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Aircraft Subsystems — Conventional and All Electric

» Aircraft and equipment systems and subsystems are essential for the performance, safety,
controllability and comfort

Conventional Subsystems Architecture (CSA) Electric Subsystems Architecture (ESA)
Propulsive Propulsive
power power
= “Bleedless” architecture
= Hydraulics removed <
Non-propulsive = “Power on Demand” Non-propulsive
(secondary) power vy
¢ 0 I (secondary) power
off-takes “off-takes”

1

Electric power

Hydraulic power
i’ ‘1’ Electric power
Flight controls Avionics GB: Gearbox ECS v Flight controls
- — P: Pump Avionics -
Landing gear Lighting G: Generator Landing gear
IPS Lighting
Thrust reversers Galleys & IFE IFE: In-Flight Entertainment Thrust reversers
- IPS: Ice Protection Systems Galleys & IFE Wheel brakin
piheebraking ECS: Environmental Control System g
Ground steering Image: www.cfmaeroengines.com Ground steering
- S ———
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More Electric Aircraft (MEA) — An Intermediate Step

» Due to technological risk, the transition to All Electric Aircraft (AEA) will be progressive
» More Electric Aircraft (MEA) will appear in between
» Some subsystems, but not all, will be electric

»  Such aircraft have already entered service — Airbus A380 and Boeing 787

=  Question: Why do the A380 and B787 have different electrified subsystems?

=  Question: How should the MEA designer decide which subsystems to electrify?

www.airbus.com

Two in-service Ly
€@ More Electric =D

Aircraft
Airbus A380 Boeing 787
»  Electrohydrostatic Actuators (EHA) . Electric (bleedless) ECS architecture
" Electrical Backup Hydraulic Actuators (EBHA) . Electric wing ice protection system (WIPS)
] Electric thrust reverser actuation system (ETRAS) . Electro Mechanical Brake System (EMBS)
Georgialhstiute 5
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Consideration of Subsystems in Aircraft Conceptual Design

0.50
I Design objectives I 045 Landing
approach
Sketch or Wing geometry 0.40 speed
initial layout -af— selection and - 6\6“%«\
ue " eSlimate 0.35 7 “(\E\
A . / <@
weight ratio, 0.30 -
- O . . S . TS/WO
' < S T T
/
\ W;  for each 020
W;’.; mission / / / / |
/ segment 0.15 -
4
2 0.10 : : : /
W, guess 50 75 100 125 150 175 200
/ i Wing loading, W,,/S,, (Ib/ft?)
W, for each :c:frme (Notional curves are shown. B737
mission .scgment solution and A320 points were plotted based
on public domain information)

I W, calculated '

Refined sizing method (Raymer, Aircraft Design: A Conceptual Approach, 4t ed.[])

= Conceptual phase commercial aircraft sizing is driven by the design requirements:

= Payload & range requirements
=  Operational requirements (TOFL, Vapp, CRMACH, etc.)

» The aircraft subsystems affect this process
= Aircraft empty weight (OEW)
= Engine SFC (shaft-power and bleed extraction)
» Drag increments (ram air inlets, etc.)

Rt L 6 PACE A HAASDL




Integrating Subsystems Design in the Conceptual Design Phase

= For conventional subsystems, the conceptual phase Weight of flight control system
. . . [2]
designer has access to a vast historical database of (GD method) - 0.576
_ _ We, = 56.01 {(Wp,)(gy)/100,000)
information ¢

Weight of hydraulic, pneumatic, and
electrical systems (Torenbeek method)?!

» This database and regression equations provide a starting W. + Wgpg = 0.0078(W) 1.2,

int for estimation of subsyst ight e
pointtor estimation Ot su SyS em Welg S S p— wg is the empty weight in 1bs

= The conceptual phase designer of AEA/ MEA _[ :f::fa‘ft'gsn':l?:r" }
I ISSI
=  Will not have access to such a historical parameters
database or regression equations J J

=  Will have to account for significant [ Size / analyze ](_,[ Size / analyze ]—I
. . propulsion system air vehicle
interactions among subsystems

4 1 For each subsystem:

A Drag \lr
A Weight

= Conceptual phase design of AEA/MEA can be m | Deriverequirements |

facilitated through a methodology where

= subsystem sizing/analysis is done in Iterate to convergence

. ) | Identify sizing condition(s) |
parallel with that of vehicle and propulsor U [Simulote & propagete effects |
= subsystem characteristics are fed back

into vehicle and propulsor analyses

I Model relevant components |

Bleed req’ment and/or shaft-power req’ment

| ofiTech '
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Objectives and Proposed Approach

Define high-level
1. Develop / identify methods suitable for subsystem aifcr::rf;::t';ssm" ]‘
sizing in conceptual design phase
h 4

[ Size / analyze Size / analyze
' Ision syst ’ E al ir vehicl
2. Integrate methods into a framework that allows propurbon sy em air vehicle I |

Ly t For each subsystem:

comparison of the vehicle and mission level jmzm J
effects of CSA and ESA architectures m | |

Derive requirements

I Model relevant components |

Iterate to convergence

3. Demonstrate and evaluate the effect of “cycling” U U Identify sizing condition(s) |
|

the design to capture the “snowball” effects of
subsystem architecture changes

Simulate & propagate effects |

Bleed req’ment and/or shaft-power req’'ment
Test case: single-aisle narrow-body aircraft

Parameter Symbol Value Subsystem/function CSA ESA
Wing reference area Sw 124.8 m? (1,343 ft?) Actuation subsystems
7 span bw 34.3 m (112.6 ft) Control surface actuation Hydraulic Electrohydrostatic
7 sweep (25 % chord) Acss 25.02 ° + Electromechanical
aspect ratio Au 9.2 Landing gear actuation, Hydraulic Electromechanical
" taper ratio Aw 021 braking, nose-wheel steerin
* loading Wro/Su | 6225 ke/m? (1205 Ib/f) | —— & o p— f = _ o~
Sea-level static thrust Tsr, 242.9 kN (54,600 1bf) nvironmenta -con ro’ system neumatic ectric
Thrust-to-weight ratio Ts./Wro 0.3189 Ice protection system
Operating Empty Weight OEW 41,871 kg (92,310 1b) Wing ice protection Pneumatic Electrothermal
Maximum Takeoff Weight | MTOW 77,478 kg (171,201 1b) Nacelle ice protection Pneumatic Electrothermal
Payload Wpy 14,987 kg (33,040 1b) Taxiing Engine thrust Electric
 Georgiall '
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Control Surface Actuation — Actuation Loads

Flight Conditions
= Ailerons: FAR 25.349 — Rolling conditions (V,, V¢, Vp) "
. Elevators: FAR 25.255 — Out-of-trim characteristics

=  Rudder: FAR 25.149 — Minimum control speed (Vyca) Kruegers x 2 Kruegers x 2
FAR 25.351 — Yaw maneuver conditions
| |

. Flight spoilers: Emergency descent at design dive speed (Vp)
. Ground spoilers: Extension at max rated tire speed
. High-lift devices: Extension at max flap extension airspeed (Vgg)

T
ref *2 | fFx2
— — ) ‘ _ ‘ \
Gnd. spoilers x 4
400 1
Ailerons x 2

FIt. spoilers x 4 FIt. spoilers x 4

5\g\9 * A (][]

350 Elevators x 2
300f TEF: trailing-edge flap
& 250 '
ry Elevator "
g 200 & Rudder | Rudder x 1
i 150 V), limit
100 Fit. Actuation requirements for baseline aircraft control surfaces
50/ Aileron Spoiler " -
\ | Control Surface | Actuating Load Rate #/Aircraft
0 A u Ailerons 4,200 Nm 60°/s 2
160 200 240 280 320 360 400 Elevators 7,600 Nm 60°/s 2
Equivalent Airspeed (kts) Rudder 8,200 Nm 600/3 1
Load characteristics thht SpOileI'S 4,200 Nm 600/5 8
= Ailerons, elevators, rudder — hinge moment coefficients 3! Ground spoilers 3,800 Nm 40°/s 1
Flight & d i hi t Ficients [ Trailing-edge flaps 51,000 N 102 mm/s 4
n J—
.Ig | grOl.Jn Spoi er§ |.nge moment coefficients Leading-cdge slats 6.300 N 60 mm/s p
= High-lift devices — scaling wind-tunnel results [5:€] Krueger flaps 5.600 Nm 16°/s 1

(or matching specifications of existing actuator)




Control Surface Actuation — Actuator Models

= Two types of electric actuators were modeled
= Electrohydrostatic actuator (EHA)
= Electromechanical actuator (EMA)

= Based on control surface actuation
requirements (load, speed, stroke), actuator
models were created to estimate
= Weight [59] EHA EMA

=  power [10]

Electrohydrostatic and Electromechanical Actuators [7]

= The following association of actuators to
control surfaces was considered @
= each aileron — 2 x EHA

= each elevator — 2 x EHA

= rudder-3 x EHA

= each spoiler— 1 x EHA

» each L/E device — 1 x EHA
= eachT/E flap -2 x EMA

- @5‘/
»  The conventional hydraulic system was not

modeled in detail. Instead its weight was @
estimated from empirical relationships [2]

*
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Landing Gear Actuation

= Landing gear weight was set as a fraction of the aircraft MTOW [11]

= Kinematic parameters were set based on gear leg length [12]

=  Gravitational moment predominates during retraction/extension [3l

=  Actuator ram position and force were obtained by solving the linkage kinematics

Va2 + b2 — 2abcos(d + @),
Wig £egcosf /a? + b% — 2abcos(6 + ¢)
Nm @ b sin(0 + ¢)

c(0) =

= Max force, max rate, and stroke were identified. Retraction at max actuator rate was assumed

max F(0),

- m) — eu )
o | s = c(0dn) — c(Oup)

Umaxz =

Landing gear geometry and kinematics

8

At (1—¢)’

Summary of landing gear geometry & kinematic parameters

Parameter | Nose gear Main Gear
Retraction ng 2.26 m 3.68 m
actuator BC (a) 0.09 Ly 0.09 Ly
- CA (b) 0.28 Ly, 0.28 Ly,
43 CG (£ey) 0.5 Ly, 0.5 Ly,
“Eele é 80° 80°
= Wi, 0.5% MTOW | 1.25% MTOW
Fixed: B,C.a. b, ¢ Mhn 0.80 0.80
In transit Changing: ¢, Oup, Oan -20°, 90° 25°, 90°
At 15 sec 15 sec

12
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Wheel Braking

Braking force requirements were obtained by considering 2 static cases ['4 & 2 dynamic cases [1%]

Case description | Full-throttle run-up | Parking on incline Accelerate-stop Landing decel.
" Case type Static (S1) Static (S2) Dynamic (D1) Dynamic (D2)
y Aircraft weight MTOW MRW MTOW MLW
_ : & | Thrust setting Max. SLS - Idle Idle
N - —?—L/ Ground speed - - 72 m/s (140 kts) | 75 m/s (145 kts)
[N o R Deceleration - - 1.8 m/s°(6.0 ft/s”) | 3.0 m/s*(10 ft/s°)
F R Opposing gradient 1.1° 1.1° 1.1° 1.1°
W dV tot Motion __
Ffot — T—D—Ff+Wsin9——E, F, = n" . Braking
g brk force
. Braking force — Braking torque — Axial force F,
Braking
torque
" Brake “heat-stack” mass was computed based on Rotor 9
thermal capacity required to dissipate the kinetic .
energy (KE) within a permissible gross temperature rise Axial
_ force
AKFE = Mmps C ATmaz Fy N/
] Weight predictions obtained were in fair agreement with
published weights for steel and carbon-carbon brakes [16.17] Stator
Parameter Steel (CSA) C-C (ESA)
. For the electric brake, the mass of the EMA was added Specific Heat (c) 544.3 J/kg/K 1297.9 J/kg/K
to the mass of the heat-stack Permissible temp. rise (AT,40) 500° C 500° C
Friction coefficient (i) 0.3 0.3

Dissipated kinetic energy (AKE)

max. of D1 & D2

max. of D1 & D2

SOL




Nose-wheel Steering

Nose landing gear parameters were set based on conceptual design phase guidelines [1]

The conditions cited in FAR 25.499 (Nose-wheel yaw and steering) were used to estimate the
moment about the steering axis

= Aircraft at Maximum Ramp Weight (MRW)

= Vertical force equal to 1.33 times the maximum nose gear static reaction

= Nose gear side (lateral) force of 0.8 times the vertical ground reaction

The steering moment was computed from the tire lateral force using the steering geometry

nlg nlg
nws nl Fy nl Fy
Mma:[: = Leff Fy’%am = Leff Fnlg Fz1fmz = (:cﬁre COoSs 9-,-) FHIQ (ﬁl €s MRW)

Predicted steering moment showed good agreement with results from ELGEAR project (A320) [18]

NLG parameters Symbol Values . Sy
Front view Side view
Max. static load €s 15 %
Rake angle 0, 7° +— Rake
Tire radius Ttire 38 cm c i X Forward
Tire trail Ttire 18 % of tire radius '; -
NWS parameters Symbol Values @ ________
Deflection Omaz, Omin + 75° Tire radius
Rate Wrnazs Wmin + 20°/s l;jail




Environmental Control System — Cabin Air Requirements

= Cabin was considered divided into thermal zone
each with independent temperature setting

n 1 . e —Y [T —— -
Thermal loads considered: P A B . b p—
= Passenger metabolic heat load o T i
= (Galley loads, Electrical/electronic heat loads e _ e

" Heat exchange with ambient through cabin wall Thermal zones considered for ECS cabin model

=  Minimum mass flow rate was set

. v . .
mmn = /_\;Oﬂe : (based on air cycle time)
cycle

= Pair Vper pax Mpaxs (based on volume flow rate per occupant)

= Zone thermal load and inlet temperature constraints were used to determine
= Required mass flow rate
= Required inlet temperature

in = minm Cp,air (ﬁn,z - T), (solve for j:‘in,i)

Tini = min (T;}:ﬁm,max (Tiﬂf{lj‘m,i)) , (respect inlet temperature constraints)
o Qi .
m; = : (compute required mass flow rate)

Cp,air (Tin,i - Tz)

—

offTechr P A CE A Ky»s/4




Environmental Control System — Air Distribution & Recirculation

. Return air from cabin zones enters mixing
manifold (for recirculation)

Cabin Air
Compressors

. 50% recirculation was assumed

. Fresh (conditioned) pack air received from
two ECS packs

. Each ECS pack was supplied by 2 cabin air
compressors (CACs)

] Cabin zone with lowest inlet temperature
requirement sets the output temperature
from the mix manifold

. The temperature requirements of the
remaining zones are satisfied using “trim”
air (hot air that bypasses the ACMs)

P Q‘t - Thi C’p,a.i?' (Ts - T:c)
fremst Cp,air (T;&'mm - T"a)

= Source of fresh cabin air

=  Flectric ECS: external ram air
compressed by CACs

= Conventional ECS: engine bleed air




Ice Protection System — Computation of Required Heat Flux

Protected areas
= Slats2,3,4,5,6,7
= Engine nacelle inlets

Required heat flux depends on ambient
conditions and also the target skin temperature

» Evaporative systems: 37 — 50 °C
» Running-wet systems: 4 — 10 °C

Surface heat flux is the resultant of heat fluxes
from five processes [19:201;

= Convection

= Sensible heating

= Evaporation

= Kinetic heating

» Aerodynamic heating

qtot = QConv + q-sens + QBvap + q.kz'n + q.'a.ero

) Nu k
Qeconv — hO (Tskin - Too): h’D - T 0
V. C
Nu = 0.0206 Re*/5 pr/3, Re=L"x%  p,_HK»
H ko
ésens - mlocal (AT((I o n) Cw+ N ci) +n Lf)
AT = Tuin—T n:Cw(Tref*Tm)
SKiN o0y Lf b

Ry, €oo — €ski
(jeva.p = min (mlocalLeg — 0.7 hl) Le w)

PocClp

Q.'kin = _mlocalT
; —1
Qaero = *Rc h‘O (72) Mgo Too
R. = 1-099 (1- Pr%%),




Ice Protection System — Pneumatic & Electrothermal

Spacers

Cross feed
@ Intermittently heated area
Seal to shed local ice formation
e
X\
‘\,e

Typical slat cross
section

Piccolo Tube

Pneumatic IPS Electrothermal IPS 2]
QI'tot tskz’n
Twa” = Tskin + k— ~ lskin . Mice
skin Qeye = (Ci (Tref - Too) + Lf) .
_ Gtot theat
Thay = T g :
bay wall + hint qeff = q})s ﬁ:ps ‘l_ QCyc (]. — fips) HcyC:
. Qtot Aprot P . Ap'r'ot qeff
Mpleed = req 3
Cp,air (T.supply - Tbay) Mheat
Parameter Symbol | Values
Parting strip area ratio Kips 20 %
Cyclic heating activity ratio Keye 5%
Heat “on” time theat 9 sec
Ice thickness to melt lice 0.5 mm
Protected area / wing Aprot | 3.45 m?
Protected area / nacelle ? 4.01 m?
Overall heater efficiency Theat 70 %




Electric Taxiing

" Electric motors were assumed to be driving the main gear axles (as opposed to nose gear)
" Main requirements are acceleration, max taxiing speed, and achieving breakaway torque

Scenario Initial speed | Final speed | Time interval | Gradient | Loadout

Acc. to max taxi speed 0 kt 18 kt 90 sec - MTOW

Acc. for runway crossing 0 kt 10 kt 20 sec - MTOW

Maintain max taxi speed - 20 kt - - MTOW
Achieve breakaway 0 kt - - 1.5 % MRW

=  Alinearly-reducing acceleration profile was assumed to compute velocity as a function of time

249 ¢ Umaz 2
Omaz = A—t’ a(t) = Gmazx (1 o E) = ,U(t) - U(O) + @mast — m t

] The required tractive force per tire was used to compute max torque and power requirement

1 dv F ) r i Electric Taxiing Motor Shaft Power Requirement for Accelerating to 20 kts Taxiing Speed
Fcl: o Ff"‘mi Tm(t) = 7‘1( ) e e) 60, T T T T T T T T T T o075
2 dt ul
m B —n=0.80
iw """"" n=085
Tmlt) v(E B + Taxiing speed
Pm(t) = Tm(t) wtére(t) = M, :i’ | |
Ttire E‘m
= P, = max P,(t), S st 1
Tm,mazx tEIl[’(l)a,i(t] Tm(t), m,max tél[}),i{t] m( ) g
gzo_ ------------------------
*  Predicted motor power compared well with %m_ _
published figure from Airbus/Honeywell/Safran ® e -
“Electric Green Taxiing System” (EGTS) test B —— LB wm wm w0 m
program (2 x 50 kW, A320 aircraft) [22] me (s)

Figure 9. Shaft power requirement (kW) for each of two electric taxiing motors for acceleration to 18 kts
taxiing speed in 90 seconds. Aircraft MTOW is 79,000 kg. Rolling friction coefficient 0.03. Nose landing gear
weight fraction 15 %. Efficiencies are for power transmission downstream of motor output shaft.
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Integration of Methods & Models into Pacelab SysArc Environment

Actuation subsystems + Electric Taxiing

[ N N N O ™ ™ O ™~

»  Subsystem component
models, methods, etc.
were incorporated into
Pacelab SysArc
“‘Engineering Objects”
(EO’s)

Environmental Control System (ECS) =  Several existing EO’s
were used, with
‘ A | &) | »£2 modifications made
CMPT : Ram Air Ram Air
Thermal Outlet Vent| Inlet Vent Mahl'qili}‘(old Elgglsal-é)é CAc 270 vDC Inlet Qutlet Where necessary

=  No detailed model of

Ice Protection System (IPS) conventional centralized
—— hydraulic architecture
was created
Piccolo Piccolo
\ i Tube Inlet | Tube Outlet
. Georglalwuﬂn:@ 22 e
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Power Generation and Distribution

= The Electric Subsystem
Architecture (ESA) was built

around the Power Generation & ( Batt |
Distribution system = i=: L
e.o -RAT gAumncls
o RS RN i
. W V3,
» Partly based on the architecture y/4 ﬂ ﬂ ,’:f:x(::"’ ,, ﬂ ﬂ Y
of the Boeing 787 [24:25] P .+ 27 A P . + st 3

//1(230vac }-{ 230VAC

‘\‘J\
“-4 230vac }-{ 230vac |

= Sizing of generators based [e] H @
power consumption of flight- ATRU RU [ A& (ATRU | T
critical systems during One S S
Engine Inoperative (OEI) flight ':*t:;:}___ s . /::;:i:'
,” ] DC loads ) \‘. _ _“_—:' ___________
= APU sizing driven by ECS ! ECS )( Wheelbraking ] | Lagend
operation on ground E[ Flight controls ][ Nose steering | i:' ACloads ! il:>N°fma| E
E[ Landing Gear ] [ Thrust reverse ] ii i i'::-':::::::"s‘a"“p/ Contingency i
= Electric loads (e.g. control [ RPDU | [ esacy Power ] /1 (ceprotection ]| 1 ===~ Contingency
surface actuators) were R iy T Nmmmmeeoe- < N ] motor speed controler”

connected to electric busses in
a manner similar to association
of hydraulic actuators to
redundant hydraulic systems




Subsystem Architecture in Pacelab SysArc — Logical Connections

Power gen & dist.

-

LG actuation,

. brakes, .
L/E devices steering, e-taxi L/E devices

WIPS WIPS
S oilers 0| ers .

Aileron
T/E devices -

Elevators & Rudder

TlE devices

Georgialln S fute
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Subsystem Architecting in Pacelab SysArc — Physical Connections

J% AllHectricAircraft_May23 ]kf Aircraft Systems]

Routing algorithm: l

Used to translate logical
connections (port-to-port)
into physical connections
using sized physical
connectors (e.g., wires,
pipes, ducts, etc.)

S

| |
] ]
= =
= =
] ]
[ [
] ]

RotX Roty Zoom

| Georgialhstite e — l
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Estimating Change in Aircraft Operating Empty Weight (OEW)

=  Empirical relationships were
used to estimate Aweight
due to deletion of hydraulic
& pneumatic systems

= Power-to-weight ratios of
generators, APU, & ATRU
were based on public
domain information

» Electric taxiing system was
not considered further
(more likely to be a retro-fit
for short haul operations)

= Change in fixed equipment
— change in vehicle OEW
— change in required fuel
— change in vehicle MTOW

Deletions Additions A Mass (kg)
Hydraulics & pneumatics —540
Conventional surface controls —1,451
Electric CS & LG actuators + 996
Conventional brakes (x 4) —760
EMA brakes (x 4) + 582
Electric nose-wheel steering + 79
Pneumatic WIPS & CIPS —61
Electrothermal WIPS & CIPS + 95
ECS Cabin Air Compressors (x 4) + 80
(50 kW each, 2.5 kW /kg)
2 x 120 kVA generators —87
(2.76 kVA /kg)
4 x 135 kVA generators + 196
(2.76 kKVA /kg)
Additional wiring/cabling + 84
ATRU (x 4) + 130
Higher capacity APU (from + 98
100 kW to 280 kW, 1.83 kW /kg)
Net fixed equipment A Mass : — 560 kg (— 1,232 lb) « —-2,899 + 2,339

26
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Mission Definition and Engine Performance Tables

= Engine decks for mission performance analysis were generated using the
Numerical Propulsion System Simulation (NPSS) tool 271, which was used to
generate two engine decks
» for CSA-design: shaft-power extraction + bleed (i.e, mixed off-take)
= for ESA-design: only shaft-power extraction

= Engine decks were representative of the CFM56-7B27 engine [28], but did not utilize
or contain any proprietary information

Cruise
(379.7 min, M 0.75, ICA 33 kft)

Reserve fuel:

Climb Descent 200 NM div.

(14.3 min) (27.4 min) 30 min hold
Taxi-out  Takeoff Landing Taxi-in
(6 min) (1.6 min) 3,000 NM (5 min) (6 min)

<€ >
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Subsystem Activity Schedules

Surface — Aileron Elevator Rudder Flt. Spoiler

= Control surface Phase | | 16/-48 f(Hz) | 48/  f(Hz) | +6/4 f(Hz) | & 1 (Ho)
movements were Ground +1/-1 0.4 +1/-1 0.4 +1/-1 0.4 1 0.4
characterized by Takeoff | +0.12/-0.2 04 +0.2/-0.2 0.4 +0.2/-0.2 04 |012 04
amplitude and Climb | +0.12/-0.2 0.2 +0.2/-0.2 0.2 4+0.2/-02 02 |012 0.2
freq uency for each Cruise +0.5/-0.5 0.4 +0.3/-0.3 0.4 +0.3/-0.3 04 0.5 0.4
flight phase Descent | +0.12/-0.2 0.3 | +02/-02 03 | +02/-02 03 |0.12 03
Landing +0.4/-0.53 0.3 +0.53/-0.53 0.3 +0.53/-0.53 0.3 0.4 0.3

=  Figures for cruise are
representative of a

turbulence encounter CDA & AEA Unit | Ground | Takeoff | Climb | Cruise | Descent | Landing
Instruments kW 8 8 8 8 8 3
In-flight entertainment kW 10 10 10 10 10 10
] Common loads were Galley loads kW 0 0 40 40 0 0
scaled from preVi ous . Esse;t.lal hfhtllng ix 180 180 180 180 180 180
. ngine-driven fuel pump
AEA studies Electric fuel pump KW 8 8 8 8 8 8
ECS recirculation kW 5 5 5 5 5 5
. E/E cooling kW 6 6 6 6 6 6
u
FOE both archl.tectu rfes, Miscellaneous loads kW 5 5 5 5 5 5
50% ECS recirculation + Only CDA Unit | Ground | Takeoff | Climb | Cruise | Descent | Landing
was assumed Hydraulic system kW 0 14 22 21 22 19
ECS kg/s 1.05 1.05 1.05 1.05 1.05 1.05
B . Wing TIPS (running-wet) | kg/s 0.97 0.97 0.2 0 0.31 0.97
= IPSsetto "OFF”in Nacelle IPS (evaporative) | kg/s | 1.13 1.13 2.58 0 1.09 1.13

cruise for both designs
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Propagating Effect of CSA-to-ESA Architecture Transition

Baseline Intermediate Uncycled Cycled
CSA ESA-Il : ESA-U Resize  [ESA-C
Factor in hicle &
CSA—>ESA OEW vehicle
A propulsor
Hold... Hold... £ \ g
" OEW, " geometry, - i
' ( geometry, | | thrust ! :
thrust
S, (sq.ft.) 1,343 AS, - AS, - AS, -2.92%
W/S (psf) 127.5 AW/S -0.88 % AW/S -1.98 % AW/S -
SLST (Ibf) 54,600 A SLST - A SLST - A SLST -2.92%
T/W 0.3189 AT/W +0.88% AT/W +2.02% AT/W -
OEW (Ib) 92,310 A OEW - A OEW -1.69 % A OEW -2.97%
MTOW (Ib) | 171,200 AMTOW | -0.88% AMTOW | -1.98% AMTOW | -2.92%
Fuel (Ib) 38,704 A Fuel -3.50% A Fuel -4.20 % A Fuel -5.12%
CSA: Conventional = Isolates the effect of = Isolates the effect of = Captures the additional
Subsystems transitioning from mixed CSA—ESA with fixed “snowball” effect by

off-take to “bleedless” propulsor & geometry “cycling” the design

Architecture

Iteration affects vehicle,
propulsor, and
subsystems

Shows that increased .
range and/or payload
capability is possible

ESA: Electric .
Subsystems
Architecture

Shows that it is possible .
to absorb some amount
of OEW increase

off Techmn
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Conclusions & Future Work

Conclusions:

»  Subsystem sizing and analysis methods suitable for the conceptual aircraft design phase were
developed / identified for major aircraft subsystems

» Actuation subsystems (flight controls, landing gear, brakes, steering)
= Environmental control system (ECS)
= |ce protection system (IPS)

» These methods were integrated into an environment (Pacelab SysArc) that allowed the
propagation of subsystem effects on the aircraft and its mission performance to be analyzed

= A proposed methodology to integrate the sizing and analysis of subsystems into aircraft
conceptual design was demonstrated by considering the vehicle and mission level effects of
transitioning from conventional to electric subsystem architecture

Future work:

» Enhance the physics modeling in the analysis methods used
= Consider additional subsystems (e.g., thrust reversers, etc.)

= Consider the effect of electric subsystems on different categories of aircraft:
(general aviation, business jets, commercial transports of varying size)
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Comparison of Predicted H.M. with F-18 SRA Flight Test H.M.
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(a) Abrupt roll doublet - full stick (left): M = 0.72, h = 25 kft,  (b) Abrupt aileron reversal - full stick (left): M = 0.84,
g-bar = 13.60 kPa (284 Ibf/sq.ft.) h = 25 kft, g-bar = 18.29 kPa (382 lbf/sq.ft.)

Chakraborty, 1., Trawick, D., Hegde, C., Choi, H., Mendez-Ramos, E., Mavris, D.N., “Development of a Modeling and Simulation
Environment for Real-time Performance Analysis of Electric Actuators for Maneuvering Flight”, 51st AIAA Aerospace Sciences Meeting
Including The New Horizons Forum and Aerospace Exposition, Grapevine, TX, January 7-10, 2013, AIAA-2013-0471

Hegde, C., Chakraborty, |., Trawick, D., Choi, H., Mendez-Ramos, E., Mavris, D.N., “A Surrogate Model Based Constrained Optimization
Architecture for the Optimal Design of Electrohydrostatic Actuators for Aircraft Flight Control Surfaces”, 51st AIAA Aerospace Sciences
Meeting Including The New Horizons Forum and Aerospace Exposition, Grapevine, TX, January 7-10, 2013, AIAA-2013-0470
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Control Surface Definition in Pacelab SysArc

Iy Modify Compartment i | “
~ | Compartment Dialog P
e ] T S— 2l
Y Parent Object = Rightlting = z =
5 o BT ) EO Name AileronRight
" EO Type
Lot i = PParameters (Control Surface)
© absolute 1055884858 m  [m](iF] [k ] "
relaiive. 6154 % half-span 0 ControlSurfaceCornerPower | 4473 kW |
Tk e @ ControlSurfaceMaxRate 60 deg/s
[T | @ sbaoluie 1825861716 m  [=)id) [k ) @ ControlSurfaceType Aileron
relsive (23,00 * hatf-span @ CSMaxDefDn 20 deg
) Leading-Edge Constraint & CSMaxDefUp 20 deg
= :;; == - [ FlapChordRatio 5%
JFANEC ey e @ HingeLocation [11%
: ) Traling-Edge Conatraint & HingeMoment 4271 Nm
S St o] om =16 @ HingeMomentComputed 4271 Nm
i @ 85 % ct
s FZE.M e 22 @ HingeMomentOverride | False L
z z P HingeMomentSpecified 1Nm
@ sbsclute [0m =E @ MotionType angular
i @ NumberOfActuators 2
Ol Parameters (Dimensions)
e = =)= cf Ydd | 22847,12384,-43.55
@ EndPositionAbsolute 1425m
ooc ] [ @ EndPositionRelative 83.08 %
@ Length | 3696 m
‘ @ StartPositionAbsolute 10.56 m =
@ StartPositionRelative 61.54 %
Y @ Volume 01548 m*
\ - IParameters (Parent Component)
\ ' 30) AileronRight
3-D View @ ParentComponent | Right Wing
2@ ParentLoftingBody (Local)
‘ Referencelength 1716 m
= |Para (Ports)
. InMechanical.CornerPower 4473 kW
@ InMechanical MaxAngularDisplacement | 20 deg
& InMechanical.MaxAngularVelocity 60 deg/s
@ InMechanical MaxForce 0 kN
@ InMechanical MaxLinearDisplacement |0m
’ n Inhdachanical Mavl ineari/al i O ralc X
o

Parameters (Dimensions) |
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Predicted vs. published actuator weights (Aviation 2013)

Table 5. EHA Weight Estimate - Calibration

Program F-18 SRA flaperon Typical tandem EHA
Source Navarro® Sadeghi & Lyons*”
Stall load (Ibf) 13,300 32,000
No load rate (in/s) 7.7 8.0
Stroke (in) 4.5 -
Architecture 1 3¢ PMM — 1 FDP | Dual EH channel, 2 TC/surface
Published weight (Ib) 41.5 159.5
Predicted weight (Ib) 42 164

Table 6. EMA Weight Estimate - Calibration

Program F-18 SRA flaperon Transport spoiler C-141 aileron
Source Jensen et al.’ Fronista & Bradbury*? Thompson®
Stall load (Ibf) 13,200 50,000 19,050

No load rate (in/s) 6.7 7.0 4.65
Stroke (in) 4.125 6.0 5.43

Architecture 2 3¢ BLDCM — 1 BS 1 5¢ SRM — 1 BS 2M/GB — 1 BS
Published weight (I1b) 26 39 35
Predicted weight (lb) 26 40 37

Chakraborty, I., Jackson, D., Trawick, D., and Mauvris, D.N., "Development of a Sizing and Analysis Tool for
Electrohydrostatic and Electromechanical Actuators for the More Electric Aircraft”, AIAA Aviation 2013
Conference, Los Angeles, California, August 12-14, 2013, AIAA-2013-4282

Chakraborty, I., Trawick, D., Jackson, D., and Mavris, D.N., "Electric Control Surface Actuator Design
Optimization and Allocation for the More Electric Aircraft", AIAA Aviation 2013 Conference, Los Angeles,
California, August 12-14, 2013, AIAA-2013-4283
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Weight Comparison between Config 1 & 2 (SciTech 2014)

Table 7. Weight comparison between Configuration 1 and Configuration 2

Control surface Actuators Config. 1 Weight (kg) Config. 2 Weight (kg)
Name # | Act./surf. Design Unit Group Design Unit | Group
Aileron 2 2 EHA 15.8 63.2 EHA 15.8 63.2
Elevator 2 2 EHA 25.6 102.4 EHA 25.6 102.4
Rudder 1 3 EHA 27.0 81.0 EHA 27.0 81.0
Flight spoiler 8 1 EHA 10.2 81.6 EMA 9.0 72.0
Ground spoiler | 4 1 EHA 8.4 33.6 EMA 8.9 35.6
Krueger flap 4 1 EHA 19.9 79.6 EMA 134 53.6
LE slat 8 1 EHA 16.3 1304 EMA 9.7 77.6
TE flap 4 2 EMA-LS | 44.5 356.0 EMA-LS | 44.5 356.0
Total Weight of Actuators — Total — 927.8 Total — 841.4
Electrical Wiring Len.(m) | AWG | Wt.(kg) | Len.(m) | AWG | Wt.(kg)
571 4/0 44 571 4/0 544
Total Architecture Weight — Total — 1471.8 Total — 1385.4

sn B

Configuration 1 Configuration 2

Chakraborty, I., Mavris, D.N., Emeneth, M., and Schneegans, A., "A System and Mission Level Analysis
of Electrically Actuated Flight Control Surfaces using Pacelab SysArc”, AIAA Science and Technology

Forum and Exposition (SciTech) 2014, National Harbor, Maryland, Jan 13-17, 2014, AIAA-2014-0381




Wheel Braking

“Goodrich 787 Electro-Mechanical Brake”, available online:
http://utcaerospacesystems.com/cap/Documents/

Tlemperature and Residual Heat
S 777 Brake Temperature Versus Time

- (D[N 40 seconds

10 MINUTES
I-

EICAS MSG

| -
Temperature (°C) K..BRMETEW

40 50 60
e Bosarg Company Time (Minutes) W100g.30

Rob Root, “Brake Energy Considerations in Flight Operations”,
Flight Operations Engineering, Boeing Commercial Airplanes,
September 2003, available online: www.smartcockpit.com




Nose-wheel steering moment (ELGEAR project)

e Supply voltage: =270V dc. - I * '_:?;?nzonis"c
g .
e  Peak torque: 7000Nm 3
F » . " " . 0 ‘ " .
e Max operating speed: 18.5%sec ‘;.95 85 -5 65 55 45 35 25 15 5 | 5 15 25 35 45 55 65 75 8 5
g 2
e Peak output power: ~1kW o
-6

* A320 variant was not specified.
NWS Absolute steering angle (%)

Figure 2-10: Torque/angle profile for ELGEAR NWS.

Ramp weight vs. predicted steering moment "
-5 4

E
| MRW (kg) | Moment(Nm) [
68,400 (A320-100) 7,270 2 |
79,229 (B737-800) 8,421 "

Actuator speed (%s)

Figure 2-11: Torque/speed profile of ELGEAR actuator.




Air Cycle Machine Characteristics

Table 14. Air Cycle Machine parameters

1
C— compressor Parameter Symbol | Value
@ T-turbine IS fFici 0.75
1ir D diffuser ompressor efficiency Ne .
HX — heat exchanger Turbine efficiency e 0.80
Ram diffuser efficiency Mrd 0.95
Pack air AP/P [4h 0.18
Ram air AP/P e 0.06
HX max effectiveness €maz 0.80
Pack air stream:
1 =1
T, = T, (1 o (CPR i 1)) (26)
11
L T D ST (27)
TPR e Ty
W, = W, = Ihi—-Ty=T-T) (28)
P _ PP P_TPR 1 0
Py, P P P, CPR 1—p
Ram air stream:
-1
T, = T, (1 + 77 MQ) (30)
0
T, 1
Pl'r = Pa (”rd (?la - 1)) (31)
Py = P, (1—p) (32)
LT
© T BT (33
e = l—exp ()\(NTU)O'22 (exp (—)\71 NTUO'TS) - 1)) ... [(solve A) (34)
mrum = A Thpu,ck (35)
T, — T
TQT = Tlr + 2 3 (36)

A




Cabin Air Distribution & Recirculation Schematics

Electric ECS Architecture Conventional ECS Architecture

I ce s Cabin | | cabin
Zone 7 Zone 8
I Mixing Point
Fan
ALTERNATE
VENT Trim Air Valve |Z| | Mixing Unit %
UPFER OWER
RECIRC :
LOAD SHED OA y O
Peas +275hPa Engine

Muller C., Scholz, D., Giese, T., “Dynamic Simulation of
Innovative Aircraft Air Conditioning”, First CEAS European
Air and Space Conference, Berlin, Sept. 10-13, 2007, Paper:
CEAS-2007-466, ISSN 0700-4083
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Boeing 787-8 Flight Crew Operations Manual — The Boeing Company
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Fuel Savings vs. Risk, A320 (Jones, 2002)

5

f AEA Al Electric Aircraft
AEE All Electric Engine

DDV  Direct Drive Valve
D-1 De-lcing
ED Electro-Impulsive De-icing
ar EMDC Electric Motor Driven Compressor
E-M  Ejector-Mixer

Fuel F-M  Flow-Multiplier
Saving RMA  Remotely Mounted Accessories
T-C Turbo-Compressor
(4 3} vC Vapour Cycle
2 o
" 3

RISK —b

Fig. 6 Fuel savings relative to risks involved in adoption of changes considered on an A320

Jones, R., “The More Electric Aircraft - Assessing the Benefits,” Proceedings of the Institution of Mechanical Engineers, Part G, Journal

of Aerospace Engineering, Vol. 216, 2002, pp. 259-270




