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Abstract. The aviation world is dealing with the development of new and greener aviation. The need for
reducing greenhouse gas emission as well as the noise is a critical requirement for the aviation of the future. The
aviation world is struggling with it, and a compelling alternative can be the electric propulsion. This work aims
to present THEA-CODE, a tool for the conceptual design of hybrid-electric aircraft. The tool evaluates the
potential benefits of the electric propulsion in terms of fuel burnt and direct and indirect CO, emissions. THEA-
CODE is suitable not only for conventional “wing-tube” configurations but also for unconventional ones, such as
the box-wing. The results show a significant reduction of fuel burnt adopting batteries with energy density
higher than the current state of the art. A procedure to find the potential best compromise configurations is

presented as well.
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1 Introduction

The climate is changing, and it is mainly related to man
activity [1]. In the last UN Climate Change Conference,
held in Madrid, the European Union showed its will to
reduce noxious emission within 2050 [2]. To decrease the
CO, and the NO, emissions and to reduce the greenhouse
gas effects, a strong technological improvement is compul-
sory in all sectors, aviation included [3]. Nowadays, the
aircraft COq emissions are about 2.7% [4,5] of the total
world emissions; moreover, the aviation demand is growing
4.5% per year [6,7], and its contribution to greenhouse gas
emissions will increase if real counteractions will not be
undertaken. As stated in [8-10], the aviation of the future
must reduce CO, emission per passenger kilometre by 75%,
NO, emissions by 90% and the perceived noise emissions of
flying aircraft by 65%. To satisfy the all new requirements,
a technological breakthrough in all aviation sectors is
necessary, from aircraft configurations (to enhance
the aerodynamic efficiency) to propulsion architectures
(by using sustainable low-carbon fuels and alternative
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sources of energy as the electrical one) [9,10]. Currently, a
lot of projects funded by the EU’s Horizon 2020 research
programme are ongoing to develop technological enhance-
ments in these fields [11-13]; this public funding shows the
great effort to move the aviation toward a greener
transportation. Battery-powered electric aircraft can be
a compelling alternative to the current carbon based fuel
aircraft [14]: ideally, full-electric aircraft can remove the
direct CO5 emissions and reduce noise during the take-off
[5]. Although a full-electric aircraft can have many benefits,
in particular for its zero-emission, the indirect CO,
emissions for electrical energy production must be consid-
ered in a complete analysis [15]. Nowadays, the biggest
barrier for total aircraft electrification is the low energy
density of the batteries: the energy density of the Li-ion
battery is about 250 Wh/kg, but, for regional transporta-
tion, a minimum value of about 800 Wh/kg would be
necessary [5,14-16]. However, power electronics, electrical
motors and batteries are technologically moving forward,
and, in the next decades, hybrid-electric aircraft would be
reasonably achievable [5,15-18]. The mixing of electrical
and thermal propulsion paves the way to new propulsion
architectures which must be investigated at the early stage
of the design process. Differently from the classical aircraft
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Fig. 1. An example of Prandtl Plane configuration developed during the IDINTOS project for a light amphibious aircraft [28].

design procedures, statistical data to predict fuel consump-
tion can not be used to analyse hybrid-electric aircraft; in
fact, battery and fuel mass do not depend only on the
energy demand to accomplish the mission but also on the
energy management strategy. The technological level of
the electrical components is the most important factor
which influences the feasibility of hybrid-electric aircraft.
The technological level indicates the specific power and the
energy density of the components which the designer must
consider for a preliminary assessment of the mass, namely:
power electronics, batteries and electrical motors. As said
before, several hybrid-electric architectures can be
exploited, namely: parallel, serial, parallel-serial partial,
and turbo-electric [15,16]. Due to the constraint on energy
density of the batteries, the electrification of single-aisle
aircraft for the short-medium range is really far; a possible
path for the electrification is the development of full-
electric aircraft for general aviation and turbo-electric and
hybrid-electric for regional market [5,14]. Currently, a lot
of works focus on this aircraft category: in reference [20,21],
a turbo-electric architecture is coupled with a distributed
electric propulsion; in reference [22], a procedure for sizing
hybrid-electric architectures and for the energy manage-
ment strategy is described. In reference [23,24] a conceptual
design of hybrid-electric aircraft has been presented. Some
authors have defined a multidisciplinary optimization
framework, as in [25], to design a single aisle aircraft
with distributed electric fans. All the previous works
only consider hybridization of tube-and-wing configuration
whereas hybridization of disruptive configurations
(e.g. box-wing, blended wing-body) are not well studied
yet.

This work aims to present a new design tool which can
deal with disruptive configurations such as the Prandtl-
Plane. The Prandtl Plane (PrP) is a box-wing which, with a
proper lift distribution, exhibits the lowest induced drag
with respect to other lifting configurations with same
wingspan and lift [26,27]. An example of Prandtl Plane
configuration is depicted in “Figure 1.

THEA-CODE (Tool for Hybrid Electric Aircraft
COnceptual DEsign) is a tool, developed in MATLAB®,
which allows to perform the design of a hybrid-electric
aircraft (HEA) with a conventional and unconventional

airframe. It has been developed within the Italian research
project “PROSIB” which concerns the study of hybrid
propulsion applied to fixed and rotary-wing aircraft. In the
first part of the paper the general design procedure has been
described; in the second part the main outputs for PrP
configurations are detailed. In the last part, a qualitative
procedure for the choice of the best compromise configura-
tion is described.

2 Hybrid architecture definition

In the hybrid-electric scenario, several propulsion archi-

tectures exist. A comprehensive description of hybrid-

electric architectures and electric components are detailed
in [15,16]; the two main architectures are serial and parallel

configuration (see “Fig. 2”):

— Serial: a turboshaft moves an electric generator which, in
conjunction with the batteries, generates electric energy
to feed the electric motor directly or through a gearbox
(GB) coupled with the propeller /fan;

— Parallel: a turboshaft in conjunction with an electric
motor (fed by the battery) moves a propeller/fan by a
gearbox.

By a combination of them, it is possible to obtain
different architectures (e.g. serial/parallel partial hybrid).
Nevertheless, in this paper only the two main architectures
have been analysed. An important parameter is the degree
of hybridization (Hp), here defined in equation (1).

P
Hp—1— ICE

(1)

Prot

It indicates how much power comes from the electrical
chain with respect to the total power of the propulsion
system. The installed thermal power (Picg) is the power
supplied by the internal combustion engine; Pror is the
total power supplied by the propulsion system. If Hp is
zero, no batteries are on board; if Hp is equal to one, no
internal combustion engine is on board. The two
architectures show a slight difference for zero-degree
of hybridization: the parallel architecture becomes a
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Fig. 2. Serial and parallel hybrid architecture.

conventional turboprop aircraft, and the serial one

becomes a turboelectric aircraft.

3 THEA-CODE

The Maximum Take-Off Mass (MTOM) estimation is a
crucial point in the aircraft design process. A correct
estimation is even more thorny for a hybrid-electric aircraft
because of the strong influence of the electrical system; in
fact, the MTOM estimation strongly depends on the
adopted hybrid architecture, such as serial or parallel

[14,29].

The developed design procedure deals with the
MTOM prediction for hybrid-electric aircraft taking
all the main aspects of the aircraft design into account:
aerodynamics, engine sizing, mission analysis and weight
estimation. Referring to the “Figure 3”, the MTOM is
estimated by means of an iterative cycle. The main sub-
blocks are:

— “Aerodynamics” which allows the evaluation of the
aircraft drag polar through a Vortex-Lattice method
and viscous drag coefficient estimation;

— “Aircraft constraints” which defines the power required to
both thermal engine and electric motor;

— “Mission performance” which evaluates the required fuel
and battery mass;

— “Weight estimation” which evaluates the Operative
Empty Mass (OEM) of the aircraft, the passenger mass
and the mass related to fuel and batteries.

The developed procedure allows the designer to
analyse multiple configurations, so an important parame-
ter to take from the conceptual design phase into account
is the degree of hybridization; in fact, as shown in [29], it is
a sensitive parameter to evaluate the aircraft emissions.

TLARs

‘ Design space

‘ Aerodynamics

Aircraft constraints

fis

‘ Aircraft analysis ‘

‘ Mission performance ‘

A—
MTOM,=MTOM,

Matrix aircraft
configuration

Fig. 3. Workflow of THEA-CODE.

The evaluation of the engine sizing is strictly related to
the fulfilment of the requirements coming from TLARs
and FAR, and they can be easily depicted in the matching
chart of specific power (P/MTOM)-wing loading
(MTOM/S); through it is possible to define a region of
feasible design space with respect to the constraints
coming from the Top-Level Aircraft Requirements
(TLARs) and the Federal Aviation Regulation (FAR).
As depicted in “Figure 47, the green region shows all the
combinations of specific power and wing loading which
fulfil all the constraints. In case of HEA, the total power can
be shared between the electric and thermal chain, and the
power repartition depends on the degree of hybridization.
If the degree of hybridization increases, the power supplied
by the internal combustion engine makes smaller, and the
electric power increases. If Hp is equal to zero, the
parameters (wing loading and specific power) locate a point
(@ in “Fig. 57) on the chart, and no hybridization is
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Fig. 4. Example of matching chart of specific power versus wing
loading. The green region is the feasible design space.

considered. If Hp is lower than one, the parameters locate a
point (A in “Fig. 5”) which corresponds to a hybrid
configuration; in this case the power is split according to
the Hp value. If Hp is equal to one, the parameters locate a
point (m in “Fig. 5”) corresponding to a full-electric
configuration.

By means of the chart in “Figure 57, the designer can
examine all the design space thanks to two parameters: the
wing loading and the degree of hybridization: the ranges of
these two parameters define the design space. The output
of THEA-CODE is a response surface in terms of wing
loading and degree of hybridization which can be easily
used to determine the feasible and unfeasible regions and to
evaluate the best configurations in terms of minimum fuel
burnt, MTOM or CO, emissions.

3.1 TLARs and design space

THEA-CODE deals with the conceptual design of HEA. As
shown in “Figure 3”, the TLARs are given in the first block
of the workflow; they define the set of the requirements to
be fulfilled, namely: the number of passengers, the cruise
and speed altitude and take-off and landing field length.
The second block of the workflow is the design space; as
said before, the design space is defined by the combination
of two parameters: the wing loading and the degree of
hybridization. By changing these two parameters, it is
possible to evaluate a large set of configurations. In the
aircraft design procedure of HEA it is very important to
evaluate also the sensitivity to the electrical components,
so the battery energy density (BED) must be considered as
an additional parameter to take into account. In this paper,
three different technological levels have been considered:
500, 1000 and 1500 Wh/kg according to the literature
[15-19].

3.2 Aerodynamics

The aerodynamics module calculates the drag polar of the
configuration by using the software AVL [30], XFOIL [31]
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Fig. 5. Repartition of electric and thermal power for a thermal
propulsion aircraft (@), HEA (A) and full-electric (m) with a
parallel architecture.

and the component build-up method described in [32]. The
total drag can be decomposed in the sum of the sub-
components drag:

Dtot = Dwing + Dfin + Dfuselage + Dnacelle (2)

The nacelle and fuselage drag has been calculated
according to the component build-up method. The wing
induced drag has been calculated by means of AVL (see
Fig. 6) whereas the main wings and fin parasitic drag has
been computed by extending the XFOIL results on the
entire surface according to the equation (3).

Y
D; = oV” / Ca(y)e(y)dy 3)
0

where Dy is the wing parasitic drag; o is the air density; V is
the speed; ¢ is the chord distribution along the span (7),
and Cq is the airfoil drag. Starting from a reference
geometry, the aerodynamic polar can be calculated for any
configuration.

3.3 Aircraft constraints

The module “Aircraft constraints” defines the main
constraints which the propulsion system must satisfy.
The equations define a relationship between the specific
power and the wing loading; these constraints have been
defined according to the relations defined in [33], but
properly modified for a propeller-driven aircraft [34]. The
constraints are based on the FAR 25 [35], and an example
of the chart is depicted in “Figure 4”. As described in [33],
all the requirements can be defined by mathematical
expressions; the relationship used in the paper are defined
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Fig. 6. An example of Prandtl Plane wing configuration defined in AVL for the THEA-CODE workflow.
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The equation (A.1) has been used for the take-off phase,
and it is described more deeply in the appendix; the
equation (A.2), obtained by using the classical flight
mechanics equations, has been used for several phases,
namely: cruise, take-off flight path with one engine
inoperative, approach climb and landing climb. The
take-off flight path, approach climb and landing climb
follow the FAR 25.111, FAR 25.121 and FAR 25.119,
respectively. All the requirements are drafted in Figure 4:
more in details the three terms CGR1, CGR2 and CGR3
refer to the three phases (CGR1 to the first phase, CGR2 to
the second phase, CGR3 to the last phase) during the take-
off flight path; the approach climb and the balked landing
refer to the approach climb and landing climb. The output
of the “Aircraft constraints” block is the specific power to be
installed, which is the minimum power to satisfy all the
requirements, and it is defined by the equation (4).

()l ) o ()

3.4 Mission performance

Fuel and battery are the sources of energy for a hybrid-

electric aircraft. They can be used, together or not, to feed

the thermal engine or the electric motor for each flight

phase. In this paper, the following strategy of energy source

management has been adopted:

— For each flight phase, the power (Prgq) to accomplish
the flight phase has been calculated;

— Calculation of the net power supplied by the internal
combustion engine (Picg nicg);

—If Picg mce < Preq, the battery pack supplies power;
conversely, the only thermal chain supplies power.

This strategy implies that the quantity of the electrical
energy changes for each phase of the mission; taking as
example the HEA in “Figure 57, the battery does not supply
power during the cruise.

The output of the “Mission performance” block is the
battery and fuel mass necessary to accomplish the entire
mission. The energy demand has been calculated according
to the standard flight mechanics equations [36]. The battery

(7)
(8)
(10) (11)

«——— Standard mission ———«—— Diversion ——

Fig. 7. Typical mission for a transportation aircraft category.

Table 1. General assumptions for each flight phase of the
mission.

Mission phase Assumption

0-1 Taxiing 7% of the maximum power
1-2 Take-Off Maximum power

2-3 Climb Best rate of climb

34 Cruise Constant speed and altitude
4-5 Descent Constant rate of descent
5-6 Climb Best rate of climb

6-7 Cruise Constant speed and altitude
7-8 Descent Constant rate of descent
89 Loiter 30min at minimum power
9-10 Approach Constant rate of descent
10-11 Landing Neglected

mass has been evaluated according to the battery energy
density selected, and the equations used for the energy
demand have been properly modified for the HEA. In
equation (5), the relationship adopted for the cruise phase
have been displayed.

dW
ek —PSFCPicg

L=W
P =DV (5)
Pice nicg + Peatr g =P

P
Hp=1-— ICE

Prot

W is the weight of the aircraft; PSFC is the power
specific fuel consumption; L is the lift; P is the requested
power to accomplish the flight phase, and D is the drag.

The mission considered for a transportation aircraft is
depicted in “Figure 77, and the assumptions for each flight
phase are detailed in Table 1.

It is worth to note that the calculation of the fuel and
battery mass is fundamental since statistical data do not
exist yet, and a right evaluation is compulsory to calculate
the total mass of the aircraft.

3.5 Weight estimation
The aircraft MTOM is calculated by the equation (6).

MTOM = Mstruct+Msys+Moprr+Mpay
+Mpro+Mruer,+MpaTT (6)
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Table 2. Efficiencies of the thermal and electrical chains
for serial and parallel hybrid architecture.

Table 3. Comparison between the ATR42-600 and the
test configuration aircraft in case of no-hybridization.

Serial Parallel ATRA42-600 Test config.
NEL 1 BMescMmot ngbnprop anescnmotngbnprop OEW/MTOM 629% 6191%
NICE ngennescnmotngbnprop ngbnprop Fuel rnass/MTOM 1258% 1217%
MTOM/S (kg/m?) 341.3 341.3
AR 11 11

The structural mass (Mgtruct), the subsystem mass
(Mgys) and the operating item mass (Moprr) have been
calculated according to the procedure described in [37]. In
this procedure, statistical data and empirical formula have
been used for the mass prediction of tube-and-wing
aircraft, and no unconventional aerodynamic configura-
tions have been considered. Due to this lack, the two lifting
surfaces of the box-wing have been considered as cantilever
wings (no interaction between them from a structural point
of view), to have conservative results. This approach will be
improved in the future, introducing a parametric model
specifically developed for the case of interest. The payload
mass (Mpay) comes from the TLARs assuming a 95kg/
passenger (including baggage). The propulsion system
mass (Mgr, and Mjcg) are calculated according to the
equation (7). The calculation follows the following steps:
— Choice of a wing loading (W/S = W/S);

— Calculation of the minimum specific power allowable for
that wing loading (as defined in Sect. 3.3);

— Calculation of the propulsion masses taking into account
the efficiency of the propulsion chain.

Parallel
N O - Hp MTOM
FL T P MTOM [ |W W g EMPD
S S
(7)
N P 1—Hp MTOM
= max _—
e MTOM [ |W _ W "y, ICEPD
S
Serial
" P 1 MTOM
= max —_——
FL T P MTOM [ |W W g EMPD
5 S
N P 1—Hp MTOM
ICE = MEIMTOM [ |W Wy ICEPD

S S

ngr, and nicr are the efficiencies of the electric and
thermal chains, respectively. EMPD and ICEPD are the
electric motor power density and the internal combustion
engine power density, respectively. The efficiency of the
electrical and thermal chains depends on the selected
hybrid architecture. The relationships are displayed in
Table 2.

ng is the efficiency of the battery; 1. is the efficiency of
the electronic speed control of the electric motor; 1y, is the
efficiency of the gearbox, and 7.y, is the efficiency of the
propeller. We assumed a specific power of 5.3kW /kg
(EMPD) for the electric motor (electronic speed controller
has been included in it). The calculation of the mass
associated to battery management system and wiring has
been done as well: a specific power equal to 24.6 kW /kg and
352 Wm/kg has been considered, respectively [38,39]. The
battery package and fuel mass (MpatT + MpyugL) comes
from the “Performance analysis” block.

3.6 Test case

To test the software THEA-CODE, the degree of
hybridization has been set equal to zero, so a first
comparison between the test tube-and-wing configuration
and the ATR42-600 has been done. The main results are
displayed in Table 3.

The results show a quite satisfying agreement between
the ATR42-600 and the test configuration in terms of mass
and dimensions.

4 Results

In this section, the main results of THEA-CODE are
presented. In the Section 4.1 the TLARs for the design of a
Prandtl Plane regional aircraft have been shown; in the
Section 4.2, a comparison between the two hybrid
architectures (serial and parallel) has been performed. In
the Section 4.3, the main results on Prandtl Plane
configurations varying the BED have been obtained.

4.1 Prandtl Plane TLARs definition

In this paper, the electrification of a regional Prandtl Plane
has been considered (an example is depicted in “Fig. 8”); for
this case of study, regional Prandtl Plane TLARs are
similar to the ATR42 TLARs reported in [40].

The TLARs are displayed in Table 4; the degree of
hybridization ranges from 0 to 1, and the wing loading
ranges from 140 to 380 kg/m”.

4.2 Comparison serial-parallel hybrid-electric
architectures

According to the TLARSs, several Prandtl Plane configu-
rations have been evaluated for both serial and parallel
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Fig. 8. An example of Prandtl Plane regional aircraft.
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Table 4. TLARs for the regional Prandtl Plane aircraft.

Number of seats 48
Cruise mach 0.45
Cruise altitude 200 FL
Mission range 716 nm
Take-off field length 1165 m
Landing field length 1126 m

BED 500-1000-1500 Wh/kg

Parallel Hybrid Electric

o

4;
o
MTOM [kg]

IS

150 200 250 300 350
MTOM/S [kg/m?]

Fig. 9. Comparison of serial and parallel hybrid architecture in terms of MTOM.

architecture. From the comparison comes out that the
parallel architecture is a more convenient configuration
from several points of view. The design space available is
larger (higher degree of hybridization can be achievable),
so more solutions can be explored. Moreover, the MTOM of
the configurations as well as the fuel burnt, and the CO,
emissions are lower for the parallel hybrid architecture. We
can assume that this behaviour is related to the higher
efficiency (see Tab. 2) of the parallel hybrid architecture
[41]; in fact, the lower efficiency of the propulsion system
produces an higher energy demand to the electric and
thermal part, causing an increase of the mass of the
propulsion system, hence the total mass of the aircraft. In
Figure 9 the comparison between the two architectures in
terms of MTOM is depicted.

However, if the battery energy density is not enough, it
is not possible to exploit all the design space. It is well
highlighted in the mass breakdown shown in “Figure 107; if
the degree of hybridization increases, the battery mass and

the MTOM increase as well. The reason of this behaviour is
related to the low BED: for low values, the battery supplies
energy in take-off and climb; as soon as the degree of
hybridization increases the energy request to the battery
increases as well in cruise (the most energy demanding
phase), so the total mass of the aircraft increases
dramatically. The histogram in “Figure 10” has been
normalized according to the equation (8); the term
MTOM (0) refers to the mass of the no-hybrid aircraft;
the term MTOM (Hp) refers to the mass of the hybrid
aircraft at a specific degree of hybridization.

_ MTOM(Hp) (8)
- MTOM(0)

Referring again to the “Figure 97, it can be noted that
higher degree of hybridization can be achieved for higher
wing loading. This effect is mainly related to the energy
demand in cruise; as shown in Figures 4 and 5, low wing
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Fig. 10. Mass breakdown for a parallel hybrid-electric archi-
tecture with a constant wing load of 290 kg/m2 and a BED =
1000 Wh/kg [19].

Table 5. Sources of electrical energy production in EU.

% production Non direct CO,

in EU emission
(g/kWh)
Coal (&conl) 18.4 1000
Oil (&) 8.4 800
Natural gas (£g.s) 15.2 500
Nuclear Power (&,,) 29.3 50
Renewable resources (&..) 25.4 50

loading requires high energy demand in cruise, so also low
degrees of hybridization imply a high energy demand to the
battery causing a rapid increase of the aircraft mass.

Regarding the CO, emissions, both direct (due to the
fuel burnt during the flight) and indirect emissions (due to
the generation of the electrical energy) have been
considered, so, in case of full-electric aircraft, the CO,
emissions are not zero. The indirect emission has been
calculated according to the IATA documents [42,43]. The
main sources of electrical energy production are coal, oil,
natural gas, nuclear power and renewable energies. The
percentage distributions and their CO, emissions are
displayed in Table 5.

&; (i=coal, oil, ecc...) is the percentage production of
the electrical energy in EU, whereas &; is the emission
related to that source for the electrical energy produc-
tion. According to the previous data, the equation (9) has
been used to evaluate the current non direct CO,
emissions.

gind = gcoalscoal+Eoi18011+ggasggas+$np86p +gre‘gre (9)

L 10%
8 10 T T T T T T T T T
7r BED 500[Whkg]

BED 1000[Wh/kg]
" BED 1500[Whikg]

25|

=

O

=47
3 -

2 -

0 0.1 02 03 04 05 06 07 08 09 1
P

Fig. 11. Plot of the MTOM vs Hp graph for a box-wing
configuration at W/S:350kg/m2, varying the battery energy
density.

The current direct emissions are calculated assuming a
value of 3150 g of CO, for each kg of fuel burnt. In the case
of BED equal to 1000 Wh/kg, the emissions coming from
the electrical energy production are about 354 g of CO5 for
each kilogram of battery by using equation (9).

4.3 Parallel hybrid-electric aircraft

In “Figure 12” are reported the results for Prandtl Plane
configurations at different BED values. The left and right
figures differ for the energy density of the battery, which is
500 Wh/kg (achievable before 2035 [18]) and 1500 Wh/kg
(achievable after 2035 [18]), respectively. For the config-
urations with the lowest BED, the region of the feasible
solutions is smaller than the one with higher BED; for low
values of BED no hybrid configurations (with HP > 0.8)
have been found. This happens because a big part of the
energy demand comes from the battery and, if the BED is
low, it leads to a very high battery mass with a subsequent
snowball effect on the total mass of the aircraft. In addition
to this, the space allocation of the battery is very critical.
The same effect is well represented in Figure 11, where the
wing loading (350 kg/m?) is constant, and the MTOM is
represented as a function of the degree of hybridization for
a set of battery energy densities.

The “Figure 12a and 12b” show how the MTOM
changes; for both cases, the configuration with minimum
MTOM corresponds to a no-hybrid aircraft. This result is
mainly related to the lower value of the BED than the
aviation fuel energy density (about 12000 Wh/kg [15]). The
“Figure 12¢ and 12d” show the fuel burnt mass; for the
configurations with the lowest BED (“Fig. 12c”), the
minimum fuel burnt is reached in no-hybridization
configuration because of the high weight penalty of the
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Fig. 12. MTOM, duel burnt and CO, production for box-wing configuration with BED = 500 Wh /kg (left) and BED = 1500 Wh/kg

(right).

hybrid ones. Increasing the BED, it is possible to reach a
full-electric aircraft reducing the fuel to zero (“Fig. 12d”) at
the expense of the MTOM. The “Figure 12e and 12f” show
the CO, emissions. For a given wing loading, the CO,
emission trend is strictly related to the BED: for low BED
the CO, emissions increase if HP increases; on the contrary,
for high BED, the reverse happens. This trend is strictly
related to the trend depicted in Figures 10—12¢ and 12d. If
HP increases:
— Figure 10 shows that the battery weight becomes a
relevant component in the mass break-down;
— Figure 11 shows that the MTOM increases dramatically.
— Figure 12c and 12d shows that fuel consumption
increases with BED =500 Wh/kg.

Since CO, emission are strictly related to fuel
consumption, all the previous information tell us that
the CO5 emissions increase as well. Conversely, for a high
value of BED, a fuel reduction happens if HP increases, so
the CO, emission decreases.

For high BED, full-electric configurations result in
cleaner configurations although without reaching the goal
of zero emissions. It is worth to note that the results
obtained for the CO, emissions are related to the current
sources to produce electrical energy in the EU, if more
renewable resources will be used, higher improvements will
be expected. “Figure 12” shows how the optimal config-
urations, intended as the one at minimum MTOM, fuel
burnt and CO, emissions, do not coincide at high BED.
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Fig. 13. The region (yellow) of the possible aircraft configura-
tions for BED = 1000 Wh/kg.

From an aircraft design perspective, this fact affects the
choice of the parameters for the solution of best
compromise. Ideally, the best solutions have to be intended
as the ones close as much as possible to the optimal
configurations. In case of high BED, a good configuration
must be a compromise between the configuration at
minimum MTOM and minimum fuel burnt. A set of
solutions can be graphically located and are shown in
Figure 13: the red line indicates the configurations with a
MTOM higher than the reference configuration (which
minimizes the MTOM); in the same way the blue (fuel) and
black (CO,) lines indicates the configuration with higher
fuel consumption and higher emissions, respectively. The
intersections of the three regions create a shared region
(yellow area) where the designer can change the design
parameters (wing load and degree of hybridization) to
obtain the solution of best compromise. For high BED, the
optimal configurations are not so close each other, so a
shared region is possible if at least one of the three
parameters (MTOM, fuel burnt and CO,) is degraded with
respect to its minimum value. If the designer considers very
low degradations (dashed lines of Fig. 13), no intersection
can be obtained. Degrading, for example, the fuel burnt and
the MTOM, it is possible to define a set of possible
solutions; nevertheless, the designer must take that a
MTOM degradation implies an increase of direct cost into
account. In the aircraft design perspective other param-
eters must be considered such as the aircraft utilization or
the direct costs, which can lead to a different choice. An
example of box-wing configuration based on THEA-CODE
outcomes is depicted in Figure 14.

5 Conclusion and future developments

In this work, a new conceptual design tool called THEA-
CODE has been presented. The tool can deal with the
conceptual design of parallel and serial hybrid-electric
architectures with conventional and unconventional

0000000 oo0gqo i

Fig. 14. Example of the tryptic of a configuration obtained by
THEA-CODE.

airframes, such as the box-wing one here presented. The

developed methodology is based on the classical aircraft

design procedures, in which the Athena Vortex Lattice
code AVL is used to evaluate aerodynamic performance
in order to deal with unconventional configurations.

Moreover, the code can calculate both direct and indirect

CO5 emissions.

The preliminary results have shown that:

— Comparing the series and parallel hybrid electric aircraft,
the latter allows to obtain better results in terms of
MTOM, fuel burnt and emissions;

— Low BED reduces the design space; in fact, no high
degree of hybridization can be achievable and only minor
hybridization could be adopted (typically to cover take-
off and climb);

— High BED can allow a reduction of fuel burnt and CO,
emissions; nevertheless, the energy density is too much
lower than the fuel one, and no reduction in weight can be
obtained unless much better integration could be
achieved;

— In case of full-electric aircraft, the total emissions are not
zero since the indirect emissions for electrical energy
production has been considered as well.

— In case of high BED, it is not possible to obtain a solution
with minimum fuel consumption, emission and MTOM,
so a best compromise solution must be chosen according
other criteria such as direct cost.

Future developments of the code concern the imple-
mentation of the interactions between propellers and lifting
surfaces, a structural model in order to improve weight
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Fig. 15. Forces acting on the aircraft during the ground roll.

estimation, a design of a more accurate energy manage-
ment strategy and the introduction of the distributed
electric propulsion model.

6 Appendix

The take-off run can be split in three part: ground roll,
rotation and lift-off. During the ground roll, the aircraft
attitude remains constant with engine at full thrust; once
the rotation speed has been reached, the aircraft rotates
around the main landing gear by the elevator deflection;
the lift-off phase starts in the moment in which the aircraft
pulls the wheels of the ground.

In the ground roll phase, there are different forces
acting on the aircraft (see Fig. 15):
— Aerodynamic forces as lift (L) and drag (D);
— Propulsive forces as the engine thrust (T);
— Reaction forces as the ground reaction.

The equation (10) is the first Newton’s law in the
ground roll.

(10)

By using the equation (10), it is possible to obtain
a similar equation in terms of power, as reported in
equation (11)

npP —DV — uV(W — L) :%VZC;—Z (11)

For the propeller efficiency, it is reasonable to assume a
linear relationship

_V
nP:an_Q

(12)

Combining equations (11) and (12) the ground roll
distance (Sgr) can be easily obtained

W 2
5 ) E\/R(CD — uCr)

—IOg _
,Og(CD - HCL) ()\7/_1; (lB’V) - H“) CLmax

(13)

Ser = —

In the rotation phase, the distance covered by the
aircraft can be calculated assuming a constant speed and a
duration of about 3s [36].

Sr = Vgtr (14)

In the lift-off phase, the aircraft pulls the wheel off the
ground and its path can be approximated by a circular
trajectory, so the equation (15) can be used to evaluate the
covered horizontal distance (see Fig. 16).

L_ow_WVV;

s 1 (15)
R(1—cosf)=h
Sto = Rsiné

Rearranging the equation (15), the horizontal distance
can be easily calculated

2 2W/S

V2 pCLmaX
g(n, — 1)

h 2
o1 (1-1)

Combining the equations (13,14,16), the total distance
covered by the aircraft in take-off is given by the equation
(17)

R:

Sto = Scr + Sk + Sto (17)
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SLO

Fig. 16. Circular trajectory in the lift-off phase.

The covered distance must be lower than the take-off

length (Lto) given by the TLARs, so

L
Sto < =2
o

By substituting the equations (13,14,16) in equation
(18), the relationship between wing loading and specific

power can be obtained

k%/R(CD —uCr)

P C Jaut
(W) 2| nt L LTaé
TO 1 e*l)g(CD*qu(T*SR*SLO)/(W/S)

2(W/S)
pCLInax

kv,

Equation (19) is one of the achievements of the research
here presented and represents, to authors’ knowledge, a
novel approach the design of propeller driven aircraft.

List of symbols

BED

Lto

Mgy,
Mice
Moprr
MgrrucT

MTOM
MTOM/S

P/MTOM
Pice

Preq
PSFC

Pror
(P/W)r

(P/W)TO

Wingspan [m)]

Battery Energy Density [Wh/kg]
Wingchord [m]

Airfoil drag coefficient

Aircraft drag coefficient

Aircraft lift coefficient

Aircraft maximum lift coefficient

Drag [N]

Parasite wing drag [N]

Electric Motor Power Density [W/kg]
Federal Aviation Regulation

standard gravity [m/s?|

Hybrid Electric Aircraft

Degree of hybridization

Internal Combustion Engine Power Density
W /ke]

Ratio between Vy and stall speed

Ratio between rotation speed and stall speed
in take-off

Ratio between Vy and stall speed

Lift [N]

Take-off field length available [m]

Electric motor mass [kg]

Internal combustion engine mass [kg]
Operating items mass [kg]

Structural mass |kg|

Subsystem mass [kg|

Maximum take-off Mass [kg]

Wing loading [kg/m?|

Vertical load factor

Operative Empty Mass [kg]

Power [W]

Specific power [W /kg]

Internal combustion engine power [W]
Power requested for each mission [W]
Power specifi fuel consumption [kg/Wh]
Total power

Specific power required to the engine at the
i-th phase

Specific power required to the engine at the
take-off

Distance covered in lift-off

Distance covered in ground roll

Distance covered in rotation

Distance covered in take-off

Top-Level Aircraft Requirements

Time of the rotation phase

True air speed

Aircraft speed at the end of the take-off
Aircraft speed at the end of the ground roll
Aircraft weight

Percentage production of the electrical energy
in EU



14 G. Palaia et al.: Mechanics & Industry 22, 19 (2021)

MEL Electric chain efficiency

NicE Thermal chain efficiency

np Propeller efficiency

Tp Propeller efficiency at Vo

n Rolling friction coefficient

3 Emission related to a specific source for the
electrical energy production

p Air density

o) Security factor

X Ratio between hybrid and thermal aircraft
weight
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