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Experiments were performed using a wall-to-wall unswept and untapered wing with a
single slotted flap and a propeller, to obtain a validation dataset and gain insight into primary
flow phenomena in propeller-wing-flap interactions. Measurements were taken using pressure
taps, a wake rake and oil flow visualization, for several flap deflections (0, 15 and 30 degrees)
and thrust settings (unpowered, 𝐽 = 0.8 / 𝑇𝑐 = 1.05 and 𝐽 = 1.0 / 𝑇𝑐 = 0.45). Similarity of
the measured data to similar experiments was poor, which was believed to be due to the low
Reynolds number of 𝑅𝑒 = 6𝑒5 and sensitivity of local measurements due to occurrence of stall
cells. Oil flow visualizations showed significant induction of flow separation from nacelle-wing
interactions in unpowered conditions, traced to boundary layer growth. For powered cases it
was shown that both sides of the deployed flap are immersed in the part of the slipstream that
passes the pressure side of the main element. This part of the slipstream deforms significantly
before it reaches the flap and thus results in complex spanwise variations for the flap flow. This
stresses the need to investigate slipstream development in propeller-wing-flap systems and the
effects on flap flow specifically to gain in-depth understanding of the interactions. The results
presented in this paper expose the inherent complexity of investigating propeller-wing-flap
systems and gaining viable validation data, and might serve to guide for future investigations of
propeller-wing-flap systems.

I. Introduction
In recent years, the application of propellers to augment high-lift performance of aircraft has regained favor in

next-generation aircraft concepts due to the possible synergies with distributed electrical propulsion and the renewed
attention for propeller for the sake of propulsive efficiency. Significant work on propeller-blown high-lift augmentation
has been published in the 1950s, e.g. by Kuhn and Draper [1–3], focused on achieving fixed-wing VTOL capability.
Ultimately, these efforts were unsuccessful, as the required slipstream turning angles for VTOL capable fixed-wing
aircraft required mechanically complex systems of flaps and vanes and were coupled with undesirable moment
coefficients.

More contemporary research on the topic focuses on relatively simpler combinations of (tractor) propeller-wing-flap
(PWF), often combined with distributed propulsion, in order to satisfy high-lift requirements for landing with slender
wing planforms optimized for cruise conditions. A popular example is the LEAPTech aircraft [4–6] and its successor, the
X-57 Maxwell. Out of modern literature on PWF systems, most focus on impact on wing performance metrics [7–9], but
often do not characterize the phenomena that these metrics are dominated by. Others focus on reduced-order modeling
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capabilities [10] or consider non-standard flap configurations that make it difficult to relate to slotted multi-element
wings [11].

Fundamental descriptions of the aerodynamic interactions that dominate the PWF system and, in particular, how
these differ from related sub-fields like propeller-wing interaction and multi-element aerodynamics, are still lacking in
literature for PWF systems. Notable literature on propeller-wing interaction [12–14] focus mostly on cruise conditions
and single-element wings, and while some literature on propeller slipstream development in the presence of a wing does
include the high-lift condition [15, 16], there is little attention for the interaction with the flap as a separate element in
the system.

The present paper describes the results of an early experiment in a project to improve aerodynamic understanding
of the interactions that dominate the flowfields of propeller-wing-flap systems, performed in May 2021. It confirms
knowledge available from literature and notes several aspects of the aerodynamic interactions specific to the presence of
a flap that are believed to be underappreciated in the currently available literature.

II. Experimental Setup
Experiments were performed in the Low Turbulence Tunnel (LTT) at the Delft University of Technology, a closed

single-return tunnel with a turbulence level of approximately 0.015% at the testing velocity of 30 𝑚/𝑠. The tunnel
features interchangeable test sections with an octagonal cross section. These test sections have a width of 1.8m, a height
of 1.25m and length of 2.6m.

A. Model Geometry
The unswept, untapered wing model featured a NLF-Mod22(B) airfoil, originally designed by Boermans and Rutten

[17], with a chord-length of 0.3𝑚 and span of 1.248𝑚 (clamped to the tunnel using shims). The airfoil is shown in
Fig. 1. A single-slotted flap of 30% chord could be positioned in one of three configurations, namely flap nested, flap
deployed at 15 degrees with 8% overlap and 2% gap, and flap deployed at 30 degrees with 0% overlap and 3% gap.
Definitions of deflection (𝛿 𝑓 ), overlap (𝑑𝑥) and gap (𝑑𝑠) are given in figure 2. The flap was attached to the the main
element with a set of 6 brackets, as shown in Fig. 3. The main element of the wing was mounted vertically in the test
section, clamped to the wind tunnel walls on both sides. The gap between the flap and the wind tunnel wall was taped
off in order to avoid bleed flow. A technical drawing of the wing model with relevant dimensions and definition of axes
is provided in Fig. 4.

The model was purposely built to hold up to three nacelles and propellers, though for the purposes of the present
experiment only a single one was used, mounted on the wing centerline. The nacelle housing was a relatively long and
thin cylinder, angled 5 degrees downwards with respect to the wing chord, putting the propeller at roughly 0.85𝐷 from
the wing leading edge. The propeller was a TUD-XPROP-S reference propeller, with a diameter of 203.2𝑚𝑚 and a
blade pitch of 𝛽0.7𝑅 = 30 degrees. Due to limitations of the electric motor, the propeller was limited to an advance ratio
of 𝐽 = 0.8 at a windtunnel velocity of 30𝑚/𝑠, which would correspond to a thrust coefficient of 𝑇𝑐 = 1.05 in isolated
propeller conditions.

0 0.2 0.4 0.6 0.8 1 1.2

x/c [-]

-0.15

-0.1

-0.05

0

0.05

0.1

y
/c

 [
-]

Main element

Flap nested

Flap 15 deg

Flap 30 deg

Fig. 1 NLFmod22(B) profile with flap nested, flap deployed at 15
degrees (𝑑𝑥 = 8%, 𝑑𝑠 = 2%) and flap deployed at 30 degrees

(𝑑𝑥 = 0%, 𝑑𝑠 = 3%).

ds
dx

δ
f

Fig. 2 Definition of 𝛿 𝑓 , 𝑑𝑠 and
𝑑𝑥.

2

D
ow

nl
oa

de
d 

by
 T

U
 D

E
L

FT
 o

n 
Ju

ly
 1

9,
 2

02
2 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
02

2-
32

16
 



(a) Pressure side
(b) Suction side

Fig. 3 Wing as placed in the test setup with flap deployed and
nacelle and prop attached.
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Fig. 4 Technical drawing of wing
model. Dimensions in 𝑚𝑚.

B. Wall boundary layer suction
In previous (as of yet unpublished) experiments with the same model

in a different wind tunnel, strong junction flows were observed at the
wing-wall boundary that induced early onset of separation. In order
to mitigate these effects, a wall boundary layer suction (BLS) system
was applied, based on the system applied in the original reports of the
NLF-Mod22(B) profile by Boermans and Rutten [17]. Figure 5 shows
the row of holes in the wall end plate, present at both sides of the model,
which were externally connected to a suction pump. Because the flap
was to be moved throughout the experiment, suction holes were only
applied around the main element. The interaction between the wing and
the wall boundary layer of the wind tunnel in the presently described
experiments was found to lead to no appreciable affect of the BLS on
any of the measurements taken. The results presented in this paper are
therefore all captured without application of BLS.

Fig. 5 Holes in the side plate
around the main element of the

wing for the suction system.

C. Measurement Techniques
The model includes two chordwise rows of pressure taps at 𝑦/𝑏 = ±0.35𝐷, on each side of the wing centerline.

Measurements of all taps were taken simultaneously using an electronic pressure scanner with a sampling frequency of
10𝐻𝑧 and a measurement time of 10 seconds per angle of attack. Figure 6 shows the chordwise distribution of the
pressure taps over the airfoil, which are tabulated for reference in Tables 2 and 3 in Appendix IV.A.
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Fig. 6 Chordwise distribution of pressure taps on main
element and flap.

Fig. 7 Wake rake top and front view with spacing
dimensions indicated in 𝑚𝑚. Modified from [17]

A wake rake with total and static pressure probes was placed at a downstream location of 𝑥/𝑐 = 2, meaning the
tips of the probes were positioned one chord-length from the wing trailing edge with flap nested. Figure 7 shows
the dimensions and spacing of the probes. The wake rake was traversable in both spanwise and normal directions.
Resolution of measurement points was 10 mm in spanwise direction, while in normal direction the wake rake was
aligned with the center of the wing wake, with additional measurements at ±99 mm from the wake center. This ensured
a resolution of 3 mm within ±40mm from the test section centerline due to the distribution of probes on the wake rake.
The wake rake and support rig was only fitted in the tunnel during the slipstream/wake measurements and removed for
all other measurements, including polar measurements using the pressure taps on the wing, in order to avoid interference
effects. This means that no profile drag estimations based on wake deficiencies were performed and only pressure drag
data was available. Measurements were taken by the same electronic pressure scanner as the pressure taps were attached
to, but at a measurement time of 5 seconds.

Finally, oil flow visualization was performed for most configurations at various angles of attack. The flow
visualization oil was a mixture of light paraffin oil with UV-luminescent material. The images were taken with a DSLR
camera while the wind tunnel was running. It should be noted that as the wing was mounted vertically in the wind
tunnel, gravity plays a significant role in the transport of the oil, particularly in areas where the shear forces are low.
The oil flow thus indicates dominant flow direction in regions of high shear, but cannot be completely interpreted as
streamlines of the flow.

D. Configurations
Table 1 shows an overview of the configurations considered in the experiment. Due to time constraints, configuration

5 was limited to wake rake measurements only at 𝐽 = 0.8 and is not discussed further in this paper. All other powered
cases were run at 𝐽 = 0.8 and 𝐽 = 1.0, corresponding to a high thrust coefficient (𝑇𝑐 = 1.05) and maximum propeller
efficiency (𝑇𝑐 = 0.45). The former was the maximum thrust coefficient achievable for an isolated propeller considering
the electric motor used and the selected freestream velocity.

Table 1 Overview of tested configurations.

CF 𝛿 𝑓 [𝑜] ds [1/𝑐] dx [1/𝑐] Nacelle Prop
1 0 - - Off Off
2 15 0.02 0.08 Off Off
3 30 0.03 0 Off Off
4 30 0.03 0 On Off
5 30 0.03 0 On On (𝛽0.7𝑅 = 45◦)
6 30 0.03 0 On On (𝛽0.7𝑅 = 30◦)
7 15 0.02 0.08 On On (𝛽0.7𝑅 = 30◦)
8 15 0.02 0.08 On Off
9 0 - - On Off
10 0 - - On On (𝛽0.7𝑅 = 30◦)
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III. Results and Discussion
The results of the experiment are discussed in this chapter and compared with available literature. The clean wing

configuration is presented as a baseline and compared with reference data of the same profile in order to contextualise
the interpretation of the available data. Subsequently, nacelle-wing interaction, propeller-wing interaction as well as
propeller-wing-flap interactions are evaluated. All coefficients resulting from pressure tap measurements are denoted
with an asterisk, to indicate the fact that they are local sectional measurements and should not be considered to necessarily
represent flow characteristics at other spanwise stations. This is treated in more detail in section III.A.3.

A. Baseline Measurements
Figure 8 shows the aerodynamic coefficients obtained from the pressure tap measurements during the experiment, in

comparison with data obtained by Boermans and Rutten [17] in reference experiments using the same airfoil. It should
be noted that the 30 degrees flap case by Boermans features 0.5% overlap rather than 0% as in the present experiments.
Both the present (LTT) and data from Boermans and Rutten (Boermans) have been corrected for windtunnel boundary
effects using the method by Allen and Vincenti [18], however, for the present experiments the wake blockage correction
is only based on pressure drag. Whereas Boermans and Rutten report total drag extracted from wake rake measurements,
no such data was available for the LTT experiments. The wake blockage correction for the LTT data is therefore slightly
undervalued, though this is expected to be within 1% of the respective coefficient values as the model chord of 0.3m is
small compared to the wind tunnel width of 1.8 m (since the model is mounted vertically).
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Fig. 8 Integrated local pressure measurements versus angle of attack for clean wing configurations in the LTT
experiment versus reference [17]. Solid and dashed lines of LTT data represent respectively starboard- and

port-side pressure tap locations.

The results obtained by Boermans and Rutten [17] are different from the results obtained in the presently described
experiment, as can be seen from Fig. 8. The lift coefficient with flap nested is consistently higher in the Boermans data
than in the present experiment and it shows leading edge stall characteristics, while the present experiment shows signs
of more gradual trailing edge stall. The discrepancy between Boermans and LTT data increases when a flap is deployed,
showing significantly higher flap effectiveness in the Boermans experiments, with more lift generated across the polar
and a higher angle of maximum lift. The moment coefficients fall closer together for both experiments, with the major
discrepancy found in the 30 degrees flap case, which shows a large jump post-stall due to complete flow separation on
the flap. The Boermans data shows flow on the flap to remain attached despite the main element stalling and thus shows
a much smaller change in moment coefficient.
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There are several phenomena that occurred during the LTT experiments that are likely to cause the observed
differences in performance. These phenomena are described in detail below in an attempt to provide a solid context for
the interpretation of data in the remainder of the paper.

1. Reynolds and Mach Number Effects
At least a part of the observed differences between the LTT and Boermans results can be attributed to Reynolds

number effects. The Boermans experiments were performed at 𝑅𝑒 = 3𝐸6 for the flap nested case, 𝑅𝑒 = 2𝐸6 for the 15
degrees flap and 𝑅𝑒 = 1.7𝐸6 for the 30 degrees flap, while the LTT experiments were all performed at approximately
𝑅𝑒 = 6𝐸5. This meant that laminar separation bubbles could occur, which were observed with the 30 degree flap case.
Increases in angle of maximum lift are in line with what would be expected of Reynolds number effects in this critical
range [19]. Mach number effects may also play a role, particularly for the flapped cases. Though these effects have not
been investigated specifically, they are expected to be small. The LTT experiments were performed at 𝑀 = 0.088 for all
configurations, while the Boermans data were captured at 𝑀 ≈ 0.23, 𝑀 ≈ 0.15 and 𝑀 ≈ 0.12 for flap nested, flap 15
degrees and flap 30 degrees cases, respectively.

2. Boundary Layer Transitioning
As one of the objectives of the experiment was to provide validation data for numerical simulations, as well as due

to concerns over the low Reynolds numbers, a fixed point of boundary layer transitioning was desirable. Tripping the
boundary layer also avoided the formation of a laminar separation bubble on the main element. The experiments by
Boermans and Rutten [17] did not include forces transition of the upper surface of the wing. Several boundary layer
tripping methods were tested on the wing, including carborundum grit and several variations in terms of thickness
and width of zigzag tape, all applied at 10% chord on the upper surface of the wing. It was noticed that the method
of boundary layer tripping has a significant effect on the performance of the clean wing, as exemplified in Fig. 9
where integrated pressure measurements for the wing without forced transition, transition using carborundum grit and
transition using zigzag tape of 0.255mm high and 12mm wide are compared. Both tripping methods show a reduction
in maximum lift coefficient and a decambering effect on the lift curve slope, particularly the carborundum strip. The
local moment coefficient is also reduced significantly for nearly the entire range of angle of attack for both applications
of boundary layer tripping when compared to the untripped case.
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Fig. 9 Integrated local pressure measurements versus angle of attack for various methods of boundary layer
tripping, showing significant decambering compared to the untripped lift polar.

Application of distributed roughness through carborundum grit is a tried and tested method [19] and the required
grit size had been calculated using the method by Braslow [20]. It was, however, applied to the wing using a thin
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double-sided adhesive, which may have caused the effective roughness size to be unintentionally large (though it should
be noted that the combined thickness is still less than the better performing zigzag tape). Another explanation might be
excessive application of grit, as suggested by Barlow et al. [19]. In the end, the experiment was performed using the
zigzag tape of 0.255mm height and 12mm width, as it showed the best performance compared to the untripped wing,
while still providing a forced point of transition. Due to the width of this zigzag tape, it was not feasible to apply it to
the flap, which was therefore left to transition naturally. Forcing the boundary layer transition also mitigated some of the
significant spanwise flow asymmetry that occurred on the wing, as can be observed particularly in the post-stall regime
of the untripped polar in Fig. 9 where the starboard and port-side measurements diverge. This phenomenon will be
treated next.

3. Spanwise variations
During baseline measurements of the clean wing at high angles of attack,

low-frequency unsteady behavior of pressure measurements was noticed along
with the existence of spanwise variation of flow separation on the wing. The
latter are visualized using tufts in Fig. 10. The observations are consistent
with observations made on other quasi-2D windtunnel setups, such as by
Winkelmann and Barlow [19], Yon and Katz [21] and more recently Broeren
and Bragg [22]. Broeren and Bragg [22] specifically describe the existence
of two types of post-stall behaviours, namely stall cells as three dimensional
structures and low-frequency unsteady oscillations.

Addition of the zigzag tape improved two-dimensionality of the flow,
resulting in less divergence between starboard- and port-side pressure tap
measurements, but spanwise variation was not fully eliminated. The model
with nacelle mounted no longer showed clear stall cells, but still exhibited
spanwise asymmetry at higher angles of attack. This is consistent with
observations by Winkelmann and Barlow [23] and Yon and Katz [21], who
note a correlation between the wing aspect ratio and the number of stall cells
that form. Considering the nacelle to effectively slice the wing into two low
aspect ratio parts, this would eliminate the possibility for a full stall cell to
develop but would not solve the spanwise asymmetry. For the interpretation
of the pressure measurements, this means that they should always be treated
as local measurements only and cannot represent the complete wing, even
in clean wing configuration. For this reason, all results from the pressure
measurements presented in this paper are marked with an asterisk to signify
their spanwise dependency.

Fig. 10 Stall cells occurring on
the clean wing with flap nested at

𝛼 = 13𝑜 visualized by tufts.

B. Nacelle Interference
The presence of the nacelle to the wing introduces several nacelle-wing interaction effects that will be evaluated

and discussed in this section based on oil flow visualisation (OFV) and local pressure data. It should be noted that the
structures and phenomena discussed in this section are believed to be qualitatively independent of the occurrence of
stall cells and spanwise variations discussed in section III.A.3. This assumption is based on preliminary numerical
simulations of the setup, which show the same major structures and phenomena.

1. Local Aerodynamic Coefficients
Figure 11 shows the local aerodynamic coefficients at the two pressure tap locations for the clean wing and nacelle

on configurations. For the flap nested cases, negligible effect of the presence of the nacelle to lift, pressure drag and
moment is observed. In the post stall regime, the nacelle-mounted case for the nested flap displays some irregular
behavior, which is attributed to separated flow instabilities as addressed in section III.A and should be interpreted with
caution.
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Fig. 11 Integrated local pressure measurements versus angle of attack for the clean wing and nacelle on
configurations of each flap deflection. Dashed and solid lines represent respectively starboard- and port-side

pressure tap locations. Uncorrected wind tunnel data.

For the flapped cases the addition of the nacelle introduces a large decrease in maximum lift coefficient and angle
of maximum lift. Past the angle of maximum lift, the two pressure tap locations also diverge strongly in achieved lift
coefficient, which oil flow visualization shows to be related to spanwise asymmetry in flow separation and crossflow at
the location of the pressure taps, making analysis based on the integrated coefficients ineffective in these interactive
regions of the wing.

In the region of 𝛼 = 5 to 10 degrees, both flapped cases also show a negative slope in the pressure drag. This is
likely related to the suction peak at the leading edge of the main element due to the blockage of the nacelle, as is known
to be present from literature [24]. The relative contribution to pressure drag by main element and flap in these cases
supports this conclusion, as the main element has negative drag contributions at low angles of attack. The case with 30
degrees flap and nacelle mounted no longer displays the jump in moment coefficient that is observed on the clean wing
around 𝛼 = 11 degrees, which was caused by complete separation of the flap flow. Local pressure distributions show
that the separation on both flap and main element are more gradual with the nacelle mounted.

2. Interactive Flow Phenomena
Oil flow visualizations performed during the experiment (Fig. 12) show clear effects of the nacelle on the wing

flow, particularly at high angles of attack. A region of spanwise divergent flow is present behind the nacelle (I), which
remains attached long after the rest of the wing flow has separated (the thick dashed line indicates the approximate
location of the separation line). This is consistent with what is found in literature, such as the study by Qiu et al. [24],
where the effective removal of the wing leading edge due to the nacelle placement causes a high pressure region behind
the nacelle. The flow in this region expands due to the spanwise pressure gradient and the expansion increases as
circulation on the rest of the wing increases, e.g. due to flap deployment or an increased angle of attack.

At higher angles of attack a wedge-shaped separation line (II) can be observed, as flow separation on the wing
is expedited at the regions close to the nacelle. Numerical simulations of the experimental setup have confirmed
this to be related to boundary layer thickening originating from the nacelle-wing junction (III), primarily fed by the
crossflow coming from the high-pressure region. Qualitatively similar results have been reported by Qiu et al. [24],
where a combination of an increased pressure peak due to the nacelle blockage along with the spanwise flow due to the
high-pressure region caused boundary layer thickening resulting in early onset of separation.
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It should be noted that the observed flow separation is not related to vortices shed by the nacelle itself. Radespiel
[25] shows nacelle vortices moving over the wing and inducing flow behavior similar to what is observed by Qiu et
al. [24] and in the OFV presented in Fig. 12. Numerical simulations of the presently described experimental setup
have shown these vortices to occur on the nacelle, but they move over the wing close to the nacelle centerline and are
relatively weak as a result of the size and shape of the nacelles. Figure 12b shows some induced separation on the
trailing edge of the wing right behind the nacelle (IV), which are believed to be related to these vortices. The position
and strength of the nacelle vortices and the boundary layer accumulation at the nacelle-wing junction, as well as whether
both effects are likely to combine (as seems to be the case in Radespiel [25]), will depend on the particular nacelle
geometry and wing integration and warrants further research.

(a) 𝛼 = 0◦ (b) 𝛼 = 10◦ (c) 𝛼 = 13◦

Fig. 12 Oil flow visualization images of the wing with flap nested and nacelle installed (CF9), showing attached
flow directly behind the nacelle and early onset separation originating from the nacelle-wing junction. Dashed

line indicates the approximate separation line.

When flaps are deployed, flow divergence behind the nacelle increases significantly, which follows expectation as
the flap increases wing circulation, resulting in a steeper spanwise pressure gradient from the wing centerline. Figure 13
shows OFV of the wing with deployed flap at 𝛼 = 10 degrees. Again, the thick dashed line approximates the separation
line across the wing. In both cases, flow separation induced by the nacelle increases significantly compared to the flap
nested configuration at the same angle of attack. The divergent flow region behind the nacelle spans a much wider
portion of the wing and the boundary layer accumulation becomes visible as diffuse regions (I) in the oil flow. The wing
leading edge at the nacelle-wing junction shows reversed flow (II) ahead of the zigzag tape and vortex structures (III)
can be observed in the nacelle-wing junction where flow coming off of the nacelle circulates into the reversed flow
region. Downstream of the zigzag tape the flow seems to be attached and diverging (IV) due to the high pressure region
in the nacelle. This is indicative of a leading edge separation bubble in the nacelle-wing junction as described by Qiu et
al. [24] and also noted in the recent dissertation by van Arnhem [26].

Based on the OFV, the flap flow seems to have little interference from the nacelle effects. The 15 degrees flap case
shows no interaction besides separation induced on the outer part of the flap due to interference with the flap brackets
(VI). A slight induction of trailing edge separation can be observed downstream of the nacelle (V), which is likely
related to the lack of pressure recovery region in the wake of the main element, inducing slight trailing edge separation
on the flap. A similar structure is observed on the 30 degrees flap. Note also the major effect of the flap brackets on the
flow on the 30 degrees flap, which induces early separation and removes the laminar separation bubble, marked by the
dash-dotted line (VII).

Local pressure distributions (Fig. 14) confirm that the loading of the 15 degrees flap is hardly affected by the nacelle
interference on the main element, but the 30 degrees case shows a loss of suction on the flap at 𝛼 = 10◦. This is
likely caused by the separated wake of the main element induced by the nacelle effects, which significantly alters the
off-the-surface flow characteristics above the flap.
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(a) 𝛼 = 10◦, Flap 15 deg (b) 𝛼 = 10◦, Flap 30 deg

Fig. 13 Oil flow visualization images of the wing with nacelle mounted at different flap settings, showing the
development of the flow expansion behind the nacelle with increasing flap deflection. Dashed line indicates the

approximate separation line, dash-dotted line shows a laminar separation bubble.
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Fig. 14 Comparisons of pressure distributions on the port side for clean wing and nacelle mounted (unpowered)
configurations for the two flap deflections around the angle of maximum lift coefficient for the nacelle mounted

cases.

C. Slipstream Interference
Propeller-wing interaction phenomena are well documented in literature, for instance in the work of Veldhuis [14].

It is a highly coupled system, which is inherently captured in experiments and cannot be separated. However, only
measurements regarding the wing performance were taken during the experiment and thus this paper will discuss only
the interference effects of the slipstream on the wing aerodynamics, despite this being a result of the 2-way (or in case of
flap deployment 6-way) interaction between propeller-wing(-flap).
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1. Sectional Aerodynamic Coefficients
The basic effects of the slipstream on wing performance can be captured by viewing the slipstream as an increase in

dynamic pressure, increasing lift generation, and a tangential velocity that induces a local change in angle of attack [14].
These effects are immediately obvious from the sectional aerodynamic coefficients presented in Fig. 15 through 17,
respectively showing the local integrated aerodynamic coefficients for flaps at 0, 15 and 30 degrees at various advance
ratios (unpowered, 𝐽 = 1.0 and 𝐽 = 0.8). Note that the unpowered configurations have the nacelle mounted, as it has a
large effect on the local flow behavior and therefore offers a better reference for assessment of the slipstream interactions.

Regardless of the flap setting, the maximum lift is increased for the powered configuration compared to the unpowered
configurations with nacelle. The tangential velocity in the slipstream changes the local effective angle of attack at the
wing, causing asymmetry in the local lift, drag and moment coefficients between port and starboard side measurement
locations. As angle of attack increases the offset between the lift coefficient of the port and starboard sides decreases.
This may be attributed to the swirl recovery effect which becomes stronger with increasing wing circulation [14], or to
asymmetric disk loading due to the angle of attack. The angle at which maximum lift is achieved changes only 0.5-1
degrees for each of the powered configurations compared to the unpowered configurations, even for the down-going
blade side where effective angle of attack on the wing is reduced due to the tangential velocity in the slipstream. This
is at least in part due to the nacelle inclination of 5 degrees compared to the wing chord, which will counteract the
effective decrease in angle of attack on the down-going blade side where otherwise a higher relative angle of maximum
lift would be expected.
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Fig. 15 Integrated local pressure measurements versus angle of attack for wing with flap nested in unpowered
(nacelle mounted) and propeller on configurations. Solid and dashed lines represent respectively down- and

up-going blade sides. Uncorrected wind tunnel data.
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Fig. 16 Integrated local pressure measurements versus angle of attack for wing with flap deployed (𝑑 𝑓 = 15◦,
𝑑𝑥 = 8%, 𝑑𝑠 = 8%) in unpowered (nacelle mounted) and propeller on configurations. Solid and dashed lines

represent respectively down- and up-going blade sides. Uncorrected wind tunnel data.
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Fig. 17 Integrated local pressure measurements versus angle of attack for wing with flap deployed (𝑑 𝑓 = 30◦,
𝑑𝑥 = 0%, 𝑑𝑠 = 3%) in unpowered (nacelle mounted) and propeller on configurations. Solid and dashed lines

represent respectively down- and up-going blade sides. Uncorrected wind tunnel data.
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2. Propeller-Wing Interactions
Oil flow visualizations of the wing in powered conditions gives more insight into the overall aerodynamic phenomena

that occur on the wing in the powered cases. Figure 18 shows the OFV of the powered flap nested case (CF10) at
𝐽 = 0.8 for three angles of attack. It clearly shows the area affected by the propeller slipstream, the edge of which
moves spanwise towards the down-going blade side as it passes the wing (I). The down-going blade side shows most
deformation in the first 20% of the chord, while the up-going blade side shows most deformation towards the rear 50%
chord. The latter seems to decrease as angle of attack increases, though it is impossible to verify only based on the OFV.
Within the slipstream boundaries, the flow expands as it moves over the wing (II), opposite to the main swirl direction.
This expansion increases with increasing angle of attack. On the nacelle, a flow in opposite direction to the main swirl
component can also be observed (III). It is likely that this is a result of the root vortex system, which moves over the
wing slightly above the surface. This reveals a pitfall of OFV for slipstream interaction, as the off-the-surface flow
characteristics may be dominant for the wing performance but cannot be visualized.

As angle of attack increases, areas of separated flow start to form on the outside of the slipstream affected area.
These are believed to be caused by local increases in angle of attack induced by vorticity shed into the wake due to
the disturbance of the spanwise lift distribution caused by the slipstream [14]. At 𝛼 = 13 degrees, the separated areas
displace the boundaries of the slipstream (at least on-the-surface) causing a significant reduction in affected area of the
wing. At 𝛼 = 0 degrees, some interference can be observed on the separation line at the trailing edge (V), which seems
to originate from the nacelle and induces slight trailing edge separation. This area moves spanwise as the expansion of
on-the-surface flow within the streamline increases with angle of attack. At 𝛼 = 13 degrees, this area of separated flow
seems to have merged with the larger separated area on the outside boundary of the slipstream. Preliminary numerical
simulations show that this area is in fact two regions of flow that originate from each nacelle-wing junction. It is
hypothesized that this may be the root vortex system coming off of the nacelle and interacting with the wing, but further
investigation is required to confirm this.

(a) 𝛼 = 0◦ (b) 𝛼 = 10◦ (c) 𝛼 = 13◦

Fig. 18 Oil flow visualization images of the wing with flap nested and nacelle installed (CF9), showing attached
flow directly behind the nacelle and early onset of separation originating from the nacelle-wing junction.

Overall, the OFV illustrates the complexity of the propeller-wing interactive flowfield. Local deformation of
streamlines within the slipstream are highly variable and slipstream deformation shows to be highly dependent on
spanwise loading. Furthermore, the importance of volumetric / off-the-surface flow visualization is underlined, as
on-the-surface flows seem to move in opposite direction to the swirl in the main body of the slipstream. Finally, the
importance of spanwise resolution is exemplified, as the flow is highly three-dimensional. Although the pressure taps
on the downgoing blade side (identifiable by the taped off region on either side of the nacelle) seems to be positioned
in a streamwise-oriented part of the slipstream, the port-side pressure taps see crossflow components, making any
interpretation of the measurements as a two-dimensional wing section impossible.
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3. Propeller-Wing-Flap Interactions
Figure 19 shows the OFV of both the pressure and suction side of the powered case with 30 degrees flap at 𝐽 = 0.8

and 𝛼 = 8 degrees. On the main element, most of the same structures as described for the flap nested cases in section
III.C.2 can be seen. The flap flow shows some interesting differences, however. The slipstream affected area can be
determined by the disappearance of the laminar separation bubble, due to early transitioning of the boundary layer in the
slipstream [27]. The area of the flap affected by the slipstream (VII) can be seen to be much wider than and offset from
the slipstream-affected area on the main element. At the edge and roughly in the middle of this area, several vortical
structures are observed (V), likely due to root and tip vortex interactions. Figure 19b shows that the offset from the
main element is because the flap is immersed in the flow coming off of the pressure side of the main element, which
undergoes significant deformation before it reaches the flap. For different spanwise stations the flow around the flap thus
varies, impacting performance. This impact can be recognized from the shift in separation line on the flap within the
slipstream-affected area.

(a) Suction side (b) Pressure side

Fig. 19 Oil flow visualization of both sides of the wing for the powered configuration with flap deployed at 30
degrees (CF6), 𝐽 = 0.8, 𝛼 = 8 degrees, showing the deformation of the slipstream and impingement of the

pressure side slipstream half on the flap.

The images of Fig. 19 show that the flow seen by the flap (and therefore its performance) is highly dependent on the
interaction of the slipstream with the main element (and therefore the interaction with the flap). Simplified numerical
analyses such as streamtube models will thus quickly break down when representing propeller-wing-flap systems, as
they will not accurately represent the area of the flap being immersed in the slipstream, nor the concentrations of
dynamic pressure that will result from the slipstream deformation over the main element. Furthermore, this insight is of
importance to distributed propulsion application of propeller-blown lift augmentation, as it shows that slipstreams of
closely spaced propellers will have to interact. Some notion of this can already be found in recent advanced numerical
simulations of distributed propulsion flows, such as Keller [28].
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(a) Flap nested, 𝛼 = 0◦
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(b) Flap nested, 𝛼 = 10◦
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(c) Flap nested, 𝛼 = 13◦
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(d) Flap 15 deg, 𝛼 = 0◦
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(e) Flap 15 deg, 𝛼 = 8◦
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(f) Flap 15 deg, 𝛼 = 10◦
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(g) Flap 30 deg, 𝛼 = 0◦
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(h) Flap 30 deg, 𝛼 = 8◦
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(i) Flap 30 deg, 𝛼 = 10◦

Fig. 20 Total pressure in the yz-plane at 𝑥/𝑐 = −2 for various powered configurations at 𝐽 = 0.8. View in
streamwise direction. Dashed lines indicate projections of the propeller, leading- and trailing edge on the

yz-plane. Pressure taps are located at 𝑦/𝑅 = ±0.7
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D. Downstream Slipstream Deformation
To shed further light on the slipstream deformation and its interaction with a flap, total pressure measurements in the

wake were analyzed. Figure 20 shows the total pressure coefficient, defined by equation (1), in the 𝑧𝑦-plane at 𝑥/𝑐 = −2
(meaning one chord behind the trailing edge of the airfoil with flap nested at 𝛼 = 0 degrees). Since the propeller adds
total pressure to the flow, the slipstream can be identified as areas where the total pressure coefficient is larger than unity.
Note that due to the interaction with the deficit in total pressure caused by the viscous wake of the wing, the edges of the
slipstream become difficult to define exactly in the presence of significant separation.

𝐶𝑝,𝑡𝑜𝑡 =
𝑃𝑟𝑎𝑘𝑒 − 𝑃∞

𝑞∞
(1)

For the flap nested configuration at 𝛼 = 0 degrees, the slipstream undergoes the typical anti-symmetrical shear. As
angle of attack increases, the slipstream deforms into an inverted T-shape. For 𝛼 = 0 degrees, the root vortex system and
nacelle wake can be clearly identified as a reduction in total pressure in each half of the slipstream. At higher angles of
attack, this system is displaced towards the upper-right quadrant as the two halves merge. As a result of the vorticity
shed from the wing due to the enhanced lift within the slipstream, the upper half of the slipstream is compressed towards
the middle, while the lower half of the slipstream is elongated in spanwise direction. The OFV images in section III.C.3
show that at least a part of this elongation already occurs on the wing surface, while the compression of the upper half
of the slipstream cannot be observed.

As the flap is deployed, the anti-symmetrical shear is no longer the dominant deformation effect at 𝛼 = 0 degrees.
Rather, the bottom half of the slipstream is displaced and elongated significantly. The upper half of the slipstream is
much less affected, mainly showing a vertical displacement due to additional circulation on the wing. As angle of attack
increases, the slipstream attains a similar inverted-T shape as with flap nested. Local concentrations of total pressure
towards positive 𝑦/𝐷 seem to decrease with increased flap deflection. The seemingly limited extent of the slipstream
into the positive 𝑦/𝐷 direction for high angles of attack and flaps deployed is believed to be due to the interaction with
the wing wake, as the low angle of attack results show the slipstream to extend to well beyond 𝑦/𝐷 = 0.8 for 30 degrees
flap.

IV. Conclusion
Wind tunnel experiments were performed on a straight, untapered wing with single slotted flap and single propeller

in order to investigate the interactive flows occurring in propeller-wing-flap systems. Results were captured for three
flap settings, being flap nested, flap deployed at 15 degrees and flap deployed at 30 degrees, with a clean wing, wing
with nacelle mounted (unpowered) and wing with powered propeller.

Discrepancies between the obtained results and reference data were mainly attributed to the difference in Reynolds
number, the forced boundary layer transition with zigzag tape and local nature of the pressure measurements. Particularly
the latter were shown to be affected by three-dimensional flow structures common to quasi-2D wind tunnel setups with
high aspect ratios, complicating data interpretation. Combined with the three-dimensional flow characteristics due to the
nacelle-wing and propeller-wing(-flap) interactions, the need for higher spanwise resolution of pressure measurements
when achieving validation datasets is illustrated. Similarly, the limitation of on-the-surface only measurements are
exposed for propeller-wing(-flap) validation experiments, thus stressing the necessity of volumetric flow quantification
using e.g. PIV.

Using oil flow visualization, the main nacelle-wing interactions were shown. The nacelle induced large areas of
separation on the wing due to boundary layer accumulation originating from the nacelle-wing junction. The spanwise
extent of this separation is dependent on the spanwise pressure gradient between the flow behind the nacelle and the
flow outboard of the nacelle, thus increasing in size with increased flap deflection. With flaps deflected and high angles
of attack, evidence of separation bubbles in the nacelle-wing junction was found, which agreed well with literature.

Powered cases showed common propeller-wing interference effects that are expected from literature, such as the
increased lift due to additional dynamic pressure in the slipstream and the induced angles of attack due to swirl. Oil
flow visualization showed the slipstream to expand on the suction side in opposite direction to the swirl, illustrating the
pitfalls of on-the-surface flow analysis for slipstream interactions. The powered cases with deployed flaps showed the
same main phenomena on the main element as the flap nested cases, however the flap was shown to be immersed for a
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wider portion of its span and at a location offset from the main element. This was traced to the flap being immersed in
the lower half of the slipstream that passes the pressure side of the main element, which significantly deforms before
reaching the flap. Further research on the subject of slipstream deformation for propeller-wing-flap systems is needed to
fully understand the system interactions.

Analysis of the slipstream deformation in a plane one chord downstream of the wing showed that deploying the flap
alone has a significant effect on the deformation of the lower half of the slipstream, but does not affect the upper half
as much. When increasing angle of attack, all cases showed the typical inverted-T shape of the slipstream. Due to
the significant viscous wing wakes in the flapped cases, the actual effect of flap deflection on downstream slipstream
deformation at high angles of attack was difficult to judge and further investigation would be required.

Appendix

A. Pressure tap locations

Table 2 Locations of pressure taps on main element.

port no. 𝑥/𝑐 𝑦/𝑐
1 46 0.7767 0.0492
2 47 0.7100 0.0605
3 48 0.6400 0.0716
4 49 0.5667 0.0824
5 50 0.4900 0.0925
6 51 0.4133 0.1007
7 52 0.3367 0.1050
8 53 0.2700 0.1035
9 54 0.2067 0.0977
10 55 0.1500 0.0879
11 56 0.1067 0.0764
12 57 0.0683 0.0620
13 58 0.0383 0.0458
14 59 0.0167 0.0291
15 60 0.0050 0.0148
16 61 0.0000 0.0000
17 62 0.0067 -0.0113
18 63 0.0200 -0.0196
19 64 0.0450 -0.0279
20 65 0.0767 -0.0349
21 66 0.1267 -0.0427
22 67 0.1867 -0.0497
23 68 0.2533 -0.0553
24 69 0.3300 -0.0601
25 70 0.4233 -0.0632
26 71 0.5167 -0.0632
27 72 0.6067 -0.0594
28 73 0.6833 -0.0494
29 74 0.6970 -0.0300
30 75 0.7167 0.0044
31 76 0.7467 0.0253

Table 3 Locations of pressure taps on flap (in nested
position).

port no. 𝑥/𝑐 𝑦/𝑐
32 77 0.9600 0.0125
33 78 0.9000 0.0260
34 79 0.8467 0.0334
35 80 0.7983 0.0316
36 81 0.7550 0.0205
37 82 0.7233 0.0017
38 83 0.7067 -0.0160
39 84 0.7000 -0.0311
40 85 0.7083 -0.0416
41 86 0.7300 -0.0386
42 87 0.7617 -0.0309
43 88 0.8067 -0.0202
44 89 0.8600 -0.0094
45 90 0.9167 -0.0019
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