mod-
eled as an actuator line, while the duct is represented by its airfoil cross-section. The flow behavior is
validated experimentally by flow visualization at the minimum tip clearance region between the wing and
propeller using 2D Particle Image Velocimetry (PIV) technology, tufts, and total pressure probe readings.
The analysis is based on several blowing velocities, resulting from variation of the blowing coefficients
and the width of the blowing jet.

1.1. Research definition
The conducted research is defined in several points. They are as follows:

1.1.1. Research problem

The problem which this research project is dedicated to investigate is related to the flow control at the
lip of a ducted propeller. More specifically, the increase of the angle of attack causes high suction peaks
at the lip of the duct leading to flow separation, disturbing the flow in the duct. The affected flow has
several performance deterioration effects such as reduced thrust and increase in power required for
the engine to perform a required operational task. Hence, maximizing the performance of the ducted
propeller especially at high angle of attack, would benefit from minimizing flow separation at the lip.

1.1.2. Research scope

The research scope involves the investigation of flow behavior around the flow separation point at the
lip of a duct’'s geometry by applying a near-wall-blowing jet method. The analysis is based on a 2D
planar approximation of the airflow. The plane of investigation is defined by the propeller rotational axis
and the point of minimum tip clearance with the propeller. The project scope involves 2D numerical
and experimental analysis of the airflow. The numerical simulations do not consider the unsteady flow
behavior, but the averaged steady-state condition. The project is limited to purely aerodynamic analysis
between the wing shape and the propeller without other considerations such as power consumption,
structural effects, noise or others. The analyzed geometries are selected with the goal of demonstration
of a general phenomenon valid for different designs, instead of focusing on a specific duct and propeller.

1.1.3. Research objectives

The main research objective of this project is to explore the capabilities of improving the aerodynamic
characteristics of a duct surface at a high angles of attack by a near-wall blowing jet method for flow
separation prevention at the lip of a ducted propeller. This method is expected to push the flow separation
point downstream compared to the unblown case, increasing the attached flow area over the lip of the
duct. This is expected to be beneficial for enhancing the flow control at high angles of attack, resulting
in a better propeller performance. The focus is to analyze the blowing jet near the wall of the duct’s lip
such that the adverse pressure gradients causing flow separation at high angles of attack are mitigated,
postponed to a higher angle of attack or even completely prevented. Moreover, this project aims at
gaining understanding through analysis of numerical and experimental results, comparing the observed
results with literature findings, and drawing conclusions on the feasibility of non-powered flow control for
separation region reduction.

1.1.4. Research questions
Considering the main objective of this project, the main research question is formulated as follows:

How effective is a near-wall blowing jet method for preventing flow separation at the lip of a
ducted propeller?

Provided below is a list of formulated sub-research questions. Their role is to break down the main
research question into several smaller research topics which contribute to finding an answer for more
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general and fundamental aspects of the main research question.

» How is the ducted propeller performance affected by the duct’'s geometry?
» How is the propeller’s advance ratio affecting the performance of the duct?
» How does the tip clearance affect the propeller loading?

» How should the flow control performance be experimentally analyzed?

» How is the range of angle of attack of interest limited?

* How can the separation point be reasonably approximated?

* What is the blowing coefficient’s influence on the flow separation with variation of the angle of
attack and freestream velocity?

* How should a passive flow control method such as a flow channel be implemented to contribute
to separation prevention at the lip for the entire investigated range of angle of attack?

The report begins with theoretical background regarding ducted propellers and blowing jet principle.
Then, the propeller geometry and performance estimation procedure is discussed, followed by the
methodology and results from the conducted numerical analysis on the propeller-wing configuration in
the represented experimental setup. Consequently, the experimental analysis procedure is described
differentiating between presence- and no presence of the propeller effect. Finally, conclusions are drawn
based on the obtained results, followed by recommendations for future research.



Theoretical background

2.1. Propeller aerodynamics

A propeller is a complex aerodynamic system with the purpose of addition of momentum to the freestream
flow and hence, generating thrust force. The common description of a propeller is that of rotating wings,
called blades, mounted on a central hub. The flow field behind a spinning propeller is typically character-
ized by increased dynamic pressure and a swirl component due to the added rotational kinetic energy to
the fluid by the rotating blades. This is illustrated in Figure 2.1 showing a representation of the propeller
as an advancing rotating wing producing a helical vortex system resulting in a slipstream tube which con-
tracts downstream. Figure 2.2 shows the effect on the radial velocity and pressure distribution behind a
propeller. A good description of a slipstream tube is provided by L.L.M.Veldhuis [3].
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Figure 2.1: Sketch of a propeller slipstream and

helical vortex system [3] Figure 2.2: Radial distribution of velocity and

pressure profiles behind a lightly loaded propeller
(3]

A representation of the axial velocity v, and pressure development in the slipstream tube is provided
in Figure 2.3. The propeller’s rotation causes a jump in total pressure p; at the rotor plane, while static
pressure ps decreases towards the propeller, jumps at the rotor plane, and then returns to ambient
levels in the far wake. To maintain mass flow continuity, the slipstream cross-section shrinks as velocity
increases downstream, with greater contraction occurring under higher propeller loading [3].

A simplification of the propeller is a zero-thickness actuator disc producing a pressure jump, representing
the average effect of the rotating blades. This model assumes irrotational and inviscid flow, constant
air density, no tangential velocity component and a constant pressure jump at the disc area. [4] [5]
The classical Momentum Theory, which considers the rotor as an actuator disc and the conservation
laws of fluid dynamics, predicts that the increase of the velocity in the far-downstream plane is twice
the induced velocity at the rotor plane. Due to mass-conservation, the slipstream cross-section area
contracts inversely proportional to the velocity. In case the rotor is at hover, the area of the slipstream
at the far-downstream plane is a 1/2 of the rotor disc area. [6]
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Figure 2.3: Sketch of the streamwise development of axial velocity, static pressure and total pressure according to an actuator
disk model of a propeller. [3]

A non-dimensional parameter which a propeller’s performance is dependent on is the advance ratio (J).
It relates the axial to the rotational velocity which affects the local blade section pitch angle [7]. As the
ratio increases this angle decreases and hence, the generated thrust. The ratio is expressed as:

(%
= 2.1
J=—"7 (2.1)

Where v, is the freestream velocity, n is the rotations per second and D is the propeller’s diameter. The
advance ratio affects other basic non-dimensional parameters determining the propeller performance
such as the coefficient of thrust (C;), coefficient of power (C},) and efficiency n. Their definitions are as
follows:

T P Cr
_— 2.2 = — 2. —jg=L
2D (2.2) Cp oA D? (2.3) n JCP

Figure 2.4 shows an example of a typical performance effect by variation of J on the thrust, power
coefficient, and efficiency of the propeller. It can be observed that with decrease in J, the thrust and
power production increases, while the efficiency reaches maximum at a specific condition. The flattening
of the thrust and power coefficient curves at lower advance ratios could be explained by boundary layer
growth causing eventual flow separation [7].
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Figure 2.4: Propeller performance parameters versus advance ratio [7]
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2.2. History of ducted propeller

The ducted propeller represents a propeller enshrouded typically by a cylindrical wing. In case the chord
of the duct is larger than the propeller diameter, the system is called shrouded propeller, while if the chord
is less than the propeller’s diameter, the system is ducted fan. [8] The concept of ducted propeller traces
back to the year of 1910 when the Bertrand Monoplane was created, which made use of both tractor and
pusher propellers in a single duct. The advantage of the duct’s potential of increasing the propeller’s
efficiency has been observed in 1933. A popular science magazine has stated that the flight velocity
might be increased between 39 and 140 percent by surrounding the propeller with a shroud. However,
this statement seems to be overestimate the true potential of the duct. Considering that an aircraft’s drag
increases approximately with the square of its velocity (within the subsonic range), doubling the velocity
would lead to a quadruple increase in drag. Consequently, four times more thrust would be needed to
maintain that speed. [9]

An interesting patent by Carl E. Hall represents the use of adjustable vanes inside the duct with the
purpose of increasing the drag during landing stage. The ducted propellers appeared in 1950s in the
design of vertical take-off and landing (VTOL) vehicle, namely the Hiller 1301 flying platform. The system
relied on the duct for producing nearly 40% of the total thrust. This was primarily achieved through
the design of the duct’s lip, which accelerated incoming air and created a low-pressure region that
contributed to the overall thrust. The Hiller flying platform, however, suffered from excessive stability,
making horizontal movement difficult and ultimately leading to the project’'s abandonment. Nonetheless,
modern ducted designs continue to exploit inlet-generated thrust resulting from low-pressure regions.

[9]

Figure 2.5: Aircraft cowling patented
by Carl E. Hall [9]

Figure 2.6: Hiller 1031 flying platform
(9]

The first known aircraft to incorporate such a system was the Stipa-Caproni (1932). This design fea-
tured a piston engine and propeller enclosed within a converging-diverging, tube-shaped fuselage. The
goal was to accelerate the airflow through the tube via the Venturi effect, thereby increasing thrust com-
pared to an unducted configuration. Initial test flights confirmed that the aircraft achieved lift-off sooner
than anticipated. However, the ducted fuselage also introduced excessive aerodynamic stability, which
significantly hindered maneuverability. Furthermore, the long duct increased the wetted surface area,
resulting in higher profile drag, ultimately limiting the aircraft's top speed to just 81 mph. Further re-
search into fuselage-mounted ducted fan engines took place during the 1960s. One example is the
XAZ-1 Marvelette, which incorporated control vanes within the duct to enable pitch and yaw control. In
parallel, a separate research program focused on vertical take-off and landing (VTOL) capabilities led to
the development of the Bell X-22. This aircraft was equipped with four ducted fan units capable of rotat-
ing 90 degrees, allowing for both VTOL and forward flight. The X-22 later served as a baseline for the
design of the Bell-Boeing V-22 Osprey tilt-rotor aircraft. Despite promising test results, the U.S. military
eventually has lost interest in the X-22 program. In more recent years, Airbus has pursued research
into hybrid-electric propulsion, leading to the successful demonstration of the E-Fan prototype in 2014.
This aircraft featured fully electric ducted fans, showcasing the potential of electric-powered flight.[10]
Some other examples of fixed-wing aircraft implementing the ducted propeller are Cessna XMC, Edgley
Optica, MS State University’s XAZ-1 and XV-11, Rhein-Flugzeugbau RF-1, Fantrainer 400, and 600. [8]
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(b) Bell X-22 (1966) [10]

() Airbus E-Fan (2014) [10] (d) DUUC: TU Delft concept [11]

Figure 2.7: Examples of aircraft implementing the ducted propeller

In recent years, significant research has been devoted to the study of shrouded propellers. A notable
example is the Delft University Unconventional Configuration (DUUC) aircraft concept, implementing
two ducted propellers located at the aft end of the fuselage. This configuration allows the integration
of control surfaces within the duct itself, eliminating the need for conventional horizontal and vertical
tails. In the tested scaled model, these control surfaces are positioned inside the duct, downstream
of the propeller. However, future iterations of the design plan to alter this feature by incorporating the
control surfaces directly into the duct wall. [9] History shows that numerous attempts have been made
to develop successful aircraft incorporating ducted fans. However, to date, no aircraft has exclusively
utilized a tandem DFS configuration functioning simultaneously as both horizontal and vertical stabilizers
with integrated control surfaces. This makes the ducted-fan propulsive empennage a distinctive feature
of the DUUC, setting it apart as a unique aircraft concept. [10]

2.3. Ducted vs isolated propeller

The ducted propeller represents a propeller enshrouded typically by a circular duct. It may be considered
as a hybrid between a propeller and a turbofan engine. The duct is commonly considered as an annular
wing. [12] A duct optimized for most efficient production of maximum static thrust, generally does not
perform well in a forward flight. This is true vice versa as well. Hence, a good balance should be
found between forward flight and static thrust performance of such engine depending on an aircraft
design requirements. The ducted propeller inlet design can be split in two types - flow accelerating and
decelerating. For a vertical thrust production optimization the duct features a bell mouth inlet allowing the
flow to be accelerated at the face of the fan by the circulation of the shroud. This type of duct, however,
leads to a high drag penalties in forward flight. The better suited type for forward flight applications is
the decelerating inlet leading to lower airflow velocity at the fan face due to a lower circulation of the
duct. This is detrimental for the static thrust production, however, "net thrust is developed on the shroud
while the benefits of finite blade loading are retained. With judicious shroud design for intended flight
speeds, a net increase in efficiency can be obtained over an open propeller.” [13] The ducted propeller
has several advantages and disadvantages compared to the isolated propeller and are summarized
below.

2.3.1. Advantages

» Greater static thrust: The ducted fan can produce greater static thrust for the same rotor area.
[14][15]

* Increased propeller efficiency: Depending on the duct lip geometry and inflow velocity, the duct
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can significantly reduce the loading on the propeller, allowing for an increased propeller operation
efficiency. The duct’s inlet lip accelerates the flow forming a region of low static pressure upstream
of the lip, contributing to the total thrust force production [15] [16]

* Increased blade loading towards the tip: A small tip clearance allows for the suppression of the
adverse tip losses effects and hence, the loading of propeller blades to be increased towards the
tips. [15]

+ Significant thrust contribution from duct: Despite that specifically the propeller thrust is lower,
the combined thrust produced by the duct and propeller is capable of exceeding the one of an
identical isolated propeller. [15][17]

» Less power required: The pressure at the duct exit is nearly atmospheric leading to a reduction of
the slipstream contraction compared to an isolated propeller case. [15][6] The exit area of the duct
may be larger than the propeller, reducing the exit velocity and increasing the required mass-flow
to produce the same thrust. Hence, the ducted fan requires less power compared to an isolated
propeller to produce the same thrust. [8]
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Figure 2.8: Slipstream contraction comparison between open (left) and ducted propeller (right) [15]

Figure 2.9 shows the static pressure distribution in the streamtube of a ducted- compared to free

propeller.
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Figure 2.9: Sketch of a ducted fan streamtube with corresponding static pressure development [8]

The equation relating the power required by the ducted propeller to the free propeller is [8]:

Paucted _ L (zjducted)l.5 i (2 5)
Pfree \/5 Tfree -
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Considering the same exit- and rotor disc area (expansion ratio: ¢; = 1), the ducted fan would
require 71% of the required power of the free propeller to produce the same static thrust. In case
the same power is provided, the ducted fan would produce 26% higher thrust. [8]

» Lower diameter required for same static thrust: The open propeller relies on pressure differ-
ence across the rotor for thrust production while the ducted propeller - on the mass-flow through
the duct. Due to the increased mass-flow, a ducted fan can achieve the same static thrust as an
open rotor with an inner diameter that is only 50% to 60% of that required by the open rotor. [15]

» Physical protection: The duct increases the physical protection of objects and personnel from
the spinning blades of the propeller. [15]

* Noise level reduction: Reduction of tip losses contributes to a reduction in radiated noise levels
of the propeller. [15] [8]

2.3.2. Disadvantages

» Flow separation at high AoA: The ducted fan onsets the promotion of a flow separation at high
angles of attack at the lip of the duct. This causes a deterioration of the propeller’s inlet flow,
especially at the leading edge and the tip clearance region. [18]

* Reduced controllability at descend: At low horizontal speeds, pronounced lip separation can
significantly limit the rate of descent and reduce vehicle controllability. The lower power demand
typical of descent leads to decreased disk loading, which further intensifies lip separation. [18]

* Minimum RPM required Due to the dominating viscous forces of the duct’s internal flow at low
RPM, the duct becomes disadvantageous for net total thrust production by the ducted compared
to an isolated propeller. [19]

+ Momentum (Ram) drag: Specially applicable to ducted propeller of Vertical Take-Off and Landing
(VTOL) aircraft, the momentum drag results from the change of the direction and hence, momen-
tum, of the freestream air exerted by the ducted propeller as illustrated in the following figure:

Crosswind, V

Ram Drag Center
of Pressure

(Dragkz,,)

Figure 2.10: Change in freestream direction by a VTOL engine [15]

Ram drag equivalent
forces at vehicle
center of gravity

To conserve momentum, a force must be applied at the center of pressure of the turning airstream.
The center of pressure for ram drag is typically located above the vehicle’s center of gravity, which
is usually at or just below the duct lip, resulting in a positive pitching moment. Minimizing this
component of total drag is crucial, as it constitutes a significant portion of the vehicle’s overall drag.
Additionally, the positive pitching moment from the momentum drag force causes the duct to rotate,
aligning the thrust vector with the wind direction and reducing the UAV’s ability to hold position in
windy conditions. This issue is less pronounced with open rotors, as they lack a duct to constrain
the airflow. [15]

» Asymmetric lift: During a crosswind or forward flight, the forces needed to redirect the airflow
into the duct create a region of lower pressure on the windward side compared to the leeward side.
This pressure difference results in greater lift on the windward side of the duct. The asymmetric
lift can also be seen as the physical mechanism of the momentum drag effect. [15]

» Prone to instability in forward flight: The asymmetric lift and ram drag both result in adverse
pitching moment which could have destabilizing effect during steady forward flight. [18]
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* Increased drag: Increased wetted area, causing increase in airplane drag. [8]

* Increased costs: Increased component manufacturing and maintenance costs. Also, a tight tip
clearance would additionally contribute to the high precision manufacturing costs. [8]

» Speed application limitation: The ducted fans are more suitable for lower freestream velocity
than an isolated propeller. A turbofan engine, however, is best performing at high Mach numbers,
while the thrust at low velocities is produced mainly by the hot section. A turbofan combines a
fan with a core engine, meaning that both the thermal cycle and the mass flow of air must be
considered. While efficiency can be increased at higher airspeeds, this typically comes at the cost
of reduced performance at lower speeds unless variable-pitch mechanisms are used. [8]

2.4. Flow separation

The flow separation is a phenomenon occurring due to the viscosity effects between a fluid in motion and
a wall surface. The boundary layer velocity profile shape is characterized at the different flow conditions.
Figure 2.11 shows the attached flow and separation onset velocity profiles.

y y y
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(a) Attached flow

u ou/dy 0%u /dy?

(b) Separation onset

Figure 2.11: Velocity profile of attached flow and separation onset condition [20]

The attached flow is characterized by a concave velocity profile with positive velocity gradient 0u /9y with
only 9%u/dy? < 0 being sufficient requirement for a boundary layer to be attached. [21] The separation
onset point is characterized by 0u/dy = 0 at the wall and an inflection point of the profile near the wall.
This inflection point is defined where 92u/dy? switches from positive to negative sign. In case du/dy < 0
at the wall, the flow near the wall propagates in a reverse direction of the main flow, causing the so called
boundary layer separation. Hence, the condition for flow separation is:

ou
— <0 2.6
<ay>wall (2:6)

According to Prandtl [22] the 2D general differential equation describing the boundary layer at a wall
(y=0) where the tangential and normal component of the velocity are zero is:

dp 0%u

O ly=0 a 0y? ly=0 (2.7)
It is indicated that for curvatures that is for which 92u/dy? > 0, the pressure is required to increase
for the flow separation to occur. [22] The pressure gradient dp/dx along a body is favorable if it is
negative, accelerating the flow along the surface. In case the flow is decelerated, the pressure gradient is
positive (adverse pressure gradient) where viscous stress and pressure forces prevail, leading to a rapid
boundary layer thickness growth. [23] [24] Due to pressure and friction dominance, the momentum and
energy of the fluid are decreased downstream. This leads to a point where the fluid particles reach a state
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of rest and begin leaving the surface. Further downstream the flow propagates in a reverse direction to
the main flow forming a separation region in the stream-line diagram, typically filled with a low velocity
vortices. [25] This region significantly differs from the inviscid theory predictions. It results in a strong
pressure drag on the body that is much greater than the viscous drag exerted by the boundary layer.
The location where flow reversal occurs is called boundary layer separation point and is found typically
a short distance after the point where the pressure gradient sign changes. [23] The flow separation
phenomenon is depicted in Figure 2.12 along with the two general types of attached flow - laminar and
turbulent boundary layer.
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Figure 2.12: Flow velocity in laminar and turbulent boundary layer vs separated flow [24]

2.5. Lip flow separation effect on performance

The inlet airflow is directly affected by the freestream velocity, propeller operating setting, angle of attack
and lip geometry. Depending on the specific lip geometry, a suction peak is present at this area promoting
adverse pressure gradients leading to a tendency of the flow to separate from the lip’s contour.

u ux,norm [ b |
%0 —0.75 0 0.75

Figure 2.13: CFD study of normalized induced axial velocity at 30 degrees angle of attack of a ducted propeller engine showing
the suction peak at the windward side of the duct [16]

The detrimental effects of the airflow separation at the lip of the ducted propeller are listed as follows
[18]:

* Reduction of thrust: A lip separation causes a low momentum and recirculatory turbulent airflow
at the engine’s inlet leading to reduction of the produced thrust.

» Flow instability: The interaction of the distorted inlet flow with the tip clearance gap, causes an
increase in aerodynamic losses and temporal flow instability at the rotor face. This deteriorates
the energy addition capability or the propeller.

+ Static pressure imbalance: Imbalance of the inner static pressure occurs due to the low momen-
tum at the inlet of the duct, while the outlet fluid becomes excessively energized. The trailing edge
total pressure is typically much higher compared to the case at the leading edge.
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* Increase in power required: The lip separation leads to an increase in power required and fuel
consumption for given operational task.

* Noise increase: The distorted inlet flow causes the radiated noise levels from the operation pro-
peller to increase.

» Greater effect on control surfaces: The interaction of the flow at the duct’s exit with the control
surfaces becomes much greater.

The flow separation, however, can not only have detrimental effect on the ducted propeller’s perfor-
mance. The lip separation area can contribute to reducing the adverse pitching moment generated by
the momentum drag and asymmetric lift. [15]

2.6. Tip clearance distance

The design of a ducted propeller involves a finite closest distance between the duct’s interior wall and
the tip of the propeller, called tip clearance distance. This distance is defined as a percentage of the
duct’s throat diameter [6]:

« _ Ou

Otip = D: - 100 (2.8)
The flow field between the wall and the tip has a complex structure due to the interaction of tip leakage
flow, the annulus wall boundary layer, and the propeller’s wake. The generated pressure difference
between the suction and the pressure side at the blade tip allows the formation of a tip leakage flow, which
rolls up into a highly three-dimensional tip leakage vortex. This vortex exhibits strong turbulence and
unsteady characteristics within each passage. The tip leakage vortex is also one of the dominant noise
sources in unsteady interactions in turbo-machinery systems and contributes significantly to energy
losses in ducted fans. Therefore, the common design of a ducted propeller aims for minimizing tip
clearance such that the tip losses are reduced enhancing the aerodynamic performance. [26] Several
studies have been performed on the three-dimensionality of the tip leakage vortex in axial flow fans and
compressors in literature [27-31].

The Akturk et al. [26] paper has investigated the effect of the tip clearance distance with respect to the
blade height (¢/h) on a ducted rotor, indicating that the suppression of the tip losses at the blade tip
decreases with increasing this distance. This shows that reduction of the tip leakage flow benefits the
increase in the total pressure difference generated by the propeller blade towards the tip as displayed
in Figure 2.14:
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Figure 2.14: Radial distribution of the total pressure coefficient with various tip clearance sizes between an operating propeller

and a shroud. The figure shows that the propeller loading increases towards the tip with decreasing the tip clearance size. [26]

This effect is recognizable also for the coefficient of thrust versus power and the rotational speed, where
the smallest tip clearance produces the largest thrust, and power coefficient for a given RPM. The paper
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further reports a numerical visualization of the total pressure change of the flow field with respect to
increasing tip clearance distance shown in Figure 2.15. The minimum loss regions are indicated in red,
while the maximum losses in blue. It is indicated on the figure that the reduction of the tip clearance size
benefits the minimization of the tip leakage flow, leading to maximizing the total pressure jump within
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Figure 2.15: Relative total pressure distribution at the rotor exit plane of an operation ducted propeller with various tip clearance
sizes. The figure indicates that the tip leakage flow is most optimally suppressed at minimum tip clearance, leading to
maximizing the minimum loss regions (in red). [26]

It can be observed that the increase of tip clearance leads to significant aerodynamic loss near the tip
due to a stronger tip clearance flow. This flow interacts with the neighbouring blade causing a large local
loss region that propagates towards the propeller’s mid-span. Furthermore, the blockage flow due to
the tip leakage is also increased and the minimum loss regions indicated by red and yellow color are
drastically reduced. The corresponding velocity contours in Figure 2.16 comparing two tip clearance
distances show the distinctively greater tip leakage at the shroud’s wall for the greater tip gap [26]:
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Figure 2.16: Comparison of the axial velocity contour at the rotor exit plane of an operating ducted propeller. The figure
indicates that the low momentum flow near the duct’s inner surface is reduced at smaller tip clearance [26]

Despite that the tip clearance distance should be as low as possible for maximizing the aerodynamic
performance, the minimum tip clearance is limited by prevention measures for damaging the duct’s body
by the spinning blades. This could happen either due to excessive vibrations or flapping amplitudes of
the blades. [6]

The tip clearance distance also affects the aerodynamic properties of the duct. The smaller the gap, the
greater difference between the local static pressure at the duct’s lip and the freestream pressure. This
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results in greater thrust production by the geometry of the duct. The effect of the variation of the tip
clearance on the aerodynamic performance of a ducted propeller has been studied and indicated that
the largest thrust force achieved by the duct is obtained at minimum tip gap distance, while the rotor
thrust remains unaffected, as shown on Figure 2.17. [32] [33] This is contradictory finding to Akturk et al.
[26], which found that the increasing the tip clearance distance decreases both the rotor and the duct
thrust. This difference in the findings might be due to the fact that Akturk et al. [26] used an 8-bladed
rotor, while Goudswaard et al. [33] used a 2-bladed rotor in their research. As the number of blades are
decreased, the spacing between a rotor blade tip and the vortex shed by the preceding blade increases,
which reduces the interaction losses. [32]
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Figure 2.17: Comparison of the thrust produced by the duct versus the propeller for various tip clearance sizes [33]

The Li et al. [34] paper investigates the aerodynamic characteristics of ducted propellers in axial and
tilted flow stated based on a numerical study. The analysis is based on a 381 mm in diameter NACA
ducted propeller with tip clearances in the range of 0.1-3.0% of the propeller diameter (D) at freestream
velocity of 30.48 m/s and propeller rotational speed of 8000 RPM. It is reported that the tip vortex does
not change noticeably up to 0.2%D, while increasing it up to 2.0%.D the duct’s ability to suppress the
blade tip vortex is decreased. When increasing the tip clearance beyond 2.0% of the duct’s diameter,
the tip vortex intensity is no longer observed to be affected significantly.

Hu et al. [35] paper investigates a grooved duct configuration as a method for hovering efficiency im-
provement under large blade tip clearance. The research compares the performance of multiple cases
involving conventional and grooved duct to a baseline configuration of a 381 mm in diameter duct with
tip clearance of 0.4% of the duct diameter. The paper reports that the hovering efficiency decreases
significantly when the tip clearance is increased to 4 times the baseline clearance. The thrust of the duct
is reduced by 60% once the tip clearance exceeds 4 times the baseline case, while the power required
by the ducted propellers does not vary noticeably, causing the efficiency to drop. However, the grooved
ducted configurations show superior efficiency than the baseline. It is reported that the efficiency can
be 5% higher with 6 times larger tip clearance than the baseline for a grooved case. The tip gap is a
common subject of research for application in axial fans and compressors. [31][36][37]

2.7. Duct shape effect on performance

The duct’s aerodynamic performance is affected by its cross-section airfoil shape. The paper Kog et al.
[17] analyzes separately the effect of thickness and camber of a duct’s cross-section airfoil on the pro-
duction of thrust by the duct and the propeller. The studied duct configurations have identical narrowest
inner radius where the propeller is installed, aspect ratio, and tip clearance properties. The analysis
shows that the greatest benefit for the duct’s thrust production is the cambered airfoil case. The thrust
data for varying advance ratio J is provided in Figure 2.18 where the reference symmetric airfoil Naca
0018 is compared to the thinner Naca 0012, and Naca 4312 serving as representation of a cambered
airfoil.
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Figure 2.18: Thrust comparison between duct and propeller [17]

It is observed that with increase of advance ratio, the thrust decreases for both duct and propeller. At
high J the duct leads to generation of negative thrust (drag), while at lower freestream velocities (low J)
the duct’s geometry has a strong influence on the propeller’s thrust production. It is reported further by
the Kog et al. [17] paper that the cambered airfoil leads to lowest power required for generating the same
total thrust and achievable better efficiency of the shrouded than the isolated propeller with increasing
the rotational speed of the motor.

Graf [15] paper studies the effect of the lip geometry variation on the separation region at the lip. The
baseline geometry is designed with a relatively small leading edge skewed towards the exterior contour
of the duct allowing the pressure gradient to change gradually. The other lip designs were selected to
be enlarged, elliptical, circular arc, and revised as shown in Figure 2.19.

)

(a) (b) (c) @ (e)

Figure 2.19: Investigated duct lip shapes (a) Baseline, (b) Enlarged, (c) Elliptical, (d) Circular Arc, and (e) Revised. The left side
of each lip corresponds to the interior of the duct. [15]

Wind-tunnel tests were performed with a freestream velocity between 3 and 26 m/s and a fan rotational
speed of 5000 to 8000 RPM, while the pitch angle is ranges between 0 and 90 degrees with respect
to the incoming air. Performed were both static and forward flight tests. The outcome suggests that
the baseline, enlarged, and revised lips show the greatest trade-off for both flight conditions with the
baseline outperforming the other designs in the forward flight case while does not lead to a large thrust
reduction at static conditions. It is further pointed out that the duct shape is one of the main factors for the
pitching moment characteristics. In forward flight a smaller radius leading edge and shorter chordlength
of the inlet lip would benefit the generation of separation reducing the adverse pitching moment, lateral
forces, surface friction and pressure drag, while still being able to prevent the formation of tip vortices. A
larger radius would benefit the static condition allowing the flow to be attached and increase the thrust.
[15][16]
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2.8. 2D vs 3D flow analysis

The flow around a ducted fan has profound three-dimensional effects, especially at high angles of attack.
This has been documented by Young [38] who conducts a CFD study on vertical take-off and landing
(VTOL) aircraft’s ducted fan performance. The study reports the behavior of the flow at transitional flight
regime from hover to forward flight where the angle of attack is substantial. The study shows that the
flow around a ducted fan in transitional regime is highly three-dimensional. "The high degree of three-
dimensionality is a cautionary note to ducted-fan aircraft aerodynamicists and designers to be careful
in not relying on oversimplified assumptions and analysis for these vehicles, especially in the transition
flight regime.” [38]

Cerny et al. [16] reports that the discrepancy between the pressure distribution at the propeller’s surface
and the 2D polar data is due to the 3D flow effects and the non-axial velocity components at an angle
of attack. These effects generate additional local axial and tangential velocity components, leading to
changes in both the magnitude and direction of the local inflow velocity. Hence, the pressure gradients
and the pressure difference between the suction and pressure sides of the blade are affected. Further-
more, the non-axial inflow introduces periodic variations in these effects. This consequently makes the
flow separation, radial flow, and the thrust generated by the propeller periodic as well. More specifically,
the advancing and retreating blades may experience opposite thrust contributions. This imbalance leads
to additional pitching and yawing moments, as well as asymmetric tip vortices. Additionally, the non-axial
inflow conditions increase the blade vortex interaction by the deflected wake, resulting in unsteady loads
on the propeller.

The differences between the 3D and 2D representation of a ducted fan can be rather small depending on
the angle of attack with respect to the airflow. A comparison of a ducted wind turbine performance has
been performed by Dighe et al. [39] comparing the performance of the ducted turbine under variation of
yaw angle with respect to the incoming flow. Compared are the CFD study results from representation of
the turbine as a 2D and 3D ducted actuator disc. The study is performed using URANS flow equations.
The Figure 2.20 compares the obtained CFD results with experimental data for a wind turbine used to
validate them. The graph shows the ratio r = Cp/Cp, on the vertical axis relating the power coefficient
of the ducted Cp versus isolated fan power coefficient C'p, with the same actuator disc and similar
operating conditions for both cases. The horizontal axis plots the investigated yaw angle.

11 [ - i i e : .
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Figure 2.20: Comparison between 2D, 3D, and experimental results of a ducted wind turbine performance versus yaw angle [39]

Observed is that a good agreement of the data is achieved at the condition where the turbine is aligned
with the airflow, while the difference in the predictions grows with the increase in yaw angle. Neverthe-
less, reported is that the margin between the 2D ducted fan predictions and the experimental findings is
less than 5% at the maximum tested angle (15 degrees). Comparing with the 3D results, the disadvan-
tage of the 2D data is that it does not consider the azimuthal variation of the velocity component at the
the actuator disc plane in yawed case. Shown in Figure 2.21 is the time-averaged velocity contours of
non-dimensional axial velocity at the actuator disc looking from upwind, serving as an example indication
for the variation of the velocity component with the azimuthal angle ®. [39]
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Figure 2.21: Time-averaged velocity contours at aligned (left) and yawed (right) case [39]

However, as shown in Figure 2.20 the difference with the 2D data is negligible when comparing r. Further-
more, an advantage of the 2D approach is that it requires four times less computational power compared
to 3D, while providing not so large deviations. [39]



Blowing jet flow separation control

This chapter describes the literature findings for the principle of a blowing jet method for airflow separa-
tion prevention along with appropriate blowing jet properties.

3.1. Principle

The principle of flow separation control by blowing jet method is by increasing the momentum and hence,
energizing the boundary layer near a given surface. This is achieved by implementing a slot near the
surface through which an airflow is typically injected in a tangential direction to the wall surface so that it
matches the direction of the main flow as illustrated in Figure 3.1. A non-tangential injection would result
in a large positive normal velocity component leading to a flow blockage of the main flow, decreasing the
clockwise spanwise vorticity near the wall, and favoring the adverse pressure gradient growth, rather
than suppressing it. A normal injection to the main flow (90 degrees) would could cause a strong flow
blockage and separation. [20]

Upstream
flow
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Jet flow G
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Figure 3.1: Sketch of the near-wall blowing jet principle [20]

The goal is to alter the velocity profile near the surface where the local flow velocity is significantly de-
creased due to the dominant viscous effects at this location. The decrease in velocity leads to occurrence
of adverse pressure gradients causing the flow to separate from the surface’s contour as discussed in
more detail in section 2.4. Several papers can be found regarding the blowing jet method for prevention
of flow separation by active flow control, namely co-flow wall jet (CFWJ or CFJ) airfoil. [20] [40—42]

The injection itself typically makes the boundary layer turbulent. As defined by Launder et al. [43] the
wall jet is a "boundary layer in which, by virtue of the initially supplied momentum, the velocity over some
region in the shear layer exceeds that in the free stream”. The wall jet has an inner shear layer similar to
a conventional boundary layer and an outer shear layer, which is like a free shear layer. The essential
difference between the jet and conventional boundary layer is that the inner and outer shear layers have
opposite spanwise vorticity signs or counter rotating vortices and the maximum shear stress of the outer
layer is several times larger than the wall shear stress. [43] [20]

18
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3.2. Blowing jet properties

The blowing jet is defined in terms of blowing coefficient, size, chord-wise location, and blowing angle.
These characteristics are described in the following sections.

3.2.1. Blowing rate coefficient

The blowing rate coefficient C,, is a measure of the momentum of the blown air. It has a significant
contribution to the effectiveness of the jet for flow separation prevention. Generally, the increase in the
coefficient’s value leads to greater acceleration of the flow at an airfoil's suction contour and therefore,
a greater circulation of the airfoil. [44] The blowing coefficient is expressed by the formula:

m;v;

=973 3.1
C 0.5p000% S (3.1)

where 77 is the injection mass-flow rate, v; is the mass-averaged injection velocity, p., is the freestream
air density, v, is the freestream velocity, and S is the reference area which equals the chordlength for a
2D airfoil. [44] For incompressible flow where the densities of the blown and freestream air are identical,
the coefficient from a blowing slot can be expressed as [45]:

2
C,, = oltstor U (3.2)

.
c v

where hgt/c is the height of the slot scaled over the chord length ¢ of the airfoil. As the slot would
be positioned near the separation point at the lip of the duct, its position would be upstream from the
propeller. Hence, the jet’'s blowing rate would affect not only the velocity profile near the duct’s inboard
surface, but also the incoming flow at the propeller. Depending on the location of the slot, an optimum
value for the blowing coefficient can be found such that a velocity profile uniformity is achieved. Further-
more, the increase in angle of attack would require an increase of the coefficient, due to the increase of
the boundary layer thickness and the separation region. [45].

Several studies have investigated the effect of the coefficient on the performance of cambered airfoils.
Interestingly, Wang et al. [46] reports using multiple blowing slots with low velocity continuously reinforc-
ing the wall jet to achieve greater efficiency in flow separation prevention than a single blowing slot with
much greater velocity. Seifert et al. [47] and [48] report about flow separation suppression by oscillatory
blowing achieving low energy input requirement. It is believed that the periodic energy input to the main
flow generates large coherent structures, enhancing the mixing and and entrainment, which benefits the
flow reattachment. The kinetic energy is brought from the outer inviscid flow, while the turbulent mixing
itself contributes to the energy dissipation.

Kim et al. [49] selects blowing a coefficient of 6% to numerically analyze the flow separation control for
a stalled airfoil. The study further reports the steady low-blowing jet to be found as detrimental for flow
control with values less than C,, < 1%, while a large coefficient as approximately 5% can be beneficial for
enhancement of the lift of a lifting body. A substantial coefficient is reported as 6% by Matalanis et al. [50]
to show ability in completely suppressing dynamic stall. Chabert et al. [51] analyses the flow separation
suppression detection over a plain flap using steady blowing. The paper compares the unblown case
with 3% blowing coefficient at flap angle of 20 degrees. The air is injected at the leading edge of the
flap. It is reported that the 3% coefficient has been able to fully suppress the recirculation zone from
the separation region and the flow is observed to be attached over the whole body of the flap. Ganesh
et al. [52] applies an active flow control technique to a tubercled wing aiming to improve aerodynamic
efficiency by enhancing lift production without compromising with drag penalty. It is stated by the paper
the the low-blowing amplitude may cause hysteresis effects.

Chen et al. [53] investigates the steady blowing method for separation flow control at the leading edge
of an elliptical airfoil. Adverse effects of steady blowing on lift were observed at low momentum in-
puts. For wider slots positioned upstream of the natural separation point, drag shows sensitivity to the
Reynolds number and is not influenced solely by blowing coefficient. A minimum threshold C,, of 2.5%
is concluded by the paper to be required for overcoming the adverse pressure gradients caused by the
incidence angle and leading edge’s curvature. This threshold has also been confirmed by Muller-Vahl
et al. [54] reporting that the range where the lift reduction switches to lift improvement is found to be
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1.7-2.5%. Another notable conclusion made by the paper is that the analyzed leading edge slot triggers
the resulting laminar flow separation bubble to burst when the jet velocity is lower than the local bound-
ary layer edge velocity. This caused significant increase in drag and reduction in lift at pre-stall angles
of attack. In case the boundary layer is turbulent, the paper indicates that the low-momentum blowing
has a significant destabilizing effect of the boundary layer, causing the separation point to occur ear-
lier. If a strong adverse gradients are present downstream of a suction peak, it appears that this would
trigger leading edge separation. The paper also suggests that the leading edge separation caused by
low-momentum blowing as a potential effective aerodynamic breaking system.

3.2.2. Slot size

The blowing jet size effect has been reported by Wang et al. [44] to not have a significant effect on the
flow field. Moreover, the larger the slot is, the lower the airflow velocity through the slotis. Hence, looking
at Equation 3.2.1, with constant blowing coefficient, the decrease in injection velocity would require a
greater injection mass-flow rate. Figure 3.2, from the same paper, shows the visualized flow field at the
injection and suction slots of a cambered CFJ airfoil at 10 degrees angle of attack for various injection
slot sizes (A4;). It can be observed that the increase in slot size not only reduces the injection velocity
for a given C,,, but also degrades the uniformity of the injected velocity profile with visible growth of the
regions with different local velocity.

Mach: 0 005 01 015 02 025 03 035 04 045 05

Figure 3.2: Mach contours and streamlines of CFJ2412 airfoil with various injection slot sizes at AoA = 10 degrees. (a) A; =
0.5%c. (b) A; =0.8%c. (c) A; = 1.2%c [44]

It has been reported that a smaller size of the blowing slot results in higher stall angle of attack and
therefore higher maximum lift. Moreover, decreasing the slot size allows for a significant reduction of
the energy consumption compared to a larger slot size. [40] It has been also studied that the smaller
injection slot favors the lift production and the increase of stall angle of attack, while a larger slot benefits
the reduction of drag. [55]. The Tomas et al. [56] paper, investigating 2D synthetic jet configuration for
flow separation control, considers a recommendation for the actuation synthetic jet orifice diameter to be
within 5-20% of the boundary layer thickness such that the influence of the jet orifice is minimized when
not active. Moreover, the paper states that the tangential blowing of the synthetic jets has a beneficial
effect to flow separation reduction in case the injected and freestream velocity are with comparable
magnitudes.
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3.2.3. Blowing location

The blowing jet has been found by literature to be the most optimally placed near the separation point for
maximal flow separation control. Xu et al. [20] investigated the flow separation suppression effectiveness
of the injection location with respect to the separation onset point. Compared are far upstream, close
upstream, and at the separation onset point wall jet locations with the greatest effect and efficiency has
been reported to have the close upstream to the separation onset point location. The paper Chen et al.
[53] states that when the slot is positioned close to the natural flow separation point, the lift increment is
highly sensitive to its location but remains independent of the Reynolds number.

The just upstream the separation point location of blowing has also been reported as most efficient
in synthetic jet studies such as Zhao et al. [57] paper which investigates via numerical simulations the
synthetic jet control for separation suppression over a rotor airfoil. Based on the jet slot position variation
it has been found that the effectiveness of the jet actuator over the tested airfoil decreases with increasing
the distance to the separation point based on increment in the lift coefficient data for a given angle of
attack. The Tomas et al. [56] paper also supports this finding by recommending the actuation to be
positioned near the separation point but not downstream of that point.

3.2.4. Blowing angle effectiveness

As mentioned earlier, implementing a tangential blowing slot with a finite height as shown in Figure 3.1
would minimize the positive normal velocity component leading to a flow blockage of the main flow.
However, it also represents an obstacle for the flow that would trigger separation when the blowing jet
is not active. To prevent this it has been selected the slot in this project to be inscribed in the airfoil’s
geometry instead such that the airfoil’'s contour is maximally preserved. The jet is then unable to be
tangential to the local airfoil contour. Instead, the jet injection in the main flow is selected to rely on
Coanda effect that redirects the injected flow tangentially to the main flow direction. To maximize the
tangential velocity component, the slot is oriented at an angle with respect to the local curvature such
that the Coanda effect can be maximized, while the slot can be inscribed in the wing’s geometry.

The Coanda effect is a phenomenon in fluid dynamics that describes the tendency of a fluid jet, such
as air, water, or another natural fluid, to deviate from its original trajectory and attach itself to a nearby
surface rather than continuing along a straight path. First observed by Romanian aerodynamicist Henri
Coanda in the early twentieth century, this effect occurs when a fluid jet interacts with a curved surface,
causing it to follow the surface contour due to pressure differences between the jet and the surrounding
fluid. The lower pressure along the inner side of the curved surface draws the jet toward the surface,
resulting in the fluid adhering to it and, in some cases, even wrapping around it. [58]

The Coanda effect plays a significant role in high-lift systems such as flaps and blown flaps. When
deployed, these devices create curved surfaces that promote airflow attachment and downward deflec-
tion due to the Coanda effect, thereby increasing the effective wing area and enhancing lift production.
This principle is widely implemented in commercial aviation, allowing aircraft to operate at lower speeds
during takeoff and landing. In addition, the Coanda effect presents considerable potential for improving
aircraft maneuverability and control through thrust vectoring technologies. By deliberately redirecting
engine exhaust, thrust vectoring leverages the Coanda effect to generate additional control forces, of-
fering advantages for combat aircraft, vertical or short takeoff and landing vehicles, and unconventional
airframe configurations. Coanda effect nozzles make use of this principle by employing control jets to
deflect the primary jet stream, enabling rapid and efficient changes in thrust direction without relying on
conventional control surfaces such as rudders or ailerons. [58]

The angle of blowing has been researched by several papers such as Kankatala et al. [59] focusing on
separation flow control on thick wind turbine airfoils using active steady and unsteady blowing method.
The study analyzes the injected air development for a range of blowing angles using numerical anal-
ysis. It is reported that for the same momentum the jet flow has the greatest effectiveness in staying
attached to the airfoil's wall surface and hence, suppressing the separation region, with blowing angles
of up to 40 degrees. Higher angles result in recirculation areas despite that the blowing is done at the
optimum location for separation suppression. This finding is further illustrated in Figure 3.3 where the
non-dimensionalized air velocity contours are compared for the investigated angles. The paper further
states that the chordwise positioning of the blowing slot is more influential parameter in mitigating sepa-
ration compared to the angle of blowing based on conducted C},/Cp, ratio evaluation for various blowing
slot positioning and angles of blowing.
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Figure 3.3: Angle of blowing (AoB) comparison at the midpoint of a wind-turbine airfoil at Re = 3 x 10° [59]

A blowing angle of has been studied by other research papers involving steady or oscillating blowing
near the leading edge of an airfoil with the purpose of maximizing separation control with an inscribed
blowing slot in the geometry of the airfoil. For instance, Miiller-Vahl et al. [54] investigates the steady
blowing effectiveness through slots near the leading edge and mid-chord position on a NACA 0018 airfoil
for quasi-static conditions for Reynolds number of up to Re = 3.75 x 10° corresponding to freestream
velocity of up to 16.7 m/s. The paper states that the jet angle is desirable to be minimized to obtain
parallel jet of air to the wall surface. However, based on velocity field measurements, the jet is reported
to be parallel to the wall surface at the selected 20 degrees, while further lowering the angle in that case
has been limited due to structural considerations. Another example is the Puri et al. [60] paper which
validates numerical results against experimental data for the effectiveness of steady blowing over NACA
0018 profile. The study uses RANS and implicit LES CFD approach to simulate the aerodynamic effect
on the separation suppression for Reynolds numbers up to Re = 2.5 x 105. Two blowing slots were
implemented at the suction side of the airfoil with the upstream slot is reported to be positioned at the lip
of the chord («/c = 0.05) and designed to inject the air at 20 degrees relative to the airfoil surface. The
study differentiates between a low and high value blowing coefficient case, namely 0.6% and 5%.

The 20 degrees jet with respect to the airfoil surface has also been implemented in Matalanis et al. [61]
which studies the stall suppression capability of combustion powered actuators on a high-lift rotorcraft
airfoil at high Reynolds numbers. A blowing angle of 22 degrees has been considered as tangential
blowing by Matalanis et al. [50] and Kim et al. [49]. The Kim et al. [49] paper considers a tangential
jet as 22 degrees with respect to the airfoil surface, while 80 degrees for normal to chord injection for
comparison of their impact on stall suppression at the suction surface of an airfoil. The 22 degrees
has been suggested as a practical limit for manufacturing. of the actuator. The outcome of the study
is that the chord-normal jet negatively impacts the baseline aerodynamic performance by disrupting
the external flow, while the tangential blowing shows effectiveness for suppression of both active and
dynamic stalls. Additionally, the paper reports that based on three-dimensional simulations, the blowing
slots with finite spans, may be less effective than continuous or two-dimensional slots. Moreover, it
states that further research in required to better understand the 3D-effects of the finite span and skewed
slots.



Propeller performance estimation

This chapter describes the methodology for estimating the performance of the used propeller in this
project with the corresponding results. This is a required step that allows for the implementation of
the influence of the propeller’s operation on the flow field, and consequently the approximation of the
separation point location, at the selected propeller-wing configuration in the later performed numerical
analysis. First, the geometry of the propeller is specified, followed by the used software for performance
estimation, and finally, the results that are implemented in the CFD analysis.

4.1. Propeller: TUD-XPROP
The selected propeller for this project is the TUD-XPROP propeller with the following specifications:

» Diameter: 406.4 mm

* Number of blades: 6

+ Pitch at 70% of the radius: 45 degrees
* Spinning hub diameter: 92 mm

Figure 4.1: TUD-XPROP as part of the used experimental setup in this project

The propeller’s radial chord length and twist distribution is further specified in Appendix B. The blade
geometry is illustrated in Figure 4.2. Normally, propellers optimized for isolated (unducted) operation
minimize the chord length at the tip such that the formation of tip vortices, and hence the tip losses, is
also minimized. The selection of the TUD-XPROP propeller is an attractive choice for the purpose of this
study due to its squared rather than rounded tip making it suitable for maximizing the propeller loading

23
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towards the tip and hence, the total pressure jump produced. Further details about this propeller are
provided as a technical drawing attached to this document as a supplemental material.

& —

(a) Propeller layout [62] (b) Untwisted blade geometry [63]

Figure 4.2: TUD-XPROP blade geometry references

As the specific airfoil names of the cross-section distribution of the blade geometry have not been found
in the open literature, the distribution has been approximated based on the illustrations provided in
Figure 4.2. Hence, the exact polar data for coefficient of lift and drag with respect to the angle of attack
might differ from the real propeller’'s geometry. Considering the illustrations of the blade’s geometry on
Figure 4.2, the propeller’s blade has been selected to be represented by the following airfoil selection
also displayed on Figure 4.3:

* Clark-Y airfoil: 0-60% of the blade span; Re = 50 000
* E193 (10.22%) airfoil: 60-80% of the blade span; Re = 75 000
* ARA-D 6% airfoil: 80-100% of the blade span; Re = 60 000
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(a) Clark-Y airfoil [64] (b) E193 (10.22%) airfoil [65] (c) ARA-D 6% airfoil [66]

Figure 4.3: Selected airfoils for propeller blade geometry

The choice of the airfoils is elaborated further in the document.

4.2. Propeller performance analysis

The propeller performance at the selected operating conditions is estimated by performing a BEM anal-
ysis based on the approximated blade geometry. These points are further described as follows.

42.1. BEM

The performance of the propeller is estimated based on Blade Element Momentum (BEM) theory. It
estimates the thrust produced by a propeller by dividing each blade into several small sections, known
as blade elements. Each element is treated as an independent two-dimensional airfoil, allowing aerody-
namic forces to be calculated based on its local operating conditions. By summing the contributions of
all these elements, the overall performance of the propeller can be obtained. The theory also accounts
for variations in airfoil shape, chord length, and pitch along the blade. [8]

BEM has first been developed by the Polish scientist Stefan Drzewiecki with the basic version, known
as blade element theory (BET), introduced between 1892 and 1920. He has published this in 1920
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in his book Théorie Générale de L'Hélice (General Theory of Helixes). This early theory ignored the
influence of the induced velocity inside the propeller’s slipstream, which is higher than the freestream
velocity. This discrepancy alters the effective angle of attack, leading to errors in thrust predictions. The
theory was subsequently refined by Albert Betz and Hermann Glauert, who incorporated the effects of
induced velocity using the Rankine—Froude momentum theorem. This extended version is known as
Blade Element Momentum Theory (BEM). [8]

BET offers several advantages over simple momentum theory. It allows variations in chord, pitch, and
airfoil properties along the blade span to be analyzed. It also enables estimates of torque and power,
incorporates nonlinear aerodynamic effects (such as those on lift and drag), and can predict propeller
efficiency—all of which make it a popular tool in propeller design. However, BET assumes an undis-
turbed streamtube, making it less accurate under significant flow distortion (e.g. blockage effects). It
simplifies aerodynamic forces to two-dimensional analyses, ignoring spanwise flow that can occur with
large pressure gradients along the blade. It also assumes steady-state operation and cannot capture
unsteady effects like thrust lag under rapidly changing RPM. In addition, the basic theory assumes rigid
blades and neglects aeroelastic behavior. Finally, empirical corrections must be applied near the hub
and tip to account for reduced lift and skewed inflow at high angles of attack. [8]

Figure 4.4a shows a single blade element of a propeller blade, defined with a certain thickness dr and at
radial location from the rotation center (hub). Figure 4.4b, on the other hand shows the 2D airfoil cross-
section of the blade element along with the corresponding aerodynamic forces. The shown variables
are as follows:

* ¢(r): Local chord length

* R,: Propeller radius

+ r: Arbitrary distance from rotation center
» Q: Angular velocity

* V: Freestream velocity

* w: Local induced velocity by the element

* Vg: Resultant velocity, defined as Vi = /V2 + (Qr)?

+ V.: Effective resultant velocity, defined as Vy = \/(VOo +w)® + (Qr)?

* «a: Local angle of attack

* a;: Induced angle of attack from the induced velocity, defined as a; = sin™! (w/Vg)

* ayr: Zero-lift angle of attack

» 3: Pitch angle: Defined as the angle between the chord line and the plane of rotation
* ¢: Helix angle: Defined as ¢ = tan™! (Vo /(Qr))

Rotation axis

Blade Element

< " Rotation plane
dr - Blade moves in this direction
A - Air moves in this direction
(a) Blade element (b) Blade station 2D airfoil cross-section

Figure 4.4: Blade Element Momentum Theory (BEM) definitions [8]
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The resulting local lift (dL), drag (dD), thrust (dT'), and torque (dQ) are defined as:

dL = %pVEQ-c(T)-C'l ~dr (4.1)

dD = %pVb% e(r)-Cy-dr 4.2)

dT = dLcos (¢ + ;) — dDsin (¢ + a;) (4.3)

dQ =r - dFg = r[dLsin (¢ + ;) + dD cos (¢ + )] (4.4)

4.2.2. Prandtl Tip Loss Correction

A tip loss is normally described as a kinematic and/or dynamic difference between the 2D and 3D lifting
device configuration. For an isolated propeller, the produced lift diminishes towards the tip due to the
3D flow effect of equalizing the pressure from suction and pressure side at the blade’s tip. The lift for
any lifting surface goes to zero at the tip. A correction of the lift loss towards the tip has been developed
by Ludwig Prandtl. This correction has been implemented in BEM analysis for the case of a wing and
a propeller blade in the beginning of the 20th century. The latter has been introduced as a correction to
the Betz optimal circulation, allowing the Betz result to be applied not only for infinite but finite number of
blades. The most common version of the Prandtl’s tip loss correction integrated in the most BEM codes
is the one suggested by Glauert. [67] Furthermore, Prandtl’s tip loss correction has also been extended
to include the lift loss at the hub of the propeller, where root vortex is formed due to the rapid decrease
of circulation. [16] [4] The hub- and tip correction are expressed as follows, where N represents the
number of blades:

* Hub correction:

Fhup = %cos_l(e_Ph“b) with P, = % 77’;5112};“’ : (4.5)
* Tip correction:
Fiip = %cos‘l(e_P‘“’) with Py, = % Z;; . (4.6)
The resulting correction is expressed as:
Fp = Fruy - Frp (4.7)

The correction is a function of the radial position and ranging between 0 at the hub and tip to a value close
to 1 at the mid-span of the blade. [4] In case a surface is present in a proximity of the blade tip, the tip loss
is suppressed. This allows for taking the assumption that the produced thrust, and therefore, pressure
jump at the tip of the propeller blade is estimated considering purely by the 2D section aerodynamic
properties. As the proximity between the wing and the propeller blade tip is intended for investigation of
a flow towards ducted propeller configuration, the Prandtl’s tip loss correction has been ignored when
estimating the propeller’s pressure jump at the selected operation setting.

4.2.3. Software used

Comparison is made between the predictions of two solvers - Qblade and JavaProp. BEM analysis has
been employed for both cases with ignored Prandtl tip loss correction such that the duct presence at the
tip is considered. The software details are as follows:

* Qblade: The QBlade software is an open-source graphical user interface (GUI)-based design and
simulation tool for horizontal- and vertical-axis wind turbines (HAWTs and VAWTs), developed at TU
Berlin. Its rotor aerodynamic computations rely on BEM theory, double-multiple streamtube theory
(DMST), and free-wake vortex methods. It features structural dynamics analysis option using a
corotational multibody formulation with Bernoulli beam elements. In addition, turbine supervisory
controllers can be integrated into simulations through a set of library interfaces. Hydrodynamic
modules for both floating and fixed offshore platforms are also under development. [68]
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Furthermore, QBlade integrates XFOIL for airfoil polar extrapolation, making it a popular tool in
wind energy education at numerous universities worldwide — including TU Berlin, HTW Berlin, HS
Flensburg, DMU Leicester, Texas Tech University Lubbock, and DTU, and others. Its global user
base spans Europe, USA, Brazil, and India. The propeller blade is defined by the user via airfoil
selection, chordlength, and twist at corresponding spanwise stations. The software interpolates
the aerodynamic properties of the airfoils between the stations (i.e. over a blade element). [68]
[69]

» JavaProp: JavaProp is a software dedicated to propeller and wind turbine performance. The aero-
dynamic analysis is based on BEM method coupling the 2D airfoil characteristics with momentum
considerations. It is suitable to both aeronautical and marine applications. [70]

The propeller blade is defined by importing the blade chordlength and twist at specific blade loca-
tions. The solver interpolates the geometry over the blade elements. A limitation is that JavaProp
sticks to a definition of blade in steps of »/R = 0.05, preventing more accurate geometry definition.
Airfoil selection can be made at four pre-defined locations: /R = 0.0, 0.333, 0.667, and 1.0.

4.3. Results

The operational setting of the propeller is set such that the stall angle of attack is not exceeded at any
blade location, while still maximizing the thrust produced. This way the added kinetic energy to the flow
by the propeller would also be maximized, and therefore, the captured slipstream dynamic pressure by
the inlet of the passive flow control design, described further in chapter 6. Based on the BEM analysis
by Qblade, the thrust for the approximated TUD-XPROP propeller geometry is maximized at advance
ratio of about 1.3. However, the angle of attack distribution predicted by JavaProp shows a deviation
from the Qblade prediction towards the tip region of up to 2 degrees. Hence, a conservative selection is
made with advance ratio of .J=1.4 for this project allowing the predictions of both software to be below
the stall angle of attack, which happens at the tip of the blade, where the ARA-D 6% airfoil has a stall
angle of attack of 10 degrees at the estimated local Reynolds number. Figure 4.5a shows the compar-
ison of both software prediction for the angle of attack distribution at J=1.4. The freestream velocity
is selected considering the capabilities of the wind-tunnel where the experimental validation would be
performed, while still maximizing the Reynolds number in the test-section, consequently minimizing the
boundary layer thickness. Hence, the value for the freestream velocity is selected to be 20 m/s. Based
on Equation 2.1, this results the rotational speed of the propeller to be 2109 RPM.

The local Reynolds numbers are calculated for the 3 pre-defined by JavaProp radial positions, that are
outside the spinning diameter. These locations are /R = 0.333, 0.667, and 1.0. The local tangential
velocity (v;) is calculated considering the radial distance multiplied with the angular velocity, expressed
in the following equation:

‘R (4.8)
and the local velocity magnitude as:

Vioeal = \/ V2 + 02 (4.9)

Considering standard atmosphere conditions for the air density (1.225 kg/m?) and dynamic viscosity
(v = 1.79 x 10~ kg/m - s), the local Reynolds number are obtained to be 51 600, 75 500, 62 300 for
r/R =0.333, 0.667, and 1.0 respectively using the following equation:

P Yiocal * Clocal (4.10)
L

Relocal =

Since accurate selection of the local Reynolds number in this case is not possible in JavaProp, the
closest option of selected airfoil with available Reynolds number combination is chosen, leading to using
Re =25 000, 100 000, and 50 000 for the /R = 0.333, 0.667, and 1.0 radial positions respectively.
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Figure 4.5: Comparison of predictions between Qblade and JavaProp solvers for the propeller performance at J=1.4

Looking at Figure 4.5b, the pressure jump predictions by the two solvers show a good match up to /R
= 0.65, where they start diverging from each other. The largest margin occurs at about /R = 0.90 with a
difference of roughly 40 Pascals, while the difference at the tip is estimated to be about 30 Pascals. The
reason for the disagreement of the two solvers could be based on the different approximation accuracy of
the blade geometry. JavaProp allows the local airfoil section to be defined only at 4 pre-defined spanwise
locations, as stated in subsection 4.2.3, while interpolation is done for the intermediate regions. However,
the number of the locations in Qblade is possible to be set as needed. The original blade’s local geometry
parameters distribution of /R, chord length, and twist angle is simplified by the JavaProp solver. The
original number of locations where the blade geometry is specified is 26, as provided in Table B.1 in
Appendix B. JavaProp simplifies this geometry by reducing the original locations to 16 instead. Hence,
the propeller blade is specified in 16 spanwise locations in Qblade as well for keeping consistency. The
used blade geometry in both Qblade and JavaProp solvers is then as defined in Table B.2. The airfoil
distribution along the blade, presented in section 4.1, is selected based on the available airfoils in the
JavaProp solver.

As the total pressure jump is not a direct output from the BEM calculation with Qblade, it is extracted
from the normal force radial distribution. The local normal force per unit span (F,, in N/m) is multiplied
by the radial blade thickness between the given and the previous radial distance. Then the result is
multiplied by 6 to account for the total local contribution of the 6 blades, which gives the thrust produced
at the current radial location. The local total pressure jump at the given radial position is then obtained
by division of the calculated local thrust by the annular area of the rotor disc enclosed by the given and
previous radial position as displayed in Equation 4.11:

AT, Bx Fo(ri)) Ar;
Ap; = = . 411
SV P @

Interestingly, integrating the direct output from JavaProp for the total pressure jump distribution over
the propeller disc area gives inconsistent result with the total thrust value output. Hence, the pressure
jump from JavaProp plotted in Figure 4.5b is extracted from the coefficient of thrust distribution over an
annular area of the disc (dC;/d(r/R)). However, as the local Reynolds number could be more accurately
specified with Qblade, the Qblade total pressure jump has been further considered in the analysis. The
BEM simulation output is defined where data for the local airfoil polar data are known. Hence, no data
is available for the hub region of the propeller. As the used numerical analysis software requires the
resulting total pressure jump to be imported via a function instead of discrete data points, the estimated
performance is approximated by a polynomial curve fit as shown in Figure 4.6.
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Figure 4.6: Total pressure jump distribution at J = 1.4 used in the numerical analysis

Since no data is available for the hub region, the pressure jump distribution at this location is considered
constant for simplicity with the same value as at the closest point analysed by the BEM method, which is
atr/R =0.2 equal to 16 Pa. The pressure jump in the hub region is expected to drop significantly due to
the symmetrical shape of the hub, creating practically no pressure jump. Hence, despite the deviation
of the polynomial fit and the selected pressure jump at the hub, the fit is considered reasonable to be
further used in the numerical analysis. Furthermore, the pressure jump at the hub is expected not to
have a substantial influence on the region of interest for this study.



Numerical analysis

Performed are Computational Fluid Dynamics (CFD) simulations on a 2D domain with the purpose of
designing the experimental test setup and including estimation of the approximate location of the sepa-
ration point on the wing’s surface in a range of angles of attack. This is further used for identification of
the required angle of attack for triggering flow separation near the leading edge of the wing, serving as
a representation of a duct’s lip flow separation phenomenon. This chapter begins with description of the
airfoil smoothing procedure, the domain size and the selection of the boundary conditions. Then, the
mesh definition is provided, followed by the presentation and discussion of the main results.

5.1. Airfoil contour smoothing

The original X400 flap airfoil coordinates considered for this thesis project are reported by van Egmond
[71]. A performed XFOIL study of the original coordinates shows spikes/irregularities in the resulting
pressure coefficient distribution. Savitzky-Golay (savgol) filter is employed to smoothen the coordinates
and hence, the pressure distribution. The filter is commonly used in preprocessing in spectroscopy and
signal processing. "For a given signal measured at N points and a filter of width (w), savgol calculates
a polynomial fit of order (o) in each filter window as the filter is moved across the signal.” [72] The filter’s
estimate at each window’s center is evaluated by the polynomial fit at the central point. Hence, the
window size is beneficial to be an odd number. The filter functions when the window size (humber of
measurements) is greater or equal to the parameters to be estimated, i.e w > (o+1). Smoothing is
achieved if the width is greater than (o+1) and no smoothing is present if w = (o+1). As the filter width
increases, greater smoothing is achieved and hence, the peaks are suppressed. [72]

Investigated were several combinations of window size and polynomial fit with the goal of maximally
preserving the original pressure distribution of the original contour, while also minimizing the present
spikes. After iterative process, the combination meeting these requirements has been found to be:

* Filter width = 11
» Polynomial order = 3

Therefore, the used airfoil coordinates for the rest of this research, provided in Appendix A, are resulting
from these filter settings. The comparison between the original and smoothened pressure distributions
is provided in Figure 5.1, while additional XFOIL plots with other analyzed filter settings can be also
found in Appendix A.

30
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Figure 5.1: Cp distribution comparison for AoA = 0 degrees in incompressible flow, Re = 400 000

5.2. Domain size and boundary conditions

The computational domain defines the simulation region. The location where the boundary conditions
are specified needs to be studied at which does not disturb the flow propagation. Increasing this dis-
tance to the object of interest reduces their disturbance effect. However, this distance should prevent
increasing the domain size excessively leading to excessive computational power usage.[73] Following
the examples for CFD studies involving ducted fan such as Dighe et al. [39] or baseline airfoil aerody-
namic performance such as Jindal et al. [45], the inlet boundary condition is placed at 10 chord lengths of
the duct. On the other hand, the outlet is located at 20 chord lengths downstream from the duct’s leading
edge. As the propeller is simplified by an actuator line, it is modeled by a fan boundary condition. [39]

The domain size is selected to represent to a high degree the conditions at the experimental wind-tunnel
test setup, described in chapter 6, while considering the recommendations for boundary conditions spac-
ing as indicated in Figure 5.2. The selected dimensions for performing the numerical analysis and cor-
responding boundary conditions are as follows:

* Velocity inlet: The width of the inlet is set to match the width of the test-section of the wind-tunnel
setup. This dimension equals 900 mm.

* Wing: The wing is represented as the airfoil shape of its uniform cross-section. The used coor-
dinates of the airfoil are provided in Appendix A The chord length used is set identical to the real
wing model equal to 300 mm. The change of the angle of attack has been selected to be about
a rotation point allowing at least half of the wing to be immersed in the flow for the majority of the
angles of attack. This point has the coordinates of (0.15, 0.0244) with respect to the origin of the
coordinate system placed at the leading edge of the wing.

Propeller: Matching the used XPROP propeller’s diameter of 406.4 mm. The propeller is repre-
sented by a fan boundary condition. This allows the estimated total pressure jump generated by
the propeller to be defined along a line instead of explicitly resolving the rotating blades.

Outlet: The outlet is positioned at 20 chord lengths downstream of the wing’s leading edge.

Walls: Both the wing and the wind-tunnel’s test-section wall which the wing sticks out of are set to
no-slip walls. The rest of the walls in the domain are set to free-slip walls.

» Downstream wall opening: A complete seal of the the test-section’s wall where the propeller-
wing assembily is intended to be installed is expected to induce substantial flow blockage which
would restrict the shift of the separation point by the injected air from the blowing slot. To have a
noticeable effect on the separation point, it is hypothesized that a large injection velocity from the
blowing slot would be required and consequently large blowing coefficients. Therefore, to allow
the separation point to be more easily impacted by the blowing jet’'s properties, a wall opening
of 0.7 meters is selected between the suction side of the wing and the wind-tunnel's wall. This
distance is selected as a trade-off between restriction of the freestream to stay mostly within the
test-section, while the blockage effect is reduced.
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Figure 5.2: Domain size and boundary conditions

5.3. Computational mesh

A mesh is a division of a continuous geometric space into discrete topological and geometric cells,
forming a simplicial complex. A simplicial complex consists of triangles, line segments, points, and
their n-dimensional equivalents. [74] The two main types of computational mesh are structured and
unstructured. An optimal structured mesh for complex geometries is more time-consuming to be created
than an unstructured. This is caused by the requirement of a manual split of the domain in blocks
and definition of their own properties. Moreover, an unstructured mesh offers a greater flexibility and
automation. However, the structured mesh shows a superior accuracy for viscous calculations as it can
handle cells with very high aspect ratio in the boundary layer. [73] The mesh for all simulations of this
project are created by ANSYS ICEM CFD software.

The most famous relationship of turbulent flow near solid boundaries is the law of the wall. Itis empirically-
determined that the streamwise velocity of the flow near the wall varies logarithmically with the distance
from the surface. To fully resolve the viscous sublayer of the boundary layer without the need of wall
functions approximations, the normal distance (height y) of the first cell row at the walls of the object of
interest should ideally match the dimensionless wall distance y* value of 1 of the law of the wall shown
in Figure 5.3. [75]
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Figure 5.3: Typical turbulent boundary layer velocity profile [75]
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where:

with u, =,/ — (5.1)

Using the relation of coefficient of friction (C'y) and wall shear stress (r,,), the height of the first cell is
calculated for a given value of y* as [76][75]:

= SE% ith Cj=0.027- Re~Y/7 (5.2)
2 v
— T
Y=Y o (5.3)

Standard atmosphere conditions are considered with total pressure of 101 325 Pa. The dynamic viscos-
ity is obtained by the Sutherland’s law [77]:

T\**Ty+ 8

Where:

* po = 1.716 x 10~° is a reference value in kg/m-s

» Ty = 273.11 K is reference temperature

» S =110.56 K is Sutherland constant

» T'is the static temperature in Kelvin

* u is the dynamic viscosity in kg/m-s
Assuming ambient static temperature of 15 degrees Celsius (288.15 K) gives dynamic viscosity of 1, =
1.79 x 1075 kg/m - 5. As the freestream velocity is 20 m/s, and the chord length is equal to 300 mm, the
resulting Reynolds number is approximated as Re = 400 000. After evaluating the coefficient of friction
Cy, the first layer cells height for y* = 1is y = 1.58 x 10~° m. The resulting computational mesh for

the whole domain is presented on Figure 5.4 while the zoom-in image of the computational mesh at the
propeller-wing configuration is shown in Figure 5.5.

Figure 5.4: Computational mesh: Domain view
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Figure 5.5: Zoomed-in mesh at duct-propeller configuration; Blue: Propeller pressure jump line; Red: Wind-tunnel walls

5.4. Turbulence models

A turbulence model is a mathematical model constructed and applied to predict the effects of turbulent
flow. "Despite the years of research, there is no single analytical theory explaining the evolution of
turbulent flow, only equations, which can be solved directly for simple cases of flow”. [78] CFD studies
involving prediction of adverse pressure gradients recommend three specific RANS turbulent models:

» Shear Stress Transport (SST) & — w [39] [79] [26] [73] [80]: The SST k& — w model allows for a
high-accuracy predictions of the onset and extent of flow separation, leading to a more precise
representation of the flow. [73]

» Spalart-Allmaras [45] [81] [55] [41] [44]: This one-equation model predicts reasonably well the
surface pressure distribution, separation bubble length, and separation onset. It performs as well
as other RANS models such as SST k& — w model. [81]

* k — ¢ [18] [40]:The k£ — ¢ model shows ability to account for the effects of turbulent boundary layer
history by solving the full transport equations for k and e. Compared to algebraic models, it is more
effective in predicting flow separation, which occurs when the airfoil stalls at high angles of attack.
[40]

Following the recommendations of the found literature, the SST k£ — w and Spalart-Allmaras turbulence
models are selected for performing the numerical analysis in this project.

5.5. Results

All simulations in this project are performed with the pressure-based finite volume solver of ANSYS
Fluent software. A converged solution has been considered when all the residuals are lower than 1 x10~°
as recommended by Fatahian et al. [82]. Presented in Figure 5.6 and Figure 5.7 are the resulting
contours of velocity magnitude at 30 degrees angle of attack, with higher velocity is depicted in red,
while lower or stagnant air with blue color:
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Figure 5.7: Zoom-In view: Velocity magnitude at AoA=30 degrees, v =20 m/s, SST k — w

Itis observed that at this condition, the flow over the wing is mostly separated and hence, not significantly
impacting the main flow direction. The high-velocity flow remains overall within the wind tunnel’s width
while entraining the ambient air as it moves downstream. On Figure 5.7 is visible that the contact
between the upstream wall with the pressure side of the wing prevents any upstream interaction of the
jet and ambient air behind the wall, causing the formation of air stagnation area inducing flow blockage.
The downstream wall opening, on the other hand, allows the ambient flow to be impacted by the flow
in the test section. Looking specifically at the velocity magnitude pathlines on Figure 5.7b, it can be
seen that this configuration causes a suction area downstream of the wing, causing the ambient air to
enter the test-section. This is due to the resulting static pressure difference between the two flow areas,
forcing airflow from the high static pressure area (the ambient air) to the low static pressure air inside
the test-section, creating recirculating flow structure around the trailing edge of the wing. The ambient
air flowing into the test-section matches the freestream flow direction with increasing distance from the
wing’s surface.

To quantify the effect of the computational mesh density on the results deviation, a mesh convergence
has been performed on the shown case. The criterion for the convergence is the separation point, eval-
uated by the location where the wall shear stress distribution becomes zero over the suction surface of
the wing. Another indicator for a separation point would be looking at the pressure distribution over the
wing and indicating where the pressure gradient becomes zero after a certain point (i.e. the pressure
distribution becomes flat). However, in this case, an operating propeller is present in close proximity
inducing a pressure jump over the suction side of the wing and hence, assumed to alter the true separa-
tion location. Instead, the method for finding the separation point precisely is by indicating the location
over the suction surface of the wing where the wall shear stress reaches zero. As the flow in the ana-
lyzed setup has a complex development as visible in Figure 5.7b, it is characterized by multiple locations
where the stress becomes zero. These locations correspond to local recirculating structures within the
separated region due to the unsteady flow over the suction wing surface. Hence, the separation point is
estimated based on the closest point to the leading edge where the wall shear stress is zero. Figure 5.8
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shows the x-wall shear stress on the suction side of the airfoil by the mesh convergence study.

X-Wall Shear Stress [Pa]

0 Py —~
0o VJ' 0.15 0.2 0.25 03

Chordwise position [m]

——80k ——126k ——180k

Figure 5.8: X-wall shear stress predictions on the suction surface of the airfoil by the mesh convergence study performed at voo
=20 m/s and AoA=30 degrees, SST k — w

It is observed a good match of the predictions of the three mesh densities for the x-wall shear stress
distribution. It can be indicated that the first location where this stress becomes zero is about 0.05 meters
from the airfoil’s leading edge at these conditions. The value for the stress then fluctuates until reaching
the propeller location at 0.1 meters from the leading edge then stays roughly zero until the trailing edge
of the airfoil. The regions where the stress is negative correspond to a flow going in reverse (upstream)
direction, while the positive - downstream. Based on the plot, it can be concluded that the flow structures
result in upstream flow direction just downstream of the separation point, while the airflow downstream
of the propeller shows stagnant behavior. Presented on Table 5.1 are the predictions of the separation
point by the selected three mesh sizes:

Table 5.1: Mesh convergence data

Mesh type Zero wall shear-stress chordwise location
Coarse (8 x 10* cells) 0.0520 m (z/c = 0.1732)
Medium (1.3 x 10° cells) 0.0512 m (z/c = 0.1707)
Fine (1.8 x 10° cells) 0.0506 m (z/c = 0.1686)

Looking at the data, it can be concluded that all meshes give similar results. More precisely, the coarse
mesh shows the largest deviation of 1.4 mm with respect to the fine mesh. This value, however, drops
to 0.6 mm for the medium mesh. As the accuracy of the separation point converges to a value of approx-
imately 0.051 m from the leading edge, the medium mesh is hence selected for the rest of the numerical
study as it shows a good trade-off between accuracy and computational resources. The separation point
on the real wing is also impacted by factors such as surface roughness and flow blockage effects from
the experimental setup installation which are ignored in this case for rough approximation. Despite this,
the medium mesh is assumed to be reasonable choice for this goal.

Additionally, the resulting stress fluctuations at the leading edge are hypothesized to be due to not
sufficient smoothing of the airfoil. Hence, performed is the same simulation conditions for larger filter
width but maintaining the polynomial order as default. The results are displayed on Figure 5.9.
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Figure 5.9: X-wall shear stress smoothening comparison with different savgol filter widths, AoA = 30 degrees, SST k — w

It can be concluded that the stress fluctuations near the leading edge are not affected noticeably by
the further smoothening of the airfoil. However, a noticed difference of the smoothening effect is the
dampening of the stress fluctuations past the half chord-length for the w = 15 case. This suggests that
smoothening of the used coordinates could affect the stress distribution noticeably. However, as even
further smoothening leads to a strong deviation form the pressure distribution of the original airfoil as
shown in Appendix A, the x-wall shear stress distribution over the suction surface of a further smoothened
airfoil has not been analyzed. Itis hypothesized that a significant smoothening method would be required
to dampen the leading edge stress fluctuations of the used coordinates.

To assess the effect on the flow by varying the distance (bleed size) between the wall and the pressure
side of the wing, three upstream bleed sizes have been studied as well. The sizes are selected with a
step equal to the separation region thickness at the propeller location at the case where no upstream
bleed is present, as shown in Figure 5.7. The CFD data shows that this thickness is 25 millimeters.
Hence, simulations were performed with upstream bleed size of 25, 50, and 75 millimeters. Figure 5.10
shows the velocity contours corresponding to the three scenarios for angle of attack 30 degrees.

(a) 25 mm (b) 50 mm (c) 75 mm

Figure 5.10: Upstream bleed size effect on the flow development while the propeller is active

Analyzing the velocity contours, it can be concluded that the propeller slipstream is noticeably affected by
the upstream wall opening size. At 25 millimeter opening, the flow blockage still prevails as the allowed
freestream velocity to pass between the wing and the wall still recirculates around the trailing edge. With
already 50 millimeter opening a higher-velocity flow from the pressure wing side directly merges with the
higher velocity from the propeller slipstream at downstream stage. This encloses a separation region
over the suction side of the wing. With the maximum opening of 75 millimeters, significant portion of the
high velocity flow is redirected outside the wind-tunnel’s test section, while the stagnation air upstream
the wing is almost removed. Furthermore, as the propeller slipstream is further deflected towards outside
the test-section it aligns better with the wing’s orientation, allowing the increase of the flow attachment
distance over the suction surface, and hence, the flow separation point is pushed downstream towards
the propeller and consequently the flow separation region is further reduced.
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To assess the position of the separation point at lower angles of attack and the upstream bleed size effect,
performed are similar simulations for 20 and 25 degrees as well. Figures showing the velocity contours
for these are provided in Appendix C. Figure 5.11 shows the data for estimation of the separation point
from both used turbulent models, where the chordwise location of the propeller is indicated by a black
line and the wing’s cross-section is shown for reference:
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Figure 5.11: Comparison of the separation point data prediction by SST k£ — w and S-A turbulent models for varying upstream
bleed sizes at v =20 m/s

Generally, it is indicated that decreasing the angle of attack causes the separation point to shift down-
stream compared to the 30 degrees case. This is expected as the adverse pressure gradient at lower
angles is decreased, allowing the flow to stay attached up to a later chordwise position. It is further ob-
served that the prediction of the two models differs quite drastically with increasing the distance between
the upstream wall and pressure side of the wing. The closest difference has been achieved for the case
where the upstream wall touches the wing with the smallest chordwise margin of 10 mm for the case
of 30 degrees angle of attack, indicated by red color. This difference grows to roughly 20 mm for the
largest upstream opening simulated. The second closest difference is shown by the 25 degrees case
where, again, the closest margin is about 15 mm at zero distance between the wall and the wing, while
growing to roughly 70 mm for 75 mm opening. And lastly, the strongest disagreement in the plotted
data is presented by the lowest analyzed angle of 20 degrees. The lowest margin in this case is 25 mm,
while growing to 110 mm. Overall, it is observed that the SST k& — w turbulent model always predicts
the zero shear stress to be reached earlier for all investigated cases, and hence, earlier flow separation.
This indicates further that the offset between the wing and the upstream wall should be a crucial factor
for the boundary layer development of this propeller-wing configuration.

It is apparent that the uncertainty of the separation point can become extreme for a non-zero opening.
Based on the results in Figure 5.11 the upstream wall opening should be minimized so that the confidence
in the separation location is maximized. The 30 degrees angle of attack case with no upstream opening,
as expected, results in the earliest separation point as the effect of the flow blockage induced by the wall
contact is the strongest, consequently reducing the wing’s effective contour. This case also represents
a condition where the separation point is within the boundaries of the insert part of the wing, while also
providing upstream distance for a the blowing slot to be designed in the same part. Furthermore, the
separation point in this case is also not too close to the propeller, which allows for a better investigation
of the effectiveness of a blowing slot with certain blowing coefficient. Hence, the blowing slot location
is selected to be designed at 50 millimeters from the leading edge, such that it is just upstream of the
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separation point at the highest investigated angle of attack.

The wall shear stress is a dimensional parameter resulting from the fluid-wall friction force. Instead, it is
non-dimensionalized by the dynamic pressure obtaining the coefficient of friction C;. The C distribution
is plotted as additional material in section C.3 for all simulated angles and cases. It can be observed
that, at lower angles of attack the weaker adverse pressure gradient delays boundary layer separation,
causing the friction coefficient to reach zero Pascals further downstream. The suction peak at lower
angles is reduced, leading to a more gradual pressure recovery and hence a weaker adverse pressure
gradient. In case the boundary layer is attached to the full suction side length, the C'; remains non-zero
until the trailing edge.

The velocity profile shown in Figure 5.12 upstream the separation point is used to estimate the boundary
layer thickness used in the design procedure of the blowing slot.
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Figure 5.12: Velocity profile upstream and close to the separation point (xz/c = 0.152)

It is observed that the flow velocity maximum is present near the wall rather than converging to a maxi-
mum freestream value. This could be explained by the presence of the propeller jump maximum towards
the tip of the blade and the suction peak produced by the airfoil's curvature, accelerating the flow near
the surface. The boundary layer thickness is estimated by considering the point where the velocity mag-
nitude has its maximum and then starts decreasing. Based on the plot, the resulting boundary layer
thickness is then considered as 16 millimeters.

As a summary, the CFD results on the approximated experimental setup, show that the separation point
is strongly dependent on the upstream bleed size between the pressure side of the wing and the wind-
tunnel wall. For the purpose of this project, the separation point is aimed to occur upstream of the
propeller, while allowing for the blowing slot to be integrated within the wing insert’s boundaries. This
leads to the most optimal condition to evaluate the separation region mitigation using blowing jet to be 30
degrees angle of attack, while there is no upstream bleed. This would maximize the separation region
size to be observed upstream of the propeller, while considering the structural integration of the blowing
slot within the insert.



Experimental analysis

This chapter provides the reader with a description of the performed experimental analysis on the se-
lected propeller-wing configuration. The chapter begins with the description of the used wind-tunnel
setup, followed by the methodology for performing the experiments. The obtained results are then pro-
vided and discussed.

6.1. Experimental setup

The experimental analysis has been performed in the SLT wind-tunnel of the Low Speed Laboratory of
TU Delft. The used test-section has dimensions of 1.8x0.9x0.6 meters. The propeller-wing assembly
has been designed to be installed on the left side of the test-section when facing the wind-tunnel’s nozzle,
as depicted on Figure 6.2 and Figure 6.3. This allows for the wing size to have a tight fit with the height
of the test-section minimizing the formation of 3D-effects of the flow near the wing tips. The propeller
position is fixed with respect to the wing using two mounting plates at the wing tips. A detailed 2D drawing
of the top plate of the assembly is provided as an attachment to this document as a supplemental material
in Appendix F. The bottom plate has just a mirrored design of the top plate. The propeller is mounted
such that the minimum tip clearance is obtained at the mid-span of the wing, using 4 metal bars with 3D
printed parts matching the propeller drive body. This mounting design at the wingtips allows for no flow
blockage from an object that would alternatively be required to be installed within the blowing span to
keep the propeller drive at the set position from the wing. Additionally, each rod supporting the propeller
drive is fixed to the corresponding mounting plate in three points preventing the free movement of the
propeller drive’s supports on the surface of the mounting plate but also the twisting of the whole assembly.
The propeller drive arm that contains the required electrical cables and cooling tubes for its operation
is designed to stick out of the test-section and to be supported by a long vertical rod, maintaining the
horizontal plane. The top and bottom test-section walls are present during all tests, while the right wall
is selected to be removed. The presence of the right wall is expected to force the flow to stay attached
to its surface, while the Coanda effect over the wing’s suction surface would force the flow towards the
left side of the test-section. Hence, this is considered to result in significant divergence of the flow over
the suction surface of the wing leading to strong influence on the separation point.

The freestream velocity during the tests is measured by a pitot-static tube at mid-height of the most
upstream location of the right side of the test-section, as shown on Figure 6.2.This choice is considered
to be reasonable due to two reasons. First, the velocity is measured exactly at the velocity inlet where
the flow is assumed to be undisturbed as there are not upstream objects that could influence the flow.
Second, this positioning is expected to most closely replicate the conditions at the region of interest as
the propeller-wing assembly is mounted also close to the wall instead of the centerline of the test-section.
In case positioned just upstream the propeller-wing assembly, the pressure measurement of the pitot-
static tube is affected by the flow blockage induced by the presence of the assembly. If positioned at
the top or bottom centerline of the test-section, the freestream velocity estimation is higher due to the
fact that the tube experiences lower influence of the boundary layer velocity deficits developed over the
side walls, allowing the friction forces to be minimized.

40
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The active flow control is performed by actuation of a limited maximum mass-flow provided by the air
supply system of the laboratory. The different blowing coefficients were achieved by setting a selected
percentage of this maximum mass-flow rate by a mass-flow controller, shown on Figure 6.1. A sketch
of the layout of the air supply system in the laboratory is provided on Figure 6.4.

Figure 6.1: Bronkhorst EL-FLOW Select mass-flow controller

The flow transfer from the controller to the blowing slot is done by a circular air tube connecting the
supplied mass-flow to the rectangular pattern of holes made in the wing body, described further in this
section. The passive flow control consists of a flow channel inlet within the wing body, connection from
the rectangular flow inlet geometry to a circular tube, and an air tube allowing the captured mass-flow
downstream of the propeller to be recirculated back at the blowing slot. The recirculation air tube which
connects the blowing with the ’suction’ slot outside the wing body considering machining costs of the
wing model and installation convenience. Details about the blowing slot and the flow channel inlet are
provided further in the document.

Pitot-static
tube location

(a) Front view (b) Isometric view

Figure 6.2: Experimental setup views
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(a) Right side zoom-in at propeller-wing assembly (b) Front view zoom-in at the propeller rotational plane

Figure 6.3: Experimental setup zoom-in views
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Figure 6.4: Sketch of the top view layout of the air supply system setup for the active flow control

6.1.1. Region of interest

The region of interest (ROI) for the analysis of the blowing method is selected to be the mid-span of
the wing where the minimum tip clearance occurs. This selection choice is based on the fact that the
mid-span is the location of the wing where the three-dimensionality of the flow is expected to be mini-
mized such as wing-tip vortices or flow influence by the boundary layer formation at the mounting plates.
Hence, selecting the mid-span for the experimental analysis is considered as the most appropriate to
match the flow conditions in the performed numerical analysis described in chapter 5, where the three-
dimensionality of the flow is ignored.

6.1.2. Blowing slot design

The blowing jet is designed to be actuated through a finite span upstream the estimated separation point
for 30 degree angle of attack. However, since the minimum tip clearance occurs only at one location,
while the blowing jet should be acting on a continuous spanwise distance, the jet is designed to be
applied within the wingspan distance where the tip clearance is within typical percentages.

The maximum tip clearance selection is based on the finding of Li et al. [34] discussed in section 2.6
suggesting that the tip vortex intensity has not been observed to be affected by larger tip clearance
than 2% of the propeller’s diameter. Considering the TUD-XPROP’s diameter of 406.4 mm, this results
in maximum tip clearance of 8.13 mm. The lower limit of the tip clearance selection considers the
methodology suggestion of the Hu et al. [35] for the maximum tip clearance to be 4 times larger than
the minimum inspected tip clearance, leading to a minimum of 0.5% of the rotor diameter in this case.
Hence, the minimum selected tip clearance for this project becomes 2.0325 mm. This results in 14.07
degrees in azimuthal angle with respect to the vertical position, for the blade to achieve a tip clearance
of 2% of the diameter. The equation used to calculate the required azimuthal angle is:

(6.1)

¢ = arccos (R_MW’)

R



6.1. Experimental setup 43

This corresponds to a horizontal distance of 49.4 mm from the minimum tip clearance, which is then
multiplied by 2 to obtain the total blowing slot span of 98.8 mm but has been rounded to 100 mm for
manufacturing convenience. The equation used to calculate the total blowing slot span is provided as:

Blowing span =2 X R X sin ¢ (6.2)

As discussed in section 5.5, the boundary layer thickness is estimated to be 16 mm close upstream
to the numerically estimated separation point for the case of 30 degrees angle of attack. Following
the mentioned recommendation in the Tomas et al. [56] paper, 5-20% of the boundary layer is also
considered for this project. Hence, the influence of the slot on the aerodynamic characteristics of the
wing contour is minimized when not active. This corresponds to a slot width of 0.8-3.2 mm. To analyze
the effect of the slot size, selected are widths of 1 and 3 mm to be designed, shown on Figure 6.5
and Figure 6.6. The angle of blowing with respect to the local wing curvature is selected to be 20
degrees, following the recommendations of Muller-Vahl et al. [54], Puri et al. [60], and Matalanis et al.
[61], discussed in subsection 3.2.4. Further details about the slots can be found on the corresponding
technical drawings provided as a supplemental material in Appendix F. It is noted that the 1 mm width
slot has a decreased span with 4 mm at the left and the right side. This reduction is made such that a
structural reinforcement of the blowing slot geometry is applied when 3D-printed, minimizing the risk of
fracture at high blowing coefficients.

1mm }:
31.3mm 31.3mm
‘ 75 mm ‘ ! 75 mm 1
(a) Blowing slot width = 1 mm (b) Blowing slot width = 3 mm

Figure 6.5: Blowing slot design: Left view

Z
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e e

(a) Blowing slot width = 1 mm (b) Blowing slot width = 3 mm

Figure 6.6: Blowing slot design: Isometric view

6.1.3. Blowing slot connector

The active flow control is regulated by an air supply tube connection to the mass-flow controller. As the
tube cross-section is circular, while the blowing slot rectangular, a connector between the tube and the
slot has been designed. It distributes the mass-flow from the air supply tube to each of the 6 holes made
in the wing model with 10 millimeter in diameter each. The design of the connector is based on the 1/7th
power law applicable for estimation of boundary layer profiles in pipes as suggested by Salama [83] and
De Chant [84]. The general expression of the law is defined as [83]:

u

=- ()" (6.3)

umam

The fitting parameters m and n that the law incorporates represent a non-dimensional length scale and
overall exponent respectively. [83] Figure 6.7 shows the dependence of the power law on these two ex-



6.1. Experimental setup 44

ponents. The velocity ratio of the local to freestream velocity is plotted on the x-axis, while the normalized
radial position with respect to the pipe’s centerline is plotted on the y-axis.
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Figure 6.7: Normalized velocity profiles along a radial position of a pipe wall [83]

The Salama [83] study reports that n = 7 is found to match many of the cases involving fully developed
turbulent flow over smooth surfaces. Using the basic formulation of the law with m = 1 has the two
disadvantages of not having continuous derivative at the centerline and it does not match the laminar
flow at relatively low Reynolds number. The continuity of the profile is satisfied at m > 2. Analysis of
experimental data indicates that m varies within a relatively narrow range (between 1 and 3) depending
on the Reynolds number, while n varies over a broader range (from 1 to 12), and potentially beyond.
However, it is further noted by the paper, that this power-law profile is not intended for wall shear stress
calculations. Instead, it is more appropriate for estimating parameters such as flow rate and cross-
sectional average velocity. Moreover, the modified power law can potentially be extended to non-circular
ducts. Hence, since a fully developed turbulent flow is expected within the air supply tube, the values
used for estimating the air velocity profile are assumed tobe m =2 andn =7.

The supplied air is designed to reach the blowing slot through 6 equally spaced circular holes drilled in
the wing model, as presented in Figure F.2. They connect the blowing slot body to the pressure side
of the wing, where the connector supplies air to each of them. A simple hollow body connecting the air
supply tube to the rectangular sequence of the 6 holes is expected to result in unequal distributed mass-
flow due to the shape of the velocity profile in the tube and blending region. This means that the holes
that are closer to the air supply tube are expected to receive larger mass-flow than the farther holes.
Hence, this issue has been selected to be mitigated by splitting the inlet of the connector where the
air supply tube is attached into 6 different sectors by implementing 5 internal vertical bars (vanes). The
resulting 6 sectors are then connected to a corresponding connector outlet hole sequence, matching the
drilled holes in the wing'’s pressure side. Hence, the inner structure of the connector is split in 6 different
channels. The spacing of the vertical vanes is selected such that the air-supply mass-flow is distributed
equally in each channel.

The methodology to achieve this is by considering the average velocity ratio in each channel based
on the radial location in the obtained velocity profile with m =2 and n = 7. Considered are velocity
ratio of 1 for the two central sectors, 0.96 for the two at medium distance, and 0.8 for the two farthest
sectors. The thickness of the vanes is selected to be 1 millimeter. Then based on an iterative process,
the locations of the vanes have been determined to be at 0, 2.325 and 4.635 mm from the centerline
of the air supply tube. The Python code used to for this calculation is presented in Appendix E. The
code considers a quarter-circle for simplicity where the central vane is fixed, while the remaining vanes
position can be varied. The mass-flow is estimated for each of the enclosed areas by the vanes position
with respect to the selected thickness. Important to note is that the velocity ratios do not account for
the flow blockage and viscosity effects on the supplied air. Hence, the uncertainty of this approximation
of the equal mass-flow distribution is assumed to be high as the flow development within the connector
requires CFD analysis for accurate estimations of the distributed mass-flow in the channels. However,
due to time-limitations of this project this has not been performed. The 3D model of the designed blowing
connector is shown on Figure 6.8, while the technical drawing with the used dimensions is provided in
Appendix F. The connector is mounted on the pressure side of the wing using two-bolt connection. The
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contact face of the connector with the wing is designed to match the local curvature of the mounting
place to the wing. Additionally, the contact place has been sealed with a gasket such that mass-flow
leakage is prevented.

(a) Front view: Indicated internal vanes (b) Bottom view: Air supply connection side

Figure 6.8: Connector blowing side

6.1.4. Passive flow channel inlet design

As mentioned earlier in the document, the passive flow control is designed by implementing an external
air tube on the wing model, connecting the flow channel inlet, positioned downstream of the propeller,
to the blowing slot, positioned upstream of the propeller. The length of the tube is approximately 0.85
meters. The length of the tube has been selected such that a concept of such a passive flow channel is
tested, while maintaining the length as short as possible such that the air friction losses are minimized
until the flow reaches the blowing slot and also allowing for a convenient installation in the setup. The
sketch of the left view of the designed passive flow channel system is shown in Figure 6.9.

Passive flow
channelinlet

Blowing slot

A dwrune]

Figure 6.9: Sketch of the left view of the designed passive flow channel. The air tube length is not to scale.

The passive flow channel inlet is selected to be with the same span as the blowing slot such that the
same span reference is investigated. Following the suggestion of the Sheng et al. [85] patent, the suction
slot is designed to be placed at 1 tip chord length downstream from the trailing edge of the propeller tip.
The patent further suggests the range of the suction slot to be within 1-5% of the duct radius. This leads
to a minimum slot suction slot size of 2.05 mm and maximum of 10.26 mm. It is selected the suction
slot to be with a width of 7.5 mm, following the suggestion in Geng¢ et al. [86] paper conducting low
Reynolds number CFD study on laminar separation bubbles suppression using single or simultaneous
active blowing/suction slot area of 2.5% of the chord length of the NACA 2415 airfoil. The paper states
that an increase in the suction area beyond 2.5% is expected not to improve lift significantly. The angle
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selected for Coanda effect is 40 degrees for manufacturing convenience with an upstream smoothened
edge with a radius of 15 mm.

Similar to the drilled holes in the wing model for transferring the supplied air to the blowing slot, six holes
with the same rectangular pattern have been made for the captured air to be transferred to the connector
on the pressure side of the wing. The connector on the pressure side, however, is not designed with
internal vanes as the blowing slot connector, but rather have a completely hollow design as no distribution
of equal mass-flow is needed here, but rather collection of captured mass-flow. The technical drawing of
the designed ’suction’ connector is attached to the document as a supplemental material in Appendix F.

The ideal conditions for the flow channel inlet would be to capture uniform mass-flow along its span,
as the mass-flow is maximized. Based on actuator disc theory, the static pressure at far upstream
and far downstream within the stream tube through the diameter of an operational propeller is identical.
An extremely rough approximation of the blowing coefficient of the passive flow control may be made
considering the predicted total pressure jump at the tip of the propeller of 128 Pa by Qblade solver in
Figure 4.5b as it is the closest to the flow channel inlet. Considered is Bernoulli’'s principle within the
propeller stream tube with subscript "1” indicates upstream the propeller, and "2”- downstream:

1
2

1

5 PU3 (6.4)

psi+spvf 4+ Apr = pso+
Since the static pressure difference is neglected, the total pressure jump is then considered as dynamic
pressure jump of 128 Pa. Hence, the velocity downstream the propeller results in 24.77 m/s with the

4.77 m/s induced by the pressure jump. The calculation is done with the following equation:

vgz,/vgﬁ#. (6.5)

Hence the mass-flow results in 0.0223 kg/s using the equation:

m=puvy A (6.6)

Ignoring the friction losses within the channel until reaching the blowing slot and considering the blow-
ing area, the resulting velocity at the blowing slot becomes 201.89 m/s and 67.30 m/s for 1 mm and 3
mm slot width respectively. This leads to respective blowing coefficients of 67.93% and 22.64%. How-
ever, these values assume complete uniformity of the pressure jump along the channel inlet and 100%
Coanda effectiveness redirecting all the mass-flow towards the inlet, no separated flow and zero tip
clearance. However, this is not true as the local velocity inlet conditions vary along the inlet span due to
the change of the total pressure jump as there is a finite minimum tip clearance which increases towards
the inlet boundaries. More importantly, considering the numerical analysis, the inlet is located at the
chord-wise position where the flow is expected to be separated from the wing surface. Furthermore, the
assumption of equal static pressure at the flow inlet with the upstream of propeller should not be true
as the inlet is positioned at just one tip chord length downstream the propeller, which is expected to be
still within the region where the static pressure downstream the propeller still decreases, so the static
pressure at the inlet is higher than at far upstream of the propeller. These factors make the mentioned
approximation of the blowing coefficient from the passive flow channel in the ideal conditions invalid.
A more realistic estimation would be possible with conducting numerical study on the designed flow
channel inlet configuration where the velocity within the inlet’'s span can be obtained.

Based on the findings from the experimental study with this passive flow control provided further in this
chapter, the resulting achieved blowing coefficient is lower than 0.69% for both the tested freestream
velocities with 1 mm slot. This supports the expectation that the assumptions made for this calculated
potential blowing coefficient in ideal conditions are invalid.

6.2. Results

The results from the performed experimental testing of the effectiveness of the blowing slot are provided
below. They are differentiated between propeller off and on case.
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6.2.1. Propeller off

The condition where the propeller is not present has been investigated by both designed blowing slot
thicknesses. The 3 mm slot width analysis involves velocity profile readings at specific locations and
tufts visualization of the flow field over key points on the wing. While the 1 mm slot width data is extracted
solely from performed PIV flow visualization technique. A detailed description of the setup of these used
measurement techniques is provided further in the document.

Blowing slot width = 3 mm

For the case of blowing slot width of 3 mm, the dynamic pressure data has been measured at 1 and 2
quarter-chords downstream from the propeller tip trailing edge for freestream velocity of 10 and 20 m/s
at 25 and 30 degrees angle of attack. The measurements have been made while the propeller is not
operational and an active steady blowing is injected through the slot. This has been done by traversing a
pressure probe in a perpendicular axis to the chord line. The probe provides reading of the local dynamic
pressure based on Bernoulli’s principle of subtraction of the measured local static from the local total
pressure. The data has been used to obtain the corresponding airflow velocity based on the dynamic
pressure (q) to velocity (v) relation:

(6.7)

It should be noted that at the near wall locations the readings for the dynamic pressure are negative.
This indicates that the local static pressure is larger than the local total pressure. Hence, this cannot be
used as a valid indication of the air velocity, but just as indication of strongly disturbed flow such as the
separation region. The following sections present the resulting velocity profiles with negative velocities
calculated from the negative dynamic pressure readings. The negative values in the plots consider the
absolute value of the negative pressure and then being converted to negative just such that the velocity
profile can be completed near the wall, but not accurate value of the air velocity.

Additionally, the profiles have been investigated at 1 and 2 quarter-chords downstream the expected
propeller tip trailing edge. These locations are selected despite that the focus of this study is on the
flow field upstream the propeller, as the boundary layer thickness upstream the propeller is expected
to be highly uncertain due to its small thickness. Hence, analyzing the velocity profile downstream the
expected propeller mounting point allows for more convenient evaluation of the blowing coefficient effect
on the velocity profile and hence, separation thickness. The nearest point of the pressure probe to the
wing surface is selected to be 1 mm as lower value is expected to cause high probability of interaction
of the two bodies due to vibration. To prevent strong influence by the propeller drive on the pressure
measurements, the pressure probe is selected to have the same minimum offset from the hub of the
propeller. Hence, due to the larger airfoil thickness at 1 than at 2 quarter-chords position, the velocity
profile at 1 quarter-chord location has smaller y-coordinate range. The sketch of the pressure probe
traverse lines are shown on Figure 6.10.
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Figure 6.10: Pressure probe traverse lines shown in red color
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The effectiveness on the velocity profile of several percentages of the maximum mass-flow available
from the air supply system of the laboratory have been analyzed. As the blowing slot has a finite length,
the corresponding blowing coefficient based on Equation 3.2.1 is calculated by considering the blowing
slot area as the span of the blowing slot multiplied by the slot width, while the reference area (S) to
be the slot span multiplied by the chord length. The maximum mass-flow provided by the laboratory is
Mmax = 5.6 x 1073 kg/s. The air density of the jet and the freestream air are considered to be identical.
The resulting percentages of mass-flow vs blowing coefficients for the blowing slot width of 3 mm is
presented in Table 6.1:

Table 6.1: Jet velocity and momentum coefficient for selected blowing percentages with blowing slot width of 3 mm

Voo 10 m/s

Mass-flow % 20% 50% 80% 100%
Vjet [M/8] 3.1 7.78 1245 15.56
Cy 0.19% 1.21% 3.10% 4.84%
Voo 20 m/s

Mass-flow % 20% 50% 80% 100%
Vjet [M/8] 3.1 7.78 1245 15.56
Cu 0.05% 0.30% 0.78% 1.21%

Figure 6.11 presents the velocity profiles at unblown case (0%), 20%, 50%, 80%, and 100% of the
available mass-flow for both freestream velocities.

Velocity profile within the blowing span at 1 ¢/4 downstream Velocity profile within the blowing span at 1 ¢/4 downstream
from propeller tip TE, w=3 mm, v=10 m/s, AoA=30 deg from propeller tip TE, w=3 mm, v=20 m/s, AoA=30 deg
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Figure 6.11: Velocity profiles comparison at 1 quarter-chord downstream of propeller tip TE within the blowing span at AoA=30
degrees for different active blowing percentages of the maximum available mass-flow

Analyzing Figure 6.11a showing the velocity profiles for freestream velocity of 10 m/s, it can be con-
cluded that the low blowing coefficient increases the separation region compared to the unblown case.
More specifically, the lowest (20%) mass-flow percentage shows the largest increase in the separation
region thickness. On the other hand, a blowing with 80% and 100% of the mass-flow shows positive
effectiveness in decreasing the separation region. Additionally, it is observed highly unstable flow for
these two percentages as the velocity profile shows rapid deviations from the mean line, specifically
near the wing’s surface, while the deviations are observed to dampen towards the outer region of the
profile. This indicates that the injected air has the largest impact near the wing’s surface as intended,
but also that the difference between the injected air and freestream velocities promotes the flow to show
strong unstable behavior.

Looking at Figure 6.11b it can be concluded that none of the blowing jet intensities has a positive im-
provement effect on the separation region at 20 m/s. In fact, all of them show triggering an increase of
this region. Furthermore, the velocity profiles show no signs of instability up to the largest jet strength.
Comparing the velocity profiles for both freestream velocities, the same mass-flow percentages, and
hence same injected velocity achieves a greater impact on the profile at lower than higher freestream
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velocity, and therefore Reynolds number. This can be explained by the fact that the same injected ve-
locity magnitude results in greater difference in blowing coefficient at lower freestream velocity than at
higher freestream velocity, as seen also in Table 6.1. This is due to the fact that the freestream velocity
only affects the reference dynamic pressure expressed in the denominator in Equation 3.2.1. Hence,
the lower the freestream is, the greater the velocity profile behavior variation would be expected to be
observed. Similar results were obtained at further downstream. Figure 6.12 displays the velocity profiles
at 2 quarter-chords from the propeller tip trailing edge.

Velocity profile within the blowing span at 2 ¢/4 downstream Velocity profile within the blowing span at 2 ¢/4 downstream
from propeller tip TE, w=3 mm, v=10 m/s, AoA=30 deg from propeller tip TE, w=3 mm, v=20 m/s, AoA=30 deg
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Figure 6.12: Velocity profiles comparison at 2 quarter-chords downstream of propeller tip TE within the blowing span at AcA=30
degrees for different active blowing percentages of the maximum available mass-flow

As expected, the separation region has a larger thickness compared to the measured at 1 quarter-chord.
It is indicated that for both 10 and 20 m/s freestream velocity, the lowest blowing coefficient results in
the largest increase in the separation region. Interestingly, on Figure 6.12b showing the profiles for 20
m/s, the 20% and 50% blowing show significant similarity to the resulting separation thickness. The
substantially larger reference dynamic pressure prevents the jet velocity to have a noticeable impact on
the profile up to higher mass-flow injection.

The obtained data also agrees with the findings in the previously mentioned Miiller-Vahl et al. [54] in
subsection 3.2.1. The paper reports that the low-blowing coefficient indeed increases the separation
area over the investigated NACA 0018 airfoil. It has been stated that "the exact mechanism by which
steady blowing at low jet speeds induces the separation of an otherwise attached boundary layer has not
been investigated in detail to the authors’ knowledge. It is generally interpreted as the “inverse effect” of
blowing at high jet velocities: The addition of low-momentum fluid near the wall decreases the boundary-
layer momentum, making it more susceptible to separation”. As mentioned in subsection 3.2.1 the paper
states that the injection of a low-momentum air destabilizes the turbulent boundary layer, causing earlier
separation point. It is reported by Chen et al. [53] that the low-blowing displaces the streamlines away
from the wall, causing thicker boundary layer and pushing the separation point upstream. This finding
has also been observed by Meijerink [87] who numerically investigates the tangential blowing effect on
separation reduction on a ducted propeller. According to the study, the low-momentum blowing reduces
the momentum of the original boundary layer it displaces. Consequently, the weakened boundary layer
cannot overcome the adverse pressure gradient, resulting in flow separation.
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Velocity profile outside the blowing span at 1 c/4 downstream
from propeller tip TE, w=3 mm, v=10 m/s, AoA=30 deg
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Velocity profile outside blowing span at 1 ¢/4 downstream
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Figure 6.13: Velocity profiles comparison at 1 quarter-chord downstream of propeller tip TE outside the blowing span at AoA=30
degrees for different active blowing percentages of the maximum available mass-flow

Figure 6.13 shows the comparison of the velocity profiles for both 10 and 20 m/s freestream velocity in
the region where it is not directly downstream from the blowing slot, but at mid-span between the blowing
region and the wing tip. This location has been selected to evaluate the velocity profile at the region of
the wing where the overall disturbances of the freestream velocity are minimal. Selecting this distance
to be as close to the wing tip, would result in strong interaction with the boundary layer developed at
the mounting plate of the assembly. On the other hand, shifting the spanwise measurement location
too little from the blowing slot area would still be strongly affected by the blowing momentum of the
jet. Compared are three blowing percentages - unblown (0%), 50%, and 100%. It is observed that the
separation region in this part of the wing is not affected by any blowing percentage compared to the
unblown case for both investigated freestream velocities.

Same has been observed in Figure 6.14. Interestingly, the data shows that at freestream of 10 m/s,
blowing with 100% of the maximum mass-flow produces a highly unstable profile for both at 1 and 2
quarter-chord downstream locations. Additionally, the mean profile line is not altered compared to all
other blowing cases. This could be explained by the instability strength induced by the mixing of the
injected and freestream air boundary layers at this condition (C,, = 4.84%) is sufficient to noticeably
affect the stability of the velocity outside the region affected by the blowing slot. While for the case of 20
m/s in Figure 6.14b all the profiles are smooth and unchanged. The 100% blowing (C,, = 1.21%) shows
a bit smaller separation region but the difference is negligible and assumed to be due to a measurement
error. This analysis clearly indicates that the instability of the flow at the blowing slot indirectly affects
the stability of the flow outside the jet area.

Velocity profile outside the blowing span at 2 c/4 downstream
from propeller tip TE, w=3 mm, v=10 m/s, AoA=30 deg
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Velocity profile outside blowing span at 2 ¢/4 downstream
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Figure 6.14: Velocity profiles comparison at 2 quarter-chords downstream of propeller tip TE outside the blowing span at
AoA=30 degrees for different active blowing percentages of the maximum available mass-flow
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Similar analysis has been performed for the case of 25 degrees of angle of attack. Both measurement
locations indicate similar results to the 30 degrees angle of attack case. The data has been plotted
in Figure 6.15 and Figure 6.16. Both figures indicate that the separation region has been increased
by a low-blowing coefficient, while only 100% blowing at v = 10 m/s shows reduction of the separation
region. However, it is interesting that the flow instability at 100% blowing at v = 10 m/s shows less
intensity compared to the 30 degrees case on Figure 6.11a. This could be reasoned by the fact that
the lower angle of attack allows the accelerated flow over the wing to increase its effectiveness up to a
greater chord-wise position due to the reduced adverse pressure gradient, allowing for reduction of the
separation region at the same measurement location. The reduction of the separation region allows for
higher air momentum further downstream and hence, increasing the local flow velocity over the suction
surface of the wing. This suppresses the blowing coefficient and consequently, the injected momentum
cannot generate the same effectiveness as at higher angles where the local flow velocities are lower
due to larger separation region.

Velocity profile within the blowing span at 1 ¢/4 downstream Velocity profile within the blowing span at 1 ¢/4 downstream
from propeller tip TE, w=3 mm, v=10 m/s, AoA=25 deg propeller tip TE, w=3 mm, v=20 m/s, AoA=25 deg
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Figure 6.15: Velocity profiles comparison at 1 quarter-chord downstream of propeller tip TE within the blowing span at AcA=25
degrees for different active blowing percentages of the maximum available mass-flow

Velocity profile within the blowing span at 2 ¢/4 downstream Velocity profile within the blowing span at 2 ¢/4 downstream
from propeller tip TE, w=3 mm, v=10 m/s, AoA=25 deg propeller tip TE, w=3 mm, v=20 m/s, AoA=25 deg
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Figure 6.16: Velocity profiles comparison at 2 quarter-chords downstream of propeller tip TE within the blowing span at AcA=25
degrees for different active blowing percentages of the maximum available mass-flow

Tufts visualization has also been used to evaluate the blowing coefficient effect on the flow on the whole
wing model. Selected are four positions where tufts are positioned such that each tuft serves as indica-
tion for the local flow behavior. The selected positions are sketched on Figure 6.17. Three of the tufts are
positioned downstream the rotation plane of the propeller and one tuft upstream between the propeller
and the blowing slot. This way the flow behavior is observed qualitatively within and outside the blowing
span. The tufts within the blowing span are positioned at the centerline of the blowing span, while the
tufts outside the span are placed at the mid-span between the blowing region and the mounting plate of
the propeller-wing assembly. This way they are expected to be reasonably indicative to the freestream
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flow as the influence of the injected air and the 3D-effects of the flow near the mounting plates is as-
sumed to be equally minimized. Presented is the average tufts position at v = 20 m/s on Figure 6.18
and v = 10 m/s on Figure 6.19. The pictures are taken from the right side of the test-section facing the
wing’s suction surface. Therefore, the freestream air in the figures flows from right to left, and hence,
the leading edge of the wing is on the right side of the images. The passive flow channel inlet has been
covered with aluminum tape such that a scenario with only blowing slot present is investigated. Overall,
the conclusion to be drawn based on the tuft positions for both freestream velocities is that the flow is
not attached past the propeller plane of rotation in any blowing case for both freestream velocities, while
2 specific coefficients resulted in flow attachment upstream the propeller’s rotational plane.
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Figure 6.17: Sketch of the selected tuft positions on the suction side of the wing model

Looking at the 20 m/s case in Figure 6.18 fluctuations of the tufts are observed to be pointing mainly in
upstream direction for all tested blowing mass-flow percentages. This indicates that the region down-
stream of the propeller rotational plane experiences a recirculating zone where the flow near the wall
flows upstream as a result of the upstream flow separation point. The tuft at the centerline of the blow-
ing slot downstream of the propeller does not indicate any flow attachment position which consequently
implies that any of the blowing coefficients achieved by the blowing slot width of 3 mm with the given
maximum mass-flow does not benefit to flow attachment past the propeller. This coincides with the anal-
ysis performed with the pressure probe readings as discussed earlier. The tuft between the propeller
and the blowing slot is found to have a chaotic behavior for all the blowing coefficients applied. Hence,
the separation point has not been pushed at least until the propeller location for up to C, = 1.21%.



6.2. Results 53

(a) 0% (C,, = 0%) (b) 20% (C,, = 0.05%)  (c) 50% (C,, = 0.30%)  (d) 80% (C,, = 0.78%)  (e) 100% (C,, = 1.21%)

Figure 6.18: Tuft flow visualization over darkened wing background at AoA=30 degrees, v~ = 20 m/s. The leading edge is on
the right side of the images with air flowing from right to left. The freestream velocity is indicated with a blue arrow. The blowing
slot span is indicated with a red line, while the center of rotation of each tuft is depicted with yellow color.

Analyzing the case for v = 10 m/s on Figure 6.19, it can be concluded that the tufts barely show any
responsive behavior to the flow. Their orientation is mainly downwards, suggesting that the flow down-
stream of the propeller plane has insufficient momentum to be analyzed with the selected tufts design.
However, greatest deviation from the vertical position it is observed for the case of the maximum blow-
ing percentage (corresponding to C,, = 4.84%) in Figure 6.19e where the position of the centerline tuft
downstream the propeller shows unsteady behavior with the position fluctuating between downwards
and streamlined. This also supports the pressure probe measurements discussed earlier which also
suggest for the unsteady characteristics of the boundary layer downstream of the propeller position.
However, the tuft positioned between the propeller and the blowing slot is found to start fluctuate its
average position between downwards and streamlined at 50% blowing (C,, = 1.21%), but this is also
visible at the unblown case in Figure 6.19a. Therefore, this still could be due to separation intensity.
While for 80% (C,, = 3.10%) and 100% (C,, = 4.29%) blowing, the tuft indicates completely attached
flow. Therefore, it can be concluded that the approximate threshold where the blowing jet prevents the
separation region up to the propeller rotational plane could be between C,, = 1.21% and C,, = 3.10%.

(a) 0% (C,, = 0%) (b) 20% (C,, = 0.19%)  (€) 50% (C,, = 1.21%)  (d) 80% (C,, = 3.10%)  (e) 100% (C,, = 4.84%)

Figure 6.19: Tuft flow visualization over darkened wing background at AoA=30 degrees, v~ = 10 m/s. The leading edge is on
the right side of the images with air flowing from right to left. The freestream velocity is indicated with a blue arrow. The blowing
slot span is indicated with a red line, while the center of rotation of each tuft is depicted with yellow color.
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Blowing slot width = 1 mm

Same percentages of the maximum available mass-flow have been investigated for the blowing slot of
1 mm in width, representing 5% of the boundary layer thickness. The resulting corresponding blowing
coefficients are provided in Table 6.2. As the injection width decreases, the injection slot area decreases,
causing the injected velocity to increase such that the same mass-flow is corresponding injected per-
centage is achieved. Since the injected velocity rises with tighter slot, the achieved blowing coefficient
is greater compared to the same blowing percentages for the case of 3 mm slot width. More specifically,
three times smaller blowing width allows for roughly 3.5 times higher C,, for the same mass-flow.

Table 6.2: Jet velocity and momentum coefficient for selected blowing percentages with blowing slot width of 1 mm

Voo 10 m/s

Mass-flow % 20% 50% 80% 100%

vjet [M/8] 10.15 25.38  40.60 50.75

Cy 0.69% 4.29% 10.99% 17.17%
Voo 20 m/s

Mass-flow % 20% 50% 80% 100%

vjet [M/8] 10.15 25.38 40.60 50.75

Cy 017% 1.07% 2.75%  4.29%

Particle Image Velocimetry (PIV) measurement technique is used to determine planar velocity fields
around the blowing region upstream the propeller. It serves both for qualitative flow visualization and
for quantitative analysis of velocity distributions within a flow. Since its introduction in the late 1970s,
PIV has become a widely adopted standard in fluid mechanics research. [88] It is non-invasive flow
visualization technique used to measure the velocities and trajectories of individual particles introduced
into the fluid. These tracer particles are typically uniform, spherical in shape, and may be solid, liquid, or
even gaseous. To accurately follow the fluid motion, the particles should be neutrally buoyant, minimizing
sedimentation and drag relative to the surrounding fluid. This ensures the most precise flow visualization.
As aresult, it is generally assumed that the tracer particles move with the same velocity as the local fluid,
and their physical properties match to those of the bulk flow. [89] The basic principle of PIV is illustrated
in Figure 6.20.

o Flow with
tracer particles

” Light-sheet optics

Double-pulse laser

Laser beam &~

Camera

Figure 6.20: Typical PIV setup [88]

A thin plane within the flow is illuminated using light-sheet optics and a powerful light source. The tracer
particles within this plane scatter the light and are captured by a camera. By recording two successive
images, the displacement of the particles can be measured. The particle displacement between the
second image and the first image is converted into velocity, accounting for the magnification of the
imaging system and the time interval between the two recordings. [88]
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The two captured images, which display the illuminated tracer particles as grayscale patterns, are di-
vided into smaller sections known as interrogation windows. For each interrogation window in the first
image, a pixel-wise correlation is performed with a region of the same size in the second image, centered
around the corresponding location. This process generates a local correlation map for the particle or
intensity pattern, as illustrated in Figure 6.21. The location of the peak value in this correlation map indi-
cates the most probable vertical and horizontal displacement of the particle pattern within that particular
interrogation window. [88]
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Figure 6.21: Cross-correlation map illustration [88]: First image (a) - particle pattern indicated by peaks, Second image (b) -
particle pattern indicated by peaks, Cross-correlation map of the two images with the peak indicating the most probable
displacement (c)

Applications for PIV technique are found both in scientific and industrial applications. Examples are fluid
mechanics, aerodynamics, e.g. aircraft and airfoil profile design, characterization of building and bridge
aerodynamic actions, sports science, combustion, hydraulics, or bio fluid mechanics. [90]

The selected region of interest for performing the PIV measurements is presented on Figure 6.22. The
selection for the chord-wise dimension of the ROI has been made such that the flow field is captured
partially upstream the blowing slot where the flow is expected to be attached and just downstream the
passive flow control inlet serving as indicative region for the flow separation suppression downstream
the propeller. The vertical distance of 85 millimeter between the slot location and the closest boundary to
the propeller hub is selected such that the expected separation region thickness to be captured for angle
of attack 30 degrees. The 10 millimeter below the blowing slot are selected such that the wing’s surface
does not take the majority of the ROI, while still being distinguishable. This ROI has been considered
to be a trade-off between inspection of the separation region over the suction surface of the wing under
the various blowing coefficients and mounting capabilities in the test-section for the intended setup.
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Figure 6.22: Selected region of interest for PIV measurements at wing’s mid-span; Dimensions in millimeters

The top view of the PIV setup is sketched in Figure 6.23. The sketch indicates the laser position with the
approximate laser sheet dimensions, while the propeller-wing assembly is under 30 degrees of angle of
attack.

Laser

Figure 6.23: PIV setup sketch: Top view with propeller-wing assembly under 30 degrees angle of attack relative to the
freestream flow

Figure 6.24 shows the propeller-wing assembly setup for the performed 2D PIV flow visualization tech-
nique for the 1 mm slot case. Considering the time-limitations of the project, PIV tests are done only
with the blowing slot width of 1 mm as it allows for a wider range of blowing coefficients to be analyzed,
compared to the 3 mm slot case. The camera for performing the PIV measurements is selected to be
positioned below the bottom side of the test-section, looking upwards. A hole has been cut in the bot-
tom mounting plate such that the flow field near the blowing slot can be visible by the camera, while still
reliable mounting capability of the plate is maintained.
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Figure 6.24: 2D PIV setup: Laser point of view; Freestream air flows from right to left

The original green color of the wing model has high reflectivity properties to the laser light leading to large
difference between the reflectivity of the wing surface and the seeded particles in the airflow required
for visualization of the flow field after post-processing of the image pair. Therefore, black foil has been
applied on the suction surface such that the reflections are mitigated and acceptable flow visualization
achieved. The foil has been applied only to the areas which are captured by the camera. Despite that
the thickness of the foil affects the exact contour of the suction surface of the wing, this modification is
assumed to be negligible. Further details for the performed 2D PIV technique are as follows:

» Image acquisition and post-processing software: DaVis
» Camera f#=5.6
» Laser: Quantel Evergreen Nd-YAG Laser Class 4
* Laser light wavelength: 532 nm
* Laser power: 60%
» No propeller phase-locking
* Interrogation window size with 2 initial passes: 48 x 48 pixels
* Interrogation window size with 3 final passes: 16 x 16 pixels
+ Interrogation window overlap factor: 50%
* Voo =20 m/s:
— Image rate: 15 Hz for propeller off, 12 Hz for propeller on
— Time difference between image pair: 40 microseconds
* Voo =10 m/s:
— Image rate: 12 Hz
— Time difference between image pair: 65 microseconds

Similar to the numerical analysis method, the PIV analysis is selected to be based on the averaged
velocity field for the tested cases. The tests were performed for 20 and 10 m/s freestream velocity for
the same advance ratio of the propeller. The rotational speed of the propeller at 20 m/s freestream
velocity is 2109 RPM and 1054.6 RPM at 10 m/s. The provided PIV average velocity fields further in
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the document are obtained from 1000 images per case. The figures within this chapter concern only the
cases of 20 m/s freestream velocity, while the data for 10 m/s is provided in Appendix D.

As the PIV technique allows to obtain information for the flow field upstream of the rotational propeller,
it is selected to analyze the effectiveness of the blowing coefficient on the flow separation reduction by
analyzing the velocity profile just upstream the propeller blade location. More specifically, this is 35 mm
downstream of the blowing slot, which is 11.67% of the wing’s chord length. This location has been
selected as it has two advantages. The first is that it represents the largest distance downstream the
blowing slot where the flow separation can be investigated before the seeded particles trajectory in the
flow is strongly influenced by the propeller’s rotation. The second advantage is that propeller inflow
velocity profile uniformity can be evaluated. First, the velocity profile comparison for the propeller off
case is displayed on Figure 6.25.

Velocity profile comparison propeller off, w=1 mm, Velocity profile comparison propeller off, w=1 mm,
v=20 m/s, AoA=30 degrees v=20 m/s, AoA=25 degrees
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Figure 6.25: PIV data: Velocity profile comparison at just upstream the propeller blade location at v, =20 m/s

It can be concluded that the separation is observed for the unblown and 20% of the maximum mass-
flow as the velocity near the wing surface has a negative magnitude, indicating for a flow reversal at the
location of measurement. Additionally, it is visible that the low-blowing jet of 20% of the maximum mass-
flow leads to an increase of the thickness of the separation region. However, the separation is observed
to be fully suppressed for the 80% and 100% cases, corresponding to blowing coefficient of 2.75% and
4.29% respectively. Additionally, it should be noted that the a case for 50% (C,, = 1.07%) for 30 degrees
angle of attack was unfortunately skipped during the tests by a mistake. However, based on the profile
comparison it could be expected that the 50% (C,, = 1.07%) should be close to the coefficient threshold
where the blowing momentum is sufficient for beneficial effect on the separation region reduction.

Looking at the case for freestream velocity of 10 m/s on Figure D.1, the flow separation is already
prevented by the 20% (C,, = 0.69%) case or higher. It is further analyzed that the higher the blowing
percentage, the larger the normal distance from the wall is where the peak of the injected air velocity
is. This could be reasoned by the reduction of the Coanda effect with increasing the momentum of the
injected air. This has been also observed by He et al. [91] which investigates the improvement of the jet
pressure ratio and jet velocity in the circulation control of an airfoil in a high subsonic airflow. The paper
reports that outward shift of the velocity maximum with increasing blowing coefficient, and at even higher
momentum ratios, has been observed to cause premature detachment of Coanda jets. Kamotani et al.
[92] states that when a jet issues along a curved wall, the shearing and entrainment of fluid between
the jet and the surface induce a region of low pressure at the wall. This pressure difference forces the
jet to bend and remain attached to the surface. However, as the jet momentum increases, the required
pressure gradient to maintain curvature also rises, and the entrainment-induced low pressure may no
longer be sufficient to keep the jet fully attached.

The 3D model of the wing is overlaid over the PIV velocity fields for the corresponding propeller off,
propeller on, and passive flow control case. This way a better visualization can be made with respect to
the blowing slot position. The results for the 30 degrees angle of attack when propeller is not operational
are presented on Figure 6.26. The higher velocities are indicated by warm colors with the highest
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corresponds to red, the lower velocities with colder colors with the lowest corresponding to black. The
relative velocity magnitude range is kept identical for all the figures presented.
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(c) 80% (C,, = 2.75%) (d) 100% (C,, = 4.29%)

Figure 6.26: PIV data: Average velocity field for the tested blowing coefficients at AoA = 30 degrees, v = 20 m/s, propeller off

It can be observed on Figure 6.26 that the active flow control becomes detrimental for the separation
region reduction by comparing the 0 and 20% blowing cases. The 20% case shows a slight increase
of the separation area compared to the unblown case. This result confirms the data also shown by the
pressure measurements in subsection 6.2.1. It can be concluded that the separation region has been
significantly reduced up to downstream the propeller rotation plane for 80 and 100% with C,, = 2.75%
and C,, = 4.29% respectively, with the highest effectiveness shown by the highest value. Furthermore,
comparing the low with high C,, flow field, it can be observed that the flow upstream the blowing slot
is accelerated with the increase in the injected air momentum. Hence, the static pressure over the
wing is decreased, leading to stronger suction peaks over a larger section of the wing’s suction surface.
In contrast, the increase of the separation region for the low-momentum injected air results in lower
freestream velocity upstream the blowing slot where the flow is still attached, degrading the suction
peak of the wing’s geometry.

A further observation is a black hump with identical shape near the wall for the 80 and 100% in Fig-
ure 6.26¢ and Figure 6.26d respectively. This is a result from presence of a scratch in the bottom
plexiglass surface of the wind-tunnel’s test section which significantly disturbs the reflected light from
the seeded particles, resulting in a bright spot where the reflected light from the seeded particles in the
flow cannot be differentiated. This leads to no velocity data at that location. Unfortunately, this issue has
not been able to be resolved within the wind-tunnel campaign duration and the hump can be observed
in all PIV results where it is upstream of the separation region.

The data for freestream velocity of 10 m/s for the same conditions is presented Appendix D on Figure D.3.
It can be observed that already with the 20% (C,, = 0.69%) case, a suppression of the separation region
occurs as the separation point is pushed downstream. A complete separation prevention has been
achieved for 50% (C,, = 4.29%) and higher within the selected ROI. The data agrees with the findings of
the 20 m/s condition, where the increase of the blowing coefficient increases the flow velocity upstream
the injection slot, and hence, the suction peak. Furthermore, the Coanda effect at the slot is indicated
to be effective even at the highest applied coefficient of C,, = 17.17% as no triggering of separation



6.2. Results 60

is observed, but only suppression. Interestingly, the 80% (C, = 10.99%) and 100% (C,, = 17.17%)
shows a maximum velocity region (in red) to be detected at the downstream boundary of the ROI rather
than upstream the blowing slot as typically. This could be explained by possibly under-seeded jet with
reflective particles and/or too large time difference between the image pairs at these conditions where
the particle movement is way too large for the an accurate correlation with the selected At which was
tuned for unblown cases. Therefore, the presence of the maximum detected velocity at the downstream
boundary of the ROI could be due to the jet's local velocity becoming low enough due to the friction
forces allowing it to be processed by the software, while the velocity near the wall closer to the blowing
slot is underestimated.

The case for angle of attack 25 degrees at 20 m/s freestream velocity is displayed on Figure 6.27. Tested
are only 0%, 50%, and 100% of the mass-flow. The blowing conditions here differ from the angle of attack
of 30 degrees, as in this case, the natural flow separation point, as predicted in Figure 5.11, occurs at
more downstream location. Hence, the blowing slot location distance to the natural separation point is
increased.

(a) 0% (b) 50% (C,, = 1.07%) (¢) 100% (C,, = 4.29%)

Figure 6.27: PIV data: Average velocity field for the tested blowing coefficients at AoA = 25 degrees, v = 20 m/s, propeller off

Analyzing the figures, it is found that the 50% blowing (C,, = 1.07%) has a positive effect on pushing the
separation point downstream, while the separation region is fully removed at the 100% (C,, = 4.29%)
case within the ROI. As the 25 degrees angle of attack required the rotation of the propeller-wing assem-
bly to this selected angle, the discussed scratch in the bottom surface of the wind-tunnel’s test section
has shifted downstream as the relative position to the ROI changes. Based on the results, the thresh-
old for the beneficial C,, for flow separation region reduction is close to 1.07%. Figure D.4 shows the
results for 25 degrees angle of attack at 10 m/s. It is concluded that the separation region is effectively
suppressed within the whole ROI already for 50% blowing (C,, = 4.29%).

6.2.2. Propeller on

Performed are wind-tunnel tests involving the operational propeller for both active and passive flow
control method. The analysis is based on velocity flow fields and profiles at the selected location within
the PIV ROLI.

PIV: Velocity profiles data

Presented on Figure 6.28 is the PIV data comparison for the velocity profiles at 20 m/s freestream
velocity at 30 and 25 degrees angle of attack. It can be observed that all the cases indicate a fully
attached flow just upstream of the blade. This is a finding which does not agree with the numerical
simulation predictions for the operational case, where the separation point over the suction side of the
wing has been estimated to be at about 50 mm from the leading edge with the set propeller advance
ratio for the 30 degrees angle condition for example, as displayed in Figure 5.11. This mismatch may be
caused by the propeller performance underestimation due to the inaccurate approximation of the airfoil
cross-section distribution of the actual blade geometry. Moreover, the total pressure jump prediction of
the BEM analysis does not consider the aerodynamic properties of the wing. The wing suction peak
accelerates the flow locally and increases the advance ratio at the propeller tip, which would reduce the
local blade loading in the BEM model. However, since the experimental data shows that the boundary
layer is attached upstream of the propeller, this would suggest that the total pressure jump generated
by the propeller-wing interaction exceeds the simplified BEM prediction.

Regarding the blowing effectiveness, it is found that 20% (C,, = 0.17%) and passive flow control blow-
ing coefficients lead to a larger thickness of the boundary layer compared to the unblown case. As
the boundary layer shape is roughly identical for these two coefficients, it is assumed that the achieved
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blowing coefficient with the passive control is close to C,, = 0.17% as well. The 50% of the maximum
mass-flow is found to give almost the same results as the unblown case. While the near-wall velocity
deficit is reduced for 80 and 100% of the maximum mass-flow with C,, = 2.75% and C,, = 4.29% re-
spectively. The greatest uniformity of the propeller inflow velocity profile is observed to be achieved with
C,, = 2.75% for 30 degrees angle of attack.

Figure D.2a shows the condition where the freestream is 10 m/s, while maintaining the angle of attack
of 30 degrees. The data indicates that the passive flow control and the 20% blowing (C}, = 0.69%) result
in larger boundary layer thickness than the unblown case, while a thickness reduction is observed for at
50% blowing (C,, = 4.29%) or higher. The passive flow control is found to result in the largest boundary
layer increase, which suggests that the achieved blowing coefficient is lower than (C,, = 0.69%).

The 25 degrees angle of attack data shown on Figure 6.28b indicates that the 50% and the passive
flow control are found to lead to an increase in the boundary layer thickness near the wing surface
compared to the unblown case. An increase in the near-wall velocity has been observed only at the
100% case. Additionally, the velocity maximums of all profiles have been slightly increased near the
wall compared to the 30 degrees angle of attack. Since the profile measurement is taken downstream
of the suction peak of the wing, which is upstream the blowing slot, this phenomenon could be explained
by the reduced adverse pressure gradient for the lower angle of attack allowing for the airflow to maintain
a high momentum for a larger distance past the suction peak.

Velocity profile comparison just upstream the Velocity profile comparison just upstream the
propeller, w=1 mm, v=20 m/s, AoA=30 degrees propeller, w=1 mm, v=20 m/s, AoA=25 degrees
90 20
80 80
70 70
60 60
T 50 T 50
% 40 % 40
30 30
20 20
10 10
—0— ——
-5 0 5 10 15 20 25 30 5 0 5 10 15 20 25 30
u[m/s] u[m/s]
—(0% 20% e=—=50% 80% e==100% === Passive —(% e—50% e=—100% -==—Passive
(a) Propeller off, AoA = 30 degrees (b) Propeller off, AoA = 25 degrees

Figure 6.28: PIV data: Velocity profile comparison at just upstream the propeller blade location at v =20 m/s with propeller on

Regarding the freestream velocity of 10 m/s for the same angle on Figure D.2b, improvement of the
unblown condition has been achieved by all of the inspected blowing cases including the passive flow
control. The unblown profile shows a deficit up to 60 mm away from the wall where it matches with
the rest of the data. A deficit dip is formed specifically within 30 to 50 mm away from the wall. This
could be due to a measurement error resulting from the propeller influence on the seeded particles at
lower velocity where the viscous effects from the propeller blade movement are stronger. Hence, the
measurement proximity to the propeller might be too close in this case. An increase in the near-wall
velocity has been achieved by the 50% and 100%. The greatest uniformity of the profile has been
achieved by the 50% (C,, = 4.29%).

PIV: velocity fields data
Presented on Figure 6.29 are the velocity fields at 30 degrees angle of attack at 20 m/s freestream
velocity. The comparison also includes the tested condition with a passive flow control.
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(a) 0% (b) 20% (C,, = 0.17%) (€) 50% (C,, = 1.07%)

~~~~~~~~~~ <

(d) 80% (C = 2.75%) (e) 100% (C,, = 4.29%) (f) Passive flow control

Figure 6.29: PIV data: Average velocity field for the tested blowing coefficients at AoA = 30 degrees, vo, =20 m/s, propeller on

Looking at Figure 6.29a, it can be observed that the velocity deficits near the wall begin to increase
noticeably near the blowing slot which is also the design location of the blowing slot based on the nu-
merical prediction of the separation point. Similar to the propeller off results, the low blowing coefficient
is observed to thicken the boundary layer compared to the unblown case. An increase of low-momentum
region upstream the propeller is observed up to the 50% case (C,, = 1.07%), while the airflow near the
wall is found to be accelerated up to the flow velocity away from the wall upstream the propeller blade for
the 80% and 100% cases. The greatest low-velocity suppression near the wall occurs for the 100% as
expected due to the greatest energy addition to the boundary layer. However, a notable difference with
the propeller off condition on Figure 6.26d is that the suppression is more effective when the propeller is
not present for the same blowing coefficient. This could be explained by the fact that the blade passing
induces both a flow blockage of the injected air due to the small tip clearance, and an unsteadiness due
to the passing frequency which could deflect the injected air direction out of the plane of the analysis.
Moreover, the velocity downstream of the propeller is indicated to have a lower magnitude (yellow color)
than upstream (orange color). This may be due to the increased freestream velocity by the suction peak
of the wing contour, leading to accelerated flow near the wall, which consequently increases the effective
advance ratio of the propeller. Hence, the thrust produced may be lower than the BEM prediction which
assumes uniform inflow and zero angle of attack. Also, a possible bias of the PIV accuracy could be
present downstream the propeller as the seeding particle trajectory is significantly modified by the blade
motion, potentially causing reduction of the in-plane particle density and therefore, apparent velocity
reduction.

Looking at Figure 6.29f, the passive flow control is observed to increase the boundary layer thickness
compared to the unblown case. The velocity field for the passive flow control case is comparable to the
20% (C,, = 0.17%) field on Figure 6.29b. The data shows that the boundary layer thickness is increased
for the passive flow control while already a slight decrease is observed for the 50% case. Hence, the
designed passive flow channel is assumed to produce a blowing coefficient between 0.17% and 1.07%.
Further comparing the passive flow control with the 20% and 50% cases, the passive flow control inlet
indeed seems to create a flow suction based on the curved shape of the separated flow downstream of
the propeller.

Analyzing the case for 10 m/s freestream velocity on Figure D.5 the 20% blowing (C,, = 0.69%) is found
to result in larger boundary layer thickness, while already with 50% (C,, = 4.29%) the low-momentum
flow near the wall is fully prevented upstream the propeller blade. Furthermore, the this region has been
fully suppressed for the cases of 80% (C,, = 10.99%) and 100% (C,, = 17.17%) within the ROI despite
the propeller presence. Additionally, the passive flow control shows larger boundary layer thickness,
indicating for achieved blowing coefficient lower than 0.69%.
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Figure 6.30: PIV data: Average velocity field for the tested blowing coefficients at AoA = 25 degrees, vo, =20 m/s, propeller on

Looking at the 25 degrees condition at 20 m/s on Figure 6.30, similar findings are made as in for the 30
degrees case. The 50% blowing (C, = 1.07%) is observed to show an increase in the boundary layer
thickness compared to the unblown case. However, for this lower angle of attack, the 100% case with
C,, = 4.29% is found to almost fully suppress the low-momentum area for the entire ROI, which does not
occur for the 30 degrees case in Figure 6.29e. This could be explained by the fact that the lower angle of
attack reduces the suction peak over the wing surface allowing for more gradual pressure recovery, and
hence, larger section of the wing with higher local velocity of the flow for the same amount of injected
momentum. The boundary layer with the passive flow control is observed to be increased, indicating for
an achieved blowing coefficient lower than 1.07%.

Figure D.6 shows the results for 25 degrees angle of attack at v = 10 m/s. The lower freestream velocity
allows for a complete suppression of the distinguishable boundary layer thickness upstream the propeller
already at 50% blowing (C,, = 4.29%), while this has been achieved in the entire ROI for the 100% case
with C), = 17.17%. The passive flow control remains with achieved coefficient lower than required for
beneficial effect in decreasing the boundary layer thickness. Instead, it increases it leading to an larger
low-momentum area than the unblown case.



Conclusion and recommendations for
future research

This chapter concludes the findings of the performed research along with the answers of the project’s
research questions. Additionally, several recommendations are suggested for future work aiming for
improvement of the accuracy of the analysis of a similar research topic and setup.

7.1. Conclusions

This document discusses the master thesis project titled "Towards flow separation control at the lip of
a ducted propeller using blowing jet method”. The analysis is based on the flow development over
the suction surface of a uniform cross-section wing in proximity to an operational propeller. Performed
are numerical and experimental analysis on the propeller-wing configuration. The effectiveness of the
blowing jet has been analyzed by application of various blowing coefficients through an inscribed blowing
slot in the wing body. The findings of this project might be applicable to both ducted propeller or propeller
over-the-wing configuration under high angle of attack. The answers of the sub-research questions are
as summarized as follows:

* How is the ducted propeller performance affected by the duct’s geometry?

According to the found literature, comparison of the aerodynamic performance of a duct with imple-
mented thick, thin and cambered airfoil cross-section shows that the cambered airfoil provides the
largest benefit for the thrust production by the duct. The cambered airfoil also leads to the lowest
power required for generating the same amount of thrust and better achievable efficiency than the
isolated propeller. In terms of the leading edge geometry, it is reported that the best trade-off for
both static and forward flight condition is shown by a small leading edge that is skewed towards
the exterior contour of the duct, allowing the pressure gradient to change gradually. Additionally,
a small leading edge radius and shorter chord length of the inlet lip would benefit the forward flight
with the reduction of the adverse pitching moment, lateral forces, surface friction and pressure
drag, while still being able to prevent the formation of tip vortices. On the other hand, the larger
radius would be benefit the static condition allowing the flow to be attached and increase the thrust.

* How is the propeller’s advance ratio affecting the performance of the duct?

Due to the dominating viscous forces of the duct’s internal flow at high advance ratio, the duct
becomes disadvantageous for net total thrust production by the ducted compared to an isolated
propeller. At low advance ratios, a ducted propeller can generate more thrust than an isolated
propeller for the same power input. The duct lip, depending on its geometry and the inflow condi-
tions, accelerates the incoming flow and induces a region of low static pressure upstream of the
lip, which contributes to the total thrust production.
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* How does the tip clearance affect the propeller loading?

According to found literature, the propeller loading increases towards the blade tips as the tip
clearance decreases. More specifically, decreasing the tip clearance allows for greater blade tip
vortex suppression, leading to a greater total pressure jump. As the tip vortices are effectively
suppressed, the blade tip section of the propeller approaches the local 2D airfoil aerodynamic
properties.

* How should the flow control performance be experimentally analyzed?

The flow control is analyzed most effectively by observing the velocity profiles just upstream of the
propeller blade for both active and inactive propeller case. This way the flow separation region
can be assessed quantitatively instead of solely observing the flow field in the region of interest.
However, a qualitative method for flow visualization such as tufts, positioned at key locations on the
wing surface, provides an additional insight into the blowing jet influence both within and outside
the blowing span over the wing at different blowing coefficients.

* How is the range of angle of attack of interest limited?

The range of the angle of attack in this project is limited such that the separation point occurs within
the boundaries of the insert of the wing, while still upstream of the rotation plane of the propeller.
Furthermore, the most upstream flow separation point is also limited by the structural consideration
for the blowing slot to be manufactured within the insert’s boundaries too so that the injected jet is
applied just upstream the separation point as recommended by literature.

* How can the separation point be reasonably approximated?

The separation point over the wing suction surface is reasonably approximated by a numerical
study of the plane of interest in the intended approximated experimental setup. Literature findings
suggest the suitable RANS turbulent models for flow separation prediction could be considered
the SST k — w and Spalart-Allmaras turbulence models, together with a computational mesh that
satisfies the y* = 1 condition such that the viscous sub-layer of the boundary layer can be resolved.
The propeller total pressure jump has been implemented in the CFD study by an actuator line based
on BEM analysis prediction, while ignoring the Prandtl tip correction to account for the presence
of the duct. The plane of interest of the experimental study has been selected to be at the mid-
span of the propeller-wing assembly, where the minimum tip clearance and region of interest are
selected to be due to the minimized influence of the flow development near the wingtips, allowing
for maximized 2D-flow condition.

* What is the blowing coefficient’s influence on the flow separation with variation of the angle
of attack and freestream velocity?

The obtained data suggests that the threshold for effective blowing coefficient for flow separation
reduction could be reduced with the decrease of the angle of attack. This is assumed to be due to
the more gradual pressure gradient at lower angle of attack, allowing for the injected momentum
to remain effective over a larger chord-wise distance. The reduction of the freestream velocity has
a similar effect on the threshold, as the flow separation point is found to be pushed downstream
at lower coefficient compared to at higher freestream velocity.

* How should a passive flow control method such as a flow channel be implemented to con-
tribute to separation prevention at the lip for the entire investigated range of angle of attack?

The passive flow channel designed to recirculate captured mass-flow from the propeller slipstream
using Coanda effect back to the blowing slot showed incapability of flow separation reduction. It is
assumed that this is caused by the steep angle of the flow channel inlet, causing strong deviation
from an optimal angle for the Coanda effect. Additionally, the flow channel inlet is immersed in
the flow separation region, which significantly disturbs the inflow velocity in the passive channel.
Based on the obtained velocity fields, the achieved blowing coefficient with the designed passive
flow control is about C,, ~ 0.17% at freestream velocity of 20 m/s and lower than C,, = 0.69%
at 10 m/s, which showed an increase of the separation region rather than suppressing it. Hence,
the answer to this question has not been found in this research. However, recommendations are
made further in the document how such method could show beneficial results.

Active and passive flow control have been designed and experimentally analyzed. Various blowing
coefficients have been tested at 10 and 20 m/s freestream velocity. Based on the obtained velocity
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profile data at several chord-wise locations, it is observed that a low-blowing coefficient promotes earlier
separation or an increase of the boundary layer thickness compared to the unblown case. It has been
found that the predictions for the separation point by the numerical analysis do not match which may be
caused by the selected approximation of the propeller blade geometry in the analysis. The evaluated
velocity profiles just upstream of the operating propeller indicate that the threshold of flow boundary
layer thickness reduction compared to the unblown case is achieved between 1.21% and 2.75%. These
measurements are taken at 11.67% of the wing chord length downstream of the blowing slot. The
findings in this project indicate for a match with found literature also reporting for observed threshold of
blowing coefficient of 2.5% near the leading edge to have a beneficial impact on flow separation reduction.
However, the obtained data show a reduction of the beneficial blowing coefficient to just 0.69% for a flow
separation mitigation at lower freestream velocity, while lowering the angle of attack reduces it to 1.07%.
This is expected due to the resulting weaker adverse pressure gradient, allowing for the blowing jet to
remain effective over larger section of the wing. The suggested mechanism by which low-momentum
blowing triggers separation is that the addition of low-momentum air near the wall reduces the boundary-
layer momentum, destabilizing the boundary layer and causing the separation point to shift upstream.
Hence, the answer to the main research question of this project can be summarized as:

How effective is a near-wall blowing jet method for preventing flow separation at the lip of a
ducted propeller?:

When positioned at 11.67% of the duct’s chord length upstream of the propeller and just upstream of the
separation point, the near-wall blowing jet is expected to show a beneficial effect on the flow separation
region reduction at the lip of a ducted propeller at a blowing coefficient of at least C,, = 2.75%. The
threshold where the blowing coefficient becomes beneficial for flow separation reduction is found to be
in the range of 1.07%-2.75%. However, in case the angle of attack or the freestream velocity is lowered,
this effective threshold could also be reduced.

7.2. Recommendations for future research

Several recommendations are suggested for improving the methodology and data accuracy in the re-
ported analysis in this document. They are grouped in numerical - and experimental analysis recom-
mendations and are listed as follows:

7.3. Numerical analysis

* Propeller pressure jump estimation: The airfoil cross-section distribution of the propeller blade
is approximated based on open literature and attempted to be represented by available typical
propeller airfoils in the JavaProp solver. Using the exact airfoil aerodynamic properties is expected
to lead to better total pressure jump estimation. Additionally, using BEM analysis with ignored
Prandtl tip correction is a first order estimation of the pressure jump produced by the propeller.
However, this estimation does not consider the angle of attack of the propeller with respect to
the freestream. At non-zero angle of attack the inflow velocity varies azimuthally at the propeller
plane, and hence the loading of the propeller. A higher order accuracy of pressure jump estimation
is expected to improve the match between the numerical and experimental results.

* Mesh minimum angle: The mesh used to perform the CFD simulations for estimation of the
separation point over the suction surface of the wing is highly skewed at the pressure side of
the wing where the upstream wall contacts the wing even at 30 degrees angle of attack. This
issue becomes more pronounced for simulations involving lower angles of attack. Hence, an
unstructured mesh might be considered to improve the orthogonality of the mesh, and therefore,
enhancing the accuracy of the separation point location.

» Upstream wall boundary layer: The assumption of 1 meter no-slip wall length upstream the
propeller-wing assembly aims for development of a boundary layer which would approximately
recreate the one at the wind-tunnel’s nozzle and test-section wall. A better prediction by the CFD
results might be achieved by implementing more accurate velocity profile data that the propeller-
wing assembly faces at the selected wind-tunnel setup.

* Flow channel connectors + wind tunnel setup equipment implementation: The blowing and
suction connectors attached on the pressure side of the wing have been assumed to not signifi-
cantly influence the flow development over the suction surface of the wing as they are positioned
at the air stagnation area between the pressure side of the wing and the wind-tunnel’s upstream
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wall. Nevertheless, their flow blockage effect might still be worth to be considered. Hence, their
bodies are recommended to be implemented in the numerical simulation model as they are directly
immersed in the freestream airflow, with special attention to the blowing connector. Additionally,
despite not being directly immersed into the freestream airflow, flow blockage is caused by setup
equipment such as the structure used to support the mass-slow regulator, and the total pressure
probe. Hence, the model accuracy could be maximized by implementation of all the equipment
which is to be used in the wind-tunnel setup.

» Simulation of a full-scale ducted propeller: Analyzing the blowing coefficient effect on the flow
development at the midspan of a wing does not represent the flow condition in a ducted propeller
accurately. The numerical analysis is expected to give the best match with a ducted propeller in
case the separation point is evaluated at a 3D accurate ducted propeller geometry.

7.4. Experimental analysis

» Larger wingspan: The wind-tunnel results in this report are obtained by a wing of 564 mm in length
so that it can fit with the two of 18 mm thick mounting plates within the height of the test-section.
Suggested is that the study might further increase the accuracy of validating a 2D numerical study
results by further minimizing the three-dimensionality of the flow over the wing’s suction surface.
This could be achieved by using a larger wing span of the model bringing the wingtip vortices
and test-section’s boundary layer development further away from the blowing slot region. This is
expected to additionally improve the match of the conditions in the 2D numerical analysis.

+ Symmetric mounting design: Using a hole through only one of the mounting plates such that 2D
PIV flow visualization technique can be performed promotes asymmetry between the flow bound-
ary layer at the top and bottom mounting plates, which is expected to influence the global develop-
ment of the flow for the propeller-wing assembly. Hence, it is recommended that the future similar
research prevents any potential mounting asymmetry for all performed wind-tunnel tests.

Uniform tip clearance: Similar to the numerical analysis recommendation, performing the exper-
imental tests on a full-scale ducted propeller would enable maximizing the accuracy of the blowing
jet effectiveness due to symmetry in the tip clearance, and hence, achieving uniform loading of the
propeller. Specially, this would allow the estimation of the captured mass-flow by the passive flow
inlet more reasonable as the pressure jump could be assumed to be equal along its entire span
rather than just a single location as in this project.

Thinner propeller-wing support structure: To minimize flow blockage at the propeller-wing as-
sembly, the mounting setup is recommended to be made as thin as possible while still being able
to provide sufficient structural support during the tests. For instance, a good candidate would be to
use carbon fiber material for the propeller drive support inside the test-section. It would allow the
support structure to be sufficiently strong while having minimal frontal area leading to minimizing
the drag of the structure.

» Short passive flow channel: The length of the air tube connecting the inlet and outlet of the
passive flow channel has been selected such that it can be conveniently implemented in the test-
setup so a concept of passive flow channel is tested. However, to maximize the recirculated mass-
flow rate in the flow channel, it is recommended the length of the flow channel to be minimized
such that the kinetic energy losses of the captured dynamic pressure within the channel are also
minimized until the captured air reaches the blowing slot. This would therefore, maximize the
blowing velocity and therefore, effectiveness of the passive flow control.

Lower angle of flow channel inlet: The Coanda effectiveness of the flow channel inlet of captur-
ing mass-flow from the propeller slipstream near the wing surface is expected to be improved by
lowering the angle of the slot with respect to the local curvature of the wing. This would allow the
mitigation of the adverse pressure gradients at the channel inlet, leading to better attachment of the
flow to its walls, reducing the total pressure loss due to potential separation at the inlet. Another
potential option for maximizing the effectiveness of the passive flow channel would be to imple-
ment a ram intake, which would not rely on Coanda effect to re-direct mass-flow in the channel.
Instead, the inlet would be positioned normal to the wing surface such that it is directly immersed
in the external (higher momentum) flow. A disadvantage of this method would be the separation
region that the intake would create downstream of its body, which leads to an aerodynamic inlet
shape optimization challenge.
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» Equal mass-flow injection along the blowing span: As described in the document, the approx-
imate mass-flow equalization using assumed velocity ratios based on recommended 1/7th power
law is prone to high uncertainty for the equal mass-flow distribution between all the blowing holes
along the span of the blowing connector. The accuracy of the impact of the blowing coefficient
may be improved if the injected mass-flow does not vary along the slot’s span. Hence, it is rec-
ommended a higher-fidelity mass-flow estimation methods such as CFD analysis of the connector
design to be used such that the variation of the injected mass-flow to be prevented along the
blowing span and potentially minimizing the unsteadiness of the velocity profile downstream the
blowing slot.

» Smaller tip clearance: As indicated by the found literature, decreasing the tip clearance is ex-
pected to increase the propeller loading towards the tip. It is suggested that the implemented tip
clearance to be as close to zero as long as vibrations concern of the propeller-wing assembly
would allow it, preventing any physical interaction between the propeller and the wing. This way
the pressure jump at the blade tip is expected to be maximized. This would potentially lead to an
increase passive flow channel inlet velocity and therefore, the passive flow channel effectiveness
in suppressing the flow separation.
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Used airfoil coordinates: X400 Flap

This appendix provides the smoothened coordinates of the X400 flap airfoil used in the numerical anal-
ysis of this project. The coordinates are obtained using Savitzky-Golay filter discussed in section 5.1.
Additionally, provided is the pressure distribution plot for each of the inspected filter widths used in the
airfoil smoothening study.

A.l. Airfoil coordinates: X400 Flap; smoothened w =11,0=3

X Y 0.328400 0.178692 0.000400 0.001295 0.355400 0.000245
1.000000 0.002800 0.307800 0.178018 0.000500 -0.003260 0.382000 0.003405
0.989000 0.007092 0.287700 0.176685 0.000900 -0.007710 0.408400 0.006328
0.976100 0.012551 0.268100 0.174710 0.001800 -0.012071 0.434800 0.009029
0.961100 0.019077 0.249000 0.172097 0.003000 -0.016328 0.461500 0.011528
0.943800 0.026469 0.230400 0.168864 0.004600 -0.020454 0.488400 0.013814
0.924600 0.034525 0.212500 0.164976 0.006700 -0.024438 0.515400 0.015876
0.903700 0.042956 0.195300 0.160433 0.009200 -0.028137 0.542600 0.017700
0.881600 0.051668 0.178600 0.155244 0.012200 -0.031509 0.569500 0.019276
0.858500 0.060447 0.162400 0.149412 0.015600 -0.034534 0.596300 0.020599
0.834500 0.069161 0.146700 0.142973 0.019400 -0.037122 0.623000 0.021641
0.809700 0.077783 0.131600 0.135955 0.023700 -0.039236 0.649600 0.022397
0.784300 0.086336 0.117100 0.128458 0.028400 -0.040837 0.676300 0.022869
0.758300 0.094835 0.103400 0.120558 0.033500 -0.041900 0.702800 0.023054
0.732000 0.103225 0.090400 0.112363 0.039100 -0.042481 0.729200 0.022946
0.705700 0.111413 0.078400 0.104013 0.045300 -0.042614 0.755500 0.022531
0.679700 0.119327 0.067300 0.095617 0.052200 -0.042383 0.781500 0.021795
0.654200 0.126900 0.057300 0.087313 0.060000 -0.041758 0.807100 0.020745
0.629500 0.134041 0.048300 0.079191 0.068900 -0.040831 0.832200 0.019374
0.604900 0.140666 0.040200 0.071358 0.079200 -0.039587 0.856600 0.017688
0.580500 0.146767 0.033100 0.063867 0.091300 -0.037948 0.880100 0.015656
0.556500 0.152341 0.027000 0.056739 0.105500 -0.035883 0.902400 0.013315
0.532600 0.157400 0.021600 0.049986 0.122500 -0.033326 0.923300 0.010706
0.508800 0.161963 0.016900 0.043586 0.142400 -0.030272 0.942400 0.007922
0.485100 0.166003 0.013000 0.037509 0.165200 -0.026791 0.959500 0.005054
0.461700 0.169502 0.009600 0.031717 0.190400 -0.022944 0.974600 0.002180
0.438400 0.172498 0.006800 0.026164 0.217300 -0.018891 0.987900 -0.000624
0.415400 0.174951 0.004500 0.020834 0.245000 -0.014766 1.000000 -0.003200
0.392900 0.176816 0.002800 0.015691 0.272900 -0.010710 1.000000 0.002800
0.370900 0.178071 0.001600 0.010745 0.300900 -0.006816

0.349400 0.178702 0.000800 0.005954 0.328400 -0.003156
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A.2. XFOIL Cp distribution smoothening study
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Figure A.1: Cp distribution comparison at different Savgol filter size



Appendix B: TUD-XPROP blade
geometry

This appendix presents the chord and twist distributions of the TUD-XPROP propeller blade. The original
distribution is shown in Table B.1, while the used distribution in this study is provided in Table B.2.

Table B.1: Original blade data with no pitch angle Table B.2: Simplified blade data by JavaProp with applied 45
degrees pitch at 70% of the blade span

r/R[] Chord[m] Twist[°]
0.160 0.0325741  26.82

r/R[-] ¢/R[] Twist[°]

0.196 0.0321000 24.83 0 Spinner -
0.230 0.0316261 22.89 0.05  Spinner -
0.265 0.0311506  20.99 0.1 Spinner -
0.300 0.0306776 19.15 0.15  Spinner -
0.335 0.0302311  17.38 0.2  Spinner -
0.370 0.0298529  15.62 025 0.1543 66.8
0.405 0.0295839  13.87 0.3 0.151 64.2
0.440 0.0294857 12.14 035 0.148 61.6
0.475 0.0295811  10.43 0.4 0.1458 59.1
0.510 0.0298379  8.73 045  0.1452 56.7
0.545 0.0301760  7.05 0.5  0.1465 54.2
0.580 0.0305150  5.39 0.55  0.1487 51.8
0.615 0.0307752  3.75 0.6  0.1509 49.5
0.650 0.0309372  2.12 0.65 0.1522 471
0.685 0.0310523  0.60 0.7  0.1531 45
0.700 0.0311009  0.03 075 0.1534 43.3
0.720 0.0311658  -0.73 0.8  0.1501 41.8
0.755 0.0311599  -1.87 0.85  0.1404 40.5
0.790 0.0307789  -2.91 09  0.1233 39.2
0.825 0.0297761  -3.90 0.95  0.099 38
0.860 0.0280360 -4.80 1 0.0681 37

0.895 0.0255175  -5.67
0.930 0.0222309  -6.53
0.965 0.0185338  -7.37
1.000 0.0138289  -8.00
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CFD analysis: Additional material

This appendix provides additional data from the performed numerical analysis. The following sections
present the velocity contours for the cases where the propeller is active and inactive, along with the
coefficient of friction plots used to estimate the separation point location on the suction side of the wing.

C.1. Domain view: Velocity magnitude contours

(a) 20 deg (b) 25 deg

(c) 30 deg

Figure C.1: SST k — w: Velocity magnitude at different angles of attack with no upstream bleed, vo, =20 m/s, propeller off
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C.1. Domain view: Velocity magnitude contours 79

(a) No upstream bleed (b) 25 mm

262001
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1248401
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contour-1

(c) 50 mm (d) 75 mm

Figure C.2: SST k — w: Velocity contour of domain at AcA = 20 degrees and different upstream bleed sizes, v =20 m/s,
propeller on

(a) No upstream bleed (b) 25 mm

(¢) 50 mm (d) 75 mm

Figure C.3: SST k — w: Velocity contour of domain at AoA = 25 degrees and different upstream bleed sizes, voo =20 m/s,
propeller on



C.2. Zoom-In view: Velocity magnitude contours 80

C.2. Zoom-In view: Velocity magnitude contours

(a) 20 deg (b) 25 deg

(c) 30 deg

Figure C.4: SST k — w: Velocity magnitude at different angles of attack with no upstream bleed, v =20 m/s, propeller off
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(c) 50 mm (d) 75 mm

Figure C.5: SST k — w: Velocity magnitude at AoA = 20 degrees and different upstream bleed sizes, v, =20 m/s, propeller on



C.2. Zoom-In view: Velocity magnitude contours 81

VelstyMagnlude Veloty Magniuce
e {mie]

Sttt i -

2eser0t s07er01

2510001 2730001

2200001 2300001

o 204er01

1570001 1708001

1250001 1350101

a43e100 1ozes0t

5200100 seoer00

3140000 a4tev00

Eoee0) 0.008400

(a) No upstream bleed (b) 25 mm

Velociy Magnituds
Velosity Magnitude
7o ey {mis]
T 3808401
3190101 St
iy 3048401
2662101
2480101
2286101
2130401
1776401 Lo
1528401
1420401
1148101
1.082+01
7616:00
7080100
3208400
3562:00
0008400

0008400

(c) 50 mm (d) 75 mm

Figure C.6: SST k — w: Velocity contour at AoA = 25 degrees and different upstream bleed sizes, v = 20 m/s, propeller on
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C.3. Coefficient of friction comparison for different upstream bleed
sizes

Cf at wing's suction side, v=20 m/s, AoA=30 deg, Prop on
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Figure C.7: SST k — w: Coefficient of friction comparison at the suction side of the wing, v, =20 m/s, propeller on
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Figure C.8: Spalart—Allmaras: Coefficient of friction comparison at the suction side of the wing, v =20 m/s, propeller on



PIV: Additional results

This appendix provides additional data from the performed PIV analysis at freestream velocity of 10 m/s.
The evaluated velocity profiles just upstream the propeller blade are shown in section D.1, while the
resulting velocity fields in the selected region of interest can be found in section D.2.

D.1. Velocity profiles at just upstream the propeller blade at v, = 10

m/s
Velocity profile comparison propeller off, w=1 mm, Velocity profile comparison propeller off, w=1 mm,
v=10 m/s, 30 degrees v=10 m/s, AoA=25 degrees
90 90
80 80
70 70
60 60
T 50 T 50
E 40 E 40
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20 20
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< —_— o
-5 0 5 10 15 20 5 0 5 10 15 20
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(a) AoA = 30 degrees (b) AoA = 25 degrees

Figure D.1: PIV data: Velocity profile comparison just upstream the propeller blade location, vo, = 10 m/s, propeller off

Velocity profile comparison just upstream the Velocity profile comparison just upstream the

propeller, w=1 mm, v=10 m/s, AoA=30 degrees propeller, w=1 mm, v=10 m/s, AoA=25 degrees
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Figure D.2: PIV data: Velocity profile comparison just upstream the propeller blade location, vo, = 10 m/s, propeller on
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D.2. Velocity fields: Propeller off at v, =10 m/s
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Figure D.3: PIV data: Average velocity field for the tested blowing coefficients at AoA = 30 degrees, voo = 10 m/s, propeller off
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Mass-flow estimation code

This appendix provides the used code for calculating the mass-flow through each of the six channels in
the designed blowing connector, discussed in subsection 6.1.3. The code is written in Python language.
The calculation is based on quarter-circle approach. The required total number of vanes is five in order
to split the total mass-flow coming from the air supply tube in six channels. This results in only three
vanes to be present in the quarter-circle domain due to symmetry. The code considers the central vane
location as fixed, while the radial position of the remaining two vane positions can be varied. The code
is as follows:

import numpy as np
from scipy.integrate import quad

def quarter_circle(x, R):
return np.sqrt (R**2 - xxx2)

def compute_mass_flows(rho, x1, x2, R, thickness):
half_thick = thickness / 2

if not (0.5 < x1-half_thick < x1 + half_thick < x2 - half_thick < x2 + half_thick <
R):

raise ValueError ("Check that the vanes do not overlap and all fit inside the
quarter circle domain.")

# areas

areal, _ = quad(quarter_circle, 0.5, x1-half_thick, args=(R,))

area2, _ = quad(quarter_circle, xl+half_thick, x2-half_thick, args=(R,))
area3, _ = quad(quarter_circle, x2+half_thick, R, args=(R,))

total = areal + area2 + area3

full = np.pi * R**x2 / 4

# mass-flows

mfl = rho * areal * 1le-6 * 10
mf2 = rho * area2 * le-6 * 9.68
mf3 = rho * area3 * le-6 * 8

# prints

print (f"Area 1: Area between central and middle vane: {areal:.3f} mm?")

print (f"Area 2: Area between middle and farthest vane: {area2:.3f} mm?")
print (f"Area 3: Area between farthest vane and tube radius: {area3:.3f} mm2")
print (£"\nTotal flow area: {total:.3f} mm?")

print (f"Expected full quarter circle area: {full:.3f} mm?")

print (f"Flow area loss due to vertical vanes: {full-total:.3f} mm?")

print (f"\nMass-flow Area 1 (10 m/s): {mfl:.6f} kg/s")

print (f"Mass-flow Area 2 (9.68 m/s): {mf2:.6f} kg/s")

print(f"Mass-flow Area 3 (8 m/s): {mf3:.6f} kg/s")

# Input variables

rho = 1.225 # density (kg/m?)

R =28 # radius in mm

thickness = 1.0 # vane thickness (mm)

x1 = 2.235 # intermediate vane center (mm)
x2 = 4.635 # farthest vane center (mm)

compute_mass_flows (rho, x1, x2, R, thickness)
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Technical drawings

This appendix provides 2D technical drawings about the used parts in the experimental setup. Included
are the drawings of the used propeller, 3D-printed parts, and the machining details of the used existing

wing model.

90



91

8 | . | 9 S 4 € 4
L/ [ N\ £wo 3WNT0A/ WIrEO
|133Hs / 151 - JWOS /W L\& m 6 LHOI3M / LSONLOWH
et €GGE0919-0CE  Lmemey MZIBH
ATH ON ONIMYHA / NSTUMAA OTSID | 1viweos TIVIRELYIN  TYRIZLYIN
! . d 2200/2/9 | P1SIaq0y HoShUBI|Aa a3noueev TvAHOS @W RaeT
. ' O \ \w ) NW-89/2
00'0'A% 13 89 MO GGEXQ) 4olIBd0Id [ ezoaizs | eaemioror | e vemod ooy ooy ol
NOILIYOS3A / NHEOYAA AIZYN |3Lva / WNLVQ INVN / ONIAI wﬂm@%&ﬁﬁ?&q@mﬂﬁkm
18I sued
leusie JaquinN Med Ao |wey|
(Wzodwioy "|un) d¥40 00°'1L0'A®Y 73 99 MO G'Gex9l Jojedoid| | | |
. (3nq) poom yoseg WwSzx0y padis Ausaaig 97000026-0LL| L | 2
uojsuswip ajewixolddy / Jowzos JugeuslQ
a
o)
: -
N
oo
— [6)]
Q
oX
(9]
v [woo0FulgL] WW SV 901D

Technical drawing: TUD-XPROP

Figure F.1
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Figure F.7: Technical drawing: Propeller drive main support
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Figure F.8: Technical drawing: Propeller drive small support
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Figure F.9: Technical drawing: Propeller-wing assembly top mounting plate
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