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Abstract: The purpose of this paper is the evaluation of the aero-propulsive effects on a UAV wing
model with distributed propulsion. An array of three propellers is placed ahead of the leading edge of
a rectangular wing with flap. The investigation was performed with high-fidelity numerical analyses
to provide insights into the phenomenology and to screen the interesting positions to be validated in
the wind tunnel. The propellers’ array is moved into twelve different positions, allowing longitudinal
and vertical translations. The wing has an untwisted and constant section profile, with a single
slot trailing-edge flap that is deflected into three positions. The flap span is entirely covered by the
propellers’ blowing. Results show an increment of lift, drag, and pitching moment coefficients with
distributed propellers enabled. For a given thrust level, the magnitude of such increments depends
on the propellers’ positions, the flap configuration, and the angle of attack. The lift enhancement
sought in distributed propulsion applications comes at the expense of a significant increase in drag
and pitching moment magnitude. In some combinations, the wing’s contribution to the aircraft
longitudinal stability is severely affected. Conversely, the propellers’ inflow is altered such that thrust
is increased in all the investigated configurations, with a small reduction of propulsive efficiency.

Keywords: aerodynamics; CFD; aero-propulsive interactions; distributed propulsion
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1. Introduction

Among the several challenges in airplane and UAV design, improvements in aerody-
namics can undoubtedly provide significant impact on the whole aircraft performance [1-3].
During the last decade, distributed propulsion has been one of the most investigated tech-
nologies. It can be defined as a propulsion system where the vehicle thrust is produced
from an array of propulsors located across the air vehicle [4]. An interesting type of dis-
tributed propulsion, which is currently being studied across various research and industry
organizations, is a system where electrical energy sources are connected via transmission
lines to multiple electric motor-driven propulsors. This system is called Distributed Electric
Propulsion (DEP) and has the potential to introduce substantial improvements in future
air-vehicle performance, efficiency, and robustness.

Distributed propulsion is not an entirely new idea. Ref. [5] describes the use of a jet-
wing distributed propulsion to cancel the drag by filling the wake to increase the propulsive
efficiency. This falls under the broader topic of boundary layer ingestion [6], with recent
investigations supporting its application with distributed propulsion [7-9].

DEP can be employed to provide both the required thrust for flight and additional
advantages associated with synergistic propulsion—airframe integration. Its use is widely
spread in urban air mobility research [10-12] as well as in current electric VTOL proto-
types [13]. It is also an attractive technology as a directional control device in addition to
the rudder [14-17].
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DEP provides an increase of cruise efficiency of small aircraft through different types
of interactions such as: increasing the dynamic pressure over the wing above free-stream
during approach to allow for increased design wing loading (high-lift propeller), as well as
reducing induced drag by installing propellers at the wing tips (wingtip propeller) [18].

The first interaction exploits the propwash upstream of the wing. In this way, the
wing sections in the propellers’ slipstream experience an increase in flow speed such
that their lift increases, making the wing more effective at low speeds. The LEAPTech
(Leading Edge Asynchronous Propeller Technology) experiment was one of the earliest
investigation on this effect [19]. The aerodynamic system analyzed was a wing designed
for a four-seats general aviation aircraft with high wing loading to reduce cruise drag and
improve handling quality. Several steady-state RANS simulations were performed with the
propellers modeled as virtual disks and successfully validated with experimental tests [20].

Moreover, another computational study related to this experimental apparatus showed
that there was a large benefit in lift coefficient over the entire investigated range of angle
of attack, by using co-rotating distributed propellers spinning in the opposite direction of
the wingtip vortex (inboard-up), instead of counter-rotating propellers. This benefit was
quantified from a maximum lift coefficient amplified by a factor of 2.4 with respect to the
unblown condition [21].

Della Vecchia et al. [22] evaluated the wing high-lift propellers’ effect on the Tecnam
P2006T baseline wing, evenly splitting the available power of 200 hp through several
distributed propellers and considering 120 hp needed for cruise tip-mounted propellers.
Results showed a mild lift increment of about 1.0-1.5. This limited value was attributed
to low engine power, reduced blowing, excessive wing planform area, and conventional
propellers used for high lift. Moreover, the propeller diameter-to-chord ratio, which is a
key parameter, was about the half of the value of the NASA X-57 Maxwell [23].

The effects of DEP on aircraft sizing and emissions was discussed by the authors in
Refs. [24,25]. In these papers, it was remarked that DEP as a mean to enhance the airplane’s
high-lift capabilities is not effective on all aircraft categories. Benefits are enabled on small
aircraft within a range below 300 nmi, mainly because of the low energy density of batteries.

Surrogate models to predict the aero-acoustic performance of propellers have been
presented by Poggi et al. [26], who claimed to predict performance and noise with a high
level of accuracy on single as well as on distributed propellers. However, their application
was focused on the urban air mobility scale and isolated propellers.

The effects of aerodynamic interactions between adjacent propellers have been exper-
imentally investigated by De Vries et al. [27]. Their model was a constant section wing
spanning the wind tunnel walls, with three propellers located around the mid plane. Their
work did not consider change in propellers’ position, but was focused on the interactions
among propellers to estimate changes in performance and noise with respect to the stan-
dalone case. They highlighted a small reduction of the efficiency of the middle propeller,
showing that this effect was independent of the rotation direction and increased with angle
of attack and staggering of the propeller-nacelle group.

Keller [28] investigated the use of DEP on the wing of a typical regional turboprop
aircraft and showed results that surprisingly were not negatively impacting the cruise
operations. In fact, a detrimental effect of cruise performance was expected because of the
additional drag on the wing surface due to the blowing propellers. It is probable that this
detrimental effect was mitigated by the limited thrust available and by the wingtip pro-
pellers. However, Keller attributed this to the absolute distance between the 12 distributed
propeller disks and the wing, shorter than that of the standard twin-engines configuration.
Conversely, take-off condition provided an increase of lift coefficient between 70% and 90%,
without and with leading edge modification, respectively.

The integration of distributed propellers and the optimization of the aerodynamic
design with a wing was described by Wang et al. [29], who highlighted how propeller
spacing and disc loading affected the aerodynamic performance of the system.
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The effects of DEP on wing aerodynamics were also investigated by Chen and Zhou [30],
who developed an algorithm for the inverse design of distributed propeller according to
desired slipstream shape. They have shown improvements of wing aerodynamic performance
with respect to the minimum induced loss propeller design. They provided observations
similar to the work of Patterson [18] and showed that the effect of three distributed propellers
is not the sum of the effects of the three single propellers.

The first indications of the effects of propellers’ location are given by Gentry et al. [31],
who tested a scaled semi-span wing model with flaps and a single propeller engine in a
subsonic wind tunnel. They have shown that decreasing the propeller inclination (nose-
down) enhanced the lift coefficient more than any horizontal or vertical displacement of
the propulsive system. They also reported an additional increase in lift and drag with
increasing propeller rotation speed—hence, thrust—and flap deflection.

Another systematic investigation of the effects of propellers’ positions and orientations
was performed by Fei et al. [32], who tested a rectangular wing model with a plain
flap spanning the entire wind tunnel height, one electric motor, and two propellers of
different diameters. They highlighted the predominance of the vertical displacement of
the propulsive system over the horizontal offset, although they found a different trend
with the propeller’s inclination with respect to Ref. [31], probably because of the different
thrust level of their model. They also showed a linear relationship between the unblown
lift coefficient and the vertical position of the propeller, giving the maximum effective lift
coefficient for each angle of attack. The effective lift coefficient was calculated from the
total measured forces and it included both the wing aerodynamic lift and the propellers’
forces components in the direction of lift.

However, these last two references are not fully representative of a wing with dis-
tributed propellers, because of the single motor installed over the entire wingspan. More
recently, the work of Serrano et al. [33] showed the effect of a propellers’ array behind the
wing of a 25 kg fixed-wing unmanned aircraft, with the objective to investigate a practical
way to enable boundary layer ingestion and provide thrust for such a machine. The paper
is about a numerical investigation of a wing section with an actuator disk immediately
behind the trailing edge. The limitation of the analysis to a wing section makes the results
representative of a wing of infinite aspect ratio with an infinite array of distributed pro-
pellers. Moreover, they only investigated the effect of the vertical position of the propeller
and mainly provided indications on the airfoil pressure coefficient distribution. Their work
was extended with a proper orthogonal decomposition analysis to provide a surrogate
model to estimate the lift coefficient with other propeller positions [34], but this does not
add indications on the effects of other geometric parameters.

De Rosa et al. [35] numerically investigated the effects of propeller diameter-over-
wing chord ratio and propeller thrust coefficient on the wing lift and drag aerodynamic
coefficients. Their model is a flapped wing section with a virtual disk ahead of the leading
edge and periodic conditions on the lateral walls to simulate an infinite array of co-rotating
distributed propellers. Their work confirmed the expected results of an increase in both
lift and drag coefficients with diameter-to-chord ratio and thrust coefficient until stall
occurrence. More interesting is the relationship between the derived quantity thrust-
coefficient-over-squared-advance-ratio with different airspeed values, which provided
continuity of the curves. As expected, the largest lift increments were obtained at low
speed. They also provided a method to estimate lift and drag coefficients as a function of the
above-cited parameters. However, they did not investigate the effects of propeller position
and most of the data are related to one flap deflection representing the take-off condition.

So far, the literature review highlighted the following key factors to exploit the benefits
of distributed propulsion:

1.  The operative speed must be as low as possible;
2. The thrust levels must be as high as possible;
3. The propeller diameter-over-wing chord ratio should be close to unity;
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4. The propeller design should have an axial induction factor as constant as possible
over the blade span;

5. The propeller interaction with wing and high-lift devices must be carefully investi-
gated with high-fidelity methods.

Moreover, there are some points that have not been adequately treated in literature,
namely:

*  The effects of the position of distributed propellers’ array on a three-dimensional wing,
not just a wing section with a single propeller;

*  The effects of different flap deflections on such a configuration, including chordwise
and spanwise aerodynamic loadings;

*  The effects of the aero-propulsive interactions on the wing pitching moment coefficient,
often overlooked, but of extreme importance for aircraft stability and control;

*  The mutual effect of the wing on the propeller, which is affected by the flowfield
around it.

This paper provides a deep insight into these phenomenona, outlining the main
aspects and criticalities of the above-cited issues. For this reason, the model was made up
of a wing with three leading-edge propellers and a single-slotted flap. The effect of the
propellers’ position was investigated by moving them in the longitudinal plane, together
with three flap settings (i.e., retracted, take-off, and landing).

The remainder of the text is divided as follows. Section 2 describes the numerical
model and the test matrix for three different flap deflections. After a grid convergence
study, a design exploration on the flap position in unblown conditions is presented. Once
the mesh refinement and the flap characteristics (gap, overlap, hinge line) were established,
the numerical analyses were performed. Section 3 provides a discussion on the numerical
exploration of the aero-propulsive effects due to the propellers’ array position. For each
flap deflection there is a dedicated subsection, which in turn is divided into three parts:
global effects, local effects, and wing-to-propeller effects. The global effects concern the
influence of the propellers’ wake on the wing aerodynamic coefficients. Local effects deal
with wing spanwise loading and chordwise pressure distributions affected by propellers’
slipstream, due to both axial and tangential flow acceleration. Wing-to-propeller effects
refer to the wing-induced flow field on the propellers’ disks, which is different from the
case of the isolated propeller. Finally, conclusions are drawn in Section 4.

2. Numerical Setup

The test model is a simple rectangular wing with a slotted flap covering about 64%
of the wing span. The wing section is a LS(1)-0417 airfoil [36,37] with a 30% flap-chord
ratio and an aspect ratio equal to 7. The short aspect ratio, which is below the usual values
for fixed-wing UAVs [1], is due to the need to investigate the same model in a low-speed
wind tunnel at a sufficient Reynolds number in the near future. A drawing of the wing
half-model is given in Figure 1. Geometric details are reported in Table 1.

Table 1. Geometrical characteristics of the analyzed wing model.

Parameter Value
Root chord, ¢, 0.4m
Mean aerodynamic chord, ¢ 0.4m
Flap chord ratio, c¢¢/c 0.3
Wing span, b 2.8m
Wing area, S 1.12m?
Aspect ratio, R 7.0
Taper ratio, A 1.0
Inner flap station, yin 0.2m
Outer flap station, yout 1.1m

Moment reference point, xyef 0.1m
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Figure 1. Drawing of the starboard half-wing model with propellers” disks. Units in mm.

There are three high-lift propellers with a diameter-to-chord ratio of 0.75 and posi-
tioned ahead of the wing, spanning the same wing area covered by the single slotted flap.
These propellers have been analyzed in three horizontal (X) and four vertical (Z) positions,
while their spanwise location (Y) is fixed (see Table 2). Figure 2 illustrates the matrix of the
positions investigated in the longitudinal plane. The term “baseline location” indicates the
initial position to which all other positions are referred. A wingtip propeller disk with unit
diameter-to-chord ratio is also shown in Figure 1, but the analyses on such configuration
are not discussed in this paper for the sake of brevity. Table 3 shows the test matrix.

Table 2. Fixed spanwise positions of the propellers.

Spanwise Position Y (m) Y/(b/2)
DEP 1 0.330 0.236
DEP 2 0.650 0.464
DEP 3 0.970 0.693

o 00O

R TLLLLLLLLLIOXOX =0

03¢

(9]

Figure 2. Positions of the propellers’” array. The black circle is the baseline location.

The numerical wing model is not representative of a specific UAV, although it may be
the baseline main lifting surface of a hypothetical 50 kg full-electric aircraft with distributed
propulsion and wingtip propeller. As previously stated, the wing computational model
has the same geometric characteristics of a physical model to be tested in the wind tunnel.
Therefore, the numerical simulations are preliminary analyses for the real test article. In the
conceptual design phase of this work, there were no detailed information on the internal
structure and systems arrangement of the real model. For this reason, propellers were
simulated with actuator disks, while nacelle were neglected. Their detailed design came at
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a later stage and it is topic for an experimental scientific article. Nonetheless, a preliminary
sizing has been performed from the assigned diameter and the expected maximum motor
shaft power. Details are given in Section 2.3.

Table 3. Test matrix. All displacements are referred to the baseline location indicated in Figure 2.

Label Propellers Location AX/e AZle O¢

xAzU Horizontal aft, vertical up +0.10 +0.05 0°, 15°, 30°
xAzC Horizontal aft, vertical center +0.10 0.00 0°, 15°, 30°
xAzD Horizontal aft, vertical down +0.10 —0.05 0°, 15°, 30°
xAzB Horizontal aft, vertical bottom +0.10 —0.10 0°, 15°, 30°
xCzU Horizontal center, vertical up 0.0 +0.05 0°, 15°, 30°
xCzC Horizontal center, vertical center 0.0 0.00 0°, 15°, 30°
xCzD Horizontal center, vertical down 0.0 —0.05 0°, 15°, 30°
xCzB Horizontal center, vertical bottom 0.0 —-0.10 0°, 15°, 30°
xFzU Horizontal forward, vertical up —0.10 +0.05 0°, 15°, 30°
xFzC Horizontal forward, vertical center -0.10 0.00 0°, 15°, 30°
xFzD Horizontal forward, vertical down -0.10 —0.05 0°, 15°, 30°
xFzB Horizontal forward, vertical bottom -0.10 -0.10 0°, 15°, 30°

The CFD package used for the simulations is Simcenter STAR-CCM+. Details on the
mesh and on the physics are given in the following subsections. The application of CFD
to high-lift prediction and propeller-wing interaction had been previously validated by
the authors [22]. Ideally, the wind tunnel will operate at a flow speed of 20m/s, corre-
sponding to a Reynolds number based on the mean aerodynamic chord Re = 5.3 x 10° in
standard conditions.

A preliminary two-dimensional numerical analysis was performed to explore the
combined effect of flap gap, overlap, and deflection on the aerodynamic coefficients,
without propeller effects. Once the virtual hinge for the flap’s deflection was fixed, three-
dimensional simulations on the wing half-model were performed to investigate the effects
of the position of the distributed propellers’ array at several flap deflections.

2.1. Two-Dimensional Flap Design Exploration

Although the focus of the work is on a three-dimensional design exploration, it
appeared appropriate to perform a two-dimensional exploration on the flap position and
deflection. These simulations are all in prop-off condition. In this way, the effects of
propeller blowing on the three-dimensional model will be fairly compared to the best flap
setup in unblown condition.

The mesh is made up of polygonal cells, with 20 prismatic layers extruded from the
airfoil wall to capture the boundary layer. The prism layer total thickness and the first
cell height is such to get a non-dimensional wall distance y* ~ 1. The flow is modeled as
steady and fully turbulent with the Spalart-Allmaras model [38,39]. The farfield is located
at about 50 chords length from the airfoil. Despite the relatively low Reynolds number, it
was decided to perform fully turbulent simulations for several reasons: the value of 530,000
can be matched in low-speed wind tunnel tests, but it is not representative of the full-scale
(hypothetical) aircraft; wind tunnel tests require the application of roughness to force the
flow transition; leading edge contamination as well as propellers’ slipstream may easily
destroy the laminar flow on the real aircraft; and the results provided with a fully turbulent
flow are easily extendable to larger aircraft.

A grid convergence study [40] was performed on the initial geometry to evaluate
discretization errors. The fine mesh has a grid-convergence index (GCI) of less than 5%
on both lift and pitching moment coefficients at stall, with an order of accuracy of about
0.6. Such grid is shown in Figure 3 and it has 323,000 cells. Then, the design exploration
on flap gap, overlap, and deflection J¢, whose definitions are illustrated in Figure 4, was
performed. Figure 5 shows the contour of lift, drag, and pitching moment coefficients at
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10° angle of attack with the flap deflected by 15° and 30°, representing take-off and landing
conditions, respectively, as a function of the flap’s non-dimensional displacements from an
initial position. The initial and final values of the flap hinge line coordinates are reported
in Table 4. The best design is a compromise between performance at take-off and landing.
The final values of gap and overlap are reported in Table 5.

Figure 3. Two-dimensional fine mesh around the airfoil. A conical-shaped refinement has been
applied to capture the wake.

___________________________________________________________

overlap

Xh

hinge line
Figure 4. Definitions of flap deflection J¢, gap, overlap, and hinge line.

Table 4. Baseline and final coordinates of flap hinge line. Symbols are defined in Figure 4.

Flap Hinge Position Xh Zp
Initial 774%¢ —22.8%¢
Final 77.2%¢ —24.7%¢

Table 5. Flap deflections with final values of gap and overlap. Their definition is illustrated in
Figure 4.

Condition Of Gap Overlap

Take-off 15° 0.79%¢ —11.7%¢
Landing 30° 1.89%¢ —5.6%¢
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Figure 5. Two-dimensional design exploration for flap position at Rec = 5.3 x 10°: (a) lift coefficient
in take-off; (b) lift coefficient in landing; (c) drag coefficient in take-off; (d) drag coefficient in landing;
(e) pitching moment coefficient in take-off; (f) pitching moment coefficient in landing.

2.2. Three-Dimensional Grid Convergence Study

Once the flap hinge position was fixed, a new grid convergence investigation was
performed on the three-dimensional mesh in prop-off condition. Again, the study of
the discretization error was performed using the GCI method [40]. The computational
domain is illustrated in Figure 6. The simulations were symmetric about the longitudinal
plane XZ at the root airfoil. All the meshes were made up of polyhedral cells with a
layer of 20 prismatic cells extruded from the wing surface to capture the boundary layer.
The number of both core and prism layer cells changed within the grid convergence
investigation, but the thickness of the prism layer had been held constant to 0.004 m with
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the first layer 1.7 x 107> m thick to keep the non-dimensional wall height y* ~ 1 on most
of the wing surface. The fine mesh with more than 8 million cells is illustrated in Figure 7.
The max discretization error was less than 3% for the lift and pitching moment coefficient,
while it was below 6% for the drag coefficient. The effects on grid refinements on the
aerodynamic coefficients at three angles of attack are reported in Figure 8.

(\0
a
<

S

A
30m )
AD >
Y NS <
v x 15 »

Figure 6. Computational domain.

P Symmetry plane —»

Figure 7. Top view of the finest mesh on the wing model with flap.

2.3. Simulation of the Propellers

Propellers were simulated with the virtual disk model of Simcenter STAR-CCM+,
which is a two-way interaction actuator disk model with swirl. The radial distributions of
thrust and torque were not constant, but followed the Goldstein distribution [41]. Two-way
interaction means that the propeller affects the wing aerodynamics and vice versa. The
three distributed propellers had a diameter of 0.30m and a hub diameter of 0.035m. The
area within the hub’s circle did not belong to the virtual disk; hence, the flow was not
accelerated there.



Drones 2023, 7, 49 10 of 42

3

B | 1 |—e—a=0°
- iy 1|—-e—a=¢
25| E = —a | |—a—a=12°
2F ]
i — |
C. 15} -
s ]
0.5 a
O:\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\: L .10_7
o 1 2 3 4 5 6 1V
0.57““\““\“"\““\““\““\““7 S
i —o—a=0
I Al bl i
B P 1| —B—a=8°
04: ; —a—a=12°
; . o
0.3 | .
Cp i |
021 o .
0.1} |
ol | | [ N | L T
0 1 2 3 4 5 6 7 N 10
0r 7
L 1| —e—a=0°
I 1|8 a=8
—O.Ij | ——a=12°
-0.2 | .
Cu -03} ]
~0.4| ]
051 W—g i
_0'6:\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\: l .10_7

o 1 2 3 4 5 6 1N

Figure 8. Grid convergence investigation on the three-dimensional half-wing model with flap. N
is the number of cells. The chosen mesh has N ~ 8 - 10°. The related data points are enclosed by
gray rectangles.

Propeller performance was measured by the following variables:
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P
Cp = PREE (3)
C
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where V4 is the free-stream flow speed, n is the propeller rotational rate in s~!, D is the
propeller diameter, po is the free-stream flow density, T is the propeller thrust, and P is
the propeller shaft power. The above defined quantities are the advance ratio J, the thrust
coefficient Cr, the power coefficient Cp, and the propeller efficiency 7.

A preliminary design of the propellers was made to provide an axial flow speed incre-
ment of about 20%, which should be easily achievable in the future wind tunnel tests. The
propeller was designed with XROTOR [42] to operate in standard conditions at a constant
flow speed Voo = 20m/s, providing a thrust T = 12.3N at 7000 RPM with five blades.
The blade section was a modified Clark-Y airfoil scaled to 18% relative thickness and 1.5%
chord length open trailing edge for ease of future manufacturing. Airfoil aerodynamic
characteristics were evaluated with XFOIL [43] at Reynolds numbers between 50,000 and
100,000. These data were imported into XROTOR, using its vortex formulation to calculate
induced velocities and induced losses. This approach was validated in Refs. [44—-46], where
vortex codes were expected to provide a 10% discrepancy in thrust and power coefficients
with respect to CFD solvers using the moving reference frame method. The standalone
propeller performance coefficients were evaluated with XROTOR and are shown in Figure 9.
These were the input data for the virtual disk model of STAR-CCM+. The reference set
point for the numerical analyses is given in Table 6 for comparison with the wing-propeller
interactions that will be discussed in the next sections.

0.15 1
0.12 0.8

& 0.09 | 0.6

- n

O 0.06 0.4
0.03 0.2

0 0
0 02 04 06 08 1

J

(a) (b)
Figure 9. High-lift propeller designed with XROTOR: (a) propeller planform; (b) propeller characteristics.

Table 6. Operating point for the distributed propellers evaluated with XROTOR.

RPM J Cr Cp i
7000 0.572 0.091 0.077 0.676

3. Effects of the Position of the Distributed Propellers

In this section, the effects of the position of the distributed propellers’ array are
discussed. Three flap configurations had been investigated (retracted, take-off, and landing),
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presented in Sections 3.1-3.3. For each configuration, a comparison is made between prop-
on and prop-off conditions, with a focus on the increments of aerodynamic coefficients at
specific angles of attack. Details on spanwise and chordwise load distributions are also
given. Nomenclature for the charts’ legend are reported in Table 3. The relative wing-DEP
array position has been illustrated in Figure 2.

3.1. Flap Retracted (Cruise Conditions)

Data about the clean wing are here presented and discussed. This subsection is divided
into three parts concerning: the effects of the propellers on the aerodynamic coefficients;
the effects of the propellers on the aerodynamic loads; and the effects of the wing on the
propellers’ performance.

3.1.1. Global Effects of the Propellers on the Wing Aerodynamics

The effects of distributed propulsion on the wing aerodynamics in clean configuration
are shown in Figure 10. It is apparent an increase of the magnitude of the aerodynamic
coefficients on all the investigated propellers” positions. More specifically, in the linear
range of the lift curve, there was an increment of both the lift coefficient C; and its slope C,
(Figure 10a). This is attributed to the additional local flow velocity due to the propellers’
blowing, providing more [ift force for a given angle of attack and planform area, whereas
the Iift coefficient was still referred to the free-stream value of the dynamic pressure. That is
because the wing profiles were more cambered and their chords were stretched. In fact,
camber provides the shift of the lift curve, whereas the (virtual) additional area provides
the increment in lift curve slope.
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Figure 10. Aerodynamic coefficients for the clean wing: (a) lift curves; (b) drag polars; (c) pitching
moment curves; (d) aerodynamic efficiency curves.
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With propellers enabled, the drag polar curves were shifted to higher values of the
drag coefficient (Figure 10b). The curves were also extrapolated to lower values of the lift
coefficient with the modified parabolic drag polar expression:

Cp = Cp,.. +k[Cr — CL(Cp,. )] 5)

where the values of Cp_, and Cy(Cp,, ) were estimated with a second order best fit curve
on the data within the range 0° < a < 8°. The extended curves are represented with
dashed lines with the same colors and markers of the available data.

Thus, with the distributed propellers enabled, both the lift and drag coefficients
increased, but their ratio was unfavorable for the blown wing. The aerodynamic efficiency
was lower than in the unblown condition (Figure 10d). This was mainly due to an increment
in induced drag as will be clear in spanwise lift distributions presented in Section 3.1.2.

Similarly to the lift coefficient, the pitching moment coefficient Cy evaluated at ¢/4
increased in magnitude and slope, too (Figure 10c). This effect is often overlooked in
literature, but it is important for the aircraft longitudinal flight characteristics. It was as
the blown wing was behaving like the unblown wing with a Fowler flap deployed to
some extent. The magnitude of the pitching moment coefficient Cp; will directly affect
the performance of the aircraft, specifically the trim drag at all angles of attack and the
longitudinal controllability at high angles of attack. The slope of the wing pitching moment
coefficient Cyy, will affect the aircraft longitudinal static stability. From the point of view of
the designer, the operation of distributed propulsion will affect the sizing of both the wing
and the horizontal tail; therefore, the enabling strategies of DEP [25] must be clearly stated
to design a stable and controllable airplane throughout the flight envelope.

The selection of the best configuration from the charts in Figure 10 is questionable. It is
apparent that there is no net predominance of a specific DEP array position. The lift-to-drag
ratio, which is a derived quantity, is an exception because the maximum aerodynamic
efficiency in prop-on condition varied between about 12 and 14, whereas the prop-off value
was about 18. Going back to the chart of the lift coefficient vs. angle of attack, it can be
observed that at higher values of the angle of attack some configurations stalled earlier
than others. Thus, depending on the desired performance, one configuration may be better
than the other, but it seems not possible to define an absolute best configuration.

So far, the above discussion has identified the following figures of merit to evaluate
the effects of the distributed propulsion of the wing aerodynamics:

*  Lift coefficient at zero angle of attack Cp;

e  Lift curve slope Cpr;

*  Maximum lift coefficient C; __ ;

* Angleofstalla(Cr_ );

*  Minimum drag coefficient Cp__ ;

e Max aerodynamic efficiency (Cr/Cp)max;

. Pitching moment coefficient at zero angle of attack C Mos
¢  Pitching moment coefficient slope Cpy, .

The influence of the propellers’ array position on these quantities is evaluated with
the contour charts of Figures 11 and 12. These are reported as difference (or ratio) between
the values for propeller-on and propeller-off conditions.

The lift coefficient at zero angle of attack C; increased when moving the propellers” ar-
ray upward, while there was no significant variation by moving it horizontally (Figure 11a).
With respect to the unblown condition, the lift coefficient was increased by about 0.1, an
increment that alone cannot justify the application of distributed propulsion. However, in
this work, only the aero-propulsive effects are discussed, leaving design considerations
elsewhere [24,25].
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Figure 11. Effects of DEP array positions on the lift characteristics of the clean wing: (a) lift increment;
(b) lift gradient increment; (¢) maximum lift increment; (d) stall angle change.
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Figure 12. Effects of DEP array positions on the drag and pitching moment characteristics of the
clean wing: (a) minimum drag increment; (b) maximum aerodynamic efficiency change; (c) pitching
moment increment; (d) pitching moment gradient change.
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If the interest is in the linear range of the lift curve, the change in its slope C;, is a
good figure of merit. Here it is shown as the ratio between the values achieved in the
propeller-on and propeller-off conditions. The blowing effect was such to increase the lift
curve slope from 14% to 19%, with the maximum value achieved when the propellers’ array
was located farther from the wing leading edge (Figure 11b).

The best position for the maximum lift coefficient Cr,___was clearly the one closer to the
wing leading edge and aligned with the wing chord plane, although the improvement with
respect to the unblown condition was negligible (Figure 11c). Moving the propellers’ array
ahead and above, the C;,__was reduced by about 0.15. One effect of enabling propeller
blowing is the reduction of the angle of stall, which did not follow the same trend of the
Cr,.., and varied from —4° to —6° with respect to the unblown condition (Figure 11d).

It is useful to evaluate the shift in minimum drag coefficient Cp_, . The different
configurations achieve such value at slightly different attitudes. Figure 12a shows that
there was no net preference for propeller vertical location, while Cp_, increased when
getting closer to the wing. The increment was from 120 to 190 drag counts at the simulated
Reynolds number of 5.3 x 10°. To obtain the real impact of the aero-propulsive effects, the
maximum aerodynamic efficiency must be observed (Figure 12b). The reduction of the
lift-to-drag ratio by 4 to 6 points is apparent and, as stated above, was due to an increase of
the induced drag. The closer and the lower was the propellers” array with respect to the
wing leading edge, the stronger was the reduction in aerodynamic efficiency.

The contour chart of Figure 12c shows that the change in pitching moment coefficient
at zero angle of attack Cpq, was between —0.033 and —0.032. The position slightly below
the baseline location acted as a saddle point, with the minimum values at the top and
bottom positions and the maximum values at the positions closer and farther from the wing.
Nevertheless, these shifts represent more than one-third of the propeller-off absolute value
of the Cjy, and they will certainly affect the trim condition, if such situation is replicated on
a complete aircraft.

Finally, the change in pitching moment curve slope Cy, is shown as the ratio between
propeller-on and propeller-off values in Figure 12d. The largest change was achieved with
the propellers” array located above the wing chord plane, where the value of the blown
wing could be more than double the value of the unblown wing. This, together with the lift
curve slope Cy, defined a new position of the wing aerodynamic center. With respect to
the reference point at ¢/4, the aerodynamic center x,. was found as:

Xac CMu
= = 0.25 — cL (6)
Although the magnitude of the pitching moment derivative Cy;, was significantly
larger in prop-on conditions, the lift curve slope Cy, increased as well, such that the shift in
wing aerodynamic center from the unblown to the blown condition was very small, 25.6% ¢
vs. 26.0% ¢, respectively. This means that the wing stability contribution in pitch is not
significantly affected by the distributed electric propulsion in cruise condition.

3.1.2. Local Effects of the Propellers on the Wing Aerodynamics

The spanwise section lift coefficient C; for two low angles of attack is shown in
Figure 13, comparing unblown and blown conditions for all the propellers” array positions.
An illustration of the wing in front view is also given below the charts, where the vertical
component of the air velocity is shown on the three disk planes (the actuator disks are
shadowed). By looking at the charts and the illustration below them, the effects of propellers’
rotation are apparent. While the prop-off wing exhibited an almost elliptical lift distribution,
the prop-on configurations were far from the optimal span loading. The reduction in lift-to-
drag ratio is mainly attributed to the increase in induced drag because of the propellers’
slipstream. Propellers rotate inner-up, yielding to an increase of the local angle of attack—
and section lift coefficient C;—in the region behind the left side of the disk (as seen in front
view). Conversely, the wing regions behind the right side of the propeller disks were blown
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at a lower angle of attack. Thus, apart from an increase of the local lift coefficient due to the
local flow speed increment, the inner-up rotation provided upwash and downwash on the
inner and outer wing regions behind the disks, respectively. This also affected the wing
root region, which was not blown by any propeller.
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Figure 13. Spanwise section lift distributions for the clean wing: (a) « = 0°; (b) & = 4°; (c) vertical
velocity component in the disk plane.



Drones 2023, 7, 49

17 of 42

The effects of wing finiteness are also visible on the spanwise lift distributions in
blown condition. Despite the propellers working at the same rotational speed, the trend
of the C; was to decrease along the wing span, as in the unblown condition. In addition,
the spanwise change in C; behind each disk was not linear for all the propellers’ positions,
but tended to form a sort of bulge on the right hand side for some of them, especially for
the positions higher and farther from the wing leading edge. The area below these curves
is larger than the others, as these positions provided a more effective blowing. This is in
agreement with the values of the global lift coefficient C;; and of the lift curve slope C;, in
Figure 11. In other words, higher and farther propeller positions are favorable for the clean
wing at low angles of attack and this was confirmed by the section lift distribution.

The chordwise pressure coefficient C, is shown in Figure 14 for the same angles of
attack. Two sections at the 75% radius around the middle disk are represented, on the
inner and outer side, respectively. The chordwise pressure distribution on the inner section
reveals the effect of both local flow speed and angle of attack increase: the whole C, curve
inflated as well as the peak suction. This became more evident at higher angles of attack.
The outer section was affected by the same phenomena, but the downwash due to the
rotating propeller disk decreased the C, peak value, while the flow speed increment still
inflated the C,, plot on the rear part of the airfoil.
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Figure 14. Chordwise pressure distributions for the clean wing around the mid propeller: (a) « = 0°;
(b) a = 4°.
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Again, the most effective blowing at low angles of attack, typical of cruise condition,
was given by the propellers’ array located higher and farther from the wing leading edge,
while on the opposite positions (lower and closer), less lift and drag were produced. In
this regard, two scenes of the chordwise values of the skin friction coefficient for these two
extreme positions are shown in Figure 15. Warmer colors indicate more friction, whereas
white color indicates regions of incipient separated flow. Cooler colors indicate regions
of recirculating flow because of the negative value of the skin friction coefficient. These
regions were not visible on the upper wing surface at low angles of attack. The skin
friction distributions show that the propellers’ blowing was a little more effective with the
array located higher than the wing chord plane. The scenes also include a representation
of propellers” wake with the Q-criterion [47], which also highlights the effects of the

propellers’ blowing.
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Figure 15. Chordwise skin friction distributions for the clean wing: (a) configuration xFzU at & = 4°;
(b) configuration xAzB at & = 4°.

3.1.3. Effects of the Wing on the Propellers’ Performance

The virtual disk model of STAR-CCM+ enables the evaluation of the simplified pro-
peller aerodynamics in a region surrounding the actuator disk. Although the propeller set
point was assigned with the data of Table 6, the propeller coefficients were calculated with
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the data of Figure 9 from the assigned rotational rate and the surrounding flow field, which
was altered by the bodies in proximity of the virtual disk. Figure 16 shows the variation of
the advance ratio J, the thrust coefficient Cr, the power coefficient Cp, and the propeller
efficiency # with the angle of attack for the three propellers: DEP 1 is the inner disk, DEP 2
is the middle disk, and DEP 3 is the outer disk. Due to the effect of wing finiteness, the
values achieved by the three propellers were slightly different, with the inner disk showing

the largest variations.
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Figure 16. Effects of the wing on propeller performance with STAR-CCM+ virtual disk model:
(a) propellers advance ratio; (b) propellers’ thrust coefficient; (c) propellers’ power coefficient; (d) pro-
pellers’ efficiency. Design data is taken from Table 6, which are the assigned coefficients for the
isolated propeller.

The value of the advance ratio | decreased with the angle of attack « and remained
below the design value for all the investigated positions. This is due to the combination
of geometric angle of attack « and wing-induced upwash ¢(«, d, ... ). In fact, the inflow
velocity—and consequently, the advance ratio [—should scale with cos (« + €), such that
even at &« = 0° the propeller is working in non-axial flow. The lowest values were attained
by the propeller at the bottom and closest position xAzB (—17% with respect to the baseline
value at « = 16°), while the highest values were obtained at the top and farthest position
xFzU (—3% with respect to the baseline value at « = 0°).

Conversely, thrust and power coefficients Cr and Cp increased with angle of attack
« and both values were always higher than the design condition. Again, the extreme
positions of the propellers’ array showed the highest and lowest values, with the xAzB
position varying from 8% to 20% and the xFzU position varying from 5% to 11% higher
than the baseline value of Cr, respectively. Thus, for the wing with flap retracted, the
propeller position at bottom and closest to the leading edge was the most effective for
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its performance, the opposite of the effects of the propellers on the wing. Finally, the
combination of advance ratio, thrust coefficient, and power coefficient was such to decrease
the propellers’ efficiency # up to 5% at high angle of attack. This highlights that propellers
were not working in the design point evaluated for the isolated geometry. To keep them
operating in the design point, RPM should be reduced to increase the advance ratio.

3.2. Flap in Take-Off Configuration

In this subsection, data about the effects of distributed propulsion on the wing with the
flap deflected by d; = 15° are presented and discussed. Again, this subsection is divided
into three parts concerning global effects of the propellers on the wing, local effects of the
propellers on the wing, and the effects of the wing on the propeller aerodynamics, within
the limits of the actuator disk model.

3.2.1. Global Effects of the Propellers on the Wing Aerodynamics

The effects of the propellers’ array on the wing aerodynamic coefficients are shown in
Figure 17. As in the case of the clean wing, distributed propulsion increased the magnitude
and the slope of the lift, drag, and pitching moment coefficients with respect to the angle
of attack. Again, it can be observed that the distributed propulsion had the effect of an
additional flap deflection.
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Figure 17. Aerodynamic coefficients for the wing with flap deflected for take-off: (a) lift curves;
(b) drag polars; (c) pitching moment curves; (d) aerodynamic efficiency curves.

As in the case of the clean wing, there were some propellers’ positions that made the
wing stall earlier than other configurations, which achieved higher lift coefficients. The
further increment in maximum lift coefficient due to the propellers operating with the
flap deflected is useful, as this will further reduce the take-off distance for a given wing
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planform area (performance) or reduce the wing planform area for a given take-off distance
(design) with respect to the unblown wing. However, in take-off it is equally important to
keep a moderate increase in drag and pitching moment coefficients. Again, from the charts
of Figure 17a,c, it was apparent that the differences in C; and Cys at low angles of attack
for the investigated propellers” array positions were not significant as the shift from the
unblown condition to any of the power-on configurations. This was not strictly true for the
minimum drag coefficient Cp_, (Figure 17b), where the difference of the values among the
positions were comparable to the shift between prop-off and prop-on configurations.

However, from the trends of the lift-to-drag ratio Cy /Cp in Figure 17d, it can observed
that, at high values of the lift coefficient, say between 1.8 and 2.0, the difference between
blown and unblown conditions became negligible, meaning that the wing with distributed
propulsion was working with the same aerodynamic efficiency of the unblown wing.
This was true also for the clean wing, but it is unlikely that it has to operate near the
maximum lift coefficient. Conversely, the wing with flap deflected at take-off will operate
between moderate and high angles of attack. It can also be observed that if the power-off
configuration were made to stall at a higher lift coefficient, the aerodynamic efficiency
of the blown wing would be higher than the prop-off value at that lift coefficient, as the
slopes of the C1. /Cp vs. C, curve indicate. Thus, at high angles of attack and beyond the
maximum lift coefficient of the unblown wing, the configurations with the distributed
propulsion become competitive in terms of aerodynamic efficiency at take-off.

To give a more accurate representation of the effects of the distributed propulsion
on the wing with flap deflected at take-off, Figure 18 reports the variations of the lift
capabilities with the propellers” array positions in specific conditions. Similarly, the effects
on the drag and pitching moment coefficients are shown in Figure 19.
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Figure 18. Effects of DEP array positions on the lift characteristics of the wing with flap deflected
for take-off: (a) lift increment; (b) lift gradient increment; (c) maximum lift increment; (d) stall
angle change.
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Figure 19. Effects of DEP array positions on the drag and pitching moment characteristics of the wing

with flap deflected for take-off: (a) minimum drag increment; (b) maximum aerodynamic efficiency
change; (c) pitching moment increment; (d) pitching moment gradient change.

Figure 18a shows that the values of the lift coefficient at zero angle of attack Cy,
achieved by the blown wing were very close each other, with the propellers” array located
on the top position performing best. Thus, the location of the distributed propellers was
not relevant for the lift increment at very low angles of attack. However, Figure 18b shows
that the values of the lift curve slope C;,, were sensibly different among the investigated
positions, with a minimum increase of 14% with respect to the prop-off condition when the
array was located on the highest position and a maximum increase of 19% when the array
was located ahead and below the wing chord plane, with small differences with horizontal
variations of the position.

The largest increment of the maximum lift coefficient C __was obtained with the
propellers’ array located as close as possible to the wing leading edge and at 5% chord
length below it (Figure 18c). The achieved increment of 0.25 was larger than the 0.10 value
obtained in clean configuration, but it was still a non-disrupting result. The angle of stall
was reduced by 4° to 6°, depending on the propellers’ positions (Figure 18d).

Figure 19a shows that the increase in minimum drag coefficient Cp_, spanned about
100 drag counts at Res, = 5.3 x 10°, with the maximum value achieved by the propellers
located closer to the wing leading edge. There was a variation with the vertical position that
became stronger as the horizontal distance to the leading edge increased. The difference
in maximum aerodynamic efficiency C; /Cp was between about —3.2 and —4.2 for the
prop-on condition as shown in Figure 19b, but this may be of some importance only in the
initial phase of the take-off run, where the angle of attack is very low.
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The pitching moment coefficient at zero angle of attack Cys, changed by about 0.010
among the prop-on configurations (Figure 19c), but the skip between prop-off and prop-on
conditions was almost two times larger, with the prop-off value being about —0.19 and
the prop-on value around —0.27. The pitching moment curve slope Cy;, was practically
unchanged for propellers located up and farther than the wing leading edge, but it was
increased for propellers located below the wing chord plane, with a maximum increase
of about 60% with respect to the unblown condition (Figure 19d). The maximum shift of
the wing aerodynamic center, evaluated with Equation (6), was from 27.1% ¢ in prop-off
condition to 28.0% ¢ in prop-on condition.

3.2.2. Local Effects of the Propellers on the Wing Aerodynamics

Here, the effects of distributed propulsion on the aerodynamic loads distribution at
moderate angles of attack, specifically 4° and 8°, are discussed. In fact, if the interest is
usually focused on the maximum lift coefficient achievable by the wing, it is also clear that
not all the configurations share the same angle of stall. By assuming a safety speed between
1.1 and 1.2 of the take-off stall speed, a flapped wing with a maximum lift coefficient around
2.0 will operate at about 0.40 < C; < 1.8, which roughly corresponds to 4° < a < 8° for
our configurations. This may also set the initial condition for the climb.

Figure 20 shows the spanwise section lift C; distribution for all the propellers’” array
positions at the above cited angles of attack. The presence of the flap is apparent in both
unblown and blown conditions, with the latter providing a significant local shift of C;.
With the flap deflected at take-off, it seems that the least effective position for the lift
enhancement at low-moderate angles of attack was the bottom one closer to the wing
leading edge, as in the case of the clean wing. Conversely, there was no net prevalence
of any position on the spanwise lift distribution, especially at « = 8°, with the central
positions performing slightly better.

Below the charts, there is a scene showing the variation of the vertical component
of the velocity vector on the propellers’ disks, highlighting the direction of rotation. This
scene is at &« = 0° with the only purpose of illustrating the flow field at the propellers” disks.
The larger and brighter regions indicate a mostly upwash flow due to the wing-induced
circulation. At the top and bottom of these regions, just outside the propellers” disks that
are shadowed in the picture, there is downwash and upwash, respectively, due to the flow
accelerating towards the virtual disks.

The behavior shown by the spanwise section lift distribution in Figure 20 is confirmed
by the pressure coefficient C;, distributions at the inner and outer 75% radius of the middle
propeller in Figure 21. There was no significant change in C, at moderate angles of attack
among the investigated propellers’ positions, with the bottom and closest one performing
worse. As in the case of the clean wing, the pressure distribution was affected by both
axial and tangential flow speed increments, with the inner section increasing both its peak
value and the area enclosed by the curves, whereas the outer section increased only the
rear upper portion of its value because of the propeller-induced downwash.

However, the upwash and downwash effects were consumed within the main wing
component. The flap was unaffected by the propeller’s rotating slipstream, showing an
increment of its peak value that was practically the same for both analyzed sections. In
some cases, the peak value achieved by the flap was equal or even larger than that achieved
by the main component. This, together with the interaction among propellers, should
explain the flat spanwise trend in the section lift distribution shown in Figure 20.
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Figure 20. Spanwise section lift distributions for the wing with flap deflected for take-off: (a) & = 4°;

(b) & = 8°; (c) vertical velocity component in the disk plane.
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Figure 21. Chordwise pressure distributions around the mid propeller for the wing with flap deflected
for take-off: (a) « = 4°; (b) a = 8°.

Figure 22 shows the skin friction distribution on the upper wing surface at « = 8°
for the forward and central vertical position xFzC and the bottom rear position xAzB.
As expected, there was no significant change between the two scenes, although the top
figure indicates a more uniform blowing. The regions with white color were prone to flow
separation. These were found near the trailing edge of the main component, as well as on
a large part of the flap upper surface. Moreover, the areas between the propellers’ disks
were not affected by the blowing effects. This was also true for the wing regions behind the
propellers” hub for the bottom array position. The Q-criterion shows the wake behind the
propellers’ disks, especially at the inner (hub) and outer boundaries of the disks, and the
wing trailing vortices.
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Figure 22. Chordwise skin friction distributions for the wing with flap deflected for take-off:

(a) configuration xFzC at « = 8°; (b) configuration xAzB at &« = 8°.

3.2.3. Effects of the Wing on the Propellers’ Performance

The effects of the wing with flap deflected at take-off on the distributed propellers’
performance are shown in Figure 23. As in the case of the clean wing, the advance ratio
J and of the propeller efficiency 1 were below the design values and decreased with the
angle of attack for all the configurations. Conversely, the thrust and power coefficients, Ct
and Cp, did increase with the angle of attack.

Among the three propellers, the innermost one showed the largest variations in
performance with the angle of attack. The two configurations in which the propellers
provided more and less thrust were xAzB and xFzU, respectively, indicating once again that
the propeller had the largest performance enhancement where the wing was blown less
effectively (xAzB position). In any case, the thrust coefficient Ct was increased between the
5% and the 16% with respect to the data of the isolated propeller. Conversely, the advance
ratio | was reduced between the 8% and the 18%, while the rotation rate of 7000 RPM was
kept constant. Finally, the power coefficient Cp increased as the thrust coefficient with
a relatively smaller difference with respect to the design value. The combination of the
propeller coefficients was such to decrease its efficiency # from about 1% to 6%, with the
largest loss at high angle of attack.
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3.3. Flap in Landing Configuration

The effects of the distributed propulsion on the wing with flap deflected for landing
are discussed in this subsection, which, as the previous parts, is divided into: global effects
of the propellers on the wing, local effects of the propellers on the wing, and effects of the
wing on the propellers.
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Figure 23. Effects of the wing with flap deflected for take-off on propellers’ performance with
STAR-CCM+ virtual disk model: (a) propellers” advance ratio; (b) propellers’ thrust coefficient;
(c) propellers power coefficient; (d) propellers’ efficiency. Design data are taken from Table 6, which
are the assigned coefficients for the isolated propeller.

3.3.1. Global Effects of the Propellers on the Wing Aerodynamics

The effects of the distributed propulsion on the aerodynamic coefficients are presented
in Figure 24. These effects were stronger than those on the other flap configurations. On
the lift coefficient Cr, there was a net distinction of the values achieved by the different
propellers” array positions at high angles of attack (Figure 24a). In this case, there is a clear
advantage in choosing a specific location for the propellers. Conversely, the curves with
values at « = 0° are not immediately distinguishable on this chart and will be discussed
next on a contour plot. However, it appears that the configurations that stalled at a lower
CrL.x had a higher values of C;, and that the curves with a higher slope C;, did not achieve
the highest C__ .
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Figure 24. Aerodynamic coefficients for the wing with flap deflected for landing: (a) lift curves;
(b) drag polars; (c) pitching moment curves; (d) aerodynamic efficiency curves.

Similarly, the drag polar chart presents values of Cp that were quite close each other
at a given value of the C, (with the scale used in Figure 24b), with a clear distinction of the
curves representing propellers’ positions that made the wing stall at higher values of the
lift coefficient. The curves were also extrapolated to lower angles of attack to estimate the
minimum drag coefficient Cp_, with the modified parabolic drag formula of Equation (5).

Figure 24c shows several issues on the pitching moment Cy; evaluated at ¢/4: the shift
in Cyy, from the unblown condition was much larger than the case of other flap deflections;
there was a large variation of the pitching moment curve slope Cy;,, where some curves
exhibited a higher negative slope, i.e., a stronger pitch-down tendency, whereas others had
a reverse sign, i.e., they had a pitch-up tendency; and the linearity of the pitching moment
curves was lost approximately at the same angle of the lift curves.

Finally, the lift-to-drag ratio Cr,/Cp, which was not of a significant importance in
landing conditions, is shown to highlight a smaller difference between prop-on and prop-
off conditions with respect to other flap deflections (Figure 24d).

More details on the lift coefficient are given in Figure 25 and discussed here. The
increment in lift coefficient at zero angle of attack C;,, was mostly dependent from the
vertical position of the propellers” array, achieving its maximum value of 0.4 at the top
location (Figure 25a). Conversely, the maximum value of the C__was achieved with the
propellers located at 5% chord length below the wing plane and as close as possible to the
leading edge (Figure 25c). The attained increment of 0.45 in maximum lift coefficient was
about twice that obtained with flap deflected at take-off. The angle of stall was reduced by
about 2° to 5° and it seems that there was no correlation with the trends exhibited by the lift
coefficient (Figure 25d). Finally, the lift curve slope, evaluated between 0° < a < 8°, was
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increased by up to 30% and it was dependent from the vertical position of the propellers,
with the lowest position achieving the maximum value (Figure 25b).
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Figure 25. Effects of DEP array positions on the lift characteristics of the wing with flap deflected
for landing: (a) lift increment; (b) lift gradient increment; (¢) maximum lift increment; (d) stall
angle change.

Details on the drag and pitching moment coefficients are given in Figure 26. The
extrapolated minimum drag coefficient Cp__ is mostly function of the vertical position of
the propellers, with the minimum value achieved at the top and farthest position from the
wing leading edge (Figure 26a). Therefore, the maximum increase in Cp_, was obtained
with the propellers’ array located at the bottom positions.

Variations of the maximum lift-to-drag ratio C; /Cp are not critical in landing condi-
tion, but are shown in Figure 26b for completeness. As previously stated, there was a small
loss in maximum aerodynamic efficiency within the range 2.1 to 2.4.

Similarly to the lift coefficient at zero angle of attack, the pitching moment coefficient
at zero angle of attack Cyy, achieved the maximum shift with respect to the unblown
condition with the propellers’ array located on top, whereas the smallest increment was for
the position at bottom and closest to the wing leading edge (Figure 26c). This is interesting,
since the objective at landing is to maximize the lift coefficient without penalizing too much
the pitching moment coefficient. The increments were from —0.130 to —0.155, with an
unblown value of about —0.350.

The pitching moment slope Cy;, , evaluated between 0° < a < 8°, presented a signifi-
cant variation that was mainly a function of the vertical position of the propellers’ array
(Figure 26d). With the reference point at ¢/4, the bottom positions achieved a pitch-down
tendency eight times stronger than the unblown wing, whereas the top positions had a
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significant pitch-up tendency. If this happens when designing an aircraft, it should be fixed
in the preliminary design phase.

AC for landing configuration (6f =30°)

Dmin A(CL/CD)max for landing configuration (6f =30°)

AXle

(a) (b)

ACM(a = 0°) for landing configuration 6' =30°) Ma,DEP ! CMm’OFF for landing configuration (6' =30°)

0.04

0.02

-0.02

AZlc

—-0.04

—0.06

-0.08

=01
A B A
AN N N N BN N SR SRS A

AXlc

(©) (d)
Figure 26. Effects of DEP array positions on the drag and pitching moment characteristics of the wing
with flap deflected for landing: (a) minimum drag increment; (b) maximum aerodynamic efficiency
change; (c) pitching moment increment; (d) pitching moment gradient change.

The variations of the wing of the aerodynamic center positions were significantly
larger than those with other flap deflections. The x,. for the prop-off wing was at 25.8% ¢,
whereas the significant change in pitching moment curve slope Cy, together with a smaller
variation of the lift curve slope Cr, determined a maximum shift of about +5% ¢, with the
top and farthest array position achieving an x,. value of 19.8% ¢ and the bottom and closest
array position moving the x,c to 30.7%¢.

3.3.2. Local Effects of the Propellers on the Wing Aerodynamics

The spanwise section lift distributions for all the propellers” positions are shown
in Figure 27 for « = 8° and « = 12°. The combined effect of distributed propulsion
and flap deflection is apparent. At moderate and high angles of attack there was a clear
distinction of the effect of the propellers” array position, with the lowest and closest location
performing best. Conversely, the highest and farthest position performed worst. Moreover,
the positions providing more lift were those with a rather flat spanwise distribution of C;,
very different to that generated on the clean wing at low angles of attack. A scene with the
vertical velocity components on the propellers’ disks is shown below the charts. Even at
« = 0°, a large part of the flow field is affected by the upwash induced by the wing-flap
combination.
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Figure 27. Spanwise section lift distributions for the wing with flap deflected for landing: (a) « = 8°;
(b) & = 12°; (c) vertical velocity component in the disk plane.

The chordwise pressure coefficient C, distributions are shown in Figure 28. The
combined effects of axial and tangential propeller wake velocities were visible on both the
inner section, showing an increase of both the peak and rear-end values, and the outer
section, showing a reduction of the peak value and an increase of the rear-end value. The
Cp curve on the flap in prop-off condition reveals a flow separation that was not present
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in prop-on condition, further favoring the lift increment of the latter. Moreover, the peak
values attained on the flap component were not dependent on the rotational slipstream,
but only on the blowing effect, hence, on the position of the propellers. Again, these charts
highlight that the most advantageous position for the distributed propulsion at high angles
of attack was below the wing chord plane and as close as possible to the wing leading edge.
Conversely, a higher and farther position provided the least increment in lift.
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Figure 28. Chordwise pressure distributions for the wing with flap deflected for landing: (a) & = 8°;
(b) & = 12°.

This is confirmed by the distribution of the skin friction coefficient shown in Figure 29
for « = 12°. The configuration xFzU, although not being shadowed by the propellers’
hub, had the regions between the propellers’ wake unblown to some extent, as shown by
the skin friction contour and the Q-criterion surfaces (Figure 29a). Moreover, the region
behind the inner side of each propeller was blown less effectively. Conversely, the xAzD
configuration showed a more uniform blowing behind both sides of the propellers, although
it presented less friction in the regions behind the hub (Figure 29b). In addition, the regions
of insufficient blowing between the wakes of the three disks were narrower than those of
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the other configuration. Finally, both scenes show that the propeller wakes were displaced
towards the inner part of the wing, because of the cross-flow at high angle of attack.
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Figure 29. Chordwise skin friction distributions for the wing with flap deflected for landing:
(a) configuration xFzU at & = 12°; (b) configuration: xAzD at « = 12°.

3.3.3. Effects of the Wing on the Propellers’ Performance

The trends reported in Figure 30 on the effects of the wing on the propellers’ perfor-
mance are quite similar to those shown for the configurations with clean wing and flap
deflected for takeoff. The values of the advance ratio | were always below the design
value for the isolated propeller at 7000 RPM (—5% to —20%, depending on the propellers’
positions), the values of the thrust coefficient Ct were always above their design value
(5% to 12%, depending on the propellers’ positions and angle of attack), and so were the
values of the power coefficient Cp (1% to 7%). The combined effect was a reduction of the
propellers’ efficiency # with respect to the design value of the isolated propeller in axial
flow, with an average reduction between 2% and 3% and the worst case achieving about
7% efficiency loss at high angle of attack.

Despite the blowing effect favored the propellers” position close to the wing leading
edge and lower than the wing’s chord plane xAzB, the circulation induced by the wing
with flap was such to increase the value of the thrust coefficient Ct with respect to the
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value of the isolated propeller for this position at all angles of attack, while the farthest and
highest propellers” array xFzU achieved the opposite performance, with a higher value of
the advance ratio | and a lower value of the thrust coefficient C7. This was in contrast with
the results of the previous sections, where the propellers’ thrust coefficients were higher
where the wing was providing less maximum lift. With this last set of investigations, it
seems that the effects of the wing on the propellers were not linked to the aerodynamic
performance of the blown wing, but only to their relative positions.

It may be concluded that, in a given flap configuration and at a given angle of attack,
the location of the distributed propellers” array will affect both the aerodynamic coefficients
of the wing and of the propellers, where the variations of the latter do not depend on the
aerodynamic performance of the former, but only on the relative positions of the two items.
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Figure 30. Effects of the wing with flap deflected for landing on propellers’ performance with STAR-
CCM+ virtual disk model: (a) propellers” advance ratio; (b) propellers’ thrust coefficient; (c) propellers
power coefficient; (d) propellers’ efficiency. Design data is taken from Table 6, which are the assigned
coefficients for the isolated propeller.

4. Conclusions

This paper has presented a numerical investigation on the aero-propulsive effects
between three distributed propellers and a wing with flap with the aim to provide design
guidelines for aerodynamic efficient fixed-wing UAVs. The simulations were performed to
explore the effects of the propellers’ array location with respect to the wing leading edge and
served as preliminary analyses to screen the most interesting positions for a wind tunnel
test campaign. The wing had a straight, untwisted, and untapered planform to keep out
the effects of section profile lofting and planform shape on the aerodynamic loading. A flap
was added to investigate the effects of distributed propulsion in three different conditions:
cruise, take-off, and landing. The propellers were simulated as actuator disks and without
nacelle, since at the time of the numerical setup there were no detailed information on the
propellers” design.

The ratio between the propellers” diameter and wing chord was reasonably adequate,
according to previous investigations found in literature. However, the same literature
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lacked to indicate the effects of the propellers” array position on the pitching moment,
which is crucial for a fixed-wing aircraft equilibrium, stability, and control, as well as for
the horizontal tail sizing. This work also attempted to fill this void of information.

The aero-propulsive effects have been classified into global, local, and wing-to-propeller.
Global effects concern the influence of the propellers’ wake on the wing aerodynamic coeffi-
cients. Local effects deal with wing spanwise loading and chordwise pressure distributions
affected by propellers’ slipstream, due to both axial and tangential flow acceleration. Wing-
to-propeller effects refer to the wing-induced flow field on the propellers’ disks, which is
different from the case of the isolated propeller.

Throughout the discussion on the results it appeared that the installation of an array
of distributed propellers increased the magnitude of all the aerodynamic coefficients (lift,
drag, and pitching moment) in different values according to the flap deflection, the angle
of attack, and the propeller-wing relative position, in this order and for a given thrust
level. The advantage of lift increment, which is the main objective of a high-lift distributed
propellers” array, may be shadowed by a significant increase in drag, especially in cruise
condition (flap retracted). The numerical analyses highlighted that at low angles of attack
the lift-to-drag ratio was reduced substantially with respect to the unblown condition. The
maximum aerodynamic efficiency was reduced by a few units. However, at high angles
of attack the lift-to-drag ratio in prop-on condition was comparable with that in prop-off
condition. The blowing effect of the propellers permitted the wing to achieve a higher
maximum lift coefficient without penalizing too much the aerodynamic efficiency, as was
shown by the intersecting drag polars—prop-on vs. prop-off. At the same time, the angle
of stall was slightly reduced, while the pitching moment coefficient became significantly
more negative, highlighting how the propellers’ blowing was acting as an additional flap
deflection. It is here remarked that all the aerodynamic coefficients were referred to the
wing-flap system only, with the propulsive forces not considered for the lift generation. In
other words, the interactions illustrated so far are relative to the propulsive indirect effects
on the wing.

These observations were confirmed by the local effects, where numerical data have
shown the influence of both propellers’ blowing and rotation on the spanwise wing loading
as well as on the chordwise pressure distribution. For the former, the expected anti-
symmetric load distribution induced on the wing by the propellers’ rotation had been
mitigated by the interaction with the wing itself, highlighting the impact of the wing-
propeller relative position, as well as of the angle of attack and flap deflection that strongly
influenced the upwash. The spanwise loading was increased in the region interested
by both the flap and the propellers’ slipstream, with a rather flat distribution for those
positions that were more favorable to a higher maximum lift coefficient. Numerical data
also clearly showed the effects of both axial and tangential velocities increments on the
chordwise pressure distribution. The former acted as pure blowing, enlarging the area
between the pressure coefficient curves of the upper and lower airfoil boundaries, while
the latter provided upwash and downwash on the inner and outer sections of the wing
around the mid propeller respectively, providing a further pressure expansion in the case
of upwash and a reduction of the same peak in the case of downwash. Interestingly, the
effects of the propellers’ rotating slipstream were exhausted on the wing main component,
as both inner and outer flap sections showed the same expansion due to the blowing effect.

Finally, the effects of the wing on the propellers highlighted that the latter operated
in off-design condition, with a reduced efficiency. This seems to be due to the wing-
induced upwash at any angle of attack, altering the inflow velocity vector on the propeller’s
disk. The absolute shift of propellers” performance coefficients with respect to the design
condition evaluated on the isolated propeller in axial flow depended on the angle of attack,
flap deflection, and wing—propeller relative position. However, there was no dependence
due to the change in the aerodynamic performance of the wing. The effects of the propellers’
positions, although not significantly different among them, highlighted that to get the
maximum increase in lift coefficient at high angle of attack the distributed propellers” array
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should be moved as close as possible to the wing leading edge and slightly below the
wing chord’s plane. This was the position that favored high lift with the flap deflected for
landing, but it was not the worst in terms of pitching moment coefficient as well as wing
contribution to the aircraft longitudinal stability. At the same time, more lift meant certainly
more drag, and this has to be taken into account if designing a wing with distributed
propulsion for take-off.

Author Contributions: Conceptualization, D.C.; methodology, P.D.V. and D.C.; software, P.D.V,; vali-
dation, P.D.V. and D.C.; formal analysis, D.C.; investigation, V.O.; resources, FN.; data curation, D.C,;
writing—original draft preparation, D.C.; writing—review and editing, D.C. and P.D.V.; visualization,
D.C.; supervision, PD.V,; project administration, EN.; funding acquisition, EN. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the Italian PROSIB (Propulsione e Sistemi Ibridi per velivoli
ad ala fissa e rotante—Hybrid Propulsion and Systems for fixed and rotary wing aircraft) project
PNR 2015-2020 lead by Leonardo S.p.A.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The authors confirm that the data supporting the findings of this study
are available within the article.

Conflicts of Interest: The funders had no role in the design of the study; in the collection, analyses,

or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.

Abbreviations

The following abbreviations are used in this manuscript:

DEP Distributed Electric Propulsion

GCI Grid Convergence Index

LEAPTech Leading Edge Asynchronous Propeller Technology
RANS Reynolds-averaged Navier-Stokes

RPM Revolutions Per Minute

UAV Unmanned Aerial Vehicle

VTOL Vertical Take-Off and Landing

o Angle of attack

A Displacement or difference

6 Deflection

€ Upwash

7 Propeller efficiency

A Taper ratio

Poo Free-stream flow density

M Aspect ratio

b Wing span

c Wing chord

c Wing

Cp Three-dimensional drag coefficient

Cp,in Three-dimensional minimum drag coefficient

Cy Two-dimensional drag coefficient

Cr Three-dimensional lift coefficient

Cr, Three-dimensional lift curve slope

Cr, Three-dimensional lift coefficient at zero angle of attack
ClLon Three-dimensional maximum lift coefficient

G Two-dimensional lift coefficient

Cm Three-dimensional pitching moment coefficient
Cwm, Three-dimensional pitching moment curve slope
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Cm, Three-dimensional pitching moment coefficient at zero angle of attack
Cm Two-dimensional pitching moment coefficient
Cp Propeller power coefficient

Cp Pressure coefficient

Cr Propeller thrust coefficient

D Propeller diameter

k Induced drag factor

p Propeller power

T Propeller thrust

] Propeller advance ratio

N Number of cells

n Revolutions per second

Reso Reynolds number

Wing planform area

Free-stream flow speed

Longitudinal position of the propeller array
Chordwise coordinate

Lateral position of the propeller array
Spanwise coordinate

Non-dimensional wall distance

Vertical position of the propeller array
Vertical coordinate

=R ><8<cn

AN
3

Z

z

(Vac Aerodynamic center

(-)DEP Referred to DEP enabled (power-on condition)
QF Flap

(n Flap hinge

(*)in Inner

(-)OFE Referred to DEP disabled (power-off condition)
(-)out Outer

(e Root

()ref Reference point
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