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Aerodynamic Investigation of an Over-the-Wing
Propeller for Distributed Propulsion

E.A.P. Marcus, R. de Vries), A. Raju Kulkarni? L.L.M. Veldhuis*
Delft University of Technology, Delft, 2629 HS, The Netherlands

This paper addresses the aerodynamic performance and numerical modeling of over-
the-wing propellers. Installing the propeller above a wing has the potential to increase
wing lift-to-drag ratio, high-lift capabilities, and to reduce yover noise. However, the
prediction of its performance is di cult, since research on the aerodynamic interaction
e ects of over-the-wing propellers has been limited so far. For this reason, an exploratory
wind tunnel campaign was performed with a wing featuring a fowler ap. A single propeller
was installed above the wing at di erent chordwise locations and inclination angles. Wing
surface-pressure and wake-pressure measurements showed strong, bilateral aerodynamic
coupling between the propeller and wing. A con guration with the propeller attached to the

ap showed wing lift increases of 8% and 3% in cruise and high-lift conditions, respectively.
The key ndings of the wind tunnel campaign were used to validate a low- delity numerical
tool, which combines a non-uniform in ow blade-element model for the propeller, a panel
method for the wing, and a vortex lattice model for the propeller slipstream. The numerical
model was used to assess the e ect of propeller axial location and diameter. Results
indicated that the optimal axial propeller position is near the trailing edge of the wing,
and that reducing the propeller diameter at constant thrust coe cient at this location is
bene cial for distributed propulsion applications. The tool allows a rapid computation of
over-the-wing propeller and wing performance in cruise conditions. This enables ane cient
design space exploration during the conceptual design process of such con gurations.

Nomenclature

Latin Symbols

a Axial acceleration factor [-] n Propeller rotational speed [Hz]
b Tangential acceleration factor [-] p Static pressure [Pa]
c Wing chord length [m] Pt Total pressure [Pa]
CDp W|ng pressure drag coe C|ent T I\?g S [_] r PI’Opeller radial coordinate [m]
2 res - .
CL Wing lift coe cient, v2 — [ s Sllpstream acceleration factor [-]
[2) ref Sref Wing reference area, ¢ Dp [m?]
Cp Pressure coe cient, 1 Vi [-] ¢ Time [s]
o Total pressure coe cient, 1’% [-] T Propeller thrust [N]
i T i T
Cr Thrust coe cient, P [-] Tc Thrust coe cient, T 2ViSu [
Dp Wing pressure drag [N] u Axial induced velocity [m/s]
Dp Propeller diameter [m] \ Velocity magnitude [m/s]
Advance ratio, % nD [-] Va Axial blade element velocity [m/s]
L Wing lift [N] V¢ Tangential blade element velocity [m/s]
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Greek Symbols

Additional sub- and superscripts

( ) Increase w.r.t. propeller-o conditions ’ Propeller reference frame
or increase w.r.t. previous time step [-] 0 Propeller disk location
Angle of attack [deg] 1 Freestream conditions
Circulation [m2/s] iso Isolated
Flap de ection angle [deg] P Propeller

Propulsive e ciency [-]
Propeller azimuthal coordinate [rad]

prop. on Propeller-on conditions
prop. o Propeller-o conditions

Density [kg/m?] ss Slipstream
Propeller rotational speed [rad/s] tr boundary-layer transition
w Wing

I. Introduction

Emissions, noise, fuel burn, and eld length are expected to be the main challenges for future aviation.*
In order to meet the stringent targets set by the National Aeronautics and Space Administration (NASA)?
and the European Commission (EC),3 radical changes in aircraft design are required. This has led to an
increased interest in Hybrid-Electric Propulsion (HEP) in the recent years.®8 HEP presents possible bene ts
in terms of energy conversion and transmission e ciency. Furthermore, it allows a more aerodynamically
e cient integration of propulsors into the airframe.*

A possible synergistic solution is the combination of HEP and distributed over-the-wing (OTW) propellers.
The use of distributed propulsion is partially enabled by the hybrid-electric powertrain, which not only leads
to an increase in e ective bypass ratio,” but also allows placing propellers of reduced diameter above the wing
without large pylons or a signi cant o set between the thrust line and the center of gravity of the aircraft.
The placement of propellers above a wing entails several bene ts when compared to conventional tractor
con gurations. Firstly, it eliminates installation challenges in terms of ground clearance. Secondly, it can
increase wing lift-to-drag ratio in both cruise® and high-lift'° conditions. Thirdly, the array of propellers can
be attached to the ap mechanism, providing a degree of thrust vectoring in low-speed conditions?. Finally,
due to the shielding e ects of the wing, yover noise can be reduced.'!12

However, in the proposed con guration the propeller is subjected to increased in ow velocities and a
vertical velocity gradient. This is detrimental for propeller e ciency'® 13 and leads to unsteady blade loading,
thus increasing vibrations and noise production.’* Moreover, interaction between the propeller tip vortices
and the boundary layer may cause ow separation.'® It is therefore evident that the aerodynamic performance
of the propeller and wing cannot be studied separately.

In the case of distributed-propulsion systems, these interaction e ects have a large impact on wing sizing,®
and thus they should be included in the rst stages of the design process. Although there are low- delity
methods which estimate these e ects for tractor-propeller con gurations,'’ no suitable models exist for OTW
con gurations. This can be attributed to the limited application of OTW systems up till today on one hand,
and to the di culty of modeling such systems on the other. While tractor propellers a ect the dynamic
pressure and angle of attack perceived by the wing,'®> OTW propellers a ect the upper-surface pressure
distribution,'® hence changing the e ective airfoil shape. Modeling this e ect requires a detailed understanding
of the aerodynamic interaction e ects. However, existing studies on over-the-wing propellers® 10:13.15.18,19 gre
limited, and on occasions contradictory. While some authors have found moderate® to drastic*® reductions
in propulsive e ciency, others have found an increase in propulsive e ciency.® Analogously, most authors
conclude that OTW propellers reduce the drag of the wing,® 12 but for some con gurations it has been
found to increase.*® Thus, it is di cult to extrapolate the ndings of these studies to distributed-propulsion
con gurations, where the ratio between the propeller diameter and wing chord is smaller than for conventional
twin- or four-engine aircraft. Furthermore, previous inquiries give no insight as to how the over-the-wing
propeller can improve high-lift capabilities through thrust vectoring.

2See for example https://lilium._con/.
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For these reasons, the purpose of this study is to develop a method capable of estimating the aerodynamic
performance of OTW systems. To this end, a two-step approach is adopted. First, an exploratory wind-tunnel
experiment is carried out to clarify the aforementioned contradictions, and to assess the impact of smaller
OTW propellers in both cruise and high-lift conditions. The key ndings are formalized in the second part
of the study, which consists of the development of a numerical model. The model is capable of estimating
propeller and wing performance with low computational cost. Since the dominant aerodynamic phenomena are
not readily understood at this stage, the investigation will be limited to a single propeller in an over-the-wing
con guration. In this way, the mutual e ects between propeller and wing can be identi ed without the
interaction between multiple propellers.

This paper presents the experimental setup of the OTW con guration in Section Il. Afterwards, Section 111
discusses the methodology of the numerical model, the validation of its individual components, and its
limitations. Subsequently, results of the experimental investigation are presented in Section IV and compared
to numerical simulations, to assess the accuracy and applicability of the complete model. Furthermore, the
numerical tool is used to perform an analysis of the sensitivity of OTW con gurations to propeller axial
position and diameter.

Il. Experimental Setup

The wind tunnel (WT) campaign was carried out in low-turbulence tunnel at the Delft University of
Technology, which has a cross-section of 1.8 m by 1.25 m. This wind tunnel has a maximum velocity of 120
m/s and freestream turbulence limited to a level of 0.02% for velocities below 40 m/s.2°

II.LA. Model Description

In order to simulate an OTW propeller con guration, a propeller was positioned on the suction side of a wing
mounted vertically in the wind-tunnel test section, as depicted in Figures 1 and 2. The wing spanned the
full height of the test section and was placed on a turntable, which could be rotated to change the angle of
attack. It featured a chord of 0.6 m and an NLF-MOD22B airfoil designed at Delft University of Technology
for low speed applications.?* The airfoil presents a maximum thickness-to-chord ratio of 0.17 at 35% chord
and a fowler ap of 30% chord length. The main dimensions are indicated in Figure 1.

Figure 1. Isometric (left), top (middle) and front (right) views of the wind tunnel setup, including component desig-
nation, coordinate system and direction of rotation of the propeller. All dimensions are in mm.

The four-bladed propeller model has a diameter of Dp = 0:237 m (Dp=c = 0:395), a blade chord of 7.8%
of the propeller diameter, and a pitch angle of 23 at 75% of the propeller radius. More detailed information
regarding the propeller geometry can be found in the work of Sinnige et al.?> The propeller was driven by a
7.5 hp three-phase induction motor housed in a nacelle of 0.07 m diameter, positioned by means of a support
sting which could be traversed along all three axes. The support sting was installed under a small inclination
angle as depicted in Figure 1, in order to position the propeller axis at the spanwise location of the pressure
ports (see Section 11.B) when the traverse mechanism was set at its neutral position along the Y-axis.

11.B. Measurement Techniques

In the experiment two main variables were measured: the pressure distribution on the wing surface and the
total pressure distribution in a wake plane (a YZ-plane downstream of the model). The former was measured
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Figure 2. Photos of the wind tunnel setup, with propeller, wing, propeller support sting and wake rake indicated.

in order to quantify the e ect of the propeller on the wing’s pressure distribution, lift, and pressure drag,
while the latter provided qualitative information regarding the time-average loading on the propeller disk and
the displacement of the slipstream and wing wake. Additionally, an Optris P1640 infrared (IR) camera was
installed during all measurements to observe the location of boundary-layer transition.

In order to obtain the surface pressure distribution, the wing model featured 54 static pressure ports
on the main element and 27 on the ap, distributed over the pressure and suction sides. The ports were
located along a zigzag path extending over a spanwise interval of 100 mm, as indicated in Figure 1. For each
con guration, the propeller was traversed in spanwise direction to resolve the wing pressure distribution,
covering a span of 1:5Dp.

Wake plane pressure measurements were performed with a horizontal wake rake located 1.25 chord-lengths
downstream of the wing trailing edge. The wake rake probes had a spacing of 3 mm at the center, with
decreasing density up to a separation of 24 mm at the outer edges. The full span of the rake was 2:1Dp,
which was insu cient to capture the propeller slipstream and wing wake with acceptable resolution in a single
traverse along the Y-axis. Accordingly, for each measurement con guration the wake rake was traversed along
the wing span twice, centering the rake once around the propeller slipstream and once around the wing wake.
Each traverse covered a spanwise interval of 1:7Dp, centered around the vertical position of the propeller axis.

I1.C. Test conditions

The wing was set to an angle of attack which was representative of cruise conditions (C_  0:5) and had been
evaluated in earlier experiments,?? = 2:08 . To simulate high-lift conditions, the maximum possible ap
de ection of =23 was selected, which was limited by the geometry of the support sting. For the selected
de ection angle, the values of ap gap and overlap (de ned in Figure 3) were selected to be of 3.9% and 3.5%
chord length respectively, based on earlier reports.?!

Figure 3. Side view of the six con gurations analyzed, separated into ap nested (left) and ap de ected (right) cases.
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Figure 3 shows the selected con gurations. For the cruise conditions ( ap nested), two axial propeller
positions were evaluated: the location of maximum airfoil thickness (Con guration 1, at 35% chord) and
the trailing edge of the main element (Con guration 2, at 85% chord). These locations were selected based
on the observations of earlier studies,® 318 which indicate that the axial position of maximum wing drag
reduction and lift increase are close to the thickest point and the trailing edge respectively. However, the
trailing edge of the ap was not considered due to the structural complications that would arise in real
applications and the potential reduction of noise shielding e ects. The separation between the propeller blade
tips and wing surface was chosen as low as possible?, since the drag reduction has been found to be larger
for smaller clearances.® The propeller axis was aligned with the freestream direction for simplicity. For the
high-lift conditions ( ap de ected), two additional propeller positions were evaluated. The rst one features
a propeller that is located at 85% chord in cruise conditions (Con guration 2) but is rotated 23 around the
main element’s trailing edge when the ap is de ected (Con guration 5). The second one corresponds to the
position that the propeller would have attained if it were physically connected to the ap (Con guration 6).

Advance ratios of 0.7, 0.8 and 0.9 were selected for
the current experiment, based on isolated propeller Table 1. Summary of wind tunnel test conditions.
data obtained in earlier experiments.?? These values

correspond to isolated-propeller thrust coe cients Parameter Test values
of 0.12, 0.10 and 0.06, respectively. The isolated- Re.ynolds number 1.65 10°
propeller thrust measurements were performed at Wing angle of attack ~ 2.08

a wing-chord based Reynolds number of 1.65 mil- Flap de ection 0,23

lion, and thus this Reynolds number was selected Propeller advance ratio 0.7, 0.8, 0.9
for the test campaign, corresponding to a freestream Propeller locations See Figure 3.

velocity of approximately 41 m/s. For each setup,

a measurement was also taken with the propeller

removed and replaced by a dummy hub for reference.

A summary of the tested parameters is given in Table 1.
Lift and pressure-drag coe cients were corrected for streamline curvature, wake blockage, and wing

blockage?® | but not for slipstream blockage, since the propeller disk area represented only 2% of the cross-

sectional area of the wind tunnel. Trailing-edge pressures were extrapolated on the suction and pressure sides

of the wing, based on the values obtained from the two pressure ports located closest to the trailing edge.

I11. Numerical Model

To evaluate the performance over-the-wing propellers in a conceptual design phase, a tool that rapidly
accounts for the most important interaction e ects is necessary. The aim of the tool is to determine the lift
and pressure drag of the wing, as well as propeller thrust and torque. Preliminary results of the experimental
study con rmed that OTW propellers feature signi cant two-way interactions. For tractor con gurations,
the e ect of the wing on slipstream displacement or the loading distribution on the propeller disk is often
neglected.'® However, neglecting this coupling for OTW con gurations can lead to inaccurate results, as
evidenced in earlier studies.'® Therefore, even to model the two-way interaction in the simplest way, an
iterative procedure is required. Previous studies have indicated that viscous drag is barely a ected by OTW
propellers,® and hence an inviscid formulation is selected for simplicity. Furthermore, to reduce computational
requirements, it is hypothesized that the unsteady loading on the propeller blades can be represented by
means of a steady non-uniform loading distribution on the propeller disk and slipstream. The validity of this
hypothesis will be discussed when comparing the results to those of the experimental study.

The numerical model contains three components: the propeller, its slipstream and the wing. A ow
diagram of the solver with illustrations of its components is shown in Figure 4. A Panel Method (PM) is used
to represent the wing. The velocities induced by the wing are used as input for a modi ed Blade-Element
Model (BEM), from which the time-average distribution of circulation across the propeller disk is obtained.
Subsequently, the slipstream is modeled by a time-averaged Vortex Lattice Model (VLM). Once the circulation
distribution and position of the slipstream are known, the velocities induced by the slipstream on the wing are
computed, and the system is solved iteratively. After each iteration, the wing- and propeller-induced velocities
are compared to their value in the previous iteration. Convergence is attained if their root-mean-square
di erence is within a requested tolerance.

Pror safety reasons, this was considered to be 6 mm, i.e. 1% chord.
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Figure 4. Left: ow diagram of the over-the-wing propeller numerical tool. Right: schematic representation of the
elements which comprise the numerical model.

The following sections discuss the PM, BEM, and VLM, as well as the accuracy of the BEM and PM by
comparing their results to wind tunnel data. The validation of the complete, coupled model is addressed in
Section IV, where it is discussed in tandem with the wind tunnel results.

I11.A. Panel method

To model the wing and nacelle, the existing Fortran-based panel code, FASD (Flow Analysis using Singularity
Distributions),? is used. This program divides geometries into rectangular panels, on which a source and
sink are placed. The singularity strengths are found by setting appropriate boundary conditions, such as
tangent ow at body surfaces. With this, ow properties such as pressure or velocity can be requested at any
desired point. Figure 5 illustrates the geometrical setup of the panel method. The velocity eld is sampled at
the propeller disk and in the slipstream, and used as input for the BEM and slipstream model, respectively.
Preliminary experimental results showed that the presence of the nacelle had a noticeable e ect on wing
performance. However, internal memory limitations in the program prevented the simulation of the complete
wind-tunnel setup. Thus, the setup was simpli ed and represented by means of a single nacelle situated
above a high aspect ratio, rectangular wing. Only the central segment of the wing, corresponding to the
interval occupied by the propeller, is depicted in Figure 5.

Isolated-wing pressure distributions are shown in Figure 6, as measured in the wind tunnel and simulated
in FASD. With the ap retracted, the panel method shows good agreement with the wind tunnel results.
However, when it is de ected, the panel method presents unrealistic results in the cove of the main element,
even if the kink on the lower side of the airfoil is smoothed (NLF-MOD22A). This is due to the incapability
of panel methods to model regions with signi cant viscous e ects or recirculation. Accordingly, in this paper
the results for high-lift con gurations will be limited to the experimental campaign.
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Figure 5. Geometrical representation of the wing segment located under the propeller disk (green) and nacelle (red)
modeled in the panel method, indicating the propeller disk and y = 0 slipstream planes where velocities are requested.

1

— 3.0 —=—Wind Tunnel —=—Wind Tunnel
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o 0.0 = e egg
> 10 — e ] e
g 20 B
a -0.2 00 02 04 06 08 10 12 -02 00 02 04 06 08 1.0 1.2
Axial coordinatex/c [-] Axial coordinatex/c [-]
a) Flap nested b) Flap deflected

Figure 6. lIsolated wing pressure distributions, found during the wind tunnel campaign (red) and by numerical simula-
tion in FASD (blue).

111.B. Blade element model

Traditional blade element methods divide the propeller disk into radial elements. The disk is assumed to
be continuous, and interaction between blades is neglected. In the case of OTW propellers, the in ow is
highly non-uniform, and thus the blade element model (BEM) used in this paper is adapted to account
for wing-induced velocities. Consequently, the disk is discretized in both radial and azimuthal direction, as
depicted in Figure 7a. The loading of each element is then computed independently, taking into account
the local in ow conditions as follows. Consider a propeller at angle of attack |, with rotational speed . A
generic blade element, given by its cylindrical coordinates on the propeller disk (ro; o), is shown in Figure 7b,
together with its simpli ed velocity diagram. If in the wing coordinate-system the in ow vector is comprised
of the freestream velocity plus wing-induced velocities, i.e. (V1;0;0) + [uw(ro; o);Vw(ro; o); Ww(ro; o)l
then careful consideration of the velocity components will show that the axial (V,) and tangential (V¢) in ow
components at the blade element are:

Va = ([Va + uw(ro; o)lcos( p) Ww(ro; o)sin( p))(1+ a); (@)

Ve=( ro+[Va +uw(ro; o)lsin( p) ww(ro; o0)cos( p) Vw(ro; o)sin( 0))(1 b); @)

in which a and b are, respectively, the axial and tangential blade induction factors, to be determined iteratively.
These velocities can be used to determine the blade section’s angle of attack as shown in Figure 7b, after
which the lift and drag are determined from the lift and drag polars for the speci ¢ blade section. These are
created using XFOIL,%® based on the NACA 64A416 blade section.?® The lift and drag coe cients are then
corrected for three-dimensional?” and compressibility?® (valid up to Mach number 0.9) e ects, and hub and
tip loss factors?® are applied. Subsequently, propeller performance parameters such as thrust, torque, and
e ciency can be determined by integrating the forces acting on the blade elements.
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Figure 7. Schematic representation of (a) the discretized propeller disk used in the BEM, (b) the simpli ed velocity
diagram of a generic blade section, and (c) a blade element with its trailing vortices.

Figure 8 presents the radial total-pressure distribution and the thrust coe cient versus advance ratio
J= r:’g curve of the isolated (i.e. uninstalled) propeller, as found in earlier experiments,??> and as computed
by the BEM. The BEM slightly under-predicts thrust at low advance ratio, and overestimates it at high
advance ratio, due to Reynolds number e ects which are not modeled.

o J=0.7
o 2.0 L J=08| _. 0.15 ——— Wind tunnel
€ 18 v J=09 - — ——-BEM
S 1.6 4 e ed \ J=1.0 Q N
E 1'4 [Ty $ 0.10 .
) : 3 2
® 1, 1/ 3 g
2 / SR RN 3] S
o 1.0 i -~ 0.05
g Lo gt .
= o8 ~ =
— Ed
e 06 0.00
0.2 0.4 0.6 0.8 1.0 1.2 06 07 08 09 10 1.1
Radial position/R [-] Advance ratiaJ [-]
a) Radial blade loading distribution b) Propeller thrust curve

Figure 8. Radial blade loading distribution (a) and thrust coe cient versus advance-ratio curve (b) of the isolated
propeller used in this study, comparing results obtained from earlier experiments®? with those computed using the
BEM.

I11.C. Slipstream vortex lattice

The propeller blade can be represented as a lifting line, whose trailing vortex system is constituted of a
radial distribution of horseshoe vortices. In the time-average approach taken here, the individual blades and
associated trailing vortex system are replaced by a continuous distribution of trailing vortices, emanating
from di erent locations on the propeller disk. The strength of each trailing vortex is related to the circulation
generated on the disk element from which it emanates, as computed by the BEM. Furthermore, since the
non-uniform in ow will cause the blade circulation to depend not only on its radial, but also azimuthal
position, vortices must be shed in the blade wake to satisfy Kelvin’s circulation theorem. This is schematically
represented in Figure 7c. Although in the propeller blade reference frame the unsteady loading will lead to
periodic, time-dependent vortex shedding, in an inertial reference frame, assuming a continuous propeller
disk, this leads to a steady, spatially-periodic distribution of shed vortices.

In the case of an isolated propeller at zero angle of attack, the slipstream only deforms due to contraction.
However, for an OTW con guration, the di erence in loading between the di erent regions on the propeller
disk can di er notably.’® Thus, the e ect of non-uniform loading on the deformation of the slipstream must
be accounted for. Furthermore, the wing induces velocities which displace the slipstream. Therefore, the
resulting slipstream geometry is approximated by a semi-cylindrical tube which is deformed due to contraction,
radial and azimuthal variations in loading, and the presence of a wing-induced ow eld°®.

¢By xing both the circulation strength and geometrical distribution of the vortices, the ow tangency condition at the outer
boundary of the slipstream may be violated. This inconsistency can only by avoided by using a free wake model, which was not
chosen in order to limit computational cost.

8 of 18



The geometry of the slipstream geometry is computed as follows. Consider a generic helical vortex line
trailing a blade element, as sketched in Figure 7a. The bound vortex on the blade element has a circulation o,
as determined by the BEM. If tis the duration of each time step in a series of time intervals, then the j-th
horseshoe vortex in the wake of the propeller blade will have been shed a time j tearlier. At this time instant,
the blade element had angular coordinate o+ j tand a corresponding circulation ;= (ro; o+J ).
Since Kelvin’s theorem demands that vorticity must be conserved, when the circulation of the bound vortex
changes, the blade element must shed a vortex with equal strength, but opposite direction in its wake, such
that = (r; o+j t) j 1forj=>0. The position vector of this shed vortex j (for j > 0) is equal to
the position vector of the previous vortex with index j 1 and coordinates (X; 1;Yj 1;Zj 1), plus:

. . . . . 1+s

1. the axial slipstream displacement in the interval t, x= Vam t,
. . . . V

2. the azimuthal displacement of the slipstream helix, = ?t t,

3. the slipstream contraction, r,
4. the wing-induced movement?, ( x; z) = (uw(Xj 1;Zj 1);wWw(Xj 1;Zj 1)) t,

in which the contraction r and corresponding acceleration factor, s, are determined following the method of
Rwigema.?® Starting at the bound vortex, the vortex locations and strengths can be determined sequentially
until the desired number of axial slipstream elements is reached. After constructing this vortex lattice for all
radial and azimuthal positions, the propeller-induced velocities at the wing are computed with Biot-Savart’s
law. These velocities are then used as input for FASD to capture the in uence of the propeller on the wing.

I11.D. Limitations and convergence of the numerical model

Three aspects of the numerical method limit its applicability. Firstly, the BEM compressibility model is
limited to propeller blade Mach numbers of 0.9. Secondly, the inviscid nature of the panel method does not
allow the modeling of wings where signi cant viscous e ects are present, such as the high-lift con guration
depicted in Figure 6b. Thirdly, the use of discrete vortices to represent the slipstream prohibits any meaningful
determination of induced velocities inside the slipstream. This prevents convergence for propeller positions
near the leading edge, for which the slipstream geometry intersects with the wing surface.

The discretization of the wing, slipstream, and propeller disk also has an important e ect on the results.
Convergence studies showed that the wing lift coe cient had converged within 0.1% for 10 radial blade
and slipstream elements, 20 azimuthal blade and slipstream elements, 200 axial slipstream elements, and
a modeling of the slipstream up to 2.5 chord-lengths behind the propeller disk. Due to Fortran workspace
limitations, the number of chord- and spanwise wing panels were restricted to 50 and 125 respectively, with a
wing aspect ratio of 6.7. For these program settings, the wing lift coe cient had converged to within 1%. The
numerical tool typically requires three to four iterations, and nishes a complete simulation in approximately
ten minutes using a single core on a personal laptop.

1VV. Results

In this section, the wing and wake pressure distributions obtained from the experimental campaign are
discussed and compared to the results of the numerical model. Furthermore, the pressure distributions are
integrated to assess the e ect of the OTW propeller on wing lift and pressure drag. Since the objectives
for the cruise and climb conditions (high lift-to-drag ratio and high lift, respectively) are di erent, they are
discussed separately in Sections IV.A and IV.B. Finally, in Section IV.C, the numerical method is applied to
analyze the sensitivity of wing lift, pressure drag, and propeller e ciency to top-level design parameter such
as the diameter and axial position of the propeller.

IV.A. Performance in cruise-lift conditions

The following paragraphs present the results for moderate lift coe cient values (C.  0:5), which are
representative of the cruise phase. In these conditions, the ap is nested, and the performance of the wing
should be optimized in terms of lift-to-drag ratio.

dThe velocities induced by the wing in spanwise direction were found to be small, and were therefore neglected.
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IV.A.1. E ect of propeller on wing performance

To demonstrate the e ect of the propeller on the pressure distribution over the wing surface, Figure 9
presents the pressure coe cient di erence between the propeller-on and propeller-o measurements, i.e.

Cp = Cp;prop. on Cp;prop. o » for Con gurations 1 and 2. The results are presented as an increase with
respect to propeller-o measurements because this study focuses on the e ect of the propeller, and not the
installation e ects of a nacelle and support structure of arbitrary geometry. In Figure 9 the ow goes from
left to right, and the spanwise coordinate y=Dp = 0 corresponds to the location of the propeller axis.
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Figure 9. Wing pressure distributions with the ap nested at advance ratio J = 0:7. Dashed lines indicate the projection
of the propeller disk onto the wing surface.

Figure 9 shows that, on the suction side, pressure was reduced in front of the propeller and increased
behind it for both con gurations. This is attributed to the acceleration of the ow ahead of the propeller,
while behind the propeller disk a region of ow diverging from the wing surface is created by the contraction
of the slipstream. Results at advance ratios J = 0:8 and J = 0:9 (which are not presented here) con rmed
that the magnitude of the pressure di erences diminished with increasing advance ratio. More pronounced
pressure e ects of the propeller on the wing are observed for Con guration 2 than for Con guration 1. This
is a consequence of the higher e ective advance ratio in Con guration 1, since the wing-induced velocities
were higher at 35% chord than at the main element’s trailing edge (see Figure 6°). In both cases, the
pressure distributions were nearly symmetric with respect to y=Dp = 0. However, in the experimental results
of Con guration 1 (Figures 9a and 9b), a secondary pressure increase can be seen on the suction side at
Xp=C = 0:9. This e ect was also present in the numerical simulations, though less pronounced, and is caused
by a variation in slipstream-vortex strength near the wing due to the non-uniform propeller loading. On the
pressure side, meanwhile, the only clearly-de ned pattern is a minor increase in pressure coe cient near the

ap slot, due to the increased pressure behind the propeller disk which is propagated through the slot. This
e ect is absent in the numerical model, which did not include the slot.

®The isolated-wing pressure distributions give an indicationﬁf the local velocity magnitude. For steady, incompressible,
inviscid ow the local ow velocity can be expressedasV =Vg 1 Cp.
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Comparing Figures 9a and 9b to 9c and 9d shows that the e ect of the propeller on the wing was captured
correctly by the numerical model. However, the simpli cation of steady non-uniform loading caused the
numerical tool to underestimate and overestimate propeller-induced pressure changes in Con guration 1 and
2, respectively. Furthermore, in Con guration 1 the region of increased pressure directly behind the propeller
was predicted too far aft.

The ndings of Johnson and White,® who stated that an OTW propeller had no e ect on viscous drag, was
further assessed by analyzing the IR images. These showed that, for the aft-mounted position (Con guration
2), the boundary-layer transition location was not noticeably a ected by the propeller. For Con guration
1, on the other hand, local changes in transition location were observed. These observations are shown in
Figure 10. In the propeller-o case of Con guration 1 (Figure 10a), the transition location moved aft due
to the favorable pressure gradient generated by the nacelle. However, with the propeller operating ahead
of the transition line (Figure 10), the transition location moved forward. There are two reasons for this.
Firstly, an adverse pressure gradient is generated in the vicinity of the propeller disk, as visible in Figure
9. Secondly, the interaction between the tip vortices and the boundary layer introduces instabilities in the

ow.® Additional studies are required to quantify the relative impact of these e ects, but in any case the IR
images indicate that the propeller only has an impact on friction drag if it is installed close to or ahead of the

transition location.
Leadingedge
A Trailing edge

ﬁ, +—— Nacelle
\ Propeller disk
\ Transitionline
a) Configuration 1, Prop off b) Configuration 1, J = 0.7 c) Configuration 2,J = 0.7

Figure 10. Infrared images showing the e ect of the propeller on boundary layer transition.

By integrating the pressure distributions, wing lift and pressure drag were obtained. Note that
for the computation of these coe cients the reference area considered spans one propeller diameter,
that is, forces are evaluated over an area of S = ¢ Dp, and not over the entire wing. For refer-
ence, Table 2 presents the isolated wing and propeller-o lift and drag coe cients. Propeller-o pres-
sure measurements di ered appreciably from those in Figure 6 due to the blockage e ect of the na-
celle and support sting, and showed that upstream of the nacelle the static pressure was increased,
whereas it decreased directly beneath the nacelle. This generally led to additional pressure drag in all
con gurations, given that the nacelle was situated above the rearwards-facing part of the wing surface.
For nacelle positions near the trailing edge (Con gu-
rations 2 and 4-6), most of the wing was ahead of the Table 2. Propeller-o and isolated wing lift and drag coef-

- - cients for cruise con gurations.
nacelle, leading to increased pressures and, accord-

ingly, decreased lift. In the numerical simulations, Experimental Numerical
these e ects were also observed, but less pronounced, Con guration C_ Cp, CL Cp,
due to the absence of the support sting. Further- Isolated wing  0.47 0.006 050 0.007

more, Table 2 shows that the numerical simulation

overestimates both isolated-wing lift and pressure 1 (propellero ) 0.47 0.013 0.51 0011
drag, since it omits of the decambering e ect of the _2 (propellero ) 0.44  0.008  0.50 0.008
boundary layer.

As discussed earlier, the primary interest of this study lies in the e ect of the propeller, and not of the
installation elements. Accordingly, Figure 11 shows the lift and drag coe cients as a di erence between
propeller-o and propeller-on conditions. Evidently, wing lift increased with decreasing advance ratio
(increased thrust). This can be attributed to the region of low pressure generated in front of the propeller,
which became stronger with increasing propeller thrust. In Con guration 1 the wind tunnel measurements
at J = 0:9 present a lower lift coe cient than with the propeller o , due to local windmilling of the blades
close to the wing surface. This was re ected in wing pressure distributions, which in these cases presented
increased pressure ahead of the propeller disk, contrary to the behavior observed in Figure 9.
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Figure 11. Wing lift and pressure drag increase with respect to propeller-o conditions as a function of advance ratio.

Regarding the pressure drag of the wing, Figure 11 shows that it decreased with decreasing advance ratio
for Con guration 1. This is due to increased suction ahead of the thickest point of the wing. In Con guration
2, it appears the pressure variations upstream and downstream of the thickest point scaled equally with
advance ratio, leading to an approximately constant pressure drag.

The numerical tool presents good qualitative agreement in both con gurations. However, it overestimates
the lift in Con guration 2, as a consequence of overestimating the pressure di erences on the wing surface
discussed in Figure 9. This is contrary to the method of Cooper et al.,'® which heavily underestimates the
e ect of the propeller on wing performance. Additionally, in Con guration 1, the di erences in lift and
pressure drag between the experimental and numerical results decrease with increasing advance ratio. This is
caused by the overestimation of blade loading by the BEM at high advance ratios (see Figure 8).

IV.A.2. E ect of wing on propeller performance

The total-pressure distributions in the propeller disk plane and wake plane, obtained from the numerical
model and experimental setup respectively, are shown in Figure 12. By comparing Figures 12a and 12c to
12b and 12d, it can be observed how the highly-loaded region in the wake plane has turned in clockwise
direction due to the propeller-induced swirl, increasing in magnitude and concentrating over a smaller region
due to contraction. In the wake plane (Figures 12b and 12d), the decreased total pressure in the wake of
the support sting, nacelle and wing can be clearly distinguished. Furthermore, the propeller slipstream is
deformed and displaced in vertical direction due to the downwash of the wing.
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Figure 12. Disk (numerical) and wake plane (experimental) total pressures at advance ratio J = 0:7. Dashed and
dotted lines in the wake plane indicate projections of propeller disk and wing trailing edge, respectively.

Two important e ects are observed in Figure 12. Firstly, less thrust was generated than in the isolated-
propeller case in both cruise con gurations, due to increased velocities above the wing. This was con rmed
by comparing the total pressure distributions in Figures 12a and 12c to the isolated propeller values in
Figure 8. The thrust reduction was more pronounced in Con guration 1, since on the forward part of the
airfoil the velocity increase generated by the wing was higher, and thus the e ective advance ratio of the
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propeller was increased more than in Con guration 2. Secondly, the non-uniform in ow conditions led to
azimuthal loading variations in both con gurations. In Con guration 1, the strong vertical velocity gradient
above the wing was the main source of non-uniform disk loading. This led to a low disk loading near the
wing, where in ow velocities were highest. In Con guration 2, however, the wing-induced velocities had a
negative z-component at the location of the propeller disk, generating the highest loads on the upward-going
blade, which experiences a higher angle of attack. From this it can be concluded that, while the e ect of the
propeller on the wing pressure distribution is symmetric with respect to y=Dp = 0, the e ect of the wing on
propeller loading is symmetric in Con guration 1, but asymmetric in Con guration 2.

IVV.B. Performance in high-lift conditions

In this section, the results are presented for high-lift conditions. These conditions are representative of the
climb segment, when the ap is de ected (C_.  1:6) and wing lift should be maximized. Although the
numerical model does not provide accurate results in case of ap de ection (see Section I11), the experimental
results are brie y discussed to demonstrate the potential of OTW propellers, and to establish the need for
improved methods capable of evaluating OTW systems in high-lift conditions.

IV.B.1. E ect of propeller on wing performance

The pressure-coe cient distributions on the wing, C,, are presented in Figure 13 for high-lift Con gurations
3 to 6 at advance ratio J = 0:7. Again, wing pressures were decreased and increased in front of and behind
the propeller respectively, except in Con guration 3. In this con guration, the e ective advance ratio was
exceptionally high and, accordingly, propeller e ects on the wing were weak. When the propeller was inclined
at 23 (Con guration 5), the suction on the main element was decreased, while the pressure on the ap was
increased. The pressure variations became even more prominent in Con guration 6, due to an improved
alignment between the propeller axis and the local ow direction and reduced distance between the ap
surface and the propeller.

Figure 13. Pressure distributions on the wing with the ap de ected, obtained from the wind-tunnel experiments at
J = 0:7. Dashed lines indicate projection of propeller disk onto the wing surface. Note that the contour levels di er
from those in Figure 9.
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Strips of increased pressure can be observed in Figure 13 on the suction side at x=c = 0:3 for all
con gurations. IR images revealed that this location corresponded to the chordwise location of boundary-layer
transition. Since the transition location was upstream of the propeller for all high-lift con gurations, no
appreciable changes in transition location were observed. However, a pressure tap was located exactly beneath
the transition location, causing a slight movement to show up very prominently.

Analogously to the previous section, Table 3 contains the isolated wing and propeller-o lift and drag
coe cients, for reference. Figure 14 shows the lift and drag coe cients as a di erence between propeller-on
and propeller-o measurements. Figure 14a indicates an
increase in lift with decreasing advance ratio, comparable Table 3. Propeller-o and isolated wing lift and drag

. . . coe cients for high-lift con gurations.
to the e ect seen for cruise con gurations. From Figure

14 it is evident that at high advance ratios, the propeller Experimental
was operating in windmilling conditions close to the wing Con guration C_ Cp,
surface, leading to decreased lift and increased pressure Isolated wing 1.63 0.020

drag. This e ect was con rmed with the wake-plane
pressure distributions (see Section 1VV.B.2), and was more 3 (propellero ) 1.64 0.032
pronounced in Con guration 3 due to the large in ow 4 (propellero ) 1.61  0.026
velocities perceived by the propeller towards the leading 5 (propellero ) 1.60  0.025
edge of the wing. Again, as the advance ratio decreased, 6 (propellero ) 1.60 0.023
the pressure drag did as well, due to the increased suction

in front of the wing location with maximum thickness.

Figure 14. Wing lift and pressure drag increase with respect to propeller-o conditions in high-lift con gurations, as
a function of advance ratio.

IV.B.2. E ect of wing on propeller performance

Results of the total pressure measurements in the wake plane for the climb con gurations are shown in
Figure 15 at J = 0:7. Additional wake-plane results showed that, in for example Con guration 3, J = 0:8, the
total pressure coe cients in the slipstream were lower than in the freestream, indicating that the propeller
was extracting energy from the ow over the complete disk. This implies that in Con guration 3 the propeller
was windmilling for advance ratios above 0.8, even though the isolated propeller generated thrust up till
J =1 (see Figure 8). This explains the lift decrease observed in Figure 14. Since ow velocities above the
wing decrease as the distance to the wing surface increases, in some cases only the bottom fraction of the
propeller was windmilling, while the top part, which had a lower e ective advance ratio, was generating
thrust, as re ected in Figure 15a. For the same reason, when comparing Figures 12c, 15a and 15b, it can
be seen that the thrust was reduced more in Con guration 3 than in Con gurations 1 and 4, since the ow
velocities above the wing were higher with the ap de ected and at 35% instead of 85% chord-length.

In Figure 15¢ (Con guration 4), the up-going blade presents higher loading than the down-going blade.
This is due to the downward-oriented wing-induced velocities, which follow the local inclination of the airfoil
surface. If, on the other hand, the propeller is de ected 23 (Con gurations 5 and 6), the angle of attack
perceived by the blades is highest on the down-going side. In both Con gurations 5 and 6, the slipstream
presents a large vertical displacement due to the inclination of the propeller, and penetrates the wing wake.
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The total pressure values are higher in Con guration 6 than in Con guration 5, since the propeller is ingesting
lower-velocity ow. The fact that Con gurations 5 and 6 present higher momentum in the slipstream when
compared to Con guration 4 indicates that de ecting the propeller together with the ap can lead to increased
propeller performance in high-lift conditions.

Figure 15. Total-pressure distributions in the wake plane, obtained from the wind-tunnel experiment at J = 0:7. Dashed
and dotted lines indicate projections of propeller disk and wing trailing edge, respectively, onto the measurement plane.

IV.C. Sensitivity analysis: e ect of propeller axial location and diameter

This section demonstrates the applicability of the tool by evaluating the impact of the axial position and size
of the propeller. Since Section IVV.A.2 has shown that the e ective advance ratio | and thus, thrust ] varies
strongly depending on the con guration, a comparison was performed at constant thrust instead of constant
advance ratio. Furthermore, for engineering applications, it is more bene cial to compare wing drag and
propeller e ciency at constant lift, instead of constant angle of attack.

Figure 16 presents the lift coe cient, pressure drag coe cient, and propeller e ciency versus propeller axial
position for four di erent thrust coe cient (T = ﬁ) values. The lift and pressure drag coe cients
are presented as an increase with respect to propeller-o conditions, while the propeller e ciency is expressed
as an increase relative to the isolated propeller e ciency iso. The drag coe cient and propeller e ciency
changes are presented at a constant lift, C,. = 0:5. Note that the analysis is limited to axial positions aft of
Xp=C = 0:2, since ahead of this location, the slipstream geometry intersects with the wing surface if the same
tip clearance is maintained.

Figure 16. E ect of the axial position of the propeller on the (a) lift increase, (b) pressure drag increase, and (c)
propulsive e ciency increase, with respect to propeller-o conditions. The three parameters are evaluated at four
constant thrust settings, and (b) and (c) at constant lift (C. = 0:5).
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Regarding the axial position of the propeller, several important trends can be distinguished. Firstly, lift is
increased further as the propeller moves aft, due to a larger wing area experiencing the increased suction
ahead of the propeller, as explained in Section IV.A.1. At a high thrust setting (T = 0:32), the lift coe cient
isincreased byupto C_  0:3. The e ect on pressure drag, on the other hand, is strongly dependent on the
axial position of the propeller. At all thrust settings, pressure drag decreases for propeller positions forward of
Xp=c = 0:8, while increasing aft of this position. These trends agree with both the results of the experimental
campaign and the ndings of Cooper et al.,*® but not entirely with those of Veldhuis,*®> who found a maximum
lift increase near the mid-chord. The T = 0:32 curve attains a minimum value of Cp, = 0:02 near the
point of maximum thickness, xp=c = 0:3, as expected from earlier studies.® 1318 Surprisingly, at xp=c  0:9
the pressure drag coe cient increase is nearly independent of thrust. This indicates that, at this location,
the overall pressure changes on the forward-facing and backward-facing surfaces of the airfoil scale equally
with thrust. Finally, the propeller e ciency is lowest near the locations of lowest wing drag, since here the

ow velocities above the wing are highest. At xp = 0:3, propeller e ciency is decreased by 21% at T = 0:32.
As the propeller moves toward the trailing edge, wing-induced velocities decrease, and the e ciency penalty
is reduced to approximately 1% at the trailing edge. This illustrates that the optimal propeller position in an
over-the-wing con guration is most importantly a trade-o of wing lift and propeller e ciency versus wing
drag. A propeller position near the wing trailing edge is recommended, since there the lift increase is highest,
while drag and propulsive e ciency penalties are limited.

For distributed-propulsion applications, it is important to analyze the e ect of propeller diameter, which
can di er considerably depending on the number of propulsors selected. This parameter is di cult to vary
experimentally, whereas it is easily changed in the numerical model. To this end, Figure 17 presents C,,

Cp,, and = jso Versus the propeller diameter, expressed as a fraction of the wing chord. The diameter of
the nacelle was scaled linearly with propeller diameter. Based on the results of Figure 16, an axial position of
Xp=C = 0:95 was selected. The lower bound of the diameter interval was limited by the tip Mach number,
which increases considerably for smaller propellers if they have to produce large T values.

Figure 17. E ect of propeller diameter on (a) the wing lift increase, (b) wing pressure drag increase, and (c) propulsive
e ciency increase, with respect to propeller-o conditions. The three parameters are evaluated at xXp=c = 0:95 for four
constant thrust settings, and (b) and (c) at constant lift (C. = 0:5).

Figure 17 shows that, within the interval studied, the propeller diameter has less e ect on the three
parameters than the axial position of the propeller. Nonetheless, it can be seen that wing lift and propeller
e ciency are increased as the propeller diameter is reduced, while pressure drag is practically unchanged. This
is bene cial from the perspective of distributed-propulsion systems if the number of propellers is increased
while maintaining the same total thrust, disk area, and advance ratio. In this case, the isolated propeller
e ciency remains constant, and the installed propeller e ciency is increased as its diameter is reduced. Note
that the previous conclusion is valid speci cally for the axial position considered in Figure 17, xp=c = 0:95.
Close to the trailing edge, the velocity gradient at the propeller disk is relatively small, and the in ow angle
has a positive e ect on propeller e ciency.®° If the propeller were positioned at, for example, xp=c = 0:35,
the propulsive e ciency would likely decrease as the propeller diameter is reduced, due to the higher in ow
velocities closer to the wing. The propeller diameter is also expected to have a larger impact on pressure
drag if the propeller is positioned at a di erent axial location, where the drag changes are higher.
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V. Conclusions

The aerodynamic interaction e ects and performance of OTW propeller systems have been evaluated in a
two-step approach. Experimental results con rm that the propeller decreases the pressure on the wing surface
upstream of the propeller disk, while decreasing the pressure behind it. The opposite happens when the
propeller is windmilling close to the wing surface, due to the increased ow velocities above the wing. Results
indicate that the propeller design must di er signi cantly from the design of a tractor propeller in order to
allow an e cient propeller operation. Promising results have been obtained for a propeller located at 85% of
the wing chord. Although for this position the pressure drag is increased by approximately 2 counts with
respect to an isolated wing when the ap is retracted, wing lift is improved by 8%. In high-lift conditions
( ap de ected), wing lift increased by 3% and the pressure drag is reduced by 3 counts. These values are
conservative, since the bene ts in terms of wing lift and pressure drag were found to increase with decreasing
advance ratio. Moreover, an increase in e ective lift can be obtained by de ecting the propeller together with
the ap, leading to improved propeller performance when compared to the same propeller without de ection.

A numerical tool has been developed, which provides a good estimation of OTW system performance in
cruise conditions, although it underestimates the propeller loading for mid-wing positions. Besides supporting
the conclusions drawn during the wind tunnel campaign and giving more insight into the experimental results,
the tool allows rapid design-space explorations of over-the-wing propeller con gurations. Results indicate
that the optimal axial location for an OTW propeller is near the wing trailing edge, where it increases lift
the most, with moderate increases and decreases in pressure drag and propulsive e ciency, respectively. At
this axial location, wing lift and propeller e ciency increase as the diameter of the propeller is decreased,
which is bene cial for distributed-propulsion applications.

Based on the ndings of this study, future research on OTW propellers will focus on the aerodynamic
performance of such systems in high-lift conditions, as well as on the performance of propellers subjected
to non-uniform in ow conditions. Additionally, a the numerical model will be adapted to incorporate
boundary-layer e ects, and elaborated to include the e ect of multiple propellers. The resulting method will
be invaluable in the conceptual design phase of radical aircraft concepts featuring over-the-wing distributed
propulsion.
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