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Aerodynamic Interaction Between an Over-the-Wing Propeller
and the Wing Boundary-Layer in Adverse Pressure Gradients

Reynard de Vries*, Nando van Arnhem?, Francesco Avallone®, Daniele Ragni§, Roelof Vos!,
Georg Eitelberg! and Leo L. M. Veldhuis™*
Delft University of Technology, Kluyverweg 1, 2629HS Delft, The Netherlands

This experimental study focuses on the aerodynamic interaction effects that occur between an
over-the-wing (OTW) propeller and a wing boundary-layer. An OTW propeller is positioned
above the hinge-line of a wing featuring a plain flap. The measurements are carried out
with and without axial pressure gradients by deflecting the flap and by extending the wing
in streamwise direction to simulate a flat-plate configuration, respectively. Wing pressure
taps and phase-free particle-image-velocimetry (PIV) are used to quantify the time-averaged
interaction effects, while embedded microphones and phase-locked PIV are used to analyze
unsteady interaction effects. Results show that the propeller generates an adverse pressure
gradient on the wing surface which increases linearly with thrust and decreases as the blade tip-
clearance is increased. The pressure gradient is partially caused by the slipstream contraction,
which creates a streamwise velocity deficit near the wall immediately behind the propeller disk.
Moreover, the rotation of the propeller blades generates pressure fluctuations on the surface,
the amplitude of which exceeds both the pressure fluctuations produced by the tip-vortices
and the time-averaged pressure effect of the slipstream. Consequently, the propeller triggers
flow separation when the flap is deflected. A parametric study of different propeller locations
indicates that increasing the tip-clearance is not an effective way to mitigate flow separation.
However, displacing the propeller half a radius upstream induces a Coanda effect which allows
the flow to remain attached.

I. Introduction

In order to meet the expected growth in air traffic while limiting the environmental impact of the aviation industry,
novel aircraft configurations with improved propulsion-system integration are required [1, 2]. Throughout the last
decade, numerous studies have identified hybrid-electric propulsion (HEP) as an enabling technology to achieve this
goal [3-5]. An important benefit of HEP is the flexibility it offers in terms of power distribution, which enables more
efficiently integrated propulsion systems [6, 7]. Over-the-wing (OTW) propellers present a synergistic benefit when
combined with HEP, since they increase the lift-to-drag ratio of the wing [8, 9] and reduce flyover noise [10, 11], while
allowing low-wing configurations with short landing-gear struts. Nevertheless, several drawbacks have limited the
use of OTW propellers. These include a reduced propulsive efficiency when compared to tractor propellers [8, 12],
increased thrust-induced pitching moment, and the need of large support pylons. However, the scalability of electrical
motors allows the propulsive power to be divided over multiple adjacent OTW propellers without compromising the
motor’s specific weight or efficiency, thus reducing the diameter of each propulsor while maintaining an equivalent
disk loading. This layout, known as over-the-wing distributed propulsion (DP) [13], can partially mitigate the penalties
associated with large OTW propellers [14].

Earlier studies show that it is possible to estimate the aero-propulsive performance of OTW propellers in cruise
conditions using panel methods [14] or RANS simulations [15]. However, predicting the high-lift performance of these
systems is a difficult challenge. The work of Miiller et al. [16] has shown that steady RANS simulations are insufficient
to accurately predict the aerodynamic interaction between an OTW propeller and the wing when the flap is deflected.
The authors identified the unsteady interaction between the propeller tip-vortices and the wing boundary-layer as a
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possible cause of flow separation over the flap, which was not captured in steady analyses. Both theoretical [17] and
experimental [18] studies have shown that vortex—boundary-layer interaction can indeed lead to local flow separation
[19]. Tt is also known that, during a parallel blade—vortex encounter, a convecting vortex produces pressure fluctuations
on the wall surface and increases the turbulent energy in the boundary layer [20]. However, these studies do not consider
the presence of a rotor close to the wall. The experiments of Murray et al. [21] show that, in that case, flow reversal
can occur locally beneath the rotor and that additional unsteady vortical structures are formed, comparable to the
ground-vortex effect encountered on propeller aircraft at low advance ratios [22]. Similar phenomena were observed in
propeller-hull interaction studies [23, 24]. However, these studies were performed with a flat wall, and therefore provide
no information regarding the impact of blade—boundary-layer interaction on flow separation when an additional pressure
gradient is generated by the flap. This constitutes a large challenge for the design process of OTW distributed-propulsion
systems, since these interaction effects have a significant impact on the maximum lift coefficient of the wing, but cannot
be predicted without high-fidelity simulations or complex experiments.

The objective of this paper is therefore to study the steady and unsteady aerodynamic interaction effects that
occur between an OTW propeller and the wing boundary-layer. Due to the difficulty of modeling this unsteady,
three-dimensional, viscous problem numerically without validation data, an experimental approach is considered
necessary as a first step. Measurements are performed with a plain flap and in a flat-plate configuration, in order to
identify how the interaction with the boundary layer is affected by an external pressure gradient. Furthermore, different
thrust settings, boundary-layer thicknesses, and propeller tip-clearances are analyzed in order to establish the impact of
each of these parameters on the aerodynamic interaction phenomena. A single propeller is used in this study in order to
isolate these phenomena from the additional ones which would appear if multiple adjacent propulsors were considered.
The wing and propeller models are described in Sec. II along with the employed measurement techniques. Section III
then discusses the aerodynamic characteristics of the propeller and isolated wing, in order to establish the conditions
under which the aerodynamic interaction effects are studied. A detailed description of these effects is then provided in
Sec. IV and Sec. V, which present the time-averaged and unsteady components of the phenomena, respectively. Finally,
in Sec. VI a parametric study is performed in order to identify possible design strategies which mitigate flow separation.

I1. Experimental Setup

A. Wind Tunnel Facility and Models

The experiments were performed in the closed-circuit, low-speed, low-turbulence tunnel (LTT) at Delft University of
Technology. This tunnel presents a maximum freestream velocity of 120 m/s and inflow turbulence levels below 0.07%
for the freestream velocities considered in this study (Us, < 40 m/s). The closed test-section has a cross-section of 1.8 m
x 1.25 m. A straight, untapered wing was placed vertically in the test section as depicted in Fig. 1, at an angle-of-attack
of zero degrees. The propeller was positioned in close proximity to the suction-side surface of the wing by means of a
horizontal support sting, as shown in Fig. 1. The support sting could either be mounted on a balance (see Sec. 11.B.1),
or on a three-axes traversing system, both located outside the test section.

Propeller
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Fig.1 Rear view of the test section indicating the position of the wing and propeller, as well as the direction of
rotation and the traverse directions of the propeller.
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1. Wing Geometry and Operating Conditions

The wing profile was designed with the objective of obtaining a simple curvature at the flap which could be removed
in order to test the interaction effects without pressure gradients on the wing surface. The resulting profile, shown in
Fig. 2a, presents a chord® of ¢ = 1.02 m, and a thickness-to-chord ratio of 11%. The leading-edge geometry follows a
modified super-ellipse of aspect ratio 6 up to 32% chord, in order to provide a continuous curvature [25]. Both the
suction and pressure sides are then extended parallel to the wing chord-line up to 80% chord, which corresponds to the
axial position of the flap hinge. The flap hinge is located near the pressure side, generating a tangent circular arc with a
radius of curvature equal to 10% chord on the suction side of the flap, which is approximately equal to the propeller
radius. Behind the arc, the flap surface extends the remaining 20% of the chord to the trailing edge. The upper and
lower surfaces of the flap can be split and aligned in axial direction in order to elongate the flat surface of the wing. In
this way, by placing an additional body of the same thickness as the wing in the test section (see Fig. 2b), the pressure
gradient surrounding the flap region is minimized. Two wind-tunnel campaigns were performed, the first of which
focused only on the flat-plate configuration. Between the two campaigns, minor corrections were made to the leading
edge geometry, since preliminary results showed that the wing surface geometry near the leading edge differed from the
specifications due to difficulties during the manufacturing process of the wing skin. The resulting changes in pressure
distribution were verified to have a negligible impact on the interaction effects discussed in this study.

Propeller rotation axis
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Fig. 2 Side views and main dimensions of the propeller and wing profile in a) flapped configuration and b)
flat-plate configuration, including c) a close-up of the blade tip region. All dimensions expressed in mm.

Measurements were carried out at U, = 40 +0.05 m/s in order to maximize the Reynolds number (Re, = 2.76 - 109)
without exceeding the maximum input level of the microphones or the maximum power of the electrical motor that
drove the propeller, as well as at Uy, = 20 + 0.05 m/s (Re, = 1.38 - 106), in order to increase the maximum thrust
coefficient. Two boundary-layer configurations were analyzed. The first, named “BL1”, corresponded to the turbulent
boundary-layer obtained with a 3 mm wide trip-strip of distributed roughness elements with an average diameter of 530
pm (carborundum particles of grit size 36) located at 7.5% chord on both sides of the wing. The second, “BL2”, was a

*The reference chord-length is taken as the length of the profile when the flap is retracted (6 = 0°). Since the upper surface of the flap presents a
fowler motion when deflected, the true chord varies.
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thicker turbulent boundary-layer obtained by increasing the equivalent surface roughness. This was done by extending
the patch of carborundum particles from 7.5% chord to 32% chord on the suction side. After analyzing multiple flap
deflection angles, an angle of 6 = 20° was selected to study the interaction phenomena in more detail, since for this
deflection angle, the flow remained attached over the flap hinge but started to separate towards the trailing edge.

2. Propeller Geometry and Operating Conditions

For the majority of the measurements, the propeller was positioned above the flap hinge (X,/c = 0.8), which was
identified as an axial location with a good compromise between lift gain, drag reduction, and propulsive-efficiency loss
in previous work [14]. A six-bladed steel propeller was used, with a diameter of D, = 2R = 0.2032 m (D/c = 0.2)
and blade pitch of 45°+0.05° at 70% of the blade radius. The propeller is a 1:2 scale model of the one used by Li et al.
[26], with a modified trailing edge to ensure a minimum thickness during the manufacturing process. The propeller
was operated at advance ratios between J = 1.0 and J = 2.0 at U, = 20 m/s, and between J = 1.7 and J = 2.3 at
Us = 40 m/s. The rotational speed of the propeller was controlled with an accuracy of +0.1 Hz which, together with the
velocity uncertainty, corresponds to fluctuations in advance ratio below +0.5%. Furthermore, the clearance between the
propeller blade tips and the wing surface, € (see Fig. 2c), was varied in order to analyze the impact of tip clearance on
the interaction effects. The tip-clearances were selected as (sub-)multiples of the boundary layer thickness, as defined in
Sec. I1.B.2. Finally, a subset of measurements were taken with the propeller at X,/c = 0.75, in order to determine the
influence of the propeller’s axial position on flow separation.

B. Measurement Techniques

The following subsections provide an overview of the measurement techniques used during the experiment. The
measured velocities and pressures were corrected for wind-tunnel blockage caused by the wing, following the image
method described in Ref. [27]. Lift interference corrections were not applied, since only low lift coefficients were
attained (Cr, = 0.1). Propeller slipstream and support sting blockage corrections were neglected, since their combined
effect was estimated to be below 0.9%.

1. External Balance
The propeller was installed on an external six-component balance to measure propeller thrust. The balance presented an
uncertainty of £0.02 N in the range of forces measured in the experiment. The installation was designed such that the
propeller axis was located at the mid-span of the wing when connected to the balance. The measurements were averaged
over 30 seconds for each data point. Several points were repeated to verify the reproducibility of the measurements. In
order to obtain the net forces generated by the propeller blades and spinner, all measurements were carried out both with
the propeller on (indicated with the subscript “on’’), and with the propeller removed and replaced by a dummy spinner
(indicated with the subscript “off”’). The net thrust, T', is then defined as T = T, — Tog. It should be noted that the thrust
force therefore includes the change in drag on the nacelle and support sting due to the propeller slipstream. In this
study, two definitions of the thrust coefficient are used. The first, Cr = T'/ (pwnzDg), is used to present the propeller
performance curves, while the second, T, = T/ (O.SpooUi,Ap), is used when discussing the impact of the propeller on
the wing. Note that Cr = 7T,J?/8, where J = Us/ (nDp) is the advance ratio of the propeller, and that p.., 1, and
Ap = an /4 refer to the freestream density, rotational speed of the propeller, and propeller disk area, respectively.
The uncertainty of the thrust measurements was calculated taking into account uncertainties in the blade pitch
angle, propeller alignment, and balance readings, as well as the data spread of repeated measurements due to, for
example, variations in operating conditions. For this, the sensitivity of propeller thrust to blade pitch angle (0Cr /)
and angle-of-attack (0Cr /da;,) were obtained from experimental and numerical data of the isolated propeller [28]. The
uncertainties are included as error-bars in the results of Sec. III.B.

2. Total Pressure Probe

A pressure probe was traversed in negative Y-direction at X /¢ = 0.8 in order to characterize the total pressure distribution
in the flow over the isolated wing (i.e., with the propeller installation removed) at the axial position of the propeller disk.
There were two reasons for this. Firstly, the total pressure p; was measured in the boundary layer in order to determine
the boundary-layer thickness. Secondly, the pressure profiles were sampled at different spanwise locations in order to
confirm that the low aspect ratio and surface imperfections of the wing did not significantly alter the two-dimensionality
of the flow. The measurement sweep started at 0.5 mm (0.005R) clearance from the wing surface, and was traversed up
to 240.5 mm (2.37R) clearance. The pressure was measured at 57 locations for each of the three spanwise positions
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sampled (Z/R = 0,-0.9, and +0.9), with a higher resolution in the vicinity of the wing surface. Pressure data were
averaged over 30 seconds for each point.

In this paper, the total pressure coefficient is defined as Cp; = (P — pr,)/qgeo + 1, Where goo = 0.5p0 U2 is the
freestream dynamic pressure and pq is the total pressure of the freestream, measured by an additional Pitot probe
installed in the test section upstream of the model (see Fig. 1). The boundary layer thickness, d99, was determined as
the distance from the surface where the total pressure reached 0.992 times the total pressure of the freestream, that is,
where C),; = 0.98. The resulting pressure profiles are presented in Sec. III.A along with error-bars which include the
measurement uncertainty of the total pressure sensors (+4 Pa) and the spread in the data due to spanwise variations in
the boundary-layer profile.

3. Wing Surface Pressure Taps

The wing was instrumented with 81 static pressure taps in order to evaluate the time-average impact of the propeller on
the wing pressure distribution. These taps were distributed with a higher density near the leading edge and near the flap
hinge. They followed a zig-zag pattern along the wing skin in order to reduce possible disturbances created by each hole
on the downstream one. The holes were located at Z = +15 mm, i.e., 15 mm above or below the mid-span location
of the wing. Due to the geometrical constraints surrounding the flap mechanism, no zig-zag pattern was followed in
this region, as visible in Fig. 3. Data points were averaged over 30 seconds acquisition time per measurement. A
subset of measurements were repeated at the start and the end of the experiment to verify the reproducibility of results.
The spread in the data of the repeated measurements, along with the uncertainty of the measurement sensors of static
pressure ports (+1 Pa), are indicated by the error-bars included in Sec. IV.

Instrumented
brackets

AN
"\ Microphones

Fig. 3 Axonometric view of the suction side of the wing model, indicating the location of pressure taps (red)
and embedded microphones (blue). The elements that constitute the flap are shaded in gray.

Two types of static pressure measurements were taken. In the first, the propeller was installed on an external
traversing system and moved in Z-direction, mapping the pressure response on the wing surface below the propeller.
For these measurements, the propeller was traversed 150 mm in each direction (z/R = +1.5), sampling at 51 spanwise
locations in total. In the second type of measurement, the propeller—connected to the balance—was positioned at
the mid-span location of the wing, and the pressure distribution was recorded along the line of pressure taps. In this
case, the resulting pressure distribution did not correspond exactly to the mid-section of the wing, due to the zig-zag
pattern. The difference was quantified by analyzing the spanwise pressure distribution obtained during the Z-sweeps,
and included as uncertainty in the results.

4. Wing Surface Microphones

The wing was instrumented with nineteen Sonion 8044 microphones, in order to map the unsteady pressure response on
the wing surface below the propeller slipstream. Twelve microphones were installed on the instrumented bracket on the
flap (at Z = 35 mm), and seven on the instrumented bracket upstream of the flap (at Z = —35 mm), as indicated in Fig.
3. The microphones measured in a frequency range of 10 Hz—15 kHz, with a maximum input level of 123.5 dB (re
20- 107 Pa) at 1 kHz and an equivalent noise level of 35 dBA. A frequency-dependent calibration was carried out using
a LinearX M53 reference microphone, which was in turn calibrated by means of a GRAS 42AA piston phone.
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Microphone data were acquired synchronously with the propeller encoder’s once-per-revolution trigger signal using
an array of National Instruments 9234 DAQ modules. The microphone data were recorded in tandem with the wing
pressure data during the Z-sweeps of the propeller. At each point, the signals were measured at a sampling frequency
of 51.2 kHz during 30 seconds, which corresponds to approximately 1,500 to 3,500 propeller revolutions (i.e., 9,000
to 21,000 blade passages), depending on the rotational speed of the propeller. Although no quantitative uncertainty
analysis was carried out, a comparison of repeated measurements showed that the amplitude of the tonal components
differed by less then 1 dB. Furthermore, the levels recorded during the measurements were verified to be at least 25 dB,
typically 45 dB, above the background noise levels recorded with the wind tunnel off.

5. Particle Image Velocimetry

A stereoscopic particle image velocimetry (PIV) setup was used to obtain qualitative and quantitative information of the
velocity field in the propeller slipstream and wing boundary layer. Two fields-of-view were considered. The main, large
field-of-view (FOV) was set up downstream of the propeller between the nacelle and the wing surface, as shown in Fig.
4. A second, high-resolution FOV focused on the region surrounding the blade tips. A SAFEX Twin Fog DP generator
with SAFEX Inside Nebelfluid was used for flow seeding. The mixture of diethylene-glycol and water generates tracer
particles with an average diameter and relaxation time of the order of 1 um and 1 ps, respectively. A 200 mJ Quantel
Evergreen laser was used for illumination, positioned outside the test section on the pressure side of the wing. The light
was directed through the wing with a dedicated slit in the wing and flap skin (see Figs. 3 and 4), generating a laser
sheet of 2 mm thickness. Both slits were covered with a transparent plastic sheet of 0.2 mm thickness to prevent the
through-flow of air. Two LaVision Imager sCMOS cameras were placed below the test section, focusing on the FOV
through two transparent floor plates shown in Fig. 1. These 16-bit cameras feature a 2560 x 2160 pixel sensor with a
pixel size of 6.5 pm, and were employed with Nikkor 105 mm f/8 and Nikkor 200 mm f/8 lenses for the large and
small FOVs, respectively. The images were were recorded at 15 Hz and processed using LaVision Davis 8.4 software.
For installed propeller measurements, 600 uncorrelated images were acquired, in addition to 300 phase-locked images
at selected phase angles and 300 images with the propeller blades removed (i.e., wing and nacelle only). The main
characteristics of the PIV setup are gathered in Table 1.

Table 1 Main parameters of the PIV setup. Propeller
Nacelle
FOV Large Small
Focal length [mm] 105 200
Field of view [mm?] 100 x 150 50 x 65
Pulse delay [us] (Us = 20 m/s) 25 10
Imaging resolution [pixel/mm] 19 41 i
Window size [pixel®] 24 24 ; Slit for
3 laser sheet
Overlap factor [Y0] 50 50 E
Vector spacing [mm] 0.6 0.3
Velocity uncertainty [%] 2.5 2.75

Fig. 4 Side view of the FOVs analyzed.

ITI. Aerodynamic Characterization of the Setup
This section describes the aerodynamic characteristics of the isolated wing and the propeller, to establish the conditions
under which the interaction effects are studied in subsequent sections. To this end, Sec. III.A presents the pressure
distribution and boundary-layer profiles on the wing, while Sec. III.B presents the propeller performance curves.

A. Isolated Wing Characteristics

Figure 5 shows the pressure-coefficient distributions obtained on the wing surface, with the propeller and support sting
removed. In the flat-plate configuration, the difference between the pressure and suction sides of the wing is negligible,
and the pressure gradient is small for X /¢ > 0.4. However, several imperfections are visible. Firstly, small pressure
peaks are generated around X/c = 0.82, due to steps in the surface geometry at the overlap from the main element
to the flap. Secondly, towards the trailing edge, the difference between the pressure side and suction side increases,
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indicating that the flap surfaces—which were aligned with the downstream extension block (see Fig. 2)—were not
parallel. Nevertheless, these variations are small when compared to the influence of the propeller. Furthermore, for both
the flat-plate and the flapped configuration, a pressure peak is generated around X /c = 0.08 by the trip strip, while
additional suction is generated around X /¢ = 0.22 due to a flaw in the curvature of the wing skin. However, these peaks
occur far upstream of the region of interest (AX = 6R), and are therefore irrelevant to the interaction phenomena.

-1.0 - T T T .
QQ‘ -()5 T
=
o
2 i
£ 00 T
0 ‘
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o
5
2 05 _
E Flat plate

Flapped
]'0 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Axial coordinate X/c [-]

Fig. 5 Isolated-wing pressure distributions in the flat plate and flapped configuration (U,, = 20 m/s). Error-
bars are only presented on the suction side for clarity.

When the flap is deflected, an appreciable pressure peak is generated over the flap, as shown in Fig. 5. The pressure
distribution on the suction side tends towards a horizontal plateau near X /c = 1, indicating that the flow has separated at
the trailing edge. This was confirmed during the experiment by placing tufts. For the given flap deflection of §; = 20°, a
suction peak is also generated on the pressure side, since the surface is convex near the flap hinge. Together, this leads
to a low sectional lift coeflicient of ¢; = 0.1.

The boundary-layer profiles of the isolated wing were also measured, in order to determine the boundary-layer
thickness, dg9. The resulting total-pressure profiles are presented for two freestream velocities in Fig. 6. Figure 6a
presents the two profiles sampled for the flat-plate configuration. When the boundary layer is tripped (BL1), the
boundary-layer thickness is 699 /R = 0.14, while with an increase in surface roughness (BL2), the thickness increases to
d99/R = 0.20. This 43% increase in boundary-layer thickness corresponds to an increase in the equivalent turbulent

0.30 T T

— Flat plate, BL1 Flat plate, BL1 l
x 0.25 Flat plate, BL2 | I Flapped, BL1 !
N
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0.00 ST : . . —e : . .
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Total pressure coefficient Cp o [ Total pressure coefficient Cp o [
a) U =40 m/s b) U =20 m/s

Fig. 6 Boundary-layer profiles on the wing surface at X /¢ = 0.8, with the propeller and support sting removed.
Round markers indicate the vertical coordinate corresponding to dg9.
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flat-plate Reynolds number" from Repp = 1.8 - 10° to Repp = 2.8 - 10°, and thus the two boundary-layers are considered
distinct enough to represent the effect of Reynolds number on the interaction with the boundary layer. In Fig. 6b, on the
other hand, both profiles correspond to a boundary-layer trip (BL1). The flat-plate boundary-layer is thicker than in Fig.
6a due to the lower freestream velocity. It is also thicker than the profile obtained with the flap deflected, since for the
latter the increased velocity over the wing increases the equivalent Reynolds number. The values of dg9 are summarized
in Table 2. The different propeller tip-clearances are selected as multiples of these values. Note that, when the flap is
deflected, the propeller tip-clearance is still selected as a multiple of the flat-plate boundary-layer thickness. In this
way, the same absolute separation between the blade tips and the wing surface (g/R) is kept, and thus the time-average
pressure effect of the propeller on the wing is maintained.

Table 2 Boundary-layer thicknesses (699 /R), and propeller tip-clearance values (¢/R) and nomenclature.

U, =40 m/s U, =20 m/s

Configuration 699/R /R Configuration 699/R /R

Flat plate (BL1) 0.14 0.07 (05BL1) Flat plate (BL1) 0.15 0.037 (025BL1)
0.14 (10BL1) 0.075 (05BL1)
0.28 (20BL1)

Flat plate (BL2) 0.20 0.10 (05BL2) Flapped, 6; = 20° 0.12 0.037 (025BL1)
0.20 (10BL2) 0.15 (10BL1)
0.40 (20BL2) 0.44 (30BL1)

B. Propeller Performance

The propeller performance is described here to quantify the impact of the wing and its boundary layer on propeller
thrust, since this in turn affects the impact of the propeller on the wing. To this end, Fig. 7 presents the thrust coefficient
of the installed propeller versus advance ratio for the different measurement cases. Performance data of the isolated
propeller can be found in Ref. [28]. To improve readability, error-bars are only shown for the thrust curves which
presented the largest spread in repeated measurements. Figure 7a shows that, in the flat plate configuration, the thickness
of the boundary layer and the tip-clearance of the propeller have no appreciable effect on propeller thrust. Therefore, the
ingestion of the boundary layer has a negligible impact on propeller performance for the boundary-layer thicknesses
considered (699/R < 0.2).

0.4
:“ 0.3
5 02} —— —20BLI
g ||-—- 10BL1 &/R=10.037
g 0.1 05BL1 == e/R=0.15
7 — — — 20BL2 — — —&/R=044
§ 00f ——— 10BL2 Xy/e=0.75
05BL2 Flat plate
-0.1 ' ' : : : . ' : : . : :
10 12 14 16 18 20 22 24 08 10 12 14 16 18 20 22

Advance ratio J [-]

a) Effect of boundary-layer thickness
(Flat plate, U,, = 40 m/s)

Advance ratio J [-]

b) Effect of flap deflection and propeller position
(BL1, U, =20 m/s)

Fig. 7 Propeller thrust curves, measured for different tip-clearances, boundary-layer thicknesses (left), and
flap deflections and propeller positions (right). The measurements of sub-figure (b) correspond to 6 = 20°,
Xp/c = 0.8, /R = 0.037, unless otherwise specified by the legend.

“The equivalent turbulent flat-plate Reynolds number is defined as Repp = (0o UcoXpp)/t, Where u is the dynamic viscosity and xpp is the
distance to the virtual origin of the equivalent flat plate, computed using S99 = 0.37xpp (0oo Uso Xpp/ ,u)’l/ 5 29].
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For the flapped configuration, on the other hand, a small increase in thrust is observed as the separation distance
between the propeller and the wing is increased. This can be seen by comparing the black curves of Fig. 7b for a given
advance ratio, and is attributed to a reduced inflow velocity at the propeller disk as the propeller is moved away from the
wing surface. This shows that the inviscid effect of the wing on the propeller is dominant compared to the effect of the
boundary layer, given that the impact of the boundary layer on propeller performance is even smaller in the flapped
configuration than in the flat-plate configuration since 699 flapped < 999, flat-plate- Figure 7b also shows that placing the
propeller at X,/c = 0.75 instead of the baseline X,,/c = 0.80 has a negligible effect on propeller thrust. Finally, for the
same advance ratio, the thrust produced in the flapped configuration is lower than in the flat-plate configuration, due to
increased flow velocity surrounding the flap hinge.

IV. Time-Averaged Interaction Effects
The time-averaged aerodynamic interaction between the propeller and the wing boundary-layer is described in two steps.
First, the impact on the wing pressure distributions is discussed in Sec. IV.A. These pressure distributions are then
related to the ensemble-averaged flow field in Sec. IV.B.

A. Impact of Propeller on Surface Pressure Distributions

Figure 8 presents the pressure-coefficient distributions obtained directly below the propeller axis (Z/R = 0) for the
flat-plate and flapped configurations. The pressure coefficient is presented as a difference with respect to propeller-off
conditions, i.e. AC, = Cp on — Cp of- Figure 8a evidences the pressure decrease ahead of the propeller and pressure
increase behind the propeller, as expected from earlier studies of propellers operating in close proximity to a flat wall
[21] or above a wing profile [14]. From Fig. 8a it is evident that the propeller induces a favorable pressure gradient
(dCp,/dX < 0) “far” upstream and downstream of the propeller disk, but a strong adverse pressure gradient in the vicinity
of the propeller disk. The amplitude of the pressure peaks increases with increasing thrust coefficient, and is lower in
the flat-plate configuration than in the flapped configuration (Fig. 8b). In the latter, the pronounced AC,, peak generated
behind the propeller is caused directly by the increased static pressure behind the propeller disk on one hand, and
indirectly by the reduction of the effective airfoil curvature due to propeller-induced flow separation on the other. This
reduces the suction peak over the flap, effectively leading to an increase in AC,,. The propeller-induced flow separation
also leads to negative AC,, values downstream of the propeller, which remain negative until the trailing edge of the airfoil
(located at X’/R = 2.2). Finally, it is worth noting the secondary suction peak observed at X’/R = 0.4 for Cr = 0.35 in
Fig. 8a and for Cr = 0.1,0.2 in Fig. 8b. The peak was observed in repeated measurements and was also identified at a
more downstream location for larger tip-clearances (¢/R = 0.075; not shown in this paper), suggesting that it is not a
measurement error, but a local aerodynamic effect. This local effect may be triggered by surface imperfections, since it
occurs immediately downstream of the flap hinge. However, an increased spatial resolution would be required to draw
any conclusions in this regard.
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Fig. 8 Pressure coefficient distributions on the flat plate (left) and flapped (right) configurations for different
propeller thrust settings (U, = 20 m/s, €/R = 0.037). Error-bars are only shown for Cr = 0.35 for clarity.
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The adverse pressure gradient generated below the propeller disk plays an important role in boundary-layer separation.
For this reason, Fig. 9 presents the pressure gradient recorded directly below the center of the propeller disk in the
flat-plate configuration, for different boundary-layer thicknesses, tip clearances, and thrust settings. A non-dimensional
pressure gradient is defined as the derivative of the pressure coefficient with respect to the axial coordinate (normalized
with propeller radius). In order to remove the pressure gradients generated by the nacelle and surface imperfections
(see Fig. 5), Fig. 9 presents the difference between the pressure gradient measured with the propeller on and the one
measured with the propeller removed, which is equal to d(AC,,)/d(X/R). Note that the thrust coefficient T is plotted on
the x-axis instead of Cr. Figure 9 shows a clear linear trend between the adverse pressure gradient on the wing surface
and the propeller thrust coefficient. Another relevant observation in Fig. 9 is that the slope of the linear trends increases
monotonically with increasing tip clearance £/R. The impact of boundary-layer thickness has a negligible effect except
at very low thrust coefficients, confirming that this interaction effect is predominantly of inviscid nature.
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Fig. 9 Non-dimensional pressure-gradient generated by the propeller on the wing surface below the propeller
disk in flat-plate configuration (U, = 40 m/s). Error-bars are only plotted for curves corresponding to “BL1”
for clarity.

B. Time-Averaged Flow Phenomena

In order to analyze how the changes in surface pressure relate to the flow field, Fig. 10 presents the axial velocity field
obtained in the vicinity of the propeller. The velocity fields include data from both the small and the large FOVs. For
reference, Figs. 10a and 10b present the velocity contours in propeller-off conditions. In the flat-plate configuration
(Fig. 10a), a small increase in axial velocity is caused by the blockage of the nacelle. In the flapped configuration (Fig.
10b), the curvature at the flap hinge accelerates the flow further. This leads to a thinner boundary layer over the flap
hinge, although it rapidly grows downstream. Figures 10c and 10d show the same fields, but with the propeller at a high
thrust setting. These plots include velocity vectors which represent the difference between propeller-on and propeller-off
conditions, [AU, AV] = [(Uon — Uofr), Von — Vorf)]. In other words, they represent the in-plane velocities which are,
directly or indirectly, induced by the propeller.

The increased velocity in the propeller slipstream is evident in Figs. 10c and 10d. The increase is largest at the
outboard portion of the blade, since the maximum blade loading occurs at approximately 80% of the blade radius [28].
For the flat plate configuration (Fig. 10c), the slipstream exhibits a strong contraction at the location of the propeller
disk. From X’/R = 0.4 to X’/R = 0.8, the velocities present a negative V component, and the slipstream gradually
approaches the wall. Consequently, immediately downstream of the propeller, a region of reduced velocity is generated
near the wall which extends until approximately X’/R = 0.5. Although the axial velocity is significantly reduced in this
region (AU < 0), it should be noted that the velocity is still positive, and the flow does not separate. Downstream of
this region, the gradual displacement of the slipstream towards the surface leads to a substantial reduction in boundary
layer thickness; in fact, the reduction is such that the boundary layer is no longer visible in the FOV. This downwards
displacement of the slipstream is attributed to the spanwise pressure distribution generated by the propeller. Previous
studies [14] have shown that the pressure peaks observed in Fig. 8 are maximum below the propeller axis (Z/R = 0),

10
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Fig. 10 Time-averaged axial velocity contours of the flat plate (left) and flapped (right) configurations, with
the propeller off (top) and on (bottom). The velocity vectors represent the in-plane velocity components induced
by the propeller (U, = 20 m/s, £/R = 0.037, Ct = 0.35).

and thus, near the wall, the spanwise pressure gradient forces the flow to move away from Z/R = 0. This would leave a
mass deficit at the centerline and, consequently, the flow in the propeller slipstream must approach the wall to maintain
continuity. However, additional data regarding the spanwise velocity distribution outside the Z/R = 0 plane would be
required to verify this hypothesis.

When an additional pressure gradient is generated by deflecting the flap (Fig. 10d), the flow separates immediately
downstream of the propeller, and a region of reverse flow (U < 0) is generated over the flap. Several factors contribute
towards flow separation. Firstly, since the propeller significantly increases the axial momentum of the flow, a large change
in vertical momentum is needed in order to deflect the slipstream along the flap surface. This would require a strong
suction force over the flap hinge which the boundary layer is unable to withstand, partially due to the propeller-induced
adverse pressure gradient discussed in the previous section. The adverse pressure gradient is generated not only due to
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the static pressure jump created across the propeller disk, but also due to the contraction of the slipstream, as evidenced
in Fig. 10c. Moreover, the rotation of the propeller blades leads to pressure perturbations in the boundary layer which
increase its tendency to separate from the surface. This unsteady effect is described in the following section.

V. Unsteady Interaction Effects
This section discusses the unsteady component of the interaction that takes place between the propeller and the wing
boundary-layer. To this end, Sec. V.A describes the unsteady phenomena present in the flow field, while Sec. V.B
discusses the pressure fluctuations perceived on the wing surface due to these phenomena.

A. Time-Dependent Flow Phenomena

Figure 11 presents the phase-averaged flow field downstream of the propeller for the flat-plate and flapped configurations.
In this case, contours of normalized out-of-plane vorticity* are shown, in order to clearly identify the flow structures. The
velocity vectors again represent the velocities induced by the propeller, that is, the difference between the phase-averaged
velocity distributions and the ones of Fig. 10a and 10b. In both cases, the phase angle of the propeller is such that one
blade has just exited the measurement plane, and the associated blade wake and tip vortex (labeled as the “1% vortex™ in
Fig. 11a) are visible at the upstream end of the FOV. The negative vorticity trailing from the outboard segment of the
blade is clearly visible in these blade wakes, while in the wake of the previous blade, most negative vorticity has rolled
up into a strong tip vortex (2™ vortex). The positive vorticity regions near the nacelle surface are a combination of
the root vortices and the shear in the nacelle’s boundary layer. For the flapped configuration, a region of increased
(negative) vorticity can be seen detached from the flap surface. This region corresponds to the shear layer between the
slipstream and the region of reverse flow over the flap. The velocities induced by the tip vortices are also clearly visible.
In the flat-plate configuration, these induced velocities generate a local axial velocity deficit between the wall surface
and the vortex core. Since these vortices are convected downstream, on average the low-velocity region of Fig. 10c is
generated. Analysis of additional phase-free datasets confirmed that, although negative axial velocities existed in the
vicinity of the vortex core, no local flow reversal occurred at the wall.
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Fig. 11 Phase-averaged vorticity contours of the flat plate (left) and flapped (right) configurations. The
velocity vectors represent the in-plane velocity components induced by the propeller (U, = 20 m/s, £/R = 0.037,
Cr = 0.35). The color map does not span the full range of w values.

#Vorticity is normalized using the propeller diameter and the velocity at the propeller disk, estimated using actuator disk theory: W} = w;Dp/Upp.
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In Fig. 11a, a third vortex is located at X’/R = 0.7 near the bottom edge of the FOV. The associated blade wake is
downstream of the FOV, since the wake is rapidly convected at the slipstream velocity, while the tip vortex is convected
slowly inside the boundary layer (the same occurs in Fig. 11b). An evaluation of the individual PIV images indicated
two reasons why this vortex does not appear prominently in the vorticity field. Firstly, while the tip vortices are periodic
in nature, the eddies in the turbulent boundary layer are not. Hence, for each phase-locked image, the tip vortices are
at a slightly different location, due to the randomness of the velocity fluctuations which convect the vortices. The
extent of this tip-vortex meandering increases as the tip vortices are convected downstream. Consequently, when
computing the phase-averaged flow field, the vortex core is smeared out, and less concentrated than in an instantaneous
velocity field. For this same reason, the vortex located at X’/R = 1.1 in the flapped configuration (Fig. 11b) apparently
presents a low vorticity magnitude. In this configuration, the position of the shear layer which separates the slipstream
from the recirculating region varies over time, since the flow is excited by periodic tip vortices on one hand, and
by random structures in the boundary layer on the other. As a consequence, the position of the tip vortex differs
appreciably from one blade passage to another. A second reason why the tip vortex at X’/R = 0.7 is not clearly visible
in Fig. 11a, is the increased viscous dissipation that takes place when the vortex core approaches the wall, due to
the downwards displacement of the slipstream edge discussed in Fig. 10c. Individual PIV images showed that, in
this region, the vorticity magnitude in the vortex core had diminished or—in some cases—that the vortex core had
disappeared completely.

In order to confirm that the vortex dissipation is not an artifact of a limited spatial resolution, Fig. 12 presents a
close-up of the interaction surrounding one of the tip vortices. This figure presents a different phase angle than Fig. 11,
such that the tip vortex is located in the small FOV. Figure 12 presents contours of the out-of-plane (spanwise) velocity
component in order to highlight the flow features, together with velocity vectors of the propeller-induced in-plane
velocities. The blade wake, which represents a velocity deficit in the blade frame-of-reference, appears as a strong swirl
velocity in the inertial reference frame. Furthermore, large positive and negative values of the spanwise velocity are
induced on either side of the vortex core, since the vortex filament is oblique to the sampling plane.
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Fig. 12 Close-up view of an instantaneous out-of-plane velocity field in the flat-plate configuration. The
velocity vectors represent the in-plane velocity components induced by the propeller (U, = 20 m/s, £/R = 0.037,
Cr = 0.35). The blank region of the FOV is blocked by a blade outside the measurement plane. The color map
does not span the full range of W /U, values.

The most notable flow feature in Fig. 12 is the sheet of increased and decreased spanwise velocity that appear to
roll up above and below the vortex core, respectively. This structure is not visible in phase-averaged flow fields, since
in each blade passage it varies in position and strength—occasionally not appearing at all—as a consequence of the
random interaction with the eddies in the turbulent boundary-layer. When comparing this velocity distribution to typical
velocity distributions in an isolated-propeller slipstream [30], it becomes evident that these sheets constitute the outer
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portion of the blade wakes, which in undisturbed conditions roll up into the tip vortex. However, due to the presence
of the wall boundary layer, the lower segments of the blade wake start lagging behind, and a discontinuity is formed.
Furthermore, the swirl induced by the vortex entrains low-momentum fluid from the bottom of the boundary layer,
causing it to move away from the wall and wrap around the vortex. This locally increases the dissipation rate of the tip
vortex, eventually causing it to disappear, as discussed in Sec. V.B. The gradual decrease in vortex strength also implies
that, for a given vortex, the velocities induced by the succeeding (upstream) vortex are higher in magnitude than the
velocities induced by the preceding (downstream) one. This leads to a net downwards-oriented induced velocity on the
vortex filament, which may contribute to the downwards displacement of the slipstream discussed in Fig. 11c.

It is worth highlighting that the flow phenomena described so far are originated in the trailing vortex system of the
propeller. The highly unsteady formation of secondary vortical structures and areas of reverse flow observed below the
propeller disk in the work of Murray et al. [21] were not encountered in this experiment. Although this may be due to a
limited spatial or temporal resolution, it is most likely because the experiment of Murray et al. presented a thicker
boundary layer (699/R =~ 0.44), and the propeller tip was positioned deeper inside the boundary layer. In other words,
in this experiment, the local advance ratio of the blade tip is not low enough to trigger ground-vortex effects. This is
consistent with the predictions of Sato et al. [24], who developed a relation between the thrust coefficient, tip clearance,
and the type of flow instabilities that occur below the propeller disk. Although their experiments were performed at
higher thrust coefficients, the model suggests that no vortices or reverse flow are produced for the combination of thrust
coefficients and tip-clearance in this experiment.

B. Propeller-Induced Surface Pressure Fluctuations

The unsteady flow features identified in the previous section lead to pressure fluctuations on the wing surface. In order
to visualize the distribution of these pressure fluctuations, Fig. 13 presents contours of the root-mean-square (rms) of
the unsteady pressure coefficient, measured across the wing surface using the embedded microphones. The unsteady
pressure coefficient is obtained by normalizing the measured pressure fluctuations with freestream dynamic pressure, i.e.
C, =p'/(0.500 U?Z,). However, analysis of the raw microphone data showed that, in the vicinity of the propeller disk,
the maximum input level of the microphones was exceeded at several locations. The locations are indicated by white
crosses in Fig. 13. This led to cropped microphone signals, and therefore the magnitudes at these locations are incorrect
(conservative). Nevertheless, several important conclusions can be drawn by analyzing the distributions.
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Fig. 13 Unsteady pressure coefficient contours on the wing surface. The white lines indicate the axial position
of the leading edge and trailing edge of the blade tip, respectively. Dots indicate measurement locations, while
crosses indicate locations where the maximum input level of the microphone was exceeded. The circular markers
indicate the locations sampled in Fig. 14 (U,, = 20 m/s, £/R = 0.037, Cy = 0.35).
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Firstly, Fig. 13 evidences that the pressure fluctuations on the wing surface are not negligible, given that their
amplitude exceeds the time-averaged effect of the propeller on the surface pressure distributions (see Fig. 8). Secondly,
two distinct regions of pressure fluctuations can be identified. The first corresponds to the oval-like region below the
propeller disk, which is generated by the pressure field induced by the propeller blades. As the blades rotate, an observer
on the wing surface perceives periodic variations in static pressure. The second region is generated by the vortical
structures in the propeller slipstream, which increase the pressure fluctuations downstream of the propeller (X’/R > 0).
Based on the distance between the vortex cores and the wing surface observed in Figs. 11 and 12, these fluctuations
are caused by the velocities induced by the tip vortices near the wall, and not by the low static pressure created inside
the vortex core. Hence, there are two main sources of pressure perturbations: the static pressure fluctuations induced
directly by the propeller blades, and the velocity fluctuations induced by the tip vortices. Of the two sources, the first
one is dominant. Due to the superposition of the two, the highest pressure fluctuations are recorded slightly downstream
of the propeller disk in the flat-plate configuration, rather than directly beneath it. For the flapped configuration, the
fluctuations generated by the propeller slipstream are lower than for the flat-plate configuration, because the slipstream
has separated from the flap surface. Thus, the velocity fluctuations induced by the trailing vortex system on the flap
surface are reduced. Consequently, Fig. 13b shows a wide region of modest pressure fluctuations, generated by the
turbulent flow in the separated region behind the propeller. These pressure fluctuations are higher on the down-going
blade side (Z/R < 0) than on the up-going blade side (Z/R > 0), indicating an asymmetry in the flow field. Additional
flow-field visualization outside the Z/R = 0 plane is required to determine the cause of this asymmetry.

The most counterintuitive observation in Fig. 13 is that, in the flat-plate configuration, the high-Cj, ., region
beneath the slipstream splits into two branches downstream. This is suggests that the viscous interaction between the tip
vortices and the boundary layer fully dissipates the vortical structures, thus removing the periodic perturbations along
the centerline of the wing. The two branches of high C}, .,;-values correspond to the edges of the slipstream, where the
previously helicoidal vortex filaments are now severed and locally oblique to the wing surface. In order to confirm that
the reduction is indeed caused by a decrease in periodic perturbations, and not by a reduction in broadband noise levels,
Fig. 14 gathers the pressure spectra sampled at the three locations marked by the white circles in Fig. 13. The reader
is reminded that, at location A, the maximum excitation amplitude of the microphones was exceeded. Therefore, the
non-monotonic evolution of the tonal peaks, as well as the secondary peaks observed between consecutive blade-passage
frequency (BPF) multiples, are most likely an artifact of the cropped pressure waveforms registered by the microphones.
Nevertheless, the spectra confirm that the tonal components at integer multiples of the blade passage frequency are the
dominant source of pressure fluctuations.
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Fig. 14 Spectra of the pressure fluctuations observed on the wing surface at the locations indicated in Fig. 13
(U =20 m/s, &/R = 0.037, C7r = 0.35). Note that the maximum excitation amplitude of the microphone was
exceeded at location A in the propeller-on case.
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When comparing the spectra of Fig. 14a at locations A and C, it becomes evident that the tonal components have
indeed disappeared in the latter. However, even though the broadband component of the two spectra are comparable, the
downstream one (location C) presents slightly lower broadband levels up to f ~ SBPF (2500 Hz). This indicates a
reduction of the large-scale fluctuations inside the turbulent boundary layer. In any case, the broadband levels are higher
than in propeller-off conditions. By comparing the spectra of Fig. 14a at locations A and B, on the other hand, one can
see that the tonal peaks are higher for the former, while the broadband levels are lower. This confirms that the main
contributor to the pressure fluctuations at location A are the fluctuations generated by the passing blades, which are not
present at the downstream location. At the downstream location, however, the increase in broadband levels indicates
that the interaction between the tip vortices and the boundary layer have increased the turbulent fluctuations in the
boundary-layer. Finally, Fig. 14b shows that the tonal pressure fluctuations disappear downstream due to the detachment
of the slipstream from the flap surface. However, the increase in broadband levels with respect to propeller-off conditions
shows that additional perturbations are induced in the separated-flow region due to the propeller slipstream.

VI. Effect of Propeller Position and Thrust Setting on Flow Separation
Now that the aerodynamic phenomena that affect flow separation have been presented, it is relevant to analyze how
flow separation is affected by different operating conditions and design parameters. To this end, Fig. 15 presents the
phase-averaged flow fields downstream of the propeller for different thrust settings, tip-clearances, and axial positions of
the propeller. Figure 15a is in essence the same as Fig. 11b, but has been included here without the small FOV for
comparison with the other plots.

The effect of propeller thrust can be observed by comparing Figs. 15a, 15c, and 15e. At lower thrust coefficients, the
flow separation is less severe. This is, however, not a solution from a design perspective, since Cr < 0.2 is representative
of cruise conditions, but not of low-speed conditions. At Cr = 0.1 (Fig. 15e), the slipstream velocities induced by the
propeller in the PIV plane are negligible, even though the thrust coefficient is positive. This is a consequence of the
accelerated flow over the flap hinge, which locally increases the effective advance ratio, reducing the thrust to practically
zero while the top half of the propeller disk still generates thrust. Nevertheless, the bottom-right corner of Fig. 15¢
shows that the propeller still generates an axial velocity reduction over the flap, leading to an earlier separation than in
propeller-off conditions. This confirms that the unsteady excitation caused by the propeller blades is still detrimental for
the boundary layer, even when the propeller generates practically no thrust.

The effect of the propeller’s axial position can be analyzed by comparing Figs. 15a and 15b. When the propeller is
moved half a radius (0.05¢) upstream (Fig. 15b), the flow remains attached to the surface, and the slipstream deflects
downwards. This is beneficial from a design perspective, because not only is the stall angle of the flap delayed, but also
the effective lift is increased due to the deflection of the slipstream. This Coanda effect does not appear for the baseline
Xp/c = 0.8, and can most easily be understood by referring to Fig. 10c. When the propeller is placed above the flap
hinge (X,,/c = 0.8), the contraction of the slipstream generates a strong adverse pressure gradient and a tendency of the
flow to separate from the surface. In this case, the resistance of the boundary-layer to flow separation is further decreased
due to the strong pressure fluctuations generated by the propeller blades. Hence, when the additional pressure gradient
is imposed by deflecting the flap, the flow separates. However, when the propeller is moved upstream (X, /c = 0.75), the
location of the flap hinge is approximately 0.5R downstream of the propeller, where the propeller slipstream attaches to
the wall in flat-plate conditions. This leads to a thinner boundary layer which is more capable of resisting the adverse
pressure gradient over the flap hinge. Moreover, the increased viscous interaction between the tip vortices and boundary
layer weakens the periodic perturbations. A combination of these factors allows the flow to remain attached to the
surface longer than in propeller-off conditions.

Finally, the effect of tip clearance is assessed by comparing Figs. 15a, 15d, and 15f. In Figs. 15d and 15f, the
propeller operates outside the edge of the boundary layer. Even though the magnitude of the flow reversal decreases
with increasing clearance, the flow over the flap remains detached even for the largest clearance (Fig. 15f). In this case,
a channel of relatively undisturbed flow exists between the slipstream edge and the boundary layer, and the pressure
fluctuations on the wing surface have been significantly reduced. However, the high-momentum slipstream acts as a
boundary condition for the air beneath it, creating a divergent channel which increases the adverse pressure gradient
with respect to propeller-off conditions, and causes the flow to separate. Thus, while in Fig. 15e the unsteady effects
lead to flow separation, in Fig. 15f the time-averaged, inviscid effect of the propeller causes flow separation. This
proves that both the steady and unsteady interaction effects can cause flow separation, and that the relative importance
of the two contributions depends on the operating conditions and design of the system. In any case, Fig. 15f shows that
increasing the tip-clearance, within the practical limits of over-the-wing propellers, is not an effective measure to delay
flow separation.
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Fig. 15 Phase-averaged vorticity contours of the flapped configuration for different thrust settings, tip-
clearances and axial positions of the propeller. The velocity vectors represent the in-plane velocity components
induced by the propeller (U, = 20 m/s). The color map does not span the full range of w; values.
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VII. Conclusions & Recommendations

A wind-tunnel experiment has been carried out with the objective of studying the aerodynamic interaction between an
over-the-wing (OTW) propeller and the wing boundary-layer. This interaction affects the separation of the boundary
layer, and therefore has an important impact on the maximum lift coefficient attainable with OTW systems. In order to
understand the underlying flow phenomena, first the time-averaged impact of a propeller placed in close proximity to
a flat plate is analyzed. Results show that an adverse pressure gradient is generated below the propeller disk which
increases linearly with thrust, and decreases with increasing tip clearance. The contraction of the slipstream, which
is partially responsible for this adverse pressure gradient, generates a region of reduced axial velocity between the
slipstream edge and the wall surface. This region of reduced velocity extends up to approximately 0.5R downstream of
the propeller disk, beyond which the slipstream adheres to the wall and the thickness of the boundary layer is significantly
reduced. In this process, the propeller tip-vortices are forced towards the wall, where they are eventually dissipated due
to viscous interaction with the boundary layer. Consequently, the pressure perturbations produced by the slipstream on
the surface below the propeller axis decrease in axial direction. However, the dominant source of pressure fluctuations
are the static pressure fields created by the passing blades. Together, these two sources lead to pressure fluctuations
whose amplitude exceeds the magnitude of the time-averaged changes in pressure on the surface.

When the propeller is positioned above the hinge line and an additional adverse pressure gradient is imposed by
deflecting the flap, the aforementioned effects lead to flow separation over the flap. The magnitude of the flow reversal
increases with increasing thrust coefficient. Increasing the clearance between the propeller and the wing surface is an
ineffective approach to mitigate this problem, since flow separation is observed even when the tip-clearance is at least
three times the boundary-layer thickness. However, placing the propeller half a radius upstream is an effective measure
to avoid flow separation. In that case, the low-velocity region generated by the slipstream contraction, as well as the
high-amplitude pressure perturbations, are located upstream of the flap hinge. At the flap hinge, the slipstream has
adhered to the wall, leading to a thinner boundary-layer which is more capable of withstanding the adverse pressure
gradient over the flap. This leads to a Coanda effect which deflects the slipstream downwards and improves the flap
performance with respect to propeller-off conditions.

However, earlier studies show that placing the propeller further upstream is detrimental for propeller efficiency in
cruise conditions. Therefore, deflecting the propeller with the flap constitutes a promising alternative to mitigate the
flow separation over the flap. This would, additionally, lead to an effective lift increase due to thrust vectoring, and is
therefore left for future research. Furthermore, the impact of multiple propellers on the flow separation and Coanda
effect should be assessed. Finally, an increased dynamic range and spatial resolution of the microphones would provide
the instantaneous pressure distributions and gradients across the wing surface. Such data would provide additional
knowledge on the relative importance of the steady and unsteady interaction effects, and how these can be mitigated. A
deeper understanding of these phenomena will enable a more effective design of over-the-wing distributed-propulsion
systems.
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