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Abstract

Series hybridisation, distributed electric propulsion (DEP) and boundary
layer ingestion (BLI) are some of the most promising approaches for fuel
consumption reductions in general aviation and commercial air transport.
While these technologies can be also adapted for long endurance and long
range, propeller-driven, small remotely piloted aircraft, their beneficial ef-
fects are not so clear due to the relatively high increase in propulsion system
weight and the reduction in efficiency of the lower Reynolds number pro-
pellers. Using weights and efficiencies of off-the-shelf components, this work
studies the impact of series hybridisation with and without DEP and BLI in
a long endurance, 25 kg of maximum takeoff mass fixed wing aircraft, show-

ing promising results with fuel consumption reductions of more than 15 %.
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1. Introduction

During the past years it has been observed an important increase on the
use and commercialisation of Remotely Piloted Aircraft Systems (RPAS),
and the data available in the literature suggest this trend will be maintained
in the future. In fact, in accordance with a report published by the Single Eu-
ropean Sky ATM Research [I], it is predicted that, during the next 15 years,
the fleet of RPAS will reach hundreds of thousands of units. In the face of
such an increase, it is necessary to research for more efficient aircraft models,
optimising, among others, the powertrain and the aerodynamic design, as
mentioned by NASA in the ITDs of the Environmentally Responsible Avi-
ation (ERA) project [2]. This need has recently prompted the investigation
of new unconventional configurations of small aircraft, as can be seen in the

works of Zhang et al. [3], where the propulsion of a quadrotor fixed-wing hy-
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brid unmanned aerial vehicle is optimised, and Rostami et al. [4], in which
aerodynamic performance is improved in an UAV through the interaction
and design of tandem ducted propellers.

Although electric propulsive powertrains are usually characterised by the
low energy density of batteries in comparison with fuel-based powertrains,
this is normally compensated in small low speed RPAS by their low mainte-
nance cost and ease of control, as shown in [5]. Internal combustion engines
(ICE) are relegated to bigger, faster or longer endurance aircraft. ICE may
even be used in smaller RPAS where extreme thrust-to-weight ratios are
needed, as in acrobatic aircraft, as a higher thrust may be more important
than the big thermal losses of small ICEs [0, [7, 8]. The output torque of spark
ignition ICEs is usually controlled by means of a throttle valve, as they burn
in stoichiometric conditions, which leads to a high fuel consumption when
working at partial loads. In order to overcome this, novel approaches are
being developed. The engine output torque can also be controlled by burn-
ing lean, thus maintaining high efficiencies and maintaining the emissions of
unburnt hydrocarbons, CO and NO, at very low levels. There are important
advancements being produced today in this area, ranging from understanding

of the combustion process in lean combustion in engines with pre-chamber [9J]



to advanced concepts such as water insulation to reduce heat transfer at very
high compression ratios [I0]. These engines come, however, with a weight
penalty, which may limit their use to bigger RPAS.

An intermediate configuration is possible, where an ICE is used to drive
an electrical generator that powers electric motors. This configuration, called
electric hybridisation or hybrid-electric (HE), allows combining the benefits
of both powertrains. As compared to the pure electric propulsion, its main
advantage is the increase in endurance and range, as shown in [5], due to
the use of fossil fuels, with higher energy densities. On the other hand, and
assuming perfect combustion, HE allows reducing CO, emissions compared
with pure combustion engines, by using non-conventional engine configura-
tions such as distributed electric propulsion or DEP, because these configu-
rations require less fuel to fly the same range. In the literature, Kim et al
shows the benefits of combining both technologies in [11].

The incorporation of electrical hybridisation in RPAS has been widely
studied in recent years, although it is true that most studies focus on parallel
hybridisation. Among these works, it would be worth mentioning the re-
search of Auesser et al. [12], where they integrate and validate a parallel HE

propulsion system for RPAS; the work of Harmon et al. [I3], who proposed



an optimisation on both aerodynamics and the HE propulsive system; or
Kim et al. [I4], who focused in the fuel economy optimisation of parallel HE.
A parallel configuration allows connecting both the electric motor and ICE
to the propeller shaft, which implies smaller engines that together achieve
the necessary power. This flight mode reduces the acoustic footprint and is
suitable for surveillance missions, as reviewed by Mengistu in [15]. However,
a series configuration is also attractive. In series HE the ICE is operating at
a fixed and optimal point driving a generator. The ICE is decoupled from
the propeller shaft and the generator powers the electric motors [16].

Despite not allowing pure-electric flight, the operational independence
between ICE and electric engines allows novel configurations such as DEP,
which can improve the design of the aircraft. It also allows decoupling the
rotational speed of the propeller from that of the internal combustion engine,
which allows individual optimisation of the operating point of the ICE and
the electric motor.

Due to its optimisation capabilities, DEP has been studied during past
years both for conventional and small RPAS. In the research of Stoll et al.
[17, 18], this configuration is tested proving multiple advantages as ease of

maintenance and replacement of high-efficiency electric engines, increased



flow circulation on the wing increasing the aerodynamic efficiency, or the use
of the propulsion system as a control platform, reducing the size and use
of flaps and aerodynamic actuators. Further improvements can be seen in
the research of Chen and Zhou [19, 20], where they demonstrate both com-
putationally and experimentally that the lift-to-drag ratio can be increased
through the successful design of a base propeller/wing integration.

For optimisation of a DEP system, the location of the engines have shown
to have a not-negligible effect over the aerodynamic behaviour of the aircraft.
If the distribution of small electric motors over the entire wingspan is made
at the trailing edge, instead of using a traditional configuration or leading-
edge distribution, it is possible to take advantage of the effect of the engine
boundary layer ingestion, or BLI, as described in [21], 22] 23].

BLI is mainly based on flux re-acceleration on the airfoil due to bound-
ary layer engine ingestion, which leads to a wake reduction and to less power
needed by the engine. BLI increases the propulsive efficiency as the inges-
tion fraction grows, decreasing the power needed by the propeller for a given
mass flow, as highlighted in [22] 24]. Likewise, the propeller ingestion mod-
ifies the airflow circulation above the wing, resulting in an increment of the

suction peak at the leading edge of the wing reducing lift-induced drag, a



positive effect on aerodynamic efficiency that is weighed down by increased
skin friction drag. However, considering the reduction of wake mixing losses
due to suction and its associated drag, some authors such as Hall et al. [25]
have found that the aerodynamic efficiency will be higher in BLI configura-
tions. In the same way, Teperin et al., Martinez et al. and Samuelsson et al.
[26], 27, 28] pointed out an improvement in aerodynamic efficiency due to a
drag reduction when the BLI system is applied on fuselages.

Thanks to the combined use of DEP and BLI, it is possible to achieve a
synergy between the propulsion system and the aerodynamics, or, in other
words, a decrease in fuel consumption for the same flight range, as the DEP
will allow the engines to ingest a greater amount of boundary layer formed
on the wing. This phenomenon has been described by Goldberg et al. in
[29].

Although the literature about hybrid electric propulsion, DEP or BLI in
small fixed-wing aircraft shows promising results, there is limited informa-
tion about using the three approaches at the same time in low speed, long
range, small RPAS. The aim of the current research paper is to analyse the
feasibility of implementing an aircraft configuration of series hybrid with a

DEP plant and BLI. The research focuses on reducing the fuel consumption



of high range RPAS and, therefore, reducing the greenhouse gas emissions
associated with RPAS with classic engines. The study is performed by means
of computational tools, validated against experimental data whenever possi-
ble. The document is organised as follows. First, in[section 2| a reciprocating
ICE-powered, propeller-driven and long range small RPAS configuration is
selected, including its engine and propeller. Then, in the main
methods and models are presented. Finally, in the different results
are computed for the best RPAS configuration, and compared with classical

configurations, summarising those results in the conclusions in [section 5

2. Case description

In this section, the different design parameters and components are se-
lected in order to set a large number of parameters before the optimisation.

One of the main design limitations is the aircraft’s maximum takeoff mass
(MTOM), which is fixed at 25kg at most. This limitation is chosen consid-
ering the Spanish regulation for RPAS civil use [30], as well as other similar
regulations across Europe. The different aircraft geometric dimensions are
based on a Penguin C from UAV Factory [31], being an aircraft of similar

MTOM, with an ICE based powertrain. An RPAS of such characteristics



will have an endurance of more than 20 h, a flight speed between 20ms~! to
30ms~! and a power requirement of around 1kW. The aircraft is tested in
three different configurations: pure ICE propulsion, hybrid electric propul-
sion and hybrid with DEP and BLI.

The Honda GX-35 engine has been selected as ICE both for the baseline
case and for the different hybrid cases. This engine has a maximum power of
1kW at sea level, which complies with the maximum power required for the
MTOM set in this study. Its brake specific fuel consumption (BSFC') map
has been measured by Mengistu in [I5] between 0 % and 60 % of its maximum
torque: the author found instability issues during the measurement at higher
torques. Maximum torque data can be found in other sources such as in [32].
Other researchers have previously used the engine, as it has been found in
studies for aircraft of similar weight mainly due to its high specific power,
as shown in [12, 13| 33]. The baseline configuration has a propeller with a
radius of 114.3mm and a propeller gearbox with a fix speed ratio of 2.75.
The speed ratio produced by the gearbox, which is the rotational speed of
the propeller divided by that of the ICE, allows the former to rotate faster
than the engine shaft, so that both the ICE and the propeller work optimally.

The mechanical efficiency of the gearbox, 7,,, is set as 0.9, an average value



for low ratio off-the-shelf products.

A single airfoil, the SD7003, is used for the entire wing due to its low
parasitic drag at low and medium Reynolds numbers, Re = p-U-c/u, where p,
U and p are, respectively, the density, the velocity and the viscosity of the air,
and c is the airfoil chord. Several research documents with experimental and
computational data of this airfoil can be found in the literature to validate
the simulations performed with it: [34] 35] 36 37].

The chord length is set at 200 mm and constant in the complete wingspan
b. An aspect ratio /R = b/c equal to 10 is assumed. All geometric data are
summarised in [Table 1 Some relevant aerodynamic parameters are also in-
cluded: the parasitic drag coefficient due to the fuselage, empennage and
other elements, not including the wing, Cp o extra; also, the Oswald efficiency

factor, e. The total drag D is computed using these parameters as in

ftion TF

1 Ct

D=—- U2S C win, C extra 5 1
5 P D,0,wing T UD,0,ext +7t-ﬂ%~e (1)

where p is the far field air density, U is the upstream wind speed, S is the

wing surface, Cp o wing is the parasitic drag coefficient of the wing and Cf,
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is the lift coefficient. The values of Cp g wing and Cp gextra are computed
using geometrical information of an aircraft with a similar mission, including
the Penguin C in [31] and the Harmon and Hiserote’s aircraft [12), [13]. The
Oswald efficiency factor e has been calculated using also the information of
similar aircraft and different methods described in [38] and [39]. Finally using

the method proposed by Kroo, a value for e of 0.8 is set.

Table 1: Aerodynamic, design parameters and engine data

Design parameters

Aspect ratio 10
Wing area 0.4m?
Wing span 2m
Wing chord 0.2m
Maximum takeoff mass 25 kg

Aerodynamic parameters

Cpo.extra (fuselage, empennage, others) 0.011
Oswald efficiency factor (e) 0.8
Engine data

Net power (at 7000 rpm) 1kW
Max. net torque (at 5500 rpm) 1.6Nm
Dry mass 3.33kg

Due to the large impact of a correctly defined propeller on the problem,
extensive geometry data is required. The DA4052 two-blade propeller de-
signed by UIUC [40)] is selected, for which the complete blade geometry and
wind tunnel testing data are provided.
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Additionally, in hybrid cases, an increase in operating empty mass due to
the electrical parts will be assumed, establishing that the final mass will be
approximately 5% higher than the baseline case for DEP and BLI configu-
ration and 3 % for the pure hybrid case. These masses have been estimated
from typical off-the-shelf components, collected on [Table 2| counting the
added mass of propellers, electric motors, an electric generator and electronic
speed controllers (ESC). The mass increase estimated from off-the-shelf com-
ponents is consistent with what is calculated in the literature, as can be seen
in Harmon'’s research [13].

The selected elements obey the design, weight and power required of an
aircraft of the characteristics described so far. However, they are not in
any case the final design elements of this aircraft. Their selection has the
sole objective of correctly estimating the differences in weight between the
different types of RPAS described.

The operating empty mass penalty of the DEP plus BLI configuration can
be mitigated due to the distribution of the weight of the propulsive system
over the wing: the bending moment in the wing root is decreased due to this,
so a decrease in its structural weight can be expected in an aircraft designed

for operating with DEP. However, this potential reduction in the operating
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empty mass has not been taken into account in this study.

Table 2: Off-the-shelf components. masses and prices

HE + DEP + BLI

Mass  Price
Element Name
[kg] [€]

Generator Turnigy Aerodrive SK3 - 4250-410kv 0.260 41.35
Motor Turnigy 4500kv 2610 EDF Outrunner 0.054 11.39
ESC Turnigy Multistar 32 bits 12 A Race Spec ESC 0.006 5.23
Rectifier 3 Phase Rectifier Bridge Powersem PSD 82 0.160  50.92
Wire AWG 22 and AWGI12 0.100  47.95
Propeller APC 4.1x4.1E 0.003 5.46

Total extra increase for 13 propellers 1.351 427.26

Increase relative to baseline case [%)] 5.40
HE single engine

Mass  Price
Element Name
[kg] [€]

Generator 9225-160KV Turnigy Multistar 0.329 92.84
Motor NTM Prop Serie Drive 35-36A 1800KV /875W 0.126  25.06
ESC YEP 80A SBEC 0.070  43.99
Rectifier 3 Phase Rectifier Bridge Powersem PSD82 0.160  50.92
Wire AWG 12 0.018 47.95
Propeller APC B9x9E 0.018 8.43

Total extra increase 0.721 260.76

Increase relative to baseline case [%)] 2.9

Table 2| also shows the indicative retail price (subject to change) of the

additional components that include both hybrid configurations. The price of

the HE DEP BLI configuration is higher since several extra components are

carried. This initial outlay could be mitigated thanks to the savings in the

13



fuel consumption of this configuration.
A sketch of the aircraft can be seen in to aid in its visualization.

This sketch is not to scale nor does it obey the final design in any case.

/

..‘
R, e

Figure 1: Preliminary sketch of the full RPAS with HE DEP BLI, not to
scale

3. Methodology

In this section, the different computational models used in order to cal-
culate the performance of different RPAS configurations are presented. First
the computational domain is presented. Then, the computational fluid dy-

namics (CFD) method used to compute the series hybridisation with DEP
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and BLI is explained. CFD simulations are performed with different config-
urations: 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
The case studies are composed of a large domain, a wing section and an
actuator disc that simulates the propeller.

This domain can be observed with its main dimensions and the mesh in

120 ¢

Figure 2: Sketch of the computational grid used for the current calculations

Regarding the boundaries, the upwind boundary condition is set 20 chords
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away from the wing, imposing the free-stream speed on it by means of a ve-
locity inlet boundary with constant speed, as well as the turbulence intensity
and length scale by means of a turbulent viscosity ratio. The turbulent
viscosity ratio is set to 0. This way, the turbulent intensity is equally 0,
simulating a flight with negligible turbulence. The boundary downstream of
the wing is set as a pressure outlet located 120 chords away from the wing.
The boundary around the wing is set as a wall with smooth, no-slip condi-
tions. Lateral boundaries are set as symmetry conditions, and the rest of the
boundaries, located far from the body are modelled assuming that normal
derivatives of the variables are zero at these locations. The boundaries above
and below the wing are separated from it by 40 chords in order to ensure
that their location do not unphysically affect the results. This domain size
is common, as can be seen in other research on CFD aerodynamics [41].

To verify that the dimensions of the domain are sufficient and do not
interfere with the solution, a domain independence analysis was performed.
For this, two additional cases were carried out, one with a domain with half
the vertical height (20 chords) and the other doubling said height (80 chords).
All cases have the same mesh base size and have been carried out using a

Reynolds number of 5 x 10° and an angle of attack of 3°. The mesh base size

16



in all the simulation cases is defined as the size of the mesh over the airfoil

surface. The results of the independence study can be seen in [Iable 3|

Table 3: Domain independence study

Domain CL CL variation OD,O,Wing CD,O,wing variation
height ¥ [70] ¥ [%0]
20c 0.484 96 0.24 0.007 35 2.23
40c 0.486 12 0.00719
80c 0.48716 0.21 0.00712 0.97

The difference in drag coefficient between the selected domain height
and a domain twice as large is 1%, being this difference smaller for the lift
coefficient. The effects in the solution due to the proximity of the far field
boundaries is small enough to be considered negligible.

In the modelling of the wing with DEP and BLI, all simulations con-
sist of a three-dimensional section of the wing with a virtual disk near the
trailing edge, which simulates the propeller by means of the Blade Element
Momentum Theory (BEMT), which will be explained later. The airfoil and

the propeller are sketched in |[Figure 3|
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(a) Section of wing simulated with virtual disk

(b) Side-view with principal heights (not to scale)

Figure 3: DEP BLI case sketch used in CFD
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Different propeller radius r are calculated between 30 mm, and 50 mm,
with different distributions of propellers across the wingspan ranging between
12 and 25. This distribution is simulated by changing the domain width,
supposing that the majority of the wing is sufficiently far from the wingtips.

These 2.5D simulations are configured to consider different propeller dis-
tributions. Maintaining the propeller radius and total wingspan, by changing
the domain width and assuming that all propellers are equally spaced, the
total number of propellers can be selected. A lower number of propellers
translates into a faster propeller rotational speed to maintain the required
thrust. Changes in the rotational speed while maintaining the same flow
speed results in a displacement of the propeller operating point and a dif-
ferent propulsive efficiency. Also, fewer propellers mean a smaller portion
of the wing influenced by the effect of the BLI, producing variations in the
aerodynamic efficiency.

For each of these radii, different vertical positions are used in the calcu-
lation. This position is given by the relative distance between the trailing
edge and the centre of the propeller. The lower position corresponds to 0%,
where the propeller is centred in the trailing edge, and the higher position to

100 %, where the propeller is completely upon the trailing edge. In
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(a) 0% position (b) 100 % position

Figure 4: Maximum and minimum propeller position above the trailing edge
the different positions are shown, looking at the wing from the trailing edge.

Besides from changing the propeller size, the number of propellers and
their vertical position, the draft angle, which is the angle formed between
the propeller shaft and the airfoil chord, is also changed between 0° and 3°.

A constant length gap is set between the SD7003 airfoil body and the
virtual disk equal to 0.3% of the chord. As explained in [42], as the airfoil
wake moves downstream, the wake dissipates due to viscous shear stress and
more power is needed to move the propeller that ingests the wake. In order
to increase the propulsive efficiency, ingestion must take place before the

dissipation of the wake, so it is advisable to use a small gap length.
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The modelling in the cases without DEP is different due to the lack of
interaction between the propeller and the wing. Here, the wing and the
propeller are studied separately, with the same parameters as the DEP BLI

cases. By having a single propeller, its radius is fixed as constant at 114.3 mm.

3.2. CFD models

The CFD simulations are carried out using the commercial software Sim-
center STAR-CCM+ with a finite-volume, steady-state, Reynolds-Averaged
Navier-Stokes (RANS) equations approach.

All calculations were performed on a multiuser cluster, using 8 Intel Xeon
Gold 6154 CPUs per case, and simulation times are estimated as 128 cpu-
hours per case simulated.

The RANS equations are computed in every simulation in the same way
as Torregrosa et. al. explains in [43]. In this case, a Spalart-Allmaras model
is used to solve the turbulent viscosity transport equation. This turbulence
model has been successfully used previously in research related to DEP and
BLI [18, [44].

The air surrounding the wing is modelled as incompressible, as the Mach
number was kept below 0.2 in all the simulated cases. This hypothesis is
common in small propeller simulations, as in [45].

21



A second-order linear upwind scheme is used to reconstruct the solu-
tion for the advection terms. A second order method is also used for the
diffusive terms. The advection is computed by means of a Roe Finite Dif-
ference Splitting (FDS) method [46]. The gradients are computed with a
hybrid Gauss-Least Squares Method with the Venkatakrishnan limiter [47].
The preconditioned coupled equations were solved with an implicit pseudo-
temporal integration, with a variable and controlled Courant number, to keep
the residuals limited. This method, although computationally more expen-
sive than a segregated approach, proved to be more stable and to converge
faster during the simulations with the propeller.

For discretisation, a polyhedral mesh is used. The polyhedral mesh is used
in all the domain except in the boundary layer, where a prismatic mesh with
a geometric grow distribution is applied with 14 layers and a total thickness
of 3mm, ensuring a y* lower than one in 99 % of the wall.

The mesh is sketched in [Figure 2|, where it is possible to observe the dif-
ferent refinement regions, as well as the detail near the wall and the prismatic
layer.

A mesh independence analysis has also been carried out using a Reynolds

number of 5 x 10° and an angle of attack of 3°. A generalised Richardson
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extrapolation [48] is performed to estimate the value of the lift coefficient as
a function of the mesh base size. Using several mesh sizes, the value of C,
for an infinitesimal base size is extrapolated as in [Equation 2| where C is a

constant, BS is the mesh base size and p is the global order of convergence.

Cilps = Jim Cp+C - BS” 2)

Cy, data for the finest meshes is summarised in [Figure 5 highlighting the

selected mesh size.
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Figure 5: (', data for each mesh with selected mesh highlighted

A mesh with a base size of 1 mm is set. The mesh convergence index,
defined in [49], can be estimated as lower than 1% using the 1 mm mesh,
which is the one that will be used in all simulations. This convergence index

provides an estimate of the amount of discretisation error in the selected grid
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solution relative to the converged numerical solution.
The 2D airfoil polar has been validated against experimental data de-

scribed in The validation can be seen in figure [6]

1.2 T T T T

0.2} Case T
—o&—CFD
sl A XFOIL |
' Experimental (Illinois)
—#— Experimental (Princeton)
_06 1 1 1 1
0 0.02 0.04 0.06 0.08 0.1

Ca [-]

Figure 6: 2D CFD Polar validation with XFOIL data and experimental data
measured by Selig in University of Illinois in Urbana Champaign (1995) and
Princeton University (1989).
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The results coincide with what has been experimentally measured by
other authors. Although there are some differences between the results from
UIUC and Princeton, they are attributed to some changes in model rugosity

and manufacturing tolerances.

3.2.1. Actuator disk setup

The propeller is modelled using an actuator disk, or virtual disk, ap-
proach, coupled with a BEMT submodel. The virtual disk approach can be
found in the literature for BLI and DEP analysis in [20], [I§]. In the blade-
element theory, the propeller blade is divided in different sections, where each
element is characterised as a two dimensional wing. The total number of sec-
tions is set through a resolution parameter, which must be chosen according
to the size of the mesh around the actuator disc.

The blade tip has a three dimensional aerodynamic behaviour, so a tip
loss correction factor is fixed as constant and equal to 0 at a relative span of
0.97, as advised in [50]. The geometry of the blade was chosen to be the same

s [40]. The aerodynamic coefficients for the BEMT method are calculated
using XFLR5 [51], which uses XFOIL [52] to compute a solution of the airfoil
using a potential flow method with interactive boundary layer corrections.

The propellers were also simulated without the wing and their results were
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compared against experimental data, as shown in [Figure 71 In this figure,
the propulsive efficiency n, = (T'-U)/P, where T" and P are the propeller
thrust and power respectively, is compared in a wide range of advance ratio
J =U/(n-d), where n is the propeller rotational speed and d its diameter.

Fair agreement was found between BEMT and experimental results.
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Figure T:

CFD and experimental propulsive efficiency comparison at
5026 rpm. Experimental data provided by [36]

The same modelling approach is used when computing the DEP and BLI
cases.

Since a single propeller is simulated, its rotational speed must be

chosen for the BEMT in such a way as to take into account the thrust that
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all propellers would produce. To this effect, the rotational speed is set so
the thrust produced by all of them is equal to the total drag of the aircraft
during each simulation. This hypothesis assumes that all propellers generate
the same amount of thrust, since the flight is stationary and levelled.

The total aircraft drag is estimated from the simulation force coefficients
and an extra Cp o, which takes into account the rest of the drag that is not

produced by the wing, as explained in This way, the total thrust of

the aircraft, T - npropeliers; 1S set equal to the total drag, D, as in [Equation 3

T - Npropellers — D <3>

where the propeller thrust, 7', is multiplied by the total number of propellers,

Npropellers- 1 he total drag D is defined in [Equation 1]

3.3. Range estimation

After obtaining the performance parameters of the wing, propeller, and
wing plus propellers in DEP plus BLI configurations, these data were used
to compute the range of the aircraft. First, the optimal range of the baseline
configuration was computed.

The baseline configuration was selected in order to maximise the range
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of the aircraft for a typical surveillance mission at low altitude, neglecting
the time expended during take-off and landing and using a fuel mass My
equal to 10 kg. The range of the baseline configuration, Rpaseline, is computed
numerically integrating [Equation 4 between the initial mass Mianding +7suel Of
25 kg and the landing mass mjanging Of 15 kg, taking into account the changes
in the mass m and flight speed in the propulsive efficiency 7,, the aecrodynamic
efficiency C,/Cp and the brake specific fuel consumption BSFC. A standard

gravity of 9.806 65 m s~2 is used as the value for the acceleration due to gravity

g.

R _ /mlanding""mfucl np . /)’Im OL dm
baseline BSF(C - g OD m

Mlanding
The flight speed U changed parametrically with the aircraft mass, follow-
ing [Equation 5| where Uy is the speed for 0 mass and A is the slope of the

flight speed law.

U:Uo—i—)\-m (5)

Both Uy and X were selected in order to maximise the range of the aircraft.

The speed evolution during the mission progress is shown in |[Figure 8 where
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the velocity law maintains a high specific range [, which is the integrand in

as the mass decreases due to the fuel consumed. 3 is defined as

in [Equation 6

51

—— Maximum range mission
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Figure 8: Baseline case velocity law which maximises the specific range

To obtain the velocity law that maximises the range both in the baseline
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case and in the hybrids, the Broyden-Fletcher-Goldfarb-Shanno (BFGS) [53]
algorithm is used, adding constraints to prevent the operation from perform-
ing in a lacking data area in the BSFC map.
The fuel used by the hybrid configurations is computed so their range is
equal to that of the baseline case by solving [Equation 7}
Mianding,hybrid TMfuel Mo " Ne C; dm

Rhybrid = Rpaseline = / Y e (7>

Mianding,hybrid
where Mianding hybrid 18 the operating empty mass plus payload of the hybrid
configuration and 7. is the efficiency of the conversion of the mechanical
power of the internal combustion engine to electrical power, the distribution
of that electrical power to the electrical motors and the conversion back to
mechanical power for driving the propellers. This efficiency, 7., is set to a
typical value of 0.8.

In series hybrid cases, because the propeller is not coupled with the ICE,
the flight speed is chosen in such a way that it optimises the specific range
during flight at every moment, resulting in a non-linear evolution of the ve-
locity during flight. In it is observed that the speed that minimises
the fuel consumption is higher than that of the baseline case. The mini-

mum mass in this case, which is equal to the operating empty mass plus
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the payload, is higher than in the baseline case due to the extra components

needed.
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Figure 9: HE DEP BLI case velocity law which maximises the specific range

On each point, the aerodynamic and propulsive efficiencies are interpo-
lated from data produced with CFD simulations. Meanwhile the operating
point of the internal combustion engine and, hence, its BSFC, is set so its
power output is equal to the power consumption by all the propellers and all
the conversion losses, while minimising the fuel consumption.
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In the hybrid cases, it is possible to optimise the BSF'(C' as a consequence
of the decoupling between ICE and electric engines, since, for the necessary
power, there will be no imposition of a rotational speed in the ICE.

In all cases, the rotational speed of the propellers was kept lower than
the typical maximum speed for thin propellers for electric propulsion, as
described in [54].

The results presented in are produced with the configuration

with the lowest fuel consumption.

4. Results

As a result of the optimisation, 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 selected.

The position above the trailing edge is fixed at 31.5%. This result is
based on a previous study carried out in [55], where the vertical position of
the actuator disc is varied with respect to the trailing edge. In this study it
is determined that the position described maximises the product of aerody-
namic efficiency and propulsive efficiency.

The optimal DEP and BLI case is compared with the baseline case with-
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out hybridisation and the pure hybridisation case without DEP. To this effect,
the maximum range of the aircraft is calculated, obtaining a total of 4130 km.
This operation is translated into the ICE map in |Figure 10, where the BSFC
is minimised taking into account the rotational speed necessary to maintain
straight-and-level flight, since the engine in this case is mechanically cou-
pled through the gearbox to the propeller. There are also extra constraints,
ensuring that the engine always operates within its stable region.

Then, the operation of the hybrid cases is optimised for that range. Since
in all hybrid cases the ICE is mechanically decoupled from the propeller
shaft, the operation on the map behaves similarly: the ICE rotational speed
is minimised to operate almost constantly at the lowest possible BSFC. The
results are plotted over the same ICE map in [Figure 10, The hybrid config-
urations tend to operate at low engine speeds and high torques, where the

minimum BSFC values are obtained for this engine.
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Figure 10: Maximum range mission evolution over the ICE map for the
baseline case and the best HE with DEP and BLI case. White arrows indicate
the direction of the ICE operation through the flight.

In white arrows indicate the direction of the ICE operation
through the flight. This graphic includes in the colourbar the operational
BSFC range of each case, and the final fuel mass used for the same range
mission.

represents the velocity of each case as the mission progresses
and the weight of the aircraft decreases. In the baseline case, as the flight

progresses and fuel is consumed, the required power decreases. Aircraft ve-
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locity also decreases progressively to ensure the lowest possible fuel consump-
tion while meeting the required propeller rotational speed. The velocity law
works differently in the hybrid cases because the propeller shaft is decoupled
from the ICE: as the weight decreases, the speed increases and decreases to
maintain an optimum and nearly constant specific fuel consumption, thus

cushioning the drop in power.
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Figure 11: Aircraft speed comparison through the flight

The velocity law has a direct impact on the aerodynamic efficiency through-
out the flight, where the high speeds in a large part of the flight make this
efficiency drop rapidly, as can be seen in However, if both hybrid

cases are compared, even if both have similar velocity behaviours, the hybrid
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cases with DEP and BLI have a higher aerodynamic efficiency than the case

without it.
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Figure 12: Aerodynamic efficiency comparison through the flight

The propulsive efficiency is represented in [Figure 13| It can be seen that

in the cases with a single propeller, both the baseline and the hybrid, work in
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the zone of maximum propulsive efficiency, where both curves are superim-
posed on that of the simulated DA4052 propeller. Nonetheless, the propulsive
efficiency of the case with DEP is superior. The effect of BLI increases this
efficiency outside the baseline curve and it shifts the new curve towards a
higher advance ratio. This way, the smaller propellers work in a zone of

maximum propulsive efficiency 2.5 % higher than the baseline configuration.
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Figure 13: Propulsive efficiency through the flight

Both the CO, emissions throughout the flight, and the product of aero-

dynamic efficiency times propulsive efficiency divided by the BSFC, are rep-

resented in [Figure 14| and |[Figure 15|

For the estimation of CO,, a complete, stoichiometric and perfect com-
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bustion is considered in any case, so that for every kg of fuel burnt 3.05 kg
of CO, are obtained.

The efficiency product, which is the specific range times the mass of the
aircraft, is a figure of merit that is relatively independent of the actual weight.

This product will be referred as global efficiency in the rest of the document.
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Figure 14: Aircraft CO, emission through the flight
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Figure 15: Global efficiency through the flight

CO, emissions are directly linked to fuel consumption. Since hybrid cases
optimise the engine operation, emissions are lower throughout the flight and,
although on the engine map both the purely hybrid case and the HE DEP

BLI case behave similarly, the increase in aerodynamic efficiency and propul-
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sive efficiency of the later is translated into lower overall greenhouse gases
emissions.

In global efficiency, differences between cases can be observed, where the
hybrid cases perform more efficiently than the baseline case. This is indeed
largely due to the low BSF(C, but the combination of better aerodynamic
efficiency and high propulsive efficiency puts the case with DEP and BLI
above the pure hybrid case.

The results of both studies are shown in [Table 4, where fuel savings are
expressed as a function of the baseline case as in [Equation 8| being miyye the

mass of fuel needed to complete the mission.

Miyel,baseline — Mfuel (8)

Fuel savings =
Mfyel, baseline

Table 4: Comparison of results between cases

Fuel mass CO, emissions Fuel saved

Case ke] ke] %
Baseline 10.00 30.53 0

Hybrid no DEP 8.82 26.91 11.8
Hybrid with DEP and BLI 8.42 25.72 15.8

Given the results, the most fuel-saving configuration for the same range
is the one that benefits from the improved aerodynamic efficiency produced
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by the BLI, and has propellers distributed in such a way that they operate
with an optimal load with increased propulsive efficiency. This results in the
hybrid case with DEP and BLI with a total distribution of 13 engines along
the wing, with 40 mm of propeller radius, whose positions are over 31.5 % of
the trailing edge and have a draft angle of 1.5°.

It is worth mentioning that, as the objective of the optimisation was
to minimise the fuel consumption, pollutant emissions such as NOx, CO
or unburnt hydrocarbons have not been studied. Some technologies may
be used to mitigate them, such as the use of 3-way catalysts or lean-burn
combustion strategies. Not taking into account these pollutant emissions
may be especially concerning under new regulations. Further research will

be needed to address the problem from that point of view.

5. Conclusions

A hybrid configuration in series that allows the electrical distribution of
the different engines on the trailing edge so that the propellers ingest the
boundary layer formed in the wing is possible and feasible in RPAS. This
allows to reduce their fuel consumption and, therefore, reduce greenhouse gas

emissions, maintaining the same maximum range of a conventional aircraft
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powered by an ICE. The suction of the flow around the wing by the propellers
due to the DEP and BLI configuration increases the aerodynamic efficiency
and, by carefully selecting their position, size and distribution on the trailing
edge, the propulsive efficiency can be also increased above what is achievable
without BLI.

For a low speed, fixed-wing aircraft with an MTOM of 25 kg with optimal
DEP and BLI, fuel savings greater than 15 % against a baseline configuration
can be achieved for a long-range mission. When compared to a hybrid-
electric approach with neither DEP nor BLI, fuel savings of around 5% can
be expected. The decrease in the required fuel mass can be translated directly
into a higher payload, a greater mission range, operating costs reductions or
a combination of the three.

The results obtained in this manuscript are produced taking into account
the extra operating empty mass of the aircraft after adding the components
needed for the series hybridisation, as well as the power electronics, wiring
and extra motors needed in the DEP plus BLI configuration. Although
the extra mass has been estimated by choosing several commercial off-the-
shelf components and by comparing with results found in the literature, this

estimation is expected to be conservative. By distributing the mass of the
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propulsive system over the wing, a reduction in the bending moment in the
wing root is achieved, thus enabling a reduction in its structural mass. Taking
into account this effect, further increases in the efficiency of a DEP plus BLI

configuration are expected.
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Nomenclature
Abbreviations
BLI Boundary layer ingestion
BEMT  Blade Element Model Theory
BSFC  Brake-specific fuel consumption
CFD Computational fluid dynamics

DEP  Distributed electrical propulsion

ESC Electronic speed controller
HE Hybrid electric

ICE Internal combustion engine
LSB Laminar separation bubble

RANS  Reynols-averaged Navier-Stokes
RPAS Remotely piloted aircraft system
TE Trailing edge

UAV Unmanned aerial vehicle

Roman letters
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Aspect ratio
Wingspan
Base size

Chord
Lift coefficient
Drag coefficient
Pressure coefficient
Friction coefficient
Constant
Drag
Diameter
Gravity acceleration
Advance ratio
Mass
Rotational speed
Order of convergence

Power

50



R Range

Re Reynolds

S Wing surface
T Thrust

U Speed

X Position across the chord

Greek letters and other symbols

o Angle of attack

o) Specific range

Mp Propulsion efficiency
e Electrical efficiency
Nm Gearbox efficiency

A Flight velocity law slope

7 Viscosity
p Density
T Engine torque
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