-

brought to you by i CORE

View metadata, citation and similar papers at core.ac.uk

provided by Open Archive Toulouse Archive Ouverte

OATAO

Open Archive Toulouse Archive Ouverte

Open Archive Toulouse Archive Ouverte (OATAO)

OATAO 1is an open access repository that collects the work of some Toulouse

researchers and makes it freely available over the web where possible.

This is an author's version published in: https://oatao.univ-toulouse.fr/28156

Official URL: https://doi.org/10.2514/6.2019-2803

To cite this version :

Crabé, Charline and Joksimovi¢, Aleksandar and Benichou, Emmanuel and Carbonneau, Xavier A Methodology to
Evaluate Electric Environmental Control System Impact on Aircraft Drag and Mission Performance. (2019) In: AIAA
Aviation 2019 Forum, 17 June 2019 - 21 June 2019 (Dallas, United States).

Any correspondence concerning this service should be sent to the repository administrator:

tech-oatao@listes-diff.inp-toulouse.fr



https://core.ac.uk/display/478947843?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

A Methodology to Evaluate Electric Environmental Control
System Impact on Aircraft Drag and Mission Performance

Charline Crab¥ Aleksandar Joksimogi, Emmanuel BenichduXavier Carbonnedu

Institut Supérieur de I'Aéronautique et de I'Espace (ISAE-SUPAERO), Université de Toulouse,
Department of Aerodynamics and Propulsion, 31055 Toulouse, France

Due to strengthening of environmental constraints and current industrial
competitiveness, the airplane manufacturing industry is urged to turn towards an increase
use of sustainable energy sources. A prominent concept is airplane electrification, either of
the engine or various non-propulsive systems. In this paper, electrification of the
Environmental Control System (ECS), which is used for cabin pressurization and electronic
devices cooling, is analyzed. The objective is to develop a calculation method which allows to
study the impact of ECS electrification on the aircraft mission performance, by taking into
account the ambient air extraction impact on the aircraft drag. The method can be used at
early design, for a complete aircraft mission, and is based on penalty analysis methods to
convert the system performance impacts into fuel weight delta. In this paper a conventional
and a fully electrified architecture are compared for a short-medium range aircraft. While
the electrical ECS architecture is shown to be more advantageous with respect to the engine
performance alone, preliminary studies using the presented method indicate that a
conventional ECS architecture is more adapted regarding the overall aircraft mission fuel

performance.
I. Nomenclature

AMS = Air Management System Npax = Number of passengers (-)
CcC = Combustion Chamber Ns = Specific rotational speed (-)
CD = Cold day weather condition P = Power (kW)
Cq = Drag coefficient (-) p = Pressure (Pa)
CMP = Compressor Pri = Primary
D = Drag (kg) R = Air gas constant (J.kKgk™)
Ds = Specific diameter (-) r = Lift-to-drag ratio (-)
Qemp = Compressor diameter (m) Sec = Secondary
ECS = Environmental Control System T = Temperature (K)
GB = Gearbox TO = Take-off
HD = Hot day weather condition TRB = Turbine
HP = High pressure TSFC = Specific fuel consumption (kg'é")
HX = Heat exchanger W = Weight (kg)
Hag = Adiabatic head (J.Ky AD = Drag variation (kg)
IP = Intermediary pressure AW = Weight variation (kg)
IPS = Ice Protection System AP = Power variation (kW)
ISA = International standard atmosphere o = Security factor (-)
ki = Conversion factor = Heat capacity ratio (-)
MF = Mass flow rate (kgy P = Density (kg.n?)
Noz = Nozzle T = Phase flight time (min)
Neme = Rotor rotational speed (rpm)
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Il.  Introduction

The reduction of airplane emissions is of utter ami@nce to aeronautical industry due to its curigiobal
environmental footprint and the impact this willvieaon the future competitiveness on the market.elxample, in
the United States, NASA has published a roadmapezoimg the definition of a technology portfolio deal with
energy efficiency and environmental challenges2f@25-2030 timeframe with aggressive performancgetar[1].
Likewise, in Europe, a study was requested by EemopParliament in 2015 from Policy Department A ttog
Committee on Environment, Public Health and Footketga(ENVI) to evaluate necessary investment irie t
aviation sector to severely reduce its emissiohsT[2e OEM'’s is strongly encouraged to develop rieghnologies
to decrease its carbon footprint. Aircraft eleatdfion is a potentially suitable solution to reatttis goal.
Concerning the propulsive system electrificatioheré are typically six possible hybrid-electric putsion
architectures [3]. An exhaustive review of fixedagi airplane concepts with electric, hybrid or tweleatric
propulsive systems is given by Brelje and Martiis [

The electrification also concerns the airplane poopulsive systems. In a conventional aircraft foaver
extracted from the engine is transformed into foypwes of power available to the non-propulsive esyst
pneumatic, hydraulic, mechanical and electric. Hystems electrification commonly implies powerintge t
conventional hydraulic and pneumatic systems etedly, in order to remedy for their typical dravdba in terms
of negative impact on engine efficiency, difficalti to detect and manage fluid leakage and theablgzpipe
networks [5]. The electrical power can be suppbéter by an electric generator which extracts raaatal power
from the engine shaft or by an independent recladlgebattery. The electrification can have majpereussions on
the system architecture, not necessarily. The kgeBtion System (IPS) illustrates the first ca&etually, the
piccolo tubes blowing hot air at the wing leadirtges are replaced by electric heating resistangegeapelectric
elements [6]. On the contrary, the modificationg do Environmental Control System (ECS) electrifma will
influence only the minor subsystems upstream oEG8 pack.

As currently applied on the B787 [8], the studiegtenventional system in this paper is the fullyctrie ECS.
However, if there is ambition to move towards Aleé&ric Aircraft concept, the scientific communitgther advice
to firstly go through the intermediary More ElectAircraft. Indeed, the entire airplane electrifioa still required
maturation of enabling technologies such as powestr@nics, control, cooling requirements and atte(power
densities) [9].

The objective of the paper is to develop a caloutamethod to evaluate the impact of ECS electtion on the
aircraft mission performance for a short-mediumgeaairplane. This criterion to conclude about tleeteic ECS
interest is the fuel weight delta relative to cami@nal aircraft on-board fuel weight. Firstly ini$ paper, a general
description of ECS system is part Ill, followed &yeview of the ECS models found in the literattieen, part IV
outlines the methodology developed in the curremtkwwhich aims to encompass all the elementseélads ECS
electrification at first order level, by accountifigr the component/subsystem modifications impaty.oThe
respective components’ impact is expressed in tefnsgstem weight, system power consumption antesysirag
deltas. These deltas are translated into blockdsilg penalty analysis method developed by Mod Srabridge
[11]. The performance evaluation is carried outtieé to a baseline airplane with a conventionaSE@art V,
presents the application case, the Airbus A320 witlully electric ECS. The study is performed faotflight
missions with extreme ambient temperature conditidn order to assess the methodology robustness, t
parametric studies are carried out with the misgamge and the airplane passenger capacity asvémggbles.
Finally, part VI proposes a way to generalize thethad, along with potential improvements for thesanted work.

1"l State of the Art

A. ECS Overview
1. General architecture

ECS refers to aircraft equipment in charge of nanihg a comfortable environment for human beiradsng
with ensuring avionics cooling and protecting tiveraft against ice accretion on wings leading edgamperature
and pressure conditions are important for the pagEss, as human beings are sensitive to thesetmorgliwhereas
the electronic systems operation is mainly serssitovhumidity level. It means this system has twvjate air flow
regulated with respect to different constraintsiclwidepend on the target application. ECS is tyfyidcaoken down
into the following sub-systems (Fid):

1) Air Bleed Systepwhich extracts the flow from a source,

2) Air Management Syste(AMS), which regulates temperature and pressureptstant values at the pack

inlet and potentially at the wing Ice Protectiors&yn (IPS) inlet if the system is not electrified,



3) ECS packcommon to any ECS architecture), which adaptsitbelynamic properties of the extracted air
to meet the requirements form the cabin and thetreleic devices,

4)  Air Distribution System(common to any ECS architecture), which conducts &ir to the necessary
compartments.

Cabin

Distribution to
| Cabin & Avionics

[ Avionics
Air bleeding — AMS

Distribution to
IPS i

ECS pack

Fig. 1 Generic ECS architecture.

2. Conventional ECS

In a conventional ECS, the air is bled from twoiaegcompressor ports, usually named high press$tieg port
from a highpressure compressor stage and intermediary pref8)rport from a low pressure compressor stage.
Because temperature and pressure at the portseesanificantly over the mission and to limit thegene fuel
consumption penalties implied by the air offtakes bleed ports position is differently optimized étifferent flight
phases: the air is mainly bled at IP port duririgetaff, climb and cruise and at HP port during @egclanding and
taxiing. These two groups of flight phases are eeipely distinguished by high and low required ieegthrust
levels, which have an impact on temperatures actmepressor bleed ports. However, despite thisvopdtion,
about 2 to 5% of the engine fuel consumption duE@s is unavoidable. The non-negligible pressussds in
discharged valves notably contribute to make E@ifgest non-propulsive power consumer [12].

Concerning management of the extracted air praserAMS is in charge of regulating air at a tempeeaof
450 K and a constant pressure between 200 and BA0The temperature should not exceed the givare\al
order to avoid thermal damage of the pack compaene@imultaneously, it should not be lower than tragie, in
order to ensure good IPS operation. The pressukegs at a constant value to ensure continuousnaptpack
operation.

3. Fully electric or hybrid ECS

The full ECS electrification means using ambienti@stead of air bled from the engine. The Air Rl System
is therefore composed of a vanned duct which guigesambient air to the AMS to be pressurized agatdd up to
the levels required at the ECS pack inlet. Sinc& E&ctrification often comes together with IPcilécation, it
loosens the previously mentioned lower temperatwastraint for the electrical AMS. However, the lpac
performance is dependent on the inlet temperasoreggulation must be ensured.

The common definition of hybridization implies hagiboth the engine bleed air and the outside ailahle to
the ECS. It is then possible for the hybridizatratio to vary along the mission. This definitiondescribed as “in
parallel” hybridization. As previously studied by Parrillad]lit is also conceivable to bleed air from otlkeeagine
ports than from the high pressure compressor, mgdrm the lowpressure compressor only, or from the fan. The
ECS requires then assistance with an electricakdrcompressor to provide the same pressure lavdlse ECS
pack inlet. This technological solution is calleid ‘a series” hybridization. Parrilla [14] developadOD design
methodology to study this concept with NPSS (NuoarPropulsion Simulation System). According to tesults,
air bleeding from a low pressure compressor stafeseems to be promising solution for a regioeabjrcraft.

A successful ECS electrification has been alreaalyied out on the long range B787 Dreamliner. Bgein
estimates a block fuel saving of about 3% for #irplane size due to ECS electrification [8]. Hoe bther aircraft
ranges, there is no experience that would allowdtaw conclusions on viability of electrical subsyst
architectures. Even if the non-negligible presdosses in conventional ECS promise potential peréorce gain
with electrification, the latter causes an increakthe on-board weight for electricity productiand an additional
drag due to outside air extraction. These elementder the overall performance evaluation rathergiicated even
without taking into account concrete technologmaistraints (e.g. need for electronics cooling).
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B. ECS Modeling

ECS modeling methods found in the public domaierditure offer a purely thermodynamic assessmeipwit
considering the weight influence; they do not eaterthe generated drag due to auxiliary inlet &midivr they only
take into account cruise flight pha&mlimayer and Carl have developed a ®ibdel to evaluate the impact of non-
propulsive systems on the mission fuel mass ofi@mnadt at early design by using SYSFUEL simulatiool [13].
They considered three contribution factors fromhesecondary system: their mass, their power consampnd
their drag impact. From values of these paramedacs an engine model run at a specific operatingitpohe
mission fuel mass is calculated iteratively takimigp account aircraft systems requirements, thessary fuel mass
flow and aircraft weight. The wing area and thegiais range can be then recalculated. Later, Chaknaland
Mavris introduced a more exhaustive iterative masleich estimates the three factors based on peslsaircraft
aerodynamic and propulsive performance data atidadriveights as a function of the ECS performadata [15].
In the current paper, the focus is rather on dadimiof a preliminary sizing method to evaluate thetors of interest
for a specific airplane and a specific design fligtission. An engine model is used to obtain penfoice data of
the engine, which is designed without consideriog-propulsive system power extraction.

Since the three factors have different naturess mecessary to define a unique criterion whiclates the
parameters with each other in order to be able@topare architectures performance. The chosen agipisdo use
penalty analysis methods to deal with the paramepenparison developed by Moir and Seabridge [1hleyTl
established three equations to evaluate the fughtvéncrease due to system weight, system powletaké and
system drag. The selected criterion is therefoeefulel weight variation due to architectural diéfleces between the
conventional architectures and the one studiechis work. Long et al. [16] used this method to gmaland
compare two fully electric ECS architectures, vétid without an energy recovery unit (an additiaraddin pressure
outflow valve that contributes to thrust recovefy’]). With the system addition, calculated for seiionly, a
reduction in block fuel weight was observed. Thepased correlations of Long et al. for moto-compoesveight
estimation are applied in the current work, andrgsults are completed with works of Baljé [18]estimate the
ECS compressor diameter during early-design.

Concerning the definition of ECS design requireraghtaggiore et al. [19] have developed a methaize and
evaluate electric ECS performance. The requiredraiss flow rate in the cabin is estimated by catoug the
aircraft thermal power balance. The input datatfmr assessment are aircraft sizing characteriatics extreme
environmental conditions that can be toleratedheydirplane. Their goal is to size different EC#&ponents and
the results are successfully compared with CFDutation. A similar tool is presented in this papeevaluate the
ECS global power needs.

One of the parameters to estimate is the inducad df an air intake used for electric ECS. Rittet Krenkel
[20] have developed a method to compare the aeawdineffect of two different air intakes (“flushthd “scoop”)
on global airplane performance. The air intake qrenfince evaluation is based on ESDU 86002 [21]chvhi
outlines semi-empirical models to estimate thdraake drag and the pressure loss between the glatng and the
inlet throat; the model inputs are the mission afieg point description and air intake axial pasiton the fuselage.
The authors conclude that without an ECS systemefritbds method cannot be used to choose an optimaitake
type. The two air intakes have opposite behavidh wéspect to generated exterior drag addition iatetnal
pressure loss. However, for the current work, iswaportant to make a choice since it is necestaknow the
internal geometry of the air intake in order torgasut system performance evaluation. Thereforeaiarintake
which generates less pressure drop in selectedubedt allows to minimize the error made by netgtgcthe losses
in the pipe upstream of the electric-driven comgoes

IV. Methodology Outline

A. Input data
1. Aircraft definition

At early design, ECS sizing requires that the user knowledge of airplane geometry, the passengaber
and the cabin temperature need. In addition, theentimethod requires geometrical data to sizeathéliary inlet
for an electric ECS and aircraft aerodynamic detagrder to perform a complete performance calGuabf an
aircraft mission. The complete list of necessatadsprovided in part V.

2. Flight mission definition
The flight mission is divided in several short Aigsegments during which the data of interest aseirmed to be
constant. They are the operating points of theionisShe method allows both to size sub-systemstarestimate



their mission performance. For the sizing, two ioiss with extreme weather conditions have to bénddf The
first mission is mainly characterized by exceptibn&ot outside temperature, high flight speed andximal
number of passengers; the second mission is cleamed by very low outside temperature, low fligipeed and
few passengers. This way, ECS operation at allilples8ight conditions will be ensured since commuperating
points will always fall within the envelope definbyg these two extremes.

The extreme temperatures are commonly defined ficialf documents such as from the National Research

Council [22] (Fig. 2). The cruise Mach number igefil arbitrarily. For the second mission, it is soggad that the
aircraft is filled up to about one third of its gasger capacity.
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Fig. 2 Typical temperature design conditions for &ivilian aircraft, taken from [22]

3. Geometry definition

In order to study how the full ECS electrificatiamfluences the aircraft performance, an assessmokiiie
structural differences between the new and the emtwnal ECS is performed. The ECS pack architecisimot
changed despite electrification, whereas the AMSitecture is completely modified. The air takeraatengine

compressor stage port is replaced by ambient airpcessed by a motor-driven compressor. To run tbhtom
mechanical power is provided from the engine stiaf. 3).

| SOURCE | | AMS | | ECS Pack | AMS | | ECS Pack

oo |- 4 .
— B3 Pack E:bl'n ECS. Pack ;:birl
|_|r_| | J and and
Control P Avionic Avionic
val:uer: :ooTw 2pems 2ypems
(@) (b)

Fig. 3 (a) Conventional ECS, (b) Electrical ECS

B. Mass flow rate requirement

All the ECS architectures are sized for the cabirnrequirements over a flight mission, and thikakation is
independent of the ECS geometry. A method for dalitg the necessary mass flow for the cabin ippsed here.
Three different conditions have to be met for tlasgenger comfort and the fuselage structural @inttrdue to
difference of pressure inside and outside of therai.

The first condition is the minimal mass flow rateposed by certification requirements (EA®S-25 or FAA
Part 25) For civil aircraft, the minimum fresh air flowteais 0.55 Ib/min/passenger (0.00416 kg/s/passgnbeis
value has to be multiplied by the number of paseentp calculate the first minimal mass flow raquirement.

MFyentiation = 0.00416 * Npax (1)
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The second condition is the mass flow rate to enalcorrect pressurization of the fuselage. Orotteehand, to
correctly refresh air inside the cabin, some as t@mbe injected and the same proportion has tdisgsharged
outside the aircraft to maintain the cabin pressitine mass flow rate to provide is therefore prtipoal to aircraft
discharge surface. On the other hand, during dépterse, the cabin has to be progressively re-prigssl. For the
passenger comfort, the maximal speed of re-presgion is 11 mbar/min. The mass flow rate to respueize the
cabin is proportional to this speed and the calmlume. The required mass flow rate is the sum ek¢htwo
contributions.

MFpressurization = MFleakage compensation + MFre—pressurization during descent (2)

The third condition is the mass flow rate to eestlre required cabin temperature. For this calianatt is
necessary to fix the blown air temperature andstomate the total thermal power exchanged througtimicabin.
The first parameter is an input; the second paramedn be divided in four contributions: the thelrpawer
exchanged through the fuselage walls, the metalléomal power produced by passengers, the thepmaer
dissipated by the electrical loads (light, avioracsl entertainment) and the solar radiation [19].

p= Pwalls + Pmetabolic + Pelectric + Psolar (3)
P

Cp (Tcabin - Tblown)

MFtemperature control = (4)
At each operating point, the required mass flote ia therefore the maximum of the three calculataides,
which ensures that all the constraints are resgebiteaddition, a safety factar(>1) is added to the calculation.

MFrequired =ax* maX(MFventilation: MFpressurization' MFtemperature control) (5)

C. Engine bleed removal

To calculate the impact of the electrification imngparison to the conventional configuration, inecessary to
take into account the weight of the removed comptmeelated to engine bleed and the required pnecipawer
in the conventional AMS.

Three valves are used in the conventional ECS. Higle pressure valve (HPV) and pressure reductidveva
(PRV) perform regulation of the compressor stagesr$tream pressurd third valve, named flow control valve
(FCV), is used to control the mass flow rate. Thist fcomponent is purely pneumatically actuated] tre two
other valves employ electronic controllers for degjon [23]. For a fully electric ECS, only two vals are required
because there is only one air extraction patht(vs.engine bleed ports). The pressure valve casupposed to be
lighter in an electric ECS since it would be subgeldo lower temperature and therefore would nguire the same
materials as the conventional ones. Manufacturginenbleed air valve data sheets [24] indicate ateroof
magnitude of 2~3 kg for the weight of one convemtiovalve without electronics. However, the equevdldata was
not found for valves adapted for electrical ECS. Udeerefore, the valve weight modifications are tadten into
account in the proposed methodology. Results oéxample study (presented in part V) show than weght
component is negligible for the calculation at yasign.

Conventional pneumatic ECS is characterized (dftehccriticized for that) by significant energy foss a
consequence of necessity to bring the high temperaind high pressure air from the engine to meeaenditions
at the ECS pack. The temperature drop is takenaotount in the calculation of the power loss ia &MS. To
calculate this power, the presented method us€3 en@ine model developed in PROOSIS [25] an oljeiented
0D gas turbine system simulation software. The agschematic given in Fig. 4) is an in-house dmgwed cycle
based on public domain data on CFM56 engine, whimhers families of short-medium range airplaneshsag
A320 and B737. Additional bleed ports on high puesscompressor have been introduced for non-privguls
systems air off-take. Since the model is 0D, theedlports are characterized by enthalpy loss nagtin the
compressor element, ranging linearly between Gi@tcompressor inlet and 1 at the compressor elé. ports at
75% and 100% of the enthalpy have been chosernsimtbdel to simulate to IP and HP engine bleedsport
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Fig. 4 PROOSIS schematic of the used CFM56 engineoael
In the developed method, it is supposed that timral valves and the pre-cooler are capable ohtaaiing the

temperature at 450 K at AMS outlet. If the tempamatat the IP port is higher than 450 K, this vakiehosen for
the power calculation. If this temperature is loytbe value at the HP port is used:

Trer = 450K (6)

T o {> Trer = Tinter = Tip
1P < Tref = Tinger = Tup 7
APpneumatic = MFrequired *Cp * (Tinlet - Tref) (8)

Motor-driven compressor addition

To calculate the impact of the electrificationisialso necessary to take into account the weiftite additional
electrically driven compressor and the requiredtgi@aver for the motor. Power electronics and aliogosystem
are also required for the motor operation, but tleynot taken into account here. Since the gegnoétihe pipes
between the scoop inlet and the moto-compressosuslly not defined during early sizing, it is rmissible to
properly estimate the pipe pressure drop, and fiver¢he motor inlet pressure. By imposing a genpipe form, an
analytical relationship depending on the mass ftate or a fixed penalty factor could be used. ThSArequired
compression ratio is taken to be the ratio betwiberpack inlet needs and the ambient total pressure

The pack inlet requirement in this method is &dixalue of 250kPa for the pressure and a fixedevaf 450K
for the temperature. By assuming an isentropic cesgion, the required thermodynamic propertieshat t
compressor outlet have to reach the following v&lue

{ Tyer = 450K

Pres = 250 kPa ©)

ST { Pout = Pref
-
y-1 ( ref Tout = Toutlet,isentropic
Prer \ v Y
Toutlet,isentropic = linlet (p_> - _ < Tref )y—1 (10)
inlet l< Tref - Pout = Pinlet Tinlet
Toue = Trer

By assuming there are no losses through the nwtgpressor shaft power extraction, it is possibledlzulate
the required power for the system at any operagioigt of the mission:

APshaft = MFrequired * Cp * (maX(Tref; Toutlet,isentropic) - Tinlet) (11)
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Additionally, the weight due to moto-compressotaisen into account. With the correlations used.doyg et al.
[16], the maximal required power for the motor,rgjovith the compressor diameter can be convertedsiystem
weight increase:

P
Wiotor = zax
v (12
Wemp =2 (ka * demp )
{ k, € [2;2.05] (kW /kg) 5
k, € [1070; 3220] (kg/m?) (3)
AW = Wiotor + Wemyp (14)

Since the two missions with extreme weather comadttiare supposed to be the limiting cases of igétfl
envelope for the ECS, the maximal power for theanahd the maximal compressor pressure ratio aueneed to
be attained during these missions. For the mdterriaximalAPs,,0f the characteristic operating points of the two
missions is Ra. For the compressor, the pressure ratio reacha@sthé studied case. A compressor with two radial
stages is therefore necessary; during early defigrstages are assumed to be identical, withahe £ompression
ratio. The diameter is chosen with Baljé’s methbgl fo optimize the stage efficiency for the desigint using the
NsDs diagram:

( Ncmp MF/p
{I N; = JE . 3/4
* H
| Ds _ cmp ad
\ MF /p

(15)
To neglect the compressibility effects, the us¢hef NDs diagram is completed by checking that the estithate
tip Mach number M, is inferior to or near 1 [25]. The efficiency apization for design point is proposed here
without assuming any constraints on the maximalrated motor speed or the maximal compressor size.

demp 21
Matip = T(Ncmp %) 1/)/RT (16)

D. Air cooling system
In a conventional ECS, a haeatchanger commonly referred as “pre-cooler” perfotemperature regulation

at the pack inlet. This component is also necessaan electric ECS because the moto-compressarotaagulate
both pressure and temperature. To calculate thariéileation impact in comparison to conventionaC¥, it is
necessary to take into account the weight diffeednc this component between the two architectures.

In a conventional ECS, the typical weight of ath@echanger is about 10-15 kg [12]. The weight veorats
expected to be lower than this pre-cooler weigltt iartherefore considered as negligible duringyedelsign. This
assertion is confirmed by results in part V.

E. Auxiliary air intake addition

To quantify the impact of the auxiliary air intaledition for an electric ECS, the induced drag uf t
component is taken into account. Two types of @anilair intake are used in the aviation. The ‘fiunlet type
has no parts outside the aircraft fuselage andyéenetry inside the fuselage is a NACA profile. Wenerated
drag is thus minimized, but its internal geometrgduces non-negligible pressure losses. On the bited, the
“scoop” type inlet has its inlet section outside thircraft facing the external flow directly. Theag and pressure
loss behavior of this inlet type is opposite to tlush inlet. Based on the ESDU 86002 [21], anirtiake can be
sized early and the generated drag coefficienement can be estimated for any flight point. Thegdecoefficient
increment is normalized with the intake area wheadae is obtained through the sizing. As explaimegart 111, the
scoop geometry is chosen in the current methoditdmize the error produced by neglecting the pressirop
between the air intake inlet and the motor drivempressor.

As for the moto-compressor, it is supposed thatsiking cases are evaluated by calculating altadipg points
of the two missions with extreme weather conditioflse approach is to pre-size the auxiliary aialet at each
flight point and to select the biggest inlet areahsure that all air intake mission points caroberated. It is then
possible to calculate the generated drag at angiomspoint. The result is given as an incrementhef drag



coefficient, so in order to retrieve the drag véoia for a mission operating point, this value ba®e multiplied by
the whole aircraft drag coefficient. In the currewdrk, only the cruise drag coefficient has beamfbin literature
and it is assumed to be constant over the mission.

F. Fuel weight estimation

As previously explained, the values of system Wweigystem induced drag and system power off-take e
converted into fuel weight with the fuel penaltyaéysis method [11]. In addition to the three delts®/, AP and
AD, the formulas require two other aircraft parameet¢he thrust-specific fuel consumption TSFC ame lift-to-
drag ratio r. The TSFC can be calculated with tROPSIS engine model. As for the drag coefficieing mission
lift-to-drag ratio is fixed at a constant value folin the literature. The last new parameter ia farmulation is the
mission timer. The mission is therefore divided in several flighases.

Fuel weight increase due to system weight is ghaefiL1]:

T
(AWpyer),,, = AW * (7577 — 1)

(17)
Fuel weight increase due to system drag is giyejib|:
_ T TSFCxE
(AWier), = rsrctP e T (18)
Fuel weight increase due to system power off-talgven by [11]:
T
AW, =r*AD % (™7 -1
( fuel)AD ( ) (19)

The complete workflow of the presented method f6SEelectrification impact assessment is given ¢n bi
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V. Results

A. Baseline mission

The test case for first application of the metiodn A320-type airplane with a fully electric ECe reference
engine for the calculation is CFM56. The missiongeiis fixed to 1500 km. The first mission is nanistission
HD” (hot day) and is defined with very high outsitiamperatures (“Maximal hot day” on Fig. 2). [tte85 min.
The maximal Mach number is 0.77. The second misisiaalled “Mission CD” (cold day) and is characted by
low temperatures (“Cold day” on Fig. 2). It las@0Imin. The Mach number evolution in this casehigsen to be
lower than for the hot day mission in order to miizie the required power from the ECS due to theemehange
through the fuselage walls. The maximal Mach nunfbethis mission is 0.72. For both missions theush law is
extrapolated from CFM56 engine reference data fakimal take-off (117.9 kN) and cruise (21.7 kN).I e
required inputs are introduced in Fig. 6 and Tdble

Altitude Mach number
P e P S -‘--1
— ; . L} " i LN
._‘:E‘ (.0 i’ “. ,f”.'[) .!‘_ :..‘ Y .b
= gt LY. | = i '\‘
= . ! k. A So4f 4f 1%
< : il =z LA
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time[min] time[min]
Temperature difference with ISA Thrust _
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HRT ~-e-- Mission CD
0 = R
1: PASli st gt Sl b it e B % " “q
i —251 ¢ - é \
5 / PIEE 501 N
i~ ¢ ~
—30 "' ~we Mission HD I 25 h\‘_
/18 --e- Mission CD '. . e vy
—i97 & & 0 P T e ]
0 25 50 5 100 0 25 50 75 100
f.r'mr'[mr'uj Hmr'[m.in]
Fig. 6 Alrcraft input mission
Table 1 Aircraft input data
Mission | Mission Mission | Mission
Airplane characteristics HD CD Scoop inlet characteristics HD CD
Cabin volume (1) 430 Inlet shape circular
Glazed surface (M 9.14 Lip profile elliptical
Air discharge surface (t 0.0016 Overall length (m) 0.2
Wall exchange coefficient (W/ 7#K) 0.7 Diverter height (m) 0.05
Maximum number of passengers (-) 162 Throat aspect ratio (-) 4
HD CD Inlet location along the
. - 10
Mission characteristics fuselage (m)
Cabin required temperaturg,Ji,(°C) 24 24 Cruise characteristics HD CD
Cabin blown temperature,dw, (°C) -15 30 Lift-to-drag ratio r (-) 17.43
Number of passengersN(-) 162 33 Drag coefficient @ (-) 0.03092
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Results for the intermediate parameters are provided for the four ECS sizing points: take-off (‘TO”) and cruise for
both “Mission HD” and “Mission CD”, respectively named TO HD, Cruise HD, TO CD, and Cruise CD (Table

2).
Table 2 Mission flight point results

Operating point TO HD Cruise HD TO CD Cruise CD
Altitude (km) 0 11 0 11
Mach number 0.3 0.77 0.2 0.72
ATisa (K) +35 +25 -80 -15
Thrust (kN) 117.9 21.7 117.9 21.7
Time 7 (5) 60 600 30 300
MPF,cquirea (Kg/S) 0.573 0.368 0.359 0.289
AP ppeumatic (KW) 161.8 32.0 61.7 42.6
AD (kg) 78.2 125.6 48.0 134.4
APgrage (KW) 69.7 77 86.4 66.5
AW noto-compressor (Kg) 51.3 51.3 51.3 51.3

The four operating points for the two compressagess are located in theSD diagram with a common
diameter and different rotational speeds (Tabl&i§, 7). In order to limit the tip Mach number, tpheints are
located at the left side of the area of best efficies.

Table 3 Results with NDsmethod

Operating point TO HD Cruise HD TO CD Cruise CD
Rotational speed (krpm) 40 48 50 48
Diameter (m) 0.15 0.15 0.15 0.15

N; 0.83 0.89 0.47 0.71

D, 3.18 2.87 5.41 3.45
Axial tip Mach number May;, 0.80 0.98 1.06 1.03

NsDs diagram

104

10°+
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=== limit mixed flow/axial
—-— limit radial/mixed flow
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Fig. 7 NsDs diagram, taken from Baljé [18], with ctrent operating points

The global fuel weight results for the two defimadssions are presented in Table 4. The differentritutions
to fuel weight are distinguished and then summed.
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Table 4 Mission global results

Mission HD Mission CD
(AqueI)APpneumatic (kg) '1SOE -982
(AWrge)ap (KQ) +1277 +112.2
(AWryen)apshatt (KQ) +1261 +89.(
(AqueI)AWmoto—compressor (kg) +3.4 +3.1
(AqueI)qlobaI (kg) +106.% +106.1

According to the obtained results, the use of lantecal ECS architecture implies more fuel pendftan the
conventional ECS for the two defined missions. Bynparing the different terms, the drag impact is thain
contributor to the penalty during the two selectedsions; the power off-take of the pneumatic architectige
higher than the electric architecture power offetdflor both missions, which means the electric E€Snbre
advantageous with respect to the engine performateeever, the induced drag in the auxiliary atake is so
significant than the global fuel weight penalty higher with the new architecture. The impact of theto-
compressor weight (~50kg) is rather negligible tre¢ato the other contributions. It can be alsoatoded that the
assumption that control valve and pre-cooler weaiglariation (order of magnitude of 2kg) are alsgligéle
during early design is reasonable.

B. Parametric studies
1. Influence of the mission range
For the two defined missions, the range is modibgdncreasing the duration of the cruise at 11,6007 his

study allows calculation of a mission for which traise phase is dominating. The error made byasipg the two
cruise characteristics (thrust-specific fuel conption TSFC and the lift-to-drag ratio r) to be camd during the
entire mission is less significant in this studyowéver, another engine model adapted to longerionisainge
should be used. The corresponding Mach numberhifoflight phase are still 0.77 for the “MissiorbHand 0.72
for the “Mission CD”. The results for the fuel whigterms are introduced in Table 5 and Table 6 arel
graphically represented on Fig. 8. The particukncent difference between the respective effectmefimatic and
electric power off-takes, summarized in Fig. Sasculated as follows:

(AWAfuel)Apshaft - (AWAfuel)

dif ference = APpneumatic
(AWAfuel)AP haf
shaft (20)
Table 5 Mission HD: Influence of the mission range
Range (km’ 150( 200c 250( 300C 350(
Time increase (min) 0 22 46 70 94
(AW el) appneumatic (KQ) -150.5 -175.( -202.2 -229.¢ -257.¢
(AWsge)ap (k) +127. +160.( +195.¢ +232.] +269.(
(AWsye) apshatt (KQ) +126.] +144.: +164.t +185.( +205.¢
(AWfuel)AWmoto—compressor (kg) +34 +42 +5C +5€ +6(C"
(AW e giobar (KQ) +106.5 +133.t +163.] +193.2 +223.5
Table 6 Mission CD: Influence of the mission range
Range (km) 1500 2000 2500 3000 3500
Time increase (min 0 25 52 78 10t
(AW yel) appneumatic (KQ) -98.2 -119.: -142.: -164.¢ -188.7
(AWie)ap (k) +112.2 +146.] +183.¢ +219.€ +257.¢
(AW el)apshatt (KQ) +8¢ +104.4 +121.5 +137.¢ +155.4
(AWfuel)AWmoto—compressor(kg) +3.1 +3.€ 4.7 +5.5 +6.3
(AWsgeDgiobar (KQ) +106.1 +135.] +167.( +198.1 +230.¢
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Contributions to fuel weight on hot day

Contributions to fuel weight on cold day
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Fig. 8 Different terms contributing to the calculaked fuel weight (a) on "hot day", (b) "on cold day", with

mission range variation

For all studied ranges, the conclusions are idehtio the main mission. The use of the electrie@lS
architecture is less advantageous than its cororeadtequivalent with respect to the aircraft perfance. However,
from the engine point of view, the shaft power @iike is less penalizing than the pneumatic poweta&E.

ot
=]}

dif fere H(‘E'[*l[]' F]

Contributions of powers off-take

by

10 1

& .
. .__r"”
,’.““
g ~a Mission HD
ot --e-  Mission CD
o
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range[km]

Fig. 9 Influence of aiferent power of-takes on Mesion Tu

For both missions, the difference between therengenalties due to the mechanical power and tkamatic
power off-takes increases as the mission rangs.riBee results indicate that the use of an ele&@S is less
detrimental for the engine and this result is pattrly visible when the mission range increases.

2. Influence of the aircraft size

el weight

For the two missions, the aircraft passenger capacity is multiplied by two. Concerning the aircraft characteristics,
the cabin volume, the glazed and air discharge surfaces and the maximal number of passenger are multiplied by two;
the other input parameters stay constant. All calculations except the engine model are computed again. The auxiliary
air intake and the moto-compressor are re-sized. The results are presented in Table 7
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Table 7 Influence of the aircraft passenger capagit

Mission HD Mission CD
Number of passengers 162 324 162 324
(AWiye)) appneumatic (KQ) -150.t -281.k -98.2 -196.%
(AWsge)ap (kg) +127.5 +165.1 +112.2 +122.¢
(AWiyel) apshate (KQ) +126.] +257.7 +89.( +177.¢
(AqueI)AWmoto-compressor(kg) +3.4 +6.5 +3.1 +6.C
(AqueI)qlobaI (kg) +106.7 +147.¢ +106.1 +110.(

As it was observed for the previous conductedistiydhe electric ECS architecture is less adaptddrespect to
block fueloptimization; on the other hand, less power is taken from the engine. However, in opposition to the other
presented studies, the drag impact on fuel wegghdds significant in this case than the shaft paffetake for the
moto-compressor for both missions.

VI. Conclusion

The purpose of the presented paper is to provideethodology for early design evaluation of a non-
conventional ECS impact on the aircraft missionfqremnance. The principle is to consider a refere€eS
architecture and to analyze all the geometricdkegéhces between the conventional and other acothitss. The
methodology could also be adapted to compare twoarehitectures between each other. For the EGBgsiavo
specific missions have to be defined with extremmdiant conditions to limit the potential flight ezlep. Then the
method can be applied to a specific mission chegdrn this envelope. Various approaches have lEsmeloped
to estimate the influence of ECS components mattifias in terms of weight, power off-take or adafithl drag.
The values are then converted into block fuel inpang the penalty analysis method.

The method is then applied to a fully electric E€Se for a short-medium range airplane, compating &
conventional one. The used aircraft missions aeesttime two missions on which the ECS sizing is cdaske
results indicate that that the conventional architee is more adapted to minimize mission block,fbet the
electric architecture is more advantageous witheetsto the engine performance. Parametric stuatighe mission
range and airplane passenger capacity provideathe sonclusions concerning the aircraft performance

The paper provides guidelines on how to quantiéyithpact of a non-conventional ECS on aircraft genance
during an early sizing phase. Although the accurche presented results themselves can certhmliynproved,
the present methodology enables to draw globatisreegarding both the engine performance and ttodendircraft
performance. Several ways of improvement can bsidered in future work:

® The first one directly addresses the conventioriab Enodeling, provided that more complete data can

be found about this system geometry and performdna@der to be more consistent, a similar levfel o
modeling also needs to be provided for the stud@tconventional ECS, in particular concerning the
weight estimation of the modified components arelrtbw ECS geometry definition, among others the
exact shape of the air intake, the complementag pystem (and the associated pressure drop)hand t
compressor description.

(i) Then, the PROOSIS engine model can be improved reiilistic bleed port locations and possibly

calibrated with experimental results.

(iii) Furthermore, variable aircraft lift-to-drag ratimdadrag coefficient values should be used over the
whole mission.
(iv) Moreover, the ECS specifications themselves shbaldpdated, in relation with the systems expected

to be electrified. For example, if the Ice ProtestiSystem (IPS) is electrified, the temperature
specifications at the pack inlet must be adapted.

Finally, the non-optimization of the electric EQBge associated airplane and engine partly explanpresent
conclusions in favor of conventional ECS use. Indeduring the early sizing of a non-conventionalS®oth
aircraft and propulsion models should be iterajivapdated, accordingly to the changes in globaplaire
architecture. For this reason, ongoing researdB8A&E-SUPAERO is focusing on coupling the involvels and
methods in order to enable a more integrated dgsiggess.
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