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Experimental Investigation of Over-the-Wing
Propeller–Boundary-Layer Interaction

Reynard de Vries,∗ Nando van Arnhem,† Francesco Avallone,‡ Daniele Ragni,§ Roelof Vos,¶

Georg Eitelberg,** and Leo L. M. Veldhuis**

Delft University of Technology, 2629 HS Delft, The Netherlands

https://doi.org/10.2514/1.J059770

This experimental study focuses on the aerodynamic interaction between an over-the-wing (OTW) propeller and a

wing boundary layer. An OTW propeller is positioned above the hinge line of a wing with a trailing-edge flap.

Measurements are carried out with and without axial pressure gradients by deflecting the flap and by extending the

flat upper surface of the wing in the streamwise direction, respectively. Surface-pressure taps, microphones, and

particle image velocimetry are combined to quantify both the time-averaged and unsteady interaction effects. Results

show that the propeller generates an adverse pressure gradient on thewing surface that scales linearlywith thrust and

decreases with increasing blade-tip clearance. The pressure gradient is partially caused by slipstream contraction,

which decelerates the flow near the wall. Additionally, the surface-pressure fluctuations generated beneath the

propeller blades and slipstream are stronger than the time-averaged pressure increase due to flow deceleration.

Consequently, the propeller triggers flow separation over the hinge linewhen 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 of the hinge line creates a Coandă effect, which

allows the flow to remain attached.

Nomenclature

Cp = pressure coefficient; �p − p∞�∕q∞
Cp;t = total-pressure coefficient; �pt − pt;∞�∕q∞ � 1

CT = thrust coefficient; T∕�ρ∞n2D4�
c = wing chord, m
cl = sectional lift coefficient
D = diameter, m
f = frequency, Hz
J = advance ratio; V∞∕�nD�
M = Mach number
n = rotational speed, Hz
p = static pressure, Pa
pt = total pressure, Pa
q∞ = freestream dynamic pressure; 0.5ρ∞V

2
∞, Pa

R = radius, m
Re = Reynolds number
T = thrust, N
u; v;w = Cartesian velocity components, m/s
V = velocity magnitude, m/s
W = weighting function
X; Y; Z = Cartesian coordinates, m
α = angle of attack, deg; or vortex velocity ratio
β = blade pitch angle, deg

Γ = circulation, m2∕s
δf = flap-deflection angle, deg
δ99 = boundary-layer thickness, m
ε = tip clearance, m
μ = dynamic viscosity, Pa ⋅ s
ρ = density, kg∕m3

ϕ = blade phase angle, deg
ω = vorticity, 1/s
ω� = normalized vorticity; ωD∕ueff

Subscripts

c = wing-chord based
eff = effective
FP = flat plate
ind = induced
off = propeller off
on = propeller on
p = propeller
q = query location
tip = blade tip
vx = vortex
0.7 = at 70% of the blade radius
∞ = freestream quantity

Superscripts

∼ = phase-averaged component
0 = unsteady component

I. Introduction

T O MEET the expected growth in air traffic while limiting the
environmental impact of the aviation industry, aircraft configu-

rations with novel propulsion systems are required [1,2]. Throughout
the last decade, numerous studies have identified hybrid-electric
propulsion as an enabling technology for more efficiently integrated
propulsion systems [3–8]. An example of such propulsion systems is
the over-the-wing (OTW) propeller. Over-the-wing propellers can
significantly increase the lift-to-drag ratio of the wing [9–12] and
reduce flyover noise [13,14]. Similar benefits are obtained when the
propeller is lowered into a “channel-wing” configuration [9,15].
Nevertheless, several drawbacks have limited the use of OTW
propellers. These include a reduced propulsive efficiency when
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compared to tractor propellers [9,16], an increased nosedown thrust-
induced pitching moment, and the need for large support pylons.
However, the flexibility of electrical motors allows the propulsive
power to be divided over multiple adjacent OTW propellers without
compromising the specific weight or efficiency of the motors, thus
reducing the diameter of each propulsor while maintaining an equiv-
alent disk loading. This layout, known as over-the-wing distributed
propulsion [17], can partially mitigate the penalties associated with
large OTW propellers [18] and, additionally, enables short takeoff
and landing operations when installed on a flap [19]. As a conse-
quence, several studies focusing on the aerodynamic characteristics
of an array of small propellers or fans placed over thewing have been
performed in recent years [20–22].
Earlier studies show that it is possible to estimate the aeropropul-

sive performance of OTWpropellers in cruise conditions using panel
methods [18] or Reynolds-averaged Navier–Stokes (RANS) simu-
lations [23]. However, predicting the high-lift performance of these
systems is a difficult challenge, despite its decisive influence on
the sizing process of distributed-propulsion aircraft [24]. The work
of Müller et al. [25] 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 possible cause of flow
separation over the flap, which was not captured in steady analyses.
Both theoretical [26] and experimental [27] studies have shown that
vortex/boundary-layer interaction significantly affects the displace-
ment thickness of the boundary layer, and that it can indeed lead to
local flow separation [28,29]. It is also known that a convecting
vortex produces pressure fluctuations on the wall surface and
increases the turbulent kinetic energy in the boundary layer [30].
Even in the inviscid limit, a rectilinear vortex convected parallel to a
wall can lead to reverse flow, depending on the ratio between the self-
induced vortex speed and the uniform flow speed [31].
These vortex/boundary-layer interaction studies do not consider the

presence of a rotor close to thewall, which imposes additional pressure
gradients and three-dimensional effects. The experiments of Murray
et al. [32] show that, in that case, flow reversal can occur locally
beneath the rotor and that additional unsteady vortical structures are
formed, which are comparable to the ground-vortex effect on propeller
aircraft [33] or propeller–hull interaction effects inmarine applications
[34,35].Moreover, if the tip clearance between the rotor and thewall is
small, the local thrust increases not only due to the local reduction in
inflow velocity, but also due to the end-plate effect [36]. This leads to
local variations in blade loading [25] and tip-vortex strength [37]—
contrary to ducted rotors, where the tip vortices (if present) can persist
inside the boundary layer without azimuthal variations [38].
Additional complications arise when the propeller is positioned

above a wing. In that case, the wing curvature introduces an additional
streamwise pressure gradient in the boundary layer, which changes its
receptivity to the perturbations of the propeller. Moreover, the inflow
conditions to the propeller disk are altered, in terms of both velocity
magnitude and angle of attack. This leads to a variation in the loading
distribution across the entire disk [23], and causes the slipstream to
deform [18]. It is therefore unclear how the interaction between the
propeller blades and the wing boundary layer affects flow separation,
especiallywhen an additional pressure gradient is generated by the flap.
The objective of this paper is therefore to characterize the steady

and unsteady aerodynamic interaction effects that occur between an
OTWpropeller and the boundary layer of awing.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. The test matrix and wing model
of the experiment are designed specifically to meet this objective
rather than to obtain an accurate estimation of OTW system perfor-
mance, which is not the purpose of this study. Measurements are
performedwith a two-dimensionalwing featuring a trailing-edge flap
and in a quasi-flat-plate configuration in order to identify how the
interactionwith the boundary layer is affected by an external pressure
gradient. Furthermore, different thrust settings, boundary-layer
thicknesses, tip clearances, and axial positions of the propeller 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 to isolate these phenomena from the additional ones
that would appear if multiple adjacent propulsors were considered.
Thewing and propeller models are described in Sec. II along with the
employed measurement techniques, whereas the characteristics of
the isolated wing are given in Sec. III. A detailed description of the
time-averaged and unsteady aerodynamic interaction phenomena
that occur between the propeller and flat-wall boundary layer is then
provided in Sec. IV. Finally, Sec. V presents how these aerodynamic
phenomena can contribute to flow separation when an external
pressure gradient is generated by deflecting a flap.

II. Experimental Setup

A. Wind-Tunnel Facility and Models

The experiments were performed in the closed-circuit, low-speed,
low-turbulence tunnel at the 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 (V∞ ≤ 40 m∕s). The closed test section has a
cross section of 1.8 × 1.25 m. A propeller was positioned in close
proximity to the suction-side surface of a straight, untapered wing by
means of a support sting, as shown in Fig. 1. The support sting was
mounted on an external balance during propeller force measure-
ments, as well as on a three-axes traversing system for all other
measurements. Additional information regarding the geometry of
the wing and propeller can be obtained from the CAD model avail-
able in Supplemental Data S1.

1. Wing Geometry and Operating Conditions

Thewing profilewas designed such that, close to the propeller, it is
representative of a quasi-flat-plate configuration when the flap is
retracted (δf � 0 deg). The resulting profile, shown in Fig. 2b,
presents a chord†† of c � 1.02 m and a thickness-to-chord ratio of

a) Test section (viewed from behind)

b) Close-up of propeller (viewed from below) 

Propeller

Nacelle

Slit for 
laser sheet

Wing surface

Wing

Prop. support 
sting

1.
25

 m

1.8 m

Fig. 1 Overview of wind-tunnel setup, showing position of wing model
and installation of propeller (Prop.) relative to the wing.

††The reference chord length is taken as the length of the profile when the
flap is retracted (δf � 0 deg). Since the upper surface of the flap translates
when it is deflected, the true chord varies.
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11%. The leading-edge geometry follows a modified superellipse
with an aspect ratio of six up to 32% chord in order to provide a
smooth transition to the flat upper and lower surfaces [39]. 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 thewing in the test section
(see Fig. 2a), the pressure gradient surrounding the flap region is
removed.
Measurements were carried out at α � 0 deg and V∞ � 40�

0.05 m∕s in order to maximize the Reynolds number (Rec �
2.76 ⋅ 106) without exceeding the maximum input level of the micro-
phones or the maximum power of the electrical motor that drove the
propeller, as well as at V∞ � 20� 0.05 m∕s (Rec � 1.38 ⋅ 106) in
order to increase the maximum thrust coefficient. Two boundary-
layer configurations were tested to vary the equivalent Reynolds
number of the boundary layer at the propeller location and verify
whether there were any significant scaling effects that may be over-
looked when using a scaled-down wind-tunnel model. 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 μm (carborundum particles of grit size
36) located at 7.5% chord on both sides of the wing. The second,
named “BL2,” was a thicker turbulent boundary layer obtained by
applying sandpaper of grit size 36 from 7.5 chord to 32% chord on
the suction side. This was done to increase the boundary-layer thick-
ness at the downstream propeller location without significantly
changing the boundary-layer profile, as discussed in Sec. III. After
analyzing multiple flap-deflection angles, an angle of δf � 20 deg
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 toward the trailing edge of the isolated
wing (i.e., without propeller installed).

2. Propeller Geometry and Operating Conditions

For themajority of themeasurements, the propeller was positioned
above the flap hinge (Xp∕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 [18]. The installation
was designed such that the propeller axis was located at the midspan
of the wing when connected to the balance. A six-bladed steel
propeller was used, with a diameter of D � 0.2032 m (D∕c � 0.2)
and a blade pitch of β0.7 � 45� 0.05 deg. The propeller is a 1:2
scale model of the one used by Li et al. [40], with a modified trailing
edge to ensure a minimum thickness during the manufacturing
process. The propeller was operated at advance ratios between J �
1.7 and J � 2.3 at V∞ � 40 m∕s, as well as between J � 1.0 and
J � 2.0 at V∞ � 20 m∕s, in order to obtain thrust coefficients
and slipstream characteristics comparable to full-scale aircraft. For
the baseline measurement conditions (V∞ � 20 m∕s, J ≈ 1.1), this
corresponds to approximately 5300 rpm, a tip Mach number
of Mtip � 0.18, and a blade Reynolds number of Re0.7 � 4.2 ⋅ 104.
Previous numerical and experimental analyses of the propeller [41]
showed that the radial loading distribution varies slightly with Mach
number and that the integral thrust increases with Reynolds number,
but without any qualitative changes in the behavior of the propeller.
Therefore, although the quantitative results may vary, the conceptual
interpretation of the phenomena observed in the experiment was
considered applicable to a full-scale distributed-propeller configura-
tion in takeoff or landing conditions. The rotational speed of the
propeller was controlled with an accuracy of�0.1 Hz that, together
with the velocity uncertainty, corresponds to fluctuations in the
advance ratio below �0.5%. Furthermore, the clearance between
the propeller blade tips and the wing surface ε was varied in order
to analyze the impact of tip clearance on the interaction effects (see
Sec. III). Finally, a subset of measurements was taken with the
propeller at Xp∕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 measure-
ment techniques used during the experiment. The measured veloc-
ities and pressures were corrected for wind-tunnel blockage caused
by the wing, following the image method described in Ref. [42]. Lift
interference corrections were not applied since only low lift coeffi-
cientswere attained (cl ≈ 0.1). Propeller slipstream and support-sting
blockage corrections were neglected since their combined effect on
the velocity 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, which
corresponds to approximately 0.4% at high thrust (CT � 0.35) and
1.2% at medium thrust (CT � 0.2). Data were acquired at 10 Hz, and
each measurement point was averaged over 30 s. Several measure-
ments were repeated twice to verify the reproducibility of results. To
obtain the net forces generated by the propeller blades and spinner, all
measurements were carried out with both 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 � Ton − Toff . 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.
The uncertainty of the thrust measurements was calculated by

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 (∂T∕∂β) and angle of attack (∂T∕∂αp) were obtained from
experimental and numerical data of the isolated propeller [41]. The
resulting thrust-coefficient uncertainty was below 1% at high thrust
(CT � 0.35) and below 3% at medium thrust (CT � 0.2).

2. Total-Pressure Probe

A pressure probewas traversed in the Y direction atXc∕c � 0.8 to
determine the boundary-layer profiles of the isolatedwing at the axial

b) Flapped configuration

a) Flat-wall configuration

c) Front view

Fig. 2 Front and side views of experimental model. Dimensions
expressed in millimeters. Origin of local reference frame (X, Y, Z)
corresponds to (Xc, Yc, Zc) = (820, 55, 0) mm in wing-based reference

frame.
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position of the propeller disk. The measurement sweep started at
0.5 mm (0.005R) clearance from the wing surface, and it was trav-
ersed up to 240.5 mm (2.37R) clearance. The pressure was measured
at 57 locations for each of the three spanwise positions sampled
(Z∕R � 0;−0.9, and �0.9), with a higher resolution in the vicinity
of the wing surface. Pressure data were acquired at 10 Hz and
averaged over 30 s for each point using a DTC-Initium pressure
scanner. The measurement uncertainty of the total-pressure sensors
(�4 Pa) and the spread in data due to spanwise variations in the
boundary-layer profile led to a total-pressure-coefficient uncertainty
below 2% of the freestream value. The boundary-layer thickness δ99
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 Cp;t � 0.98.

3. Wing Surface-Pressure Taps

Thewing was instrumented with 81 static-pressure taps in order to
evaluate the time-averaged 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. The holes were
located along a zigzag pattern at Z � �15 mm, i.e., 15 mm above or
below the midspan location of the wing. Due to the geometrical
constraints surrounding the flap mechanism, no zigzag pattern was
followed in this region, as is visible in Fig. 3. Data were acquired at
10 Hz and averaged over a 30 s acquisition time per measurement
point. A subset of measurements was 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 static-pressure sensors of the pressure scanner (�1 Pa),
contribute to a pressure-coefficient uncertainty of approximately
�0.025.
Two types of static-pressure measurements were taken. In the first,

the propeller was installed on an external traversing system and
moved in the Z direction, mapping the pressure response on thewing
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 ofmeasurement, the
propeller (connected to the balance) was positioned at themidspan of
thewing, 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 midsection of the wing, due to the zigzag
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 19 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 flap (at Z � 35 mm), and seven were installed on the
main wing immediately upstream of the flap (at Z � −35 mm), as
indicated in Fig. 3. The microphones measured in a frequency range

of 20Hz–15 kHz,with amaximum input level of 123.5 dB (relative to
20 ⋅ 10−6 Pa) at 1 kHz and an equivalent noise level of 35 dBA.
A frequency-dependent calibration was carried out using a LinearX
M53 referencemicrophone, whichwas in turn calibrated bymeans of
a GRAS 42AA pistonphone.
Microphone data were acquired synchronously with the propeller

encoder’s once-per-revolution trigger signal using an array of
National Instruments 9234 data acquisition (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 s,
which corresponds to approximately 1500 to 3500 propeller revolu-
tions (i.e., 9000 to 21,000 blade passages), depending on the rota-
tional 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
than 1 dB. Furthermore, the levels recorded during themeasurements
were verified to be at least 25 dB (typically 45 dB) above the back-
ground noise levels recorded with the wind tunnel off.

5. Particle Image Velocimetry

A stereoscopic particle image velocimetry (PIV) setup was used to
analyze the velocity field in the propeller slipstream and wing boun-
dary-layer. Two fields of viewwere considered. The main, large field
of view (FOV) was set up downstream of the flap hinge (i.e., down-
stream of the propeller disk location), as shown in Fig. 3. A second
high-resolution FOV focused on the region surrounding the blade
tips. A SAFEX Twin Fog DP generator with SAFEX-Inside Nebel-
fluid was used for flow seeding. The mixture of diethylene–glycol
and water generates tracer particles with an average diameter and
relaxation time below 1 μm and 1 μs, respectively. A 200mJQuantel
Evergreen laser was used for illumination and 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
Fig. 1b), 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 throughflow of air. Two 16-bit LaVision Imager sCMOS
cameras were used for image acquisition, which feature a 2560 ×
2160 pixel sensor with a pixel size of 6.5 μm, and were employed
withNikkor 105mmf∕8 andNikkor 200mmf∕8 lenses for the large
and small FOVs, respectively. The imageswere recorded at 15Hz and
processed using LaVision Davis 8.4 software. For installed propeller
measurements, 600 uncorrelated imageswere 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.
For twomeasurement cases, phase-locked PIV data were acquired

at different Z locations relative to the propeller by positioning the
propeller at different spanwise locations along the wing. The result-
ing velocity fields were combined to obtain a volumetric dataset
that provides three-dimensional information of the flowfield. The
distance between adjacent measurement planes varied from 2.5 to
10mm,which constituted a relatively low spanwise resolution. Thus,
during the post-processing, the velocity fields were interpolated
on additional planes between each pair of measurement planes
to improve the visualization of the blade wakes and tip vortices.

Plastic 
hinge strips

Wing skin

Pressure taps
Xc

Yc

Pressure taps

Slit for laser sheet

Microphones

Plastic 
hinge strips

Wing skin

Large FOV

Microphones

Propeller traverse direction

Small FOV
Zc

Fig. 3 Axonometric view of suction side of wing model, indicating
location of pressure taps, microphones, and PIV plane. Elements that
constitute flap shaded in gray.

Table 1 Main parameters of the PIV setup

FOV Large Small

Focal length, mm 105 200
Field of view, mm2 100 × 150 50 × 65

Pixel shift, pixel (at V∞) 9.5 8.2

Imaging resolution, pixel/mm 19 41
Window size, pixel2 24 24

Overlap factor, % 50 50
Vector spacing, mm 0.6 0.3
Velocity uncertainty, % 2.5 2.75
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For this, it was assumed that the flow structures present in a measure-
ment planeZ1were also present in the adjacentmeasurement planeZ2,
butwith an in-plane displacement �ΔX;ΔY�. This displacement vector
was estimated by performing two-dimensional cross correlations for
each point �X; Y� on the two planes. The flowfield quantities were then
computed on a series of intermediate query planes Zq by linearly
interpolating between Z1 and Z2 along the interpolation direction
obtained from the cross correlation. This ensured the continuity of
the isosurfaces representing the vortex filaments and blade wakes.

III. Isolated-Wing Characteristics

This section describes the aerodynamic characteristics of the iso-
lated wing, to establish the conditions under which the interaction
effects are studied in subsequent sections. Figure 4 shows the pres-
sure-coefficient distributions obtained on the wing surface, with the
propeller and support sting removed. When the flap is deflected by
δf � 20 deg, an appreciable pressure peak is generated over the flap,
as shown in Fig. 4. The pressure gradient on the suction side tends
toward zero near Xc∕c � 1, indicating that the flow has separated at
the trailing edge. 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 coefficient of cl � 0.1. Moreover, a small
pressure peak is generated around Xc∕c � 0.08 by the trip strip,
whereas additional suction is generated aroundXc∕c � 0.22 due to a
flaw in the curvature of the wing skin. However, these peaks occur
relatively far (approximately six radii) upstream of the propeller
location, and therefore have a negligible impact on the interaction
phenomena.
In the flat-wall configuration, the difference between the pressure

and suction sides of the wing is negligible; and the pressure gradient
is small for Xc∕c > 0.4. However, several imperfections are visible.
First, small pressure peaks are generated around Xc∕c � 0.8 due to
steps in the surface geometry at the overlap from the main element to
the flap. Second, toward the trailing edge, the difference between the
pressure side and suction side increases, indicating that the flap
surfaces—which were aligned with the downstream extension block
(see Fig. 2)—were not perfectly parallel. These imperfections may
affect the development of the boundary layer, and therefore it is
necessary to determine the boundary-layer profiles inherent to this
experimental setup. Nevertheless, the average pressure-coefficient
increase across the propeller disk (which can be calculated by divid-
ing the propeller thrust by the disk area) ranges from approximately
0.2 at medium thrust to 0.6 at high thrust. Thus, the local pressure
variations due to surface imperfections are small, and the interaction
phenomena are dominated by the effect of the propeller.
The boundary-layer profiles are presented for different configura-

tions and operating conditions in Fig. 5. The effect of an increase
in equivalent surface roughness can be observed by comparing the
two flat-wall profiles at V∞ � 40 m∕s: when the boundary layer
is tripped (BL1), the boundary-layer thickness is δ99∕R � 0.14;

whereas with an increase in surface roughness (BL2), the thickness
increases to δ99∕R � 0.20. This 43% increase in boundary-layer
thickness corresponds to an increase in the equivalent turbulent
flat-plate Reynolds number from ReFP � 1.8 ⋅ 106 to ReFP �
2.8 ⋅ 106.‡‡ The measurements at V∞ � 20 m∕s, on the other hand,
both correspond to BL1. Under those conditions, the flat-wall boun-
dary layer is thicker than the one obtained with the flap deflected due
to the increased velocity over the wing in the flap-deflected case.
When comparing the flat-wall boundary layers (BL1) at 20 and
40 m∕s, it appears that the former is thicker, as expected, but also
presents a fuller profile than the latter. This suggests that the surface
geometry was altered between the two measurements, most likely
due to changes in the plastic hinge strips (see Fig. 3), which are
situated near the measurement location.
The values of δ99 are summarized in Table 2. The propeller tip-

clearances analyzed in Secs. IV and V were selected as fractions or
integermultiples of thesevalues.Note that, when the flap is deflected,
the propeller tip clearance is still selected as a fraction or multiple of
the flat-wall boundary-layer thickness. In this way, the same absolute
separation between the blade tips and the wing surface (ε∕R) was
kept, and thus the time-averaged pressure effect of the propeller on
the wing is maintained.
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Table 2 Summary of the measured

boundary-layer configurations and
propeller tip-clearance values

Configuration δ99∕R ε∕R

Flat wall, BL1 0.14 0.07 (½BL1)

(40 m∕s) 0.14 (1BL1)

0.28 (2BL1)

Flat wall, BL2 0.20 0.10 (½BL2)

(40 m∕s) 0.20 (1BL2)

0.40 (2BL2)

Flat wall, BL1 0.15 0.037 (¼BL1)

(20 m∕s) 0.07 (½BL1)

0.15 (1BL1)

δf � 20 deg, BL1 0.12 0.037 (¼BL1)

(20 m∕s) 0.07 (½BL1)

0.15 (1BL1)

0.44 (3BL1)

‡‡The equivalent turbulent flat-plateReynolds number is defined asReFP �
�ρ∞V∞XFP�∕μ, whereXFP is the distance to thevirtual origin of the equivalent
flat plate, which is computed using δ99 � 0.37XFP�ρ∞V∞XFP∕μ�− [43].
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IV. Aerodynamic Interaction with a Flat-Wall
Boundary Layer

This section describes how the propeller interacts with the boun-
dary layer developing over awingwithout axial pressure gradients. In
this configuration, the boundary-layer thickness and propeller tip
clearance were found to have a negligible effect on propeller thrust
(see Fig. A1 of the Appendix). The interaction effects are decom-
posed into a steady component (Sec. IV.A) and an unsteady compo-
nent (Sec. IV.B). In both cases, the phenomena are presented for high
thrust and low tip clearance (BL1, V∞ � 20 m∕s, CT � 0.35, and
ε∕R � 0.037), unless explicitly mentioned otherwise.

A. Time-Averaged Flow Phenomena

Thevelocity distributions between the nacelle and thewing surface
in the flat-wall configuration are shown in Fig. 6. In propeller-off
conditions, the axial velocity in this region is slightly higher than the
freestream velocity due to the presence of the nacelle and wing
(Fig. 6a).When the propeller is installed and operated at a high thrust
setting (Fig. 6b), the axial velocity in the slipstream is increased,
especially near the radial location of highest loading (r∕R ≈ 0.7).
Immediately downstream of the propeller disk, near the surface, a
region of low axial velocity is observed. The low-velocity region is
originated directly beneath the propeller disk due to slipstream con-
traction close to the wall, and it persists until the flow has convected
approximately half a propeller radius downstream. Beyond that
point, the slipstream approaches the wall and the velocity near the
surface increases. This effect is further evidenced in Figs. 6c and 6d.

At X∕R � 0.2, the flow velocity near the wall is lower than in the
propeller-off case, although no reverse flow is observed. The swirl
angle, however, is opposed to the swirl inside the slipstream. At
X∕R � 0.8, on the other hand, the velocity is higher near the wall.
Moreover, a significant swirl angle remains in the vicinity of thewall.
This indicates that the edge of the slipstream has approached thewall
since, in a time-averaged sense, swirl is only generated inside the
propeller slipstream. The cause of this vertical displacement is
described in Sec. IV.B.3.
The corresponding surface-pressure field induced by the propeller

is shown in Fig. 7. In this figure, the static pressure measured in the
propeller-off case has been subtracted (i.e.,ΔCp � Cp;on − Cp;off) to
remove the effect of the nacelle. The static-pressure jump created
across the propeller disk leads to a decrease in pressure on the wall
upstream of the propeller, as well as an increase in pressure down-
stream of it. Although at low thrust settings and large tip clearances
the effect on the wing surface is weak, at higher thrust settings and
smaller clearances, more pronounced pressure peaks are observed.
The suction peak generated ahead of the propeller is nearly symmet-
ric with respect to Z∕R � 0, as expected from earlier studies
[18,32,44]. The pressure peak created downstream of the propeller,
however, is not. This is due to the tangential momentum imparted to
the flow by the propeller, which leads to a spanwise velocity compo-
nent near the wall, as reflected in Fig. 6d.
Between the two pressure peaks observed in Fig. 7, a strong

adverse pressure gradient is generated. Themagnitude of this adverse
pressure gradient is directly proportional to the propeller’s thrust,
since it is governed by the pressure jump across the disk. This is
shown in Fig. 8, where the parameter CT∕J2 is used on the x axis to
exclude the effect of rotational speed from the nondimensionaliza-
tion. It should be noted that these measurements were performed at
40 m∕s, and therefore do not reach the high thrust coefficients of
Figs. 6b or 7b (CT < 0.25). The slopes of the curves increase with
decreasing tip clearancewhile showing no significant dependency on
the boundary-layer thickness, although additional measurements at
constant tip clearance and different boundary-layer thicknesses
would be required to quantify this. This suggests that the time-
averaged adverse pressure gradient generated beneath the propeller
can be captured by lower-order methods such as actuator-disk
models.

B. Unsteady Flow Phenomena

Additional insight into the interaction mechanisms can be gained
by analyzing the unsteady flow structures in the propeller slipstream.
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To this end, the aerodynamic interaction between the tip vortices
and the wing boundary layer is first assessed in Sec. IV.B.1 by
analyzing the local velocity fields. The pressure fluctuations gener-
ated on thewing surface by these flow structures are then described in
Sec. IV.B.2. Finally, the velocity and pressure distributions are
combined to provide a volumetric description of the evolution of
the tip vortices in Sec. IV.B.3.

1. Vortex/Boundary-Layer Interaction

Figure 9 presents the phase-averaged spanwise vorticity distribu-
tion in the Z∕R � 0 plane for three different phase angles. The
nondimensional vorticity is defined as ~ω�

z � ~ωzD∕ueff , where ueff
is the theoretical velocity at the propeller disk, as obtained from
actuator-disk theory for a given thrust coefficient [45]. For this
measurement, the thrust coefficient corresponds to an effective veloc-
ity of ueff � 1.13V∞. The propeller tip vortices appear in Fig. 9 as
regions of highly concentrated (negative) spanwise vorticity. The
vorticity contained in the blade wakes, on the other hand, switches
sign in accordance with the spanwise loading gradient along the
propeller blade. The negative vorticity in the boundary layer is also
visible near the wall. When comparing the three time instances, it

becomes evident that the tip vortices initially move away from the
wall and subsequently, beyondX∕R ≈ 0.25, start to approach thewall
again. The trajectory followed by each tip vortex approximately
delimits the low-speed region observed in Fig. 6.
The velocity field surrounding the vortex indicated in Fig. 9b is

analyzed in more detail in Fig. 10 to verify whether the viscous shear
between the boundary layer and the vortices is responsible for their
downward displacement. The axes of Fig. 10 are expressed relative to
the center of the vortex core, for which the point of maximum out-of-
planevorticity ~ωz is selected. Figure 10a also indicates the boundaries
of the vortex core, defined by the radial coordinate where the tangen-
tial velocity with respect to the center of the vortex is maximum. The
average distance to the vortex center is then taken as the vortex radius
Rvx. It is worth noting that this “phase-averaged vortex core” is larger
than the vortex core that would be identified in an instantaneous
velocity field. This occurs because, for the same phase angle, the tip
vortices are located at slightly different positions from one blade
passage to another due to the random interaction with the turbulent
eddies in the boundary layer. This random behavior was confirmed
by comparing the instantaneous velocity fields obtained from PIV
(not shown here). The flowfield of Fig. 10a shows that, on average, a
region of negative velocity is induced beneath the vortex, although at
the wall no flow reversal is observed.
More insight can be gained by extracting two survey lines, shown

in Figs. 10b and 10c. These plots present two velocity profiles,
expressed relative to thevelocity atwhich thevortex core is convected
� ~uvx; ~vvx�. Figure 10b shows that the axial-velocity profiles above
and below the vortex center are roughly antisymmetric, but it also
shows that the top half tends asymptotically to a higher absolute axial
velocity than the lower half. This is due to the superimposed effect of
the boundary-layer profile and image vortex. The vertical velocity on
the horizontal survey line (Fig. 10c), on the other hand, tends toward
zero on either side of the vortex core, despite the presence of the
viscous boundary layer. The shear stresses on either side of the vortex
therefore counteract each other, which suggests that no appreciable
net vertical force is exerted on the vortex core. These findings are in
line with the predictions of Doligalski and Walker [31] and Chuang
andConlisk [29],who studied the response of a convecting rectilinear
vortex near awall and defined the ratio between the convection speed
of the vortex core and the uniform inflow velocity§§ α as
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Fig. 9 Phase-averaged spanwise vorticity distribution in the propeller
slipstream. (Vert. denotes vertical.)
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§§Note that the local “effective” uniform inflow velocity at the vortex
location is unknown since it is affected by the presence of both the boundary
layer and the propeller slipstream (u∞ ≠ V∞).
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α � uvx
u∞

� 1� uind
u∞

(1)

where uind is the velocity induced by the image vortex, such that
uvx � u∞ � uind. The velocity induced by the image vortex accounts
for both the vortex strength Γvx and distance to the wall εvx since
uind � Γvx∕�4πεvx�. The circulation of the vortex core can be
obtained by integrating the vorticity inside the core (Γvx;core �
−0.19 m2∕s). By assuming that this is approximately equal to the
total circulation of the vortex (Γvx ≈ Γvx;core) and extracting the
convective velocity and vortex position from Fig. 10a, a velocity
ratio of α � 0.85 is obtained from Eq. (1). For this value, the
interaction with the boundary layer, has a negligible effect on the
vertical position of the vortex [29].Moreover, in the inviscid limit, no
flow reversal should occur near the wall for α > 0.75 [31], which is
consistent with the velocity field of Fig. 10a. Although the exact limit
differs for viscous flow [31], the velocity ratio obtained in this
experiment appears to be beyond this limit. This confirms that the
vertical displacement of the tip vortices is not caused by viscous
interaction with the boundary layer but by additional effects that are
not captured in this simplified analysis, such as pressure gradients or
three-dimensional effects.

2. Propeller-Induced Surface-Pressure Fluctuations

The vortex cores are not visible downstream of X∕R ≈ 0.6 in the
FOVof Fig. 9. To further investigate this effect, the rms of the surface-
pressure fluctuations is shown in Fig. 11. Directly beneath the
propeller, at the locations indicated with crosses, the maximum
excitation amplitude of the microphones was exceeded. Therefore,
the values in this region are conservative, and no quantitative com-
parisons should be made. Nevertheless, several important qualitative
observations can be made based on the unsteady pressure distribu-
tions. With these observations, it is possible to distinguish three
different regions of pressure fluctuations, as indicated in the bottom
part of Fig. 11.
First, the rms of the surface-pressure fluctuations is larger than the

time-averaged surface-pressure difference induced by the propeller
(see Fig. 7). This indicates that the discrete blade passages generate
large differences between the maximum and minimum surface pres-
sures, which could be reduced by producing the same thrust with a
higher number of blades. Second, two distinct regions of pressure
fluctuations can be observed in Fig. 11: fluctuations induced by the

propeller blades (bound vorticity), and fluctuations induced by the tip
vortices (trailing vorticity). Upstream of the propeller, the surface-
pressure fluctuations are dominated by the static-pressure fields sur-
rounding each propeller blade, which are approximately constant in a
rotating reference frame but lead to periodic perturbations in an inertial
reference frame. “Far” downstream of the propeller, the surface-
pressure fluctuations are dominated by the flow structures convected
in the slipstream. Between these two regions, the two contributions are
superimposed. Moreover, although Fig. 9 shows that the blades’
trailing vorticity rapidly concentrates in the tip vortices, the surface-
pressure fluctuations produced by the bound vorticity are appreciably
larger than the ones produced by the trailing vorticity. This occurs for
two reasons.On one hand, the bound vorticity perceives amuch higher
inflow velocity since the blade–tip velocity ratio V tip∕V∞ is approx-
imately 2.6, whereas the vortex convection velocity is comparable to
the local flow velocity ( ~uvx∕V∞ ≈ 0.8). Furthermore, the radial veloc-
ity component at the propeller disk is small, and thus the bound
vorticity is perpendicular to the local velocity. The tip vortices, on
the other hand, form an oblique angle with the local flow velocity (see
Sec. IV.B.3), further reducing their effective inflow velocity. Conse-
quently, following the Kutta–Joukowski theorem, the bound vorticity
creates larger pressure differences than the trailing vorticity, for the
same circulation.
Figure 11 also shows that, downstream of the propeller, the streak

of high-amplitude fluctuations splits in two. The pressure spectra
recorded at locations B and C, shown in Fig. 12, indicate that the
region of low rms between the two streaks only presents a weak tonal
component at the blade passage frequency (BPF; in hertz). However,
in the streak of increased rms, as well as at point A, the pressure
spectrum is dominated by high-amplitude peaks at the blade passage
frequency andmultiple harmonics. Therefore, whereas at locations A
and B sharp wave forms are generated by the passage of the propeller
blades and tip vortices, respectively, at point C, these excitations are
barely perceived.
The mechanism that causes the high-rms region to divide in two

can be understood by analyzing the interaction of the tip vorticeswith
the solid surface. However, the axial measurement resolution is
relatively low, being of the same order of magnitude as the wave-
length of the dominant excitation in this region. Hence, the axial
plotting resolution is artificially increased tenfold by reconstructing
the pressure history between subsequent axial measurement loca-
tions, similar to the work performed in Ref. [46]. Given that not all
measurements were acquired synchronously, only the phase-aver-
aged wave forms are reconstructed. Figure 12 shows that the tonal
excitations are dominant, and thus only a negligible amount of
information is lost by removing the broadband component of the
fluctuations. Moreover, since these pressure perturbations are hydro-
dynamic in nature, they propagate according to the local flow and
boundary conditions, and not as acoustic waves. Upstream of the
propeller (X∕R < 0), the tonal pressure fluctuations displace in the
positive Z direction, following the local movement of the blades.
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Therefore, in this region, the pressure at a generic X coordinate is
computed by linearly interpolating between the upstream and down-
stream measurement locations, without considering any time delays.
Far downstream of the propeller (X∕R > 0.7), the pressure fluctua-
tions displace mainly in axial direction, convected at the local flow
velocity. For each interpolation location in this region, the convective
velocity is estimated by performing a cross correlation between the
tonal wave forms of the upstream and downstream measurement
locations. With this convective velocity, the temporal evolution of
pressure at a determined X location can be reconstructed through
interpolation, as described in Ref. [46]. Finally, in the overlap region
(0 < X∕R < 0.7), a sigmoid weighting function W�X� is applied to
provide a smooth transition between the two excitation sources, as
shown in Fig. 11.
The pressure-reconstruction process presents some uncertainty for

several reasons, such as outliers in the estimated convective-velocity
distribution, and the arbitrary choice of a sigmoidweighting function.
Therefore, for validation, the instantaneous pressure distributions are
compared to the phase-locked vorticity field obtained from the PIV
measurements in Fig. 13. This figure shows the spanwise vorticity
distribution in the Z∕R � 0 plane together with the phase-averaged
surface-pressure distribution for a phase angle of ϕ � 35 deg. The
pressure distribution contains both the time-averaged component
acquiredwith the pressure taps and the unsteady component acquired
with themicrophones. Beneath the tip vortices,whose location can be
clearly identified in the vorticity field, regions of low pressure are
observed. Peaks of low pressure are also induced ahead of the
propeller blades, which are responsible for the low-pressure area
shown upstream of the propeller disk in Fig. 7. A time-resolved
animation, available in Supplemental Data S2, shows that the loca-
tion of the suction peaks on the surface is consistent with the position
of the propeller blades and tip vortices, for all phase angles. This
indicates that the pressure reconstruction is, at least qualitatively,
correct.Moreover, a comparison of different phase angles shows how
the suction peaks created ahead of the propeller are strongest when
the blade tip is closest to the wall (ϕ ≈ 0 deg). The strength of the
pressure fluctuations induced by the tip vortices decreases as they are
convected downstream, especially in the Z∕R � 0 plane.

3. Tip-Vortex Deformation

To determine how the slipstream structures evolve outside the
Z∕R � 0 plane, Fig. 14 presents a close-up view of the blade-tip
region for a phase angle ofϕ � 5 deg. The vortex trailing behind the
blade tip is clearly identifiable in the vorticity field. The figure
confirms that the low-pressure region generated beneath the tip
vortices is also captured outside of the Z∕R � 0 plane. For this blade
angle, a strong suction peak is generated on the wall ahead of the

suction side of the blade. Downstream of the propeller blade, a ~ω�
z �

−15 isosurface is present near the wall, due to the strong vertical
gradient of axial velocity in the boundary layer. At this location, the
pressure at the wall has increased due to the increased static pressure
behind the blade and the associated slipstream contraction.
In Fig. 14, the projection of the downstream tip vortex onto thewall

is curved and suggests that thevortex filament has deformed. This can
be confirmed by analyzing the unsteady pressure distribution on the
wall for a determined phase angle, as shown in Fig. 15. This figure
includes the projection of the tip vortices, which are drawn based on
theΔ ~Cp distribution and on the data presented in Figs. 9 and 11. In an
undisturbed slipstream, the tip vortices follow a helical path, and thus
these projections would locally appear as oblique lines positioned at
an angle equal to the pitch of the helix, with aweak inflection point at
Z∕R � 0. However, due to the presence of the wall, the vortex
segments closest to the wall are convected at a lower axial velocity.
Consequently, the segments below the propeller axis (Z∕R � 0) start
to lag, and the vortices deform. This is clearly visible for the second
vortex (“Vx. 2”) in Fig. 15. Due to the downward displacement of
the slipstream, the central part of the vortex filament eventually

Fig. 13 Comparison of phase-averaged surface-pressure and slipstream-

vorticity distributions for ϕ � 35 deg. Vorticity contours only shown for
j ~ω�

z j > 2.

Fig. 14 Phase-averaged surface-pressure distribution and vorticity iso-
surfaces in the vicinity of the propeller blade tip forϕ � 5 deg. Vorticity
isosurfaces only shown downstream of the plane indicated by dashed
black lines.

Fig. 15 Phase-averaged surface-pressure-coefficient distribution beneath
the propeller slipstream for ϕ � 0 deg. Data based on microphone
measurements; i.e., mean pressure is not included.
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approaches the wall and splits in two, as can be seen for the third and
fourth vortices.
Finally, a schematic representation of the phenomena observed in

Figs. 7–15 is drawn in Fig. 16 to explain the downward displacement
of the slipstream.When the tip vortex is originally formed behind the
blade, it follows a helical path (point A). Due to the strong pressure
jump across the propeller disk, the slipstream contracts and the tip
vortex moves away from the wall (point B). However, the pressure
increase behind the disk also leads to a spanwise pressure gradient on
the wall. The spanwise gradient accelerates the flow away from the
Z∕R � 0 plane. This in turn creates a mass deficit near thewall in the
Z∕R � 0 plane, which leads to fluid entrainment from the slipstream
above. Since the slipstream contraction rate rapidly diminishes
downstream of the disk (as known from actuator-disk theory; see,
e.g., Ref. [45]), beyond a determined point B, the effect of the
spanwise gradient becomes dominant and causes the slipstream to
move downward. Simultaneously, the vortex filament is deformed
due to the lower convective velocity near the wall. For the thrust
coefficient and advance ratios studied in this experiment, an undis-
turbed helical vortex would constitute a stable structure, which only
self-induces axial velocities [47]. However, due to the local defor-
mation of the tip vortex, this equilibrium is lost, and the vortex
filament self-induces a velocity in the negative Y direction in the
Z∕R � 0 plane (point C). This further contributes to the downward
displacement of the slipstream. Eventually, the tip vortex comes in
very close proximity to thewall, where the axial velocity tends to zero
due to the no-slip condition. The associated deformation and dis-
sipation cause the central segment of the filament to split in two
(point D). Since, at the wall, no normal velocities can be induced, the
vorticity vector must reorient, and the two extremities of the vortex
filament must be perpendicular to thewall. These two ends gradually
separate from each other as they convect downstream, as shown in
Fig. 11. The distance between the propeller disk and point D (XD)
increases with increasing tip clearance or decreasing thrust coeffi-
cient. As this distance increases, the velocity deficit beneath the
slipstream reduces until eventually the point of slipstream adherence
to the wall disappears (XD → ∞), leaving a relatively undisturbed
channel between the slipstream edge and the wall surface. This is
reflected in Table 3,which provides the approximate location of point
D for different thrust settings and tip clearances, based on additional
PIV data.

V. Aerodynamic Interaction in the Presence of External
Pressure Gradients

When the propeller is placed in close proximity to a flap, additional
pressure gradients are generated due to the curvature of the surface,
which affect the aerodynamic coupling between the two components.
To analyze this interaction, the impact of the propeller on the flow-
field over the flap is described in Sec. V.A. The influence of propeller

position is then addressed in Sec.V.B.Again, the results are presented
for high thrust and low tip clearance (BL1, V∞ � 20 m∕s, CT �
0.35, and ε∕R � 0.037), unless explicitly mentioned otherwise.
However, since the increased velocity over the flap surface decreases
propeller thrust (see Fig. A2 of the Appendix), the rotational speed
has to be increased to match the thrust coefficient CT .

A. Propeller-Induced Flow Separation

When the flap is deflected, the velocity over the flap hinge is
increased, as shown in Fig. 17a. The boundary-layer thickness grows
considerably over the flap surface, although no flow reversal is
observed in the FOV. However, Fig. 17b shows that, when the
propeller is installed and operated at a high thrust setting, the axial
momentum of the flow is increased and the flow separates over the
flap. This indicates that the boundary layer cannot sustain the suction
peak required on the flap surface to deflect the slipstream downward,
and leads to a region of reverse flow, which is delimited by the white
contour line. This also confirms that, in high-lift conditions, an over-
thewing propeller can cause flow separation, as identified in previous
over-the-wing configuration studies [25].
Due to the propeller-induced flow separation, the propeller slip-

stream does not follow the flap surface. This is visible in the flowfield
shown in Fig. 18. Although Fig. 18 presents the phase-averaged
velocity distribution for ϕ � 5 deg, the ~u∕V∞ � 0 boundary is
representative of the ensemble-averaged distribution. This was con-
cluded by comparing the velocity fields in the Z∕R � 0 plane for

A
B

C

D

Incoming
boundary

layer

Spanwise
pressure
gradient

Tip
vortex

Projection of 
tip vortex

Propeller
rotation

XZ

Y

Fig. 16 Notional interpretation of the evolution of the tip vortices. The
dotted line represents the trajectory of the lowest point of the vortex
filament.

Table 3 Approximate location of point D
(see Fig. 16), for different thrust settings and

tip clearances

Constant thrust
�CT � 0.35�

Constant clearance
�ε∕R � 0.037�

ε∕R XD∕R CT XD∕R

0.037 0.6 0.35 0.6
0.07 1.5 0.20 0.8
0.15 ∞ 0.10 ∞

b) Propeller on
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Fig. 17 Time-averaged axial-velocity distribution and streamlines
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different phase angles, which showed that the amount of flow reversal
did not change significantly from one phase angle to another. There-
fore, the severity of the propeller-induced flow separation is governed
by the time-averaged influence of the propeller, and not by the
periodic excitation of discrete tip vortices. This is a consequence of
the relatively high excitation frequency when compared to a typical
shedding frequency expected from the wing.¶¶

In this configuration, the tip vortices do not remain immersed in the
wing boundary-layer (contrary to the flat-wall case), and hence they
deform only slightly, without splitting into two. This is also visible in
the propeller-induced surface-pressure fluctuations, shown inFig. 19.
The strong pressure fluctuations generated by the bound vorticity on
the propeller blades are still visible beneath the propeller. However,
the pressure fluctuations induced further downstream by the trailing
vorticity in the slipstream have decreased considerably. Conse-
quently, the “V”-shaped pattern (Fig. 11) is no longer present,
although weak pressure fluctuations are still visible downstream of
the propeller disk in Fig. 19. An analysis of the pressure spectra, not
included here, showed that the pressure fluctuations downstream of
the propeller (X∕R > 1) contained only weak tonal components and
a relatively strong broadband component. Therefore, the patches of
increased fluctuations in this area are not created by flow structures in
the slipstream, but by unsteady flow behavior in the separated-flow
region. These pressure fluctuations are more prominent in the upper-
right quadrant of Fig. 19, indicating that there is a slight asymmetry in
the reverse-flow region. This is also reflected in Fig. 18, where the
most upstream point of the ~u∕V∞ isosurface is located on the star-
board side (Z∕R < 0) of the center plane. The cause of this minor
asymmetry could not be confirmed with the data available.

B. Impact of Propeller Position

Finally, this section describes how the propeller-induced flow
separation is affected by the position of the propeller. To this end,
Fig. 20 presents the phased-locked vorticity fields for three different
configurations: the baseline configuration discussed in the previous
section, a configuration with increased tip clearance, and a configu-
ration where the propeller has been moved upstream by 0.05c while
maintaining a constant tip clearance. The figure also includes the
propeller-induced velocity vectors, which indicate the difference
between the velocity field with the propeller on and the one obtained

without the propeller. In the baseline configuration (Fig. 20a), the
velocity vectors show how the velocity over the flap is significantly
reduced, leading to the reverse-flow region shown in Fig. 17b. The
region of strong (negative) vorticity around Y∕R � −0.1 indicates
the edge of the reverse-flow region, where a strong shear layer exists.
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Blade wake
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flow
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Fig. 18 Phase-averaged vorticity distribution downstream of propeller
with flap deflected, including an axial-velocity isosurface that delimits the
region of reverse flow (ϕ � 5 deg, ε∕R � 0.07). Data only shown down-

stream of plane indicated by dashed lines.
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Fig. 19 Unsteady pressure-coefficient rms contours on the wing surface
with flap deflection. Dots indicate measurement locations, whereas
crosses indicate locations where maximum input level of microphone
was exceeded.
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Fig. 20 Phase-averaged spanwise vorticity distribution and in-plane
propeller-induced velocity vectors for three propeller positions.

¶¶Assuming a Strouhal number of 0.2, the natural shedding frequency
would be around 45 Hz for a cylinder with a diameter equal to the thickness
of the wing at the point of separation for the operating conditions considered,
whereas the blade passage frequency is 531 Hz.
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1. Effect of Propeller Tip Clearance

When the tip clearance is increased to ε∕R � 0.44, the velocity
over the flap surface is still reduced with respect to propeller-off
conditions, as shown in Fig. 20b. The shear line is also detached from
the surface, indicating that the boundary layer has separated. There-
fore, even though the blade tips are outside the boundary layer
(ε � 3δ99), the propeller still causes flow separation. This occurs
because the high-momentum slipstream acts as a boundary, and a
divergent flow channel is created between the slipstream edge and the
flap surface. The divergent flow channel increases the adverse pres-
sure gradient and causes the flow to separate. This confirms that, for
these test conditions and geometry, the time-averaged effect of the
propeller is the dominant cause for flow separation, and not the
periodic excitation caused by the tip vortices. An inspection of
the flowfields obtained with other tip clearances (Table 2), not
included here, showed a similar effect. Increasing the tip clearance
is therefore not an effective strategy to avoid propeller-induced flow
separation.

2. Effect of Axial Position Relative to the Flap Hinge

Figure 20c shows how the flowfield is affected by placing the
propeller further upstream. In this case, the velocity over the flap is
increased with respect to propeller-off conditions, and the slipstream
is locally parallel to the flap surface.Moreover, the tip vortices are not
visible in the field of view. For this configuration, the boundary layer
has slightly different thickness at the propeller location. However,
this difference should play only aminor role since the boundary-layer
thickness does not significantly affect the propeller thrust or the
pressure gradient generated on the wing surface, as discussed pre-
viously. The differences with respect to the baseline configuration
can therefore be explained by referring to the findings of Sec. IV. In
the baseline configuration, the flap curvature starts directly beneath
the propeller disk. The axial-velocity distribution in the flat-wall
configuration (Fig. 6b) showed that, at that location, the slipstream
contraction leads to a region of reduced axial velocity at the wall
surface. The associated adverse pressure gradient is the dominant
trigger for flow separation in the baseline flap-deflected configura-
tion. However, further downstream of the propeller, the slipstream
approaches the wall in the flat-wall configuration. This leads to a
fuller boundary-layer profile with high-momentum flow near the
surface (Fig. 6), and causes the tip vortices to split and move away
from the Z∕R � 0 plane (Fig. 15). Therefore, when the flap is
deflected half a radius (0.05c ≈ 0.5R) downstream of the propeller,
the boundary layer is able to withstand strong adverse pressure
gradients, and the flow remains attached. Consequently, the suction
on the flap surface generates a Coandă effect [48,49], exerting a
vertical force on the fluid and deflecting the high-momentum flow in
the slipstream downward along the flap. This Coandă effect leads to
an increase in system lift. Moreover, even though the tip vortices are
not the dominant cause for flow separation, their absence from the
flowfield in the Z∕R � 0 region is beneficial for the boundary layer
and further contributes to an attached flow over the flap.

VI. Conclusions

An experimental investigation has been performed to study the
aerodynamic interaction between an over-the-wing 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. To under-
stand the underlying flowphenomena, first, the time-averaged impact
of a propeller placed in close proximity to a flat wall is analyzed.
Results show that a strong adverse pressure gradient is generated
below the propeller disk, which increases linearly with thrust,
decreases with increasing tip clearance, and is practically indepen-
dent of the boundary-layer thickness. The associated contraction of
the slipstream generates a region of reduced axial velocity between
the slipstream edge and the wall. This region of reduced velocity
extends approximately half a radius downstream of the propeller
disk, beyond which the slipstream adheres to the wall and the thick-
ness of the boundary layer is significantly reduced. An analysis of the

unsteady flowfield shows that the viscous interaction between the tip
vortices and the boundary layer does not directly contribute to the
downward displacement of the slipstream. However, the presence of
the boundary layer deforms the tip vortices, causing them to self-
induce a vertical velocity component and approach the wall. Each
vortex filament then splits into two halves, which are convected
downstream and induce pressure fluctuations on the wing surface
in a characteristic V shape. The magnitude of these fluctuations is
significantly lower than the ones created by the rotating blades’static-
pressure fields, but still exceeds the time-averaged changes in surface
pressure.
When the propeller operates at a high thrust setting above the flap

hinge and an adverse pressure gradient is imposed by deflecting the
flap, the flow can separate from the flap surface for two reasons. First,
the strong adverse pressure gradient created beneath the propeller
weakens the boundary layer (steady effect). Second, the periodic
presence of the tip vortices leads to local axial-velocity deficits and
pressure perturbations in the boundary layer, further reducing its
capability to withstand an adverse pressure gradient (unsteady
effect). A comparison of different flowfields shows that the former
(steady effect) is the dominant cause for propeller-induced flow
separation, whereas the unsteady effects play only a minor role.
Additionally, an evaluation of different propeller positions indicates
that increasing the tip clearance is not an effectivemitigation strategy.
However, if the propeller is placed half a radius upstream of the flap
hinge, the boundary layer attains a fuller velocity profile over the flap,
due to the downward displacement of the slipstream. This generates a
Coandă effect, which allows the flow to remain attached and increase
system lift when compared to propeller-off conditions.
These findings illustrate that the high-lift performance of over-the-

wing propellers is very sensitive to the design of the system, and that a
careful design is not possible without high-fidelity aerodynamic
analyses. Besides, the Coandă effect observed in this study also
confirms the potential of over-the-wing propellers to increase system
lift. To maximize this performance benefit, the effect of propeller
position and flap-deflection angle on the maximum lift coefficient of
the system should be investigated using a more optimal wing shape.
Since a more upstream placement of the propeller leads to a decrease
in cruise performance, the propeller position can be maintained, and
the flap size can be reduced by placing the flap hinge further aft,
without compromising the maximum lift coefficient of the system.
Alternative strategies to mitigate the propeller-induced flow separa-
tion should also be explored, such as a local adaptation of the wing
profile, deflecting the propeller with the flap, or incorporating a
secondary wing or duct to redirect the flow. Detailed aerodynamic
analyses of such configurations are required to maximize the poten-
tial of distributed-propulsion systems, and therewith improve the
overall efficiency of novel aircraft configurations.

Appendix: Propeller Performance
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Fig. A1 Propeller thrust curves measured for different tip clearances
and boundary-layer thicknesses in the flat-wall configuration (V∞ �
40 m∕s).
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