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AIRCRAFT DESIGN Research Group @ UNINA
DAF (Design of Aircraft and Flight Technologies)

> Focused on Aircraft Design

» Applied aerodynamics and aerodynamic design
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» Flight Mechanics >’i’/

» Flight Dynamics, flight tests and flight simulation
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RECENT PROJECTS on AIRCRAFT Design — DAF Group

» AGILE Project (H2020) D
e
DLR, ONERA, NLR, Airbus DS, Bombardier, Leonardo, o8 .AGlL E Research Focus

Fokker, CIAM, TsaGi, POLITO, TU Delft, UNINA. | Optimization
Innovative 3™ generation aircraft design framework BB - d |
with collaborative architecture

> IRON Project(2016-2021) (Clean Sky 2)

Leonardo, CIRA, ONERA, TU Delft, Avio GE, Dowty propel 1
Design of an Innovative 130 pax Regional Turboprop with

> ADORNO Project(2018-2022) (Clean Sky 2-CFP)
UNINA, MTU Aero Engine as Topic leader ADORNIO
Aicraft Design and nOise RatiNg for regiOnal aircraft W‘/WM
> PROSIB (2018-2021) (PON — financed by MIUR)
Leonardo, UNINA, UniPisa, CIRA
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JPAD (Java Program for Aircraft Design)

Developed by DAF Group
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Block Fuel (kg)

DOE with 12500 wing configurations (Xle, AR, t/c, shape)
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IRON Project — CS2 REG

IRON Project — 130 pax Regional Tprop
With rear engine installation
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Progetto di Ricerca PROSIB ARSO1 00297 Total cost 6.3 M€
PROpulsione e Sistemi IBridi per velivoli ad ala fissa e rotante

* || progetto di ricerca PROSIB (coordinato da Leonardo) si propone di realizzare
un’esplorazione quantitativa dei vantaggi competitivi e delle criticita che scaturiscono
dalla adozione della propulsione elettrico/ibrida su velivoli da trasporto regionale &
commuter (ala fissa) e configurazioni VTOL (ala rotante)

COME ?

= studi configurazionali con analisi di trend delle principali tecnologie abilitanti

= dimostrazione a TRL 3 di alcuni enabler tecnologici :
configurativo (prove in galleria del vento per DEP e configurazioni innovative)
elettrico (dimostratore tecnologico di un sistema scalato dell’'energy management)

RISULTATI ATTESI

* Roadmap elettrificazione velivolo classe ATR-42 con identificazione degli enabler tecnologici
critici

* Esplorazione configurazioni innovative ibride per “classe ATR-42” e Comuter (19 pax)

* Sviluppo di configurazioni VTOL ad ala rotante

* Ambiente integrato di simulation & modeling per I'analisi multidisciplinare di configurazioni

ibride (SVILUPPO FRAMEWORK per MDO Velivoli Ibridi)
8
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Il PROGETTO PROSIB (PON finanziato dal MIUR) 2018-2021
'& LEONARDO =
Regioni meridionali 80,4% e w e o
Regioni settentrionali 19,6% DEfl nizione d e I consorzio
Universita 32%
Industria 30% ¢
Centro di ricerca privato 25% S
PMI 13% 3 ~ LEDNH"-‘,H,E
~K/0h,\
b3 \;z Z —_—~ /~
({‘;?2 : . '~ LEONARDO
Politecnico di Torino
"
SKY BOX < o
. AV
Universita degli Studi di Pisa
. \‘
S -y (H)AEROMECHS
Universita degli Studi di Napoli Federico Il
o ST
<@R" ‘, § 5 Universita degli Studi di Palermo

o s >
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Il PROGETTO PROSIB (PON finanziato dal MIUR) 2018-2021

Partendo dalla configurazione di riferimento “ATR42 class” ed arrivando a configurazioni
velivolo non convenzionali saranno valutati i pro e i cons in termini aerodinamici, configurativi,
prestazionali ed economici (DOC) dell'utilizzo di una motorizzazione ibrida distribuita.

EIS 2035

_________ = | v Pro e cons in termini aerodinamici e
f 1 - configurativi
| ’ —_— | v Impatto sulle prestazioni operative ed
| Piattaforma di riferimentoy economiche

ATR42

Top Level Aircraft Regs assessment
Trade-off propulsio'e
Dimensionamento batterie ->
definizione livello di electrification
Impatto sulle prestdzioni operative ed
economiche

) »\ ATR42 - motorizzazione ibridaldistribuita

~-
1
I
1
I
I
1
1
I
|

... wrt saranno valutate:

*Green features (block fuel, CO2)

» DOC (calcolati sulla futura missione
tipica)

MEA -> AEA

10
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ELECTRIC/HYBRID AIRPLANES

Jet engines Propulsive Efficiency
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Prop aircraft : Propulsive Efficiency

Turbi
E‘r']‘gi'r’]‘s Gearbox E][f?gglsg;
50% 80%
b
Refining ¢
/ Fuel 1 tg Many
Extraction # Transportation ans
/
Management  Dijstributi M P |
/ / Battery Controller lsbr\lml;liﬂn thicg rI\.O/IF(?)Ltjosror Propulsor
Effici
gfi;_afging 99% 99% 95% 95% 2ol 0%
iciency e - 80% | =70%
’ X KW/KG 9 KW/KG 9 KW/KG
Grid /

Efficiency </

/
Power
Ericencyy Other efficiencies are upstream of the aircraft
/

BATTERY WEIGHT ??

13
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ELECTRIC/HYBRID AIRPLANES

Propulsive Efficiency

Turbine
Engine

50%

Propulsor
Efficiency

Gearbox

 80% | =39.6%

Motor/ Converter/ Distribution Motor Propulsor
Turbine Generator Controller Wire Drive Motor Propulsor
Engine Efficiency
95% 95% 99% 95% 95%
50% F‘ fr— f— - — 80% =32%
9 KW/KG 9 KW/KG X KW/KG 9 KW/KG 9 KW/KG
P P P P
[ F 5 GT 8 GB 4pih
2 \Pev
Py, l—“>@| Serial/parallel partial hybrid (SPPH)
|BAT <—{ PM |
EM2 P2|<—
P e2 F s2 P p2

14
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Ox
Gy

HarvED

Distributed Propulsion (DEP) :

e Aerodynamic gain (dCL)
e Higher safety
e Dir control

ELECTRIC/HYBRID AIRPLANES

Gearbox

Gearbox

Gearbox

Motor Propulsor

Drive Motor

95% 95%

Distribution .

Wire 9 KW/KG 9 KW/KG
Motor/ Converter/ Motor Propulsor

Turbine Generator Controller Drive Motor

i”gme* 95% 95% 99% 95% 95%
9 KW/KG 9 KW/KG x KW/KG 9 KW/KG 9 KW/KG
Motor Propulsor

Drive Motor

Turboelectric DP 95% 95%
challerjged by weight and N

efficiency of added

electrical components

Propulsor
Efficiency

Propulsor
Efficiency

Propulsor
Efficiency
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Analysis and modelling of Distributed Electric Propulsion

4.00 5
7+1 props
5.7hp 5.7hp 5.7 ho 5.7 kp 5/7 hp 5.7 hp 5.7hp Ta ke'Off Condition fla 20° 3.50 ¢ Propellers on — °
[Propellerson | oy = 16
1 A _ °
CL,MAX i 6F =20
3 2.50 +
2.5
5 o 2.00 1
2.31 2.44
15 1.50 +
1
1.362 1.359 1.00 )
Propellers off
o 0so | [Propeters of
5+1 propellers 7+1 propellers
vor oo areoy MY Sarere - H Propeller OFF = PROPELLER ON ()‘0()0 - - 0: 04 - :6 0: } } :O
i T omll 0 01 02 03 04 05 O 7 D& 88 L
n
3.0
2.5 1
G 1.5
1.0 | . T
CL= CLairframe + AC,L Npesr = Np + Anp 03] ' —— 7+1 propellers & = 20°
--- 5+1 propellers o = 20°
C2 0.0 ‘ + ‘
Lairframe ) 2 4 6 8 10 12 14 16 18 20
CD — CDO + ACDO + T T + ACD[ a(deg)
mARe
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ELECTRIC/HYBRID AIRPLANES CHALLANGE

With more than 40,000 flights over America each day — most by
jet aircraft — air transport accounts for roughly 3 percent of annual
carbon emissions in the U.S., as well as a big proportion of air
pollutants like sulfur oxides and hydrocarbons.

Advantages of Electric propulsion

Electric/Hybrid propulsion lead to lower emission

Much lower cost (€ / kWh) of electrical energy w.r.t. aviation fuel
Possibility to apply distributed propulsion (electrical engine scalability)
Lower cost for electrical engines

Lower engine maintenance ENGINES ? BATTERIES ?

Lower noise

vV VYV V VYV V V

CRITICAL ISSUES

*  Weight, Volume

* Systems

» Safety .
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ELECTRIC ENGINES for AVIATION

Timeline of Machine Power With Application @
to Aircraft Class

2018 | 2020 n+2) | 2025 (N+3) | 200 4+4) | 2038
Super conducting

N Largest Electrical Machine On Alrcraft
on- . ?
o (TR e jengine
; Peont = 261 KW
2 MTﬂal For the power range bar for each aircraft class Nwm = 2500
(T e~ « The left side is the smallest electrical machine in a max e
partially electrified system M.t = 1000 Nm
419 Seat/2 MW Total » The right side is the size of the generator in a twin engine SIEMENS n =95 %
l =1 " fully electrified system 260kW

! 50 Beat/3 MW (prop)/ '- . Electric engine

12 MW(jet) Total
i s 300w withDee

150 Seat/22 MW Total

300 Seat/60 MW Total

3 MW - 30 MW

: 0,26 MW continuous,

P
*scalable '
*Power density: 5 kW/kg :

mech *

< Source: NASA

POWER DENSITY 5 kW/kg

18
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BATTERIES...

800

700

(0]
o
o

Useable Energy Density (Wh/L)

........................................................................................................

..................................................................

----------------------------------------------------------------------

Li-NMC62

......... T eslahyigeLS------------j

------------------- T S B

SRS fessunanssnrana s B e o o e Ty e

Useable Specific Energy (Wh/kg)

: J. Electrochem. Soc., 162 (6), A982 (20135),
Nissan Leaf Energy Environ. Sci.,2014, 7, 1555-1563
0 100 200 300 400 500 600

19
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BATTERIES...

100

BATTERIES : Energy Density and Cost evolution

loni di Litio

Stato solido

2025-2030E

100

20
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BATTERY WEIGHT...

Lithium-ion batteries are getting cheaper, but
they aren't getting much lighter and smaller,

and inventing better batteries is a key area of
research for electric aircraft developers !

reach the :same energy
as 60,200 Ibs of Jet-Al

21
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BATTERIES...

B:att«earyr Speclf'c Eruergy.nr Projectmns

2000 r O/ .
| Pgssible ShortR Fully ElectricAirli .
a6t L ssible Short Range Fu ry ectricAirliner NEAR Term Application
1 = Small Aircraft

1600 F
e

1400 + ;
% LONG Term
=3 1200 - Application
& = Transport Aircraft
© 1000 |
L
& 800F .
Q
a
» 6 .

- _ — Logistic
400 | s o 2.5% per year | -
' 4.0% per year
200 5.5% per year
7% per year

2020 2040 2060 2080 2100 2120 2140
22
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BATTERIES...
Where are we ? Status vs Aviation Needs
Energy Density (1200
Wh/I)
100 4@

Temperature range (-406

_Specific Energy (750
to 65 C) S

Wh/kg)

[ ‘ r']L ,—|'__‘
L =)
sl t? S0% D08 {9)Calendar life (15 years)
(15 mins)
= )
Selling price (117 $/kWh 2 '-":bycle life (2000 cycles)

23
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Chs s

BATTERIES...

From Cell to Pack....

Module

Assuming 8% increase per year at cell level

Cells, Current collection,

Fusing, Integral Cooling,
800 Cell Structure

i 15 % loss from cell to
pack
800

200
400
300
200
100

\ 32 % loss from cell to

pack (current)

Specific Energy (Wh/kg)

17 18 19 20 21 22 23 24 25 26 27 28 29 30
2017 Year 2030

24
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O3

dHovE

BATTERIES... Volumetric efficiency....

12 Columns
20 Rows

With you when you fly.

1 = 0.2798 e

X-57 Battery Overhead
0.6627 Mass efficiency to module

0.2763 Volume efficiency to module
0.0353 Volume efficiency to fuselage bay

R

Tecnam P2006T was not designed as an electric aircraft !

25
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ELECTRIC/HYBRID AIRPLANES

Studi in corso con diversi livelli di “lbridizzazione”

Degree-of-Hybridisation for Energy, He (-)

I

09 4

Hybrid-Electric System
Trade-study
1, = 0.40 (kerosene)
N, =075 (electrical)

08

Bauh. Twin-Fan 180 PAX
(Pomet et al., 2014)

07 o

06

Bauh. Quad-Fan 180 PAX

Universally-Electic —

|

NASA LEAPTech 4 PAX
(Stoll et al., 2014)

(Pomet & Isikveren, 2015)

Gas-turbine
only

]

BHL Ce-Liner 180 PAX
(Isikveren et al., 2012)

\
R

<
‘ b

Airbus VoltAir ~ 70 PAX
(Stueckl et al., 2012)

/

NASA N3-X 300 PAX

Cranfield BW-11 555 PAX

(Kim et al., 2014) (Smith, 2014)

04

03 4

02

'

Boe SUGARVoit 154 PAX
(Bradley & Droney, 2011)

o

A

[~

Airbus/RR DEAP 100 PAX
(Milier, 2014)

Degree-of-Hybridisation for PowerH; (-)

[=4
/ - Bauh. Tri-Fan 70/180 PAX
Iskveren et al, 2015
o 7 ( ) kerosene only,
” electric propulsive
/ / / device (purely serial or
- turbo-electric)
[/ // 0/
// = = 0.1 ‘
020 0.30 040 050 060 070 080 090

26
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ELECTRIC/HYBRID AIRPLANES
NEED FOR Reliable and Efficient Multi-Disciplinary Framework and Tools

for Hybrid/Electric Aircraft Design

* Need for an Highly-integrated framework for A/C Design

* Reliable model for the electric part of the propulsive chain

e Battery characteristics and battery model

* Propulsive characteristics highly integrated in the sizing (strong coupling between
propulsion and aerodynamics) (DEP, BLlI, etc)

 Different A/C configuration and powertrain configuration
* Mission can be part of sizing and optimization process (usually an input)

Thin-haul commuter -
150kts

L T S
Bk

NASA X-57

STARC-ABL Mach 0.70

VTOL —

== " .
Zunum: 12

passengers
(economy)

27
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O
Ggorve

ELECTRIC/HYBRID AIRPLANES

Propulsive Architecture Options

Energy Source

Energy Distribution

Propulsor Configurations

Lift Enhancement?

Combinations are also possible (i.e. fuel cell + batteries, shafting + wires, etc.)

28
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Powertrain configuration, many options !

2. Turhoelectric 3. Serial 4. Parallel
P P P P, Pg P F R
[F 1 "[GI] *GB] [F 1[G ] *GB] [F 1 [GT] *{GBF “Hp1f-®
Fgy P Pep P, Py
—=L.[EMI p,. [ —{EMI] P, [ “lEMI]
|P£I'{| | BAT |- "IPE'*I| |BAT |« PM |
-PE . PH'-E ™
Pz el Fea | 7| Ppz @Fsz P2

Serial/parallel partial hybrid (SPPH)

p p P P
F 5[ GT F8Y GB <25ip1 <2
P
Pel Y gb
o, [ —[EMI
BAT PM
L ENE-—P2-—
Pe2 PSZ PpZ

5. Partial turboelectric

P P Pal |P
[F—[GT =GB P12~
Pey,
P E
——{BMi
PM

pl

9. Dual-electric

oo TP
E’G‘B—l sl Pl pl
s
Prai § M1
[BAT}-—+ PM | i
Emro P2
PELZ IMJFBE '_sz

29
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ELECTRIC/HYBRID AIRPLANES

Range Equation and Impact of variable mass on range

Batteries are dead weight !

Once you’ve depleted the charge, you R=E - - In
still sit with exactly the same mass as for
a full battery, that means your plane
never becomes more lighter and more

|
|j "
i |
o« s . ald | | - | - | | III[]"l';-]-lll,-'.l.ll!l “
fuel efficient as you cruise. /

Normal aircraft bank on the fact that it
gets lighter as you burn off fuel.

Both for range/endurance and to
prevent you from landing overweight.

An electric large airplane like B747 will
have about -25% Range with the same
battery mass fraction.

I,/ 1m

|—) fuel mass fraction 2>

30
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CONCEPTUAL DESIGN APPROACH
SIZING

30

p P P P
[ F S GT 84 GB 4p1[=Ph
SIZING Py o2
—_ e
POINT Poa 4 TEMI]
£ | BAT [<—+ PM |
=
- EM2 P2
10 Pe2 PSZ sz
POWER
sl ] TRAIN
Serial/parallel partial hybrid (SPPH)

(Wrs), [Ib/t?]

WEIGHT

Power distribution Power losses
T T T T

Aircraft Top-View \ /
D

T T 7000 ——————— 5000 —
— 4500
20 B . 6000 f
4000
L 1 3500
151 3000
4000
C ‘ ]
10+ I_ vl l vl _I - 3000
1 IIIIIIIII IIIIIIIII 1 2000
2600 1500
5 B 7 1000
1000
\ / 500
. . 0 0
BATEM1 EM2 F GB GT P1 P2 S1 S2 EMI EM2 GB GT Pl P2 PM
-10 0 10
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Py Prat  SIZING PLOT Hybrid Airplanes *|

¢=_ ¢ - 10} | Y| T I RTER |
I IIIIIIIII IIIII|III 1
Ps2 4 Ps1 Ppat + Py gl
Distr. Electric P Isi C tional 10 0 10
ISTr. ElectriC Fropuision onventiona
30 ] \ n ] 1 1 1 30 1 1 1 L]
E \\ 2 Cruise Cruise Conventional A/C
E 4] o Take-off Take-off Conventional A/C
E N Landing Landing Conventional A/C
g \‘ = Climb TO First Segment -Climb TO First Segment Conventional A/C
\1 \ = = = Climb TO Second Segment - = =Climb TO Second Segment Conventional A/C
25 b — " Climb TO Final Segment |- 1o W | SN S S Climb TO Final Segment Conventional A/IC |
g \ Enroute Climb Enroute Climb Conventional A/C
a \ ') ——— Approach —— Approach Conventional A/C
\\ —— Balked Landing —— Balked Landing Conventional A/C
20 20
‘g '
< <
= £
aEar pstGT  2™°f
& - “1-- 2
i ~— - -
2 Smallest EM2 Aia ™ g
10F < 10F
L
e . \
| ATR42 I |
. crulse Smallest cruise
CLMAX = 3.84 wing CLMAX =2.70
Lnd Lnd
D 1 L 1 L D 1 1 L 1 L
0 20 40 60 80 100 120 0 20 40 60 80 100 120

(W/S),, [Ib/ft] (WIS),, [Ib/t*]
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Conceptual Design Assessment of Advanced
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“La nostra immaginazione e tesa al massimo; non, come nelle storie
fantastiche, per immaginare cose che in realta non eS|stono ma
proprio per comprendere cio che davvero esiste.”

Richard Feynman
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