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Abstract
Due to the wide range of Unmanned Aerial Vehicle (UAV) applications, the current fleet will multiply in
the coming years.1 However, this growth in the UAV fleet will inevitably be accompanied by a series of
concerns. Mainly, the scientific community2 is concerned about both polluting and greenhouse gas emis-
sions, as well as noise emissions in the operation of these aircraft in urban environments.3 In recent years,
multiple technologies have been proposed to alleviate these problems, such as electrification or hybridis-
ation,4 the use of distributed electric propulsion (DEP),5 or boundary layer ingestion (BLI).6 Recently, in
the research by Tiseira et al.,7 the combination of these technologies has been presented to design small
fixed-wing aircraft weighing up to 25 kg. Those designs achieve up to 16% fuel savings compared to
classic configurations based on ICE-powered mono propellers. This reduction in fuel for the same mission
opens the door to designing new aircraft that optimise the application of these technologies, thus reduc-
ing the associated pollution and noise. The effect on fuel consumption can also be directly translated into
other powerplant configurations, such as fuel cell-battery hybrids or direct battery-powered aircraft. In this
work, a least absolute shrinkage and selection operator (lasso) method is employed with an aircraft design
database to develop tools that can aid the DEP BLI aircraft conceptual and preliminary design. Although
the objective of the design procedures is to minimise energy consumption, the final configuration impacts
the acoustic signature of the aircraft, which is an important concern during missions such as urban flight
or patrol operations. Thus, the impact on noise emissions is also studied.

1. Introduction

The increase in the drone fleet is imminent, according to multiple specialised studies,8–10 which should not be surprising
since, as time goes, there are more applications for these aircraft.

However, fleet growth also brings challenges. Even if only small aircraft are considered, the rise in greenhouse,
pollution, and noise emissions can not be despised. That is why research must focus on the application of technologies
that allow the reduction of said emissions. In recent years some of these technologies have stood out with surprising re-
sults in terms of reducing emissions, highlighting Distributed Electric Propulsion (DEP) and Boundary Layer Ingestion
(BLI).

Advances in batteries have facilitated the electrification of aircraft propulsion plants, especially in small aircraft,
where the weight of the necessary batteries continues to allow competitive flight.11 The electrification of the propulsion
plant has made it easier to increase the distribution of small electric motors along the wing, which can provide multiple
advantages, including aerodynamic efficiency improvements, vectored thrust and reduced noise footprint as can be seen
in the research carried out by Moore and Ning,12 Kim et al.13 and Ko.14

Additionally, the ease of the electric engine setting may provide further improvement if the distribution is em-
ployed near the wing trailing edge, where the propulsor can benefit from the boundary layer ingestion. Many inves-
tigations point to a decrease in the power required by the propulsion system when BLI is applied through propulsive
and aerodynamic efficiency gains as concluded by El-Salamony and Teperin,6 Lv et al.15 and Martinez and Smith.16

Furthermore, It has been proven that the combination of both DEP and BLI technologies in small aircraft is possible,
obtaining promising results in reducing polluting and greenhouse emissions, as seen in the research by Serrano et al.17

and Tiseira et al.7

Moreover, as mentioned above, acoustic emissions will be one of the main challenges to be overcome in the
imminent expansion of UAVs. The noise generated by a UAV can be up to 50% more annoying than that of a bus.1, 18
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For this reason advances are being pushed forward not only to reduce the noise level but also to improve the quality
of that noise. In particular, research is being carried out on the interaction between two19, 20 or more21 propellers and
low noise propeller design guidelines are being developed.22–24 Lastly, the noise emission of full UAVs is also being
studied, as in the research by T. Zhang, G.N. Barakos, Furqan et al.25

The objective of this work is to present the preliminary results of the design and study of a DEP + BLI configu-
ration, both in terms of performance and consumption reduction. In addition, due to the importance it will have in the
acceptability of this type of aircraft, the noise generated by such a configuration will be studied.

This paper is structured as follows: first, a brief introduction to the subject and the state of the art has been pro-
vided in this section. Then, in section 2 the design methodology followed and a description of the UAV geometry will
be provided. In section 3 the numerical set-ups used in Star-CCM+ (subsection 3.1) and OpenFOAM (subsection 3.3)
will be detailed. Next, the main results will be reported and discussed in section 4. Finally, in section 5 the main
conclusions will be summarised.

2. Aircraft design

2.1 DEP + BLI design method

Due to the interaction of the propulsion system with the aerodynamic performance of the aircraft, the classic conceptual
design methods can not be used directly in DEP + BLI configurations. If the changes in the aerodynamic and propulsive
efficiencies and the thrust are not computed early on, it is not possible to optimise some parameters such as the number
of propellers, their position, size or pitch. In order to overcome that, a simplified model has been developed by the
research team, and described in Dr. Varela’s PhD thesis.26 The model takes into account the following predictors as a
function of the results observed in this PhD thesis:
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where α is the angle of attack, Re is the Reynolds number, J is the advance parameter, θ is the geometrical pitch angle
of the propeller, d is the propeller diameter, h is the distance between the propeller shaft and the trailing edge, c is the
airfoil chord, and x is the distance between propeller shafts.

Using those parameters is possible to compute the expected lift coefficient (CL,section, see Equation 3), drag
coefficient (CD,section, see Equation 4), thrust coefficient (CT,section, see Equation 5) and power coefficient (CP,section, see
Equation 6) of a wing section with a propeller, as can be seen in Figure 1:

Figure 1: Example of wing section with propeller considered during the development of simulations for the execution
of the lasso method. From Dr. Varela’s PhD thesis.26
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The parameters of these equations (P1 to P9, Q1 to Q11, R1 to R6 and S 1 to S 8) are fitted against a database of
several hundred simulations of sections with different propeller positions, sizes, pitches, distances between propellers,
angles of attack and Reynolds numbers. The sampling space was selected using a latin-hypercube-sampling method
(LHS),27 whereas the predictors and coefficients of the correlations were selected and fitted using a least absolute
shrinkage and selection operator, commonly known as lasso.28

The correlations are then used during the conceptual design phase, modifying the performance of the section of
the wing affected by DEP and the performance of the propellers affected by BLI.

2.2 Aircraft description

The geometry used in this study is that of the H-200 prototype, developed within the framework of the HYDRONE
project, and can be seen in Figure 2. This UAV is being designed at the Universitat Politècnica de València (UPV) with
the aim of developing a platform that allows experimenting with concepts such as distributed propulsion, boundary
layer ingestion, or the use of hydrogen fuel cells in aeronautic applications. It is an unmanned aircraft with a wingspan
of 2.95 m designed for a maximum take-off mass of 15 kg.

Figure 2: H-200 prototype CAD without the propellers

The aircraft uses distributed electric propulsion over the trailing edge of the wing. A preliminary report describ-
ing the design process of the aircraft is available in RiuNet,29 the public repository of UPV.

Two different geometries have been used for this work. For the first batch of simulations, a realistic geometry
has been used, including the landing gear and the channels that are formed in the wing because of the different control
surfaces. On the other hand, for the second batch for acoustic results, the geometry has been simplified in order to
reduce the number of cells required and to keep the computational cost bounded. Both geometries include the engine
pylons on the top of the wing in order to take into account their influence on the flow both over the wing and at the
propeller. In all the simulations, the XOAR 9X7 wooden commercial propeller has been employed.
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3. Methodology

3.1 STAR-CCM+ CFD setup

The first batch of simulations were performed with STAR-CCM+. The STAR-CCM+ simulations comprise a large
domain containing half of an aircraft cut by a symmetry plane with two actuator discs modelling both propellers.
Downstream the boundary is set at 84 m as a static pressure outlet. At the same time, a free stream speed is imposed on
the other boundaries of the domain through a velocity inlet boundary with constant speed, angle of attack components,
turbulence intensity, and turbulence length scale. The upstream boundary is set at 24 m, and all the domain has a
constant square section of 24 m. The computational domain can be seen in Figure 3.

(a) Computational volume (b) Computational volume detail

Figure 3: STAR-CCM+ computational domain and volume detail.

The size of the domain is proven to be big enough in order not to affect the solution. A non-slip wall condition
is imposed in all the aircraft, while the actuator discs are modeled using a blade element method theory (BEMT)30

actuator disc in a similar way to what was done by Serrano et al.31 The rotational speed of the actuator disc is imposed
through the advance ratio parameter, defined as J = U/(n · d), where U is the flight velocity, n is the propeller rotational
speed and d its diameter. The definition is the standard one used for propellers, so the flight velocity is written in m s−1,
the diameter in m and the rotational speed in Hz.

A Reynolds-Averaged Navier-Stokes (RANS) approach with finite-volume equations have been employed using
this software. The Reynolds stress tensor is modeled using the Spalart-Allmaras32 turbulence model, while the advec-
tion and diffusive terms are solved using second-order methods. The flow is always modeled as incompressible since
the flow speed and the propeller’s rotational speed are considered small. A polyhedral mesh with a minimum edge size
of 250 µm and a maximum edge size of 10 mm is employed over the surface of the aircraft, and is shown in Figure 4.
Here, a 20-layer prismatic mesh with a geometric growth distribution is applied in a total thickness of 10 mm in order
to keep y+ smaller than 1. Additionally, a prismatic mesh of one layer with the same minimum base size thickness
as the polyhedral mesh, is applied on both sides of the actuator disc. This way, it can be ensured that no cells are
passing through the actuator disc, which could cause failure in the BEMT model. The total number of cells used in
these simulations is 7 × 106 (equivalent to 14 × 106 cells for the full aircraft).

Figure 4: Computational mesh detail employed in STAR-CCM+ simulations
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Additional simulations of the H200 without propellers and simulations of only the actuator disc were also per-
formed for further comparison.

The simulations were performed at two different airspeeds (20 m s−1 and 22 m s−1), for angles of attack between
−2◦ to 10◦ and for values of J between 0.05 and 0.75.

3.2 Steady performance post-processing

After achieving convergence, the following results were computed: the force normal to the incident flow speed due
to pressure and shear stress over the surface of the aircraft (lift), the force parallel to the incident flow speed due to
pressure and shear stress over the surface of the aircraft (drag), to torque of each of the propellers and the thrust of each
of the propellers. The, the non-dimensional lift and drag coefficients were computed, as well as the thrust coefficient
and power coefficient for each propeller. Also, the aerodynamic efficiency of the aircraft, the propulsive efficiency of
each propeller and the propulsive efficiency of the set of propellers were also computed.

3.3 OpenFOAM CFD setup

OpenFOAM v2112 has been used for the transient simulations applying the sliding mesh methodology. The solver
used is rhoPimpleFoam, which is a compressible solver that combines the SIMPLE33 and PISO34 algorithms. This
approach allows the use of Courant numbers greater than 1 while maintaining the stability of the simulation.

This configuration has been used both to simulate the XOAR 9x7 propeller isolated and to analise the H-200
with the four propellers at a particular operating point. In both cases the simulation has been performed at 20 m s−1 and
J=0.5.

The simulation of the isolated propeller has been carried out using a spherical computational volume with a
diameter 20 times that of the propeller. The computational volume is divided into two zones, one that rotates with the
propeller and one that remains stationary, both coupled with an Arbitrary Mesh Interface (AMI).

Regarding the full UAV simulation, its geometry has been simplified, eliminating the landing gear and the chan-
nels of the control surfaces. The four propellers were placed in the same position as previously studied, with the four
interfaces between the rotating zones and the static mesh defined as AMIs. The rotation of the propellers has been
defined in the same direction as for the BEMT simulations, and an offset of 0 degrees has been imposed between them.

The computational volume consists of a hexahedron of 11 × 6 × 6 metres (Figure 5). Several refinement regions
have been defined to correctly capture the different phenomena present:

• A 5 m × 3.5 m × 0.8 m box to capture the wake of the UAV,

• A sphere with a radius of 2.286 m in order to preserve the acoustic waves up to the FW-H surface, and

• A cylinders with a length of 1.14 m and a radius of 0.225 m meters for each propeller wake.

This results in a 25 750 000 cells mesh, with 50 000 faces on the surface of each propeller and 1 385 000 faces at the
UAV surface. The first cells at the UAV surface have an edge size of 1.56 mm, while at the surface of the propeller, 3
layers were added to get a cell size of 0.187 mm.

In both simulations a pressure of 101 325 Pa and a velocity of 20 m s−1 is set at the boundary of the computa-
tional volume, and a no-slip velocity condition and zero gradient pressure condition is set to the UAV and propeller
geometries.

As for the numerical configuration, for both set-ups, URANS turbulence modelling has been used, employing
the Spalart-Allmaras32 model with wall functions. Second-order Crank-Nicolson35 scheme with a blending coefficient
of 0.9 for time discretisation. Gauss gradient scheme with a cell-based linear interpolation has been used for the spatial
discretisation of the gradient. Lastly, the divergences have been computed using as well the Gauss gradient scheme,
but with the first-order upwind scheme36 for the turbulence and second-order upwind37 for the rest of the variables.

Finally, the Ffowcs-Williams & Hawkings acoustic analogy has been used to propagate the noise from the CFD
computational volume to the desired points. The FW-H Farassat 1A38 formulation has been applied through the libA-
coustic OpenFOAM library.39, 40 Given that it is a low-velocity flow the quadrupole source term has been neglected,
thus avoiding volumetric integrations and reducing the computational cost. The FW-H surface used for the isolated
propeller is a sphere with a radius six times the diameter of the propeller. For the full UAV simulation, a sphere with a
radius of nine times the diameter of the propeller was used.
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Figure 5: Detail of OpenFOAM computational volume and mesh.

3.4 Acoustic post-processing

Once the transient simulations have converged and sufficient time has been simulated for the flow to fully develop,
the FW-H analogy is switched on to perform the acoustic modelling. For this purpose, for the OpenFOAM case, the
acoustic signal was recorded at each time-step (25 µs) for at least 0.1 s. This results in a 10 Hz frequency resolution.

Two different metrics have been used to study the acoustic emission. On the one hand, the overall sound pressure
level (OASPL) is computed using Equation 7, where PRMS is the root mean square of the pressure and P0 is the
reference sound pressure (20 µPa). On the other hand, the pressure signal is used to perform a Welch periodogram41

using a Blackman window and a 60% overlap. This output is used to compute the sound pressure level spectrum with
Equation 8.

OASPL = 20 · log10

(
PRMS

P0

)
(7)

SPL = 10 · log10

PSD
P2

0

 (8)

4. Results and Discussion

4.1 Performance

With only four propellers over the trailing edge, the DEP and BLI effects in this configuration are limited. Figure 6
shows the thrust coefficient CT and propulsive efficiency ηp of both the inboard and outboard propellers, as well as
the curves for an isolated propeller. The propulsive efficiency peak is moved towards higher advance ratios J, as the
average flow speed at the inlet of the propellers is reduced due to the boundary layer ingestion.

Table 1 shows a summary of the results flying at 20 m s−1 and 22 m s−1 for both the DEP + BLI configuration
as well as a clean configuration in which the propellers do not interact with the rest of the aircraft. The results are
obtained in straight and level conditions, so the summary of forces applied to the aircraft (lift, drag, thrust and weight)
is exactly 0. At both speeds, there is a 4 % improvement in the aerodynamic efficiency, explained by the effect of BLI.
The aerodynamic efficiency is the same at 22 m s−1, but it is slightly smaller in the DEP + BLI case at 20 m s−1. This
results in a final improvement in the product of efficiencies of 3 % at 20 m s−1 and 4 % at 22 m s−1. The efficiency
improvement is expected to be even higher against a realistic puller configuration, as the wake of the propellers is
expected to increase the aircraft drag for a given lift in that case.
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Figure 7 shows the results of the product of efficiencies for a range of angles of attack α and values of J. In the
figure, the dashed line represents the points in which the lift is equal to the weight of the aircraft, whereas the dotted
line represents the points in which the thrust is equal to the aircraft drag. The effect of the BLI can also be seen in these
curves: the dashed line is not perfectly straight and vertical, as the propellers provide some extra lift at high rotational
speed.

Although non-negligible, the effects are not so impressive as in other works. This is explained by two different
reasons. On one hand, the propeller diameter - wing chord ratio is relatively high, so the boundary layer ingestion
effects are limited to a somewhat small fraction of the propeller disc. On the other hand, only around half of the
wingspan is affected by the propellers, limiting the effects in the aerodynamic efficiency. The propellers are also
placed in a relatively low position: as the BLI effect on the propeller is increased and the suction peak is decreased in
lower positions against higher positions, smaller improvements in the aerodynamic efficiency and higher increases in
propulsive efficiency are produced. A higher position would have reduced the propulsive efficiency with no net clear
improvement in aerodynamic efficiency, as a bigger downforce in the stabilisers would have been needed due to the
pitch-down moment of the propellers. The number of propellers was limited due to constraints in the availability of
the electronic components selected for manufacturing the aircraft: higher efficiencies were expected by reducing their
diameter and doubling their number.

Table 1: Performance results

20 m s−1 22 m s−1

Isolated DEP + BLI Isolated DEP + BLI

ηp 0.725 0.752 0.727 0.756
L/D 11.57 11.48 10.52 10.52

ηp × L/D 8.39 8.63 7.59 7.92

0.2 0.4 0.6
J [-]

0.02

0.04

0.06

0.08

C
T 

[-]

Inboard
Outboard
Isolated

(a) Thrust coefficient

0.2 0.4 0.6
J [-]

0.2

0.4

0.6

0.8

p 
[-]

Inboard
Outboard
Isolated

(b) Propulsive efficiency

Figure 6: Propeller results.

4.2 Acoustics

Regarding the OpenFOAM results, when comparing the propulsive efficiency of the isolated propeller with that of the
propellers in DEP + BLI configuration, an improvement in propulsive efficiency of 3% and 3.28% are observed at
the outboard and inboard propellers respectively. These results are in agreement with the conclusions obtained with
STAR-CCM+ using BEMT.

Moving on to the acoustic results, Figure 8 shows the pressure time derivative for the instant 0.3 s. It can be
noticed that the main sources of noise are the four propellers. The noise generated by the propeller propagates from its
surface, interacting both with the waves generated by the rest of the propellers and with the UAV fuselage. It is also
observed that the wake of the propellers does not represent a notable source of noise, or at least URANS modelling is
not able to take it into account.

Figure 9 shows the directivity pattern of both, the OASPL and the SPL at the blade passing frequency (350 Hz)
of the propellers. The results obtained from both the complete simulation of the UAV with the four propellers, and
form aggregating the independent signal of four isolated propellers are shown.
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Figure 7: DEP + BLI efficiency. The dashed line represents the points in which the lift is equal to the aircraft weight.
The dotted line represents the points in which the thrust is equal to the aircraft drag.

Figure 8: Pressure time derivative at time = 0.3 s.

Analysing the complete UAV results, it can be observed that the directivity is slightly shifted towards the flight
direction (180◦) and upwards (90◦). As for the comparison with the results obtained by the aggregation of the signal of
four isolated propellers, it can be noticed that not considering the interactions between propellers and with the airframe
(shown in Figure 8) implies an underestimation of the noise generated. The error ranges from 6 dB-7.8 dB in the flight
direction and 11 dB-15.65 dB in the vertical direction for the OASPL. As for the SPL at the BPF, it is observed that the
error committed increases significantly (up to 23 dB) at the upstream microphone.

Figure 10 shows the frequency spectrum of the sound pressure level at four different positions around the UAV
(0◦, 90◦, 180◦ and 270◦ at a radius of 5 m). It is important to note that URANS modelling is being performed, and there-
fore, turbulence is not being simulated. Consequently, it is expected not to obtain information concerning broadband
noise in the frequency spectrum.

It shows the difference between the two approaches. Modelling from 4 isolated propellers allows capturing
(although underestimating) the noise at the blade passing frequency and its harmonics. However, the noise generated
at half that frequency and its harmonics that appears in the simulation of the full UAV is not observed. This noise
is most likely caused by the interaction of the acoustic waves of the propellers with each other and with the pressure
differential caused by the wing of the UAV.

It is also important to note that the reason for the large difference at the upstream location in Figure 9 is due to
the fact that the 4 independent propeller model has not been able to properly capture the noise generated at the blade
passing frequency.
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Figure 9: Directivity of OASPL and SPL at BPF at a radius of 5 m of the full UAV (squares), and that calculated from
the simulation of 4 isolated propellers disregarding the interaction between them and with the airframe (circles). Flight
direction from 0◦ to 180◦.

5. Conclusions

When designing a fixed-wing UAV for long endurance and range missions, distributed electric propulsion configu-
rations are an attractive technological solution: making use of boundary layer ingestion, the overall efficiency of the
aircraft can be increased and, thus, the energy consumption can be reduced. Even when a small number of propellers
are used, DEP and BLI appear to generate non-negligible improvements in the efficiency of the vehicle. In this work,
using 4 relatively big propellers, an increase of 4 % in overall efficiency can be achieved against a case in which the
propellers do not interact with the rest of the aircraft. If compared with a case in which the propellers are placed in a
puller configuration in front of the trailing edge of the wing, even higher increases in overall efficiency are expected,
as the wake of the propulsion system is expected to generate an important penalty in the friction drag over the wing in
that case.

Regarding the noise emissions, a first modelling of the noise generated by the DEP + BLI aircraft has been car-
ried out. Acoustic directivity has been studied with two different approaches, proving the importance of the interaction
between propellers and the airframe and, therefore, the importance of taking into account the acoustic emissions in the
design process. Indeed, the influence of the airframe and the chosen propeller distribution is not only limited to the
overall sound pressure level, since peaks at frequencies corresponding to half of the first blade passing frequency and
its harmonics also emerge or amplify.

As a summary, the effects of the interaction between the propulsion system and the rest of the aircraft can not
be neglected in these configurations. On one hand, and attending only to aerodynamic and propulsive performance
parameters, the authors advise to take into account the interaction effects due to the position, size and number of
propellers from the very beginning of the conceptual design phase. On the other hand, and although other authors have
found improvements in noise emissions when using DEP, BLI may worsen the noise pollution, so mitigation strategies
should be implemented.
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(a) Spectrum at 0◦ (b) Spectrum at 90◦

(c) Spectrum at 180◦ (d) Spectrum at 270◦

Figure 10: Frequency spectrum at four positions (0◦, 90◦, 180◦ and 270◦ at a radius of 5 m) calculated for the full UAV
and from 4 isolated propellers.
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