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Numerical Investigation of Propeller–Flap Interaction in
Inclined Over-the-Wing Distributed-Propulsion Systems

Sören Bölk∗, Reynard de Vries †, Nando van Arnhem ‡, and Leo L. M. Veldhuis §

Delft University of Technology, Delft, 2629 HS, The Netherlands

In this study, unsteady RANS simulations are performed to investigate the effect of over-
the-wing (OTW) propeller inclination on the aerodynamic interaction with a wing featuring a
plain flap. A comparison to experimental data shows that the numerical approach is capable
of modeling the wing and propeller separately and can capture the effect of the wing on the
propeller in theOTWconfiguration, but under-predicts propeller-induced flow separation over
the flap. The results show that, if the propeller is installed over the flap hinge and aligned with
the freestream velocity (baseline configuration), the slipstream and blade tip-vortices generate
additional adverse pressure gradients on the wing surface, leading to a local increase in flow
separation downstream. However, if the propeller is tilted and aligned with the flap surface
(inclined configuration), the slipstream increases the momentum in the boundary layer and
the flow remains attached. The propeller alters the pressure distribution of the wing such
that higher lift is generated in the baseline case, while a larger drag reduction is achieved
in the inclined case. However, combined with the thrust vector of the propeller, the baseline
configuration is found to have the largest combined axial force in thrust direction, while the
inclined configuration presents the highest effective lift. These results indicate that inclining
the propeller can enhance the low-speed performance of OTW distributed-propulsion systems.

Nomenclature
1 = wingspan [m]
2 = chord [m]
23 = sectional drag coefficient 3/(@∞2) [-]
�� = drag coefficient �/(@∞21) [-]
2; = sectional lift coefficient ;/(@∞2) [-]
�! = lift coefficient !/(@∞21) [-]
�? = pressure coefficient (? − ?∞)/@∞ [-]
�% = power coefficient %s/(d∞=3�5

p) [-]
�& = torque coefficient &/(d∞=2�5

p) [-]
�) = thrust coefficient )/(d∞=2�4

p) [-]
� ′
)

= thrust coefficient distribution 3�) /3 (A/') [-]
�l = vorticity coefficient l/(2Ω) [-]
3 = sectional drag [N/m] or

distance from wall [m]
� = drag [N]
�p = propeller diameter [m]
� = force [N]
� = advance ratio +/(=�) [-]
: = turbulent kinetic energy [m2/s2]
; = sectional lift [N/m]

! = lift [N]
= = angular velocity [Hz]
# = normal force [N]
? = observed order of grid convergence [-] or

pressure [Pa]
%s = shaft power [W]
@∞ = free-stream dynamic pressure 0.5d∞+2

∞ [Pa]
& = torque [Nm]
A = radial coordinate [m]
' = propeller radius [m] or

resultant force [N]
'4 = Wing-chord-based Reynolds number [-]
) = thrust [N]
)̂2 = thrust coefficient )/((ref@∞) [-]
(ref = reference area 1.12�p [m2]
*,+,, = velocities in baseline coordinate system [m/s]
D, E, F = velocities in inclined coordinate system [m/s]
*b = discretization uncertainty of a quantity b [-]
*∞ = free-stream velocity [m/s]
G, H, I = Cartesian coordinates [m]
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H+ = non-dimensional wall-distance [-]
X99 = boundary-layer thickness [m]
Xf = flap deflection angle [deg]
Δ ( ) = difference between numerical and experi-

mental or propeller-on and propeller-off
Δ b = data range parameter [-]
Y = tip clearance [m]

n = discretization error [-]
f = standard deviation [-]
q = phase angle [deg]
l = vorticity [B−1] or

specific dissipation rate [B−1]
Ω = angular velocity [rad/s]

I. Introduction

Worldwide air travel is predicted to increase by 4.7% per year between the years 2008 and 2025 [1]. Due to this
increasing demand for air travel, and consequently jet fuel, new solutions need to be found to limit the ecological

impact of aviation while serving the demand for air travel by a population growing in size and wealth. With this in
mind, the National Aeronautics and Space Administration (NASA) [2] and the European Commission [3] defined
goals targeting emissions, noise, fuel burn, and take-off field length. In order to meet these challenging requirements,
new aircraft designs and new propulsion sources, such as Hybrid-Electric Propulsion (HEP) [4], are investigated,
which in turn enable advantageous propulsion-integration concepts like Distributed Propulsion (DP) [5, 6]. In these
configurations, the aerodynamic interaction effects between the propulsive devices and the airframe are exploited to
reduce the fuel consumption, emissions, noise, and take-off and landing distance of the aircraft [6–9].

An example of such propulsion-system configurations is the over-the-wing (OTW) distributed-propulsion concept
[10, 11]. Previous studies have shown that mounting a propeller above a wing can increase the lift-to-drag ratio of the
wing by increasing lift and reducing pressure drag [12, 13] in both high-lift [14] and cruise [15] conditions. Moreover,
compared to tractor propellers, OTW propellers overcome ground clearance limitations and have the potential to emit
less noise to the ground due to shielding by the wing [16]. Although OTW propellers have been studied in channel-wing
configurations since the early 1950s [17, 18], the recent developments in the field of distributed propulsion have led to
an increased interest in ducted OTW systems with reduced propeller diameter and an increased number of propulsors
[19–22]. In these configurations, the array of propulsors can be installed near the trailing edge and deflected with the
flap, further enhancing high-lift capabilities by means of thrust vectoring [10, 11, 19].

However, both numerical [23] and experimental [24] studies have shown that, in OTW systems, the interaction
between the propeller and the wing boundary-layer can lead to flow separation over the flap in high-lift conditions.
This detrimental effect cannot be accurately captured with steady RANS simulations [23] and is particularly important
to consider at low advance ratios and high-thrust settings [24], i.e., in take-off conditions. Moreover, it is unclear
how well unsteady simulations capture this effect, and whether the flow separation is effectively mitigated when the
propeller is inclined with the flap. Given the decisive impact of the system’s high-lift capabilities on the design of
distributed-propulsion aircraft [25], a fundamental understanding of the problem and how to model it is required before
detailed conclusions can be drawn regarding the overall performance of OTW DP systems.

The goal of this study is therefore to investigate the aerodynamic interaction between an inclined OTW propeller
and the wing flap using unsteady CFD analyses. A single, unducted propeller is simulated, to isolate the interaction
effects from additional interactions with ducts or adjacent propellers. Given the challenges associated to numerically
predicting flow separation in the presence of highly localized, unsteady, three-dimensional pressure gradients, a
simplified wing geometry with available validation data is used. The propeller and wing geometry are described along
with the computational setup in Sec. II. A step-by-step approach is then taken to identify the aerodynamic interaction
phenomena that affect flow separation. First, the simulations are performed with wind-tunnel walls and compared
to experimental data in the verification & validation section (Sec. III). The aerodynamic interaction phenomena are
subsequently described in Sec. IV for both baseline and inclined propeller configurations. Finally, Sec. V discusses how
the interaction effects influence the loading distributions on the propeller and wing, and how these are in turn related to
system performance.

II. Computational Setup
In the following sections, the computational set up will be explained, starting with the geometry of the wing and

propeller models (Sec. II.A). Then, the solver setup will be discussed in Sec. II.C. Subsequently, Sec. II.B presents the
computational domain and operating conditions. Finally, the propeller modeling technique is described in Section II.D.
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A. Geometry and Operating Conditions
For validation purposes, the wing and propeller geometry of the experimental study described in Ref. [24] is used.

The wing has a chord of 2 = 1.042 m and features a flat upper surface, on which a pressure gradient can be generated by
deflecting a plain flap of 20% chord. The main dimensions of the wing profile and propeller are given in Fig. 1. Details
of the geometry can be found in Ref. [24].

Z

X δ99ε

R
V∞

Propeller rotation axis

BL
edge

Z

Y ϕ

Z

X
56

2R = 203.2

c = 1042

100

820

11
0

20o

20
o

a) Baseline configuration, side view b) Baseline, side view (close-up)

d) Baseline, front view (close-up)c) Inclined configuration, side view

Fig. 1 Wing and propeller geometry. The dimensions are in mm.

The propeller is positioned above the flap hinge at G/2 = 0.79. This location is chosen based on previous studies,
which show that mounting the propeller close to the trailing edge represents a good compromise between lift gain, drag
reduction, and propulsive efficiency loss [19]. The propeller features six blades with a diameter of 0.2032 m (�p/2 =
0.2) and a blade pitch of 45◦ at 70% of the blade radius. The detailed geometry of a propeller blade, including the chord
and blade pitch-angle distribution, can be found in Ref. [26].

The inclined OTW propeller position is derived from the baseline configuration by rotating the propeller around the
flap hinge by the flap-deflection angle, Xf = 20◦, as shown in Fig. 1c. Consequently, the inclined propeller is positioned
behind the flap curvature, closer to the trailing edge than the baseline propeller, and the axis of the inclined propeller is
parallel to the suction side of the flap. This configuration would be obtained if the propeller were physically attached
to the flap mechanism. The gap between the propeller tips and the wing surface, Y, is 7.5 mm (Y/' = 0.0738) in
both configurations. This corresponds to approximately 50% of the boundary-layer thickness that would be obtained
without propeller or flap deflection at the baseline propeller location, as determined in Ref. [24]. The definition of the
boundary-layer thickness, X99, is based on the total pressure that is associated with 99% free-stream velocity.

The simulations are performed at a free-stream velocity of *∞ = 20 m/s, since validation data is available for
this velocity magnitude. This corresponds to a Reynolds number based on the wing-chord of '4 = 1.4 · 106. A flap
deflection angle of 20 degrees is selected, at which preliminary simulations of the isolated wing show that the flow stays
attached over the curvature of the flap on the suction side but starts to separate at G/2 = 0.86. The rotational speed of
the propeller is kept constant at n = 87 Hz, which corresponds to an advance ratio of � = 1.13. At this advance ratio, the
propeller is operating at high thrust in uninstalled conditions (�) = 0.35), being representative of a typical take-off
thrust setting.

B. Computational Domain
The computational domain of the isolated propeller simulations is shown in Fig. 2a. Throughout this paper, the

working fluid is air and is treated as a compressible, ideal, gas, where Sutherland’s Law is used to calculate the dynamic
viscosity. The walls of the propeller blade, spinner, and nacelle are modeled as no-slip walls with a first layer height
below H+ = 1. The total gauge pressure and total temperature are specified at the inlet whereas, at the outlet, the pressure
is prescribed to be the ambient, standard, sea-level pressure. Values for the turbulence quantities : and l are chosen
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based on the recommendations by Spalart and Rumsey [27], and source terms are used in the flow to prevent their decay
from the inlet to the model. Only one blade with periodic boundary conditions is modeled in the domain to reduce the
required calculation time. At the top boundary, a pressure far-field condition is used with a prescribed Mach number,
static pressure, and static temperature corresponding with the inlet condition. The mesh is locally refined in areas close
to the propeller geometry, as well as upstream and downstream of the propeller, as shown in Fig. 2b.

Periodic 

boundary 

conditions

Pressure

inlet

Far-field pressure

conditions

Pressure

outlet

60°

(a) Boundary conditions of the computational domain.

1.85R

(b) Close-up view of the refined grid around the
propeller geometry.

Fig. 2 Computational domain of the isolated propeller.

The dimensions of the isolated wing and its domain are identical to the ones of the installed OTW simulations,
except for the volume where the propeller mesh is added with the overset technique. Therefore, only the domain of the
OTW configuration is shown in Fig. 3. The comparison of the numerical to the experimental results is done for the
baseline configuration with wind tunnel walls, shown in Figs. 3a and 3b, where the cross-section in Fig. 3a has the
same dimensions as the test-section used in Ref. [24]. The domain extends approximately three chords upstream and

Free shear

No-slip

7.8 R

6.1 R

1.8 m

1.25 m

45°

(a) Front view (with walls)

Pressure inlet Pressure outlet

3.2 c 5.4 c

(b) Side view (with walls)

Pressure 

far-field

Pressure 

far-field

Symmetry

conditions 10 c

10 c

(c) Front view (without walls)

Fig. 3 Computational domain of the configurations with wind tunnel walls, (a) and (b), as well as without (c).

4

D
ow

nl
oa

de
d 

by
 T

U
 D

E
L

FT
 o

n 
Ja

nu
ar

y 
26

, 2
02

1 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/6
.2

02
1-

06
03

 



five chords downstream of the wing. For the comparison to experimental data (Sec. III.C), the sidewalls of the wind
tunnel that intersect with the wing model are modeled as a no-slip boundary condition to account for the interaction of
the wing with the wind-tunnel boundary-layer. To reduce the computational effort, however, a wall-function approach is
used at these sidewalls, contrary to the resolved boundary-layer with H+ < 1 on the wing. All other walls of the wind
tunnel are set as free-slip walls. In the remaining studies (Secs. IV and V), the influence of the wind tunnel walls is
removed by changing the sidewalls to symmetry boundary conditions and extending the top and bottom of the domain
with far-field pressure boundary conditions ten chord lengths away, as shown in Fig. 3c. The length and width of the
domain is not changed, and all other solver settings are kept constant, compared to the domain with wind tunnel walls.

C. Solver Setup
The simulations are performed as unsteady, compressible, Reynolds-Averaged Navier–Stokes (RANS) calculations

with the commercial, cell-centered, finite volume ANSYS Fluent 19.1 solver. Unsteady RANS simulations are chosen
based on the findings in Ref. [23] and to avoid computational costs of, for instance, LES or DES that are not always
justified [28–30]. To improve the accuracy of predicting flows with a strong adverse pressure gradient, the :-l based
Explicit Algebraic Reynolds Stress Model (EARSM) by Wallin and Johansson [31] is used to model turbulence.
Reference [31] claims that the proposed model is numerically robust and only negligibly increases the computational
costs compared to two-equation eddy viscosity models by explicitly relating the Reynolds Stresses to the mean flow field.
At the same time, the model is supposed to predict effects of rotation, and the separation behavior of boundary-layers in
adverse pressure gradients, better than two-equation models due to a more realistic representation of the anisotropy in
the flow. The pressure and momentum coupling algorithm by Rhie-Chow [32] is used, where spatial discretization is
achieved by second-order upwind schemes and a first-order implicit transient formulation is employed.

The unsteady calculations of the installed configurations are performed with a time-step that is equal to two degrees
of propeller rotation, with 30 inner iterations. The isolated wing and propeller simulations, however, are performed as
steady simulations with a Courant-Friedrichs-Lewy (CFL) condition of CFL = 2. A moving reference-frame approach
is used for the isolated propeller calculation, where only one blade is simulated using periodic boundary conditions. A
preliminary investigation, not shown here, confirmed that the steady-state approach did not appreciably affect the wing
lift or propeller thrust in isolated conditions compared to the unsteady simulations of these isolated conditions.

D. Overset Grid
In OTW systems, the propeller and wing operate in close proximity. Since the boundary layer needs to be modeled

on both components for both the baseline and the inclined configuration, a sliding mesh approach was considered
unfeasible because of the strict requirement of an exact match in mesh size, which would result in an excessive number
of cells. Instead, an overset approach was selected for two reasons: firstly, to reduce the number of cells required and,
secondly, to be able to simulate the two configurations without having to completely redefine the mesh. In general, an
overset grid consists of a background grid and at least one component grid that is inserted into the background with an
overlap. In the overlapping area, the solution is either obtained by calculating it or interpolating the results from other
overlapping, solved, cells. Due to the interpolation at the boundaries of the component meshes, conservation is not
easily enforced [33]. Therefore, it is important that the overlapping cells of the background mesh and the component
meshes have a similar size and the zones overlap sufficiently [34].

(a) Wing (b) Propeller (c) Wing + propeller

Fig. 4 Overset mesh assembly of the baseline configuration.
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The overset mesh used in this paper features a structured wing mesh that serves as the background (Fig. 4a) and a
separate propeller mesh (Fig. 4b) that is inserted into the background mesh. On the inside, the propeller mesh is the
same unstructured mesh as in Fig. 2b for consistency. Towards the outside of the mesh, however, a structured grid is
used for a sufficient overlap and transition to the structured wing mesh. The resulting OTW configuration is depicted in
Fig. 4c. The overlap is minimized on cells of similar volume where the propeller mesh has a higher grid priority to
enforce a constant position of the overset interface when the propeller rotates. Throughout the simulation, the wing
mesh remains fixed while the propeller mesh rotates. Hence, in each time step, the connectivity between the two grids is
re-established.

III. Uncertainty Quantification and Validation
This section discusses the numerical uncertainty due to the discretization error and presents the model errors by

evaluating the influence of the overset interface and by comparing the numerical results to experimental ones. First, a
grid convergence study of the isolated 2D wing and 3D propeller is performed in Sec. III.A to quantify the discretization
error. Then, the influence of the overset interface is analyzed in Sec. III.B by performing simulations with an overset
mesh excluding the propeller. Finally, Sec. III.C compares the numerical results of the isolated wing and propeller, as
well as the baseline OTW configuration to experimental results.

A. Grid convergence study
The convergence history of the steady simulations of the wing geometry was such that the residuals dropped at least

five orders of magnitude and the change in lift and drag over the last 100 iterations was less than 0.001%. Analogously,
the isolated propeller simulations were run until the iterative error of the thrust and torque coefficients over the last 100
iterations was less than 0.001% and the residuals dropped at least five orders of magnitude. Therefore, the iterative error
is relatively small, when compared to the discretization error. The discretization errors for the wing and propeller were
estimated with four systematically refined grids by using a grid refinement ratio of 1.3. For each of the meshes, the
first-layer height and number of layers in inflation layers were kept constant. The grids are denoted ℎ1 to ℎ4, where ℎ1 is
the finest one, as shown in Table 1. The wing and propeller are considered separately, to save computing time and to
ensure that the forces of the individual components are captured accurately, before combining them.

The discretization error is determined by using the procedure by Eça and Hoekstra [35]. The discretization error n ,
is calculated by a power series expansion as n = Uℎ?

8
where U is a constant to be determined, ℎ8 is the representative

grid cell size, and ? is the observed order of grid convergence. The lift and drag values appear to diverge as the grid is
refined, as shown in Figs. 5a and 5b. However, the resulting fits with the observed order converges towards finer grids
and results in a low standard deviation f, as shown in Table 2 for grid 3. Moreover, the observed order of convergence
is very close to the theoretical order of two for both lift and drag. Although the observed order of convergence for
drag is larger than two, it is within the range 0.5 ≤ ? < 2.1. Therefore, it is considered as acceptable for monotonic
convergence. The uncertainty in the numerical results indicated by the errorbars in Figures 5a and 5b is then estimated
for a general quantity b as:

*b =

{
1.25 · nb + f + |b8 − bfit |, for f < Δ b

3 f
Δ b
(nb + f + |b8 − bfit |), for f ≥ Δ b

(1)

where Δ b is a data range parameter defined in Ref. [35]. The resulting uncertainty estimation has a confidence level
of 95%. For grid 3, the relative discretization error and uncertainty in lift and drag from Table 2 are relatively large.
However, this is due to the low absolute lift and drag coefficients of the airfoil used in this paper. Figures 5a and 5b
show that the absolute values of all four grids are already very close to each other and the accuracy is only marginally
improved with a finer mesh. Furthermore, Fig. 5c shows that the velocity profile at the propeller location deviates
hardly between grid 3 and grid 1. Therefore, grid 3 is selected for the wing.

Figures 6a and 6b show that both the thrust and torque coefficients of the isolated propeller converged with an
observed order in the acceptable range. The thrust distribution in Fig. 6c shows no clear trend with grid refinement.
Figure 7a, however, shows that at a distance to the propeller tip equal to the tip clearance used in the OTW configuration,
only grid 4 results in considerably weaker velocity fluctuations, caused by the blade tip vortices, compared to the finer
grids. This is attributed to an inaccurate capture of flow gradients, close to the blade tip vortices, with the refinement
level of grid 4. Moreover, the total pressure in the slipstream varies with mesh refinement only in the region of the
blade tip vortex, as is shown by the radial total pressure distributions in Fig. 7b. Only above A/' = 0.8 differences
in total pressure can be found in the form of a stronger total pressure gradient for the finer grids, due to reduced
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numerical diffusion. Therefore, the propeller grid 3 is used to keep the number of cells acceptable. This corresponds to
a discretization error and uncertainty of the thrust and drag coefficients of the order of 1%, as listed in Table 2.

Table 1 Grids of the refinement study.

Grid
Wing Propeller

ℎ8/ℎ1 Cells ℎ8/ℎ1 Cells
Grid 1 1 208,212 1 14,463,300
Grid 2 1.27 128,342 1.25 7,346,487
Grid 3 1.62 79,404 1.55 3,909,325
Grid 4 2.04 50,224 1.87 2,192,981

Table 2 Results of the mesh refine-
ment study for grid 3.

Parameter
Wing Propeller

2; 23 �) �&

? 1.98 2.05 1.72 1.98
n [%] -2.4 4.2 0.9 -0.5
f [%] 0.28 0.44 0.04 0.07
*b [%] 4.0 6.1 1.1 0.8
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Fig. 5 Results of mesh refinement study of the two-dimensional wing section.
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Fig. 6 Mesh refinement study for the isolated propeller.
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Fig. 7 Axial velocity and total-pressure profiles in the isolated propeller slipstream, extracted from (a) an axial
survey line (r/X = 1.0738) and (b) a radial survey line passing through the tip vortex (x/X = 1), respectively.

B. Influence of the overset interface
The overset interface is in close proximity with the wing’s boundary-layer. The associated interpolation that is

required between the stationary and rotating mesh may affect the boundary-layer profile, and therefore the interaction
with the propeller tip. To determine the error of the overset implementation on the lift and drag of the wing, as well
as on the boundary-layer at the propeller location, simulations were run with the wing and an "empty" overset mesh,
i.e. excluding the propeller geometry. In this manner, the effect of the overset interface can be isolated by comparing
the results to the ones of the wing without an overset mesh. The volumes of the overlapping cells are defined such
that the overset interface is created approximately in the middle of the theoretical tip gap, following a cell-size based
overlap minimization technique. The overset interface results in a local kink in the boundary-layer profile at a distance
of approximately 3/2 = 0.002 to the wing-surface, as shown in Fig. 8a. At this location, the mesh of the wing and the
propeller are merged and interpolation errors may arise in the flow gradients across the interface. Hence, close to the
wing surface, the overset interface can cause an increase in wall shear due to an increased vertical velocity gradient.
However, this has a negligible influence on the boundary-layer thickness X99 indicated by the dots in Fig. 8a, which
increases by less than 2%.
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Fig. 8 Influence of the overset interface on the boundary-layer profile and pressure distribution of the wing at
the propeller location (x/c = 0.79).

The presence of the overset boundary also slightly affects the pressure distribution on the suction side of the wing, as
shown in Fig. 8b. The overset boundary causes a more negative suction peak, leading to a small change in local lift of
Δ�; = +0.01. The influence on drag coefficient, however, is even smaller, shown to be Δ�3 = +0.0001. This is because
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the increased velocity gradient at the wing surface leads to a slight delay in flow separation, such that the drag due to
additional skin friction is compensated for by a reduction in pressure drag. It is therefore concluded that the influence on
integral values are small. However, the observed irregularities in the boundary-layer profile should be taken into account
when analyzing the interaction between the propeller and the wing’s boundary-layer in the propeller-on configuration.

C. Comparison to experimental results
In order to gain further confidence in the numerical setup, the results of the isolated wing, propeller, and installed

baseline configuration are compared with experimental results obtained in Refs. [24, 26]. In particular, the capability of
the unsteady RANS simulations to capture propeller-induced flow separation on the flap will be assessed.

An important region for the propeller–wing interaction is the flowfield in the vicinity of the flap. Therefore, the
measured flowfield at the flap (Fig 9a) is compared with the computed flowfield (Fig. 9b), for the propeller-off case.
No significant difference between the experimental and numerical results can be found, indicating that the numerical
approach is capable of predicting the flow field over the flap of the isolated wing with reasonable accuracy. This is
confirmed by the comparison of the pressure distributions for the propeller-off case in Fig. 10a. The experimental
results, however, exhibit a slightly lower axial velocity compared to the numerical results, despite a more downstream
onset of flow separation, indicated by the contour-line of zero velocity in Fig. 9.
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(d) Numerical, propeller on.

Fig. 9 Comparison between the time-averaged PIV measurement [24] and the time-averaged CFD RANS
results for the axial velocity distribution over the flap.
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Adding the propeller results in a stronger adverse pressure gradient at the propeller location that decreases the
momentum in the boundary-layer over the flap and ultimately leads to earlier flow reversal than in the propeller-off case
[24]. This effect of the propeller on flow separation, however, is more pronounced in the experimental results (Fig. 9c)
than in the numerical ones (Fig. 9d). In the numerical results, the point of flow separation moves upstream when the
propeller is included; however, the slipstream still deflects downwards and the flow remains more parallel to the flap
surface than in the experiment. Consequently, the suction over the flap is stronger in the numerical results than in the
experimental ones, as shown in Fig. 10b.
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Fig. 10 Comparison of wing pressure distributions obtained from the experimental and numerical results.

The differences in propeller-induced flow separation can be attributed to several factors. Firstly, all the turbulence
in the flow is modeled, and not resolved—including the small turbulence scales close to the wing surface, where the
flow reversal originates. Hence, the separation behavior is influenced by the selection of the turbulence model, and
the ability of the model to predict flow separation can deteriorate when a propeller causes additional unsteady and
highly-concentrated adverse pressure gradients. Secondly, numerical diffusion weakens the tip vortices, as shown in Fig.
11. This reduction in tip-vortex strength reduces the velocity deficits generated between the vortex core and the flap
surface, therefore having a less detrimental effect on the boudary layer. Strong numerical diffusion can be found for

0.78 0.83 0.88 0.93
Axial coordinate  x/c [-]

0

0.05

0.1

0.15

V
er

tic
al

 c
oo

rd
in

at
e 

 z
/c

 [
-]

(a) Experimental

0.78 0.83 0.88 0.93
Axial coordinate  x/c [-]

-4

-3

-2

-1

0

1

2

3

4

C
,y

 [-]

(b) Numerical

Fig. 11 Comparison between the instantaneous CFD RANS results and the phase-locked PIV measurement
for the out-of-plane vorticity over the flap, at the same phase angle (5 = 6◦). The vectors indicate the propeller-
induced in-plane velocity.
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various RANS turbulence models and is also indicative of an insufficient mesh resolution in the respective area [36].
Thirdly, the surface imperfections in the experiment, evident in Figs. 10a and 10b, may weaken the boundary-layer and
increase the magnitude of flow separation. Finally, the overset mesh can lead to a small delay in flow separation, due to
increased velocity gradients near the wing surface, as established in Section III.B. The overset interface may also further
attenuate the influence of the blade tip vortices once the propeller is installed [37].

Tables 3 and 4 compare the resulting sectional pressure-lift and pressure-drag coefficients obtained below the
propeller axis, as well as the propeller thrust coefficient. For the lift and drag coefficients,“uninstalled” refers to the
propeller-off wing-configuration (i.e., with the nacelle present), whereas the uninstalled thrust coefficient is obtained
from the isolated propeller. The thrust coefficients predicted by the CFD simulations show an acceptable agreement
with the values obtained in the experiment, showing a difference of Δ�) = −0.017 (4.8%) and Δ�) = −0.007 (2.0%)
in the uninstalled and installed cases, respectively. The discrepancy is larger in the uninstalled case because the propeller
is operating in the non-linear region (low advance ratio) of the thrust curve [26], at which a larger portion of the blades
have stalled in the isolated configuration than in the installed configuration. Hence, the numerical model captures
the performance of the installed propeller measurement more accurately, due to less flow separation on the blades.
The onset of blade stall at these high-thrust conditions also implies that the thrust coefficient varies only slightly with
advance ratio, which explains why the differences in thrust between the installed and uninstalled cases are relatively
small (Δ�) = 0.005) when compared to the reductions in propeller thrust that are typically obtained in over-the-wing
configurations [14, 19, 26].

Table 3 Pressure-lift and -drag coefficients,
and thrust coefficients from the experimental
(Exp.) and numerical (CFD) results.

2;, ? 23,? �)

Exp. (uninstalled) 0.097 0.0111 0.353
Exp. (installed) 0.110 0.0089 0.348
CFD (uninstalled) 0.101 0.0080 0.336
CFD (installed) 0.167 0.0051 0.341

Table 4 Difference in coefficients between installed
(inst.) and uninstalled (uninst.), as well as numeri-
cal and experimental results.

Δ2;, ? Δ23,? Δ�)

CFD vs. exp. (uninst.) 0.004 -0.0031 -0.017
CFD vs. exp. (inst.) 0.052 -0.0038 -0.007
Inst. vs. uninst. (exp.) 0.013 -0.0022 -0.005
Inst. vs. uninst. (CFD) 0.066 -0.0029 0.005

The computed lift-coefficient in the uninstalled case compares reasonably well with the measured one. The
uninstalled drag coefficient from CFD, however, is Δ23,? = −0.0031 lower than in the experiment, which represents a
reduction of approximately 28%. This is attributed to the higher pressures obtained over the flap, as reflected in Fig.
10a. When the propeller is installed, the more pronounced propeller-induced flow separation of the experimental results
leads to a lower circulation than in the numerical results. Consequently, the lift coefficient is Δ2;, ? = 0.052 (45%)
higher in the numerical approach. Analogously, the difference in drag between numerical and experimental results
increases to Δ23,? = −0.0038 (-43%) in the installed case, since lower pressures are obtained near the trailing edge in
the experiment as a consequence of the increased flow separation. Hence, the lift enhancement and drag reduction due
to the propeller installation is more pronounced in the numerical results than in the measurements. However, when
comparing the resulting changes in lift, drag, and thrust due to the propeller installment, one can see that only the
change in lift differs significantly between the numerical and experimental results, whereas the changes in drag and
thrust are comparable. Furthermore, the the overall trend of lift increase and drag decrease due the propeller installment
is captured by the numerical results.

This comparison shows that the results should be interpreted with caution and that no quantitative conclusions should
be drawn based on the numerical results. Additionally, it should be noted that the relatively high percentage differences
between experimental and numerical data is largely a consequence of the low reference lift and drag coefficients.
Nevertheless, the objective of this study is to understand the interaction effects between an OTW propeller and the
wing in a baseline and inclined configuration. By analyzing the results qualitatively, and keeping the aforementioned
limitations in mind, the numerical evaluation of the problem can provide valuable insight into the different interaction
mechanisms that govern the performance of the system.
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IV. Aerodynamic Interaction Phenomena
This section describes the aerodynamic interaction phenomena between the wing and propeller for the baseline (Sec.

IV.A) and inclined (Sec. IV.B) configurations. In particular, the discussion focuses on the velocities and pressures
induced by the propeller, and their influence on flow separation over the flap. The reader is reminded that the following
results are obtained without wind tunnel walls to remove their influence on the aerodynamic interaction.

A. Baseline configuration
In general, the wing geometry induces a vertical component of velocity in the plane of the propeller, that causes a

downward deflection of the stream tube behind the propeller. Figure 12a shows the time-averaged axial velocity with
streamlines in a vertical plane through the propeller axis. It can be seen that the change in vertical momentum over the
flap is not large enough to re-direct the propeller slipstream completely. This results in an area of low axial velocity
over the flap, similar to the flow in a divergent channel. The static pressure and in-plane velocity vectors induced by
the propeller (i.e., the difference with respect to propeller-off conditions) are shown in Fig. 12b. The velocity vectors
upstream of the propeller indicate that the upstream effect is weak. Only small decrease in the axial velocity * over
the flap, in the range of 0.8 < G/2 < 0.85, is visible in Fig. 12b by the vector pointing opposite to the vectors inside
the slipstream. This decrease in momentum is due to the divergence of the slipstream from the flap and slipstream
contraction. Since the momentum decreases, the static pressure increases over the flap curvature and flow reversal
occurs more upstream than without the propeller, as shown in Fig. 9.
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(a) Axial velocity.
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(b) Induced Pressure and velocity.

Fig. 12 Time-averaged axial velocity with streamlines (a) and induced pressure and velocities (b) at y/c = 0
for the baseline configuration.

The propeller-induced increase in static pressure over the flap curvature is also visible as a decrease of the suction
peak in the pressure distribution of the wing profile below the propeller axis in Fig. 13. However, the pressure
distribution is such that increased suction can be found upstream up the propeller and, consequently, the backward
facing component of the suction peak is reduced. This is due to the upstream effect of the propeller, which not only
increases the axial velocity along the center of the streamtube (H/' = 0) but also in the outboard areas (H/' = ±0.77),
as shown in Fig. 14. Furthermore, additional leading edge suction can be achieved when the propeller is installed. Since
the upstream effect of the propeller is relatively small, this enhanced leading edge suction is attributed to the overall
increase in circulation of the wing. Hence, the propeller augments lift by increasing suction on the wing, and reduces
drag, due to more pronounced leading edge suction and a reduced backward facing component of the suction peak.

A significant spread in the propeller-on pressure distribution can also be observed surrounding the suction peak.
This represents the unsteady loads on the wing, caused by the propeller. To investigate to what extent these unsteady
pressures affect the flow field, Fig. 15 presents the wall-shear lines and propeller-induced pressure distribution on the
wing, in a time-averaged and time-accurate sense. This figure also includes spanwise vorticity contours in the H/2 = 0
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plane, indicating the position of the tip vortices. Figures 15a to 15c show that the reduction in the pressure coefficient
on the wing is significantly larger for a phase angle of zero degrees compared to, for instance, 30 degrees and the
time-averaged result. It was observed that the low-pressure field of the blade’s suction side merges with the low-pressure
field of the wing’s suction side, increasing the suction on the wing, when a propeller blade is close to the wing surface.
This explains why the lift of a wing increases the most when the tip clearance between the wing an OTW propeller is
smallest, as observed in earlier studies [12, 13, 38], assuming that no severe flow separation occurs behind the propeller.
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Fig. 13 Pressure distribution of the wing profile at
y/c=0 in the baseline configuration.
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Fig. 14 Boundary-layer profiles 0.5X ahead of the
propeller, at three spanwise locations.

The time-averaged shear-lines in Fig. 15a show that flow reversal is centered directly below the propeller axis. This
is mainly attributed to the mass flow deficit in the region between the flap wall and the edge of the propeller-slipstream
diverging from it. Previous research [24] shows that the intensity of flow reversal below the propeller axis increases with
propeller thrust and the phenomena itself cannot be mitigated effectively by increasing the propeller clearance. Away
from the propeller axis, the lobes visible along the separation line in Fig. 15a show that flow separation has locally
been postponed. This is due to the increased velocity upstream of the propeller, which increases the momentum in
the boundary-layer of the wing, as reflected in Fig. 14. This in turn increases its capability to withstand the adverse
pressure gradient over the flap.

x/c = 0.82

(a) Time-averaged.

x/c = 0.83

(b) 5 = 0◦.

x/c = 0.81

(c) 5 = 30◦.

Fig. 15 Time-averaged (a) and unsteady (b,c) influence of the propeller on the surface-pressure distribution
and wall-shear lines of the wing, in the baseline configuration. Vorticity contours shown in y/c = 0 plane for
|I8,y | > 1.5.

The influence of the blade tip vortices can be inferred from the time-accurate results in Figs. 15b and 15c. The point
of flow separation has a temporal dependency on the position of the blade tip vortices due to their momentary increase
in adverse pressure gradient. The arrows in Figs. 15b and 15c indicate that the in-plane location of flow separation is
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below the most upstream blade tip vortex at both phase angles. In both the time-averaged and unsteady flow fields,
the point of flow separation is downstream of the propeller disk. Hence, instead of directly forcing flow separation,
the adverse pressure gradient at the propeller location only weakens the boundary-layer. The remaining momentum
is then not sufficient anymore to withstand the additional adverse pressure gradient of the flap and blade tip vortices
downstream of the propeller. This effect is centered below the propeller since the propeller slipstream is closest to the
wing there and, hence, the momentum deficit above the flap and the influence of the blade tip vortices is strongest.

B. Inclined configuration
Analogously to the baseline configuration, the flowfield induced by the inclined propeller is shown in Figs. 16a and

16b to explain the influence of the propeller on the pressure distribution of the wing. When the propeller is deflected
together with the flap, not only the downwash of the wing geometry introduces a vertical velocity component in the
slipstream, but also the inclination of the propeller directs the slipstream along the propeller axis. Figures 16a and
16b show that the momentum deficit over the flap is filled by the slipstream and the velocity over the flap is increased.
Consequently, a stronger adverse pressure gradient, compared to the baseline configuration, can be tolerated. The
additional momentum in the boundary-layer of the flap, due to propeller inclination is shown in Fig. 17, where the
velocity D is the component of the axial velocity that is parallel to the flap-surface. From both Fig. 16a and Fig. 16b it
can also be inferred that the propeller thrust and, therewith, the maximum in induced velocity and minimum in induced
pressure, is shifted towards the upper half of the propeller disk, away from the wing. Thus, the suction on the wing, in
front of the propeller, is less enhanced than in the baseline case.
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(a) Axial velocity.

0.6 0.7 0.8 0.9 1.0
Axial coordinate  x/c [-]

-0.1

0.0

0.1

0.2

0.3
V

er
tic

al
 c

oo
rd

in
at

e 
 z

/c
 [

-]

-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4
C

p
 [-]

(b) Induced pressure and velocities.

Fig. 16 Time-averaged axial velocity with streamlines (a) and induced pressure and velocities (b) at y/c = 0
for the inclined configuration.

The influence of the inclined propeller on the wing pressure distribution is shown in Fig. 18. The main difference
with respect to the baseline pressure distribution is that the pressure reduction in front of the propeller is smaller in the
inclined case. Moreover, while the suction peak over the flap is reduced in the baseline configuration due to increased
flow separation, in the baseline configuration the pressure peak over the flap is maintained.

In Fig. 19, the wall-shear lines and propeller-induced pressure distribution on the wing are shown again for the
inclined-propeller configuration. It can be seen that the propeller locally triggers flow separation, directly beneath the
propeller disk, since the propeller is now behind the hinge line and the adverse pressure gradient generated by the
propeller is superimposed to the pressure gradient on the flap. However, contrary to the reversed flow over the entire
flap chord in the middle of the baseline configuration, this separation is followed by an immediate reattachment of the
flow. This reattachment occurs because, in this configuration, the high-momentum flow in the slipstream is parallel to
the flap surface, as discussed in Ref. [24].
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The wall-shear lines provided in Fig. 19 show that, by inclining the propeller, momentum is added to the boundary-
layer of the wing, that ultimately prevents flow separation. Moreover, while in the baseline configuration flow separation
on the flap was only postponed below the outboard part of the slipstream, the results of the inclined propeller indicate
the possibility of completely attached flow in those regions. Since the propeller already induces vertical momentum,
less suction is necessary on the surface of the wing to deflect the flow downwards. Therefore, the boundary-layer can
withstand the pressure gradients on the flap. The time-dependent results in Figs. 19b and 19c show that the blade tip
vortices merely vary the chordwise extent of the local flow separation beneath the propeller. However, the overall flow
field exhibits no significant dependency on the blade phase angle.
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Fig. 17 Time-averaged velocity profile over the flap
at x/c = 0.9, below the propeller axis.
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Fig. 18 Pressure distribution of the wing profile at
y/c = 0 in the inclined configuration.

Separation: x/c = 0.82

Reattachment: x/c = 0.84

(a) Time-averaged. (b) 5 = 0◦. (c) 5 = 30◦.

Fig. 19 Time-averaged (a) and unsteady (b,c) influence of the propeller on the surface-pressure distribution
and wall-shear lines of the wing, in the baseline configuration. Vorticity contours shown in y/c = 0 plane for
|I8,y | > 1.5.

V. Effect on Wing and Propeller Loads
After having analyzed the aerodynamic interaction effects for both configurations in the previous section, this section

describes how the aerodynamic interaction influences the distribution of forces generated by the propeller and wing.
First, the propeller loading distributions will be compared between the baseline and inclined configuration in Section
V.A. Then, the spanwise distributions of lift and drag of the wing are compared for the two configurations.
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A. Propeller loading distributions
The wing induced flowfield results in a modified propeller loading and propeller thrust. Compared to the isolated

thrust coefficient of �) = 0.336, the baseline propeller thrust increases by Δ�) = 0.005, which is less than 2 % of the
isolated thrust. The small increase obtained in this configuration can be explained by analyzing the thrust distribution
on the propeller disk, shown in Fig. 20a. The wing induces a flowfield to the propeller such that there is higher axial
velocity, as well as a vertical velocity component. The vertical component results in a net negative angle of the inflow to
the propeller disk and, hence, a strong increase and moderate decrease of the blade angle of attack for the up-going
and down-going blades, respectively. This causes the asymmetry in the thrust distribution in Fig. 20a. A higher axial
velocity typically reduces the blade angle of attack and, therewith, the thrust, over the entire propeller disk. However,
due to the low lift coefficient of the wing, this effect is small compared to the angle of attack effect. A similar asymmetry
in the thrust distribution of a propeller close to the trailing edge of a wing and at a low lift coefficient, caused by
vertically wing-induced velocities, was also predicted with a BEM code and confirmed by experimental measurements
in a previous study [19].

In the inclined configuration (Fig. 20b), the propeller inclination is larger than the local flow angle induced by the
wing. Therefore, the inclined propeller disk experiences a net positive angle of attack to the inflow, and the in-plane
velocities increase the blade angle of attack for the down-going blades, contrary to the baseline case. The local thrust
increase for the inclined propeller is larger in magnitude than for the baseline propeller, but confined to a smaller area on
the disk. Consequently, the thrust coefficient, �) = 0.335, of the inclined propeller is lower than that of the baseline
propeller, but comparable to the isolated propeller thrust. Close to the wing, the thrust augmentation fades as the inflow
is more aligned with the propeller axis again and the axial velocity increases. Compared to the baseline configuration,
the inclined propeller produces less thrust close to the wing. Hence, there are smaller induced velocities and the tip
vortices are weaker. The smaller induced velocities and the up-tilt of the propeller-induced pressure field, explain why
the upstream reduction of pressure on the wing is less pronounced in the inclined configuration than in the baseline
configuration. Weaker blade tip vortices, on the other hand, cause smaller additional adverse pressure gradients on the
flap.
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 [deg]

  0.2

  0.4

  0.6

  0.8

120

300

150

330

180

0

210

30

240

60

270 90

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20
 CT' [-]n

(b) Inclined.

Fig. 20 Thrust distribution on the propeller disk.

Although the total thrust along the propeller axis exhibits only a small change when the propeller is inclined, the
force in flight direction, �G , changes considerably. The propeller-fixed coordinate system with the thrust along the
propeller axis and a normal force # perpendicular to it is sketched in Fig. 21. It should be noted that �G is sketched in
the negative G-direction and, thus, is negative. The resultant force ' has a reduced component in G-direction because it
needs to compensate for the backward component of the normal force. It becomes obvious that when the propeller is
inclined, not only the horizontal force �G decreases, but also the vertical force �I increases, due to the thrust vectoring.
A comparison of the individual time-averaged force components is given in Table 5. The )̂2 coefficients in table 5 are
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normalized with the reference area (ref = 1.12�p to be comparable to the lift and drag coefficients of a wing segment of
1.1�p span for a distributed propeller application, where multiple propellers would be installed in close proximity—for
example, with a hypothetical tip clearance of 0.1�p. The subscripts #, G, I and ' indicate which force component is
taken. The results in Table 5 confirm that the thrust in the flight direction, )̂2,G , decreases, while the vertical component,
)̂2,I , increases when the propeller is inclined. The vertical component becomes more pronounced for two reasons:
firstly, because the thrust vector is tilted upwards, and secondly, because the normal force on the propeller is stronger
due to the angle-of-attack effect.

𝐹𝑥

N

T

R 𝐹𝑧

Fig. 21 Sketch of the forces acting on the inclined
propeller. The vectors are not to scale.

Table 5 Comparison of the time-averaged forces for
the different propeller installations.

Parameter Baseline Inclined Isolated
)̂2 0.094 0.093 0.093
)̂2,# -0.009 0.022 0
)̂2,G -0.094 -0.080 -0.093
)̂2,I -0.009 0.053 0
)̂2,' 0.095 0.096 0.093
�) 0.341 0.335 0.336

The torque and shaft power of the inclined propeller (�& = 0.1029, �% = 0.647) change only slightly compared to
both the baseline results (�& = 0.1022, �% = 0.642) and the isolated values (�& = 0.1023, �% = 0.643). In fact, the
change in torque coefficient falls within the uncertainty determined in Sec. III.A. Since the shaft power required in the
two configurations is comparable, the results of Table 5 indicate that the propeller efficiency is highest in the baseline
configuration, if only the thrust in the direction of flight is considered.

B. Wing loading distributions
The propeller induces velocities that affect not only the pressure distribution of the wing at the propeller location,

but also the distribution of lift and drag along the span. The time-averaged spanwise lift and drag distribution of the
wing are shown in Fig. 22. As a reference, the same coefficients are also given for the isolated wing and the wing with
nacelle, excluding the propeller blades. In the baseline configuration, the locally induced suction by the propeller results
in a peak of the lift in the middle of the wing, below the propeller axis. Contrary to the centered lift peak, the lowest
drag is shifted below the outboard part of the up-going blade. This is due to a higher blade loading on the up-going
blade side, which increases the static pressure behind the propeller disk and consequently reduces the pressure drag.
Below the down-going blade, the drag saved by the propeller merely compensates for the additional drag of the nacelle
resulting in a propeller-on drag coefficient close to the one of the isolated wing.

Despite the delay of flow reversal on the flap, the lift distribution in the inclined configuration exhibits a smaller
rise in lift coefficient than the baseline configuration, due to the relatively weak induced velocities close to the wing.
The drag, however, shows a larger reduction, which is associated to the postponement of flow separation on the flap.
Moreover, axial vorticity distributions in the wake (not shown here) indicate that the relative effect of trailing vorticity
due to the non-uniform spanwise loading on the induced angle of attack is negligible. Hence, the inclined configuration
presents larger drag reductions than the baseline case, while the baseline configuration shows a larger lift increase.

To evaluate the system forces in a hypothetical distributed-propulsion application where the tip clearance between
adjacent propellers is 10% of the propeller diameter, the differences between the propeller on and propeller off lift and
drag distributions are integrated over a wing segment of 1.1�p span. Since the resulting force coefficients, Δ�! and
Δ�� , represent the change in lift and drag of a wing segment due to the propeller, they can be added to the lift and drag
coefficients of the isolated wing segment, plus the thrust coefficients of the propeller in the respective direction (from
Table 5) to obtain the total forces for an OTW propeller system. It should be noted, however, that this procedure does
not account for interaction effects that would be present with multiple adjacent propellers. This leads to conservative
results, since the propeller also increases lift and decreases drag beyond the 1.1�p interval, as reflected in Fig. 22.
This contribution would be superimposed to the changes in lift and drag created by the adjacent propeller on the
adjacent wing section, and vice versa. Table 6 shows that the additional vertical force component of the propeller in the
inclined configuration compensates for the weaker lift increase of the wing segment (Δ�!), such that the total force
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(b) Inclined configuration.

Fig. 22 Sectional lift (top) and drag (bottom) coefficient distributions along the wingspan in the baseline (a)
and inclined (b) configurations.

in the vertical direction is 24% larger than for the baseline propeller configuration. This effective lift increase due to
propeller inclination can be even higher in terms of the maximum attainable lift coefficient, since the postponed flow
separation over the flap is likely to shift the maximum lift coefficient to higher angles of attack. The inclination of the
propeller, however, also leads to a weaker additional forward force, )̂2,G , to the system. This reduction in net thrust
is not compensated by the decrease in drag of the wing (Δ��), as can be inferred from Table 7. Hence, the baseline
configuration has a 20% larger installed thrust than the inclined configuration. Interestingly, due to the comparable
thrust in the G-direction for the baseline and isolated configuration, the drag saved on the baseline wing also leads to a
larger installed thrust compared to the isolated configuration. Since the shaft power coefficient is comparable in the two
cases, this confirms that an OTW propulsion system can present an increased aero-propulsive efficiency compared to a
decoupled system.

Table 6 Balance of forces in z-direction for a wing-
segment span of b′/Jp = 1.1, at the same shaft power.

Configuration � iso
!

[-] Δ�! [-] )̂2,I [-] Total
Isolated 0.093 0 0 0.093
Baseline 0.093 0.050 -0.009 0.134
Inclined 0.093 0.020 0.053 0.166

Table 7 Balance of forces in x-direction for a wing-
segment span of b′/Jp = 1.1, at the same shaft power.

Configuration � iso
�

[-] Δ�� [-] )̂2,G [-] Total
Isolated 0.0137 0 -0.093 -0.0793
Baseline 0.0137 -0.0018 -0.094 -0.0821
Inclined 0.0137 -0.0025 -0.080 -0.0688

VI. Conclusions and Recommendations
In this paper, the aerodynamic interaction between a wing and a tiltable OTW propeller has been studied by

performing unsteady RANS simulations. A comparison to experimental data shows that the CFD simulations can
predict propeller thrust and lift of the isolated wing accurately. However, a comparison of the installed configuration
shows that the magnitude of propeller-induced flow separation is under-predicted in the numerical approach. The
discrepancy is caused by the influence of the overset interface on flow gradients in the boundary-layer, the modeling of
turbulence used by the RANS solver, and an under-estimation of tip-vortex strength due to numerical diffusion and
dissipation. Therefore, although the selected numerical approach captures the phenomena and trends observed in earlier
experimental studies, predicting the exact location and magnitude of flow separation in OTW systems with unsteady
RANS simulations remains a challenge.

The results of the baseline configuration show that the propeller generates a low-pressure region on the wing surface
upstream of the propeller disk. Directly behind the propeller, the pressure on the wing surface is higher, due to the static
pressure increase accross the propeller disk and the divergence of the slipstream from the flap surface. The simulations
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suggest that the resulting adverse pressure gradient does not immediately cause flow separation at the propeller location,
but only weakens the boundary-layer. The flow over the flap separates further downstream, due to the continued adverse
pressure gradient and the periodic momentum deficits induced in the boundary-layer by the tip vortices. However, this
phenomena is dominant only below the propeller axis, where the slipstream, and also the blade tip vortices, are closest
to the wing. Moreover, the location of flow separation is found to vary only slightly throughout a blade passage, despite
the unsteady excitation by the tip vortices.

The inclined propeller creates less suction on the wing, since the combination of propeller inclination and wing-
induced inflow lead to a reduced thrust production close to the wing surface. In this configuration, the flow separates
locally beneath the propeller and is subsequently reattached due to the high-momentum slipstream which flows parallel
to the flap surface. However, despite the postponed flow separation, the inclined case does not to enhance the lift over
the flap when compared to the baseline case at the same angle of attack, because of the higher static pressure in the
propeller slipstream. The higher static pressure does, however, decrease the pressure drag of the wing when compared
to the baseline case.

The presence of the wing significantly alters the loading distribution on the propeller disk. However, the overall
thrust generated in the direction of the propeller axis is not significantly affected by the wing, for both configurations.
In the inclined configuration, the additional vertical force component of the propeller compensates for the weak lift
augmentation of the wing segment below the propeller diameter. This results in a larger lift of the inclined OTW
propeller–wing system compared to the baseline system. However, the inclination of the propeller leads to a weaker
forward-facing force component. This reduction in net thrust is not compensated by the drag saved on the wing. Hence,
the inclined configuration creates more lift than the baseline configuration, at the cost of less installed forward thrust.

The findings of this study confirm the high-lift potential of tiltable, distributed OTW propeller systems, contributing
towards the development of novel aircraft configurations with improved propulsion-system integration. However,
several aspects of the numerical setup can be improved, and directions for future research can be established. The
overset interface was found to contribute to an inaccurate prediction of flow separation due to the interpolation of flow
gradient. Thus, it should be avoided to place an overset interface in a region where high flow gradients are expected,
like in a boundary-layer or within the area of influence of vortices. For an OTW propeller application, however, this is
nearly impossible. Hence, a control simulation featuring an empty overset mesh should ideally be performed for every
configuration that includes an overset interface to verify the results. Moreover, the mesh refinement plays a crucial role
for an accurate prediction of the influence of the blade tip vortices. That being said, higher-fidelity simulations like
LES are necessary to verify whether it is possible to numerically capture propeller-induced flow separation accurately.
Furthermore, the comparison to the wind tunnel measurements highlighted the importance of having experimental data
for validation to asses the uncertainty in the numerical results. Therefore, experiments of an distributed, inclined system
are required to validate the performance of such a system.
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