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Abstract: Distributed electric propulsion and boundary layer ingestion are two attractive technolo-
gies to reduce the power consumption of fixed wing aircraft. Through careful distribution of the
propulsive system elements, higher aerodynamic and propulsive efficiency can be achieved, as well
as a lower risk of total loss of aircraft due to foreign object damage. When used on the wing, further
reductions of the bending moment on the wing root can even lead to reductions of its structural
weight, thus mitigating the expected increase of operating empty weight due to the extra components
needed. While coupling these technologies in fixed-wing aircraft is being actively studied in the
big aircraft segment, it is also an interesting approach for increasing the efficiency even for aircraft
with maximum take-off masses as low as 25 kg, such as the A3 open subcategory for civil drones
from EASA. This paper studies the effect of changing the propellers’ position in the aerodynamic
performance parameters of a distributed electric propulsion with boundary layer ingestion system
in a 25 kg fixed-wing aircraft, as well as in the performance of the propellers. The computational
results show the trade-offs between the aerodynamic efficiency and the propeller efficiency when the
vertical position is varied.

Keywords: distributed electric propulsion; boundary layer ingestion; propeller; fixed wing

1. Introduction

Nowadays, some of the most important challenges related to the development and
operation of new small aircraft, whether they are remotely piloted (RPAS) or autonomous,
are their safety and environmental impact. Indeed, this is stated by different aviation safety
agencies, such as in in the “Study on the societal acceptance of Urban Air Mobility in
Europe” by the European Union Aviation Safety Agency (EASA) [1]. This information
combined with the available data that predicts a broad growth of this type of aircraft
in the coming years, reaching hundreds of thousands of units according to the Single
European Sky ATM Research (SESAR) [2], are clear indicators of the need to seek solutions
in the design of new aircraft, focused on reducing fuel and energy use and pollutant
emissions. One way to achieve the efficiency objectives is by optimising the power train
and aerodynamic design, researching more efficient aircraft models, according to NASA
in the Information Technology Development Solutions (ITDS) of the Environmentally
Responsible Aviation (ERA) project [3].

One of the most studied technologies in recent years to reduce pollutant emissions
while maximizing the operational range and endurance of the aircraft is electric hybridisa-
tion (HE). It is worth mentioning the research of Auesser et al. [4], where they integrate
and validate a parallel HE propulsion system for RPAS; the work of Harmon et al. [5],
who proposed an optimisation of both aerodynamics and the HE propulsive system; or
Kim et al. [6], who focused in the fuel economy optimisation of parallel HE. Through
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hybridisation, decoupling between ICE and propeller shaft can be achieved, allowing inte-
gration of novel configurations such as distributed electric propulsion (DEP) and boundary
layer ingestion (BLI).

DEP consists of separating the total electric power plant and propellers into smaller
ones distributed along the wingspan. This distribution presents multiple advantages as
increased flow circulation on the wing, increasing this way the aerodynamic efficiency; the
use of the power plant as a control platform, reducing the need for aerodynamic actuators;
easier maintenance of electric motors and their possible replacement; engine failure is less
critical and the noise footprint can be reduced. The advantages of using DEP have been
studied in the past years both for conventional and small aircraft [7,8].

The optimisation of a DEP system depends on the location of the electric engines,
since its location and distribution have shown to have an important effect on the aircraft
aerodynamics. However, there is a position of special interest: By distributing the propellers
near the wing trailing edge it is possible to take advantage of the ingestion of the boundary
layer produced by the wing. This phenomenon is known as boundary layer ingestion
(BLI) and is widely studied in [9–11]. BLI is based on flux re-acceleration around the
wing due to the ingestion produced by the propeller. This re-acceleration leads to a wake
reduction, with a part of the propeller facing a lower incident air speed compared to what
it would have in a classic configuration on the leading edge. In such a way, the engine
needs less power for a given thrust as described by Budziszewski in [12], increasing the
propulsive efficiency. At the same time, the ingestion could modify the airflow circulation
around the airfoil, incrementing the intensity of the suction peak near the leading edge and
reducing lift-induced drag, yet increasing the skin friction drag due to the acceleration,
which translates into changes in the aerodynamic efficiency. In some studies, such as the
work presented by Hall et al. [13], it is pointed out that the aerodynamic efficiency will
be higher in the BLI configuration; likewise, Martínez et al. and Teperin et al. [14–16]
come to the same conclusion in their BLI research applied to fuselages. By coupling
the BLI configuration with DEP, a greater part of the wing and the propulsive plant is
affected by the benefits of boundary layer ingestion. This allows, as shown in the work of
Goldberg et al. [17], to decrease the fuel consumption compared with a classic distribution.

The main contribution of the current research paper is to analyse the possible positive
effects on both aerodynamic and propulsive efficiency thanks to the use of distributed
electric propulsion and boundary layer ingestion simultaneously, with a special empha-
sis on the analysis of the relative position between the propeller and the airfoil trailing
edge, in the case of a small fixed-wing aircraft. The research is performed employing
computational tools, with experimental validation whenever is possible.

The document is organized as follows. First, in Section 2 the main aircraft configuration
is selected. Then, in Section 3, the main methods and models are presented, explaining in
detail the modeling of the actuator disc. In Section 4 the different results are computed for
different propeller positions, and the best case configuration is compared with a classical
configuration without DEP or BLI. Finally, all main results and discussions are summarized
in the conclusions in Section 5.

2. Design and Component Selection

In this section, the different design parameters and components are selected in order
to prepare the simulations.

One of the main characteristics that limit the design of the aircraft, both aerodynami-
cally and propulsively, is its size. In this case, the size of the aircraft is chosen to take into
account the Spanish regulation for RPAS civil use [18] that fixes the maximum takeoff mass
(MTOM) of civil RPAS (without special permits) in 25 kg at most, similarly to other RPAS
regulations across Europe. Looking for commercial aircraft that meet this restriction, Pen-
guin C from UAV Factory [19] and TARSIS 25 from AERTEC Solutions [20] were selected to
set the initial geometric dimensions. However, the wing geometry was simplified, setting
a constant chord length airfoil in all the 2 m wingspan with an aspect ratio (A) equal to
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10. A 200 mm SD7003 airfoil was chosen as the main airfoil due to its low parasitic drag at
low and medium Reynolds numbers (Re). This airfoil is widely studied in aerodynamic
research, and it is easy to find experimental and computational data in the literature to
validate the simulations performed using it, for example, in [21–24].

Table 1 includes a summary of all the relevant aerodynamic parameters for this study.
This includes the parasitic drag coefficient due to the fuselage, empennage and the other
aircraft elements, not including the wing, CD,0,extra, and also the Oswald efficiency factor, e.
With these parameters, the total drag D can be computed as in Equation (1):

D =
1
2
· ρ∞ · U2

∞ · S ·
(

CD,0,wing + CD,0,extra +
C2

L
π ·A · e

)
(1)

where ρ∞ is the far-field air density, U∞ is the upstream wind speed, S is the wing surface,
CD,0,wing is the parasitic drag coefficient of the wing and CL is the lift coefficient. The values
of CD,0,wing and CD,0,extra are computed using geometrical information of aircraft with a
similar mission, including the mentioned Penguin C and TARSIS 25, as well as the Harmon
and Hiserote’s aircraft [4,5]. The Oswald efficiency factor e is estimated using the methods
described in [25,26].

Table 1. Aerodynamic, design parameters and engine data.

Design parameters

Aspect ratio 10
Wing area 0.4 m2

Wingspan 2 m
Wing chord 0.2 m
Maximum takeoff mass 25 kg

Aerodynamic parameters

CD,0,extra (fuselage, empennage, others) 0.011
Oswald efficiency factor (e) 0.8

Accordingly, the DA4052 double blade propeller designed by UIUC [27] is selected.
Complete blade geometry and wind tunnel testing data of this propeller is available, so the
simulation results can be validated.

3. Methods

In this section, he computational domain is presented besides the design variables
involved in the optimisation and selection of the best DEP and BLI case. Then the differ-
ent computational models used in order to calculate the performance of different RPAS
configurations are presented. First, the computational fluid dynamics (CFD) method used
to compute the series hybridisation with DEP and BLI is explained. CFD simulations are
performed with different configurations: A section of the wing, a single propeller and a
section of the wing with a propeller in the trailing edge. These simulations serve as input
to a model to compute the range of the aircraft in different conditions.

3.1. Computational Setup

All the simulations are composed of a large horseshoe domain, a wing section and an
actuator disc that simulates the propeller. The actuator disc will be discussed in Section 3.3.
The described domain can be observed in Figure 1, where the main dimensions and mesh
are displayed.
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20 c

120 c

Figure 1. Sketch of the computational grid used for the current calculations.

Using this domain, the upwind boundary condition is set 20 chords away from the
wing with a free-stream speed imposed on it. This is also valid for the turbulence intensity
and length scale of the flow. Downstream of the wing, the boundary is set at 120 chords as a
static pressure outlet. The boundary in the wall of the wing is set as smooth roughness wall
with non-slip conditions. The remaining boundaries are modeled assuming that normal
derivatives of the variables are zero at these locations, assuming they are far from the body.
Boundaries above and below the wing are separated 80 chords in order to ensure that their
location do not disturb the results.

To verify that the dimensions of the domain are enough and do not interfere in the
solution, a domain independence analysis was performed. Extra cases were carried out,
doubling and halving the vertical distance between exterior boundaries. The variation
in lift coefficient, CL, and parasitic drag coefficient, CD,0 between the chosen case and the
largest domain was less than 1%. Hence, it is considered that the solution obtained is
independent of the size of the domain used.

All CFD simulations consist of a three-dimensional wing section with an actuator disc
near the airfoil trailing edge. This actuator disc simulates the propeller by means of Blade
Element Momentum Theory (BEMT). The described airfoil and propeller are sketched in
Figure 2 with their main dimensions.

Figure 2. Section of wing simulated with virtual disc.

For each radius, different vertical positions are used in the simulation, which are
given by the relative distance between the trailing edge an the center of the actuator disc.
The highest position corresponds to 100%, where the propeller is all above the trailing edge,
being 0% the lowest position where the shaft of the propeller is aligned with the trailing
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edge of the airfoil, as can be seen in Figure 3. In this figure, the described positions are
shown looking at the wing with a viewing axis parallel to the chord.

(a) 0% position (b) 100% position

Figure 3. Maximum and minimum propeller position above the trailing edge.

There is a constant length gap between the trailing edge and the actuator disc equal
to 1% of the chord length. This gap should be kept as small as possible because, as the
airfoil wake moves downstream, it dissipates due to viscous shear stresses, therefore more
power will be needed to move the propeller that ingest the wake. As explained in [28],
to increase the propulsive efficiency using BLI, the ingestion must take place before the
wake dissipates, what is achieved using an small gap.

Next section presents the methods and models used to compute the performance
characteristics of the RPAS with different configurations.

3.2. CFD Methodology

All the CFD simulation are numerically solved by mean of a Finite Volume Method
using the commercial software Simcenter STAR-CCM+ with steady-state Reynolds-Average
Navier-Stokes (RANS) equations approach. Second order methods were used for solving
the advection and diffusive terms.

The Spalar–Allmaras turbulence model is chosen to solve the Reynolds stress tensor.
This is a one-equation model designed for external aerodynamic applications such as the
present case and used extensively in DEP and BLI research [8,29].

As the Mach number is kept below 0.2 in all the simulated cases, the flow can be
modelled as incompressible. All domain is meshed with a polyhedral mesh except for
the boundary layer around the wing, where a prismatic mesh with a geometric grow
distribution is used. The total thickness of the prismatic mesh is 3 mm divided in 14 layers,
ensuring an y+ minor to one in 99% of the wall, able to resolve the viscous subrange of the
boundary layer.

The complete mesh is sketched at Figure 1, where different refinement zones and a
detail near the airfoil boundary layer can be observed.

A mesh independence analysis has been carried out with an arbitrary angle of attack
of 4.8° and a Reynolds number of 3 × 105. For estimating the value of the drag coefficient as
function of the base size used in the independence, a generalized Richardson extrapolation
was performed, as described by [30]. Final base size was set at 1 mm, guaranteeing an error
of less than 2% in drag coefficient. The complete final mesh is composed of more than
3.3 × 106 elements.

3.3. Actuator Disc Setup

As already mentioned in Section 3.1, the propeller is modelled using an actuator disc
(also known as virtual disc) approach coupled with a blade-element theory submodel.
This approach is much less expensive in simulation time compared to simulating a real
propeller and is widely used in DEP and BLI research, as can be seen in [8,14].

Using the blade-element theory (BEMT), the propeller is divided into different sections
along the entire blade radius, resulting in two dimensional wings which must be aerody-
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namically characterised for the model. A tip loss correction factor is fixed as constant and
equal to 0 at a relative span of 0.97 due to the three dimensional aerodynamic behaviour
of the last fraction of the length of the blade, as advised in [31]. Simplifying the propeller
geometry to an actuator disk and solving it by means of the BEMT has some potential
issues that have to be taken into account in order to assess the quality of the results. The ac-
curacy of this approach is reduced as sections of the propeller work in stall or transonic
conditions. Moreover, the detailed flow behaviour around sections of the propeller blades
can not be simulated with this method, so only the results upstream and downstream of
the actuator disk are valid: In the actuator disk itself, all the effects are collapsed into a
zero-thickness surface. As the present work does not look at the performance parameters
in stall or transonic propeller conditions and the detailed flow around the blade airfoils
is not studied, the limitations of the actuator disk approach do not affect the main results
and conclusions.

The geometry of the blade used is specified in [32] in detail and the different aerody-
namic coefficients needed for each section are calculated using a potential flow method
with interactive boundary layer correction under XFLR5 [33], which is based on XFOIL [34].

Using the mesh specified in the previous section, the resolution of the actuator disc is
fixed to 8 elements in both azimuth and radial directions using an uniform distribution. To
carry out the validation of the use of an actuator disc as model for the propeller, the same
propeller is simulated with the same domain without any wing thus avoiding the effects of
DEP and BLI. The results are compared against experimental data of [32] and shown in
Figure 4.

Figure 4. CFD and experimental propulsive efficiency comparison at 4025 rpm.
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In Figure 4, the propulsive efficiency etap for both the simulated and the experimental
propeller are compared in a common range of advance ratio J, where these terms are
defined in Equations (2) and (3).

ηp =
T · U∞

P
(2)

where T is the propeller thrust, P is the propeller power and U∞ the air velocity.

J =
U∞

n · 2 · rpropeller
(3)

where n is the propeller rotational speed and rpropeller its radius. When expressing the air
speed in units of distance divided by seconds, it is customary to express n in Hz.

Fair agreement was found between BEMT + CFD and the experimental results, as both
result in similar propulsive efficiency, so all the DEP and BLI cases will be modeled using
this approach.

All DEP and BLI cases consist of a single actuator disc, therefore the rotational speed
must be set to take into account the thrust produced by all the propellers distributed along
the wing.

For simplicity, individual thrust will be considered the same on each propeller, since
the flight is considered stationary and leveled. This way, the rotational speed of the
propeller can be set in a way that the total thrust produced by all of them would be equal
to the total drag of the aircraft in each simulation.

The total drag produced by the entire aircraft is estimated from the simulation force
coefficients, taking into account extra parasitic drag coefficient, CD,0,extra, due the non wing
produced drag, as shown in Section 2.

In all the simulations, the rotational speed of the propeller is controlled so the total
thrust of the aircraft, T · npropellers, is set equal to the total drag, D, as in Equation (4):

T · npropellers = D =
1
2
· ρ∞ · U2

∞ · S ·
(

CD,0,wing + CD,0,extra +
C2

L
π ·A · e

)
(4)

where the propeller thrust, T, is multiplied by the total number of propellers, npropellers. As
only one propeller is simulated, the total number of propellers results in a function of the
domain width. Since the wingspan is known and all engines are assumed to be equally
spaced, the distribution of propellers is uniquely defined. In all the simulations in this
document, a total of 13 propellers is considered. Given that the thrust produced by the
propellers is equal to the aircraft drag in all the cases, the simulation data can be used and
interpolated to predict the performance of the aircraft when flying with different weights
and load factors, assuming straight-and-level flight or level turns.

4. Results and Discussion

This section presents the different results of the study. It is divided into two parts:
The first one, in which the results of the simulations for different actuator disc positions,
at different angles of attack and maintaining the Reynolds number are analysed, so that
an optimal design position can be discerned from both the propulsive and aerodynamic
point of view; then, the computational fluid dynamics (CFD) analysis of the best case is
computed and compared with the base case, showing the improvement of the different
efficiencies from an aerodynamic point of view. Each case used 128 cpu-hours to converge.

4.1. Propeller Position Cfd Analysis

CFD simulations for different propeller positions and angles of attack are studied,
keeping the same blade radius and distribution. This way, all cases have a propeller radius
of 40 mm, a distribution of 13 engines on the wing and a draft angle of 1.5°, only changing
the position of the actuator disc over the trailing edge as a geometric parameter.
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In this way, it is possible to quantify the effect of the propeller position for different
angles of attack on the different aerodynamic and propulsive coefficients. Five different
propeller heights relative to the trailing edge, as explained in Section 3.3, are studied for
a constant Reynolds equal to 3 × 105. To decide which is the optimal propeller position,
the product of propulsive efficiency and aerodynamic efficiency is represented in Figure 5.
Bigger distances measured in the direction of the chord were also tested: Increasing them
4% of the chord decreased the aerodynamic and propulsive efficiency product by 4%,
whereas incresing this distance a further 4% of the chord decreased the efficiencies product
an extra 0.5%.
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Figure 5. Aerodynamic and propulsive efficiency for each propeller position above the trailing edge
and angle of attack.

Figure 5 shows two different positions that optimise the product of efficiencies for
a wide range of angles of attack. This is due to the fact that two positions maximise this
product but optimising the two efficiencies differently. The improvement in this overall
performance in the higher position is due to the improvement in aerodynamic efficiency,
while the improvement found in the lowest positions is produced due to the improvement
in propulsive efficiency.

To understand how efficiencies are maximised, they are represented separately in
Figures 6 and 7.
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Figure 6. Aerodynamic for each propeller position above the trailing edge and angle of attack.
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Figure 7. Propulsive efficiency for each propeller position above the trailing edge and angle of attack.

Starting with the aerodynamic efficiency, it increases as the propeller position raises
in a wide range of angles of attack. The position of the propeller changes the circulation
around the wing section. As this position is higher, the lift increases at the same time as the
parasitic drag decreases. This is reflected in the pressure coefficient where if this coefficient
is represented in Figure 8 for all positions and a fixed angle, it can be seen that the suction
peak is greater as the position moves upwards.

0%
25%
50%
75%
100%

Figure 8. Pressure coefficient around the airfoil at 5° of angle of attack for each propeller position
relative to the trailing edge.

The effect of raising the propeller over the trailing edge translates in the pressure
coefficient Cp into an effect similar to increasing in the apparent angle of attack, as when
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flying inside the upwash of other wing. In addition, the elevation of the propeller produces
less reacceleration of the pressure side, since a smaller portion of the propeller remains
below the trailing edge.

The friction coefficient is plotted in Figure 9. It can be seen that, as the propeller
position is higher, the friction in the last part of the suction side increases, thus increasing
the parasitic drag associated with this parameter. It should be noted that, in the highest
position, the effect of the propeller decreases, which is reflected in a drop in the friction
coefficient C f .

0%
25%
50%
75%
100%

Figure 9. Friction coefficient around the airfoil at 5° of angle of attack for each propeller position
relative to the trailing edge.

In the pressure side, a result similar to that of Cp can be obtained, where a higher
propeller position implies a lower re-acceleration of the flow and, therefore, a lower C f .

The effect of the propeller position on the propulsive efficiency results in the combina-
tion of several phenomena. The expectation would be to see an increase in this efficiency
as the propeller is in the lower positions, that is, more centered on the trailing edge. The
propulsive efficiency increase due to boundary layer ingestion can be summed up in that
the propeller ingests a flow region whose speed is less than the flight speed, decreasing
the power needed to be produced by the propeller for the same required force. As the
propeller is positioned lower above the trailing edge, the boundary layer portion that will
affect the propeller will be higher. This way, the propulsive efficiency increases. However,
since the simulations are not carried out at the same lift coefficient but at the same air
speed, the operating point at the same angle of attack varies for the different positions.
The change in aerodynamic efficiency translates into different thrust requests for each
position, which varies the rotational speed of the propellers. By varying the rotational
speed while maintaining the air speed, the advance parameter J changes so that in each
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position the propeller will work at a different operating point. While the effect of the
operation is less than the purely geometric aspect, in this way a high propulsive efficiency
is still obtained also with higher propeller positions, but being always greater in the lower
positions, with an optimum around the 20 % position.

4.2. Best Case Cfd Analysis

In this study a case with a propeller radius of 40 mm, a distribution of 13 engines on
the wing and a draft angle of 1.5° with respect to the airfoil chord is presented. The position
above the trailing edge is fixed at 31.5 %. This case maximizes the product of aerodynamic
efficiency and propulsive efficiency.

CFD results in near-cruise conditions (i.e., 35 m s−1) are analysed, setting for the study
an angle of attack of 3° and a Reynolds number equal to 5 × 105. As the angle of attack is
low, the boundary layer is fully attached to the airfoil and its growth is moderate as can be
seen in Figure 10a, representing the velocity contours in a mid-plane around the wing.

(a) Velocity contours in DEP BLI optimal case

(b) Velocity contours in base case

Figure 10. U contours in mid-plane for best DEP BLI configuration and base case comparison at an
angle of attack of3° and a Reynolds number of 5 × 105.

If the BLI case in Figure 10a and the base case in Figure 10b are compared, speed simi-
larities can be observed. Due to the propeller, the case with BLI has a greater reacceleration
in the pressure side, at the same time that speeds up the wake behind the propeller. In
addition, speed isolines have been added in Figure 11 showing a zoom of the pressure side
for a better comparison.
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(a) Detail of velocity contours in DEP BLI optimal case

(b) Detail of velocity contours in base case

Figure 11. Detail of U in midplane for best DEP BLI configuration and base case with isovelocity
lines under the pressure side for better comparison.

In order to compare the product between aerodynamic and propulsive efficiency
in both cases, an additional simulation is carried out including only the propeller. This
analysis is carried out in this way since in the base case the propulsive system is considered
decoupled from the aerodynamic performance of the wing. In the simulation, the same
flow velocity and advance parameter J from the DEP-BLI case is imposed.

The aerodynamic and propulsive data for both cases are collected in Table 2. The case
with BLI has a higher CL than the base case, however this increase is accompanied by an
increase in CD,0 that impairs aerodynamic efficiency by 1%. Nevertheless, the boundary
layer bathed area of the actuator disc increases the propulsive efficiency of the BLI case by
8%, improving the product of efficiencies.

Table 2. Coefficient comparison between optimal DEP and BLI case and base case at an angle of
attack of 3° and a Reynolds number of 5 × 105.

CL CD,0,wing CL/CD ηp CL/CD · ηp

Base case 0.484 0.00769 17.280 0.692 11.963
DEP BLI case 0.505 0.00841 17.080 0.748 12.773

To understand the differences in the aerodynamic coefficients, the pressure coefficient
Cp of the case without BLI is plotted against the simulation proposed in Figure 12 in
different wing spans.
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(a) Span positions in frontal view

(b) Pressure coefficient distribution at different spans

Figure 12. Cp comparison for best DEP BLI configuration in different wing spans and base case
middle plane.

Figure 12 shows that the suction peak magnitude in the BLI case is 4% higher than the
base case, with increased suction on the entire domain. Simultaneously, in the first half
of the pressure side, the case with BLI has a bigger Cp value than the wing alone, which
translates to an increase in the lift coefficient.

At 50% of the chord, a transitional laminar separation bubble (LSB) can be observed
in the BLI configuration, upstream compared with the base case. The effect of placing
the propeller on the trailing edge is similar to increasing the angle of attack of the airfoil
since the LSB moves upstream as the angle of attack increases, a common trend that can
be observed experimentally, as shown in [27]. The effect is, thus, similar to that of flying
with upwash: The resultant of the pressure forces is tilted towards the leading edge, lift is
increased and the boundary layer transition appears closer to the leading edge.

In order to confirm the appearance of LSB, the friction coefficient C f is plotted in
Figure 13 for both cases in the mid span.
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Figure 13. C f comparison for DEP BLI case and base case without DEP and BLI distinguishing
between suction side and pressure side.

Comparing the C f in the suction side of both cases, it can be verified that the LSB
appears earlier in the DEP BLI case resulting in a smaller bubble. As Sutton explains in [24],
a smaller laminar separation bubble changes the effective inviscid shape of the flow around
the wing, decreasing the pressure drag and allowing higher suction peaks to be achieved.
However, as Tepperin has found in [15], the decrease in pressure drag can be outweighed
by the increase in friction drag. The air suction near the trailing edge creates a lower
pressure zone before the propeller accelerates the flow. Flow acceleration will increase the
shear force and, in the same way, the friction drag increases, what can be observed after
the appearance of LSB in the case of DEP BLI. Identically, since a part of the propeller disc
re-accelerates the flow in the pressure side due to its position, C f is also higher here.

Near the trailing edge, a discrepancy in Cp is appreciated due to how the surface is
influenced by the actuator disc in the BLI case. To understand this effect, the pressure
coefficient in Figure 12 is represented in three spans that cross the surface of the wing in the
direction of flow: The blue one passes through the propeller separating it in half, the red
through half its radius and the black plane corresponding to the blade edge.

The discrepancy of pressure coefficients between the spans can only be seen from
60% of the chord: Upstream, the presence of the propeller has the same effect on the entire
surface of the airfoil.

In the outer spans away from the mid-plane, the decrease in pressure is less important
and begins to approach the base case. As the effects of the propeller in the behaviour of the
flow near the trailing edge are maximised close to its center, its influence in the boundary
layer detachment at high angles of attack is expected to present non-uniformities across
the wing span.

5. Conclusions

An RPAS with distributed electric propulsion and boundary layer ingestion configu-
ration is feasible employing an hybrid electric power plant, a fuel cell or batteries, so it is a
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technological configuration that is applicable in an almost powerplant-agnostic manner.
This novel configuration leads to improvements in both aerodynamic and propulsive
efficiency compared to a classical distribution with one propeller without boundary layer
ingestion. These efficiency improvements are achieved as long as the different geometrical
parameters of the propeller distribution are set appropriately.

In this work, a methodology to analyse a small, 25 kg aircraft with a DEP BLI configu-
ration has been discussed, whereby using a few simulations of a portion of the wing with a
single rotor, the best distribution and overall performance of the aircraft has been estimated.
The numerical study has been performed by a three-dimensional finite-volume simulation
of the domain around a wing section coupled with a Blade Element Model Theory actuator
disc to include the propeller. The rotational speed of the propellers has been set so their
thrust equals the total drag of the aircraft, and the simulations have been performed for
different angles of attack and vertical separations between the propeller shaft and the
wing trailing edge. The simulations have been also carried out for the propeller and the
wing separately, validating them against data found in the literature and comparing them
with the DEP BLI cases. Results such as the pressure coefficient, skin friction coefficient,
aerodynamic efficiency and propulsive efficiency have been obtained for all the simulations,
so the overall performance parameters and the main effects of the DEP BLI configuration
have been studied. The study of these parameters and effects is the main contribution of
this manuscript, as the literature discussing them is still limited for small aircraft.

A distribution of 13 propellers along the wing, with 40 mm blade radius, a draft angle
equal to 1.5° and a position of the center of the propeller relative to the trailing edge set at
31.5% has been found to maximise the product of both efficiencies at near-cruise conditions,
achieving an improvement of 7%.

The vertical position of the propeller affect in different ways two important perfor-
mance parameters: The propulsive efficiency and the aerodynamic efficiency. It has been
shown that, when the propeller shaft is closer to the trailing edge, the propulsive efficiency
is maximised, but there appears some penalties in the aerodynamic efficiency. When the
shaft is moved upwards, the propeller section effectively ingesting the boundary layer of
the wing is reduced, producing lower values of propulsive efficiency. In that case, however,
the form drag of the wing is reduced and an increase in the lift coefficient appears, attaining
higher values of aerodynamic efficiency. These opposing trends lead to two different
optima: one at a vertical position around 20% of the propeller radius and another one at
around 80%.

According to the simulations, moving the propeller upwards reduces its effect in the
pressure side of the wing, moves the laminar separation bubble towards the leading edge
and increases the suction peak. While the friction coefficient is also increased, the net effect
is an increase of the circulation around the wing section and a decrease of the form drag,
similar to what may be expected due to upwash effects.

The close proximity of the propellers to the trailing edge of the wing will probably
generate interesting challenges due to vibrations, both in the propeller and in the airframe,
which is an interesting aspect to study and discuss in future works. Regarding the position
of the propellers, it also affects the pitching moment of the whole wing plus propellers
group. The final geometry of an aircraft designed with this configuration should be adapted
accordingly in order to not affect in a negative way its stability properties.
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Abbreviations
The following abbreviations are used in this manuscript:

Abbreviations
BLI Boundary layer ingestion
BEMT Blade Element Model Theory
BSFC Brake-specific fuel consumption
CFD Computational fluid dynamics
DEP Distributed electrical propulsion
EASA European Union Aviation Safety Agency
ERA Environmentally Responsible Aviation
HE Hybrid electric
ICE Internal combustion engine
ITDS Information Technology Development Solutions
LSB Laminar separation bubble
NASA National Aeronautics and Space Administration
RANS Reynols-averaged Navier-Stokes
RPAS Remotely piloted aircraft system
SESAR Single European Sky ATM Research
TE Trailing edge
UAV Unmanned aerial vehicle
Roman letters
A Aspect ratio
b Wingspan
c Chord
CL Lift coefficient
CD Drag coefficient
CD,0,extra Parasitic drag coefficient of the aircraft without the wing
CD,0,wing Parasitic drag coefficient of the wing
Cp Pressure coefficient
C f Friction coefficient
D Drag
e Oswald efficiency factor
J Advance ratio
n Rotational speed
P Power
rpropeller Propeller radius
Re Reynolds
S Wing surface
T Thrust
U∞ Air speed
X Position across the chord
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ypropeller Position of the propeller shaft above the trailing edge
Greek letters
α Angle of attack
ηp Propulsion efficiency
ρ Density
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26. Niţă, M.; Scholz, D. Estimating the Oswald Factor from Basic Aircraft Geometrical Parameters. In Deutsche Gesellschaft für

Luft-und Raumfahrt-Lilienthal-Oberth eV; Hamburg University Of Applied Sciences: Hamburg, Germany, 2012.
27. Ananda, G.K.; Sukumar, P.P.; Selig, M.S. Measured aerodynamic characteristics of wings at low Reynolds numbers. Aerosp. Sci.

Technol. 2015, 42, 392–406. [CrossRef]
28. Smith, L.H. Wake ingestion propulsion benefit. J. Propuls. Power 1993, 9, 74–82. [CrossRef]
29. Blumenthal, B.T.; Elmiligui, A.A.; Geiselhart, K.A.; Campbell, R.L.; Maughmer, M.D.; Schmitz, S. Computational investigation of

a boundary-layer-ingestion propulsion system. J. Aircr. 2018, 55, 1141–1153. [CrossRef] [PubMed]
30. Roache, P.J. Perspective: A Method for Uniform Reporting of Grid Refinement Studies. J. Fluids Eng. 1994, 116, 405–413. [CrossRef]
31. Gur, O.; Rosen, A. Comparison between blade-element models of propellers. Aeronaut. J. 2008, 112, 689–704. [CrossRef]
32. Deters, R.W.; Ananda, G.K.; Selig, M.S. Reynolds number effects on the performance of small-scale propellers. In Proceedings of

the 32nd AIAA Applied Aerodynamics Conference, Atlanta, GA, USA, 16–20 June 2014; pp. 1–43. [CrossRef]
33. XFLR5. Available online: http://www.xflr5.tech/xflr5.htm (accessed on 10 March 2021).
34. Drela, M. XFOIL Subsonic Airfoil Development System. Available online: https://web.mit.edu/drela/Public/web/xfoil/

(accessed on 10 March 2021).

http://dx.doi.org/10.1016/j.ast.2014.11.016
http://dx.doi.org/10.2514/3.11487
http://dx.doi.org/10.2514/1.C034454
http://www.ncbi.nlm.nih.gov/pubmed/31534269
http://dx.doi.org/10.1115/1.2910291
http://dx.doi.org/10.1017/S0001924000002669
http://dx.doi.org/10.2514/6.2014-2151
http://www.xflr5.tech/xflr5.htm
https://web.mit.edu/drela/Public/web/xfoil/

	Introduction
	Design and Component Selection
	Methods
	Computational Setup
	CFD Methodology
	Actuator Disc Setup

	Results and Discussion
	Propeller Position Cfd Analysis
	Best Case Cfd Analysis

	Conclusions
	References

