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Aerodynamic Interaction Effects Between a Propeller Slipstream
and Single Slotted Flap

Jurrién C. Plijter*, Ramon R. Duivenvoorden.” and Tomas Sinnige*
Delft University of Technology, Delft, The Netherlands

A 3D unsteady RANS simulation utilizing the Spalart-Allmaras (SA) turbulence model
was conducted to investigate aerodynamic interactions within a propeller-wing-flap system.
The research specifically examines the complex flow field around a slotted flap, highlighting
the interaction between the propeller slipstream and the main wing and flap during powered
high-lift conditions. Operating conditions include a chord-based Reynolds number of 2 million,
with thrust and flap settings reflecting take-off conditions (/ = 0.765, T. = 1.267, 6y = 15°) at
an angle of attack o = 8.3°. Chordwise pressure distributions and surface shear stress contours
show strong agreement with previous experimental measurements and oil flow visualizations of
the same geometry. Findings indicate that a portion of the propeller slipstream transfers from
the pressure side of the main wing to the upper side of the flap through the cove, dominating
the flap flow field. Although the upper side of the main wing experiences fluctuating flow
originating from the propeller slipstream, this flow does not induce unsteadiness or penetrate
the flap upper side boundary layer along the wing span. Furthermore, it is shown that the
shedding of vortices from the propeller root, along with the resulting vortices on the lower side
of the geometry, weakens the flap boundary layer as this flow is transferred through the cove
area, consequently inducing flap flow separation. Overall, the findings provide valuable insights
into propeller-wing-flap interactions, which had not been visualized before in this detail, yet
emphasizing the need for further research to confirm and expand on these results.

I. Introduction

ENEWED interest in propeller-driven aircraft has boosted research in propeller-wing aerodynamics. Turboprop
Raircraft are expected to increase in number due to rising demand for short-range aircraft and their higher propulsive
efficiency compared to turbofan engines for short-range missions [1]]. Additionally, the potential introduction of
distributed electric propulsion (DEP) has led to greater interest in understanding the aerodynamic interactions between
propellers, nacelles, wings, and flap systems. In a DEP system, multiple electrically driven propellers are placed along
the aircraft wingspan. Recent examples of DEP projects are the X57 Maxwell aircraft [2] and Airbus SynerglE aircraft
[3]. An advantage of DEP is its ability to improve high-lift performance compared to a wing with a single propeller.
The work by Keller et al. [4] has shown a ~12% improvement in Cr ;4 due to the distributed propeller effect. While
the results of Keller look promising, as of today, not all flow phenomena that occur in a tractor propeller-wing-flap
(PWF) system are fully understood. Previous experiments by Duivenvoorden et al. [5] show a complex flow field at
the flap of the experimental PWF setup, but the corresponding results alone do not lend themselves for a conclusive
statement on the origin of observed flap flow phenomena. In fact, most publications that add a flap to a propeller-wing
setup pay little attention to the flap flow but rather discuss overall high-lift performance by wing performance metrics,
such as the research of Roosenboom et al. [[6H8]]. Furthermore, while recent DEP CFD simulations by Bongen et al. [9]
exhibit good qualitative agreement with experimental measurements, the actuator disk approach employed in their study
is unable to resolve the inherent unsteadiness of the slipstream. Simulations in which an unsteady approach is applied to
resolve the time-accurate slipstream deformation and corresponding vortex systems in a DEP or conventional PWF
system in order to analyze the complex flap flow are scarce in literature. The aim of the current study is to provide
insights into the flow field around the entire tractor propeller-wing-flap configuration at high-lift and high propeller disk
loading conditions by performing an unsteady RANS simulation. Special attention is given to the unsteady nature of the
flow by quantifying flow fluctuations and comparing mean and time-accurate flow of primarily the flap flow field.
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I1. Test Case Description

The geometry is based on the TUD-XPROP-S 6-bladed propeller and NLF-MOD22(B) airfoil with fowler flap.
The goal of current setup is to maintain the same proportions as the work of Duivenvoorden et al. [5]] while keeping
the operational conditions of the wing-flap experiments of Boermans and Rutten [[10]. This is done to maximize the
Reynolds number, which is 600.000 in the experiments of Duivenvoorden et al. while still being able to use experimental
data for validation. Furthermore, the uncorrected geometric angle of attack « is 8.0 deg in the work of Duivenvoorden
et al. The complete setup of Duivenvoorden et al. has been enlarged by a factor of 2, except for the wing span, which
has been enlarged by a factor of 1.63 to reduce mesh size. This approach allows for a qualitative comparison with the
results of Duivenvoorden et al. while the operating conditions allow for a quantitative validation of a wing-flap only
setup as further elaborated upon in section[[V] CAD-files of the wing and propeller are available [I1H13]]. The case is
meshed, solved and post-processed with Ansys® distribution 2020 R2.

A. Geometry

The physical TUD-XPROP-S 6-bladed propeller is scaled up with a factor of 2 to obtain a diameter D, of 406.4
mm for this simulation. The wing has a flap-nested chord ¢ of 600 mm. The span b is 2032 mm and equal to 5D, to
minimize the effect of the applied symmetry wall condition on the propeller slipstream development. The propeller is
placed at approximately 0.85D ,, 347 mm, upstream of the leading edge with its axis of rotation inclined downward
with 5 deg with respect to the wing chord line. The propeller blade pitch Sy 7g = 30 deg. The flap deflection angle is
15 deg. At this setting, the optimal values ((C;/Cq)max) of dx, flap overlap, and ds, flap gap, as defined in Fig. |1} are
dx = 8%c and ds = 2%c and hence applied in the current setup [[10]. Figure[2]shows the corresponding airfoil.
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Fig.1 Definition of flap deflection angle ¢/, overlap Fig.2 Main airfoil and flap geometry of present work;
dx[—] and gap ds[-], the latter two normalized with dx = 8%c, ds = 2%c and 6y = 15deg
chord. [5]

B. Operating conditions

The simulations are set up to represent a typical take-off condition, which includes both high wing lift and high
propeller loading. The wing is set to an angle of attack @ of 8.3 deg to match one of the settings tested by Boermans and
Rutten [10] and facilitate comparison. The propeller operates at an advance ratio of J of 0.765, corresponding to a
thrust coefficient 7, of 1.19 for this propeller [14]. T is defined as T/(0.5pU2 A), where T is propeller thrust, p air
density, U, far stream flow velocity and A the propeller disk area. A flap-nested chord-based Reynolds number of
2 - 10° is selected. The freestream Mach number M., is 0.15 and ISA conditions at sea level are applied.
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ITI. Numerical Methods
This section motivates the applied unsteady RANS approach, discusses the numerical settings followed by the setup
of the computational domain and its grid.

A. Numerical setup

An unsteady RANS (URANS) approach is chosen because of its ability to provide complete flow field information at
a Reynolds number higher than typically achieved in non-commercial wind-tunnel experiments. Current experimental
results do not lend themselves for a conclusive statement of observed complex flap flow phenomena, but also are
performed at too low Reynolds number at which flow phenomena occur that one does not expect at full scale conditions,
for example laminar flow separation bubbles. CFD simulations can offer a solution by providing 3D insight into
off-the-surface flow features to fully understand the flow mechanism at the flap of a propeller-wing-flap system while
also increasing the Reynolds number of the setup to higher values compared to available experimental setups. URANS
is highly preferred at high-lift wing-flap simulations and required for blade-resolved simulations [15H18]]. Steady RANS
simulations often converge to a wrong flow field at high angles of attack, while for this study LES was not feasible due
to constraints on computational resources.

The simulation is solved by the Ansys® Fluent pressure-based solver which is recommended for low-speed aircraft
aerodynamics [[19]. The SIMPLE solution scheme and Spalart-Almaras (SA) turbulence model are selected. The SA
model is robust, computationally cheap, and chosen most often in wing-flap CFD setups [16H18] and applied in many
propeller-wing and propeller-wing-flap CFD research up to today (e.g. [4, 18,9, [20-23]]). The SA model is shown to
accurately predict propeller-wing interaction effects when compared to experimental results [8, [22], but the model is
prone to numerical dissipation and premature diffusion of vortex cores due to over-predicted eddy viscosity [8]]. This is
mitigated through the use of second-order temporal and spatial discretization, along with a high mesh resolution. The
simulations are initialized from farfield conditions. Density is calculated by the ideal-gas law. Air dynamic viscosity is
calculated in Fluent by Sutherland’s Law. The time-step is equal to a propeller rotation of 2 deg.
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B. Domain and grid

A bullet-shaped domain is set up as shown in Fig. B] The curved surface is used as a velocity inlet while the
downstream surface is selected as a pressure outlet. The domain extends at least 50 body lengths. A constant pressure
boundary condition is applied to the outlet. The full propeller geometry is modeled to include the root-nacelle interaction
of the propeller blade and to obtain a real viscous propeller wake, leading to an accurate prediction of the propeller
slipstream velocity field [6] 8, 24-26]]. A no-slip boundary condition is applied at the full propeller geometry, wing, and
flap. The side-walls of the domain are defined as symmetry planes.

A hybrid-grid is implemented, consisting of an unstructured far-field with semi-structured inflation layers with a
thickness of 36 layers to resolve the boundary layers on all surfaces. The first layer height is 6 - 107 m and a growth rate
of 1.15 is applied. The average y* is 0.5 while its maximum is 1.6. A polyhedral mesh is selected in the Fluent software
due to its lower RAM requirements and reduced convergence time when compared to default tetrahedral meshing, while
accuracy is not adversely affected [27]. The rotating propeller is implemented by a sliding mesh approach. Figure[d]
shows a schematic representation of multiple mesh refinement regions in order to minimize numerical diffusion of flow
structures of interest. The smallest cells (0.0025) m are found in the propeller wake refinement area.

To verify correct meshing and solving techniques and increase the credibility of the final simulation, two additional
less complex RANS simulations are performed of a wing-flap and prop-off setup. Figure [5]shows the geometries of all
setups. The total number of cells ranges from 117 million for the wing-flap case up to 190 million for the prop-on case.

The URANS approach combined with a high mesh resolution results in long computation times, with the prop-on
simulation requiring 82,000 CPU hours and a turn-around time of two months. Considering the time span of this study,
a mesh dependency analysis is not performed.

(a) Wing-flap (RANS) (b) Prop-off (RANS) (c) Prop-on (URANS)

Fig. 5 Overview of CFD configurations

IV. Verification and Validation of Numerical Results
In this section, the verification and validation approach and results are discussed. Validation data of the full
propeller-wing-flap setup are not available at the specific operating conditions. The wing-flap setup is validated
by experimental results of Boermans and Rutten [10]. Only a qualitative comparison is made with the work of
Duivenvoorden et al. [3] and the Lattice-Boltzmann simulation results of Ribeiro et al. [28].

A. Wing-Flap

The wing-flap case is primarily validated by chordwise pressure coefficients and C;j results of Boermans and Rutten
[10]. Standard low-speed wind tunnel corrections have been applied in their results. A C; of 2.12 is obtained, closely
aligning with the experimentally obtained C; of 2.11. Figure [6]shows good agreement between the experimentally
obtained chordwise Cp distribution and the CFD results of this study, with the exception of two regions on the suction
side of the flap, highlighted by the red boxes. These local pressure distributions originate from the separated flow of
the main element’s cove area, interacting with the pressure distribution near the flap surface. Similar structures and
under-resolvement of the extremes in these regions are seen in the research of Ribeiro et al. [28] when assuming fully
turbulent flow, yet better matching CFD results were obtained when flow transition was included in their setup. It is
therefore concluded that the mismatch between experimental and present CFD results is caused by the fully-turbulent
RANS assumption of the present setup.
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Fig. 6 Chordwise pressure coefficient validation by experimental Boermans and Rutten. Experimental wind
tunnel data from Ref. [10]. (The inter-/extrapolation of the experimental data is performed by Boermans and
Rutten.)

Furthermore, the C; of current research, 302 drag counts, exceeds the C; of Boermans and Rutten of 260 drag
counts with 16.2%. This error did not reduce with additional mesh refinements and can be explained by the fully
turbulent flow assumption used in the RANS simulations. Boermans and Rutten did not apply forced transition in their
setup while laminar separation bubbles are observed. In fact, the NLF-Mod?2?2 airfoil is designed to postpone transition,
reducing drag by maintaining laminar flow as long as possible. The wing-flap results are deemed sufficient despite some
minor differences in pressure distributions and drag due to boundary conditions.

B. Prop-Off: Wing-Flap + Nacelle

In the prop-off case a nacelle and hub are added to the wing-flap setup. The C; slightly reduced from 2.12 of
the wing-flap setup to an integrated lift coefficient C, of 2.06 in present case due to local suppression of the leading
edge suction peak by the nacelle. A reduction in C, of approximately the same magnitude is seen in the results of
Duivenvoorden et al. [S]], from 1.98 to 1.90. The lower lift values from the experiment are related to a low Reynolds
number of 6 - 10°, boundary layer tripping to force boundary layer transition and spanwise variations. In respective
research lift and pressure drag measurements are based on two rows of pressure taps at spanwise locations y = +0.35D,
relative to the nacelle centerline. The spanwise C; and pressure drag coeflicient Cy, p ey distribution of current work is
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shown in Fig. [7]including a depiction of the experimental pressure taps position. Duivenvoorden et al. [5] obtained
a negative pressure drag caused by an increased suction peak near the wing-nacelle intersection. The present work
confirms that the pressure taps are positioned very close to this suction peak, resulting in a local negative pressure drag.

15 , T , : T :
% ! \ | 0.2 i \ \ |
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- 7 | ! \ | ] L | ! \ |
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Fig.7 Spanwise lift (left) and pressure drag (right) distributions of prop-off RANS simulation. Dotted blue lines
indicate diameter of nacelle D,,. Dotted black lines indicate location of pressure taps of Duivenvoorden et al. [3]

Fig. 8 Comparison of experimental oil flow visualizations at « 8.0 deg (left) [S] with current simulation at @ 8.3
deg (right). Simulation results are overlapped with surface C,, contours in black and regions of reversed flow (—x
surface shear) colored in red.

Figure § shows a comparison between the oil flow visualizations of Duivenvoorden et al. [3]] and current results. In
general, the CFD surface shear lines show similar trends as the experimental flow visualizations considering that the
experimental setup was mounted vertically, hence gravity has effect on the oil flow. Areas with flow separation are
marked by red dashed lines. The simulation sufficiently predicts the local flow separation regions at the main wing
element considering the complex flow and applied CFD methodology. The experiment shows slightly increased flap
trailing edge stall downstream of the nacelle, which is also evident in the CFD results. Additionally, the simulation
predicts flow separation near the nacelle-wing intersection, consistent with the findings of Qui et al. [29]. While
this separation is not observed in the experimental results of Duivenvoorden et al. in Fig. [8] a distinct leading edge
separation bubble is present at an angle of attack of 10 deg in the corresponding report [3]. This suggests that the CFD
setup predicts the main relevant phenomena. Considering the small differences in operating conditions and RANS
limitations, the results are well accepted.

C. Prop-on

The prop-on case represents the full setup. Figure [9] shows the convergence history of Cr, Cp and T¢ of this
simulation. A total of 60 propeller rotations, equal to a 0.36 s total simulated time and 4800 time steps, are successfully
simulated to allow the flow field to establish and converge to a quasi-steady solution, similar to the approach of
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Fig. 9 Convergence history of forces for the prop-on case. ’incl. prop’ shows the forces of the full geometry,
’excl. prop’ shows the forces of the stationary mesh components only. The green lines indicate time stamps where
solver settings are adjusted, in the following sequence: application of second-order temporal discretization at,
wake mesh refinement, and application of second-order spatial discretization.

Roosenboom et al. [8]. During the last 3 propeller rotations, data sampling is applied to obtain time statistics of
the unsteady flow field. A T¢ of 1.24 was expected based on extrapolating data of earlier performed experimental
measurements at zero angle of attack [30]. A slightly higher value of 1.267 is obtained by analyzing the forces on the
propeller and spinner only. The non-zero angle of attack leads to an azimuthal variation of inflow conditions. The down
going blade experiences a larger increase in angle of attack and dynamic pressure than the reduction of angle of attack
and dynamic pressure for the up going blade, resulting in increased thrust. Furthermore, the upwash of the wing on
the propeller imposes a local increased angle of attack at the propeller plane, resulting in an additional thrust increase
[31132]]. The obtained T¢ is therefore accepted.

The slipstream deformation is a direct result of the propeller-wing interaction and therefore an important metric of
current work. To verify correct propeller slipstream development, the current results are compared with experimental
wake rake measurements of Duivenvoorden et al. [3]] and the Lattice-Boltzmann simulation results of Ribeiro et al. [28]
in Fig. [T0} The experimental wake rake is located 1 chord length downstream of the flap trailing edge. A plane at the
same location is implemented by Ribeiro et al. (Fig. [I0a) and in the current study during CFD post-processing (Fig.
. On these planes, the total pressure coefficient is shown, defined as Cp,, = (p; — pw)/g[—], Where p; is the local
total pressure, p., the freestream static pressure, and g, the freestream dynamic pressure. As a propeller adds total
pressure to the flow, areas of Cp,, > 1 are indicative of the propeller slipstream and used to validate that current research
accurately solves the downstream slipstream deformation. In general, very good agreement with Duivenvoorden et al.

n
n

(a) Ribeiro [28], (Lattice-Boltzmann) (b) Duivenvoorden [5] (experimental) (c¢) Current research (URANS)
@ =8.0deg, J =0.8,5¢ = 15deg a=28.0deg,J =0.8,5¢ = 15deg @ =8.3deg, J =0.765, 5y = 15deg

Fig. 10 Total pressure coefficient plane, 1 flap-nested chordlength downstream of flap trailing edge (x/c = -2).
Dashed white lines indicate propeller disk, main wing leading edge and flap trailing edge.
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[5] is observed considering the small differences in operating conditions. The main difference is the slightly higher
total pressure coefficient in the center of the typical inverted T-shaped slipstream due to the lower advance ratio, hence
increased thrust coefficient, of the CFD setup. It is assumed that for the same reason, the bottom half of the slipstream
at +/- 1.5 y/R shows a slightly larger deformation in the spanwise direction compared to Duivenvoorden et al. [3]],
although the slipstream in these regions interacts with the wing wake, challenging the identification of the propeller
slipstream edge. Based on the total pressure coefficient contours, current methodology does better capture the slipstream
deformation compared to the Lattice-Boltzmann simulation but this comes with the price of high computational costs
[33]. Also for this case the surface flow field is examined. Good agreement is observed between the CFD shear stress
contours and the oil flow visualizations in Fig. [TT} The experimental results of Duivenvoorden et al. [5] show two
regions of separated flow, located just outside the area influenced by the propeller slipstream, depicted by numbers I
and IT in Fig. [TT} These flow reversal regions are sufficiently resolved by the URANS simulation, including details
such as the slightly earlier onset of flow reversal on the propeller blade-up side (region II) compared to the blade-down
side (region I). The experimental results also show two flow reversal regions on the flap, III and I'V. The simulation
shows areas with flow reversal in the same regions, but in a more chaotic pattern. Overall, present CFD results show
similar flow compared to the experimental results, meaning the relevant aerodynamic phenomena are resolved, which is
sufficient for the purposes of this paper.

Mean Shear (X) [kg/(m's?)]

-1 0 2 30 -

Fig. 11 Comparison of experimental oil flow visualizations at o = 8.0 deg and J = 0.8 (left) [5] with current
simulation at @ = 8.3 deg and J = 0.765 (right).

V. Results
This section presents the results of the prop-on URANS simulation. Section [V.A] provides an overview of the
volumetric flow field, focusing on the region up to the main wing trailing edge and including a decomposition of the
flow field to identify concentrated vortex cores, their trajectories, and their influence on the surface flow. With a good
understanding of the flow field established up to the main element trailing edge, the flap flow is analyzed in Section [V.B]
Two separated flow regions are identified at the flap, which are further discussed in Sections[V.B:T|and[V.B.2]

A. Propeller, nacelle and main wing flow
The propeller slipstream is initially examined by Fig. [T2] The geometry is colored by wing shear, with regions of
negative x-shear in red to identify flow separation. The propeller experiences separated flow at its trailing edges due to
the high angle of attack and the low advance ratio of 0.765 compared to the optimal propeller advance ratio of 1.0.
Iso-surfaces of positive Q-criterion are shown, colored by x-vorticity to identify the rotational direction of shed
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vorticity. Multiple vortex systems are clearly visible, such as the propeller tip vortex, near-root vorticity, and the vortex
systems originating from the wing-slipstream interaction in Fig[T2a] Figure[I2b|provides a side view from the upgoing
side. The propeller tip vortices bend around the wing’s leading edge, similar to the findings of Ribeiro et al. [28]].
Furthermore, Fig. [I2b]shows how the entire tip vortex folds into the pressure side of the wing while remaining more
perpendicular to the wing on the suction side. The high angle of attack setting leads to high wing circulation and
higher flow velocity on the upper side, preserving the clear structures of the tip vortices. The pressure side, however,
experiences low wing circulation and thus lower flow velocities, leading to vortex-vortex interactions and breakdown of
the tip vortex helix.

On both the blade-up and blade-down sides of the main element, the wrapping of the tip vortices around the leading
edge results in an initial widening of the slipstream away from the nacelle centerline, likely due to a vortex imaging
effect [34]]. This interaction produces two distinct vortices, marked by red arrows in Fig. [T2a] Two regions of separated
flow at the main element of Fig. [[T]are marked with white arrows in Fig. [[2a] These local flow separation zones likely
result from boundary layer thickening, just outside of the propeller slipstream, caused by the orientation of the distinct
vortices. The separated region on the upgoing side is slightly more intense and extends further forward than on the
opposite side, also visible in Fig. [[T} An explanation could be the upwash on the propeller’s blade-up side, which leads
to a generally higher leading-edge angle of attack than on the blade-down side.

-800 i

Vorticity (X) [1/s] ‘
100 I X

-100

(a) Frontal view. White arrows depict flow separation regions (b) Side view.
at main element suction side. Red arrows depict vortices from
tip vortex - leading edge interaction.

Fig. 12 General impression of 3D flow field by positive normalized 0.001 Q-criterion iso-surface, colored by
x-vorticity, and surface shear stress in upstream x-direction. Red areas indicate areas of negative x-shear.

Figure [T3a] shows contours of the total pressure coefficient at the trailing edge of the main element to further
decompose the various vortex systems. A low total pressure coeflicient could indicate the presence of a vortex core. The
viscosity in the vortex core dissipates energy, reducing Cp,. A total of six bundles of streamlines are released in regions
of low Cp, to identify the path and origin of the possible total pressure deficits, as shown in Fig. @ and Fig.

The yellow streamlines in Fig. [I3b] correspond to the down-going side vortex originating from the interaction
between the blade-down side of the propeller slipstream edge and the main wing. The vortex imposes an upwash at
the outboard, low momentum, wing boundary layer as seen in Fig. at y/r=—1.5. This leads to boundary layer
thickening, accelerating flow separation.

Vortex shedding at the propeller root sections generates two vortices, represented by the red and purple streamlines
in Fig. [I3] The red streamlines originate from the root sections on the blade-up side of the propeller. These streamlines
cluster to a condensed counterclockwise (negative x-vorticity) oriented vortex. This induces a local spanwise flow
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(a) Main wing trailing edge Cp, (b) Wing suction side

(c) Wing pressure side (d) Wing suction side

Fig. 13 Mean-streamlines calculated from low C,, areas in Fig. to identify total pressure deficits and
possible vortex cores. Streamlines are grouped and colored by region to distinguish their trajectories.

component to the blade-up side, away from the centerline, on the upper side of the main element denoted by the green
streamlines in Fig. [T3b] A similar roll-up of flow into a vortex is observed for the purple streamlines, but being on the
lower side of the wing, it imposes a spanwise flow component towards the nacelle centerline.

The complex flow results in a large spanwise variation in lift, shown in Fig. [T4] In this figure, the black line shows
the mean spanwise lift distribution, while the rose-colored areas show the Root Mean Square (RMS) variation of the lift
distribution due to the unsteady slipstream flow. Figure[T4ashows the spanwise lift distribution of the full geometry.
The blade-up side shows a higher lift compared to the blade-down side due to the upwash of the propeller. The largest
variations in lift, up to +/- 7.4% with respect to the mean lift, are seen at the slipstream edges due to the tip vortex
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interaction with the main wing, in which the upgoing side exhibits slightly larger fluctuations than the downgoing side.
Near the centerline of the nacelle, at +/- r,,, only minimal variations are observed.

In Fig. [T4b|and Fig. [T4c|the spanwise lift distributions are split up in the main element, respectively the flap. Note
how both sub-figures have the same scale on the vertical axis. The flap encounters far less intense fluctuations compared
to the main element. Spanwise contours of x-velocity fluctuations (U’ /U,) in Fig. indicate that the fluctuations
in spanwise lift primarily originates from velocity fluctuations on the pressure side of the wing. This is attributed to
vortex-vortex interaction and the closer proximity of the propeller tip vortices to the pressure side compared to the
suction side. Figure[I5aillustrates the region in the middle of the blade-up side slipstream, where vortices from the
lower side of the geometry approach the surface, resulting in highly fluctuating flow. The cross-sections of Fig. [I5a]
[T3B)and[I5d]are all located within the propeller slipstream suction side part, but only minimal fluctuations approach the

3000 . — . 2200 | 700 —r—
I I i
m ! o0
2000 I 2000 ! 500 S in
Z i = It = 400 =
3 Bt 3 [l 3 g
1000 L1 1800 ! 300 bogid
| | | | mean
J : | | 200 — — —nacelle diameter
[ Ji il +RMSE resp -RMSE
0 1 L 1600 ! ! 100 : .
-1 0.5 0 0.5 1 0.5 0 0.5 1 -1 05 0 0.5 1
y/Dy[~] y/Dy[~] y/Dy[—]

(a) full geometry (b) spinner, nacelle, main wing only (c) flap only

Fig. 14 Spanwise lift distributions and RMS variation.
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(b) centerline, y/D ,=0
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Fig. 15 Velocity fluctuations at various y/D,. RMS variation x-velocity divided by mean x-velocity U’/ U,
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upper surface of the main element. Figure [I5d]is positioned outside the propeller slipstream on the suction side but
within the propeller slipstream on the lower side of the geometry as a result of slipstream deformation. While the upper
side of the main element does not experience any fluctuating flow, the flap section is entirely immersed in fluctuating
flow through the cove area.

B. Flap flow

The complex interaction between the propeller, nacelle, and main wing influences the downstream flow in the flap
region. The flap boundary layer flow is dominated by the main element pressure side flow, where flow fluctuations due
to low flow velocity and resulting vortex-vortex interactions are observed. This fluctuating flow transfers to both the
upper and lower surfaces of the flap.

This unsteady flow is clearly visible at spanwise location y/D ,=0.63 as shown in Fig. and the zoom-in of Fig.
[T6] Due to the propeller slipstream deformation, at this cross section, the lower side of the main wing is inside the
propeller slipstream, while the upper side is outside of it. Figure [I6b|shows the progression of unsteady flow through
the cove area and reaching the upper surface of the flap.

Ux’/Ux, mean
0.15
0.1
0.08
0.04
0.00

(@) Ux/Us (b) U5 /Ux

Fig.16 Zoom-inaty/D ,=0.63 of mean velocity and fluctuations, including mean velocity line integral convolution
visualization.

The unsteadiness of the flap flow is further quantified by the surface friction coefficient and its fluctuations. Figure

shows the influence of this unsteadiness on the spanwise surface friction coefficient in downstream direction Cr .
The first row of this figure shows the main wing spanwise Cy , slightly upstream of the cove area. The next 4 rows
show the flap spanwise Cy . near its leading edge, 31.3%, 65.39% x/c f14, and near its trailing edge. At the main
wing, the pressure side shows significant variation in C¢ , due to vortex-vortex interaction, while the suction side only
shows marginal variations as most vortical structures on the suction side are maintained in downstream direction. The
fluctuations at the main wing pressure side transfer to the flap upper and lower surfaces, leading to large fluctuations
in Cy . at both sides of the flap. The fluctuations are seen to reduce downstream on the suction side, while the lower
surface shows fairly constant fluctuation magnitude up to the trailing edge.

The increase of flow momentum by the propeller is visible by the increased friction coefficient within the slipstream
and reduces, in general, flow separation on the flap. However, Fig. [TT] shows two distinct flow separation regions, areas
IIT and I'V. The mechanisms underlying these separation regions are investigated in the next sections.
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Fig. 17 Spanwise surface friction coefficient distribution and RMS variation at main wing (top row) and flap (4
last rows) suction and pressure sides. Rose colored areas indicate the magnitude of the fluctuations by RMS.

1. Minor flap flow separation area, area IV

The first area of separated flow at the flap to be discussed is positioned between y/D,, = 0.02 to 0.10, just to the
blade upgoing side from the nacelle centerline. Figure [T8]shows streamlines through the separated region. In Fig.
[T8b] the Q-criterion iso-surface shows that the streamlines rotate around the vortex originating from the propeller root
vorticity, discussed earlier by the purple streamlines in Fig. The flow corresponding to this vortex transfers through
the cove area to the upper side of the flap, although the actual vortex disintegrates from the cove onward. Figure[I8a]
shows that the vortex is positioned relatively far from the main element while the streamlines are within the flap boundary
layer. The flow corresponding to the vortex shows a low total pressure coefficient at the trailing edge of the main wing’s
pressure side in Fig. [T3a] As internal viscosity reduces the energy of vortex flow prior to the cove area, the authors
believe that this flow weakens the flap boundary layer by the transfer of this flow through the cove area, consequently
inducing flow separation. However, this negative effect on high-lift performance should be placed in context: if the local
dip in lift can be avoided in future aircraft design, the expected increase in lift of the slipstream-affected flap region
is only an insignificant = 0.15% based on integrating the spanwise flap lift distribution. The lift increase of the full
geometry could be different as the modified flap flow could affect the aerodynamics of the full geometry.
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main element( i
leading edge

\
flap trailing edge

(a) Side view, upgoing side (b) Zoom-in pressure side. Streamlines (c) Zoom-in flap suction side. Stream-
and Q-criterion iso-surface lines and surface shear.

Fig. 18 Streamlines corresponding to minor flap separated flow region at y/D ,=0.02 to 0.10, originating from
the pressure-side vortex system (purple streamlines) of Fig.

2. Major flap flow separation zone, area I11

A similar approach is taken to investigate the origin of the major flow separation zone, area III of Fig. [TT)and Fig.
[20a] Streamlines are calculated from a plane located downstream of the major separated flow region, shown in Fig[T9]
This flow also originates from the lower surface of the main element, close to the wing surface and near the path of
the propeller tip vorticity. The streamlines clearly show an inboard deflection of the flow near the separated area. C),
contours provided in Fig. 20]reveal a low static pressure area at the middle of the flap, caused by the high-momentum
slipstream flow from primarily the upper side of the geometry. This low-pressure region induces an inboard-directed
pressure gradient, which strengthens the spanwise deflection of the streamlines next to the overall slipstream shift at the
flap to the blade-up side. These mutually reinforcing factors likely contribute to the pronounced inboard deflection of the
streamlines as they approach the separated region. Furthermore, the deflection of the streamlines through a low pressure
region with increased adverse pressure gradient thickens the local boundary layer and promotes flow separation.

The origin of the flow separation region is further examined by considering the vortex systems on the suction side of
the wing, originating from the propeller tip vortices and main wing - slipstream intersection. The deformed propeller tip
vortices do not reach the flap surface as discussed earlier. However, any influence they exert on the flap is expected
to be beneficial (counteracting flow separation), due to the local vorticity induced downwash component on the flap.
This further emphasizes the conclusion that the flow over the flap is primarily influenced by the part of the propeller
slipstream that flows on the lower side of the main wing.

main element
eading edge

i
il

Myl

main element trailing edge

(a) Side view, starboard side (b) Zoom-in pressure side (¢) Zoom-in flap suction side

Fig. 19 streamlines trajectory to major flap suction side separated flow region at y/D p=-0.62.
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Fig. 20 Pressure coefficient contours locally overlapped with surface shear contours

In this section it is shown that the overall flap surface flow field is dominated by the flow from the pressure side of
the main element. The flow corresponding to the major flow separation region, area III, is low energetic and originates
from the propeller slipstream edge. The vortex system originating from the upper side of the main element should have,
if any, a favorable effect on the flap, next to the high momentum flow of the propeller slipstream. However, the flap
boundary layer still separates, underlining that the flap boundary layer is dominated by the flow from the pressure side
of the main element and spanwise flow variations imposed by the slipstream deformation, affecting flap performance.
The major flap flow separation region is shown to be complex and not easy to decompose, and a complete insight is not
achieved in this paper. Additional research is necessary to comprehensively analyze the flow and its interaction effects
before a definitive conclusion can be reached.

VI. Conclusion

An unsteady RANS simulation using the Spalart-Allmaras turbulence model is performed on a propeller-nacelle-
wing-flap configuration at a chordwise Reynolds number of 2 million at an angle of attack of 8.3 deg. The configuration
includes a six-bladed propeller at an advance ratio of 0.765 with a thrust coefficient of 1.267, and a single-slotted flap
deflected by 15 deg. The flow field that the flap experiences is heavily influenced by the propeller, nacelle, and wing.

It is shown that the flap surface flow field is dominated by the flow from the pressure side of the main element, as
well as by the slipstream deformation and the breakdown of the helical vortex system in that region. Spanwise surface
friction coeflicient distributions show high unsteadiness in C at the flap leading edge and both its upper and lower
surfaces, originating from the pressure side of the main element. Flow originating from the upper side of the main wing
is not seen to cause instability in the flap boundary layer across the span of the wing in present work. Propeller tip
vortices do not reach the flap upper surface. The increase in flow momentum by the propeller is clear by the increased
friction coefficient within the slipstream and reduces, in general, flow separation on the flap. However, two distinct flow
separation regions are observed in current results.

A distinct vortex core beneath the surface of the wing’s pressure side originates from the root sections of the propeller
blades. The orientation of the vortex introduces a spanwise flow component towards the nacelle centerline. This vortex
flow traverses through the cove to the flap suction side. Although the actual vortex breaks apart from the cove onward,
the low-energetic vortex flow weakens the flap boundary layer, consequently inducing local flow separation.

A large flow separation zone at the flap exists inboard of the blade-down side slipstream edge. This flow originates
from the pressure side of the main wing as well, in this case from the blade-down side of the propeller tips and also
transfers through the cove to the upper side of the flap. Streamlines at the flap clearly show an inboard deflection of the
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flow near the separated area. This inboard deflection of the streamlines increases the distance traveled along the surface,
increasing boundary layer thickness and promoting flow separation. However, the flap flow separation region is complex
and not easy to decompose. This paper does not provide a complete insight into the flow behavior, and additional
research is necessary to comprehensively analyze the flow and its interaction effects before a definitive conclusion can
be reached.
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