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ABSTRACT

The Silent Aircraft Initiative is a research prdjec

funded by the Cambridge-MIT Institute aimed at Mor
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imperceptible in the urban environments aroundoaisp )

The aircraft that fulfils this objective must aldgge  Subscripts _

economically competitive with conventional aircradt 0 Total, stagnation value

the future and therefore fuel consumption is a key 1 Conditions atengine inlet entry
consideration for the design. This paper identifesme 2 Conditions at the engine face
key features of a propulsion system that can aehibe eng Engine parameter

Silent Aircraft noise target and explores the ietahips
between the factors that affect fuel consumptioraldo
considers the different demands made of an endine
different operating conditions in the flight envet
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Conditions in the exhaust jet

a Far-field value

These studies are used to propose viable engine ar%kw

installation configurations that could meet the eS6il
Aircraft noise requirements. The findings point svds a

multiple turbofan system with a variable geometry

exhaust and a novel, embedded installation.
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Engine bypass ratio

Fan total pressure ratio

Hub-to-tip radius ratio for the fan rotor
Lower calorific value of fuel

Pressure recovery

Thrust specific fuel consumption

INTRODUCTION

Since the dawn of the jet age the noise generated b
civil aircraft has decreased by more than 20dB gitvan
thrust level. To the listener this is heard as arffdd
reduction in noise and it represents a fall of etdia of
more than 100 in terms of the acoustic power géeéra
[1]. The majority of this reduction has come frohet
introduction of high bypass ratio engines. Relattee
earlier low bypass ratio engines these produceowes!
jet that is much quieter as well as more efficiamt
generating thrust. Over the last twenty years, bypa
ratios have continued to increase, but the regultin
reductions in engine noise emission have been more
incremental as internal noise sources have staed
become dominant. There have also been many other
technological improvements that have been made to
further reduce noise, including advanced component
design to minimise source noise and improved a@pust
absorbers. However, the task of making significant
further noise reductions for turbofans has become
increasingly difficult.
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For current configurations of aircraft and engimés to this aggressive noise target, the new aircrafstnbe
have reached a point where design improvements feconomic relative to other aircraft of the futuréis will
further noise reduction are often at the expenséuelf require a propulsion system that has competitieé tiurn
consumption. Increasing bypass ratio and thus faas well as acceptable development, acquisition and
diameter leads to greater drag on engine instafiatthat maintenance costs.
is not necessarily offset by the simultaneous impnaent
in propulsive efficiency. A good example of thisnflact
between noise emission and fuel consumption ishé t
recent engine design for the Airbus A380 [1]. The f
diameter of this engine was increased so that iticea#t
would incur fewer noise quota points when operating
and out of Heathrow airport [2]. This incurred anaky
in overall fuel burn.

There have been several studies of new engine
configurations aimed at significant improvementsaise
and fuel consumption. The NASA study of advanced
engines for high efficiency [4] looks at several
configurations, including geared fans and contra-fa
designs, aimed at weight and fuel burn reductions.
Another system study of engine concepts carriedbgut
NASA [5] investigates the optimum engine parameters

The demand for aircraft to be both quieter and morfer low noise with acceptable operating costs. Woek
fuel efficient is greater than ever. The increaseair concludes that a low pressure ratio turbofan, in a
traffic means the number of aircraft operations areonventional podded installation, can achieve aB10d
continuously leading to both greater noise and tgrea noise reduction without incurring unacceptable cost
emissions of pollutants. The ACARE 2020 visionpenalties. Reference [6] gives a good overview haf t
developed with industry, has the ambitious target dechnology required to further reduce noise from
cutting both noise emission and fuel consumption afonventional aircraft engines and proposes the afse
aircraft to one half of the levels from aircraftibin 2000 geared turbofans to give a large improvement irseoi
by the year 2020 [3]. This level of reduction igpegted emission. However, the noise reductions expectéd st
to require major technological breakthroughs inhbotfall far short of the Silent Aircraft target.

engine and airframe design. A study of low-noise concepts and the technological

The Silent Aircraft Initiative is designing a copte barriers to a functionally-silent aircraft has been
aircraft with noise emission as the primary desigpresented in [7]. This paper proposes some nhovel
variable. The aircraft is aimed at entry into seevin concepts, including distributed propulsion integdatvith
about 20 years and the ambitious objective is tluge a blended-wing-body type aircraft.
the noise generated to the point where it would be
imperceptible above background noise in a typichho
environment outside an airport. Such an aircrafiiccde
deemed as ‘silent’ and this would represent a réoluin
aircraft noise greater than that achieved ovetdbefifty
years. Figure 1 illustrates the scale of thislengle.

The findings from the literature suggest that thmsa

of the Silent Aircraft Initiative can only be aches with
some radical change in the configuration of aitceafd
propulsion system. The current paper aims to angeer
guestion of what features of a propulsion systenul#vo
be needed to achieve the Silent Aircraft noiseetasmnd
what design philosophy could be adopted to maké suc

. ot an engine credible. The approach is as follows:
* urbojets
g . 1sthJeneration Turbofans 1. The basic requirements for the design of a
= 05 * 2nd Generation Turbofans viable, quiet propulsion system are developed (gela
ﬁ 20 dB' . . exhaust area at take-off, optimised operationatguiares
3 o - % & oear . for aircraft departure and large surface areasaéowustic
% ‘ e absorbers and noise shielding).
(&)
[ 2. Installation design factors are investigatechgisi
A ACARE2020 target ¥ some simple quantitative analyses and possibleomgpti
3 are compared in terms of their impact on noise] fue
z consumption and weight.
Silent Aircraft Initiative target 4

3. The need for a variable cycle engine is shown
and the potential of an engine to be low noiseoat |
altitude and fuel efficient at cruise is investigght

19855 1965 1875 1985 1885 2005 2015 2025

Entry into Service Date

Figure 1: Reduction in thrust corrected aircraft noise

. 4. Several candidate engine configurations are
level over time

proposed and the relative merits of the differgptioms
In order to reach the Silent Aircraft noise targege are compared in preparation for future, more dadail
reductions, relative to current technology, areunegl for  design studies.
all components of engine and airframe noise. Intichd
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BASIC PRINCIPLES

The exhaust jet noise from a jet engine is highl
dependent on the basic thermodynamic cycle of t

engine and therefore we will consider this firs

Lighthill's well known acoustic analogy [8] relates

acoustic power to typical velocity and diameter ehe
taken as absolute jet velocity and jet diameter:

AV -V FA
PO 101(150)81
2

Whilst progress has been made in reducing jet no
through nozzle shaping especially the use of l@rekor
chevrons ([9, 10] for example) the reductions agdie
are modest when compared to that required for cilen
The only sure way to obtain significant reductions
exhaust jet noise is to reduce the jet speed. Memvé is

1)

the difference in velocity between the jet and thi

surrounding air that generates thrust:

Xn = oAV (VY -V,) @

To quieten the jet significantly whilst maintaining
thrust therefore requires a very large exhaust ar

combined with a low jet velocity. Figure 2 showe t
variation in required exhaust area with jet noaget for
a 250 seat, 4000 nautical mile range aircratft.
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Figure 2: Relationship between take-off exhaust ase
and jet noise outside airport for a 250-seat aircrit

The simple departure profile is for a constanti@iod
climb after gear-up whilst the optimised profiletigust-
managed to maximize rate of climb whilst ensurihg t
noise limit is not exceeded. The baseline jet isdhat
required for ‘silent’ take-off when using an optsaed
departure profile. This jet area is 2 to 3 timedaage as
that of today’s conventional jet engines, as ingidaon
the figure. The calculations use the Stone jesananodel
[11] and further details on operational requireraesud
take-off conditions considered can be found in [R&f.

Figure 3 shows four take-off profiles in which tieg
noise outside of the airport boundary remains betlosv
Yimit imposed for ‘silence’. The baseline profijast

eets all required operational and regulatory
requirements and therefore can be considered optimu
for a Silent Aircraft. The simple profile also neell
requirements but requires a 33% increase in jet are
order to meet the noise target. The remainingilpsoére
optimised but for areas 10% above and below baselin
For the smaller area, operational requirements atabpa
met  whilst simultaneously meeting the noise
ikgquirements. The larger area meets all requirésrizut
will result in an unnecessarily large engine.

t
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Figure 3: Departure profiles for a ‘silent’ take-off.

There are implications of a large exhaust aredher
size, weight and performance of the engine. For a
conventional turbofan, if the exhaust area increabe
bypass ratio and the fan diameter must also inerdass
increases the installation drag potentially leadimdguel
burn penalties. The size increase implies an iserea
engine weight because the size of the fan compsraamt
the engine ducting rises. These issues are distussiee
next section.

Once the thermodynamic cycle is set for low jesepi
the reduction of turbomachinery noise can be adéces
Source noise reduction is tackled initially througirious
simple design rules: blade speeds can be reduced to
remove supersonic sources, numbers off for eactiebla
row can be modified to prevent sources that aredou
and the gap/chord geometric ratios can be maximiaed
reduce interaction noise. Unfortunately, improvihgse
parameters for noise will often compromise the
aerodynamic performance and the noise reductions
available will be limited. More advanced methods;ts
as 3-D design optimization, can enable additional
reductions. However, source noise reductions aleille
not be sufficient to reduce turbomachinery noisdhi®
Silent Aircraft noise target, and for these compuset
will be necessary to develop shielding by the airfe to
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significantly reduce forward propagating fan ncésel to
maximize the potential of acoustic liners, particly to
attenuate rearward fan and turbine noise. The faten
noise reductions available through shielding arsuatic
liners are highly dependent on the propulsion syste
packaging with the airframe which is discussed welo

The operating costs associated with the developme
acquisition and maintenance of a quiet propulsitesn
are difficult to quantify. Fuel burn will be a majgaost
factor, but its precise impact will depend on fettirends
in aviation fuel prices and the regulation of aicat
emissions. The basic effects of the propulsionesysbn
fuel consumption can be explored using the Bregu
range equation:

Figure 4: An all-lifting body with embedded engines

Wi :1(1+W9J(GXF(S/H)‘1) 3) The propulsion system placement on this style of
W, sl W, aircraft is limited by structural constraints, theations
of passenger bays, emergency exits, fuel tankstlaad
where, H _V,L/D_LCV L position of essential aircraft systems such as robnt
T gsc g f7p’7m5 surfaces and the undercarriage. The most feasibéion

is above (or within) the centre-body of the airttahind
Equation 3 tells us that for an aircraft with aefix the passenger cabins. The flying wing has a greater
range and payload, to minimise the fuel burn pefolume to surface area ratio than a conventionatat
passenger-kilometre we need to minimise the rafio @nd there is a lot of available space at the bdcthe®
total aircraft empty weight to payload weig/W,, airframe that can be used to accommodate embedded
minimise the SpECifiC fuel consumption of the eegiand engines [13]. Figure 5 summarises the main optibas

maximise the Iift-to-drag ratio of the aircraft. é’lengine are being considered for packaging the engines thigh
cycle directly determines the specific fuel constioly  Sjlent Aircraft airframe.

but the design of engine and installation will akftect — —

the total weight and, for a highly integrated dasigan - —

significantly change the aircraft lift and drag. — g
INSTALLATION DESIGN FACTORS a) Podded propulsion system

The Silent Aircraft airframe design is expectedbéoa — —
configuration in which the wing and fuselage areged ]
together, as illustrated in figure 4. Several stadhave ] -

shown that this shape of aircraft has a highettdiftirag _ _ _
ratio and significantly lower empty weight thanube-  b) Embedded system with boundary layer diversion
and-wing aircraft carrying the same payload, [18t f ]

example. These factors enable significant savingsiél —
consumption (equation 3), but there are also adgmst :
of the airframe for noise reduction. The largejtowious 1

surface of the airframe maximises the potentiathiId
the forward propagating engine noise from the gdoifin ) Embedded system with boundary layer ingestion
the inlets are placed on or above the airframedufition,

the aerodynamically smooth surfaces of an alllfti Figure 5: Options for powerplant integration.
body also reduce airframe noise sources signifig@iif

In order to determine a preferred integration aptio
the differences in fuel consumption and potentiaise
attenuation can be explored with the qualitative
considerations and the simple quantitative analyses
presented in the following sub-sections.
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The trade-off between propulsive efficiency andgdra Thus, the variation in overall fuel burn with fan

For an aircraft in cruise, using the eff|C|encyd§;§;iL \(/:vaar; :;?plgilti(r)mpl)?ggucues'; gurzqg aSV%TCﬁ -I(;hls
definitions in [14], the overall efficiency and eabf fuel how the cruise fuel burn is expected to vary fodge

[ f th Isi ) . . .
consumption of the propulsion system can be expdessand embedded configurations with overall fan diamet

as follows: and the number of engine units.
useful _ power XV .
Mo =Ml = thermal_ F:anergyz - NLCV Note that the reference drag parameters and fan siz
- fuel® used to produce figure 6 were derived from dataafor
D A conventional 250-seat passenger aircraft with exggihat
= Mg = LCV entered service in the 1980s. Since this time fametters
’7th’7p- (4)

have already increased by up to 30% and on figurdéah

If we consider increases in fan diameter, propalsivdiameter appropriate to a current engine design is
efﬁciency will improve because the exhaust Jeto‘(zﬁy marked. Note that from figure 2 the overall fanndgger
reduces. At the same time, however, the instatiasiae ©Of @ turbofan that would satisfy the Silent Air¢rabise
and drag increase leading to a greater thrustnement. target is expected to be 75% larger than a 1986sfan.
This trade-off can be explored quantitatively by'he actual fan diameter required is examined iratgre
considering the engine design for a fixed aircraft detail in the next section.
cruise. With net thrust equal to drag, the dragmoments

15 . : ‘ :
can be expressed in terms of the jet area and itygloc 0 : 7
using the thrust equation (2): ‘ ‘ ‘
9 q @) o N N N\ -
Xy = Dairtrame * eng =p; AjVj (Vj _Vo) (5) podded # .

If the thrust and drag parameters are known for
reference design point, equation 5 can be rewritten

-
“““““
‘‘‘‘‘‘

—————

show how the net thrust required varies with thagdr
contribution from the engine installations:

Change in cruise fuel burn (%)
o

-
Lee

-5
D.. +D fan diameter
Xy _ Paitrame ¥ Deng 0 k(Deng /Dengret ~ 1)(6) for 2005 design ,
XN,ref Dairframe + Deng,ref ’ 10F : Ze”g 4 [
’ s
wherey = Deng.ret / Dairframe and is assumed to be small. 15 = 6 =5 = 00
Fan diameter increase relative to 1980s turbofan (%)
Changes in the engine installation dr&g,, can be D
approximated to be proportional to changes in the
installation wetted area. For the current studye th '° —
following simplistic relationships were assumed fol %@ — ey
relating the installation drag to the overall faardeter: < 107 e N =800
For podded installations, s . embedded
o) L
=
Doy 0Dl =101 g /D) 2
2 0 g
For embedded installations, 2
c Mo
2 o 5Inocs
Deng 012D 1y = 2(D \/Nerg ) lang /D1 )/ Mg e I s e T
© \\’\ ________________________
The overall fan diametePs Ny  , is used beedor S 0 B o TSRS
a given aircraft thrust requirement, it is indepemdof | TTTeee e
the number of engines (see equation 14). If th . ‘ ; ‘
expressions above are substituted into equaticarsdss, 0 20 4 60 20 o0
.. L . . . Fan diameter increase relative to 1980s turbofan (%)
the variation in jet velocity with overall fan diater can
be approximated. The Froude equation gives progulsi D,
efficiency as a function of jet velocity: , . ) ,
4 J 4 Figure 6: Variation of fuel burn with fan diameter for
n. = 2, (7 a) podded and b) embedded systems.
PV, Y,

The above analysis is admittedly quite crude, bat t
results show some useful trends for selecting puson
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system installation. Firstly, they show that witip@dded To maintain net thrust at a fixed overall fan didéenethe
propulsion system, current levels of fan diamefmrZ or  design pressure ratio of the fan must be increfsed
4 engine systems) are close to the optimum level fthe pressure ratio with zero inlet pressure log®raing
minimum cruise fuel burn. With a podded system, tht the following equation:

increase in installation drag with fan diametegisater

as the number of engines increases because tHe tota FPR:(FPR)ideaI/PR ©)
wetted area is i_ncregsed. For an embeddeq systetine a Figure 7 uses equations (8) and (9) to show the
number of engines increases, the propulsion SyS®mM ., ration in thermal efficiency with inlet pressure
be better integrated into the airframe leading tdr@g recoyery for three values of ideal fan pressurie.ratis
reduction. The plots suggest that an embedded [Siopu 4n51ysis assumes that the effect of pressure recare
system with a large number of engine units coultbéna 1o core and bypass flows will be similar.

higher overall fan diameter to be achieved with
significantly lower fuel consumption than a moderr
podded configuration. However, the analysis assuhwss 095!
the thermal efficiency is unaffected by the choife
installation and it does not consider whether or the
airframe boundary layer is ingested by the embedd:
engines.

1

o
©

0.85+

o
®
:

The impact of inlet loss on engine performance 0.75

o
3
x

With embedded engines the intakes can empilc
boundary layer ingestion (BLI) or boundary layet
diversion (BLD). With boundary layer diversion, then-
uniform airframe boundary layer air upstream of thi
intake is prevented from entering the engine byeson  oss

0.65F

Impact on thermal efficiency,nth/ni

06

geometrical feature or device. With boundary laye 08 085 pressu?'egRecovery, %,35 !
ingestion, the airframe boundary layer is interdion i re 7: Thermal efficiency effect of inlet presste
drawn into the intake in order to reduce the fuel recovery for three fan pressure ratios.

consumption required. In both cases, embedding the _
engines leads to extra frictional losses approacttie Figure 7 demonstrates the importance of carefully

engine because the shape of the inlet is more exmpldesigning the engine inlets to maximise the pressur
typically an S-shaped duct (see figure 5). recovery. It also shows that for an embedded sysigm

) ) - _apressure recovery of 0.95, the impact of inlesés on a

The performance of an intake is quantified by itgy,, pressure ratio fan will be a fuel burn penaity
pressure recovery, which is the ratio of the tpr@ssure gy cass of 10%. This could cancel out the fuel inemefit
at the fan-face to that at entry to the infgi/po. A valué  gained from the drag reduction due to embedding the
of (_).995 would be typical for a podded engine intak engines (figure 6). However, boundary layer ingesti
cruise, whereas the value for an S-duct type wlBtbe  tors an alternative opportunity for reducing fuel
closer to 0.95, see [15]. A preliminary computadlon consumption. Several studies have examined thedmpa
study of S-shaped inlets for the Silent Aircraftireated ot g1 | on engine performance, see [16] for examplé,
that the pressure recovery would be about 0.96 B it j5 an area that requires further research aisdstbeing
and 0.94 if the effects of BLI were included. undertaken as part of the Silent Aircraft InitigtivThe

The impact of the pressure recovery on the therm@llowing description is an overview of the effectsBLI
efficiency of a fan can be determined by considetie  ©n each (_)f the terms in equation 4 that determire f
work input with inlet pressure losses, relativéie work —consumption:

required for fully isentropic compression: For a BLI system the overall thermal efficiency is
~ (FPRPR)(V—l)/V -1 ®) even lower than a BLD system bgcause _the kineé@n
M = = 75 of the flow entering the engine intake is reducébis
FPR -1 effect can be considered as an additional inlessure

This shows that with a pressure recovery of unitg, recovery factor relative to the free stream coodii
thermal efficiency equals the fan isentropic effigty, ;.  Po/Po~» Which can be estimated from the airframe
However, as the pressure recovery reduces the tnopac boundary layer parameters at entry to the engihe.rit
efficiency is severe, and this impact increasethadan thrust (equation 5) is reduced with BLI because eah
pressure ratio is reduced. Also, as pressure regovahe flow that goes through the engine and genethatast
reduces, the thrust from an engine will decreadessn would have otherwise contributed to airframe drElge
the fan pressure ratio rises or the fan diameteases. drag removed by the engines can be estimated ag bei
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proportional to the airframe surface area upstreithe Noise considerations
engines [16]. The propulsive efficiency improvesthwi
BLI because the jet velocity relative to the fligiteed is
reduced, as indicated in figure 5c. The change lzan
estimated using equation 7, once the new thru
requirement has been determined.

The exhaust ducting of an embedded engine can be
longer than that of an equivalent podded engine.
l—%owever, the length of the airframe centre bodyilakke
for the engine installations is limited by struetur
requirements and the need for the intakes to bitiqgroed

Based on the reasoning described above, estimhtesroflow of an acceptable Mach number. As a firgineate
the fuel burn benefits of BLI are included in Tallleen this length can be assumed to be constant for angiv

the following page. aircraft size. In this case the maximum length-iso¥eeter
ratio of the exhaust ducts will rise as the squar of
Effect of the installation on core size the number of engines. Simple ray theory would argu

. . . . that the number of reflections, and thus the at#gan of
The core size of a quiet engine will be smallemtha

that of an equivalent current turbofan becausebiipass the liners, .ShOUId be proportional o the length-to
S diameter ratio:

ratio is higher. Thus the core components operate i
lower Reynolds number regimes and the tip clearance ) S P

gaps relative to the turbomachinery blade sizesaager. Attenuation [ D. D. n_ Ve
The impact of this on component polytropic efficies ! N eng

can be approximated from the following formula lthse  |n practice, liners are tuned to particular frecpies,
on information from [17] and [18]: so the attenuation will only apply to a portiontoé total

Jo_l noise in a duct. Figure 9 compares acoustic priedt

(12)

Dy /Meng (10) completed for an exhaust duct with varying lengtd a
1+ BPR)\/@ basic, single layer acoustic liner. Three lines slvewn:
the predicted attenuation increase for the compiate
Equation 10 shows that, for a fixed thrust promuisi noise spectrum, the predicted attenuation of thguency
system, as the bypass ratio or the number of esgingat the liner was designed to attenuate and the
increases, the size of the core reduces leadingnto attenuation expected using equation 12. The plotvsh
efficiency penalty. This effect becomes significdmt a that while the effectiveness of the acoustic treanwill
quiet propulsion system with more than 4 engingésuni  improve with the number of engines, the improvement
does not keep increasing linearly with length-tardéeter
ratio. However, it is expected that improved inse=in
attenuation will be possible with more advancecerlin

Mooy O RE™ D(

The benefits of a greater number of engines cbald
maintained without a reduction in core size, ifiagke
core was used to drive multiple fans in separatetsdu .

. : . r({Je5|gns.
This solution may also be more practical from a
economic point of view in that there would still Bawv 15
engine cores to maintain. This configuration isoals
proposed in [7].

Engine weight effects

—y
o
T

As engine fan diameter increases the engine weigl
rises. The mass does not rise as the cube of &anedér
due to the hollowness of parts, and components) asc
fan containment, which are more dependent on théeifa
speed rather than diameter. Equation (11) showsra v
simple estimate for engine weight variation thas fi
reasonably well to available engine data, see[aBjo

_ 24
Wy 0Ny D2 = n;%%(D, /) (11) 0,

This suggests that for a fixed overall fan diametes
overall weight will reduce as the number of engifees  Figure 8: Variation in attenuation of rearward fan
increased. The reduction expected is relativelylisfoa noise with exhaust duct geometry.

ulra high bypass ratio engines and a larger chasge |hcreaging the number of engines will also increase

expected to come from the reduced airframe strectufe plade passing frequency. This is a result efsihaft

needed to support an embedded engine. Embeddgfley increasing, which at a fixed thrust shouo aise
engines do not require a pylon and this can acdoums g the square root of the number of engines. Aeigh

much as 20% of the total propulsion system weii8l.[  pjade passing frequency will shift the entire speuat of
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fan noise upwards in frequency. This will make tloésse amount of flow distortion, especially for a low psarre
produced by the fan easier to attenuate by acolirstics, ratio turbofan, and it will apply at all points the flight
increase the effectiveness of shielding by theainé and envelope. The distortion impacts the engine peréoe,
increase the atmospheric attenuation. stability, reliability and noise.

BLI introduces additional total pressure distortiton
the flow entering the inlet. This distortion is rRoniform,

Using the simple qualitative analyses above, séveria both the radial and circumferential directioftsis in
options for the Silent Aircraft propulsion systemaddition to that generated by the inlet duct andsit
installation were compared in terms of their expéct present at all flight conditions. Thus, the desigsk
impact on fuel burn, weight and rearward turbomaefyi  posed by inlet distortion will be greatest for aubdary
noise. The results are summarised in table 1, wétickivs  layer ingesting system. The challenge is to redlfisefuel
changes relative to an advanced next generatitwofam  burn benefits of BLI without them being outweighieg
(2005 design). No allowances are made for anghe negative effects of the inlet distortion.
improvements in engine component technology over
time. VARIABLE CYCLE REQUIREMENT

The propulsion system for an aircraft has very
different requirements at different points in thaght
POD | 2 1 | -6% | +9%| +3% | +12% - mission. Cruise is the most thermodynamically
demanding condition, because this is where modtiue
consumed and there is the greatest need for high
BLD | 4 | 096| +7%| +2%| +9%| -19% -8dg efficiencies. Top-of-climb is the most aerodynartica
demanding condition. At this point, the engine has
maintain sufficient thrust to keep the aircrafnding at
BLI 4 1094 +7T%| -9%| -2%| -19% -8dH an altitude where the air is very thin. Take-offtie most
mechanically demanding condition: The temperatures
within the engine are highest and the risk of danmthe
Table 1: The effect of engine installation on cruisfuel ~ €Ngine is greatest because the fan is closer tabifity

burn, engine weight and rearward noise. and there are transient effects from cross-windd an
maneuvers that can initiate vibration. Current ofei

The results in the table are very approximatethey  jesigns manage to satisfy all these requiremertts avi
demonstrate some of the trade-offs that are impbita  fiyeqq cycle and fixed geometry configuration.

the choice of engine integration configuration. The

podded system is significantly larger than a curren For the Silent Aircraft engines, take-off is aldwet
turbofan, which leads to a fuel burn penalty angaggr Most acoustically challenging condition, because
weight. Embedding only two engines with boundarpufficient thrust must be provided without exceedihe
layer diversion gives a large thermal efficiencyngley Noise target. The current section shows that this
due to the inlet pressure losses and minimal ingrent  additional requirement means that the propulsicstesy

in the drag contribution. As the number of embeddedeeds an additional degree of freedom in its opmevat
engines increases, the installation drag reduagsthere Which can be provided by a variable cycle.

is also a decrease in the core component pOIVIropic The top-of-climb point is the key aerodynamic desig
efficiencies leading to fuel consumption levelsttage  congition because it determines the overall sizehef
still_higher than current turbofans. With boundéyer  engine. Consider the design of a turbofan for fiseaist
ingestion, the potential for significant thrust wedons  yequirements and ambient flow conditions. From
are increased leading to overall benefits in fuglynservation of energy the fan pressure ratio Guigig
consumption. inlet and exhaust losses) determines the jet ugloci

Table 1 indicates that the preferred installationthe
Silent Aircraft should be embedded with boundameta
ingestion and multiple engine ducts. Unfortunatehis
configuration also carries the highest design @sid it is
expected to have high development and maintena
costs. The greatest risk to embedded engines isnftect
of non-uniformity of the flow at the engine faceher Xy /Cploz
distortion coefficient, DC60, is the standard measof Neng Ay :V “V, O
total pressure non-uniformity for engine intakesd an i 7 Vo KaPoz
typical DC60 values measured for an embedded S-duct
are in the range 0.10 to 0.30 [15]. This is a digait
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Comparison of installation options

Type | Neng | PR | 4dsfc | AX, | Arive | AWeg | dNoise

BLD 2 0.96| +3%| +8%| +11% -1% -4 dH

BLD 16 | 0.96| +11% -6% +4% -35% | -13dB

BLI 16 | 0.94| +10% -20% | -11% -35% | -13dH

V; =26, T [FPRV Y - 1)+ V7 (13)

This jet velocity sets the fan-face area required
nthrough continuity, and this can be geometricadliated
{&the overall diameter:




12 16 : :

thus, 4X 1 IC T (14) —— Top-of-climb
Df A/Neng = N > P o2 —--- TgEec—’of(Ti:”fTi]xed nozzle Top of climb
}7(1— HTR )Vj =V, Q,Po2 1.5} | ---- Take-off: nozzle +60% |  operating point
---- Fan surge line

In equation 14, once the top-of-climb fan pressursg 1.4 i
ratio has been chosen, all of the terms on the tighd o Fopacity
side are fixed by the aircraft mission requiremeeksept 2 1.3 ,

. . . 9] Fixed nozzle 5 g
the fan capacity at top-of-climiya, and the design hub- a take-off point
to-tip radius ratioHTR. & 1.2} : N
| _Pressureratio _______ (230l N S

The fan flow capacityQa, is highest at top—of—climb,. 4l for quiet take-off bl nozzle
because the flow through the engine must be magimis e e-off point
to achieve the thrust requirement. The choice of ith . R e .
crucial to the design: a high flow fan will redutan 0 02 04 06 08

. . . . A Fan capacity, Q
diameter and lower the flow diffusion in the intake @

however, reducing the fan flow will reduce the fgreed Figure 9: Fan working lines showing operating poins
and tend to improve fan efficiency and stability.id with and without variable exhaust.
expected that a future quiet engine will have ailam

. . . The fan pressure ratio required to meet the Silent
maximum fan capacity to today’s turbofan designs. P 9

Aircraft jet noise target at take-off is below 1Phus,
The hub-to-tip radius ratio is minimised subjeat t with a fixed exhaust, the take-off operating pantlose
stress level limits in the fan root and disc syst@rfuture to the surge line with low flow capacity. A variabl
guiet engine is expected to haveHaR slightly lower exhaust nozzle allows this operating point to bevedo
than current turbofans. away from instability and the fan capacity can be

With the total fan size fixed by the top-of-climb MCreased to the value at top-of-climb.

condition, now consider the engine at take-off. Threst Using equations 13-15 it is straightforward to
equation (2) can be rearranged to show how the jeonsider the operating points at top-of-climb sakktoff
velocity at take-off depends on the flight speadbient for a series of engine designs each with diffecegign
conditions, thrust requirement and engine flow ciéiga  fan pressure ratios. Figure 10 plots the resuliangation
Vv v X 1 (15) of jet noi_se, as calculated With the Stone Jet_en_niedel
I _-__ % 4 N [11], against the overall fan diameter for a fixaiccraft
VCoToz  /Cploz  MengAr Poz Qarro mission and varying design fan pressure ratio. fploé
shows that a variable exhaust gives a significainbhise

0 _ reduction at a given fan diameter (~10dBA), or floe
total mass flow through the engine exhaust dural@t g nojse target of the Silent Aircraft, it enebla
off. For a fixed take-off condition, all the otherms on o ction in fan diameter of about 20%. Similar

the right hand side of the equation are alreadyyctions in engine size can be obtained withleagea
determined. Equation 1 shows how jet noise depen io ejector deployed at take-off. This configioa is

mainly on the jet velocity. Thus, to design a afem for ;s ssed further under candidate engine configust
minimum jet noise, equation 15 shows that we need a

configuration that produces the maximum engine flon 20

In this equation, the capacit@ o, iS based on the

| )
A ---- Fixed nozzle

capacity at take-off with the fan sized at top-bifrb. . S — Variable nozzle i
) ) ] . ---- Fixed nozzle with ejector
For a fixed geometry, fixed cycle turbofan, theiaeg o

flow capacity at take-off is determined by the extta
nozzle area. However, by using some form of vagiabl

a
T

5

E

*aé

] <
exhaust geometry, the engine capacity at takeaffle ¢ N o | e R
increased significantly. This idea is demonstrated g or & ondine e 1
figure 9 which shows the working lines for a farttwa 3 \.r\fduclir—n ~~~~~~~~
design pressure ratio of 1.45. This indicates thdew § : R
separation between the top-of climb and take-offkimy ¢ 4q e
lines for a fixed geometry system. This arises bsedhe 3 \
nozzle is choked at high altitude and flight Macimter, -15 &
but un-chokes at low speed and passes less flow. .

3 35 4 45 5 55

Total equivalent fan diameter (m)

Figure 10: Variation of jet noise with fan diameter
using different exhaust systems for a 250-seat araft
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This lower overall fan diameter reduces the drag d&s the ejector area ratio increases, the exhawost fl
the nacelle during cruise (figure 6) and impliekigher capacity in equation 15 increases, although thetiergial
fan pressure ratio, which will also reduce the iotpaf is limited by the mixing efficiency that they cachéeve.
inlet pressure losses on the overall efficiencguifé 7). Ejectors can also be used in combination with gt
In addition, a variable exhaust can be adjusteeinttble nozzle to enhance their effect. The two-stage afitra-
the fan to operate at peak efficiency for a givemse rotating fan arrangement shown in figure 12 hasnbee
thrust requirement. Overall this is expected todléa examined in several studies, which have shown ithat
significant fuel consumption savings. The fan systill could provide weight and cost benefits. Howevege t
be more stable, because the exhaust area canustealdj ejector could also be used with the conventiongfiren
to avoid fan conditions prone to aeromechanicarchitecture shown in figure 11.
vibration.

All of the benefits of a variable exhaust system ba Contra-rotating \%
: . : . aft fan ~~ ; d
applied equally to any of the installation options ——> _ Ejector duct

considered in table 1, however, variable geomettybe
easier to accommodate within an embedded
configuration. For an embedded system with multiple side view
engine units, the engines could have a common, tw
dimensional variable geometry exhaust system, whic
may offer additional benefits in terms of lower gl

Ejector closes

and reduced complexity. 4 for cruise
— '
CANDIDATE ENGINE CONFIGURATIONS /67
The datum candidate engine for the Silent Aircsaét
conventional turbofan engine with the fan drivea @ Figure 12: Embedded aft contra-fan engine with
reduction gearbox and a large variable exhaustl@ozz exhaust ejector ducts

(figure 11). The gearbox allows a low-speed, gfaetto ,
be driven by a high-speed, low-weight and low-noise  large, low-speed jet area can also be produced by
turbine. The variable geometry nozzle is opened L%avmg extra fans that are only operating at take-o

during take-off and approach and closed down dseru (119ureé 13). These fans can be driven by the magire
giving improved operating points, as shown in fgar but onI.y gxposed at low glt_ltu_de. Thus, their design
be optimised solely to minimize take-off and apjpioa

noise whilst the main engine could be designedaeeh
Variable exhaust the best possible cruise performance.
nozzle “

Take-off, low- view from
noise fan above
side view

Cruise
engine

——r

Large,
geared fan

7

Gearbox and

Figure 11: Ducted high diameter engine with geared ransmission

fan and variable exhaust nozzle

A second option, shown in figure 12, is to have a
conventional jet engine that uses devices callgetters”

for take-off and landing. Ejectors are ducts owsifl the

engine exhaust that entrain additional air intoakkaust \T i \

flow, thus increasing the mass flow and reducing th
mean jet velocity. The ejectors can be stowedwssero
remove their drag effect and they do not have to
circular, which makes them more amenable to an
embedded system. Figure 10 includes a plot of the
variation in jet noise with fan diameter for an atien
system that doubles the effective exhaust areskatdff.
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d:igure 13: Optimised cruise engine with auxiliary ins
e
for take-off and approach



CONCLUSIONS AND FURTHER WORK 5.

The main findings of the studies in this paper ban
summarised with the following points:

1. For low noise, a large exhaust jet area at takesoff
required. The area needed for the Silent Aircraft
engines can be reduced significantly by using power
managed departure procedures, but it will stilREg
times larger than that of existing turbofans.

The authors would
Cambridge-MIT Institute for the financial suppoftthis

11

The study of the impact of boundary layer ingestion
on propulsion performance, noise and reliability.
This is needed in order to show that the fuel burn
benefits of boundary layer ingestion can be redlise
despite the inherent practical problems.
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aircraft can reduce the installation drag, increasEhey would also like to thank Rolls-Royce plc facass

noise attenuation and enable boundary

layao their preliminary design methods and for techhic

ingestion. However, total pressure losses upstfamadvice given during the course of this researcivefzé
the engine have a significant detrimental impact oather members of the Silent Aircraft team have also
performance and there is a large, uncertain rigshg¢o contributed to the work that has made this papsesipte.

design from the effects of inlet flow distortion.

to give lower weight, reduced drag contribution an
more effective noise attenuation. However, smaller
engine cores will have lower thermal efficiency.

3. A greater number of embedded engines are expeci

4. A variable geometry exhaust system allows
smaller, low-weight engine that can be quiet at |O\El]
altitude and efficient at cruise. These benefitgeha
been demonstrated with a variable area exhauygi
nozzle, and other configurations have been proposed

Work is underway to develop propulsion systenf3]
designs for the Silent Aircraft based on the engind
installation configurations proposed in this pap€he
different designs will be assessed in detail teegheine 4]
their noise emission, weight and performance. Tatard
design is an embedded 4-engine system with a Variab
exhaust nozzle and boundary layer diversion. Tils
be followed by designs with boundary layer ingastia
greater number of engine ducts and alternativealbei
exhaust systems.

[5]

The studies in this paper have identified seveegl k [6]
challenges to reaching the technical objectivesthef
Silent Aircraft propulsion system. These are being
addressed in the following research activities thed
already underway as part of the Silent Aircraftiftive: [7]
1. The design of embedded intakes that deliver flow to

a fan with minimum losses and minimum non-

uniformity throughout the flight envelope.

2. The development of robust, low-weight engings]
architectures that generate low turbomachinery
source hoise.

3. The design of extended exhaust ducts that minimise
rearward propagating noise using advanced acoustic
liner technology. [9]

4. The development of efficient, low-noise, fan syssem
that are tolerant of inlet distortion and compatibl
with a variable exhaust.
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Fr(']eeman, Patrick Freuler, Ed Greitzer, Geoff Hodges
om Hynes,
argeant, Zoltan Spakovszky and Liping Xu.
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