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This paper explores the influence of the characteristics of the helical vortex system of a propeller slipstream on the
resulting propeller-wing interaction, with a particular focus on how variations in helix angle impact slipstream
deformation. Slipstream characteristics are changed by controlling the thrust and torque coefficient of the propeller
through adjustments in blade pitch, advance ratio, and blade count. We conducted experimental measurements of a
propeller—wing—flap model using seven-hole pressure probes, oil flow visualization, and infrared thermography in
both cruise and high-lift configurations (with deployed slotted flap). The results presented in this paper demonstrate
the dominance of the torque coefficient, and thereby longitudinal vorticity in the slipstream, on the slipstream
deformation. The paper also underscores the role of the nacelle integration in the development of the slipstream, as
well as the flow on the wing surface. The insights into the slipstream deformation provided in this work are essential
for future closely coupled propeller-wing designs, particularly when it comes to high-lift configurations.

Nomenclature
c = chord, m
cy = skin friction coefficient
Cp, = total pressure coefficient, (p; — Ps /o)
D = propeller diameter, m
h = heat transfer coefficient, W/(m? - K)
J = advance ratio
kg = thermal conductivity of fluid, W/mK
N, = number of blades
p = pressure, Pa
q = convective heat transfer, W /m?
(0] = torque, Nm
0. = torque coefficient, Q/pV>D?
M = equivalent torque coefficient calculated from probe
measurements, ([ (uAvr?/V% D?)drdy
9o = freestream dynamic pressure, Pa
r, R = propeller radius, m
T = thrust, N
T. = thrust coefficient, (T/pV>D?)
T: = equivalent thrust coefficient calculated from probe
measurements, f((C[Lr —1)/2D%) dA
Tw = wall temperature, K
Ty = fluid temperature, K

u,v,w = velocity components, m/s

Ve = freestream velocity, m/s

x,y,z = Cartesian coordinates, m

a = angle of attack, deg

Porr = blade pitch angle at 70% radius, deg
Of = flap deflection, deg
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kinematic viscosity, m?/s
density, kg/m?
= azimuthal angle, deg
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I. Introduction

ROPELLER-WING aerodynamic interaction is a critical factor

in the performance of modern propeller-driven aircraft. As
aircraft designs continue to evolve, particularly with the increasing
interest in distributed propulsion systems and other advanced pro-
peller—airframe integration concepts, understanding the slipstream
deformation and development resulting from the propeller—wing
aerodynamic interaction is paramount. Foundational works on the
propeller—wing aerodynamic interaction by, among others, Witkow-
ski [1], Jameson [2], and Veldhuis [3] have already established the
basic principles of the interaction. More recently, the topic has been
expanded upon by Sinnige [4], van Arnhem [5], and de Vries [6].
However, while the propeller—wing aerodynamic interaction is well-
defined in terms of impact on performance characteristics, insight
into the actual flow development is seldom provided. Furthermore,
understanding of the high-lift condition is significantly lagging
behind that of the cruise condition, owing to its additional complex-
ity and dependency on viscous interactions. Considering the
renewed interest in distributed propellers and high-lift propeller
systems, understanding the propeller—wing aerodynamic interaction
in high-lift conditions is essential.

Felli [7] provides a fundamental analysis of the mechanisms
behind propeller-wing aerodynamic interaction. He shows that the
slipstream deformation is dominated by the physical interaction of
the slipstream vortical helix with the wing. This induces vortex
image effects, as well as spanwise pressure gradients, that displace
vortices as they stretch along the wing surface and deform the
slipstream. The vortex imaging effect applies to two main inter-
actions: the image of the streamwise component of vorticity in the
wing surface and the image of the tip vortices in the leading edge.
They are illustrated in Fig. 1. The spanwise pressure gradient effect
relates to spanwise crossflow induced on the slipstream edge as a
result of a static pressure difference inside and outside the slip-
stream. For the symmetrical, nonlifting wing, we can identify three
main contributions: scaling of the local pressure due to increased
dynamic pressure in the slipstream, the angle of attack induced by
the tangential velocities in the slipstream, and the local static
pressure field behind the propeller. For a lifting wing, however,
the pressure distribution around the wing changes both inside and
outside the propeller slipstream. The various contributions are illus-
trated in Fig. 2. Note that the impact of angle of attack also changes
the sign of the effect of dynamic pressure scaling. The direction of
the induced crossflow due to the spanwise pressure gradients can

Check for
updates


http://crossmark.crossref.org/dialog/?doi=10.2514%2F1.J064763&domain=pdf&date_stamp=2025-07-17

Downloaded by Technische Universiteit Delft on January 6, 2026 | http://arc.aiaa.org | DOI: 10.2514/1.J064763

DUIVENVOORDEN, SINNIGE, AND VELDHUIS 4799

Induced spanwise

Image vortex
crossflow

Tip vortex

il Vorticity
1 vector |
|

\

Streamwise component
of local vorticity vector

a) Effect of the vortex images of the local streamwise vorticity component

over the wing surface

Image vortex
Tip vortex g

O s Y

GGG e
G

Induced spanwise
crossflow

b) Effect of the tip vortex image in the wing leading
edge

Fig. 1 Schematic illustration of the image vortex effects of the slipstream vorticity in the wing leading edge and over the surface.
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Fig.2 Schematic illustration of the four main contributions to the spanwise pressure gradients induced by propeller-wing interaction on a lifting wing.

Front view.

thus completely change for a lifting wing, a scenario that is not
included in Felli’s work. Additionally, the setup by Felli [7] consists
of a separated propeller and wing, while the integration of the
nacelle with the wing has a significant impact on the flow develop-
ment [3,8]. Finally, the driving mechanisms may vary between
low-lift and high-lift conditions, as viscous effects become more
dominant. Nonetheless, the described mechanisms suggest that the
characteristics of the helical vortex system of the slipstream are
driving the deformation of the slipstream.

The primary focus of this study is therefore to investigate how the
characteristics of the slipstream, such as the ratio between azimuthal®
and longitudinal vorticity, and vorticity concentration, affect the
resulting slipstream deformation. By manipulating thrust and torque
coefficients of the propeller, which are directly related to the amount
of vorticity shed into the slipstream and therefore the structure of
the helical vortex system, we analyze changes to the slipstream
deformation and whether this agrees with existing theory on the
deformation mechanisms. Thrust and torque coefficients are controlled

SIn the direction of rotation.

by variations in blade pitch, advance ratio, and the number of blades
in an experimental wind tunnel campaign. Measurements include
seven-hole pressure probe measurements of various cross-sections
of the slipstream around the wing, as well as oil flow visualizations
and infrared (IR) thermography to track the slipstream trajectory on
the wing surface. The findings of this paper add to the understanding
of the propeller-wing(—flap) aerodynamic interaction, specifically
from a flow dynamics perspective. This is essential to the develop-
ment of closely coupled propeller—wing designs and optimization of
next-generation propeller-driven aircraft.

A. Dataset and Related Work

As experimental data on propeller—wing—flap configurations is
particularly scarce in literature, the full dataset is made available for
future study in [9]. It is expected to be particularly valuable for
numerical validation, as the slipstream deformation can be used as
an excellent test of the aerodynamic fidelity in simulations, an
approach also used by Ribeiro et al. [10].

Furthermore, the same model geometry has been used in various
previous publications across various topics. The experiments
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described in this paper are a direct extension of those described by
the authors in [8]. Comparisons of wake measurements of the
distributed propeller configurations versus the single propeller con-
figuration are presented in [11]. Barker et al. [12] investigate the
aeroacoustic interactions of the wing with a single propeller using
uRANS. Monteiro et al. [13] perform experimental measurements
of the aeroacoustical interactions in a distributed propeller configu-
ration, while Yang et al. [14] investigate the same configuration
numerically using a hybrid large-eddy simulation and Ffowcs-
Williams and Hawkings method.

II. Methods
A. Model Geometry

The model used in the experiments is a straight wing with a chord
length of 0.3 m and a span of 1.25 m. It has a single slotted flap of
0.3¢, which can be deployed to discrete positions using six brackets
that mount it to the main wing element. The wing model features an
NLF-mod22(B) airfoil, designed and tested by Boermans and Rutten
[15]. A single nacelle was fitted to the centerline of the model, which
houses an electric motor to drive the propeller. The nacelle is mounted
at a downward angle of 5 deg with respect to the wing chord with the
flap nested. Figure 3 shows a schematic drawing of the model. The
wing model geometry is available from the Zenodo repository [16].

The wing model was fitted with the TUD-XPROP-S propeller, a
six-bladed propeller with straight blades and a diameter of 203.2 mm.

Side view Front view
propeller
Pressure taps
1=
£ -
©
Sl B o R i N
[aV)
Top view Front view
300 mm

Fig. 3 Technical drawing of the wind tunnel model.

In this experiment, a three-bladed version of the propeller was also
used, which is otherwise identical to the regular configuration. The
performance of the (six-bladed) TUD-XPROP-S has been detailed by
de Vries et al. [17], and its geometry is available on the Zenodo
repository [18].

B. Experimental Setup

Experiments were performed at the Low Turbulence Tunnel
(LTT) of the Delft University of Technology, a closed-section tunnel
with a test section 2.6 m in length. Its octagonal cross-section
measures 1.8 m wide by 1.25 m high. The test section is slightly
divergent to mitigate buoyancy effects. In a cross-section at the
center of the (empty) test section, the variation of dynamic pressure
is less than +0.05% [19]. All measurements were taken at a free-
stream velocity of V, = 30 m/s, at which the average turbulence
intensity is 0.02% [20]. The wing model was mounted vertically in
the wind tunnel test section, spanning the entire height of the wind
tunnel. This results in solid blockage of less than 0.2%, based on the
airfoil thickness-to-chord ratio of (¢/c) = 0.17 and A, = 3 (from
the graphs by Barlow et al. [21]). As we did not measure the
total drag coefficient of the wing, the wake blockage cannot be
calculated. However, based on the original measurements of the
NLFmod22(B) profile by Boermans and Rutten [15], it is expected
to be less than 0.1% for all tested configurations. Slipstream block-
age at the maximum tested thrust coefficient is less than 0.3%. The
measurement data presented in this paper are all uncorrected. No
mitigation of junction flows was applied, as previous experiments of
the same setup have shown the effects of junction flows on the
propeller region to be negligible [8].

For this paper, the flap is either in its nested configuration or
deployed to a deflection of 6, = 15 deg, with an overlap of dx =
0.08c¢ and a gap of ds = 0.05¢. Figure 4 shows the definitions of
deflection &4, gap ds, and overlap dx. The latter represents a typical
takeoff condition and matches one of the flap deflection settings of
previous studies with the same wing model [8,10]. During all
measurements, a black vinyl layer was applied to the wing, which
will be addressed in the section on thermography setup. The
nacelle and outer wing sections, as well as a strip of 1 cm around
the pressure taps, were not covered. On the main element upper
surface, a zigzag strip was placed at x/c = 0.1c¢ to mitigate low-
Reynolds-number effects such as laminar separation bubbles and
improve comparison with numerical simulations. Other surfaces
(i.e., the main element’s lower surface and both sides of the flap)
were left to transition naturally. This was done to match previous
experiments with the same model [8]. The experimental setup is
visualized in Figs. 5 and 6, including some aspects of the meas-
urement techniques that were applied. Further details of the setup
for each measurement technique are given further ahead in
this paper.

We applied various measurement techniques to measure the
development and deformation of the slipstream, both on the wing
surface and in the flow. Several measurement planes perpendicular
to the freestream capture the state of the slipstream at various
chordwise positions on the wing. These measurement planes, taken
with a seven-hole pressure probe, provide total and static pressure
measurements, as well as all three velocity components of the flow.
The seven-hole data were supplemented with oil flow visualization
of both the upper and lower wing surfaces, as well as IR thermog-
raphy on both wing sides.

Fig. 4 Definition of the flap deflection §,, gap ds, and overlap dx.
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Articulating arm|

Fig. 5 Overview of the wing model in the tunnel with the downstream
probe traverse system.

o b
Probe support beam
with aerodynamic profilel

Gap fr probe
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Fig. 6 Overview of the experimental setup with the cranked probe and
thermography setup.

1. Seven-Hole Pressure Probe Setup

Pressure probe measurements were taken with a Surrey Sensors
Ltd. USM-ID7HP-050224-3.0 Digital 7-hole Pressure Probe. It
contains an internal differential pressure sensor that outputs data
at a maximum rate of 1 kHz. It was used with two custom probe
stings, one straight (Fig. 7a) and one with a 90 deg crank (Fig. 7b),
both with a tip diameter of 2 mm. The straight probe was used for
measurements on the wing’s upper surface and behind the wing. A
three-axis traversing system was positioned downstream of the test
section in the diffuser of the wind tunnel, with an articulated arm
reaching upstream into the test section on which the probe was
mounted. The probe sting was aligned with the test section’s central
axis, and the tip could reach from just behind the wing (in all
configurations) up to around x/c = 0.03,! depending on the angle
of attack of the wing. Figure 8 shows an illustration of the setup of
the straight probe system. The cranked probe was used to reach

In wind tunnel frame, with the origin at the wing quarter-chord.

behind the propeller and the lower surface of the wing. It was
mounted on an aerodynamic profile that entered the test section
from the side, using a traverse system aligned with the test section
side. This system could only move perpendicular to the freestream
direction when measuring but could be repositioned along the test
section between measurements without losing its alignment to the
wind tunnel. The cranked probe setup is illustrated in Fig. 9.

We took pressure measurements of planes perpendicular to the
freestream direction at various chordwise stations over the wing, as
well as along spanwise lines just above the wing surface, as
illustrated in Fig. 10a. We scanned the measurement planes by
moving the probe through the planes in straight lines at a traverse
speed of 7.5 mm/s, while measuring continuously at a data rate of
250 Hz. Exceptions are the measurements with the three-bladed
propeller, which were taken at a traverse speed of 15 mm/s to
reduce measurement time and mitigate overheating of the electric
motor that drives the propeller. The traverse paths for the meas-
urement planes are illustrated in Fig. 10 for o = 8 deg and
6; =15 deg. Note that these paths will vary slightly for each
configuration, as the planes are always perpendicular to the free-
stream direction, not the wing chord, and hence are dependent on
the wing model angle of attack and flap deflection. The streamwise
coordinates of the propeller, nacelle, and cove planes are equal in
all tested configurations, while their vertical coordinates are
adjusted for the orientation of the model. The METE plane is
adjusted for the location of the main element trailing edge
(METE), while the wake plane is vertically centered on the flap
trailing edge and positioned 5 cm downstream of it. The traverse
paths were manually adjusted to minimize the traverse distance
(and therefore measurement time) while capturing the entire slip-
stream as it deforms and displaces over the wing.

In postprocessing, the measurement data are passed through a
Savitzky—Golay filter [22] to reduce noise of the pressure sensor
while maintaining the sampling resolution. From the seven-hole
pressure measurements, we calculate the local total and static pressure
measurements, as well as all three components of velocity. For these
calculations, we use the methodology of Shaw-Ward et al. [23]. The
required calibration of the pressure probes was performed by the
manufacturer for each of the probe stings separately. The calibrations
were performed after the experiment, matching the orientation of the
probe body during the experiments using the internal accelerometer.=

The measurement planes were chosen to visualize different stages
of the deformation. The propeller plane gives the initial condition of
the slipstream and is mainly used as a check for the selected theo-
retical operating conditions (see Sec. IILLA). The plane behind the
nacelle blend captures the initial deformation of the slipstream from
the interaction with the wing leading edge. Together with the planes
at the main element trailing edge and the flap trailing edge plane,
the entire deformation over the wing upper surface is visualized.
Similarly, the cove plane and flap trailing edge plane show the
deformation on the lower surface of the wing. Additionally, the cove
plane yields the inflow condition of the flap when it is deflected. The
planes on the upper surface of the wing and the flap trailing edge
plane are all measured using the straight probe setup. The propeller
and cove planes were captured using the cranked probe setup.

In all cases, a minimum normal distance between the probe center
and wing surface of 4 mm was maintained. We verified that this was
the minimum distance required to avoid significant channel flow
occurring between the probe tip and the wing surface. This was
tested by placing the probe directly normal to one of the pressure
taps on the wing and moving it closer until the pressure tap reading
deviated from the initial value by more than 5%.

The surface planes aligned with the wing upper surface consist of a
primary plane at 4 mm from the surface and a secondary surface at
11 mm from the wing surface. The secondary plane was chosen based

**During the experiment itself, the stings were aligned to the wind tunnel
axes by laser. Data from the probe accelerometer was then recorded and
reported to the manufacturer for subsequent calibration. The manufacturer
aligned the probes by laser and checked the orientation via the accelerometer
values.
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25 mm 215 mm 49.5 mm 129.5 mm
a) Probe with straight sting
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25 mm]:t 2mm \l/ L
10 mm 215mm 49.5 mm 129.5 mm

b) Probe with cranked sting

Fig. 7 Technical drawing of the seven-hole pressure probe with each custom sting.
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Fig. 8 Illustration of the traverse setup for the straight probe. Dimensions in mm.
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Fig. 9 [Illustration of the traverse setup for the cranked probe.

on numerical simulations (from Ribeiro et al. [10]) to be outside the
boundary layer, since the calibration of the pressure probe to calculate
the velocity vector can become unreliable if it operates within a strong
pressure gradient over the width of the probe tip. This secondary

plane therefore only covers a portion of the main element near the
trailing edge, where the boundary layer is thickest (see Fig. 10a). The
surface planes are composed of spanwise continuous lines (see
Fig. 10g). The (discrete) chordwise positions of these lines are chosen
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Fig. 10 Tllustration of the locations and corresponding paths of the measurement planes at « = 0 deg, 5, = 0 deg. View in freestream direction,

perpendicular to the measurement planes.

to be aligned with the chordwise locations of the pressure taps of the
wing (the locations of which are specified in [§]), complemented with
the most forward location reachable by the mounting arm and the
main element and flap element trailing edges.

2. Oil Flow Setup

We visualized the wing surface flow on both sides of the wing
using oil flow visualization. The oil was a mixture of paraffin oils
(i.e., 80% Shell Ondina 15 and 20% Shell Ondina 32) with 20
drops of A-680 fluorescent oil additive added per 30 mL of oil.
The oil was illuminated using Philips TL-D BLB Blacklight
Fluorescent Tube lights in combination with a 400W UV spot-
light. Images were captured with the wind tunnel turned on, using
cameras (Sony Alpha 7-II and Nikon D7500) mounted on tripods
on both sides of the test section. Each camera was equipped with a
470 nm low-pass filter, which filters most of the light from the

fluorescent tube lights and their reflections but passes the wave-
length of the fluorescent oil additive. During all oil flow visual-
izations, the traverse system for the probe was present in the wind
tunnel, positioned at the top of the tunnel. The articulated mount-
ing arm was removed, however. Figure 11 illustrates the oil flow
setup. Oil flow visualization images were post-processed using
Adobe Lightroom (version 7.4.1). Image contrast was maximized,
and images were edited for highlights and shadows to improve the
visibility of oil flow paths. All images were subsequently de-
noised and sharpened using the Al-assisted tools provided by
Lightroom.

3. Thermography Setup

We utilized IR thermography to measure the change in skin friction
coefficient on the wing surface resulting from the additional velocities
in the slipstream. Numerical simulations [10] had shown that ¢, was
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Fig. 11 Experimental setup for the oil flow visualizations.

an effective parameter to determine the area of the wing that is washed
by the slipstream, and thereby the displacement of the slipstream edge
as it moves over the wing. Measuring this displacement on the wing
surface based on total pressure or velocity gradients is generally
difficult due to the viscous losses in the boundary layer.

IR thermography is typically used for detection of flow separation
and boundary-layer transition fronts (see, for instance, Zuccher and
Saric [24] and Simon et al. [25]). It relies on the convective heat
transfer ¢ = h(Ty — T,,), with heat transfer coefficient h =
(1/2)csV (ks /v), where Ty is the wall temperature, T, is the fluid
temperature, ¢ is the skin friction coefficient, V, is the freestream
velocity, kg is the thermal conductivity of the fluid, and v is the
kinematic viscosity. By keeping ¢ constant, for instance, by heating
the surface of the model externally by electric heating, the wall
temperature Ty, will change with the local skin friction coefficient
cy. This is captured by measuring the emitted IR radiation using IR
cameras.

The experimental setup for the thermography measurements
consisted of two Optris PI 640 IR cameras, mounted on each side
of the wind tunnel behind special IR bandpass windows. The
cameras were covered with boxes lined with aluminum tape to
shield them from external IR sources. Since the wind tunnel model
is made from aluminum, which has a high heat capacity and thus
dissipates local changes in temperature, a black vinyl foil with an
average thickness of 100 ym was placed on the wing. This allows a
temperature contrast to be achieved in the thermography measure-
ments. To achieve the necessary temperature difference between the
wing surface and the fluid flow, the model was heated externally
using arrays of halogen lights. Halogen lamps fitted with IR bulbs
were placed on the diagonals of the test section, with additional
regular halogen lights placed around the test section sides. Figure 12
summarizes the experimental setup of thermography measurements.

The workflow for thermography was as follows. The halogen
lights were turned on during pressure probe measurements and left
on until thermal equilibrium was reached on the wind tunnel model,
monitored using the IR cameras. Once probe measurements were
completed and thermal equilibrium was reached, the cameras were
reset and thermography images were captured for various advance
ratios in quick succession. This means that the probe traverse
mechanism, including the articulating arm, was present in the wind
tunnel during all of the thermography measurements. The probe was
always centered in the wind tunnel, behind the model, when ther-
mography measurements were taken. The various advance ratios
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Fig. 12 Experimental setup for the IR thermography.

include the design values for the experiment for each wing configu-
ration, as well as an advance ratio near zero thrust. The latter served
as a reference condition for the wing, minimizing the effect of the
slipstream on the wing surface flow, resulting in a skin friction
coefficient representative of the unblown wing. Each measurement
consisted of 100 consecutive images captured by the cameras. In
postprocessing, these images are averaged to reduce noise. Sub-
sequently, we subtracted the reference measurement of near-zero
thrust from the measurement at design values. This yields a meas-
urement of where the skin temperature changes significantly due to
an increase in skin friction on the wing caused by the slipstream.

4.  On the Efficacy of IR Thermography

Our initial purpose to capture the change in ¢, caused by the
propeller blowing on the upper surface (which was already tripped
by the zigzag strip), rather than boundary-layer transition, was met
with mixed success. Based on numerical results by Ribeiro et al.
[10], the change in ¢ between the unblown and blown parts of the
wing surface was expected to be around a factor of 5. This is
significantly lower than the typical change in ¢, due to boundary-
layer transition, which is around a factor of 10 [25]. It was therefore
unknown ahead of time whether the setup we used would result in
enough contrast to visualize the slipstream path. In practice, we
found that we were able to capture the change in ¢, but at a very low
contrast. The measured change in temperature due to propeller
blowing was close to the minimum temperature sensitivity of the
cameras, resulting in a poor signal-to-noise ratio.

On the lower surface of the wing, however, we achieved much
more consistent visualizations of the slipstream path. This opposed
expectation, since the change in ¢, due to propeller blowing on the
pressure side is much lower than on the suction side. The more
consistent results can be attributed to the thermography actually
visualizing the boundary-layer transition. Unlike the suction side,
the pressure side of the wing was not tripped, and the boundary layer
likely remained laminar up to the cove of the main element in most
configurations, since the airfoil was originally designed for natural
laminar flow [15]. The turbulence in the slipstream, however, trips
the wing boundary layer, resulting in a clear change in skin friction
compared to the unblown parts of the wing.

Although the IR thermography did not fully work as originally
intended, the authors believe that there is potential in using IR
thermography to visualize the slipstream deformation on the wing
surface. This goes for both the method of measuring the slipstream-
induced boundary-layer transition of the wing and the method of
directly measuring the change in ¢ due to the increased velocities in
the propeller slipstream. We mainly include the description of the
thermography in this paper as a reference for readers who want to
apply a similar technique. Results may be improved by improving
the surface preparation, for instance, by using conductive paint to
increase the achievable contrast. Additional (internal) surface heat-
ing and more sensitive cameras would also improve the setup.

In the results of this paper, the thermography measurements are
only used to support interpretation of the oil flow images. This
combination leads to improved interpretation of the slipstream path
on the wing surfaces. Figure 13 shows an example of how we
combined these results to determine the slipstream paths. The
correct overlap of oil flow images and thermography measurements
was performed manually, using the nacelle and wing and flap
trailing edges as reference.

C. Choice of Operating Conditions

The main objective of this experiment is to determine the depend-
ency of slipstream deformation on the slipstream helix angle. Addi-
tionally, we investigate the impact of tip vortex strength for a given
slipstream helix structure. We can decompose the helical vortex
system of the slipstream into longitudinally and azimuthally
oriented vorticity, as is common in slipstream tube models (e.g.,
[26]), in which case the helix angle depends on the ratio between the
longitudinal and azimuthal parts. This decomposition is illustrated
in Fig. 14. The tip vortex strength changes if the same total vorticity
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Fig. 13 Example of processing steps to combine oil flow and thermography results. Wing lower surface view, freestream from right to left.

Fig. 14 Decomposition of the helical vortex system of the slipstream into azimuthally and longitudinally oriented vorticity.

in the slipstream is achieved with fewer blades or if the helix angle
remains the same but the total vorticity in the slipstream is reduced.
In practice, the only control we have to vary these quantities for a
given propeller is by varying the advance ratio, blade pitch, and
number of blades. In this paper, we assume that longitudinal vor-
ticity in the slipstream scales directly with the torque coefficient
Q. = (Q/pV?*D?), while azimuthal vorticity scales with thrust
coefficient T, = (T/pV?>D?). We can then discretely vary either
Q. or T, by selecting the appropriate combination of blade pitch
angle f7; and advance ratio J. Changing the number of blades
while maintaining equal Q. and T, should then lead to a direct
change in the strength of each individual tip vortex but equal total
vorticity in the slipstream.

Unfortunately, not enough experimental data are available to
determine these configurations. We therefore simulated propeller
performance for various blade pitch settings and numbers of blades
across a wide range of advance ratios using a blade element momen-
tum (BEM) model. Installed on the wing, the propeller operates in a
nonuniform inflow field resulting from the circulation on the wing. To
verify this will not change the operating conditions of the propeller to
an extent that will invalidate the BEM simulations, we applied the
method by van Arnhem [27] to predict the propeller performance at
an inflow angle. These simulations were run at an inflow angle of
5 deg, as this is the highest angle that the method was validated at.
The results are summarized in Fig. 15. It shows calculated Q. — T,
curves for the six-bladed (solid) and three-bladed (dashed) propellers
at specific blade pitches. Black curves represent the performance in
isolated conditions, while the red curves signify the curves for the
propeller with an inflow angle of 5 deg.

The curves in Fig. 15 show very little difference between the
isolated and installed performance. We attribute this to the limited
advance ratios that are achievable in the experimental setup due to
torque limitations of the electric motors. At lower advance ratios,

the calculated curves deviate more between isolated and installed
conditions, but within the range achievable in the experiment,
there is little difference. It should be noted that the apparent angle
of incidence for the propeller during the experiment is likely to
exceed 5 deg, particularly in high-lift configuration. However,
based on Fig. 15, they are unlikely to shift to such a degree that
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Fig. 15 Calculated performance curves for the TUD-XPROP-S with six

and three blades, in isolated and installed conditions. Chosen operating
conditions marked in green.
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Table 1 Summary of numerical predictions of propeller
performance for operating conditions used in the experiment
(configurations will be referred to by their handle)

Condition Handle N, Posr, deg J T. 0.
1 High-T'./high-Q. 30 0.800 0.422 0.079
2 Low-T ./high-Q. 45 1.195 0.284 0.079

3 (actual)  Low-T_./low-Q. 30 0.984 0.210 0.044

6
6
3% (target) —_— 6 30 0.904 0.284 0.056
6
4 Three-bladed 3 37 0.717 _0.284 0.079

they invalidate the main objective of the selected operating con-
ditions, which is focused on primarily changing 7. and Q. one
factor at a time.

The performance curves from Fig. 15 can then be used to select
specific operating conditions that allow us to discretely vary T
and Q.. The selected conditions are summarized in Table 1. We
chose the six-bladed propeller with f,;z = 30 deg at J = 0.8 as
our baseline condition, as it matches a previous experiment with
the same model [8]. This condition represents the maximum Q.
that can be achieved by the electric motors used in the experiment.
At the same Q,, the same propeller with f,;z = 45 deg produces
significantly lower T, leading to our second condition. We then
find the condition for the propeller with Sy, = 30 deg that
matches this lower T, to arrive at the third condition. Finally, we
add the three-bladed propeller with f 7z = 37 deg at J = 0.717,
which is predicted to produce the same 7. and Q. as the first
condition. This enables us to compare the effect of the same total
vorticity concentrated in fewer, stronger tip vortices. Unfortu-
nately, due to an oversight, the third condition was performed at
J = 0.984, rather than J = 0.904, during the experiment. This
means the thrust coefficients do not match exactly between con-
ditions 2 and 3.

Measurements of each of the conditions summarized in Table 1
(except condition 3*) were taken for three wing configurations: a =
0 deg with 6, =0 deg, a =8 deg with 6, =0 deg, and a =
8 deg with 6y = 15 deg. This allows for the analysis of the
dependencies of slipstream deformation on slipstream character-
istics for low and high lift conditions, as well as flap deflection.

III. Results and Discussion

In this section, we compare the measurements for each of the
propeller conditions. We first analyze the measurements in the
propeller plane to verify the propellers operated sufficiently close
to design conditions. This is followed by a discussion of the impact
of thrust and torque coefficients on the slipstream deformation for
the wing in low-lift configuration (¢ = 0 deg, flap nested) and
high-lift configuration (@ = 8 deg, 5y = 15 deg). We define the
slipstream deformation as the redistribution of total pressure and
vorticity in the slipstream in a shape that deviates from the circular
shape of the propeller disk.

Additional measurements at o = 8 deg and flap nested are
available in the attached dataset [9]. These measurements are not
discussed further in this paper. For both the low-lift and the high-
lift configurations, we will show changes to the slipstream defor-
mation due to the propeller condition from two perspectives: the
volumetric flow (based on the probe measurement planes) and the
wing surface flow (based on the oil flow visualization and ther-
mography measurements).

A. Thrust and Torque Coefficient Verification

Since the design points are determined from numerical simula-
tion, it is worth verifying that the propeller is operating roughly at
the desired condition. To this end, we analyze the measurements of
the total pressure coefficient C),; = ((p; — Ps.0)/4) in the pro-
peller plane (Fig. 10b). Figure 16 shows the distributions of C, ; in
that plane for the various conditions. The missing parts of the distri-
bution were obscured by the nacelle during the experiment and could

therefore not be measured. Since the propeller increases the total
pressure of the flow, the slipstream can be defined by C),; > 1. Note
the step-like artifacts at the outer border of the slipstream. These are
artifacts of interpolation caused by the limited resolution in the span-
wise direction and the very strong gradient in total pressure at the
slipstream edge. This gradient is nearly discontinuous and could not
be accurately fitted with typical interpolation methods.2

As expected, it shows that the case for f,;p = 30 deg atJ = 0.8
gives the highest total pressure coefficients, as it produces the most
thrust. The three-bladed configuration (fy7x = 37 deg at J =
0.717) was designed to produce the same thrust coefficient; however,
the distribution (Fig. 16d) shows much lower values of C),, and a
very different distribution. Particularly at the edge of the slipstream,
much less total pressure is added to the flow. This indicates that the
tips of the three-bladed propellers were separated during operation.

We can integrate the distributions of Fig. 16 to calculate an
equivalent thrust coefficient T35 = f (C,, =1/ 2D?%)dA, given
for each condition in Table 2. As a part of the distribution is missing,
this value cannot be compared to the design thrust coefficient T',.
Nonetheless, it gives an indication of the relative difference in
loading between the different propeller conditions and whether this
aligns with the design aim of each condition.

In a similar fashion, we compare the different conditions in terms of
swirl in the slipstream to determine whether they operate at compa-
rable torque coefficients. We compare the various cases based on the
tangential velocity component induced at y = 270 deg(y/R = 0).
At this location, the y-component of the velocity vector is exclusively
dependent on the local torque and not affected by the wing upwash
component. The radial distributions of the y-component of velocity are
shown in Fig. 17. It shows that condition 1 (f, 7z = 30 deg,J = 0.8)
and condition 2 (By7zp = 45 deg, J = 1.195) yield very similar
tangential velocity distributions. Additionally, condition 4 (8y7z =
37 deg, J = 0.717, N;,, = 3) induces tangential velocity of compa-
rable order of magnitude and distribution, despite the separation of the
blade tips. Assuming the distributions of Fig. 17 as representative for
the entire disk, we can calculate an equivalent torque coefficient O} =
[ (uAvr?/V2 D?) dr dy [28]. The equivalent torque and thrust coef-
ficients are reported in Table 2.

From Table 2 it is clear that conditions 1 and 2 indeed operate at
comparable Q., but different 7'.. Conditions 3 and 4 do not satisfy
their original design points, as condition 3 was operated at the
wrong advance ratio and condition 4 suffered blade tip separation
that was not predicted. We therefore do not have a direct comparison
where only Q. is varied at constant 7.. However, condition 3
happens to operate at a T,./Q, ratio that is near to condition 1,
meaning that the slipstream helix angle is comparable but with a
lower total vorticity. Furthermore, the change in Q. between con-
ditions 2 and 3 is still much larger than the change in T'... This still
allows for the analysis of the relative dominance of 7. and Q. for
the slipstream deformation. In fact, in the remainder of this section
we will show that the thrust coefficient has very little impact on the
slipstream deformation, meaning that we can still use condition 3 to
show the impact of the torque coefficient. Additionally, while con-
dition 4 suffers from separation on the blade tips, it still operates at a
Q. close to condition 1, meaning that it can offer an additional
comparison for the comparable torque cases.

B. Assessment of Slipstream Deformation in Low-Lift Configuration

As a result of the propeller—wing aerodynamic interaction, the
propeller slipstream deforms from its initial, circular shape. In the
low-lift condition, this deformation mostly occurs in the form of a
shearing effect of the two halves of the slipstream that pass the wing
on each side of the wing and spanwise elongation near the wing
surface. This is shown for each of the propeller conditions in Fig. 18
by means of the distributions of C,, , in the wake plane. Dashed lines
show propeller tip and root, and wing leading edge (MELE) and flap
trailing edge (FLTE). The effect of the tested propeller conditions on

"'The results in this paper have all been generated in Python with
matplotlib.pyplot.tricontourf.
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Fig. 16 Distributions of total pressure coefficient C, , in the plane behind the propeller. Missing area was obscured by the nacelle.

Table 2 Equivalent thrust and torque coefficients,
allowing for comparison of propeller performance

Condition N, f7r, deg J T or T:] 0%

1 6 30 0.800 0.2747 0.0724  3.79
2 6 45 1.195 0.1781 0.0664  3.00
3 6 30 0.984 0.1428 0.0402  3.55
4 3 37 0.717 0.2320 0.0749 _ 3.10

the slipstream deformation is relatively limited in low-lift condi-
tions. Figure 18 shows that comparable torque coefficients (Figs. 18a
and 18b) result in nearly identical deformation, while varying both
torque and thrust coefficients (Fig. 18c) results in a clear reduction
of the deformation. For the latter condition, the slipstream remains
closer to its initial, circular shape, with less elongation of the upper-
left and lower-right regions of the slipstream and less inboard
movement of the lower-left and upper-right regions. The three-
bladed propeller condition (Fig. 18d) shows comparable deforma-
tion of the slipstream to Figs. 18a and 18b, with the major difference
that the gradient of the total pressure coefficient at the edge of the
slipstream is much more gradual due to the blade tip separation.
The difference in deformation is visualized more clearly in
Fig. 19, which compares the slipstream shape of the high-T_./
high-Q, condition with the other conditions by use of the contour
line for C,, = 1.05. As the slipstream can be identified by the
addition of total pressure in the flow, this contour yields the outer

-0.4

-0.5
. =0.61 __ condition 1
- ---- Condition 2
% _Q.7] ~ Condition 3

‘‘‘‘‘‘‘ Condition 4

-0.8

-0.9

-1.0

v [m/s]

Fig. 17 Radial distribution of the y-component of velocity at y =
270 deg.

boundary and therefore shape of the slipstream. Note that we take
Cp: = 1.05 instead of C,,, = 1.00 to mitigate effects of noise and
uncertainty on the pressure measurements and achieve a clear image
of the outer border of the slipstream. Since the gradient at this border
is very strong, C,,, = 1.05 is still an accurate representation of the
slipstream edge.
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Fig. 18 Distributions of C,, ; behind the flap TE, visualizing the total slipstream deformation. « = 0 deg, 5, = 0 deg.

Figure 19a shows that the low-T_./high-Q. condition has
slightly larger regions of pressure loss near the wing surface,
while the low-T./low-Q, condition (Fig. 19b) particularly has
larger pressure loss areas near the slipstream center. The former
will be discussed in more detail in the treatment of the high-lift
configuration later in this paper. The latter are associated with
vortices, as seen from the in-plane velocity vectors shown in
Fig. 20. Since the low-T./low-Q, condition adds significantly
less total pressure coefficient to the slipstream, pressure losses
in the viscous cores of these vortices show up more clearly on the
contour line of Fig. 19b.

As the viscous losses in the wing boundary layer reduce the total
pressure coefficient, it is difficult to determine the exact area of
the wing that is washed by the slipstream (hereinafter referred to as
the washed area) from the total pressure measurements alone.
Figures 21 and 22 therefore visualize the surface flow (upper and
lower surfaces, respectively) using the oil flow visualization images.
It shows the extracted oil flow highlights, overlapping the high-7./
high-Q, condition (in black) with high-T'./low-Q, (blue), low-T ./
low-Q, (red), and the three-bladed propeller (green). It should be
noted that the shearlines visualized by the oil flow are not direct
streamlines and are affected by many factors such as gravity and oil
thickness. Slight changes in the oil lines are therefore not always
directly analogous to changes in flow condition and require careful
interpretation.

Similar to the overall slipstream deformation, the surface flow is
nearly identical for comparable Q.. Figure 21a shows a small span-
wise shift in the flow structure on the upper surface trailing edge. For
low-T ./low-Q., the oil flow lines near the slipstream edge clearly
show less spanwise convection compared to the baseline (see
Figs. 21b and 22b). The difference is largest at the locations where
the blade moves toward the wing surface (i.e., the upgoing blade side
on the lower surface and the downgoing blade side on the upper
surface). Additionally, the region behind the nacelle in Fig. 22b shows
less spanwise shift for the low-T./low-Q. condition, indicating a
smaller crossflow component. The three-bladed case surface flow
patterns are nearly identical to the six-bladed baseline, with some
deviations at the outer boundaries of the slipstream. Again, this can be
attributed to the outer edge of the slipstream being diffused due to the
separation at the blade tips. The significant shift in the separation
bubble in Fig. 22¢ is best explained by the turbulence around the
slipstream edge resulting from the blade tip separation, as the shear
lines in the oil flow otherwise indicate no significant shift in slip-
stream edge trajectory. For all conditions, however, the exact slip-
stream edge is difficult to identify, and on the upgoing blade side of
the upper surface, no clear flow structures can be compared.

The crossflow behind the nacelle in Fig. 22¢ seems to be slightly
different, which we also attribute to the blade tip separation. The
total pressure distributions of Fig. 16d revealed the loading to be
more toward the blade root. This could result in a slight difference in
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vorticity rolling into the nacelle vortex, which would then change
the crossflow on the wing surface. The differences with the high-7'./
high-Q, condition are relatively small, however, and not in the order
of magnitude of the low-T ./low-Q, condition.

In an attempt to clearly identify the slipstream edge and quantify
the change in deformation, we used both the thermography mea-
surements and the oil flow image extracts to determine the edges of
the washed area for the various conditions. The results are shown in
Fig. 23a for the upper surface and Fig. 23b for the lower surface.
Figure 13 in Sec. II shows how these images are constructed. Note
that the slipstream edge in Fig. 23b is only traced up to the main
element cove area, as it was not possible to accurately estimate the
position of the slipstream edge beyond that. Furthermore, the three-
bladed propeller condition is not included, since the blade tip
separation diffuses the slipstream edge and can have an unexpected
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¢) High 7./high Q. (black) versus
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Fig. 21 Overlays of (zoomed in) processed oil flow images, comparing high-T /high-Q . with each of the other conditions. Upper surface, « = 0 deg,

6y = 0 deg. Freestream from left to right.
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Fig. 23 Comparisons of slipstream edge paths over the wing, estimated from thermography and oil flow visualization. « = 0 deg, 6, = 0 deg.

impact on the transition of the wing boundary layer, on which the
thermography is strongly dependent.

Figure 23 clearly visualizes that the change in deformation is
largest on the upper surface downgoing blade side and the lower
surface upgoing blade side. The maximum difference in spanwise
displacement between the high-7./high-Q, case and the low-T_./
low-Q, case is 0.1R on the lower surface upgoing blade side,
which is roughly 20% of the total displacement of the high-T_./
high-Q. case. On the upper surface downgoing blade side, the

difference between the high-7'./high-Q, and the low-T ./low-Q. is
again around 0.1R, roughly 40% of the total displacement for the
high-T'./high-Q, case at that edge. The change in displacement is
thus equivalent in both cases but is significantly more impactful
on the upper surface. It should be noted that these values are
extracted from qualitative measurements and are therefore subject
to some uncertainty, but they do show a coherent trend where the
washed area of the wing is significantly affected by the propeller
condition.
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Between T, and Q,, the torque coefficient is dominant for the
slipstream deformation, where a lower torque coefficient results in
less spanwise displacement of the slipstream edge on the wing
surface and less redistribution of the total pressure in the slip-
stream from its initial, circular shape. In Fig. 23, the conditions
with comparable Q. show nearly the same trajectory of the slip-
stream edge regardless of T'. setting. From the mechanisms pro-
posed by Felli [7] (see Figs. 1 and 2 in Sec. I), it could be expected
that a significant change in 7, would particularly affect the
leading-edge deformation, as the azimuthal vorticity will directly
impact the vortex imaging effect. Figure 23 only shows small
changes at the wing leading edge for the different loading con-
ditions, however. This may be explained by the change in span-
wise pressure gradients at the leading edge, imposed by the
change in thrust coefficient, opposing the vortex imaging effects.
Unfortunately, we cannot definitively draw this conclusion, as the
current experiment does not yield enough data in this region, and
the quantification of the slipstream path has some uncertainty.
Although the thermography does visualize the slipstream path
near the leading edge fairly well (particularly on the upper sur-
face), it is insufficient to investigate the relative contributions of
the vortex image and spanwise pressure gradient effects to the
total deformation. Time-accurate (or phase-accurate) measure-
ments or simulations that resolve the tip vortices near the leading
edge will prove crucial in further investigating the relative balance
between these effects.

C. Assessment of Slipstream Deformation in High-Lift Configuration

In the high-lift configuration, the impact of the propeller con-
dition on the slipstream deformation is much more significant than
in the low-lift configuration. Figure 24 shows the distribution of
the total pressure coefficient just behind the flap trailing edge for the
various propeller conditions, while Fig. 25 again visualizes the
slipstream shape by means of the C,, , = 1.05 contour lines. Overall,
the conditions with comparable Q.. (Figs. 24a and 24b) again show
comparable deformation (visualized well in Fig. 25a), but with a clear
deviation on the upgoing blade side of the upper slipstream part.
There is an apparent gap in the slipstream of the low-7T./high-Q..
condition (Fig. 25a), which also occurs in the low-T'./low-Q,. con-
dition (Fig. 25b). Figures 24b and 24c show regions of low-total
pressure coefficient here. These are secondary vortex structures, as
illustrated by the in-plane velocity vectors for the low-T'./low-Q..
condition in Fig. 26. Furthermore, the low-T'./low-Q.. condition has
significantly more pressure losses inside the slipstream, as is evident
from Fig. 25b. These phenomena will be discussed further at a later
stage in this section.

Beyond the differences in the distribution of total pressure for
the internal parts of the slipstream, the differences in slipstream
deformation follow the same patterns as in the low-lift conditions.
The low-T /high-Q,. condition (Fig. 25a) is largely comparable
to the baseline, while the low-T./low-Q. condition (Fig. 25b)
has significantly less deformation on both the upgoing and down-
going blade sides. The low-7./high-Q. condition does show a
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Fig. 24 Distributions of C,; behind the flap TE, visualizing the total slipstream deformation. « = 8 deg, 6, = 15 deg.



Downloaded by Technische Universiteit Delft on January 6, 2026 | http://arc.aiaa.org | DOI: 10.2514/1.J064763

4812 DUIVENVOORDEN, SINNIGE, AND VELDHUIS

1.00
0.75 A y
o | A" Displaced low Additional
o 0.50 pressure losses
N
o 0.25 A
©
£ 0.00 A
g 0.25 - Reduced
g 5 deformation
© —0.50
©
=
g —0.75 A
—1.00 A
Comparable deformation

-1.25

-1.5 -1.0 =05 0.0 0.5 1.0 1.5
Spanwise coordinate y/R [-]

a) High T./high Q¢ (red) versus low T./high Q. (black)

1.00 Reduction of
0.75 deformation

Additional

0.50 1 pressure losses

0.25 A
0.00 A
—0.25 1
—0.50 1

—0.75 1
—1.00 1
Reduction of deformation

-1.25

Vertical coordinate z/R [-]

—1|.5 —1'.0 —(‘).5 0.10 0j5 1j0 1j5
Spanwise coordinate y/R [-]
b) High T./high O (red) versus low T /high Q. (black)

1.00 Noisy and diffused
0.75 A edge due to blade
' tip separation

_ S

Comparable
deformation

= 0.50 -
3
N
@ 0251
©
£ 0.00 -
2
S -0.25 A
o
T —0.50
O
£
g

Comparable deformation

—0.75 1
—1.00 1

-1.25

-1.5 -1.0 =05

0.0 0.5 1.0 1.5

Spanwise coordinate y/R [-]
¢) Six-bladed (red) versus three-bladed (black)

Fig. 25 Contour lines of C,, ; = 1.05 behind the flap TE, comparing the deformation of each condition with the high-7'./high-Q. baseline. « = 8 deg,

6y =15 deg.
1.0
— 2.4
E 0.5 2.1
N
o 1.8
£ o0 151
§ 12 =
o ! 09°
E -0.5 :
'g 0.6
> § .
-1.0 0.3
1 0.0

-1.5 -1.0 -05 0.0 0.5 1.0 1.5
Spanwise coordinate y/R [-]
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tion of C,, ;. Low-T ./low-Q, condition, « = 8 deg, i, = 15 deg.

reduction in slipstream deformation on the upgoing blade side of
the lower part of the slipstream (see Fig. 25a). From the measure-
ments, it is not entirely clear whether this is a reduction in
slipstream deformation or just a result of dissipation of the total
pressure at the slipstream edge. The oil flow visualizations (dis-
cussed below) do not show a clear deviation in slipstream deforma-
tion, however. The three-bladed propeller condition (Fig. 25c),
finally, shows comparable deformation compared to the high-7_./
high-Q,. baseline, but with a more diffuse boundary. A region of
lower total pressure seems to be present here, like for the low-7'./
high-Q,. and low-T./low-Q, conditions, but it does not show in the
contour line of Fig. 25¢. This can likely be attributed to the diffuse
slipstream boundary resulting from the separation on the blade tips.

In general, the comparisons of shear lines extracted from the oil
flow visualizations (Figs. 27 and 28) show similar results to the low-
lift configuration, although with much more emphasized deviations.
The low-T ./high-Q.. condition is nearly identical to the baseline on

the upper surface (Fig. 27a), with small deviations developing
toward the aft section of the main element on the downgoing blade
side. These deviations can also be seen in the contour line compari-
son of Fig. 25a, which reveals these deviations to be only local. The
flow trajectories on the upgoing blade side of the lower surface
(Fig. 28a) show a more significant change in deformation, which we
are unable to explain based on current data. Apart from the exten-
sion on the lower surface upgoing blade side, however, the slip-
stream shape is still highly comparable to the high-7./high-Q.
condition. The low-T ./low-Q.. condition (Fig. 27b) shows less out-
board displacement at the edges and less crossflow behind the
nacelle. The three-bladed condition (Fig. 27¢) again yields nearly
identical flow trajectories on the upper surface, with more diffuse
outer boundaries and some small differences in crossflow trajecto-
ries behind the nacelle.

On the lower surface, all conditions show nearly identical flow
trajectories behind the nacelle. The trajectories are almost fully
aligned in the chordwise direction, indicating little to no crossflow.
In the high-lift configuration, very little of the slipstream passes the
lower surface, as the freestream and wing upwash convect most of
the slipstream over the upper surface. As a result, the nacelle-root
vortex on the lower surface is very weak, and there is little locally
induced crossflow. This is strongly dependent on the configuration
and particularly prominent for the wing model used in this experi-
ment, due to the relatively large distance between the propeller and
wing leading edge.

As with the low-lift configuration, quantifying the slipstream
edge trajectory from the oil flow images alone is difficult and prone
to error. Figure 29 therefore shows the overlays of thermography
and oil flow highlights to improve the estimation of the slipstream
edge.& The majority of the change in deformation again occurs on

#Note that for the upper surface at low-T ./high-Q, condition, only the oil
flow image is shown, as there was no thermography measurement available.
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the upper surface downgoing blade side and lower surface upgoing
blade side. The low-7./low-Q. condition shows less spanwise
displacement than the other conditions, with a reduction of roughly
0.15R on each of the aforementioned edges. The high-7'./high-Q,.
and low-T ./high-Q,. conditions result in very comparable slipstream
paths, again suggesting that torque coefficient (or longitudinal
vorticity in the slipstream) is the dominant parameter for slipstream
deformation. Even near the leading edge, the trajectories are nearly
equal, indicating that even the leading-edge expansion of the slip-
stream is hardly affected by 7', (or, rather, azimuthal vorticity in the
slipstream).

To further investigate the changes to the internal distribution of
total pressure in the slipstream, we combine the various measure-
ment planes of the pressure probe in Fig. 30. It visualizes the
development of the various regions of pressure losses. For the
high-T ./high-Q,. condition (Fig. 30a), the regions of total pressure
loss are concentrated around a set of vortices. From numerical
simulations of the same configuration [10], we know that the central
region of total pressure losses is a combination of the viscous core of
a nacelle vortex and separation on the blade root at the upgoing
blade side. The latter occurs due to the angle of inflow into the

propeller, resulting from both the geometric angle with respect to the
freestream and the upwash induced by the wing circulation [3,5,29].
The separated blade root wakes wrap around the rolled-up nacelle
vortex. This is consistent with the internal distribution of the total
pressure coefficient in Fig. 30a.

However, as identified earlier in this section, the various condi-
tions show very different internal distributions of total pressure
coefficient. The low-T'./high-Q, condition (Fig. 30b) shows no clear
vortex cores, despite its similarity in deformation to the high-7./
high-Q,. condition. Rather, it shows a wide region of lower pressure
in the slipstream that stretches along the wing surface. It also lacks
the concentration of total pressure at the upgoing blade side that is
present in the high-7./high-Q,. condition. The low-T ./low-Q, con-
dition (Fig. 30c) yields a total pressure distribution that is more
comparable to the high-7./high-Q. condition (Fig. 30a) than to the
low-T ./high-Q, condition (Fig. 30c), while the deformation of the
slipstream is much reduced. There is a clear central pressure loss
region that originates directly from the nacelle region and a secon-
dary region of total pressure loss, indicating a secondary vortex
core, which seems to originate from the wing boundary layer or the
nacelle junction. The region of pressure loss around the nacelle
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Fig. 29 Comparisons of slipstream edge paths over the wing, estimated from thermography and oil flow visualization. « = 8 deg, 5, = 15 deg.

vortex, which we attributed to separation on the upgoing side blade
root, is much increased, however.

The inconsistencies of the internal slipstream distribution
between the three conditions and its connection to separation on
the upgoing side blade root lead us to conclude that it is not directly
related to the values of T, and Q,, but rather to the advance ratio.
The low-T ./low-Q, condition operates at a much higher advance
ratio than the high-T./high-Q,. condition, and the low-T./high-Q,
condition at a higher advance ratio still (see Table 1 in Sec. II). This
means that the nonaxial component of inflow imposed on the
propeller due to the high-lift condition and angle of attack with
respect to the freestream is higher relative to the rotational speed of
the propeller. This will induce more separation on the blade root
than a lower advance ratio condition but has limited impact on
torque and thrust coefficient since it only involves the blade root,
where the loading is relatively small. The manner in which the blade
root wakes distribute around the slipstream and the wing is highly
dependent on the nacelle vortex, however, which is dependent on T',.
and Q.. This results in different internal distributions for each of the
tested conditions.

Figure 30 also shows that the various conditions yield different
regions of total pressure loss on the wing surface, within the
boundaries of the slipstream. These regions are not to be confused
with the boundary-layer thickening that occurs just outside the
slipstream, which leads to local separation at high angles of attack
[8]. The different areas are more clearly shown in Fig. 31, which
combines the pressure measurements near the wing surface with
the oil flow images. Note that the pressure measurements are
positioned at 4 mm from the wing surface, and not all streamlines
match exactly with the oil flow visualization. The conditions with
high-Q. show a single region of total pressure loss on the upgoing
blade side within the wing-washed area. In the high-7'./high-Q,
condition (Fig. 31a), this region is separated from the thick wing

boundary layer outside the slipstream by a small portion of higher
total pressure slipstream flow. In the case of the low-7'./high-Q..
condition (Fig. 31b), this region merges with the wing boundary
layer outside the slipstream near the main element trailing edge.
For the low-T./low-Q, condition (Fig. 31c), however, two distinct
regions of pressure loss can be identified within the washed area.
This likely indicates that for the high-Q, conditions, these two
regions have combined due to the higher crossflow component on
the wing surface behind the nacelle.

In previous work [8], the authors have shown that near maximum
lift, the region of pressure loss within the washed area can cause
local separation and even merge with flow separation zones outside
the slipstream. Figure 31 clearly shows that the regions of pressure
losses originate from the nacelle region. For the low-T ./low-Q,
condition (Fig. 31c¢), the two regions can be traced to the nacelle—
wing junction on either side of the nacelle. At these junctions,
separation bubbles can occur as the rapidly accelerating flow around
the leading edge meets the flow passing along the nacelle [3,8].
These bubbles are strongest at the upgoing blade side, where the
acceleration around the leading edge is largest as a result of the
increased angle of attack induced by the local tangential velocities in
the slipstream. This may be directly related to the observed pressure
regions, of which the region originating from the upgoing blade side
junction has the most significant total pressure losses, as well as the
secondary vortex observed in Fig. 30c. The nacelle integration
clearly has an important role in the propeller—wing interaction in
high-lift configurations.

IV. Conclusions

In this paper, we have shown how the deformation of the slip-
stream due to wing interaction is related to the operating condition
of the propeller, specifically the thrust and torque coefficients.
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We used seven-hole pressure probe measurements, oil flow visu-
alization, and IR thermography to compare three main conditions
of the propeller: a baseline condition, a condition with a compa-
rable torque coefficient but a much lower thrust coefficient, and a
condition where both thrust and torque are significantly lower than
the baseline. A fourth condition included the same thrust and
torque coefficient as the baseline but with a reduced number of
blades. Unfortunately, this condition suffered from blade tip sep-
aration, limiting the reliability of the results. We have compared
the impact of each of these conditions on the slipstream—wing
aerodynamic interaction in both low-lift and high-lift configura-
tions. The full dataset of the experiment is available for future
numerical validation.

This paper includes several conclusions regarding the depend-
ency of slipstream deformation due to propeller—wing aerodynamic
interaction on the operating characteristics of the propeller:

1) Torque coefficient, or longitudinal vorticity in the slipstream, is
the dominant parameter for the slipstream deformation.

2) A lower torque coefficient leads to significantly lower cross-
flow components on the wing surface directly behind the nacelle and
also results in less spanwise displacement of the slipstream edge on
the wing surface.

3) Thrust coefficient, or azimuthal vorticity in the slipstream, has
a negligible impact on the deformation of the slipstream.

4) The impact of propeller condition on the slipstream deforma-
tion and development is much larger in high-lift configuration than
in low-lift configuration. Whereas in low lift the propeller condition
mostly impacts the displacement near the wing surface, in high lift it
affects both the internal distribution of total pressure and the slip-
stream shape further away from the wing surface.

5) The nacelle integration has a major impact on the internal
distribution of total pressure in the slipstream, as well as on local
pressure loss regions on the wing surface.

Further research is required to understand the deformation of the
slipstream at the leading edge in high-lift configuration, which
seems to be dominating the downstream development. The data
obtained in this region during the experiment described in this
paper is limited. This will likely require instantaneous flow mea-
surements that can identify the individual tip vortices or high-
fidelity numerical simulations. Additionally, the findings in this
paper again stress the importance of nacelle integration in the
propeller—wing interaction problem. Both the vertical position of
the slipstream relative to the wing chord and the physical junctions
between the wing and nacelle have dominant effects on the
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slipstream deformation and how the wing flow is impacted by the
propeller slipstream.
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