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The recent increased interest in distributed propulsion and electric vertical take-off and
landing vehicles have made propeller wake interactions with the aircraft more relevant. The
interaction between high-lift wings and propeller slipstreams are still not fully understood and
several research efforts are being carried out to improve that knowledge. Lattice-Boltzmann,
very large eddy simulations of a propeller-wing-flap configuration are conducted in this work.
The simulations are validated with experimental data, with very good agreement of surface
static pressure, surface shearlines, and wake total pressure. The complex separation patterns on
the flap and their interaction with the slipstream of the propeller are well captured. The effects
of grid resolution and laminar-to-turbulent transition are demonstrated. With the simulations
validated, they are used to better understand the flow field of this configuration. We find that
the angle of attack has a strong effect on how the slipstream is split over the wing, that the
tip vortices wrap around the wing leading-edge instead of being cut by it, and that increased
circulation stabilizes the tip vortices on the suction side, while making the tip vortices on the
pressure side more unstable.

I. Introduction

With the recent boom in the electric vertical take-off and landing (eVTOL) market and the interest in hydrogen-
powered short-haul aircraft, distributed propulsion has become an important academic and industrial topic. Several

institutions are investigating aircraft with large numbers of propellers on their wings, such as the NASA X-57 [1].
Extensive fundamental studies on propeller installation effects have been conducted at the Delft University of Technologu
(TUD), focusing on tip mounted propellers [2], interaction between multiple propellers [3], distributed propulsion [4]
and propeller-wing interaction in high-lift conditions [5]. The latter provides a challenging case for numerical methods,
with highly complex and interactive flow fields featuring dominant viscous effects.

In this work, recent experimental results from TUD [5] are used to validate numerical simulations of interactions
between a propeller and a wing with a deployed flap. The lattice-Boltzmann method (LBM) [6] is used as an alternative
to the Navier-Stokes (NS) equations [7]. This method is particularly suited for high-fidelity simulations of wakes, as it
offers low-dissipation characteristics equivalent to high order methods [8], while being orders of magnitude faster than
traditional computational fluid dynamics (CFD) solvers [9].

II. Numerical Methods
In the last two decades, the LBM [10] has been growing in popularity as an alternative to the NS equations. The

objective is the same: to have a description of the velocity and pressure fields over time, based on a certain mesh
and timesteps. However, instead of using continuum mechanics as the foundation for describing fluid flow, statistical
mechanics are used, considering the fluid as particles that interact with each other and with the boundary conditions.
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We first need to consider that a particle can be in a certain spatial coordinate ®𝑥. Then, we consider that the particle
has a certain velocity ®𝑐, which is not the fluid velocity. These quantities change as a function of time 𝑡. As dealing with
individual particles quickly becomes too expensive, we instead work with the distribution function 𝑓 (®𝑥, ®𝑐, 𝑡), which
represents the probability that particles at position ®𝑥 and time 𝑡 have the velocity ®𝑐. This can also be interpreted as the
number of particles in a certain location and time that are travelling with a certain velocity. Fluid properties can be
extracted from the moments of the distribution function. The Boltzmann equation describes the behavior of 𝑓 :

𝜕

𝜕𝑡
𝑓 (®𝑥, ®𝑐, 𝑡) + ®𝑐∇ 𝑓 (®𝑥, ®𝑐, 𝑡) = 𝐶 (1)

where 𝐶 is the collision operator, which defines how particles interact and is related to the fluid viscosity. This equation
has similarities with the NS equations, with a time derivative of the main quantity as the first term, an advection
component as the second term, and a viscosity term on the right side.

In LBM, besides space-time, which is discretized as in NS solvers, the particle velocities must also be discretized to
obtain a method that can be computationally efficient. Particles can only travel in a finite number of directions and
velocities ®𝑐𝑖 . The choice of the discretization of the velocity space is a critical part of the LBM. In general, the fewer
directions particles can travel to, the less physics are captured by the method and the more directions, the higher the
computational cost. For isothermal, quasi-incompressible cases, particles only need to travel to adjacent cells for mass
and momentum conservation to be achieved. A cost-effective option is to use the D3Q19 formulation, i.e., a 3D 19-states
model. This means that particles can travel to 18 adjacent cells, or stay in their current cell. This is shown in Figure 1,
where the circles denote the directions particles can travel in, for a lattice of cubic cells.

Fig. 1 Discretization of the velocity space into 19 vectors.

These assumptions lead to the lattice-Boltzmann equation:

𝑓𝑖 (®𝑥 + ®𝑐𝑖Δ𝑡, 𝑡 + Δ𝑡) = 𝑓𝑖 (®𝑥, 𝑡) + 𝐶𝑖 (®𝑥, 𝑡) (2)

where the subscript 𝑖 denotes the discrete velocities that particles are assumed to be able to travel to and Δ𝑡 is the
timestep. As in the NS equations, a force term can be added to the lattice-Boltzmann equation, in order to simulate the
effect of gravity, Coriolis forces, or other fields that affect the flow, and the eddy viscosity can be added to the fluid
viscosity in 𝐶. Equation 2 can be interpreted as such: the particle density function for discrete ®𝑥, ®𝑐, 𝑡 is computed
based on two processes, the advection and the collision steps. In the advection step, a particle is streamed from one
cell to another by ®𝑐Δ𝑡. One key factor of this step is that, with appropriate choices for ®𝑐 and Δ𝑡, no interpolation is
needed to compute fluxes, in contrast to the advection of the NS equations. This makes this step very inexpensive,
computationally, while also making it have little numerical dissipation. The collision step accounts for the interaction
between particles with different velocities in the same cell. This is usually computed with the Bhatnagar–Gross–Krook
(BGK) [11] approximation, which only depends on simple mathematics based on local quantities, again making it
computationally inexpensive and suited for parallelization, unlike the Laplacian term in the NS equations.

Our LBM computations are conducted with PowerFLOW®, a commercial CFD code. It employs a 𝑘−𝜖 RNG
turbulence model [12] with a swirl model [13], which reduces the eddy viscosity in the presence of resolved flow
structures, an approach called very large eddy simulation (VLES). A unique capability of PowerFLOW is in the handling
of very complex geometry [14], with its Cartesian mesh being cut by surface elements, or surfels [15]. A sliding mesh
[16] is used to rotate the propeller. Validations of the approach used here that are relevant to this work include vortical
flows [17], rotors [18], tracks [19], wings in stall conditions [20], and a propeller-mounted high-lift wing [21].

2

D
ow

nl
oa

de
d 

by
 T

ec
hn

is
ch

e 
U

ni
ve

rs
ite

it 
D

el
ft

 o
n 

Ju
ne

 2
1,

 2
02

3 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/6
.2

02
3-

35
41

 



III. Test Case Description
The geometry used in this work is a straight wing based on the NLF-Mod22(B) airfoil [22], with a nested chord

𝑐 = 300 mm, a span of 1.248 m, and a Fowler flap with 30% of the full airfoil chord. The wing is equipped with a
TUD-XPROP-S reference propeller [4, 23], with a diameter 𝐷=203.2 mm and a blade pitch at 70% of the radius of
30◦. The propeller is installed 173.5 mm (≈ 0.858𝐷) from the leading-edge, with the axis of rotation angled 5◦ with
respect to the wing chord line. The flow conditions are freestream velocity 𝑈∞=30 m/s, resulting in 𝑅𝑒 ≈ 600,000, and
a propeller advance ratio of 𝐽=𝑈∞/(𝐷𝑛)=0.8, where 𝑛 is the rotational speed in rotations per second.

A. Experimental Setup
The experimental data used for validation in this paper were obtained in the Low Turbulence Tunnel at the TUD. The

cross-section of the octagonal test section measures 1.25 m high by 1.8 m wide and is slightly divergent to compensate
for the wall boundary layer. The wing was mounted vertically, clamped between both walls, with the flap attached the
main element using 6 brackets. The main element of the wing model was tripped by a zigzag-strip, while the flap was
left to transition naturally.

The experimental data set includes pressure tap measurements, total pressure in the wake plane, and oil flow
visualizations. The pressure taps were located in two chord-wise rows positioned at 𝑦=0.7𝑅 on either side of the nacelle.
A wake rake of total pressure probes on a traverse mechanism was used to capture total pressure in the wake, one chord
downstream of the nested flap trailing-edge, with a resolution of 10 mm in spanwise and 3 mm in vertical directions.
Oil flow visualization was achieved using a solution of UV-luminescent material in a light paraffin oil, taking images
while wind was on after the oil had been allowed to transport sufficiently. Further details on the experimental setup are
detailed in [5]. Table 1 summarizes the configurations and data points from the experiment which are considered for
validation in this paper. Here, 𝛿 𝑓 is the flap deflection angle, 𝑑𝑥 is the flap overlap with the main element, and 𝑑𝑠 is the
gap between the flap and the main element leading-edge.

Table 1 Overview of experimental configurations used for validation.

𝛿 𝑓 [◦] 𝑑𝑠 [𝑐] 𝑑𝑥 [𝑐] 𝑈∞ [m/s] 𝐽 [-]
0 - - 30 0.8
15 0.02 0.08 30 0.8
30 0.03 0 30 0.8

Pressure tap measurements were taken at angles of attack 𝛼 between -5 and 18◦ for the flap nested configuration,
and up to 14◦ for the flap deployed configurations. Oil flow visualisations were taken for 𝛼 = 0 and 10◦ for the flap
nested configuration, and 𝛼=0, 5, 8 and 10◦ for the flap deployed configurations. Wake rake measurements were taken
at the same angles as the oil flow, with the exclusion of 𝛼=5◦ for the flap deployed configurations.

B. Numerical Setup
Simulations are run with PowerFLOW 6-2021-R7, using the subsonic isothermal solver, as the freestream Mach

number is 0.088 and the tip Mach number due to the propeller rotation is 0.35. A Cartesian mesh is used, with cubic
cells ranging from 0.03 mm on the propeller blades leading-edges to 61 mm far from the wing. An average 𝑦+ of 40 was
used on the wing. A large refinement cylinder with cell size of 0.96 mm was placed around the propeller wake, to avoid
numerical dissipation up to the experimental measurement plane. A refinement region, with cell size of 0.48 mm, was
placed near the flap upper surface, to capture separation effects and the shear layer from the main element trailing-edge.
A plane showing the mesh setup is shown in Fig. 2, where the outline of the sliding mesh interface, which is 10 mm
from the blades and spinner, can also be seen.
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Fig. 2 Center plane of the wing showing the mesh used in the simulations. Every other line shown for clarity.

The mesh dimensions given in the previous paragraph are for the baseline mesh used throughout this study. This can
also be referred to as the medium resolution cases. Two additional setups are used, to check for grid independence of
the results. These are the coarse and fine cases, which have cells that are 1.25 times larger and smaller than the medium
case, respectively. Due to the nature of the Cartesian mesh, that means that the ratio of the number of cells from coarse
to medium and from medium to fine is about two.

The simulations are setup similar to previous works on wing sections [24, 25]. The wind tunnel walls are included
to account for blockage effects, but are simulated as free slip walls. Hence the additional blockage effects due to the side
walls boundary layers are neglected. These effects can be included if needed, but it is often challenging to do so exactly
[26]. The side walls boundary layers effects on the wing root vortex are also neglected. Unless stated otherwise, the
surfaces of the propeller and wing are modelled as fully turbulent. The boundary conditions used in the upstream and
downwind faces of the numerical wind tunnel are a velocity inlet and a pressure outlet, respectively.

IV. Validation of Numerical Results
In this Section, we perform a thorough comparison with experimental data, before moving on to conducting a

detailed analysis of the flow in Section V.

A. Propeller Thrust
The reference thrust coefficient of the TUD-XPROP-S propeller is 𝑇𝑐 =𝑇/(𝑞∞𝐴)=1.05, where 𝑇 is the thrust force,

𝑞∞=0.5𝜌∞𝑈2
∞ is the freestream dynamic pressure, 𝜌∞ is the freestream air density, and 𝐴 is the propeller rotor plane

area. This was measured for the isolated propeller at 𝛼 = 0◦. We can use this as an approximate reference for our
simulations and concurrently verify if the propeller thrust achieved in CFD is grid convergent. The values of 𝑇𝑐 for the
three resolutions simulated at 𝛿 𝑓 =30◦, 𝛼=8◦ are shown in Table 2. The reason for this specific flap and wing angle
settings are that we also use the same simulations to perform a resolution study on the wing aerodynamics (see Section
IV.B), and this is the case with the most complex aerodynamics.

Table 2 Propeller thrust for different grid resolutions at 𝛿 𝑓 =30◦, 𝛼=8◦ and experimental value for isolated
propeller at 𝛼=0◦.

Resolution 𝑇𝑐

Coarse 1.032
Medium 1.039

Fine 1.042
Experiment 1.05
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Grid convergent behavior is observed, with the difference between the fine and medium grids being over two times
smaller than the difference from medium to coarse. The value of 𝑇𝑐 is within 1% of the reference for the isolated
propeller, which we consider adequate.

B. Wing Pressure Distribution
Pressure coefficient 𝐶𝑝= (𝑝 − 𝑝∞)/𝑞∞, where 𝑝 is the static pressure and 𝑝∞ is the freestream static pressure, are

computed on two planes on either side of the propeller. The two 𝐶𝑝 cut locations, named up-going and down-going, are
on planes at 70% of the propeller radius (71.12 mm), on either side of the propeller axis. We select the highest flap
deflection and angle of attack in our simulations, to perform a resolution study of 𝐶𝑝, as this should be a challenging
case and would indicate the resolution is adequate for the other cases. The results of this study are shown in Fig. 3.

0.0 0.2 0.4 0.6 0.8 1.0
x/c

6

3

0

3

Cp

(a) Up-going wing side

0.0 0.2 0.4 0.6 0.8 1.0
x/c

6

3

0

3
Cp

Exp. 
CFD medium

CFD coarse
CFD fine

(b) Down-going wing side

Fig. 3 Effect of grid resolution on pressure coefficient along the wing chord for 𝛿 𝑓 =30◦, 𝛼=8◦.

The smooth body separation over the flap is slightly affected by the resolution, in particular on the down-going
side, but the results do not change substantially with increase in grid resolution. Hence, we use the medium resolution
throughout this study.

While the main element of the wing was tripped in the experiments, the flap was not. At such low Reynolds numbers
(600,000 based on the clean wing chord), substantial regions of laminar flow can occur and laminar separation bubbles
were observed on the flap in the experiments. To verify the sensitivity to such effects, we conducted simulations using a
transition model [27] on the flap. This made the flap leading-edge laminar and the results of this are shown in Fig. 4.
The pressure cuts show a small delay in the flap separation, improving the pressure distribution on the flap, and also
the suction peak on the main element of the wing. Using a more advanced transition treatment, capable of accurately
capturing separation bubbles [28] could lead to further improvements.

0.0 0.2 0.4 0.6 0.8 1.0
x/c

6

3

0

3

Cp

(a) Up-going wing side

0.0 0.2 0.4 0.6 0.8 1.0
x/c

6

3

0

3

Cp

Exp. 
CFD baseline

CFD lam transition

(b) Down-going wing side

Fig. 4 Effect of laminar to turbulent transition on pressure coefficient along the wing chord for 𝛿 𝑓 =30◦, 𝛼=8◦.
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Although the results with the transition model show a slight improvement over the fully turbulent simulation, the
differences are small enough that we set the remaining cases to fully turbulent, to avoid any uncertainties associated with
using a transition model for a high-lift configuration [29]. This also facilitates the grid resolution study, as transition
models have been shown to be sensitive to the mesh [30].

Results for various values of 𝛼 and 𝛿 𝑓 can be seen in Fig. 5. All configurations results show very good agreement
with experiment. As 𝛿 𝑓 increases, the simulations show discrepancies compared to experiments in the suction peaks,
which as shown in Fig. 4, is connected to laminar to turbulent transition. In all simulations the additional total pressure
generated by the propeller is well captured, as the 𝐶𝑝 values at the stagnation points agree with experimental values.

0.0 0.2 0.4 0.6 0.8 1.0
x/c

3

0

3

Cp

Exp.  up-going
CFD up-going

Exp.  down-going
CFD down-going

(a) 𝛿 𝑓 =0◦, 𝛼=0◦

0.0 0.2 0.4 0.6 0.8 1.0
x/c

6

3

0

3

Cp

(b) 𝛿 𝑓 =15◦, 𝛼=0◦

0.0 0.2 0.4 0.6 0.8 1.0
x/c

6

3

0

3

Cp

(c) 𝛿 𝑓 =30◦, 𝛼=0◦

0.0 0.2 0.4 0.6 0.8 1.0
x/c

3

0

3

Cp

(d) 𝛿 𝑓 =0◦, 𝛼=8◦

0.0 0.2 0.4 0.6 0.8 1.0
x/c

6

3

0

3

Cp

(e) 𝛿 𝑓 =15◦, 𝛼=8◦

0.0 0.2 0.4 0.6 0.8 1.0
x/c

6

3

0

3

Cp
(f) 𝛿 𝑓 =30◦, 𝛼=8◦

Fig. 5 Pressure coefficient along the wing chord on the up-going and down-going blade sides of the propeller for
different flap angles 𝛿 𝑓 and angles of attack 𝛼.

C. Surface Oil Flow
Oil flow measurements allow us to compare the flow features of the experiments with simulations. In particular, 3D

flow separations and the footprint of the slipstream can be assessed. Top views of the experimental oil flow visualization
are shown in the top rows of Figs. 6 and 7, and compared to surface shear lines from the simulations in the bottom rows.
The CFD results also show streamwise shear force 𝐶 𝑓 𝑥 , normalized by 𝑞∞ to assist in visualizing regions near flow
separation. Note that the experimental oil flow images show some effect of gravity, turning the oil towards the up-going
blade side, as the wing was mounted vertically in the wind tunnel. This effect is mostly present in areas with low surface
shear.
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(a) Exp. 𝛿 𝑓 =0◦ (b) Exp. 𝛿 𝑓 =15◦ (c) Exp. 𝛿 𝑓 =30◦

(d) CFD 𝛿 𝑓 =0◦ (e) CFD 𝛿 𝑓 =15◦ (f) CFD 𝛿 𝑓 =30◦

Fig. 6 Surface shear lines, represented by oil flow in the experiment and colored by streamwise skin friction
coefficient in simulations at 𝛼=0◦.
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(a) Exp. 𝛿 𝑓 =15◦ (b) Exp. 𝛿 𝑓 =30◦

(c) CFD 𝛿 𝑓 =15◦ (d) CFD 𝛿 𝑓 =30◦

Fig. 7 Surface shear lines, represented by oil flow in the experiment and colored by streamwise skin friction
coefficient in simulations at 𝛼=8◦.

Figures 6 and 7 are also annotated to show specific areas of interest. Blue boxes are used to draw attention to several
flow structures that match very well between the experimental oil flow and the simulated surface shear. Red boxes show
differences between simulations and experiments. Figures 6a and 6d both show a slight separation due to nacelle vortex
structure. With flaps deployed, the interference of the flap brackets on the flap flow is clearly visible in both experiment
and simulation. The local separation on the flap is also captured well by the simulations, where the flow structures near
the center of the flap span in Fig. 6c and Fig. 6f are particularly of note. They also show the presence of the laminar
separation bubble on the flap (marked in red in Fig. 6c), which is not present in the simulation and has some effect on
the flap separation.

At 𝛼 = 8◦ (Fig. 7), the major flow structures, such as the effect of flap brackets and the crossflows directly behind
the nacelle, are again captured well. The separated areas on the main element are captured by the simulation, but seem
under-predicted (marked with orange boxes). They only occur on the up-going blade side in the simulation, while Fig.
7b shows clear signs of separation on the main element on the down-going blade side as well. The area of the flap that is
affected by the slipstream also seems slightly larger in the oil flow images, although this cannot be fully judged from
these images alone. Nonetheless, overall the simulations shear lines agree well with experimental oil flow visualization,
which is very challenging to achieve in numerical simulations with smooth body separations [29].

8

D
ow

nl
oa

de
d 

by
 T

ec
hn

is
ch

e 
U

ni
ve

rs
ite

it 
D

el
ft

 o
n 

Ju
ne

 2
1,

 2
02

3 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/6
.2

02
3-

35
41

 



D. Total Pressure Wake Plane
Total pressure coefficient 𝐶𝑝𝑇 = (𝑝𝑇 − 𝑝∞)/𝑞∞, where 𝑝𝑇 = 𝑝 + 𝑞, 𝑞 ==0.5𝜌𝑈2, 𝜌 is the local air density, and 𝑈 is

the local velocity magnitude, is computed on a plane one chord downstream of the nested flap trailing-edge at 𝛼 = 0.
Experimental results are shown on the top rows of Figs. 8 and 9, while the simulations are shown in the bottom rows.
The horizontal lines represent the wing leading-edge and flap trailing-edge, while the circles indicate the propeller
position.
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(d) CFD 𝛿 𝑓 =0◦, 𝛼=0◦
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(e) CFD 𝛿 𝑓 =15◦, 𝛼=0◦
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(f) CFD 𝛿 𝑓 =30◦, 𝛼=0◦

Fig. 8 Total pressure coefficient planes in the wake of the wing.
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(c) CFD 𝛿 𝑓 =15◦, 𝛼=8◦
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(d) CFD 𝛿 𝑓 =30◦, 𝛼=8◦

Fig. 9 Total pressure coefficient planes in the wake of the wing. Experimental results from [5].

The flow features of the propeller wake being cut by the wing and the slipstream on the upper surface moving to
the down-going side, while the slipstream on the lower surface moves to the up-going side are well captured by the
simulations. The vortices that appear as blue circles near the center of the images are also well captured, with small
differences that increase with 𝛼 and 𝛿 𝑓 . The "inverted-T" shape that appears at 𝛼=8◦ is also captured by the simulations,
with some differences (at least in part) due to the slightly different flap separations. Again, overall the simulations and
experiments agree well. Matching the slipstream in a downstream location such as this would be very challenging with
traditional NS solvers, due to the dissipation of the tip vortices.

V. Flow Analysis
The close match of the simulations with the experimental results also offers the opportunity to use the simulations to

further investigate the flow. Taking advantage of the full domain time-accurate data available from the simulation, we
are able to quantify the slipstream shear and reflect on the off-the-surface structure of the slipstream.

A. On-the-surface slipstream trajectory
Figure 10 shows the spanwise distribution of skin friction coefficient 𝐶 𝑓 = 𝐹/𝑞∞, where 𝐹 is the amplitude of the

force vector acting on the wing surface, on the main element of the wing for different chordwise stations. Solid lines
correspond to the upper surface of the wing, while dashed lines show the same station on the lower surface. Positive
𝑦/𝑅 corresponds to the down-going blade side. The slipstream edges, highlighted with markers, can be identified from
the substantial change in skin friction due to the presence of the slipstream. Plotting the positions of the markers in Fig.
10 illustrates the on-the-surface translation of the slipstream edge as it moves along the wing. This is shown in Fig. 11.
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Fig. 10 Spanwise skin friction distributions for various chordwise positions. Dashed lines are on the lower
surface of the wing, solid lines are on the upper surface. Markers show the approximate edges of the slipstreams.
Marker colors correspond to the lines in Fig. 11
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Fig. 11 Spanwise evolution of propeller wake size on wing. Solid lines represent the suction side (SS) of the
wing, dashed lines the pressure side (PS).
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Several observations are shared between all configurations. Close to the leading-edge of the wing the slipstream-
affected area is slightly wider for 𝛼 = 0◦ than for 𝛼 = 8. This is caused by the different trajectory of the slipstream
between disk and wing leading-edge due to the angle of attack. At 𝛼 = 8◦ the wing intersects the slipstream at a lower
part, where the slipstream is less wide. We can also see that the slipstream-affected area is generally wider than one
propeller diameter at 𝑥/𝑐 = 0.02. This is a function of the balance between propeller thrust coefficient (and associated
slipstream contraction) and the nacelle width (and associated slipstream displacement). Furthermore, it depends on the
intersection position of the wing as a result of propeller position, inclination, and wing angle of attack.

For all presented cases, we can see a slight divergence of the slipstream affected area between 𝑥/𝑐 = 0.02 and
𝑥/𝑐 = 0.13. This is particularly apparent on the upper surface. This leading-edge expansion is also noted in the
experiment by Duivenvoorden et al. [5]. We attribute this to a vortex imaging effect of the tip vortices bending around
the leading-edge, which is also described by Thom [31]. Rather than being cut at the leading-edge, as suggested by
Veldhuis [32], the tip vortex remains intact and stretches around the wing leading-edge. This is clearly visible in Fig. 12
and follows experimental flow visualisations of propeller-rudder interaction performed by Felli et al. [33, 34]. Due to
image vortex effects on the wing surface, this tip vortex will self-induce away from the centerline. As the tip vortices
move downstream, the stretched portion loses strength of even disintegrates and the expansion effect disappears.

Fig. 12 Isosurfaces of instantaneous 𝜆2=−5𝑈2
∞/𝑐2 for 𝛿 𝑓 =30◦, 𝛼=8◦, showing the tip vortex wrapping around

the leading-edge.

Figure 11 also clearly illustrates the shearing effect between the slipstream portions passing either side of the wing
and how this effect is compounded with other factors. On the up-going blade side, the lower surface slipstream edge
clearly moves away from the propeller axis, while the upper surface slipstream edge moves toward the axis, but to a
lesser extent due to the shear being counteracted by the initial leading-edge expansion. On the down-going blade side,
the upper surface slipstream edge clearly moves away from the axis, while the lower surface moves very little. As the
slipstream moves downstream on the wing, the slipstream edge on the down-going blade side of the lower surface
becomes difficult to distinguish exactly. The amount of shear clearly increases at higher 𝛼.

Deploying the flap and increasing angle of attack both show to have an expansion effect on the slipstream, most
evident from the upper surface up-going blade side slipstream edge. Figures 10a, 10c, 10e and 10b all clearly show an
initial movement away from the axis between 𝑥/𝑐 = 0.02 and 𝑥/𝑐 = 0.13, followed by movement towards the axis up to
𝑥/𝑐 = 0.67. For Figs. 10d and 10f the latter no long occurs and the slipstream edge continues to move away slightly.
Overall, the slipstream thus both shears and expands as it moves over the main element.

Finally, the skin friction coefficient distributions in Fig. 10 show that increasing both angle of attack and flap
deflection cause the effect of the slipstream on the lower surface skin friction to become dissipated. We attribute this
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to the effect of interactions between tip vortices on the slipstream development and the dependency on slipstream
deflection.

B. Tip vortex interaction
Figure 13 shows side views of the vortical slipstream structures as they pass the wing for various angles of attack

and flap deflections. In Fig. 13a the tip vortices initially remain concentrated, but start to interact around the wing
mid-chord and break down into larger structures by the time the slipstream reaches the trailing-edge. Increasing the
angle of attack increases the wing circulation, thus increasing velocity on the upper side and maintaining separate flow
structures further downstream. On the lower side, the flow decelerates, causing tip vortices to interact sooner. This is
similar to the effect of increasing the number of blades [35] or decreasing the advance ratio.

Deploying the flap has a similar effect. Distinct tip vortex structures are maintained further downstream on the upper
side and on the lower side interaction occurs further upstream. With the addition of increased angle of attack these
effects are amplified, inducing tip vortex interactions nearly at the leading-edge of the lower side. As no concentrated
tip vortices reach the flap, the interaction of the slipstream with the flap will be different from the main element. For
instance, there will be no stretching of the vortex leading to self-induced expansion.

(a) 𝛿 𝑓 =0◦, 𝛼=0◦ (b) 𝛿 𝑓 =0◦, 𝛼=8◦

(c) 𝛿 𝑓 =30◦, 𝛼=0◦ (d) 𝛿 𝑓 =30◦, 𝛼=8◦

Fig. 13 Isosurfaces of instantaneous 𝜆2=−5𝑈2
∞/𝑐2, illustrating how angle of attack and flap deflection affect

slipstream evolution and instability.

C. Slipstream deformation
Both the skin friction distributions of Fig. 10 and the tip vortex interactions shown in Fig. 13 show how much the

slipstream shape is distorted as it passes over the wing. The "inverted-T" shape of the slipstream in the wing wake
starts developing early on the wing, not just in the wake of the wing. This is visualized in Fig. 14a, showing slices
of the total pressure coefficient 𝐶𝑝𝑇 at various streamwise positions for the case with 𝛿 𝑓 = 15◦ and 𝛼 = 8◦ . Only
𝐶𝑝𝑇 >1.2 is visualized to highlight the slipstream. The figure clearly shows that the "inverted-T" shape is the result
of deformation across the entire wing chord. The stem of this "T" develops from a minor deformation at the wing
leading-edge, combined with contraction of the slipstream. The lower half expands significantly, likely due to the
spanwise pressure gradient and the tip vortex interactions and associated break-down.
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(a) Slices of total pressure coefficient (>1.2), (b) Isosurfaces of 𝐶𝑝,𝑇 =1.2,

Fig. 14 Visualisation of the slipstream deformation as it moves along the wing based on (time-averaged) total
pressure coefficient 𝐶𝑝,𝑇 for the 𝛿 𝑓 =15◦, 𝛼=8◦ case.

The extent of the shearing effect of both slipstream halves as they pass the wing is also clearly visualized in Fig. 14a.
The flap thus encounters very different flows depending on the spanwise station. This varies from being only immersed
in the portion of the slipstream that passes the lower half of the main element to being fully immersed in the slipstream
or only having the slipstream pass it off-the-surface. For most spanwise stations, the total pressure varies strongly in the
vertical direction. By taking an isosurface of the mean total pressure, shown in Fig. 14b, we can also see that a portion
of the slipstream will pass through the slot and over the flap suction surface.

VI. Conclusions and Outlook
The conclusions we can draw from this work are:
• LBM simulations show very good agreement with experimental measurements on both qualitative and quantitative

aspects.
• Wake development is captured to an impressive level considering the usual difficulty of numerical methods with

numerical dissipation and diffusion.
• Quantification of the slipstream edge trajectory showed a combination of shearing and expanding effects, the

balance of which dictates spanwise variation of flow on the flap.
• Slipstream trajectory change due to angle of attack can have a significant effect on the spanwise area of the wing

that intersects the slipstream.
• Tip vortices are stretched around the leading-edge rather than cut by it, leading to slipstream expansion through

image vortex mechanisms.
• Angle of attack and flap deflection have significant effect on tip vortex evolution by affecting vortex-vortex

interactions, leading to instabilities.
Future work will focus on further analysis of slipstream deformation and flap interaction, potentially including

multiple propellers.
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