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Summary

In this thesis, a new approach to the selection of key fan design parameters is presented and a
methodology to optimise engine operation for minimum take-off noise is developed. These
techniques are applied to the detailed design of a fan system for the Cambridge-MIT Silent

Aircraft Initiative engine in which ultra low noise is the principal design objective.

Reduction of jet mixing noise is identified as being crucial to the design process leading to jet area
at take-off having to be increased significantly compared to current trends. Whilst increasing the
number of engines from two to three and optimisation of the departure profile reduced this area
increase, the introduction of variable cycle technology is required in order to deliver low cruise
fuel burn. A variable area nozzle, identified as the most promising technology, is linked to
operation of the fan through a simple model. This is used to show that it is possible to enable

large increases in exit nozzle area at take-off without compromising fan performance at cruise.

For the fan design, stage loading is shown to be a critical parameter as it impacts competing
requirements: Increasing loading increases efficiency and part speed capacity but makes designing
fixed outlet guide vanes harder. Fan noise, dominant in this design once jet noise is minimised, is
also impacted by loading and a final value of 0.52 is selected, slightly higher than current designs.
With high part speed capacity essential for delivering low jet noise, further increased above those
obtained through the selection of stage loading are achieved through the use of forward sweep
and modification to the blade sections. It is also shown how the outlet guide vane and duct design
can be refined to support the high incidence range that results from changes in the exhaust nozzle

area.

The method to optimise the departure profile was combined with the completed fan design and
extended to include fan and airframe noise sources. The results of this show that, by modifying
the nozzle area at all times during take-off to maximise mass flow rate, the final podded SAI
design is estimated to have a noise footprint of approximately 65.5 dBA outside the baseline
airport at take-off. This leads to an ICAO take-off certification noise level of approximately 73
EPNdB at both flyover and sideline, 23 dB below existing requirements at each measuring

location.

Overall, this thesis shows how the additional degree of freedom introduced with a variable area
nozzle can be exploited in the design and operation of a fan for a low noise turbofan engine. As
well as providing a design solution for the SAI engine, the findings are applicable to any future

engine design in which low noise is a key requirement.
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X

Nomenclature
Symbols
a speed of sound
A area
Cro thrust coefficient
D drag
f frequency, Hz
FPR fan pressure ratio (of bypass flow across stage unless specified otherwise)
g acceleration due to gravity
h specific enthalpy
htr hub to tip radius ratio
turbulent intensity
k turbulent kinetic energy
1 length
L lift
m mass
M Mach number
n number of engines
N noise level, dBA
p pressure
PR pressure recovery
t radius
R gas constant for air = 287 kJ /kgK
Q fan capacity, m\/cTTo / Ap,
T temperature, thrust
T, stress tensor
U blade speed
\Y velocity
W force from aircraft to ground through wheels
a angle of attack, degrees
B thrust vector angle in vertical plane, degrees
o thrust vector angle in aircraft plane, also duct switl angle, degrees
£ turbulent dissipation rate
1% ratio of specific capacities of heat



<

[ azimuthal angle (degrees), flow coefficient
o climb angle (degrees), temperature correction T/ T, ¢
o density

n efficiency

7] coefficient of friction, viscosity

w polar angle (degrees, ahead equals zero)
Y stage loading

Subscripts

0 stagnation

01 inlet

2 initial climb

den day, evening and night

eq equivalent

EF engine failure

tf fan face

G gross

i jet

noz nozzle

N net

p polytropic

ref reference conditions, ISA sea level

R rotation

S source

t turbulent

T/O take-off

ToC top of climb

X axial

00 free stream

Superscripts

n velocity exponent

* critical engine out



Abbreviations

ACARE
ATTCS
BPR
BPF
DNL
EPN
ESDU
ESS
FAA
FAR
JAA
JAR
ICAO
ISA
MTOW
LPT
OGV
OASPL
SAI
SID
VAN
WAT

Advisory Council for Aeronautics Research in Europe
Automatic Take-off Thrust Control System
Bypass Ratio

Blade Passing Frequency

Day Night Level

Effective Perceived Noise

Engineering Sciences Data Unit

Engine Section Stator

Federal Aviation Administration

Federal Aviation Regulations

Joint Aviation Authorities

Joint Aviation Regulations

International Civil Aviation Organisation
International Standard Atmosphere
Maximum Take-off Weight

Low Pressure Turbine

Outlet Guide Vane

Opverall Sound Pressure Level

Silent Aircraft Initiative

Standard Instrument Departure

Variable Area Nozzle

Weight — Altitude - Temperature






1. Introduction

Whilst aircraft noise has been reduced by ~20dB since the dawn of the jet age (Smith 1989, Green
et al. 2001), this has primarily been as a result of the introduction of low and then high bypass
engines which are now at optimum ratios for current technologies and installations. The rate of
noise exposure reduction has tailed off over recent years with current trends predicting an
inflection point being reached in the future. This is illustrated by figure 1-1 which plots noise
exposure from all aircraft in service around the world with the drop from 2000 due to the final
retirement of non ICAO chapter 3 aircraft (ICAO 1993). Beyond this point, the increase in air
traffic is expected to offset the shrinking reductions in noise footprint of new aircraft entering

service.

To continue a downward trend in overall noise exposure new aircraft will need to have
significantly lower noise footprints than current trends suggest. To drive this reduction the
Advisory Council for Aeronautics Research in Europe (ACARE) has created a series of goals for
the year 2020 (ACARE 2000) which include efficiency and emissions targets in addition to a 50%
reduction in perceived noise relative to 2000 technology levels. Meeting these goals is proving to
be extremely challenging and it has been argued that revolution rather than evolution in airframe

and engine concepts is required (Smith 2005).

The research presented in this thesis was completed under the auspices of the Silent Aircraft
Initiative whose 2025 goal is the reduction in airframe and engine noise sources to a point where
they are inaudible outside of the airport boundary in an urban environment. As shown in figure 1-
2 this is considerably more challenging in terms of target noise level than the ACARE target. By
taking noise reduction as the primary design driver alongside mission requirements and fuel burn,
the intention is to explore innovative solutions applicable within the ACARE2020 timeframe and

beyond.

This thesis looks at how a drastic reduction in overall aircraft noise to that deemed ‘functionally
silent’ would impact the design and operation of the propulsion system, primarily the fan and exit

nozzle.

1.1. What is noise and how is it quantified?

Noise is annoying sound. The threshold of human hearing is generally regarded as fluctuations in

pressure of magnitude 20 pPa with over a millionfold increase in magnitude tolerable before the



onset of pain. A logarithmic scale is used to cover this wide range in pressure fluctuations with the

sound power of a source and the sound pressure fluctuations heard both described in decibels.

PWL =10l0g, ( sound power j

_ Purs
10 watts L= 20'0910( ]

20uPa

A change in PWL or SPL of 3dB is generally considered the limit of perceptibility although much
smaller reductions in noise than this are still cherished when trying to reduce engine noise. In
terms of the audible frequency range, frequencies as low as 20Hz can be sensed as sound with an
upper limit for young people of up to 20kHz although this deteriorates down to 10kHz by midlife.
Generally, when looking at annoyance, only frequencies from 44.7Hz up to 11220Hz are
considered, split into 24 third-octave bands (centred on 50Hz, 63Hz, 80Hz, ..., 8kHz, 10kHz).
The perception and annoyance of sound is different at different frequencies and therefore, when
integrating across the frequency range to give an overall noise level, weighting is applied to the
different frequencies. Perceived Noise Level (PNdB) and A-weighted decibels (dBA) are the two

most commonly used weighting schemes although others do exist.

Research has found that noise at discrete tones can be more annoying than noise spread across a
range of frequencies and therefore tone corrections can be applied to these weighted levels.
Further, when looking at the annoyance of aircraft which fly overhead, the noise is commonly
integrated over a timeframe rather than just expressed as a peak value. Effective Perceived Noise
Level (EPNdB) utilises this approach plus tone corrections and is the value used for aircraft
certification (ICAO 1993). Finally, when looking at the annoyance caused by a series of events,
such as aircraft periodically flying overhead throughout the day, a correction or integration of the
sound over a longer period is required. Examples of such readings include the Noise Number
Index (NNI), Day-Night Sound Level (DNL) and the equivalent continuous sound level (L,). L,
can be calculated for an entire day or just part of the day with weighting sometimes applied for

different periods (as is the case for L,

‘den

in which 5dB is added to evening values and 10dB to night
time values). A value of 57 dBA L between the hours of 7am and 11pm is used by the UK

Government to mark the onset of significant community annoyance (Government 2003a).

For the purposes of this thesis, in which the noise from a single aircraft is of concern, peak A-
weighted decibel (dBA) will be used as the target metric. This is because it does not require prior

knowledge of flight profiles or the frequency of operation and is therefore easy to design against.



1.2. Benefits of noise reduction

From the entry into service of the first jet powered commercial aircraft in 1952 until today, aircraft
noise has been a constraint on the growth of the civil aviation industry. Regulation on acceptable
aircraft noise first came into force in the United States in 1969 in the form of FAR part 36 (FAA)
and soon after elsewhere in the world in the form of Annex 16 of the 1944 Chicago Convention
on Civil Aviation (ICAO 1993). These regulations have become nearly identical and more
stringent over time with all current aircraft operating in the developed world conforming to
‘chapter 3’ requirements and ‘chapter 4 now in force for all new aircraft. In recent years more
stringent regulation and restrictions relating to aircraft noise have been enforced at the local level.
A key example of this is the Quota Count (QC) system in operation at London Heathrow since
1993. Only aircraft that meet the QC2 limit are permitted to land during the night and, for the
long haul sector of the market, this has become a de facto world wide standard as it is more
stringent than the chapter 4 requirements (UK Government 2003b). These regulations have an
economic cost in that they affect the design of aircraft, restrict the number of aircraft movements
allowed and lead to retirement of aircraft earlier than might otherwise have occurred. For
example, the fan diameter of the Airbus A380 was increased beyond what was considered

optimum for low fuel burn so that the target quota count band could be achieved (Donoghue

2004).

Another key constraint that aircraft noise has on the growth of the civil aviation industry is in
restricting the construction of new runways and terminals. Whilst aircraft noise is by no means the
only limiting factor in this respect (increased road traffic and pollution also being critical), it does
create a large amount of local opposition to new construction projects. The UK Government in a
recent White Paper has recognised that extra runway capacity is required especially in the south
east of England (UK Government 2003a) and has stated that a new runway at Heathrow would
bring the biggest direct net economic benefit to the UK. Due to local opposition though, the
government has decided that this runway will only be constructed ‘on the basis that it resulted in
no net increase in the total area of the 57dBA L, noise contour [around Heathrow] compared

with summer 2002’.

If a functionally silent aircraft could be developed that also met other environmental requirements
whilst remaining economic, one of the key constraints on the growth of civil aviation would be
lifted. Whilst small incremental reductions in aircraft noise do help, it has been seen over the years

that regulation and more recently local view on what level of noise is acceptable moves to limit
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any benefit. Only a step change in noise emission could remove the constraint of aircraft noise on

growth altogether.

1.3. What do we mean by ‘ultra low noise’?

The Silent Aircraft Initiative aims ‘to discover ways to reduce aircraft noise dramatically, to the
point where it would be virtually unnoticeable to people outside the airport perimeter in a typical
built-up area’. Whilst this is not silence per se, it is an extremely ambitious target and one that is
used as the basis for this work. In order to evaluate designs and technology against this target, this

statement has to be converted into a specific measurable value.

Table 1-1 is taken from a World Health Organisation (WHO) report on guidelines for community
noise (Berglund ez a/ 1999). A key value from this report is that noise outside a bedroom window
at night should not exceed 60dBA. Perhaps more important for the silent aircraft initiative is what
are typical background noise levels in built up areas from non-aircraft noise sources? It has long
been recognised that in urban areas road traffic is the primary background noise source (UK
Parliament 1963). A more recent study (UK Government 2004) looked at exposure to traffic noise
in the Greater LLondon Area (approximately 7 million people). Table 1-2, taken from this report,
shows the proportion of the population in this area exposed to various noise levels. It should be

noted that L., L., L and L

‘den> day> ~evening

wight Ar€ averaged values and not peak.

Using these results as a basis, a typical background noise level in an urban environment was taken
as 60dBA and in order to be ‘virtually unnoticeable’ the noise limit for a silent aircraft can be
taken to match this. This value both accurately represents noise in urban environments and is

within recommended WHO guidelines.

1.4. Approach

The fan designed and investigated in detail in this research is for a mixed flow ultra high bypass
ratio turbofan which was identified as the most promising candidate for an ultra low noise design.
For this type of engine the jet parameters, including noise, are closely coupled to the fan design
and operation, specifically the pressure rise across the fan. Therefore, before looking at the
detailed design of the fan the relationship between fan operation and jet noise needs to be

understood.



As with the approach envisaged by ACARE to meet their 2020 goals, modification to operations
have been used to reduce noise outside of the airport boundary during take-off. Following a
literature review in chapter two, chapter three looks at the relationship between aircraft
parameters and resulting jet noise outside of the airport with thrust and profile management used
to minimise noise for a given configuration. This leads to a relationship between jet area and jet
noise being developed that considers the aircraft operation from brakes off until well clear of the

airport boundary.

With significant increases in jet area required relative to conventional designs in order to meet the
noise limit, chapter four investigates the impact increasing jet area has on key fan parameters. By
linking the resultant jet noise to fan pressure ratio and capacity, an approach is developed that
enables fan pressure ratio and blade speed to be selected in order to both meet the jet noise target

and minimise fan source noise. A variable area nozzle is a key enabler of this.

With principle fan parameters set in order to minimise fan source and jet noise, the detailed design
of the fan rotor and outlet guide vanes (OGVs) is discussed in chapter five. For the rotor the
detailed design must provide the required top of climb thrust, high cruise efficiency and, unique to
the approach taken here, high capacity and low pressure rise during take-off. For the OGV,
support of high incidence variation, introduced by utilising a variable area nozzle for jet noise

reduction, is required.

With detailed aerodynamic design of the rotor and OGV completed, chapter six looks at the
prediction of the various fan noise sources during take-off. Semi-empirical relationships used in
guiding the selection of key fan parameters in chapter four are compared wirh results from higher
fidelity models and the success of the design approach taken in that chapter evaluated. These
noise models along with an airframe noise model are then incorporated into the optimised take-
off departure profile developed in chapter three. This enables the take-off profile to be re-
optimised considering all dominant noise sources, rather than just jet noise, minimising the overall

noise footprint of the concept aircraft.

The overall success of the design against the noise target can then be judged and, in chapter

seven, conclusions are drawn and future research discussed.



1.5. Context

As part of a wider silent aircraft project, the research presented in this thesis was based around the
evolution and development of a 5000nm range, 250 passenger concept aircraft that made use of
an all-lifting body airframe to reduce airframe noise and provide shielding of forward propagating
engine noise (de la Rosa Blanco ez a/ 2007, Hileman e# a/. 2007b). The design choices that were
made and are presented in this thesis are within this context. In particular, the utilisation of the
airframe body for shielding led to rearward propagating fan source noise reduction being more

critical than forward propagating source noise reduction.

Further, the focus of the research presented here is on the design of the fan and operation for low
noise during take-off. Achieving low approach noise was covered as part of the wider Silent
Aircraft project (Hileman ez 2/ 2007a) with aircraft stability, go-around thrust requirements and
flight speed being critical. Fan and turbine rearward propagating noise were some of the noise
sources that made up the overall spectrum but a range of airframe noises including undercarriage
and airfoil noise were also significant. Reducing approach noise did influence the design of the
core and the overall architecture but did not influence the design of the fan. Therefore, approach

noise is not discussed further here.

Finally, the aim of both the overall project and the work presented in this thesis was to look at the
impact significant noise reduction as a primary design goal has on the design choices and trade-
offs made. In this respect the detailed fan and OGV design, in particular in chapter five, are not
intended to be optimum designs but are rather used to evaluate the success of some of the eatlier

design decisions that were made.



2. Literature Review

A complete review of the published literature relevant to the present research is beyond the scope
of this thesis. Instead the present chapter, after a summary of each area, critically reviews the
available literature with particular focus on areas that are utilised or influence the approach taken

in later chapters.

Jet noise reduction, one of the critical aims of the research, is reviewed in the first section. The
various noise sources from a subsonic jet are briefly discussed and prediction methods reviewed,
including flight correction effects. Methods of reducing jet noise are then discussed in some detail.
With fan noise sources often dominant for modern high bypass turbofans, especially at the
cutback position, the next section looks at fan noise sources, prediction and reduction
mechanisms. Modern compressor design is reviewed next with a focus on transonic single stage
fans. This is by itself a sizeable field so the review focuses on a few specific areas with applicability
to the level of design fidelity contained within this research. This includes the impact of reducing
fan pressure ratio along with benefits and impacts of lean and sweep from an aerodynamic

perspective. Finally, previous projects and publications with similar ambitions are reviewed.

2.1. Jet Noise

Throughout this section the emphasis is on subsonic jets as this is the regime required in order to
meet the noise target of this research. Whilst noise sources such as shock, crackle and screech can
dominate for higher speed jets, they will not be discussed further. Before discussing noise
generation in a jet, an understanding of the jet structure is first required. With single jets the focus

of the work in this thesis, coaxial jets are not discussed in any detail.

2.1.1. Structure of a circular subsonic jet

For subsonic, or ideally expanded supersonic, jets the structure consists of a potential core and a
mixing region as shown in figure 2-1(a). The potential core, in which the jet velocity equals that at
the nozzle exit plane, extends for approximately ten nozzle diameters downstream (Weinstein e a.
1956 for example). Around this core the mixing layer, in which the jet flow entrains and mixes
with the atmosphere, grows as a circular ring. Downstream of the potential core the average
velocity along the jet centreline starts to decrease and, after a transition region, the decrease is

inversely proportional to the distance when the surrounding fluid is at rest (Schlichting 1968).
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For the Reynolds numbers of full scale jets even at low velocities greater than 10° based on nozzle
diameter, the mixing layer of the jet is highly turbulent. In such a flow there are structures that
vary greatly in scale with the largest of the order of jet diameter. These structures draw energy
from the flow with a cascade of smaller structures transferring energy down to the dissipative

(smallest) scale.

Whilst the presence of small scale turbulence in jets has been recognised for a long time it was
only in the 1970s, well after considerable progress has been made on jet noise (82.1.2), that the
existence of large scale coherent structures in the jet mixing layer was recognised (Crow and
Champagne 1971, Brown and Roshko 1974, Winant and Broward 1974). These large structures
form immediately downstream of the nozzle due to Kelvin-Helmholtz instabilities entraining
ambient fluid as they progress downstream. Near the end of the potential core the structures have
the ability to interact across the mixing layer and the large structures can then span the width of
the jet. A convective Mach number (Vi-V,,)/(a+a,,) first defined by Bogdanoff (1983) is used to
categorise the behaviour of the convective structures. If the convective Mach number is less than
0.5 then the large structures will be similar to incompressible ones as observed by Brown and

Roshko (1974).

2.1.2. Noise from circular subsonic jets

The eatliest theoretical formulation for aerodynamic noise was the seminal work of Lighthill
(1952, 1954). In his acoustic analogy, Lighthill combined equations for the conservation of mass
and momentum for a bounded region of disturbed air in a form where one side resembled the
wave equation and the other side contains second spatial detivatives of a term, T;, now referred to

as the Lighthill stress tensor.

0’0, ., 0°T.
-all°p =—- 2.1
o7 =P 0% 0X; @b
where primes indicate perturbation about a basic state and;
Ty =pvy, +(p_,0'ai)5ij Rl (2.2)

Variations in T; vanish for linear inviscid flow but not for turbulent flow where the turbulence

generates sound as a quadruple source distribution. In many cases (with small temperature

variation and negligible viscous forces) Lighthill argued that only pPVV,, the unsteady Reynolds



stress, is important in determining T;. Then the sound field outside the source region can be

written as an integral of T over the source region. In the far field this reduces to;

1 I(X _yi)(xj _yi)azTij(y'T)
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where the integration is to range over all y in the volume V where T; is non zero and 7 is the
retarded time equal to t-|x-y|/a,. If the strongest motions in the source containing eddies have
velocity U, correlated over a length 1, then the density field at a distance |x| using equation 2.2 in

equation 2.3 scales as;
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and for intensity;
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This is Lighthill’s famous power law giving radiated sound intensity having an eighth power

dependence on jet velocity.

Ffowcs-Williams® work on higher Mach number flow (1963) extended the analysis of Lighthill
showing that convection of the sound producing turbulent eddies augment the quadrupole
efficiency by a factor of |1+M.cosw|” at low speed where M, is the eddy convection Mach
number, less than the jet Mach number, and w the angular position of an observation point
measured 180° from the direction of eddy motion. Ffowcs-Williams showed that at high
supersonic speeds the augmentation factor has a limiting form of | M cosw |~ leading to radiation
intensity only increasing with the cube of the velocity. Harper-Bourne (2003) studied the
convective amplification factor by making measurements of the same jet at two different polar
angles and comparing the difference at the same Strouhal number. This approach removes the
powerful eighth power law dependence and any changes of turbulence intensity with velocity. He
found that the convective amplification factor was closer to three than five and put the
discrepancy of previous theoretical work down to the frame of reference used when evaluating

Lighthill’s equation. This matches the value proposed by Goldstein and Howes (1973).
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Early experimentation showed good agreement at high subsonic and supersonic Mach numbers
with the V* and V’ power laws respectively as illustrated by figure 2-2 reproduced from Bushell
(1971) but also available in different forms from (Ahuja 1973), (Smith 1989), (Kobrynski 1968)
and others. Between Mach numbers of 0.9 and 1.6 the eighth power law is seen to hold true with
the gradient reducing to the third power at very high Mach numbers. At lower Mach numbers,
though, an increasing departure was seen between the predictions from Lighthill’s analogy and
experimental results. Bushell (1971) and Ahuja (1973) through careful removal of other noise
sources and use of large contraction ratios showed that an approximate eighth power law does

continue down to low jet velocities, as predicted by Lighthill’s analogy.

The excess noise, as it was termed at the time, came from a range of sources including the
combustor (Bushell 1971), the turbine and upstream disturbances (Gordon and Maidanik 1967).
In addition to these external sources, another potential source of sound from the jet as recognised
by Lighthill (1954) could be created from unsteady flow at the nozzle exit. This was analysed in
detail by Crighton (1972) when trying to find a solution that matched the characteristics of excess
noise seen at the time. This included a relationship with velocity between the fourth and sixth
power, a pronounced forward directivity and a peak frequency between four and ten times higher
than jet mixing noise. Two different sources were identified, one from fluctuating mass flow and
axial thrust interpreted in terms of monopole and dipole sources (equation 2.6) and the other

from fluctuations in cross-steam thrust interpreted as a transverse dipole (equation 2.7).
2
| ~V?(1+ cosw) (2.6)
6 aip?
|~V sin"w (2.7)

The first of these sources, from fluctuating mass flow, peaks in the forward arc whilst the second,
from fluctuations in cross-stream thrust, peaks in the perpendicular direction. With acoustic
efficiency (total sound power divided by jet power) proportional to the square of the r.m.s.
fluctuating thrust level, Crighton compared the sound power radiated through mixing with that
through thrust fluctuations at the nozzle exit. Using the work of Crow and Champagne (1971),
Crighton calculated a minimum acoustic efficiency (total sound power divided by jet power) of
10° M’ under carefully controlled upstream conditions. This compares to an acoustic efficiency of
10" M for the mixing noise of subsonic jets with clean exit conditions (Lighthill 1962) indicating
that in a clean jet these new sources will only dominate over mixing noise for M ~ 0.1 or less. A
1% fluctuation in thrust level will lead to an acoustic efficiency of 10*M’ overwhelming jet mixing

noise in the forward arc. An additional effect of flow non-uniformity or fluctuation is the
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possibility of exciting shear-layer instability waves that can lead to increases in jet mixing noise.
Moore (1977) showed that only a small variation in jet dynamic head was required for this to
occur. Fluctuating thrust from gas non-uniformities in the jet exhaust can also lead to increases in

far-field noise (Marble and Candel 1977, Rienstra 1983).

Whilst jet velocity is the dominant parameter in determining jet mixing noise, jet density also plays
a role. Hoch et al. (1973) reported experimental results from two research facilities that between
them covered temperature effects for jets with velocity ranging from 150 to 800m/s. They found
that at high jet velocities reducing density led to reduced noise as predicted by Lighthill’s analogy
(see equation 2.5) but at lower velocities reduced density led to increased noise. Similar results
were obtained by Tanner e a/ (1975) for Mach 1.4, 1.7 and 2.0 jets. Morfey (1973) rewrote
Lighthill’s acoustic analogy in a modified form to argue that another source was present that
would be zero only when the flow is homogeneous. If this was not the case an additional dipole
source would be present that scales as follows where T is the average and AT the variation in

temperature in the source region:
2
| ~V?(AT/T,) 2.8)

From this it follows that as jet velocity reduces, increases in jet temperature (leading to
temperature and density vatiations in the source region) will tend to increase rather than decrease
noise. Combined with Lighthill’s analogy this dipole source explains the increasing noise seen at
low speed and reducing noise at high speed seen from increasing jet temperature (Motrfey ez al.
1978). Experimental data places the cutover between a V® and a V® dependence being at a jet
Mach number of roughly 1.6(h;-h.)/h,, where h is the specific enthalpy of the fluid (Lilley 1991).
For a free stream temperature of 300K and a jet Mach number of 0.5 this would limit the jet

temperature to no higher than approximately 394K in order to maintain a V* dependence.

Recently, drawing his conclusions from a series of detailed experiments, Viswanathan (2004) has
suggested that this dipole source due to temperature effects is erroneous. Whilst a weak
dependence of temperature on noise is seen, Viswanathan argues that the velocity exponent does
not fall to a value of six even at high temperatures and low speeds. He puts the sixth power
correlation seen by Hoch et al. (1973) and Tanner ez a/ (1975) to be the result of Reynolds number
effects and rig contamination. Viswanathan concludes that Reynolds number effects cease to

impact results only at values of 400,000 and above.

Models based on the theories of Lighthill (1952, 1954), Lilley (1974) and others have been

extremely successful at predicting the spectral density normal to the jet axis, overall radiated power
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and trends with changes in jet parameters. There has been less success in predicting noise closer to
the jet axis. Fundamentally this is because a full understanding of the turbulent properties is first
required to make predictions of the radiated noise and this still eludes research. It is generally
agreed that the finer scale turbulence is a source of noise and that a noise source associated with
large-scale turbulent structures is very important for high supersonic conditions. Critically, there is
no general consensus, or even satisfactory model, for large scale structure noise for subsonic

convective Mach number conditions (Mortis and Boluriaan 2004).

Tam ez al. (1996) divided the turbulent mixing noise into two distinct components for supersonic
jets, one from fine scales (Tam and Auriault 1999) and one from large scales (Tam 1991). This is
controversial as studies have shown a continuous cascade from the large to the smallest turbulent

scales.

2.1.3. Flight effects

As flight Mach number approaches jet Mach number the relative velocity between the two mixing
layers drops and jet mixing noise reduces. For low speed jets the impact of flight speed can be
significant and therefore accurate prediction of far field changes in radiated noise is critical. In
addition to modifying the overall sound power, the change in the shear layer tends to move peak
noise directivity further away from the jet axis. Stone and Montegani (1980) split the impact of
forward flight on jet noise into three effects; a kinematic effect due to the motion of the airplane
with respect to the observer, a dynamic effect due to the motion of the sources with respect to the
propagation medium and a source strength alteration due to the reduced shear. The kinematic
effect, often referred to as Doppler amplification, provides a correction of (1-M_cosw) ' where M,,
is the flight Mach number and w is the polar angle from the aircraft direction to the observer
(Ftowces-Williams 1963, Crighton e al. 1977). The dynamic effect is a modification to the source
convection cortrection discussed in 82.1.2 based on the work of Ffowcs-Williams (1963). Normal
to the jet axis, where kinematic and dynamic effects are small, only the source strength
modification is present. This is generally characterised as a relative velocity exponent, n, as in

equation 2.9.

OASPL ~10 Iog_o( - \3] 2.9)

i

In the available literature, n at 90° varies considerably in the range 1 to 5.5 with lower values from

full scale testing such as the Bertin Arotrain experiments (Drevet ¢ a/. 1977) and larger values



13

from unheated wind tunnel tests (see Plumblee 1976 for examples). This issue was specifically
looked at by Ahuja ef a/. (1978) who found that the discrepancy could be accounted for by the
presence on non jet-mixing noise sources in the full scale tests. For jet mixing noise alone,
literature places n at 90° in the range from 4.0 to 5.5 (Stone and Montegani 1980, Bryce 1984,

Stone ¢z al. 2003 amongst others).

There is a wide range of prediction methods for static jets, most of which are based on an acoustic
analogy of some form. With differing approaches to temperature effects and the use of databases
of static results to provide the empirical constants common, the relative velocity exponent, n, is
often modified. For unheated jets this involves modifying n as a function of the polar angle and
for heated jets also a function of temperature (ESDU 1990b). This replaces any corrections made

to account for changes in soutce convection and/or Doppler amplification.

2.1.4. Noise reduction

Until now, the focus of this review has been on understanding noise generation in single circular
subsonic jets. Here we look at modifications to the jet with a view to noise reduction. With jet
mixing noise proportional to V* for subsonic jet speeds, the obvious way to reduce jet noise is to
reduce jet velocity and this has had by far the most significant impact through the introduction of
low and then high bypass ratio turbofans (McCune and Kerrebrock 1973). With this approach
linked to the engine cycle and therefore subject to a whole host of other demands, not least
minimising fuel burn, a range of other mechanisms has been studied. In general, with the detailed
noise generating mechanism(s) in single circular jets not fully understood (82.1.2), experimental
campaigns have generally been used to advance understanding. This lack of fundamental
understanding makes extrapolating results to different flow regimes, in particular for this thesis

lower jet velocities, dangerous.

Coaxial Nozzles

Extracting core exhaust power to drive a fan, increasing propulsive efficiency, has led to
significant reductions in jet noise. The flow patterns of the coaxial jet that results is influenced by
the bypass ratio, the relative jet velocities and whether a plug is present in the core nozzle. Figure
2-1(b) shows an approximate flow pattern that results with three regions often defined; an initial

region, an interaction region and a mixed flow region.

In general, the approach used in predicting the resulting noise is to modify single jet noise

predictions for the core jet and/or the fully mixed out jet to take into account the impact of the
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outer jet and/or modified mixing regions. Stone ¢ al. (1983) using the results of Olsen and
Friedman (1974) modified hot single jet predictions based on bypass to core temperature and
velocity ratios. More recently, Fisher ez a/. (1998a, 1998b) have modelled the total jet noise as the
superposition of noise from the mixed jet, the secondary shear layer and an effective jet which has
primary jet velocity but reduced turbulence levels achieving good agreement with experimental
data. In all regimes of interest, jet mixing noise from normal velocity profile coaxial jets is higher

than fully mixed out equivalent jets.

Forced Mixing

In some engines, mixing of the core and bypass flow occurs upstream of a common nozzle. When
the mixing of these two streams occurs near the exit nozzle, incomplete mixing occurs and the
ability to estimate the increase in radiated noise, relative to a fully mixed flow, is required. Tester ef
al. (2004) modified the source model they developed for coaxial jets (Fisher ef a/ 1998a, 1998b) to
predict the noise from both unforced and forced mixed jets. With unforced mixing there is, for
the engine arrangements considered, little mixing prior to the exhaust nozzle and therefore the
coaxial model predicts the noise well. For forced jets, significant mixing does occur and the noise
can be modelled as that of a fully mixed jet plus an additional, high frequency, source from the
mixer itself. As this source is the product of mixing between the two exhaust flows, rather than
with the free stream, Tester and Fisher (2005) conclude that it is not reduced by flight effects.
Pinker and Strange (1998) obtained reductions of up to 6 EPNdB in jet mixing noise when using a
12 lobed mixer design relative to an annular mixer. This compared well with the ideal noise
reduction achievable, highlighting the potential benefit of a forced mixer and shared nozzle

relative to a coaxial unmixed arrangement.

With the degree of mixing between secondary and primary flows critical in reducing jet noise, an
understanding of lobed mixing is required. Waitz ez a/. (1997) developed a model of mixing
streamwise vorticity that compares well with experiments. The enhanced mixing from lobes can
be explained by two effects; (i) the increased length of the mixing interface and (ii) the streamwise
vorticity created by the lobes. It was shown that close to 70% molecular mixing can be achieved
five lobe wavelengths downstream when forced mixing is used. Abolfadl ez a/. (2001) performed
detailed low speed tests on the mixing process using lobes and found typical values for mixedness
7.5 lobe heights downstream of between 0.7 and 0.5 for inlet velocity ratios of between 0.36 and
0.66. The mixing parameter was based on an integral of the velocity difference squared as a
measure of momentum. The main area of impact of lobes on mixing enhancement is in the first

two jet diameters downstream (Hu ez a/. 2002).
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Lobes have also been used to mix a single jet with the free stream although the more successful
noise reduction designs tend to result in significant thrust penalties. Zaman ef a/. (2003) have
recently performed a detailed study of subsonic jet noise reduction using a rectangular lobed
nozzle without vorticity added to the stream. This follows on from the work by Tam and Zaman
(2000) covering a wider range of nozzle shapes. At the model scale a noise reduction in excess of
5dB OASPL was achieved for minimal thrust loss for a 6 lobed design. This was reduced to about

1.5dB when scaled up and A-weighted due to an increase in high frequency noise.

Tabs and Chevrons

Much of the recent work on jet noise reduction has been focused on the mixing of flows after exit
from separate core and bypass nozzles using tabs and chevrons. Bridges e o/ (2003) summarise
the work done at the NASA Glenn Research centre in this area. This includes that by Saiyed e a/.
(2003) who estimated that a 2.7EPNdB noise reduction could be achieved for a 0.06% cruise
thrust loss by adding chevrons to both the core and bypass nozzle. Included within this paper are
plots showing EPNAB relative to a clean baseline nozzle for 12 designs as a function of the mixed
out jet Mach number. The maximum noise benefit is obtained at high jet Mach numbers with the
benefit reducing significantly as Mach number drops towards 0.8 (no data is presented for lower

values). Indeed, several of the designs presented increase noise at the lower jet velocities.

In order to minimise thrust and enable increased noise reductions, adaptive chevrons are being
developed and flight tested (Calkins ez @/ 20006). These use thermally activated shape memory
alloys to make use of the temperature difference in the free stream between take-off and cruise,

moving the chevron into the jet stream at take-off and out of the jet stream at cruise.

Ejection

An ejector is a device in which the kinetic energy of one fluid is used to pump a second fluid. It
consists essentially of a duct through which is discharged a high velocity jet. The secondary fluid,
ambient air in this case, is drawn into the ejector, mixes with the high velocity jet in the duct and is
discharged. As such, the resultant flow is similar in some ways to that of a coaxial jet and therefore

offers the opportunity of noise reduction relative to the primary, high velocity, jet.

Prior to the introduction of turbofans, the use of ejectors for noise reduction was researched
extensively. North and Coles (1955) studied subsonic jets with ejector exit over inlet areas of 1.2
and 1.4 and ejector lengths up to a maximum of 1.5 engine exit diameters. With no forced mixing

of the exhaust and ejected stream, ‘an insignificant reduction in total sound power was realised’.
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This can be explained by the work of Mikhail (1960) who investigated both experimentally and
analytically the mixing of two coaxial streams inside a closed conduit. Whilst the velocity ratios
used were higher than those that would be used in an ejector on any ultra low noise engine (2.5
and greater), extremely long mixing tube lengths were required in order to get a significant

reduction in peak jet velocity.

Coles et al. (1958) used lobes between the primary and secondary streams to increase the mixing
and entrain more secondary fluid. Reductions in the overall Sound Power Level of up to 8dB and
the peak Sound Pressure Level of up to 12dB were achieved with an ejector length of twice the
nozzle diameter and ejector diameter of 1.6 times the nozzle diameter. 3 to 5dB of the Sound
Power Level reduction was attributed to the ejector and the rest to the forced mixing alone.
Investigation of forced mixers with ejection was also performed by Rolls Royce according to an
eatly review of jet noise suppression with up to 14dB reductions in OASPL achieved (Miller
1957). Over the next twenty years an extensive amount of research was conducted on using
ejectors within aircraft engines with emphasis shifting from suppression of jet noise on eatly
turbojet engines to other applications such as VSTOL over time (Fancher 1972). Comprehensive
bibliographies on ejection and jet pumps covering literature from this period include those by

Seddon and Dyke (1964) and Bonnington ef a/. (1976).

FitzSimmons e al. (1980) present data from a test programme that looked at the use of lobed
nozzles and ejectors with up to 16 EPNdB reduction achieved for high supersonic Mach number
jets. Brooks ez al. (1980) present the flight test data from this work and also include Rolls Royce
correlations on ejector performance based on lobe and ejector geometry parameters. A range of
jet Mach numbers and flight speeds was tested for three nozzle configurations; one conical, one
lobed and one lobed with a lined ejector. For a 140 knot flight speed and a Mach 2.0 jet, a
significant reduction in noise is achieved both with and without the ejector relative to the conical
baseline. As the jet velocity is reduced towards Mach 1.26 so is the reduction in noise. In fact, for
the lower jet velocity Brooks ef 2/ found an increase in peak noise occurs if just a lobed nozzle is
used. Strange and Bryce (1992) used this work as a basis for an analytical model designed to
predict jet noise reduction through the use of ejectors. The model shows reasonable correlation
with test data once the constants are modified. They do state though that the model they present
should be used with caution and obtaining ejector noise reduction performance still relies on

experimental testing.

Tew et al. (1998) used the work of Waitz ef a/. (1997) discussed eatlier to create a mixer-ejector

noise-suppressor model primarily aimed at supersonic primary flow but also applicable to
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subsonic cases. While this model showed good correlation with experimental data in terms of
pumping and thrust, the actual impact on jet noise was not looked at. Presz ez a/. (2002) presented
details of an ejector for use with the Spey 511-8 jet engine. Thrust was augmented at low speed
with no loss in thrust at cruise speed due to nacelle boundary layer ingestion offsetting the

increased wetted area. Unfortunately, again, no noise measurements were taken.

Nozzle Shaping

In a similar way to tabs or lobes, modifying the shape and dimensions of the jet can modify the
relative length scales moving the sound produced to higher frequencies and reducing the overall
noise level. Gutmark and Grinstein (1999) have presented a review of work in this area focusing

on the fluid mechanical aspects and mixing process.

For rectangular jets, increasing the aspect ratio does lead to reductions in noise for a given thrust
but sizeable reductions required extremely high aspect ratios. Munro and Ahuja (2003) have
measured the noise of very high aspect ratio jets (>100) and found that noise was proportional to
h"*w"®. For smaller aspect ratios though, any noise reductions are much less. For example Coles
found less than a 0.5dB reduction in radiated sound power for a full scale 14:1 nozzle increasing
to 3dB reduction for a 100:1 nozzle (Coles 1959). Experimental results from Tam and Zaman
(2000) suggest shaping the nozzle into ellipses or rectangles of moderate aspect ratio is not an
effective method of jet noise reduction with any directivity effects hard to measure. In terms of
directivity, Massey ez al. (2004) found distinct differences between noise at different azimuthal
angles especially in terms of the frequency distribution. The influence on azimuthal angle changed

significantly with polar angle though making conclusions hard to draw.

Gaeta and Ahuja have published work on splitting the jet up into a large number of very small
nozzles (Gaeta et al. 2002) with around 5dB reduction in sound pressure levels but at the expense

of thrust loss and an increase in engine back pressure.

Finally, bevelling the exit nozzle so that the face points away from noise sensitive areas has been
shown to reduce noise, especially in the rear arc (Viswanathan 2005). As with most other noise
reduction approaches though, the benefit reduces as jet velocity reduces, although a 2dB reduction

was still seen at all frequencies for a Mach 0.7 jet in static conditions.

2.1.5. Summary

Research into understanding the structure of jets and predicting their noise levels has been

continuing for over forty years. For a subsonic or ideally expanded supersonic jet, mixing noise
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represents the noise floor of the jet. This is a quadrupole source scaling with eight powers of jet
velocity. At lower speeds, fluctuations in the flow or flow inhomogeneity can lead to a range of
possible dipole sources becoming significant. This reduces the noise scaling from eight down to
six powers of velocity. Therefore, to maintain the eighth power scaling as velocity is reduced

requires the jet to be close to ambient temperature and steady.

The core and bypass streams from a turbofan engine can either be unmixed leading to a coaxial jet
or mixed out prior to the nozzle exit. Fully mixing out the core and bypass streams will lead to the
lowest noise footprint although, unless well upstream of the nozzle, the mixer can add an
additional source of high frequency noise. Fully mixing out the jet prior to nozzle exit is likely to

be more important as jet velocity is reduced as otherwise dipole sources will become dominant.

Recent research into noise reduction for civil subsonic aircraft has focused on enhancing the
mixing through the use of tabs, lobes or chevrons. Whilst flight tests have shown noise reductions
can be achieved, this benefit reduces with jet velocity and, for the region of interest here, there is
not enough evidence to merit their use. Ejection, whilst of more interest to researchers looking at
noise from future supersonic aircraft, could be used to further reduce the noise of already quiet

jets. Benefit would only come, though, if the exit jet was almost fully mixed out.

Finally, corrections used to account for flight effects lead to reductions in jet mixing noise. These
reductions become more significant as the ratio of jet to free stream velocity approaches unity.
With limited high quality experimental data available, uncertainties in the flight correction

coefficient may lead to large uncertainties in the jet noise footprint.

2.2. Fan Noise

As low and then high bypass ratio turbofans were developed and jet noise reduced, internal engine
noise sources started to contribute to the overall engine noise spectrum observed on the ground
(Smith 1989). For most modern turbofan designs and concepts, fan noise is the dominant internal
engine noise and is the dominant overall noise source at reduced thrust levels (Owens 1979, Smith
1989, Gliebe 2003). Whereas jet noise is, for subsonic conditions, dominated by mixing noise
there is often no one dominant source with fan noise. Therefore, in this review the various
sources that make up fan noise are discussed first. These include both tonal and broadband
sources that propagate through the inlet and the exhaust. Next, the prediction of these sources is

discussed with particular emphasis on the applicability of such predictions and limitations when
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applied to unconventional low noise designs. Approaches to fan noise reduction are then reviewed

before the area is summarised.

As with the section on jet noise, the aim in this section is to review previous work that has a
bearing on how to design for low noise. For a more general review, the reader is directed to
(Groeneweg e al. 1991) and (Huff 1998). Further, with fan noise reduction discussed within the
text in 84.2.1and 86.1, this section is kept brief.

2.2.1. Sources

Figures 2.3 and 2.4 show far field noise in the forward and rearward arc at a range of power levels
with the range of sources that contribute to the overall spectrum highlighted. Whilst these
spectrums are from a lower bypass ratio engine than is considered in this thesis they indicate well
the complexity of the resulting noise field and range of fan noise sources present. For a higher
bypass engine, fan broadband and tone noise would be more dominant especially in the rearward

arc.
Tone Noise

Tone noise is coherent noise audible at discrete frequencies and, for modern single stage fans, can
be split into two sources; rotor alone and rotor-stator interaction. Rotor-stator interaction tone
noise is created by the periodic interaction of upstream blade wakes onto downstream blade rows
or pylons and the periodic interaction of pressure fields from one blade row onto another. For
modern single stage fans with an upstream rotor and downstream guide vane the blade spacing is

often great enough for the first of these two mechanisms to dominate.

Whilst both swirling mean flow and changes in duct radius can significantly impact the resultant
sound field, insight can be gained by treating the wakes as vortical gusts convected by a mean
irrotational flow in a constant radius duct. These simplifications were used by Tyler and Sofrin
(1962) to develop a discrete tone interaction noise theory in which the resulting sound in the duct
was expressed as two different Fourier series; one considering rotor periodicity and one the stator
periodicity. Equating the two lead to the following equation where B is the number of rotor
blades, V is the number of stator blades, k is any integer and n is the blade passing frequency

harmonic of interest.

m=nB+kV (2.10)
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This equation describes the modes that can exist in the vicinity of the stator where m is the
number of lobes of the mode with a frequency of nBQ rotating at nQ2/m radians per second
where € is the rotor angular velocity. By considering duct acoustics Tyler and Sofrin showed that
if the mode sweeps the outer wall of the annulus at supersonic speeds then it will propagate. If not

it will decay exponentially. This leads to the cut-off condition;

KV M,
1+E >W (2.11)

In this equation M, is the absolute tip Mach number of the fan blade and M, is the axial flow

rot

Mach number. When this condition exists the mode in question will not propagate. For a relative

Mach number of one (M,,* = M, *+M.?) the right hand side of equation 2.11 equals unity leading

rot

to the often quoted relation;
InB+kV|>nB (2.12)

If this relation (and equally 2.11) is satisfied for k=-1 it is satisfied for all k. This approach is
employed to ‘cut-off’ the 1" rotor-stator harmonic (n=1) in all modern engine designs by setting
the number of stators V to be greater than twice the number of rotors B. Cutting off the 2™
harmonic would require more than four times the number of stators than rotors and, whilst this
has been used in research fans, it has not been employed in production engines due to mechanical
reasons and because increasing stator count leads to increases in broadband noise. When mean
swirl between the rotor and stator is included in the analysis some upstream propagating counter-
rotating modes are increased in amplitude but downstream propagating modes and co-rotating
modes are more damped (Cooper and Peake 2001). For modes that are not cut-off the resulting
far-field intensity and directivity are influenced by a range of factors. The noise is generated
primarily at the leading edge with intensity dominated by the convected Mach number and gust
strength (Huff 1998).

Using a similar argument to rotor-stator interaction noise, rotor-alone noise will be cut-off unless
the relative tip Mach number is greater than one. Rotor alone tone noise at the BPF and higher
harmonics is generated through inlet flow non-uniformities onto the rotor from nacelle
separations or other upstream disturbances, all of which are generally small for modern designs.
Another source of rotor-alone tone noise is from the shocks on the blade surfaces that propagate

forward. This noise source can be significant and is worthy of further discussion.
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Buzzsaw

As the relative tip Mach number of the flow onto the fan approaches unity, shocks start to form
ahead of the rotor leading edge and on the rotor suction surface. These shocks propagate
upstream and, due to variations from manufacturing and installation, coalesce into a range of
multiple pure tones below the blade passing frequency referred to as MPT or buzzsaw noise. This

noise propagates forward only but can be one of the dominant engine noise sources during take-

off.

Mortfey and Fisher (1970) were the first to develop a prediction of the intensity of the radiated
sound through assuming identical blades and modelling the shock as being normal to the flow that
would occur without the presence of the blades (i.e. M,,). The theory agrees well with experiment
and predicted peak noise for a relative Mach number of approximately 1.2. At higher Mach
numbers the increased propagation distance more than offsets the increased shock strength
leading to gradual reduction in sound power as Mach number is increased. A rapid reduction in

sound power is predicted as relative Mach number drops below 1.05.

McAlpine and Fisher (2001, 2003) developed a model for investigating the propagation of the
waveform that accounted for both a non uniform source (an irregular saw-tooth wave) and the
presence of acoustic liners in the upstream nacelle. This model indicates that significant reductions
in noise can be achieved through lining for relative tip Mach numbers below 1.2 but liners are
much less effective at higher Mach numbers. Predictions using this model have been compared to
experimental results obtained as part of the RESOUND programme (McAlpine e a/. 2000).
Whilst the agreement obtained at a range of relative tip Mach numbers for unlined ducts was
good, there was less success for lined ducts. In particular the code significantly over-predicted the
peak liner attenuation at lower tip Mach numbers. Suggested possible reasons for this were too
high model decay rates in the code or scattered noise from splices in the real hardware masking
the pure buzz-saw noise at frequencies in which the liners were particularly effective. Recent tests

have shown splices used in current intake liners can increase propagated buzzsaw noise

significantly (Yu e a/. 20006).

With the take-off operating line on a fan map shallower than the cruise operating line, fans
operate closer to stall during take-off than at cruise. This is especially so at cut-back power levels
resulting in the shock being detached from the leading edge as illustrated by figure 2-5. This gives
a propagating shock strength similar to that calculated by Morfey and Fisher. If the operating line
is moved down (through changes in nozzle area or changes in flight conditions) the primary shock

can become ingested into the blade passage with a weaker bow shock at the leading edge that is
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attenuated by expansion waves emanating from the suction surface. Computational results by Xu
(2004) backed by rig tests indicate that modification of the shock structure in this way can reduce

the propagated SPL by up to 6dB.

Broadband Noise

There has been considerable success in reducing tone noise from modern high bypass engines
through improved component design and lining. This has resulted in fan broadband noise

becoming a major component in the overall radiated sound (Gliebe ez 2/ 1995 for example).

Early rig tests led to correlations of broadband noise with rotor inlet relative tip Mach number and
incidence (Ginder and Newby 1977, Gliebe 1979). From these tests, broadband noise was seen to
vary with between five and six powers of Mach number and to increase by between 1.7dB and
2.5dB per additional degree of incidence. More recent results, based on FANPAC tests in Europe,
have found similar trends (Lewy 2000). With multiple potential sources of broadband noise (see
figure 2-4), recent work has focussed on trying to better understand and predict the individual

sources.

Probably the most significant published research efforts in understanding broadband noise was
the NASA sponsored Boeing 18” rig test (Ganz ef al. 1998). Although only looking at the noise
from a single fan design, several modifications were made to the rig to try and isolate the relative
importance of the different broadband sources with both far-field and in-duct measurements
made. Significant broadband noise was found to come from the fan alone even with clean inflow
and no nacelle boundary layer. This noise was strongly effected by blade speed (approximately 6"
power indicating dipole source) and loading and weakly effected by tip clearance in both the
forward and rearward direction. Rotor tip interaction with a boundary layer when present was also
a significant source as was the interaction of the rotor with high order inlet non-uniformity at least
under high loading. The effect of blade speed on this source was closer to 4" than 6™ power and
reducing tip clearance increased the far-field noise. The final significant source, dominant aft, was
the interaction of the stator with the fan wake. This was strongly affected by blade speed
(approximate 6" power) and also by OGV count with increasing OGVs increasing the noise.

Rotor tip clearance and loading had less of an impact on the resultant noise.

Similar results were seen by Woodward ez a/. (2002) who, while not solely looking at broadband
noise, studied two rotors and thee stator combinations. For supersonic blade speeds the rotor
alone noise field dominated in the forward arc but for lower speeds, rotor-stator interaction noise

was dominant. In the rearward arc, rotor-stator noise remained dominant until higher speeds
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when again rotor alone noise became significant. This relative dominance of sources is not always
the case though with Gliebe ez a4/ (1995) finding nacelle boundary layer flow onto the rotor tip

dominant.

The range of noise sources has also been looked at analytically. Glegg and Jochault (1998), who
used the trailing edge noise of isolated airfoils as the starting point in the prediction of rotor only
broadband noise, found sound power scaling to the fifth power of relative tip Mach number at
lower speeds rising to the sixth power at high speeds along with a 2.4dB noise increase per degree
of incidence. For rotor-stator interaction noise, Hanson and Horan (1998), building on the work
of Glegg (1999), developed a cascade response model to inhomogeneous turbulence. Predictions
from this include broadband noise being proportional to vane count but independent of chord
indicating fewer wide chord blades would reduce broadband noise. Downstream noise was found
to be proportional to the fifth power of mean flow Mach number onto the OGVs with upstream
noise dependent on a slightly lower power. In terms of the turbulent parameters, noise was
proportional to turbulent intensity and increases in length scale tended to increase noise at lower
frequencies and reduce it at higher frequencies. Evers and Peake (2002) extended this work to
account for non-zero thickness and camber finding that whilst blade geometry can have a
significant effect on the noise generated from a single gust, for a full turbulent spectrum the
impact is only of the order of 2dB. Coupling of the rotor into the analysis increases the

downstream noise level (Hanson 2002).

2.2.2. Duct propagation, radiation and shielding

Fan source noise propagates upstream and downstream through acoustically lined ducts before
radiating from either the inlet or nozzle lip. Acoustic modes are absorbed in different degrees by
the liners and are also scattered by any discontinuities in the ducting making prediction of far field
radiated noise complicated. A wide range of liner technologies exist that are in widespread use
(Smith 1989) but for the results presented in this thesis liner attenuation and radiation based on
the work completed as part of the Silent Aircraft Initiative will be used (Law and Dowling 2006,
2007). Far-field engine noise is estimated by solving appropriate eigenvalue problems for uniform
axial inviscid flow in annular and cylindrical lined ducts. From the resulting modal amplitudes at
the nozzle termination, the radiated sound pressure level is estimated using the Wiener-Hopf

solutions from an unflanged duct.

For forward noise sources, shielding estimates are made based on the work of Agarwal and
Dowling. For quick results, corrections as a function of polar angle, azimuthal angle and frequency

were based on low frequency estimations extended conservatively to higher frequencies (Agarwal
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and Dowling 2005). When higher fidelity estimations are required then more computationally

intensive ray theory methods can be used (Agarwal ez 2/ 2000).

2.2.3. Noise Prediction

The most widely used semi-empirical fan noise models are based on the work of Heidmann
(1979). This includes the model used in the NASA ANOPP code (Zorumski 1982) and the ESDU
code (ESDU 1998). These models only use basic design parameters and mass averaged flow
quantities in their prediction, making them easy to apply. The main disadvantage is that they
cannot take into account new or unconventional design features such as sweep and lean. Also,
with the correlations based on tests from existing fans which have fixed nozzle areas, they may
not properly reflect changes in the propagated noise if the fan is operating at an unconventional
point. Finally, whilst tone, buzzsaw and broadband noise are predicted separately, there is no

attempt to split the sources down further.

At the next level of complexity, noise prediction codes start to be specific to certain noise sources.
The range and breadth of the different models developed is wide and well reviewed in a recent
paper (Envia e# 2/ 2004). For tonal sources, state of the art models are of high fidelity and able to
predict the resultant noise with reasonable accuracy. The most common approach is to first obtain
unsteady flow field data using a RANS code before using a linear code with a higher resolution
grid to obtain noise predictions. For broadband noise on the other hand, much more significant
prediction challenges remain. Whilst the same tools used in predicting tonal noise are applicable,
the range of frequencies and scales involved make obtaining statistically meaningful data
prohibitive. For interaction noise, state of the art broadband prediction codes use either
experimental or computationally gained turbulence data as input to a simplified analytical model.
These have generally been successful at predicting the spectral shape of the noise and trends with
blade count and sweep but less successful at predicting absolute noise levels especially at higher
Mach numbers. For self noise, most models are based on the work of Glegg and Jochault (1998).
Here, the main limitation is knowledge on the turbulence at the trailing edge and, as with
interaction noise, this leads to the trends being largely correct but the prediction of absolute levels

less so.

2.2.4. Noise Reduction

Having looked at tonal and broadband fan noise sources, this sections aim is to discuss the

possible ways such sources can be reduced for a given thrust level.
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Blade count

The simplest way to reduce rotor-stator tone noise is to cut-off the lower order harmonics
through reducing the rotor or increasing the OGV blade count (Tyler and Sofrin 1962). Whilst
this approach is currently almost universally used for cutting off the 1* BPF, cutting off higher
orders is not practical. Further, with rotor-stator broadband noise proportional to the number of
OGVs (Ganz et al. 1998, Topol ef al. 2004), a current research aim is to control tone noise through
OGYV sweep and lean thus allowing blade count to be reduced, reducing broadband noise whilst

cutting on the 1% BPF.

Lean/Sweep

OGYV sweep and lean has been successfully used to reduce tone noise. Analysis of potential tone
noise reduction by Envia and Nallasamy (1998) indicated that both positive sweep (tip further
downstream than hub) and positive lean (tip moved circumferentially in the direction of rotor
rotation) will reduce noise with greater angles of sweep and lean leading to greater noise reduction.
They argue that this is because such a design maximises the number of wake interactions per vane.
Woodwatd et. al. (2001) tested this for a design in which OGV blade count has cut-off the 1* BPF
and sideline noise reductions of the order of 3EPNdB were observed. Tone noise in particular
was significantly reduced but small reductions in broadband noise of the order of 2dB were also
observed at the lower fan speeds with reductions of up to 4dB at high frequencies. More recently,
sweep alone has been shown to significantly reduce tonal noise when blade count is reduced and
the 1% BPF cut-on (Heidelberg 2002). Hanson (2001) indicates that OGV sweep reduces
broadband noise by reducing the chordwise component of Mach number and that lean has limited
effect. Topol ez al. (2004) suggested forward sweep at the tip (termed a tip boot) could reduce

broadband noise if the broadband noise is primarily created in the tip region.

Whilst significant leaning of the rotor is not possible due to blade stressing, forward sweep of the
rotor has been used to reduce multiple pure tone noise. This was the approach used by Xu (2004)

to swallow the primary shock in the tip region as discussed in the subsection on buzzsaw noise.

Blade speed vs. Loading

With both tone and broadband noise scaling at between five and six powers of blade speed, an
obvious way of reducing noise is to reduce the blade speed. For the same fan pressure ratio this

leads to an increase in the loading;
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Several recent fan designs have used this approach with varying results. Bewick ez @/ (2001)
reported the results of a low noise research fan (LNR1) designed and tested as part of the
European RESOUND programme. This fan was designed to have the same design capacity and
pressure rise but with a 15% reduction in speed. Large tonal noise reductions were achieved at
speeds above 80% of design relative to the datum but no reductions were observed in broadband
noise. The tonal noise reduction was put down to the rotor alone tone being cut off for the lower

speed design when it was cut on for the datum.

A similar approach was undertaken as part of the NASA Advanced Subsonic Technology (AST)
programme with the second fan designed as part of the programme (Neubert ¢z 2/ 1997) having a
10% lower tip speed than the first (Hobbs ez @/ 1995). This fan was expected to be 2dB quieter
based on scaling laws of 50 log (tip speed) and 7 log (vane number). In fact, on testing, the fan
was found to be approximately 2dB noisier than the earlier design due to increased turbulence

from the rotor tip interacting with the OGVs (Topol e al. 2004).

Whilst noise may scale with tip speed to the power five or six when moving along a working line
or when loading does not change between designs, this is not the case if loading is increased to
maintain pressure rise. Increases in noise due to increased loading from one design to the next can

negate or even dominate changes due to tip speed.
Other

Other approaches that have been used to reduce or try to reduce fan noise include trailing edge
blowing (Brookfield and Waitz 2000, Sutliff ¢ @/ 2002) and active noise control (Pla ef al. 1996,
Curtis 1999). Both of these have been successful at reducing tonal noise but lead to increasing

design complexity and have not to date progressed beyond proof of concept testing.

2.2.5. Summary

With multiple sources and a complex propagation path, accurate prediction of fan noise on the
ground is considerably harder than accurate prediction of jet noise. This is especially true for
broadband noise due to the range of frequencies and scales that need to be considered. With tonal

noise controlled through cutting of the 1" BPF and, more recently, the use of sweep and lean, for
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modern high bypass ratio turbofans, broadband noise is of higher or similar magnitude to tone

noise.

When operating with clean inflow, two broadband noise sources dominate; rotor alone and rotor-
stator interaction. Rotor alone noise scales with between five and six powers of relative Mach
number and is also linked to blade loading, usually characterised through incidence. Rotor-stator
interaction scales with a similar power of Mach number, this time onto the OGV, but is less
dependent on loading. Rotor alone noise appears to become increasingly significant as blade speed

increases with rotor-stator noise dominant at lower speeds.

Buzzsaw noise can dominate forward propagating noise at supersonic inlet relative Mach numbers
although recent analysis indicates that splice-free liners can significantly reduce propagating noise

for relative Mach numbers below 1.2.

2.3. Fan Design

With this thesis looking at the design and operation of a fan for low noise, fan design itself is very
briefly reviewed. As with previous sections, transonic fan design is a large subject and therefore
here we limit discussion to a focus on aerodynamics. Whilst low jet noise and low fuel burn could
be achieved through the use of a turboprop or contra-rotating propfan design (Peacock and Sadler
1989), the turbomachinery noise of these designs is currently unacceptable and they will not be
discussed further. For a comprehensive discussion on compressor design in general the reader is

referred to Cumpsty (1989), Gallimore (1999) and Wennerstrom (2000) as starting points.

Borradaile (1988) discusses the challenges of moving to increasing bypass ratios and lower
pressure ratios. The introduction of either variable pitch or variable nozzle area is required below a
FPR of approximately 1.4 so as to maintain sufficient stability margin at take-off and a gearbox is
likely to be required between fan and LPT. Similar requirements were seen for the low FPR

designs in the NASA ultra-efficient engine diameter study (Daggett ef a/. 2003).

Looking at the transonic rotor first, Calvert and Ginder (1999) discuss the overall design process
including that of the blade sections. Highlighted in this work is the balance that needs to be
achieved between all the various requirements including the control of shock strengths and peak
Mach numbers in the uncovered section of the blade whilst at the same time minimising profile
loss in the covered section. Precompression, whilst beneficial at design speed can lead to eatly

choking and poor performance at part speed. Following an initial transonic fan design
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documented by Wennerstrom (1984), a range of seven similar rotors were tested each of which
has, as far as possible, one salient feature modified. Results are presented in a range of papers
(Copenhaver ¢f al. 1993, Law and Wadia 1993, Wadia and Law 1993, Wadia and Copenhaver
1996). For the 1.92 pressure rise design with rotor tip relative Mach number of 1.63, conclusions
were that maximum thickness at the tip should be at approximately 55% to 60% chord, tight
throat margin increases efficiency at design but leads to reduced part speed performance and
reduced trailing edge camber is beneficial. Unfortunately, no similar studies are available for lower
pressure rise, lower speed designs which obtain more of their pressure rise through turning.
Recently, research has focused on three dimensional effects, specifically sweep and lean. For the
rotor, forward sweep leads to slightly higher rotor alone efficiency and a significant increase in
surge margin at design speed (Wadia ¢z o/ 1998, Denton and Xu 2002, Passrucker ez a/ 2003).

Rearward sweep is less successful with surge margins generally reduced.

For the stator, inlet flows are generally subsonic at all operating conditions although supersonic
patches are present on the suction surface near the hub. Following the introduction and
refinement of controlled diffusion airfoils firstly for the core flow (Hobbs and Weingold 1984)
and later in the end wall regions (Behlke 1980), recent research has looked at increasing incidence
range (Koller ¢# al. 2000, Kusters e# al. 2000) and the use of sweep and lean (Denton and Xu 1999,
Friedrichs ez a/. 2001, Gummer ez a/. 2001).

2.4. Holistic approaches to aircraft and engine noise reduction

As a precursor to the Silent Aircraft Initiative, Pilczer (2003) and Manneville (2004) looked at the
use of an all-lifting body aircraft to achieve significant aircraft noise reduction. These works were
at a conceptual level only but indicated significant noise reduction could be achieved especially if

multiple engines were used embedded into the airframe suction surface.

In a series of papers, Antonie and Kroo (2002, 2004, 2005) have looked at optimisation of the
aircraft, engines and operations for reduced environmental impact, including noise. Engine bypass
ratio was seen to be the key driver to environmental change with only small improvements
available through use of modified operational procedures including cutback. With only
conventional designs considered, a key finding was that the minimum noise design required a
much higher bypass ratio (and therefore lower fan pressure ratio) than minimum cost or fuel burn

designs.



3. Required jet area for a ‘silent’ take-off

In this chapter, jet noise is identified as being fundamental to the preliminary design process due
to its impact on cycle design. This leads to reduction of jet noise to a level considered silent being
the first step in designing engines for a silent aircraft. To determine what jet area a silent aircraft
requires, take-off needs to be considered. Regulatory and operational requirements relating to
take-off are looked at so as to determine what constitutes a successful take-off. The departure
profile is then optimised for low jet noise within these requirements giving, for specified aircraft
parameters, the required jet area for a silent take-off. The impact of this on engine design is then

discussed.

Modification of the departure profile for noise reduction is in use today. Current thrust cutback
(or noise abatement) procedures are regulated ICAO, FAA 1993) and in use at a large number of
airports. They are relatively simple with operators currently only allowed to implement two
variants across all airports for safety. Research into improving these procedures is linked to
operation of the existing fleet and tends to focus on pilot acceptability (Elmer e a/. 2002),
modification of the ground track at specific airports for avoiding population centres (Visser and
Wijnen 2001, Wijnen and Visser 2003) or use of navigation aids in order to more accurately fly
specified departure profiles (Erkelens 2002). In this chapter optimisation of the departure profile
for a baseline airport is used as the starting point in engine design, very different from existing

research in this area

As jet noise will not be the only noise source at take-off, for this chapter the jet noise limit has

been taken as 3dB below the overall noise limit of 60dBA specified in 81.3, i.e. 57dBA.

3.1. Jet noise reduction: Driving the engine cycle

Whilst a range of jet noise generation mechanisms exist that are, or have similar properties to, a
dipole soutce disttibution (82.1.2), for a cold subsonic jet, mixing noise can be considered as the
noise floor for the entire aircraft. This is because the noise is directly linked to thrust and is
generated several diameters downstream of the jet making shielding hard. This thinking is not new
(see Smith 1989 for example) but using this as the starting point for designing the entire engine
and specifying how it is operated is new, as far as the author is aware. Equation 3.1 below, a copy

of equation 2.5, shows how jet mixing noise scales for unheated subsonic jet speeds (Lighthill

1952).
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With engine cycle design, which determines jet velocity, currently optimised for today’s

technology and installations, a considerable amount of research in recent years has focused on

reducing the effective length scale of the jet. A wide range of concepts has been looked at

including distributed nozzles, tabs, lobes and jet shaping. Moderate reductions in the order of a

couple of dB have been achieved in this way but, as discussed in 82.1.4, as the driving jet velocity

is reduced, the benefits of such technologies reduce.

To make a sizeable reduction in radiated jet noise the jet velocity must therefore be reduced which
leads to an increase in jet area for a fixed thrust. This requirement, for conventional turbofan
engines, directly leads to an increase in engine bypass ratio and a reduction in fan pressure ratio as
core pressure rise and turbine exit temperature cannot be reduced due to the impact on thermal
efficiency. This will lead to increased propulsive efficiency at the expense of additional weight and
installation drag losses. As will be seen later in this chapter, in order to meet the target noise level,
the required reduction in fan pressure ratio is to a value well below the optimum for today’s
technology and installations. Therefore, any increase in jet area needs to be minimised and

optimisation of the departure profile is one way of achieving this.

With high temperature jet noise reducing in proportion to approximately V° rather than V*® as
speed is reduced (82.1.2), avoiding a high temperature jet is critical. Therefore only single, fully
mixed out jets are considered in this section. With these jets being formed from a hot core and a

colder bypass, 83.3.2 discusses the most approptiate way of modelling the resulting noise.

3.2. What constitutes a successful take-off?

Not all take-offs have to be silent. Whilst any concept aircraft must be able to operate at the same
airports and under the same conditions as conventional aircraft, not all operations need to meet
the same noise goal. Extremes of altitude and temperature, in particular, place additional demands
on the engines and designing for ultra low noise under these conditions does not make sense

when most noise constrained airports are not subjected to such extremes.
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3.2.1. Baseline Airport

The approach taken is to define a baseline airport that can be used to design the concept aircraft
for which the airport can be designed and which can be used to evaluate performance. Table 3-1
lists the thirty busiest airports in the world by passenger number as of 2003, highlighting noise
limitations in force at each. With London airports in particular subjected to significant noise
constraints (see 81.2 also), the baseline airport was chosen to cover the most restrictive of London
conditions (approximately at sea level). As such, runway length was set to 10,000 feet which is
short by international ‘hub’ standards but is a common length for regional ‘spoke’ airports
(Stansted for example). ICAO certification distances (ICAO 1993) of 2000m approach (from
threshold), 450m sideline and 6500m flyover (from brakes off) do not match most airport
boundaries with the flyover position in particular being well outside most airports. After
examining a range of airport boundaries, the baseline values were set to 1000m from the start and
end of the runway and 450m sideline as illustrated in figure 3-1. The hotter the conditions the
lower the air density and the greater the jet velocity required for a given thrust. Therefore, as jet
temperature, which is linked to atmospheric temperature, increases it becomes harder to meet a jet
noise target for a given jet area. Baseline airport temperature therefore needs to be specified at a
high value so as to cover the majority of airport operation hours. Table 3-2 and figure 3-2 show
the number of hours above a specified temperature at London Heathrow for the period 1989 to
1999 inclusive. By allowing 1% of 0600 to 2300 operating time to be ‘non-silent’, the required
maximum ‘silent’ operating temperature can be set to ISA+12°K. Finally, with higher humidity
leading to less atmospheric attenuation (ESDU 1977), relative humidity was set to 70%. To

summarise, the baseline airport has the following parameters;

10,000ft (3,048m) runway

Distance from edge of runway to flyover/approach boundaty of 1000m

Distance from runway centreline to sideline boundary of 450m

ISA+12K, sea level conditions, 70% relative humidity

Whilst this airport will be used to design against, a longer runway, 5,000ft (1,524m) elevation noise
constrained airport is also considered briefly in 83.4 and chapter six'This airport is based on
conditions at Denver and has a runway length of 12,000ft (3,658m). As noise constraints are less

restrictive at Denver the low noise operations were set to cover 90% of operating hours rather
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than 99% as for London. This leads to a maximum temperature of ISA+19.5K (based on data
from NWS 1984-1992).

In terms of non-noise-constrained operation, any concept aircraft must be able to operate in the
same range of conditions as conventional equivalent aircraft. Figure 3-3 shows a Weight-Altitude-
Temperature (WAT) chart for the Boeing 767-300 which has similar range and payload
requirements of the baseline silent aircraft. With the final engine concept having a low specific
thrust and the aircraft having a high cruise altitude, the fan will be capable of delivering enough
thrust. The limiting factor is likely to be the temperature either into or out of the combustion

chamber and this is outside of the scope of this work.

3.2.2. Regulation and Operation

In Europe, section 25 of the JAA Joint Aviation Regulations (JAA) (and section 25 of the FAA
Federal Aviation Regulations in the United States (FAA)) cover airworthiness standards for
transport aircraft. Part V Volume 1 of ICAO PANS-OPS (ICAO) specifies recommended safe
cutback procedures in Europe with Advisory Circular 91-53A (FAA 1993) the equivalent in the
United States. The impact of this regulation, along with operational requirements from a range of

airports, is considered in Appendix A.

To be considered a realistic option, any concept aircraft must comply with the regulatory and
operational requirements currently in force. If any of these requirements cannot be met, an

argument must be made as to why;
() the aircraft might be able to achieve an exemption or
(b) the regulations might change in the next 20 to 30 years.
The requirements, discussed in more detail in Appendix A, can be split into the following areas:
1. Engine-out safety requirements
2. Low noise cut-back requirements
3. Airport usage requirements

4. Passenger comfort requirements
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Of these, (1) is the only area must be considered an essential requirement. For the others (3) and
(4) will have economic impacts so should be met if possible. (2) is more complicated as the low
noise operational procedures described in PANS-OPS and AC 91-53A are designed for very noisy
aircraft relative to the target for this work. The critical requirement from these regulations is that
no cut-back can occur until 800 feet which may significantly reduce the benefit of any take-off
optimisation when the airport boundary is not far from the take-off point. Therefore, for this
work, the 800 foot minimum cutback height limit will not be considered a requirement on the SAI
Silent Aircraft. All other regulatory requirements will. As the engine-out condition will be met at
all times and the take-off profile will be fully ATTCS managed, this does not impact the safe
operation of the aircraft . In summary, this leaves the following requirements that must be met as

part of a low noise optimised take-off:

a) 'The following scenarios must be considered:
*  Normal take-off until an altitude of at least 1500 feet is reached.
* Engine failure at Vy; followed by bringing the aircraft to a halt.
* Engine failure at Vy; followed by continuing take-off up to an altitude of 400 feet.

* Engine failure at V. followed by continuing take-off but with roll initiated at 5

knots less than the value of V; specified.

b) For normal take-off, the aircraft must be at 35ft (10.7m) height and V, by 8,695ft (2650m)
for the baseline 10,000ft (3048m) runway.

c) For aborted take-off after engine failure, wet take-off with 80% anti-lock braking
efficiency is considered with 200psi tyre pressure. The tyre pressure corresponds to that of
a B767-300 (Boeing 2003). Figure 3-4 shows the maximum available acceleration distance
for different runway lengths in order for the aircraft to be able to stop within the runway

length following engine failure at V.

d) For take-off after engine failure, only the dry condition is evaluated. The aircraft must be
at 35ft (10.7m) height and velocity V, by the time it passes the end of the runway
following engine failure at V.. By the time an altitude of 400 feet is reached, the aircraft

must be climbing at a rate of 1.7% (4 engine), 1.5% (3 engine) or 1.2% (2 engine).

* In any event, the eventual take-off profile presented in chapter 6 does meet this requirement.
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Available thrust can be increased to 111% of that which would be used on a normal take-
off profile (i.e. low noise optimised) at the point of engine failure (V). If take off roll is
initiated at 5 knots less than V; then 35ft (10.7m) altitude must be achieved in the same or

reduced distance.

¢) For operational reasons, the average climb angle should be 4° from take-off until an

altitude of 1000m and a minimum of 4° beyond this.

f) To comply with engine out requirements, a 111% allowance for ATTCS is assumed.
Minimum climb angles as a function of L/D are shown in figure 3-5 for 2, 3 and 4 engine
aircraft for the case where L/D in not impacted by engine failure. This figure is based on
the following equation where 6" is the mandated minimum climb angle after engine out
(equal to 1.37° below 4001t (121.9m) and 0.69° above if 2 engines, 1.55° below and 0.86°
above if three engines, 1.72° below and 0.97° above if 4 or more engines) and 0, is the

minimum climb angle required before engine out.
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@) Aircraft pitch should not exceed 20° for passenger comfort reasons.

Whilst the approach taken in this thesis, in line with the goal of the SAIL is to minimise noise
outside of the airport boundary, it is worth briefly mentioning take-off requirements for noise
certification (FAA FAR-36, JAA JAR-36). Subsections 160(a) and 160(b) define the reference
certification take-off procedure including; sea level ISA+10K conditions, minimum cutback
heights are 300m (two engines), 260m (three engines) and 210m (four or more engines) and a
minimum climb gradient after cutback of either 4% (2.3°) or that required to sustain level flight

after engine out, whichever is the greater.

3.3. Modelling

A time-stepping approach was used to model the take-off with thrust and climb angle limited so
as not to exceed the jet mixing noise target anywhere outside of the airport boundary (see figure 3-

1). This is illustrated in figure 3-6 with the take-off split into three regimes; acceleration, roll and
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climb. When accelerating, along the runway only thrust is varied to meet the noise target, with
increases in forward speed allowing gradual increases in gross thrust. Once the rotation speed Vi
is reached the same approach continues but, in addition, aircraft angle of attack is increased at a
specified rate. This continues until there is enough lift to get airborne. After a short initial period
in which climb is established, flight speed is then fixed and the climb angle (which impacts thrust)
modified in order to meet the noise target. Climb continues until the aircraft crosses the airport
boundary which is a critical location in determining the success, or otherwise, of the take-off. If,
for the given target noise level, not all requirements listed in 83.2.2 are met, jet area is increased

and the take-off repeated.

This approach leads to the minimum, i.e. optimum, jet area required in order to meet the specified

noise target.

3.3.1. Aircraft

Figure 3-7 shows the aircraft model used during the take-off modelling. For this chapter the thrust
vector angle, 3, was set to zero and pitching moment not considered. Resolving in and

perpendicular to the direction of aircraft motion;

m% = Ng Ts COS(a@ + B) =g sind =D —n, Dy, /W (3.3)
L +T, sin(a + B) +W = mg co® (3.4)

where W is zero in the air and 0 is zero on the ground. These equations were recast in terms of

net thrust leading to the ram drag correction factor being small for small («+§).

dv,

m dtm =Ny Ty COS(a + B) —myg sirG-D —n, Dy, ( & coba +B))-mW (3.5
L +T, sin(a + B) + Dgyy, sin(a +B)+W =mg cod (3.6)

With lift and drag a function of angle of attack, at each timestep the angle of attack has to be
solved iteratively depending on the requirements. If net thrust and climb angle are known then
equation 3.6 can be solved to find «. If a constant flight speed is requried then equations 3.5 and

3.6 have to be combined. For unknown net thrust;
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mg cosd - L
mgsing+ D + Dg,,

tan(a + B) =

and for unknown climb angle;

(mg)2 = (nengTN sin(a + B) + Ny Dy sin(a + B) + L)2

+(nengTN coS(@ + B) = Ny Day ( 1= cO$r + B)) - D)2

A simple Euler forward method was used when discritising equation 3.5. When modifying the
thrust, Ty, to provide a specified climb angle and flight speed, the Dg,,, correction in equation 3.5
was reduced to maintain stability. No other corrections were made for stability reasons except to
the timestep during roll when it was reduced from 1.0 to 0.25 seconds. Whilst utilising a forward
Euler approach does lead to second order errors for take-off these will lead to conservative
results. This is because for dV,,/dt=0, as is the case for the entire take-off, equation 3.7 will under
predict V,, at time t+At when using information at time t. This over predicts the runway length
required to reach take-off speed. Similatly for d0/dt=0, which is the case except for the period as
the aircraft cuts back at the airport boundary, equations 3.8 and 3.9 will under predict the height
and over predict the distance travelled at time t+At when using information at time t. This leads to

the aircraft being lower and thus noisier once airborne.

At | Neng T cos(a't +,Bt) -mg sing' -

et —y st BU O(At? 3.7
V, vV, + m| pt _nenthRAM (1_ COS(O’t +,3t)) W + (A'[ )
X" = X' +V} cosd +O(At?) (3.8)
h* = h' +V! sing' +O(At?) (3.9)

3.3.2. Jet

The jet noise model used for take-off optimisation needed to be computationally light as at each
timestep multiple iterations of thrust and/or climb angle are requited each of which requires the
prediction of jet noise at several points on the ground. This limits the model to being semi-
empirical. Three such models have been compared; the Stone Jet Noise Model (Stone e a/. 1983),
ESDU 88041 using ESDU 87011 for flight corrections (ESDU 1990a, b) and SAE ARP876
revision D (SAE 1994).
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With the silent aircraft engines likely to be operating at ultra high bypass ratio with a very low
specific thrust, when comparing the predictions of the three models the main area of interest is

applicability to low jet Mach numbers and corrections made for flight conditions.

Stone Jet Noise Model

The version of the model discussed here (Stone ef al 1983) is based on eatlier versions by the
same author (Stone 1974, Stone and Montegani 1980) which are documented in the 1982 release
of the NASA Aircraft Noise Prediction Program (Zorumski 1982) but with some corrections to
the spectra. More recent work by the author that also documents single jet noise prediction but
with a slightly modified Strouhal number calculation method (Stone ez 2/ 1999) has not been used.
This is because the modification is removed and the Strouhal number calculation method
simplified in a later release looking at Chevron noise (Stone ef a/. 2003). In this version, though,

numbers are not provided for single jet calculations.

The equations and correlations are designed to have no inherent limitation on the range of their
applicability. In the original paper, predictions compared well with data on jet velocities down to
120m/s. The NASA ANOPP manual (Zorumski 1982) specifies the following ranges of key
parameters for the model; jet area from 0.01m” to 10m”, jet velocity relative to free stream sound
speed from 0 to 2.5, flight Mach number from 0 to 0.9, jet total temperature to free stream static
temperature ratio from 0.7 to 4, jet density to ambient density ratio from 0.2 to 1.2 and jet
incidence angle with the free stream up to 30 degrees. This range of applicability will fully cover

the silent aircraft key operating conditions.

ESDU Jet Noise Model

ESDU 98019 provides a noise prediction method that can be used with any database but for this
comparison only the default database provided with the November 1998 release was available.
The key limitation of this from the perspective of this work is that data is only provided down to a
ratio of jet velocity to free stream sound speed of 0.5. Extrapolation is therefore required for a
large portion of the silent aircraft take-off as both the start of roll and flyover conditions have jet
velocities below this value (83.4.1). In addition, sound propagation angles from only 60 to 150
degrees (relative to the aircraft direction) are provided although this does cover the peak noise

area.

ESDU 87011 which provides the flight corrections is based on tests covering the following
operating ranges; 0.1<V,,/V,<0.3, 0.5<V,/a,<1.5, 1.0<T,/T,<2.5 where V., is the flight speed, V,
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the jet velocity, a, the free stream sound speed, T, the static jet temperature and T, the static
ambient temperature. The baseline aircraft (see 83.4.1) have V,./V, up to 0.45 and Vi/a, as low
0.42 therefore some caution is required especially in the applicability of the flight correction

velocity component used in correcting the predicted SPL values as this has a larger impact on the

overall result at high V../ V..

SAE Jet Noise Model

The range of applicability of the SAE model is listed by ANOPP as the same as the Stone model
but the tabular correlations provided in both the version listed in ANOPP and revision D are
more limited. Data is only provided down to jet velocities relative to free stream sound speed of
0.4 which just covers start of roll conditions of the baseline aircraft (83.4.1). Data for polar angles
from 20 to 160 degtrees are provided and, for low temperature jets, the spectral distribution data is
taken to be constant for values of jet velocity to free stream sound speed below 1.25. Relative
velocity exponents provided with the SAE method, from the Bertin Aerotrain data (Drevet e 4.
1977), are much lower than those provided in the Stone and ESDU models. Figure 5.13 of
reference (SAE 1994) shows the uncertainty in predicted noise reduction through flight effects
from the SAE model with increasing uncertainty for higher values of V,/V; At flyover, the
baseline aircraft have free stream velocity to jet velocity up to 0.45 (83.4.1) but the SAE data only
goes up to a value of 0.31. Therefore the range of operation of the silent aircraft is well outside the

range of data used in calculating the SAE flight correction exponents.

Flight correction exponents

As part of the NASA AST programme, Low compared the results obtained from Revision C of
SAE ARP876 with test data obtained from a scale model of a Pratt and Whitney Advanced
Ducted Propeller (Low 1994). Tests were performed in both static and free stream conditions up
to a free stream Mach number of 0.35. Tests from 30% to 100% speed were included which cover
jet velocities in the range applicable to the silent aircraft at take-off. The tests and predictions were
for a coaxial nozzle but are still of interest here. Two key recommendations were made in using

the SAE model for ultra high bypass engines:

* A six decibel reduction in predicted noise is applied at all frequencies and directions.

* New flight correction velocity exponents are used, increasing noise reduction for polar

angles up to 130 degrees and reducing the reduction for higher angles.
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Berton used this work when looking at the potential noise reduction from over-the-wing UHBR
engines (Berton 2000). The six decibel difference between the SAE prediction and test data was
linked to the secondary to primary nozzle area ratio of the test engine being twice the largest area
ratio contained in the SAE database. With the Stone jet noise model based on area ratios as high
as 43.5, Berton used this model but with the modified flight correction velocity components from
Low. He then corrected the peak noise predictions from the Stone noise model to match the test

data.

Based on this work the six decibel reduction can only be applied to coaxial nozzles but the new
flight correction exponents from Low, which are specifically for high values of free stream to jet
velocity, can be applied to single jets. To make further corrections to the single jet models will

require test data from mixed exhaust UHBR engines not available at present.

When using these flight corrections with the Stone model, the following approach was taken. The
Strouhal number corrections employed by Stone were unmodified as Low only provided overall
sound pressure corrections from flight effects. The overall sound pressure calculation was
modified to remove all flight effect modifications including corrections to the density exponent,
the velocity exponent and the convection component. In their place the following flight

correction was applied;

n()
ASPL = +10log, (1—%] (=M, coso )" (3.10)

i

where n(w) is the flight correction power as specified by Low (1994), w is the polar angle of the

observer from the source reference direction and w; is the polar angle of the observer from the

flight path.

Internal mixing correction

With the exhaust of the silent aircraft engine configuration utilising some form of mixing of the
core and bypass jets (83.1) the applicability of just using a single stream noise model requites
consideration. In the literature review (82.1.4) the work of Tester and Garrison on modelling jets
with internal forced mixers was discussed (Gartison ez al. 2004, Tester et al. 2004). This model
added a high frequency, internal, source from the mixer to the fully mixed out prediction obtained
using a single jet model such as those discussed above. The experimental noise data used by

Tester and Garrison came from a BPR=4 engine where the nozzles tested were between



40

approximately three and six wavelengths downstream of the lobed mixers (Bridges and Wernet
2004). Figure 3-8 and figure 3-9 from Waitz ¢f a/. (1997) show the level of mixing downstream of a
lobed mixer as a function of lobe wavelength A where T is the velocity ratio. Whilst at this stage
the final engine configuration creating the jet is not determined, if the jet exhaust is over ten
wavelengths downstream of the lobed mixer the flow should be almost fully mixed out.
Therefore, an additional noise source from forced mixing will not be included here and this

decision used as an input into the design of the final concept engine (see 86.5.1.

Sensitivity to model choice

Appendix B presents the results of a brief study in which the three models discussed above are
used to predict the noise at key flight conditions. For the Stone and SAE models, predictions are
also made with the flight corrections from Low. There is fairly good agreement between the
models under static conditions especially when just concerned with peak noise but the agreement
is much worse when flight conditions are accounted for. This is because the silent aircraft has a
very low specific thrust during take-off so flight correction has a large impact on the predicted
noise relative to traditional turbofan designs. The unmodified SAE model has a very low flight
correction exponent at and around a polar angle of 90° resulting in much higher noise predictions
than the other models. Once the modified flight correction from Low is applied to both the SAE
and Stone models they compare relatively well with the Stone model, predicting approximately

4dB higher noise at the peak noise point during flyover.

For three of these combinations; Stone, Stone + Low and SAE + Low, full take-off optimisation
was performed for an early airframe and engine design (again, see Appendix B). In each case the
jet area is modified in order to meet both the specified noise target and all take-off requirements.
Relative to the Stone model, using the Stone + Low model results in an 8% reduction in the

required jet area. If the SAE + Low model is used then the required jet area drops 24%.

Model Selection

The jet noise predictions by Stone with flight corrections by Low will be used for the remainder of
this thesis. For the flight corrections, although based on results from a coaxial engine, the values
of n calculated by Low were based on a similar range of flow regimes experienced during take-off
in this work. This is not the case with the flight corrections contained in the unmodified noise
models which were generally developed based on results from much higher jet velocities. For the
jet noise model itself, this recommendation is based more on the fact that the other models

looked at are less suitable than that the Stone model is ideal. The ESDU model is less suitable



41

because of the range of data extrapolation required. The SAE model is less suitable because the
large change in predicted noise when moving to the Low corrections compared to the small
change with the Stone model. It is recognised that the uncertainty in noise prediction has an
impact on the accuracy of the results presented and future research to increase confidence is

suggested in chapter seven.

3.3.3. Propagation

Atmospheric attenuation, lateral attenuation and ground reflection need to be included in order to
predict the noise on the ground for a given polar, azimuthal and frequency distribution of source
noise. Rather than predict noise at all points on the ground only locations on the airport boundary
and, outside of the airport, on an extension of the runway centre-line are considered. With jet

noise having no azimuthal directivity the peak noise location will occur along this line.

For a given point on the ground (x,s,0) and a given aircraft location (0,0,h), the propagation

distance, 1, polar angle, w, and azimuthal angle, ¢, are given in the following equations.

r=+h*>+x*+s? 3.11)

(3.12)

w=90+ sgn(h tar® - x) co‘é{ r

b= [90— tar’ (f]} sgifs) (3.13)

(L h _
if (¢_o&(tan9+xj<o],¢_180

where Z=hcos©+ x SiM@ and @ =F+a + [ the sum of the climb angle, the angle of attack and

any thrust vectoring angle. This is illustrated in figure 3-10.

Atmospheric and lateral attenuation corrections were calculated for a uniform atmosphere based
on ground conditions and 70% relative humidity using ESDU databases (ESDU 1977, 1982).
Lateral Attenuation is a function of the propagation distance, r, the elevation angle, ¢ (see figure 3-
10) and the third octave frequency. Values from the ESDU database for fuselage mounted rather
than under wing engines were used as this more closely matches the final configuration of the
aircraft. For propagation distances in excess of 1200m, the value for 1200m was used as per

ESDU recommendation. Similatly, for elevation angles less than 5 degrees the value of attenuation
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for 5 degrees was used. A +3dB correction was applied to predicted noise to account for ground
reflections. A more analytical analysis (ESDU 1994) was not deemed appropriate as for a

broadband distributed noise source the interference patterns it predicts would not occur.

3.4. Results

3.4.1. Baseline aircraft

In looking at take-off optimisation, the following baseline parameters were used along with the jet

noise target of 57dBA;
e MTOW = 160,000 kg
* L/D =18
* Ve =60m/s
e Vi =65m/s
eV, =70 m/s
* T =T, + 25K
* Auing = 700m”
* ¢ ~ 0.057a - 0.033 for 0° < o < 20°
* U = 0.02 when rolling freely

* Tyre pressure = 200 psi

For simplicity, the value of L/D is kept constant throughout and is unaffected by the landing gear
or the loss of a critical engine. In practice, engine out will result in windmill drag from the engine
and increased control surface drag needed to maintain yaw control. This will reduce L/D and
impact the minimum climb angle requirement from equation 3.2. Estimating the increased drag
requires knowledge of the engine and airframe design and therefore is left until the next chapter.
Similarly, setting the jet temperature correctly requires knowledge of the engine cycle so, for this
chapter, it was set to a low value that might be observed from a fully mixed UHBR engine. The
coefficient of lift is from the final design presented in chapter six. This final design utilises a lightly
loaded all-lifting body airframe giving the large wing area and low loading values. In this chapter

the split between A, and ¢, has no impact on the final results; what is important is that the
p W L p p

ing
product of the two results in reasonable values for angle of attack during take-off. For more

accurate values of ¢, please refer to figure 6-3.
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Optimised take-off profiles for the baseline aircraft with two, three and four engines are presented
in figure 3-11. For two engines the required total jet area is 10.56m’ for three engines 9.65m” and
for four engines 9.58m” With two engines take-off is 43 seconds after brakes off by which point
the aircraft has travelled 1580m along the runway (see subplot A). Whilst still within the confines
of the airport boundary the aircraft climbs steeply, briefly limited by maximum pitch up angle,
before cutting back to a climb gradient of just below 4° as the airport boundary is crossed (B).
This climb gradient is the minimum allowed above 400ft (121.9m) altitude so as to meet engine
out requirements; see figure 3-5. Beyond the flyover point the climb angle increases slightly to 4°,
required for operational reasons, and then remains constant. Because flight speed is restricted until
1500£t (457.2m) and climb angle is fixed the gross thrust also remains constant (D). This results in
the peak noise on the ground reducing gradually as the altitude increases through radial spreading
and atmospheric attenuation. Before the noise started to reduce the optimisation intent of meeting
a specified noise level at all points was achieved with only small deviations observed at take-off

and cutback where rapid changes in pitch angle occur.

To achieve the flight profile shown, engine gross thrust varies continuously until after the airport
boundary is passed (D). Initially, with zero flight speed, gross thrust level is limited so as not to
exceed the noise target. As flight speed increases then the jet noise is reduced for a given jet
velocity allowing gross thrust to increase. This continues until the aircraft is airborne and climbing
at maximum angle. As height is gained just after take-off lateral attenuation of the jet noise
reduces requiring a reduction in thrust and climb angle (the reduction in lateral attenuation is
much more significant than the small increase in propagation distance to the airport boundary).
Variation in jet to free stream stagnation pressure ratio closely follows the variation in gross thrust
(E). For a fully mixed UHBR engine this value is comparable to the fan pressure ratio showing
that even at the sideline position a very low pressure ratio of 1.22 is required. Whilst gross thrust
remains constant after the airport boundary is crossed the stagnation pressure ratio gradually
increases. This can be explained by noting that for an unchoked fixed area nozzle gross thrust is a
function of jet Mach number and free stream static pressure only. As altitude increases free stream
static pressure drops and so jet Mach number must increase. This requires a higher stagnation
pressure rise through the engine. Even with relatively low gross thrust at start of roll the aircraft
accelerates rapidly up until Vy is reached (F). Once airborne, flight speed is approximately
constant as required and critically does not drop below the specified V, speed of 70m/s. As is

shown in 83.4.2, the results are relatively insensitive to small changes in flight speed.

To cover all the operational requirements listed in 83.2.2, take-off with engine failure at V,; must

be considered. Figure 3-12 presents take-off data for normal takeoff and for engine failure at V.



44

Engine failure occurs 996m after brakes off at which point the aircraft is travelling 60m/s. At this
point the gross thrust of the remaining engines is fixed. Two seconds later and at a distance of
1118m from brakes off the aircraft is travelling at 62.3m/s which can be taken as V, speed. From
figure 3-4 is can be seen that for this V, speed the distance from brakes off when V. is reached is
well within that required for accelerate-stop requirements. If take-off is to continue (referring back
to figure 3-12), gross thrust from the remaining engines is increased 11% at this point. This
pushes the peak jet to free stream stagnation pressure ratio encountered towards 1.24. The aircraft
gets airborne 1760m after brakes off and has an altitude of over 200ft (61m) as the end of the
runway is crossed; considerably higher than the 35ft (10.7m) required. At 400ft (121.9m) the climb
angle is 3.1° or 5.4%, again well above that required by the regulations. Reducing the start of roll
velocity, Vi, by 5 knots reduces the distance from brakes off at which 35ft (10.7m) altitude is

reached as required.

To summarise, a two-engine variant of the baseline aircraft accelerates rapidly and climbs steeply
before cutting back to a climb angle of approximately 4° as the airport boundary is crossed. This
maintains a constant jet noise level of 57dBA outside of the airport boundary at all times. The
critical operational requirement that drives the take-off profile to that seen is the minimum climb

angle for engine out compliance at the flyover point.

Going from two to three engines makes a significant difference on the take-off profile. Again the
critical operational requirement is the minimum climb angle for engine out compliance at flyover
but this angle has been reduced considerably (see figure 3-5). With a reduced minimum climb
angle, less thrust is required which, for the same noise level, allows the aircraft to fly lower with a
reduced jet stagnation pressure ratio and leads to a 9% drop in required jet area. The reduction in
thrust requirement is slightly offset by a shift in peak noise level to higher frequencies as the
overall jet area is split into an increasing number of individual jets. This increases the annoyance
weighting of the noise (see 81.1) leading to a higher A-weighted noise level with all other
parameters unchanged. With the climb angle at flyover less than the average required for
operational reasons the climb angle needs to be increased towards the 4° mark when possible.
This occurs gradually as increased altitude allows increased thrust for the same noise level on the
ground. Engine out results are plotted in figure 3-13. With a reduced engine diameter the three-
engine aircraft takes longer to accelerate than the two-engine variant. V; is reached 1151m after
brakes off, still well within the distance required for accelerate-stop. Similarly, following take-off

after engine out, the 35ft (10.7m) height requirement is comfortably met.
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For four engines the same trend continues with a reduction in the minimum climb angle required
at flyover reducing the required thrust and jet area. The reduction in required thrust is relatively
low and, when offset with the increasing annoyance of the noise, leads to the jet area reducing less
than 1% relative to the three-engine variant. Again, all engine-out requirements are met with take-

off performance plotted in figure 3-14.

3.4.2. Variation in noise target and aircraft parameters

To look at the sensitivity of the results to several key parameters, optimised take-off profiles were

developed for a range of airframe and engine variants;

s MTOW = 100,000kg 200,000kg 300,000kg
 L/D = 16 22 28

* Vi = 50 m/s 60 m/s 70 m/s

e T,-T, = 25K 50K 75K

* n,, = 2 3 4

* Noise target = 54dBA 64dBA 74dBA

This leads to 729 possible combinations, all of which were analysed. Wing area was modified to
keep MTOW * A

ing Vi’ constant so as to maintain similar angles of attack for all combinations.
In determining the success of the take-off it was assumed that, as was the case for the baseline
aircraft, the climb angle at the flyover position would be the critical parameter in determining
whether operational requirements were met. To reduce required computation time the iteration on

jet area was only performed to converge on this climb angle to within +0.5°.

Multiple linear and non-linear regression was used to analyse the results with the purpose of
creating a simple function that could be used to estimate the required jet area for given aircraft
parameters, jet temperature and noise target. Initially a straightforward approach was taken with

the jet noise set as a function of the logarithms of the input data;

N, = 5,10g,,(m) + 5,109, j*ﬁe")gw(s‘“@mm)* (3.14)

B.10g,o( A) + Bsl0go(T; ) + Bel0g.f Vi) + B,

2 o|r

where 3, to 3, are the parameters to be solved for, m is the aircraft mass and 0, is the climb angle
at flyover from equation 3.2. This equation takes the common form y=X.B + & where y is the

observations (N)), X is a matrix of regressors (log,,(m), log,,(L./D), etc.), § are the parameters to
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be solved and e are the errors to be minimised. This equation is linear and can be solved in the

least squares sense giving;

|\]j:45_57|og0(m)—19.20|09,[%J+ 6.88log( si,)- 39.84IgfA ) (3.15)

+44.06l0g, (T,) + 5.18log, (V) - 227.

The resulting r.m.s. error was 0.38dB with a maximum error of 1.69dB. The coefficient of
determination, R? is the fraction of the variation in the observations explained by the regression
equation and is defined by equation 3.16 with overbar indicating mean and hat (circumflex)
indicating the prediction. This metric is commonly used to indicate the success of the regression
with a value of zero indicating no fit and a value of one indicating complete fit. For equation 3.15
above, R’=0.9979. As more parameters are added to the equation the fit can become better
without any statistical significance and so an adjusted R value is used to correct for the number of
predictors (equation 3.17, n is number of samples = 729, k is number of predictors = 7). RZadiustcd 1s

always less than R” but, because of the large number of samples used, is unchanged to four

decimal places in this analysis.

R? :Z(y—_y)2 (3.16)
X(y-v)
2 2 -1
Rjues =1-(1-R )—nTk—l (3.17)

Whilst equation 3.15 provides a very good fit to the data there is a limited theoretical basis for it.
Therefore an attempt was made, using jet noise modelling as a starting point, to create an equation

of a more justifiable form. Starting from equation 2.5;

V n
N, O10log, [,0j AV} [ 1—V—°°J

j

where n is of the order 5 perpendicular to the jet axis. For zero angle of attack;

V. 1 .
Ty =0, AV/ (1_ﬁJ =mg [% + smﬁ)

I

which when substituted into the equation for noise gives;



47

1 V.
N, ~40Ioglo[mg(7+ gn?ﬂ— 30log)(,0]Aj)+ 1()n— )4 IOQ( _1V_°.OJ+C

D i

Whilst this equation cannot be used directly as Vj and V,, are unknown it does provide a basis for
combining m, L/D, 0., A; and T, in the regression (T, 0 pj_l as static pressure is equal to free
stream pressure). The best solution was found using the following non-linear model with

parameters both inside and outside of the log functions;

N, =/31Ioglo[m[§+ﬁzsinemin+ﬁsﬂ+ﬂ4logl{%J+ﬁsloglivR)+ﬂ. (318)

D

I

This equation was solved in the least squares sense to obtain the following equation for estimating

jet noise for given airframe parameters;

N, =45.75log, {mg (Li + 0.4si6)_ + 0.0}5}
v (3.19)

T.

J

A
—39.94Iogo(—1j+ 5.00log(V;) - 254.

The r.m.s. error was 0.34dB, a 0.04 improvement in that obtained from equation 3.15 with one
less parameter used. Maximum error was slightly worse at 1.79dB but the values of both R* and
R’ were improved to 0.9982 (again R? = R’ to four decimal places). As a further judge of

adjusted adjusted

the suitability of this regression analysis in estimating the predicted jet noise from designs that
were not part of the sample, the sample was randomly split into two. Non-linear regression was
performed on one half using equation 3.18 giving an r.m.s. error of 0.35dB and a maximum error
of 1.75dB. This equation was then used to estimate the jet noise from the other half of the sample
giving an r.m.s. error of 0.34dB and a maximum error of 1.45dB. This clearly shows the suitability
of the regression. Using two additional parameters to modify the Ai / T, ratio reduced the corrected
R’ value to 0.9986 and the r.m.s error to 0.31dB but the simplicity and theoretical basis for

equation 3.19 was preferred over small improvements in fit.

To use this equation as a basis for designing engines to meet a given noise goal, it must be
rearranged to give jet area over temperature in terms of airframe parameters and the jet noise

target;

1 1.145
{mg [V +0.4sing + 0.0ﬂ VA

D
167167

AL (3.20)
TJ
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Figure 3-15 shows, relative to the baseline aircraft, how changes in mass, jet noise target, /D and
Vi impact the required jet area for two, three and four engine variant designs all with T,=T,+25K
(T,,=300.15K). The lines are from equation 3.20 whilst the points are for the optimised solutions
from 83.4.1. Equation 3.20 only applies when climb angle at flyover is the critical condition in
determining take-off and, when this is not the case, this has been indicated in the figure. As mass,
noise target and aircraft L/D are changed there is not that significant a change in the departure
profile. Therefore, whilst the required jet area does change significantly, the critical operational
condition does not. This is not the case for changes in take-off velocity. Increases in Vy lead to
increases in the used runway length and a range of other operational requirements start to become
more important. With V. set to Vi-5m/s, as for the baseline case, accelerate-stop requirements
can become critical. To alleviate this, the value of Vy;; can be reduced so that the accelerate-stop
distance matches the take-off distance following engine failure. For the baseline four-engine
aircraft this leads to Viz= Vp-15m/s when V;=80m/s. Before this condition becomes limiting the
all engine operating field length requirements becomes critical. This is because with all engines
operating a 15% safety margin is required leading to the aircraft having to be 35ft (10.7m) high
2650m after brakes off. For the baseline four-engine case this requirement becomes critical at a
value of V;=77m/s and for the three-engine case at a value of V;=80m/s. For the two-engine
case this situation does not become critical until Vi is greater than 85m/s. Once all-engine
operating runway length is the critical condition, further increases in Vy lead to a rapid increase in
jet area in order to meet the noise target as the aircraft needs to accelerate quicker along the

runway.

Whilst the baseline aircraft have subsonic jets for all of the take-off, this is not the case when the
noise target is relaxed in the top right subplot of figure 3-15. The equation behind the lines in this
plot (equation 3.20) only considers jet mixing noise but, for supersonic jet Mach numbers, shock
noise will also be present unless the jet is ideally expanded through a converging diverging nozzle.
The SAE method (1994), based on the work of Harper-Bourne and Fisher (1974), was used to
estimate the impact shock noise has on the required jet area of the three-engine baseline aircraft as
the noise target is relaxed. For a jet noise target of 80dBA the required jet area was calculated to
be 2.54m” with shock noise not impacting this result. If the target is relaxed to 82.5dBA then
ignoring shock noise leads to a jet area of 2.20m” Including shock noise in the optimisation run
increases the required area 3.6% to 2.28m”. Relaxing the target still further to 85dBA leads to areas
of 1.87m” when shock noise is ignored and 2.05m” when shock noise is included (an increase in

area of 9.6%).
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3.4.3. Variation in airport parameters

Equations 3.19 and 3.20 only apply to aircraft operations at the baseline airport and under baseline
atmospheric conditions as defined in 83.2.1. Whilst this is all that is needed to design against, it is

worth looking briefly at how changes to some baseline airport parameters affect the result.

Whilst the sideline distance matches that used during noise certification, the flyover distance does
not. The required jet area of the three baseline aircraft were re-optimised using a flyover distance
of 6500m rather than 4048m to give an indication of the impact this has on the required area. For
the two-engine design the required jet area is reduced 17% from 10.56m” down to 8.80m’ for
three engines the required jet area is reduced 16% from 9.65m” down to 8.10m’ and for four

engines the required jet area is reduced 16% from 9.58m”down to 8.04m”.

In addition to the baseline airport a 5000ft (1524m) altitude noise constrained airport similar to
Denver was discussed in 83.2.1. This airport had a 12,000ft (3,658m) runway with the same
boundary as the baseline airport (450m sideline, 1000m flyover) and was under ISA+19.5K
conditions. To operate from this airport the three baseline aircraft with two, three and four
engines would meet jet noise levels of 60.0, 60.5 and 60.5 dBA respectively. This is an increase of
3 to 3.5 dB on the target set at the beginning of this chapter. With the noise target relaxed the
aircraft accelerate to Vy in a similar distance but, because a higher angle of attack is required at
take-off, leaves the ground later. Climb is not quite as steep as when operating at the baseline

airport offsetting the extra 2000£t (609.6m) distance from brakes off to airport boundary.

3.5. Discussion

In this chapter, take-off optimisation has been used to estimate, for given aircraft and airport
parameters, the smallest possible jet area that can be used when a specified noise level must not be
exceeded during take-off. In general this work was based on low temperature, ideally expanded
and fully mixed out jets. As such, any additional sources from the core and bypass not being fully
mixed or higher temperatures will lead to even higher jet area requirements for the same noise

level.

The use of optimised take-off procedures to minimise the required jet area is significantly more
successful when the aircraft has three or more engines. This is because, at least for the baseline
airport, the required climb angle at flyover is the critical operational requirement. This is

determined by engine out conditions (equation 3.2) and a significantly higher climb angle is
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required for a two-engine design. This is likely to be why previous optimisation which only looked
at two-engine designs found limited benefits of thrust cutback (Antoine and Kroo 2002). The
higher the number of engines the lower the climb angle with equation 3.20 indicating jet area for
the baseline aircraft tends to 8.5m” as the number of engines tends to infinity for an L/D of 18.
Increasing the number of engines leads to increased maintenance costs and, if the core diameter
becomes too small, reduced performance. Therefore, whilst increasing the number of engines

from two to three is likely to be advantageous, further increase may not be.

The performance of the aircraft at take-off also has a significant impact on the required jet area.
Both aircraft take-off mass and lift to drag ratio significantly impact the required jet area for a
given noise target whilst take-off speed only has a significant impact once take-off distance starts
to become critical. For a given aircraft mission (payload and range), any weight reduction possible
positively impacts both take-off jet area and cruise fuel burn. A requirement to maximise take-off
L/D has a more interesting impact. With the required lift at both cruise and take-off fixed and
similar in magnitude, the selection of cruise altitude and flight speed leads to a required wing area
and coefficient of lift. Increasing cruise altitude (thus reducing p,) and reducing flight speed leads

to increased ¢; A,
-1 2
L -2 CL Alvingpoovoo

At take-off with p,V,.” significantly lower ¢; must be increased to compensate by increasing angle
of attack or deploying high lift devices both of which increase drag. The higher cruise ¢; A, is
then the less the required increase, leading to improved take-off L/D. Deploying high lift devices
especially flaps at take-off needs to be avoided due to increased drag and noise. Therefore, with
the maximum value of ¢, limited, a large wing area is required. In summary, to increase take-off

L/D a high cruise altitude, low cruise flight speed and large wing area ate required.

Looking at the impact on the engine in more detail, let us compare the results from 83.4 with jet
areas of current and next generation aircraft. Table 3-3 lists a small selection of existing aircraft,
plus the Airbus A380 and Boeing 787-8, both of which are due to enter service in the near future.
With only very limited data available, especially for the next generation aircraft, the values of jet
area have been calculated from published thrust and mass flow rates along with an estimation of
the jet temperature. Whilst only one of the listed aircraft has a fully mixed exhaust, the predicted
areas and noise levels are based on fully mixed out values. This is to enable comparison with the
results obtained in this chapter. No consideration has been made as to whether the aircraft could

fly the required procedure or whether the engines could provide the range of thrust required
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without encountering stability problems. To emphasise, the real aircraft do not have fully mixed
core and bypass flows and for either airframe or engine reasons may not be able to fly the
optimised procedures. Therefore the noise values in table 3-3 will be underestimates. When
correcting the results to a MTOW equal to the baseline aircraft, the two-engine designs have jet
areas ranging from 39% of that required to meet the noise target rising to 56% for the next
generation design. For the four-engine designs the equivalent numbers are 39% rising to 51%.
This indicates that any engines capable of powering the baseline aircraft must be significantly

different from current and next generation designs.

For a three-spool, high bypass ratio engine with fixed cycle, top of climb thrust requirements can
be used to see what engine parameters emerge when meeting the specified jet area. Using
GasTurb (Kurzke 2004) to model the engine cycle, top of climb altitude was set to 35,000ft
(10,668m) and net thrust estimated at 88.4kN to deliver a 300ft/min (1.52m/s) climb gradient
under ISA conditions and Mach 0.8" with a lift over drag ratio of 20. Note that the jet areas

calculated in 83.4.1 are the same as the nozzle areas used here as at take-off the nozzle is

unchoked.

For the four-engine design: For the three-engine design: For the two-engine design:
* A, =9.58m’ * A, = 9.65m” * A, =10.56m"
* ToC FPR =1.33 * ToC FPR =1.33 * ToC FPR =1.30
* ToC BPR =19.6 * ToC BPR =19.7 * ToC BPR =214
* Fan diameter = 2.10m * Fan diameter = 2.43m * Fan diameter = 3.10m

Realistic input parameters were used in creating the engine cycles including a HPT stator exit
temperature (T,;) of 1740°K, HPC exit temperature (T;) of 900°K and mixer inlet stagnation

pressute ratio Py, ue/ Pocore OF 1.0.

Figure 3-16 is adapted from a NASA report by Daggett, Brown and Kawai (2003) that looked at
the optimum engine diameter for a 2015 B777-200ER equivalent aircraft. This study showed that
whilst the engines with the highest BPR and lowest FPR exhibited the best specific fuel

o
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consumption, when installation effects were accounted for, fan pressure ratio in the range 1.45 to
1.55 had the lowest operating costs. In the report operating costs were plotted against BPR giving
optimum BPR in the range 11 to 15. Here FPR was used to plot operating costs against as it is
much less sensitive to selection of core temperature limits and aircraft operating altitude than
BPR. To obtain the required area for a silent aircraft whilst minimising operating costs therefore
requires engines designed to give low pressure rise and high mass flow at take-off and more
moderate pressure rise and mass flow at cruise. This suggests the need to introduce variable cycle

concepts such as variable area nozzles, auxiliary fans or ejection.

3.5.1. Variable Area Nozzles

A variable area nozzle modifies the operating point of the fan and low pressure turbine. Opening
the nozzle reduces the static pressure at mixer exit which reduces the static pressure at both the
fan and LPT exit. For a high bypass ratio engine the reduction in fan back pressure dominates
with fan mass flow increasing and fan pressure rise reducing, resulting in an increased jet area at
reduced velocity. The low pressure turbine operating point then moves to deliver the required
power at a matching shaft speed. Figure 3-17, modified from Hall et al. (2004), shows the impact
on the fan with an increase in nozzle area giving a moderate cruise FPR and a low take-off FPR
on an idealised fan map. The range of benefit of a variable area nozzle is limited by the capacity of
the fan and other turbomachinery components before choking occurs. Such a system would need
to be lightweight but, more importantly when operating with a high bypass ratio engine, have low
leakage and a thrust coefficient close to one especially at the cruise position. Figure 3-18 presents
two possible concepts that may meet such requirements one with a movable inner plug and one
with overlapping nozzle sections that rotate circumferentially to modify the nozzle area. Research
into nozzle area variation using shape memory alloy actuation technology is occurring (Rey ez 4.
2001, Song et al. 2004) and inflatable structures could also be utilised in this area. An additional
benefit of a variable area nozzle is the capability to minimise fuel burn throughout cruise (Lopez-

Diez et al. 1998)

3.5.2. Auxiliary Fans

Auxiliary fans that can be engaged for take-off and disengaged for cruise would allow for larger
increases in jet area than variable area nozzles allow. The disadvantages are increased weight and
mechanical complexity especially with the clutch mechanism. Whilst the auxiliary fans could be
designed specifically for take-off, the cruise fan, which would likely also have to operate at take-
off, would have to support a wide range of conditions. Matching fan power requirements with

what the low pressure turbine can deliver would be a significant challenge and a variable area
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nozzle to reduce the LPT exit static pressure would be required to move the operating line as is

done on the Joint Strike Fighter (Bevilaqua 2005).

3.5.3. Ejection

The use of ejectors for jet noise suppression was briefly reviewed in 82.1.4. To achieve significant
jet noise reduction the primary jet velocity must be reduced and this requires forced mixing
between the primary and entrained jets. For realistic ejector lengths the primary and entrained
flows will not be fully mixed out and therefore an ejector model that supports incomplete mixing
is required. In order to allow estimates of possible jet noise reduction this model must be
compatible with a semi-empirical jet noise code such as those for coaxial jets (Stone ef al. 1981 for
example). Appendix C summarises two models that were developed to fulfil this requirement, one
incompressible and one compressible. Both model the mixing as a transfer of momentum from
the primary to the entrained jet with no transfer of mass. This results in two streams at exit and so

is compatible with coaxial jet noise prediction schemes.

Figure 3-19 presents the predicted performance of an ejector for three different mixing
efficiencies, 30%, 60% and 100%. ISA sea level conditions were used with a stagnation pressure
rise across the engine of 1.2, the aircraft velocity at 80m/s and T;, =T, +22K. Agreement between
the two models is good and, for 60% efficiency, an ejector area ratio of two is estimated to reduce
jet noise by about 7dB. This noise delta at 100m was predicted using the model from Stone ez /.

(1981) with cotrections for atmospheric attenuation included .

Referring back to Figure 3-15, a 7dB reduction in jet noise would enable the jet area of the
baseline aircraft to be reduced to 6m” which is approximately the same as the jet area of a fully
mixed out Trent 1000 equivalent (table 3-3). Therefore, the use of ejection has potential in

enabling the Silent Aircraft noise goals to be met. In order for such a potential reduction to be

Whilst the Stone Jet Noise model as documented supports both single and coaxial jets, the correlations for the
coaxial jets ate only valid for area ratios of 0.67< Acnwmained/ Acore <43.5. If the model is used for area ratios less
than this, a discontinuity occurs as Acnained/ Acore — 0. As this was an area of interest (i.e. small amounts of
ejection), a correction was made to the model to smooth the correlations between a single jet and a coaxial jet.
3 min(ly'%‘nrained/'%orej
GC 0 rmdmdm_} GC 0.67
Another discontinuity occurs as the secondary jet velocity approaches that of the free stream with the presence of
the secondary jet reducing the predicted noise levels. Therefore, in determining the peak noise, both coaxial and

core only predictions were made and the maximum value used.
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realised, though, several significant challenges would need to be overcome. The device would have

to be stowable in order to maximise cruise performance and also light-weight.

Perhaps more critical is how uniform the exhausted flow would be in reality. Whilst the model
assumed the primary jet velocity is reduced uniformly at all locations this is not the case for
existing forced mixers where a complex velocity distribution is present (Hu ez 2/ 2002, Zaman ef al.
2003). Experimental data on ejectors driven by subsonic primary flows in which noise
measurements were made is very limited. Coles ef a/. (1958) presented absolute noise data on an
eight-lobed forced mixer with non-lined ejection where the driving jet was subsonic and these
results have been compared with the estimations from the compressible ejector model discussed
above. For no ejection, the model accurately predicts the noise measured, as would be expected.
The addition of forced mixing is equivalent, from a noise reduction perspective, to a mixing
efficiency of 27% on this model and the addition of forced mixing and ejection is equivalent to
mixing efficiencies of between 34% and 44% depending on the ejector length. The ejector used by
Coles ¢t al. was not lined and they speculated that noise generated inside the ejector was one
reason why more significant noise reductions were not seen. It is likely that as the primary jet

velocity is reduced any noise sources internal to the ejector will become more important.

Therefore it is not unreasonable to speculate that internal noise sources, along with jet flow non-

uniformity, could significantly reduce the noise benefit of ejection on an already quiet jet.

3.6. Chapter conclusions

To design an ultra low noise engine for an ultra low noise aircraft, jet noise needs to be looked at
first as it drives the design of the engine cycle directly. A low jet noise optimised take-off profile
has been developed in order to minimise the increase in jet area required to enable a jet noise level
of 57dBA to be met. Except for aircraft requiring a high take-off speed, angle of climb after
cutback is the critical condition in determining a successful take-off. For these conditions the
required jet area can be estimated using equation 3.20. As the minimum climb angle, 6, , is a

function of the number of engines (equation 3.2), the fewer the engines the larger the required

overall jet area for silent take-off.

To meet the noise target at the baseline airport, jet area needs to be significantly greater than the
jet area of current and next generation turbofan powered aircraft. In order to deliver low cruise
fuel burn whilst meeting the take-off jet noise target, variable cycle technologies are required.

Possible technologies include variable area nozzles, auxiliary fans or ejection. A simple model of
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an ejector that is compatible with coaxial jet noise models predicts significant reductions in jet
noise if 60% of the ideal momentum transfer between the primary and entrained jets is achieved.
Experimental data on noise reduction from ejectors driven by subsonic jets is very limited and
significant doubts exist on whether this level of noise reduction could be met in practice. Complex
deployment geometry further reduces the appeal of using such a system. A variable area nozzle is
likely to be significantly lighter and less complex and as such requires further investigation. Of
particular interest is how modification of the nozzle area effects fan operation, performance and
noise. This places limits on what degree of nozzle variation can be achieved and what top of climb
pressure ratio can be employed. This is the subject of the next chapter. With the aerothermal and
acoustic implications of using a variable area nozzle worthy of detailed attention, the mechanical

design of such a nozzle, whilst critical, has not been considered further.






4. Fan and nozzle operation for low noise

Modifying nozzle area has been identified as a promising approach for reducing take-off jet noise
whilst delivering low cruise fuel burn. In this chapter, the impact of nozzle variation on fan
performance and fan noise is discussed with the aim of minimising fan noise and ensuring the fan

can provide the required mass flow rate and pressure rise.

Whilst previous work on quiet engine design has tended to be less far-reaching in terms of noise
target and more constrained in that standard installation and flight operations were specified,
several conclusions are applicable to this thesis. With lower fan pressure ratio (FPR) leading to
lower jet noise and generally lower source noise, the trade-off between noise reduction and
increasing fuel burn is critical. Gliebe and Janardan (2003) investigated direct drive and geared fans
for large twin engine aircraft with the aim of achieving 5-10EPNdB reduction relative to FAR36
stage 3 at each measuring station. They concluded that top of climb FPR in the range 1.40 to 1.55
was optimal for low noise with acceptable weight and direct operating cost (DOC) penalties. More
recent work by Daggett ¢f a/. (2003) with a 2015 timeframe aimed for ultra high efficiency with a
noise level 20EPNdB cumulative below stage 3. It was found that a FPR of 1.45 to 1.55 was
optimal in terms of DOC with lower FPR designs leading to increased weight and drag offsetting
SFC improvements (figure 3-16). As an ultra low noise concept, Dittmar has proposed a two-
stage fan of design overall pressure ratio 1.15 (Dittmar 1998, Dittmar ez a/. 2003). This gives low
jet and fan noise but at the expense of a very large installation requirement leading to poor cruise
performance. To meet the silent aircraft noise target and have competitive fuel burn, a turbofan
engine concept needs to operate with a fan pressure ratio in the range proposed by Dittmar at
take-off for low jet noise and in the range proposed by Gliebe and Daggett at top of climb for low

fuel consumption.

To meet this aim, the first step is to calculate the top of climb FPR that would be achieved for a
given jet noise target with a fixed nozzle. Then, in order to decide how much nozzle area variation
is required an understanding is required of how modifying fan back pressure impacts fan noise
and what limits the range of back pressures that can be supported. With the limitations of the fan
understood, two approaches are presented to deliver both low noise and the required top of climb
FPR: The first builds on equation 3.20 with the nozzle operating at two areas only; one at cruise
and one at take-off. The second couples the full take-off optimisation procedure presented in
chapter three with a realistic fan map and requires the variable area nozzle to vary continuously
during take-off. This allows the fan to operate at an ideal position at all times but requires greater

overall nozzle variation.
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Rather than using the baseline aircraft presented in chapter three, the silent aircraft airframe is
introduced in this chapter. This all-lifting body type airframe provides significant shielding of
forward radiated fan noise and leads the focus of fan noise reduction to be primarily concerned

with rearward propagating noise that will not be shielded.

4.1. Operation with a fixed nozzle area

For an ultra high bypass ratio engine the majority of the thrust comes from the bypass airflow.
Modelling the impact of the core as a temperature and pressure correction applied to the flow all
of which goes through the bypass (see figure 4-1), the following three equations can be solved to
give required fan pressure ratio for specified net thrust, nozzle area and free-stream conditions.
Equation 4.1 considers pressure rise from inlet to exhaust matching static pressure at the two
conditions (after expansion the jet static pressure equals the free stream static pressure). Equation

4.2 looks at the net thrust produced by the engines per unit jet area and equation 4.3 covers nozzle

choking:
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In these equations FPR is the mass averaged rise in stagnation pressure of the bypass flow across
the fan stage, PR, is the pressure recovery (ratio of stagnation pressures) from free stream to the

fan face and PR is the pressure recovery from fan stator exit to jet. PR, includes any losses from

out
ingested boundary layers and losses in the inlet ducting. PR, includes losses in the exhaust duct
and mixer along with any change in stagnation pressure of the bypass flow due to mixing with the
core flow. Cy is the thrust coefficient, close to one, and is defined here as the ratio of gross thrust
delivered to the sum of the mass flow and jet velocity. AT is the temperature rise of the bypass
flow across the mixer due to mixing with the core. The impact of the core on both AT and PR,

out

is discussed in more detail in appendix D.
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These three equations can be coupled with a modified form of equation 3.20 in which the jet
static temperature is replaced with the free stream and jet Mach numbers and stagnation values. In
addition, the jet area in equation 3.20 was for unchoked conditions at take-off and so is equal to

the nozzle area in this section in which higher thrust conditions will also be considered.
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These equations enable the fan pressure ratio as a function of jet noise outside the airport to be
calculated and figure 4-2 presents this for three aircraft variants; a two-engine conventional aircraft
similar to the baseline vatiant presented in 83.4.1 and two variants of a three-engine all-lifting
body (see next paragraph). Nozzle area is fixed by the noise requirement during take-off leading to
specified fan pressure ratios at top of climb and cruise. Values used in the creation of this and

following figures can be found in table 4-1.

In calculating the flyover climb angle, 0., to enter into equation 4.4 the reduction in L/D

following engine out is now considered in equation 3.2 (it was ignored in chapter three). The
approach used is discussed in appendix E and it is this that leads to the two all-lifting body aircraft
variants. On the loss of the critical engine the windmill drag and non axi-symmetric thrust will
create a yawing moment. For a conventional aircraft, this is primarily corrected by the tail but for a
tailless all-lifting body another approach needs to be found. The simplest is to use a drag creation
device such as a split aileron on the outer wing. This needs to create a lot of drag to counteract
the yawing moment and, as can be seen in figure 4-3, has a significant impact on the required
minimum climb angle before engine out. For a jet noise level of 57dBA (the noise target), the
required climb angle at flyover is increased from 2.1° to just over 3° using this method. As the top
of climb fan pressure ratio is reduced the increase in required climb angle reduces slightly because
the engines become smaller and therefore the windmill drag reduces. (This figure has top of climb
FPR on the x-axis rather than jet noise so that it can be used when nozzle area is varied.)
Calculating this drag required the fan face area and for a given fan face Mach number this can be
found from equation 4.5 in which the jet and fan mass flow rates are matched. In this chapter, and

in the creation of figure 4-3, the top of climb fan face Mach number has been set to 0.66 which is

representative of high capacity modern designs.
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An alternative approach is to vector the remaining engines in the aircraft plane to counteract the
yaw. This has much less of an impact on the requited climb angle (from 2.1° to 2.3°, see figure 4-
3) and, for the aircraft presented here, needs a thrust vector angle of 11.2° when meeting the noise
target. For the two-engine conventional aircraft, the increase in drag leads to the required climb

angle increasing from 3.7° to 4.1°.

Referring back to Figure 4-2, the first flight position to be calculated is the flyover position which
determines the nozzle area used for the remaining positions. The flyover FPR has to be very low
in order to meet the specified noise level when so close to the ground. The conventional design
has a slightly higher flyover FPR than the others due to the increased flyover height for the two-
engine design and increased climb angle. The thrust vectored all-lifting body has the lowest flyover
FPR as the climb angle is lowest. Once the nozzle area is specified the remaining positions of
sideline, top of climb and start of cruise are simply calculated by iterating jet Mach number until
thrust meets the required value. Whilst the flyover thrust is different for each of the three designs,
this is not the case for the other locations as the climb angles are the same. Therefore, the
conventional design with the largest jet area has the lowest FPR, then the split aileron all-lifting

body and then the thrust vectored all-lifting body.

Whilst the top of climb FPR is, as expected, the highest of the four positions considered it is still
significantly lower than that likely to be optimum for future designs when fuel burn is considered
(Daggett e al. 2003, Gliebe and Janardan 2003). This is especially true for the two-engine
conventional design. Further, considering the position the fan would have to operate in during
take-off reveals that in practice the optimised take-off could not occur with a fixed nozzle and at
the specified noise level. Figure 4-4 plots the fan pressure ratio against fan face Mach number
scaled to top of climb conditions. For the cruise position, as the noise level is reduced, and fan
diameter increased, the fan face Mach number increases by a small amount. For the flyover and
sideline positions the trend is reversed, with reducing noise level leading to reducing fan face
Mach number and increasing pressure rise. This is because the take-off and cruise working lines
diverge as design FPR reduces. Also plotted on figure 4-4 is a line of constant loading over flow
coefficient squared that goes through the top of climb point. This is for a ToC FPR of 1.35 with
only a small move anti-clockwise as FPR is increased. This line will approximately follow the locus
of peak fan efficiency and so indicates where the fan can operate. Flow coefficient by itself is a
better indication of this as it is directly linked to incidence, but this requires knowledge of blade
speed. Operating above and to the left of this line is at higher incidence with reducing stall margin.

Operating below and to the right is at lower incidence towards choke.
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Whilst the top of climb point does not need to operate at peak fan efficiency, the cruise point
does. Therefore, as the noise target is reduced the locus of peak efficiency will need to move to
the right in figure 4-4 and the take-off operating points will be at much higher values of /¢ than
peak efficiency. It will, therefore, be impossible to design a fixed pitch fan that can operate at the
efficiency values required for cruise and support the optimised take-off with adequate stall margin.

Variable pitch would make the task easier but introduces a range of mechanical problems.

To increase the achievable top of climb pressure ratio and enable the fan to operate with adequate
stall margin requires an increase in nozzle area at take-off. Figure 4-5 shows the variation in nozzle
area required for the three aircraft variants to meet top of climb pressure ratios of 1.45, 1.55 and
1.65 respectively. With the thrust vectored all-lifting body having the highest ToC FPR before the
nozzle area change was introduced, it needs the smallest change in area to meet the specified FPR.
Fan operability, which limits what can be achieved with a fixed nozzle area, also limits how much
or little nozzle area can vary. If the nozzle is not opened enough at take-off the stall margin may
not be adequate. If it is opened too much then the fan may choke and operate at very low
efficiency. Therefore, before deciding how much nozzle variation can be achieved and what the
top of climb FPR should be, a better understanding of fan operability is required. Further, fan
noise is likely to be dominant once jet noise is removed. Therefore, the quieter the fan can operate

the less need for liners and/or increased duct length.

4.2. Impact of fan operation on noise and stability

4.2.1. Noise

At a conceptual level, designing for low fan source noise is considerably more complicated than
designing for low jet noise. Prediction of jet noise is relatively accurate, at least for static jets, and
limited variables drive one towards low jet velocity. When designing for a specified noise level, as
is the case with the silent aircraft, a specified jet noise requirement translates directly into a
specified jet area during take-off. This is not the case with fan source noise. Multiple generation
mechanisms exist, both tonal and broadband, including self noise, rotor-stator interaction and
multiple pure tones (buzz-saw). A complex propagation path, the use of liners for attenuation and,

for the current silent aircraft design, shielding of forward propagating noise from the airframe,
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further complicate the problem. Publicly available noise prediction capabilities are less mature,
especially in relation to broadband noise, which makes it difficult to design for an absolute noise
level. This is especially true for an engine using a variable area nozzle as the fan operating line
during take-off is markedly different from conventional civil engines on which most current
correlations are based. For the preliminary fan design available results, predictions and correlations
were therefore used to guide the process and there was no attempt to design for a specified noise
level. The success of this is discussed in chapter six when liner attenuations and acoustic

prediction tools are brought together to predict the overall noise level.

Previous research has shown that increased nozzle area can lead to reduced fan noise for a given
thrust. Woodward and Lucas (1976) tested a 1.25 pressure ratio fan with area increases up to 20%
of the design area. Reductions in noise level at all operating speeds were witnessed alongside
increases in efficiency. Ginder and Newby (1977) developed a broadband noise prediction model
based on this and other work that correlated fan noise to inflow incidence and relative tip Mach
number. More recently, Hughes ¢ a/. (2005) have shown that small increases in nozzle area (up to
12.9%) can give thrust increases and reduced broadband noise with modern wide chord fan
designs. Work on the same rig (Woodward e 2/ 2002) with two rotor designs had shown at

subsonic fan tip speeds a link between noise generation and wake severity.

Correlations such as those based on the work of Heidmann (1979) provide a further insight into
suitable approaches to noise reduction. The ESDU fan and compressor prediction code (ESDU
1998), based on the approach taken by Heidmann, present broadband and tonal noise sources in
the form of equation 4.7 with some variation for the different sources. RSS is the rotor-stator

spacing, BPF the blade passing frequency, T,-T|, the temperature rise across the rotor, M, the

rel

relative Mach number onto the rotor tip, M the mass flow rate, w the polar angle and f the

frequency.

SPL( f)=20log,(Ty,~ T, + 10l0g,(m) w
+F,(M 4 )+F,(RSS)+F,(w)+F,(f/BPF)+C

In terms of cycle and fan rotor preliminary design, the variables that can be targeted are the
temperature rise across the fan, the mass flow rate and the relative Mach number onto the fan tip.
With fan pressure ratio and mass flow rate set by the requirement for low jet noise, high fan
efficiency is required to minimise temperature rise. This correlates well with the work of Ginder
and Newby as efficiency is closely linked to incidence angle onto the rotor and, for a normal

engine working line during take-off, reduced incidence equals increased efficiency.
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As mentioned in 82.2.3, whilst a traditional 50log(tip speed) correlation, used in Ginder and
Newby (1977) for example, suggest reducing fan tip speed to reduce noise, this is not always the
case (Topol ez al. 2004). The increased noise of the NASA AST fan was found to be primarily due
to increased broadband noise from increased fan tip turbulence impacting the stator. Included
within this work is a simple formulation covering rotor-stator broadband noise generation
(equation 4.8) in which C is the absolute velocity onto the stator, V|, is the turbulent velocity and

Ny is the number of Outlet Guide Vanes (OGVs).

Sound Power 10log[ CV/N, | 4.8)

For a given pressure rise and mass flow rate, a reduction in blade speed leads to an increase in
loading and switl angle downstream of the rotor. This will increase the absolute velocity onto the
OGYV (C in equation 4.8 above). The increased switl leads to the wakes travelling further before
impinging on the OGV so the turbulent velocity should be lower, but this may not be the case if
the rotor has been ovetloaded. Therefore, to minimise rotor-stator broadband noise, rotor

efficiency should be high during take-off and there is likely to be an optimum loading value.

Whilst increasing the nozzle area will increase fan tip speed for the same thrust, the high cruise
altitude and low design point fan pressure ratio lead to excess thrust at low flight speed (reducing
the fan pressure ratio increases the cruise ram drag more than the take-off ram drag). In addition a
three-engine design requires a reduced climb angle compared to a two-engine design. The fan can
therefore operate at part speed during take-off resulting in low rotor loading at the tip and lower

flow velocity onto the OGVs.

With the rapid onset of multiple pure tone noise at supersonic relative tip Mach numbers,
maintaining subsonic tip velocity at all times during take-off is desirable. As discussed later,
achieving this for the entire take-off leads to reduced cruise performance and therefore alternative
mitigation strategies must be considered. As nozzle area is increased, fan back pressure is reduced
and, for a fan operating with supersonic relative inlet flow, the primary shock structure is ingested
into the blade passage, leading to choking. A weaker bow shock detached from the leading edge
still propagates upstream but considerable reduction in MPT noise is predicted for this situation
(Xu 2004). For fans working with a fixed nozzle area this effect is generally only seen at high fan

speed where the shock is just ingested at the tip for peak efficiency.

To summarise, for low fan source noise whilst maintaining low jet noise, high efficiency and low

tip loading is required during the entire take-off procedure. To minimise multiple pure tone
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generation, when the relative flow onto the rotor tip is supersonic the primary shock structure

should be ingested into the blade passage.

4.2.2. Stability

Several books provide in-depth discussion on compressor stability (Platzer and Carta 1988,
Cumpsty 1989) and therefore only a brief discussion focussing on the limits of nozzle area

variation is presented here.

At a specific speed a fan can only deliver a certain pressure rise before stalling or surging. For a
fan operating with a variable area nozzle, this places a limit on how far the nozzle can be closed.
For a given nozzle area the fan will operate at closer to stall during take-off than at cruise due to
the reduced pressure rise from the ram effect. This leads to take-off stall margin being a critical
requirement when designing a conventional fan. Here we want to operate with the nozzle as far
open as possible during take-off. Therefore, stall and surge margin, if adequate at cruise, will not

limit operation.

As nozzle area is increased, the static pressure at the back of the fan drops and mass flow rate
increases. At a certain point the fan will choke, after which further reductions in back pressure will
only impact flow downstream of the fan throat. To increase the mass flow further requires an
increase in fan speed. Whilst a fan can operate choked, highly choked operation results in very

poor fan efficiency and so should be avoided if possible.

Considering aeroelasticity, the fan must be designed and operated in such a way as to prevent
high-cycle fatigue. Two regimes must be considered; forced vibration and flutter. Forced vibration
is caused by periodic aerodynamic disturbances such as inlet asymmetry leading to harmonic
excitation of the fan. Flutter is when the energy absorbed by negative acrodynamic damping
exceeds the energy dissipated due to structural damping. Predicting and mitigating both regimes is
out of the scope of this thesis (although natural frequencies of the fan are calculated in 85.3.3 but
of the two, flutter is the more likely to limit the operating range of the fan. Figure 4-6, from
Snyder and Burns (1988), shows the various types of flutter often encountered in compressors.
From this is can be seen that, when operating at high mass flow and low pressure rise, choke
flutter and classical unstalled supersonic flutter may occur. Choke flutter is thought to be linked to
in-passage shocks with associated flow separation indicating that operating highly choked should
be avoided, especially at high speed when in-passage shocks are present. Classical unstalled

supersonic flutter, if present, effectively limits the maximum blade speed and, with the boundary
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very steep with respect to speed, is unlikely to be a problem during take-off without also being a

problem at top of climb.

Finally, increasing the nozzle area between top of climb and take-off increases the range of
incidence that the OGVs must support. This can be seen by considering the Euler equation for

turbomachinery across the rotor where the subscript 2 indicates rotor exit and « is the switl angle.

Vc.T 1
tana, = %(FPRW’V - 1) (4.9)

2

Whilst opening nozzle area increases the axial velocity, it also increases blade speed U and reduces
fan pressure with the overall result being a reduction in exit switl angle. Whilst separation of the
flow on the OGVs due to high positive or negative incidence is not as severe as stall of the rotor,

it increases loss and reduces thrust and therefore should be avoided.

To summarise, the degree the nozzle can open during take-off is limited by the following; fan
choking (both from an efficiency and flutter perspective) and OGV incidence. Of the two, OGV
incidence is likely to be limiting at low speed and fan choking at high speed.

4.3. Operation with two nozzle areas

With the nozzle setting impacting both fan and jet noise, the same nozzle position needs to meet
the requirements of both sources. This requires the fan pressure ratio being at a specified level for
low jet noise and the fan operating at an efficient position for low fan noise with sufficient stall
margin. The aircraft is as close as it gets to ground outside the airport boundary at the flyover
position and, as jet noise reduces more rapidly than fan noise when the engine is throttled back,
this position is critical. As discussed later in this section, relative tip flow can be set to below unity
Mach number at this position and therefore high fan efficiency is the main requirement. At the
sideline position subsonic tip Mach number cannot be maintained and therefore whilst high
efficiency is still important, any primary shock structures must be ingested to minimise MPT

noise. This requires operating near the shoulder of the fan characteristic.

4.3.1. Approach

As briefly mentioned in 84.1, for a typical fan design, a locus of constant flow coefficient, ¢, tracks
peak rotor efficiency well, so ensuring both the cruise and flyover points are at the same flow

coefticient will ensure they are both at, or close to, peak efficiency. If the nozzle is operated at a
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fixed area during take-off, the sideline point on the fan characteristic is at a higher flow coefficient
than flyover and on a higher thrust line. Setting the flyover flow coefficient to match cruise will
also therefore place the sideline point near to the fan shoulder. Performing this calculation
requires the use of a sample characteristic because the flow coefficient is a function of blade speed
(equation 4.10). If a realistic fan map is not available, similar results can be obtained by fixing the
stage loading divided by the flow coefficient squared, §/¢” This is independent of blade speed but
diverges from peak efficiency at higher Mach numbers (equation 4.06).

My (1 5imz )
U

V,
=X[] 4.10
¢ U (4.10)
As in 84.1 the fan face Mach number at top of climb is set to 0.66. In choosing the top of climb

fan pressure ratio the following procedure has therefore been followed;
a) set the top of climb fan face Mach number to meet specified capacity,

b) calculate the start of cruise fan face Mach number and pressure rise maintaining the same

nozzle area as top of climb,

¢) place the flyover operating point at the same flow coefficient, ¢, as the start of cruise
operating point for high efficiency at take-off and calculate the flyover FPR and nozzle

area,

d) iterate top of climb FPR until the take-off nozzle area matches that required to meet the

jet noise target.

This approach is illustrated on the fan characteristic in figure 4-7 and the resulting relationship
between take-off jet noise and top of climb FPR can be seen in figure 4-8. For the conventional
aircraft this approach indicates that a ToC FPR of 1.41 is required with a 20.5% increase in nozzle
area between top of climb and take-off. For the all-lifting body with split aileron these values
increase to a FPR of 1.44 and nozzle variation of 23.5% and for the thrust vectored version a FPR
of 1.46 and nozzle variation of 23%. As efficiency plateaus near peak values, especially at part
speed, the flyover flow coefficient can be increased slightly to enable a slightly higher ToC FPR to
be achieved. Figure 4-9 shows the result of this with flyover flow coefficient set to cruise flow
coefficient multiplied by 1.05. FPR values of the three variants are increased by approximately
0.03 and the required nozzle variation by an additional 6%. It is worth noting that a very small

increase in ToC FPR requires a relatively large increase in nozzle area variation. The fan
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characteristic used in the creation of these and subsequent plots in this chapter is a rotor only map
from the fan developed in chapter five. This has only been used to match flow coefficients with

fan efficiency fixed to the value in table 4-1.

As previously discussed, by ensuring subsonic relative flow onto the fan tip during take-off,
multiple pure tone (buzz-saw) noise can be removed. The design point blade speed required for
this can be calculated by first setting the flyover or sideline relative tip Mach number to one to get
the corrected flyover/sideline blade speed (equation 4.11). A representative fan characteristic can

then be used to find the design point tip speed.

—_ ' 2
Utip take—off - aﬁ 1_ M ff
Ysp =a, 1-M @.11)
\/5 take—off 'ref 1+ VT_l M fzf ‘

Figure 4-10 shows the maximum corrected top of climb blade speed possible for @ .. = @ e and
Payover = 1:05 e to meet subsonic relative flow for the whole take-off (where the sideline point is
the limiting condition) or for just the flyover position. Depending on the aircraft, cutting off rotor
alone tones at just flyover would require a corrected top of climb tip speed of around 375m/s and

as low as 250m/s to cut-off rotor alone noise for the entire take-off.

In determining whether such speeds are realistic it is useful to look at what the top of climb stage
loading would have to be. With loading a function of blade speed which changes from the hub to

the tip the value of U used here is at a radius that gives equal duct area below and above;

_ [1+ntr?
= rﬁp T

This leads to the following definition of loading in which U

is corrected to the reference inlet

tip,corr

stagnation temperature;

Ah Co o res (FPR”"V —1)

Y= Uz %(1+ htrz)Uﬁzp,corr

(4.12)

Figure 4-11 is the equivalent of figure 4-10 but with lines of M,,=1 plotted against top of climb

rel

stage loading rather than top of climb corrected blade speed. With modern fans having loading in
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the range 0.44 to 0.50 a significant increase in loading would be required to cut-off rotor alone

noise for the entire take-off.

Comparison can also be made with recent fan rig tests. Estimates of stage loading for the
RESOUND datum and LNRI1 fans are 0.49 and 0.68 respectively (based on data contained in
Bewick ez a/. 2001, Xu 2004) for a hub-tip radius ratio of 0.31. Estimates of stage loading for the
NASA AST fan designs are 0.60 (Hobbs ez /. 1995) and 0.76 (Neubert ez a/. 1997) although the
variable pitch design and high hub-tip radius ratio of 0.426 makes these values less comparable.
The 2™ of the NASA AST fan designs expetienced a noise increase over the 1% design that was

attributed to the fan being overloaded.

4.3.2. Validation

To confirm the success or otherwise of the approach outlined above, a full take-off run was
performed for the split aileron version of the all-lifting body. Design capacity was set to Mgz=0.66
and the top of climb FPR to 1.442 (taken from figure 4-8). Data from Table 4-1 was used and a
nozzle area increase of 23.5% for take-off (figure 4-8) was expected to be required in order to
meet the minimum flyover climb angle of just over 3.0° (figure 4-3). With the engine being
modelled using equations 4.1 to 4.3 and 4.5, the jet temperature can now be calculated at every

time step rather than specified in advance.

The resulting take-off profile and jet temperature variation are plotted in figure 4-12. To achieve
this profile, and in particular the flyover climb angle, a nozzle area increase of 26% was required,
slightly larger than the predicted 23.5%. One reason for this is that the prediction used purely
flyover data in equation 4.4. In this equation (see also 3.20), the required take-off area is directly
proportional to the jet temperature. The equation was developed for a fixed jet temperature at
take-off (83.4.2) and, as can be seen from figure 4-12, the jet temperature at flyover is the lowest
temperature that occurs when a more realistic engine model is included. The mean temperature
during take-off was 318.7K compared to 313.5K at flyover, indicating a 1.7% increase in nozzle
area relative to the initial prediction would be required. With a ToC nozzle area of 2.46m’, this

correction increases the expected nozzle change at take-off up to 25.6%.

Whilst the jet temperature used in equation 4.4/3.20 could be modified to be the mean of the
flyover and sideline values, using just the flyover condition gives a good result, accurate enough

for estimating what ToC FPR can be achieved for a given take-off noise level.
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Figure 4-13 plots the take-off fan capacity against pressure rise onto the scaled rotor only map that
was used when matching cruise and flyover flow coefficients. The top of climb point is placed on
the 100% speed line so that the start of cruise point, which is at the same nozzle area, is at peak
efficiency. The thick line on this map joins up all the operating points (calculated for 1 second
time steps) between the brakes off location and a point 5000m after brakes off. As intended, the
flyover point is at peak efficiency with the start of roll point having lower stall margin due to the
change in working line between zero and take-off flight speed. The fan is choked at the sideline

point as required to minimise buzzsaw noise.

4.3.3. Sensitivity

Sensitivity of the split aileron version of the all-lifting body aircraft to key input parameters in
table 4-1 was analysed. With cruise and flyover flow coefficients matched and the 57dBA jet noise
target met, the following input parameters were modified; fan face Mach number, temperature rise
due to core mixing, exit pressure recovery and top of climb/start of cruise flight level. The results

can be seen in figure 4-14.

Before looking at each subplot in turn, it is worth making some general points about the flyover
condition. From equation 3.20 it can be seen that flyover jet area divided by jet static temperature
is a function of aircraft mass, rotation speed, jet noise level, /D and flyover climb angle. With all
these parameters constant, or almost constant , in this analysis the ratio of jet area to temperature
at flyover is also constant. Likewise, with flyover net thrust constant the flyover mass flow and jet

velocity must also be constant;

Ty = m(Vj —Vm) =pAY, (Vi _Voo) :%%VJ (VJ' _V°°)

J

With constant flyover jet velocity, increasing jet temperature will reduce the jet Mach number.

From equation 4.1 it can be seen that this leads to a reduction in the sum of FPR, PR, and PR

out*

In summary:
a) The ratio of jet area to jet temperature remains constant at flyover

b) Flyover jet velocity and mass flow rate are fixed

* 'The flyover climb angle is a weak function of Top of Climb FPR which does change but for the range of interest only changes
between approximately 3.0° and 3.1° (see figure 4-3). This does not influence the trends seen.
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¢) Increasing flyover jet temperature leads to a reduction in the sum of FPR, PR, and PR .

Starting with the top left subplot, increasing ToC fan face Mach number leads to reducing fan face
area as changes in top of climb mass flow rate are only a secondary effect and fan inlet conditions
are unchanged. With equations 4.1 to 4.3 unaffected at flyover, mass flow rate and pressure rise
remain constant and, with fan face area reduced, flyover fan face Mach number must increase. As
flyover fan face Mach number increases, lines of constant flow coefficient become steeper and, to
match flow coefficients, cruise mass flow rate must drop slightly and pressure rise increase. This
also moves the top of climb point to slightly lower mass flow and higher pressure rise requiring
greater nozzle variation between top of climb and flyover. As at flyover, fan face Mach number
will increase at sideline and therefore sideline blade speed must reduce to maintain unity tip
relative Mach number. With minimal change in relative positions on a fan map, reductions in

sideline blade speed lead to reductions in top of climb blade speed.

Increasing the temperature correction due to core mixing (top right subplot) increases the jet
temperature. From (a) and (b) above, this leads to increasing flyover jet area and reducing flyover
FPR, with the reduction in temperature rise across the fan only having a secondary effect on the
results. Increasing jet temperature moves lines of constant thrust down on a fan map and, with jet
temperature increasing more at top of climb than at flyover, lines of constant thrust at ToC and
flyover get closer together. This is because the temperature correction is proportional to the fan
pressure rise minus one. As flyover and cruise flow coefficients remain matched, both mass flow
rate and FPR will drop, more at the top of climb position than at the flyover position. Fan face
area reduces due to the reduced top of climb mass flow rate and the change in required nozzle
area also becomes less. Sideline fan face Mach number increases because the mass flow rate
reduction is less than that at top of climb and this requires a lower blade speed to cut-off rotor
alone noise. This translates to an even lower top of climb blade speed as the operating points are
now closer together on a fan map. The impact of engine design parameters on stagnation

temperature rise is discussed in appendix D.

Increasing exit pressure recovery (bottom left subplot) beyond one is feasible as bypass stagnation

pressure could increase when mixed with the core flow. At flyover, increasing PR, leads to a

reduction in FPR and, with both AT and temperature rise across the fan linked to FPR, a small
reduction in jet temperature. From (c) this feeds back to the FPR reduction being slightly less than
the PR, rise and, from (a), flyover jet area will reduce slightly. At cruise the reduction in FPR due

to increased PR

out

is compounded by the reduced flyover FPR leading to increased cruise mass

flow rate when flow coefficients are matched. The reduction in FPR at cruise is therefore more
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than that at flyover and the same is true of the top of climb position, again with an increase in
mass flow rate. This reduces the required nozzle area change between top of climb and take-off.
With top of climb mass flow rate increasing and fan inlet conditions unchanged, fan face area
increases. Flyover mass flow rate is unchanged so flyover fan face Mach number reduces and the
same is true at the sideline position. A higher sideline blade speed can be utilised whilst
maintaining unity relative Mach number enabling a higher top of climb blade speed. The impact

of engine design parameters on pressure recovery due to mixing is discussed in appendix D.

If PR, is increased rather than PR

outy

except for fan face area, the same trends are seen. Whilst top
of climb mass flow rate increases, it is offset by increases in fan inlet stagnation pressure and the
fan face area remains constant. The trend in ToC blade speed remains the same as when changing

PR, due to flyover and sideline fan face Mach numbers still reducing. This is because the fan inlet

out

stagnation pressure increases.

Increasing start of cruise altitude (bottom right subplot) has no impact on the flyover condition,
so flyover jet area, temperature, mass flow rate and FPR are all unchanged. As top of climb/start
of cruise altitude increases the free stream static pressure drops and, with net thrust fixed, A,
and/or M, must increase (equation 4.2). Keeping cruise and flyover flow coefficients matched
leads to both A, and M, increasing with a corresponding increase in top of climb FPR (equation
4.1). Take-off nozzle area is fixed so the change in area required between top of climb and take-
off reduces. Whilst top of climb mass flow rate reduces, the reduction in inlet stagnation pressure
is more significant and the fan face area must increase to maintain design capacity. This reduces
fan face Mach number at both flyover and sideline and, as discussed above, allows higher blade

speeds whilst cutting off rotor alone noise.

4.4. Operation with continuously varying nozzle area

In 84.3, operation with two distinct nozzle areas was analysed; one for take-off and one for top of
climb and cruise. Whilst this approach is straightforward, works well with equation 3.20 and can
show trends for different noise levels, it does have some limitations: Firstly, the ToC FPR
achievable is only just in the target range. Secondly, whilst the approach placed the flyover
position at what is thought to be an ideal location, start of roll is closer to stall and sideline more
highly choked than would be desirable (figure 4-13). Therefore, a more advanced approach is
developed in this section in which nozzle area varies continuously during take-off. Equation 3.20
can no longer be used and the take-off optimisation code needs to be linked directly into the fan

operation as was done in 84.3.2 above.
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To achieve a higher top of climb FPR whilst meeting the same jet noise target requires greater
nozzle opening at take-off, with the fan operating at higher mass flow and lower pressure rise than

before. For a fixed pitch fan and OGV there are limitations on how far the nozzle can be opened

(84.2.2:

* As nozzle area is increased the absolute flow angle onto the OGVs (x,) reduces and can

be taken as limiting nozzle opening at low speed.

* At higher speed the fan may choke before OGV incidence becomes a problem. Reducing
the back pressure too much beyond that required to choke the rotor will lead to poor
efficiency and flutter regions may be encountered. This can be taken as limiting nozzle

opening at high speed.

This approach is illustrated on the sample fan map in figure 4-15. At low speed, fan operation is
along a static working line with the position of this line determined by what incidence range the
OGVs can support. When operating at higher speed during take-off the fan becomes choked and
the line dp/dM; =0 can be used as the operating line in this region up until maximum design
capacity is achieved. This is because once choked the relative flow angle at fan face, 3, which is
the inverse tan of one over the flow coefficient will remain fixed as back pressure is reduced
further. Once the aircraft is sufficiently far from noise sensitive areas then the operating line can
switch to match the cruise flow coefficient so that operation is at peak efficiency. In terms of
setting blade speed, a similar approach to that taken with two nozzle areas is required and this is
also indicated in figure 4-15. The take-off operating line should at all times remain outside the area

in which strong detached shocks can propagate upstream.

The performance when nozzle area is continuously varied was compared to that when a fixed
nozzle area was adapted during take-off. To do this, the lower working line in figure 4-15 was set
so as to go over the flyover point from the validation exetcise performed above (84.3.2). Top of
Climb FPR was then adjusted until the 57dBA jet noise level could be met with the required
flyover climb angle (figure 4-3). It was found that a Top of Climb FPR of 1.446 could be achieved
in this way when continuously varying the nozzle area compared to 1.442 when nozzle area was
fixed. This difference is minor but what is more important is where the fan has to operate to
achieve this. Figure 4-16 plots the take-off operating lines on the fan map for the two approaches
(ignore the fixed nozzle operation for the time being as it is discussed below). Capacity is
normalised against design capacity (Qg/ Q1) and fan pressure ratio is normalised against design

fan pressure ratio (FPR-1)/(FPR -1). Refetring to this figure, it can be seen that whilst flyover is
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at the same position for the two approaches, start of roll and sideline are not. Start of roll surge
margin and fan efficiency have been improved by moving the operating point down and to the
right along a line of constant jet noise. At sideline, the reverse has occurred with the operating
point moved up and to the left. This increases fan efficiency by 1.5% and reduces blade speed.
Figure 4-17 shows how these modifications have occurred and the impact on the take-off profile
(again ignore the fixed nozzle operation for the time being). During the initial phase of take-off
the nozzle area is opened further than in the fixed case with a maximum of 38% opening relative
to the ToC condition. This allows the aircraft to accelerate slightly quicker and take-off slightly
catlier. The nozzle area is closed as sideline is approached to stop the fan going too far into
choked operation. This limits the maximum thrust achievable and therefore maximum climb angle
is slightly reduced. Increasing ToC FPR from 1.442 to 1.446 balances these two changes out and

the required flyover climb angle is achieved.

In summary, whilst continuously varying the nozzle area may only deliver a small increase in ToC

FPR it does ensure the fan is always operating at an ideal location.

4.5. Revisiting operation with a fixed nozzle area

At the start of this chapter, operation with a fixed nozzle area was discussed and figure 4-2 was
created in order to predict what ToC FPR could be achieved for a given jet noise target. For the
jet noise target of 57dBA the figure estimates that a ToC FPR of 1.36 can be achieved for the split
aileron version of the all-lifting body, although stall margin was expected to be poor (figure 4-4).
With the fan operation now linked into the take-off optimisation it is worth revisiting this estimate

to see if it is achievable on the scaled fan characteristic used so far.

The result of this work is shown on figure 4-16 and figure 4-17. Whilst the flyover climb angle was
met when operating with a ToC FPR of 1.36 and a jet noise limit of 57dBA, it is unlikely that a fan
could operate in the required region. Whilst the stability line on the characteristic that was used is
only indicative of what would occur in a real fan’, the fact that the fan would have to operate
along it does suggest stable operation would be unlikely. In addition, in order to achieve the
results shown two modifications were required: First, the top of climb operating point was

moved to a lower position on the scaled fan map (but with the results still normalised to the

* As already mentioned, the fan characteristic used is a rotor only characteristic for the fan designed in chapter five. It was created
based on CFD solutions run at a range of speeds and back pressures with convergence of the solution being the only criterion
used as to whether the fan operating point was valid. In addition, in order to be used in this chapter and when looking at engine
cycle design in general, it was processed using a program called SmoothC, part of the GasTurb package (Kurtz, 2004).
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original position on the figure). This makes it easier to operate during take-off but will move the
start of cruise point away from peak efficiency. Second, although the aim was to operate with a
fixed nozzle, in order to remain on the map small increases in nozzle area have had to occur at the
start of roll and the flyover position (figure 4-17). Without increasing nozzle area the only way to

increase the stall margin during take-off is to operate at higher thrust and therefore higher noise.

4.6. Discussion

With a desire to either increase top of climb fan pressure ratio or meet a specified fan pressure
ratio with less nozzle variation, it is interesting to see what influences the result and how. Looking
at airframe and operations first, anything that either enables lower take-off jet area or increases the
distance between flyover and top of climb thrust lines on a fan map is of assistance. Jet area
tequirement is set by equation 3.10/4.4 with increasing take-off L/D, reducing takeoff MTOW
and reducing take-off climb angle the best ways of reducing take-off jet area. This has all been
discussed in chapter three, so will not be discussed further here. Enabling the fan to operate at
lower percentage speed at take-off allows both a higher top of climb FPR and a higher top of
climb cortrected blade speed. This can be achieved in several ways. Firstly, as seen in 8§4.3.3,
increasing start of cruise altitude helps because of the reduction in free stream pressure. An added
benefit of cruising higher is that it leads to increased wing area and improved low speed
performance. The disadvantage is longer climb to cruise, important for shorter flights, and a
possible increase in radiative forcing through contrail formation at a higher altitude (Sausen ez a/.

1998, IPCC 1999, Williams ez a/. 2002).

For constant M, L./D, which is approximately proportional to range for a given fuel load and
therefore needs to be maximised, increasing the flight Mach number, M,,, leads to reduced cruise
L/D. Reducing cruise L/D leads to a small increase in ToC FPR as top of climb and cruise thrust
requirements increase requiring jet Mach number to increase more than the free stream Mach
number. This moves the ToC thrust line on the fan map away from the flyover point. This initial
increase in ToC FPR is small, though, and any reduction in take-off L/D due to the aitcraft being
designed for a higher cruise Mach number is likely to be more significant. Therefore, cruising
slower will enable higher ToC FPR for the same take-off jet noise level as improved low speed

performance will have a greater impact than the increased ToC and cruise thrust requirements.

Looking now at changes that can be made to the engine, changes in top of climb fan face Mach
number have minimal direct effect on the result. The sensitivity analysis in 84.3.3 did not look at

secondary effects though. As design capacity increases the fan diameter will reduce, aircraft
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structural mass and nacelle drag drop leading to reduced thrust requirement at all flight conditions.
Conversely, fan efficiency will reduce, leading to a higher jet temperature and increased sfc. When
considering these secondary effects, finding the optimum position for low noise is a sizable
undertaking and has not been performed here. It is likely though that the result will be near to that

for optimum fuel burn as increases in fuel burn will lead to increases in MTOW.

As discussed in more detail in appendix D, it is desirable from a fan operating perspective to
minimise the pressure ratio correction and temperature increase due to mixing at both take-off
and top of climb/cruise as long as the impact on cruise fuel burn is minimised. This is best
achieved by increasing the design point bypass ratio with more energy extracted from the core to
power the fan reducing LPT exit pressure and temperature. At cruise the ratio of bypass to core
stagnation pressure ratio at mixer entry has to be near one to minimise losses. At part speed this

ratio will increase reducing PR

out

at flyover. This results in increased take-off fuel burn but does

enable increased fan pressure ratio. In this chapter, PR

out

has been kept constant for different
flight conditions (see table 4-1); in chapter six it will be adjusted to take into account changing
mixer conditions based on the results in appendix D. Whilst AT, is purely a function of core

mixing, PR,

out

is also a function of the downstream duct design. Losses due to ducting have to be
minimised during cruise and at top of climb when maximum thrust is required, but increased
losses at take-off could be tolerated as this would increase flyover FPR enabling higher ToC FPR.
One way to achieve this would be with deployable baffles in the exhaust. If lined these could
reduce the duct length required to get fan noise to the required level. Finally, for a given duct and
modelling the flow as a Fanno flow, increasing Mach number leads to increasing stagnation
pressure loss which was not accounted for in this section. With the flow being accelerated through
the inlet during take-off and diffused during cruise, calculation of inlet pressure recovery requires
knowledge of free stream and fan face Mach numbers. For a podded design through, the loss is

small and assuming a constant value, as was done in this chapter, is acceptable.

Matching cruise and flyover flow coefficients has been shown to deliver top of climb fan pressure
ratio in the region required for low fuel burn when meeting the jet noise target of 57dBA. It is
worth discussing how applicable this approach is when less significant noise reductions are
required and in particular how useful a variable area nozzle is in these circumstances. From Figure
4-2 it can be seen that for the conventional two-engine aircraft with a ToC FPR of 1.55 a fixed
nozzle area would be able to deliver a take-off jet noise level of approximately 66 dBA, an increase
on 9 dBA from the target. If the nozzle area was adjusted so that the flyover flow coefficient
matched the cruise flow coefficient then the noise level would drop to approximately 63.5 dBA,

only 6.5 dBA from the target (figure 4-8). This would require flyover nozzle area to be
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approximately 14% greater than top of climb nozzle area, only just outside the range of flight
tested designs (Weir and Mendoza 2005). Whilst this only indicates a 2.5 dBA improvement
through use of a variable area nozzle this is a significant reduction for an engine manufacturer.
Further, as was seen in 84.5 and figure 4-16, operation with a fixed nozzle would require the top
of climb point to be moved down the 100% speed line. Even then increased thrust at start of roll

and flyover may be required so as to operate with sufficient stall margin, thus increasing noise.

4.7. Chapter conclusions

In this chapter, the optimised take-off approach developed in chapter three has been linked to the
operation of the fan. For a fixed nozzle area it was found that a top of climb FPR of less than 1.35
was required for a conventional design in order to meet the jet noise target at take-off even before
fan operability was considered. This is well below the 1.45 to 1.55 range that other studies have
considered optimum for minimum cruise fuel burn. Utilising an all-lifting body similar to the SAI
concept airframe can increase the achievable FPR slightly but significant fan stability problems

would remain.

By considering the impact of nozzle area variation of fan noise and stability, two approaches were
developed in order to deliver the required take-off jet noise level and the required top of climb
FPR. The first involved operating at two distinct nozzle areas — one at top of climb and cruise and
one at take-off with the nozzle variation determined by matching cruise and flyover fan flow
coefficient. The equation developed in chapter three for estimating jet noise outside the baseline
airport (3.20) could be used directly and the result was a top of climb FPR of 1.44, significantly
higher than when operating with a fixed nozzle area. The second approach involved continuously
modifying the nozzle area during take-off, with nozzle opening limited by OGYV incidence at low
fan speed and fan choking at high speed. This required fan operation to be directly linked into the
take-off optimisation code and resulted in improved fan stability and a small increase in top of

climb FPR to 1.45.

With the range of nozzle variation between take-off and top of climb thought to be limited by fan
choking and OGV incidence, this is the subject of the next chapter. Specifically, can a fan stage
(rotor, duct and OGV) be designed to work with a variable area nozzle to deliver high capacity

and low pressure rise during take-off, the required top of climb thrust and efficient cruise?



5. Fan design for use with a variable area nozzle

In chapter four, fan operation was linked to take-off jet noise. In conjunction with trying to
minimise fan source noise this determined the required nozzle variation and top of climb fan
design parameters. In this chapter, a fan stage including rotor, duct and outlet guide vanes, is
designed for use with a variable area nozzle operating as described in the previous chapter. Whilst
meeting top of climb thrust requirements and operating at high efficiency during cruise remain the
dominant design requirements, ensuring adequate stall margin at take-off, critical on conventional
designs, is replaced by the need to maximise part speed fan capacity. This can be interpreted as
moving the take-off operating line down and to the right in figure 4-15 without modifying the top
of climb position. With forward noise shielded, the design of the engine section stator (ESS) was
of secondary importance and therefore the downstream duct and OGV design was performed
with a specified bleed mass flow used to remove core flow. The final design has rotor exit Mach
number and swirl at the hub similar to the design by Kaplan e a/. (2006) for which engine section
stators were designed and, therefore, this approach is acceptable for the level of fidelity required
here: The fan design is not intended to be the best possible to meet the design requirements,
instead, it is intended to show that such requirements can be met and to enable more advanced

noise predictions to be made (chapter six).

Whilst the results of chapter four indicate that a top of climb fan stage pressure of 1.45 is ideal, a
value of 1.50 was selected as the design value for the fan here. This is because the work was
performed within the Silent Aircraft Initiative project which has two final concept designs; a high
risk embedded engine design (de la Rosa Blanco ez 2/ 2007, Hileman ez a/. 2007b) and a lower risk
podded design similar to the aircraft used as the baseline in this thesis. The higher risk design
ingests some of the airframe suction surface boundary layer leading to reduced inlet pressure
recovery. This, along with concerns over inlet distortion for the higher risk design, pushed the
design pressure ratio up. Blade loading (equation 4.12) was set to 0.52; slightly higher than existing
commercial designs but not as high as some research fans. With a hub to tip radius ratio of 0.29
(set to be similar to current designs) this gives a corrected top of climb blade speed of 371m/s if
polytropic efficiency is 0.92. This is comfortably low enough to reduce tip relative Mach number
to below one at flyover as required. Rotor-stator spacing was set to approximately three times
rotor axial tip chord and the rotor tip radius to 1.0334m. This radius was set to give the required
thrust for an earlier concept aircraft design and is very similar to the final radius used in chapter

SIX.
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5.1. Required traits from a fan

The design requirements that need to be met can be summarised as follows:

* Top of Climb capacity should be maximised without overly impacting efficiency. This is
the same as for conventional designs and arises because as capacity increases fan diameter
reduces for a given thrust requirement, leading to reductions in engine weight and nacelle
drag. Trying to increase capacity too much leads to higher Mach numbers at the fan face
and increased losses. This requirement primarily impacts the fan as this is where choking

occurs.

* Cruise stage efficiency must be maximised as, for an ultra-high bypass ratio engine, fuel
burn is very sensitive to fan performance. Increasing loading tends to increase

performance but limits operating range

e The fan must be able to operate at high flow coefficient at low speed. Part speed
operation usually occurs at low altitude during take-off and landing and, for a fixed nozzle
area, this places the fan working line at a flow coefficient lower than the peak efficiency
value. Here the opposite is required with the nozzle area increased to deliver high mass
flow. For the fan, part speed choking must occur at as high a mass flow as possible. For
the OGVs the challenge is to meet the required incidence range, significantly increased by

opening the nozzle area, whilst minimising losses.

e The fan must operate at low source noise during take-off especially for rearward
propagating noise. This is discussed in more detail in the following chapter but in this
chapter can be translated into the following three requirements: Maximising fan rotor
efficiency at take-off, reducing the mean flow velocity onto the OGVs and increasing the
rotor-OGYV spacing. This should all lead to reduced rearward propagating noise based on

equation 4.8.

5.2. Tools and methods

5.2.1. Aerodynamic design and analysis

Fan aerodynamic design was performed using Multall, a highly developed 3D viscous solver
widely used in industry and described in more detail by Denton and Xu (2002). The code,
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specifically designed for turbomachinery applications, is computationally light enough to be used

as a design tool.
Rotor

The fan rotor was designed for cold (0% speed) conditions at seven sections; 0%, 10%, 30%,
50%, 70%, 90% and 100% span with at each location the following parameters specified: Radius
variation from inlet to exit; blade angle at eleven locations along the chord; leading and trailing
edge thicknesses and shape; maximum thickness and location of maximum thickness. Finally, the
stacking of the blade sections was specified in the axial and tangential directions. The program
Stagen was used to translate the blade design into a Multall input file. At this time any deformation
of the blade due to centrifugal and pressure forces was included. This was done by rotating each
of the blade sections by an angle around a point in space calculated as discussed in 85.2.2. Whilst
this does not fully reflect the blade deformation it does capture any twisting of the sections. The
overall design was controlled using three data files; stagen.dat, chic.dat and twist.dat. The stagen
file contained the blade design, the twist file contained the deformation to be applied to each
section at each running speed and the chic file contained the operating points that the blade was
to be run at, including rotational speed, initial conditions and fan back pressure. Inlet stagnation
conditions were specified upstream of the fan bullet and simple radial equilibrium along with a
specified static pressure was used at the downstream boundary. Grid density was set to 49
circumferential points, 49 spanwise points (two in the pinched tip) and 251 streamwise points (100
upstream, 101 in the blade passage and 50 downstream). The grid was extended past the bullet
upstream so as to provide simple axial inlet conditions and capture detached shock structures at
high rotational speeds. The bullet itself was not reduced to zero radius due to the limitations of
the code and was instead restricted to a 50mm minimum radius. Downstream, the grid was kept
axial. It was found that this grid density gave a good compromise between mesh dependency,
numerical accuracy and run time. Reducing grid density, especially in the streamwise direction, led

to convergence problems due to the highly sheared H-grid in the leading edge region.
Duct

When designing the duct between the rotor exit and OGV inlet, the rotor grid discussed above
was extended downstream with an additional 100 points added in the streamwise direction. To

simulate the core, a fixed mass flow was bled from the hub surface just downstream of the rotor.
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OGVs

OGYV section design away from the hub and casing boundary layers was performed using Mises, a
viscous cascade analysis and design system (Drela and Youngren 1998). This tool has previously
been successfully used in the design of OGVs that need to support a high incidence range (Koller
et al. 2000, Kusters ez a/. 2000) which is the key design requirement here. Based on the work of
Power (2006) and using a modified version of her code, each design section was described
through the use of thirty parameters; seven to describe blade camber, twelve to describe the blade
thickness, ten to describe the leading edge shape and one for the chord. For each of the design
sections, blade profile optimisation was controlled through the Rolls Royce software SOFT
(Shahpar 2002) utilising ARMOGA (Adaptive Range Multi-Objective Genetic Algorithm). Inlet
Mach number, slope and Reynolds number were specified based on results from the upstream
rotors with streamtube radius and thickness vatiation estimated based on results from SLEQ, a
throughflow analysis code. For each of the design surfaces, the blade profile was optimised to
minimise loss and downstream switl at three conditions; cruise, top of climb and take-off. The top
of climb and take-off conditions defined the maximum positive and maximum negative flow
incidences respectively whilst the cruise condition defined the maximum required efficiency
location. The weighting applied to this cruise condition was twice that of the top of climb and
take-off conditions. Within Mises, the preferred isentropy and dissipation model was used with
conservative entropy everywhere except at shock locations. The default transition model was used

with an inlet turbulence level set to 1.6%.

Stage

Three dimensional analysis of the entire stage was then performed using Multall. The designed
OGV sections were scaled slightly to give a smooth change in chord along the span, and
additional sections at the hub and tip were specified based on the incoming boundary layer flow.
The sections were then stacked with axial sweep and tangential lean specified. For the stage
analysis, grid density was set to 55 circumferential points, 55 spanwise points (three in the
pinched tip) and 432 streamwise points (100 upstream of the rotor, 101 in the rotor blade passage,
100 between rotor and OGV, 101 in the OGV blade passage and 30 downstream). Table 5-1 lists
key control parameters that were used and figure 5-1 illustrates the grid with the location of the

bleed marked.
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5.2.2. Mechanical design and analysis

With rotor blade deformation due to centrifugal and pressure forces effecting the fan capacity and
pressure rise, a means of estimating blade twist at running conditions was required. Figure 5-2
illustrates how deformation was included in the rotor blade design process: The finite element
analysis suite Abaqus was used to calculate non-linear steady distortion of the rotor modelled as a
solid titanium alloy (Ti6Al4V) and meshed using Patran. Both centrifugal and pressure forces
(based on 40,000ft (12,192m), ISA+10, M,=0.8 inlet conditions) were included with the
centrifugal force dominating the result. The Matlab CFD mesh was imported into Patran and used
to create a solid object that could be meshed using 10-point tetrahedral elements for finite element
analysis. An inertial force was applied and the pressure on the blade surfaces was translated onto
the new mesh. Finally the model was constrained by fixing the blade root surface. The resulting
deformation to the tetrahedral grid was then translated back to the cfd grid and, for each design
stream surface, the deformation simplified into a bulk rotation of the blade about a calculated
point. This was performed for a range of rotational speeds to give twist for each section as a
function of blade speed. Changes in blade deformation at different back pressures for the same
rotational speed were not considered and nor were changes in twist for different flight conditions;

everything was calculated at the top of climb.

In addition to steady deformation and stress analysis, preliminary dynamic analysis of the final fan
design was performed. Again, Abaqus was used as the finite element solver to find the natural

frequencies of the rotor at different rotational speeds.

5.3. Results

Figure 5-3 shows a cutaway of the final fan stage design and figure 5-4 the seven (approximate)
streamlines used for both rotor and OGYV design along with the location of the rotor and OGV.
For the OGV, the stacking was modified slightly to improve aerodynamic performance after it
had been used to estimate rotor-stator broadband noise (86.1). The original stacking is therefore
also shown in figure 5-4 for comparison. In the following subsections the design of the rotor, duct

and outlet guide vanes are discussed and performance estimates presented.

* Eatlier analysis included modelling of part of the bullet down to the axis of rotation so that more accurate boundary conditions
could be applied. The error from just fixing the blade root was found to be minimal and automating the meshing and analysis
process was much simpler with this approach.
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5.3.1. Rotor

With an overall stage pressure rise of approximately 1.50 required, the fan rotor design pressure
rise was set to 1.52. The tip gap was set to 0.25% of the span and the leading edge hub to tip
radius ratio was set to 0.29, both similar to recent designs. Finally, blade count was set to 20,
giving an adequate solidity and matching the Rolls Royce Trent 1000 fan. Limited time restricted
any studies in the variation of these parameters. Leading edge, trailing edge and max thickness
parameters were set to give similar values to that on a Trent variant fan as one of these blades was
available for measuring. This was done as the mechanical analysis capabilities were limited to those
discussed in 85.2.2 with blade off, bitd strike and other important analysis being outside the scope
of this work. Table 5-2 list the key input design values including thickness distribution and metal
angles, Figure 5-5 sketches the variation in blade section from hub to tip, figure 5-6 plots the
variation in chord, camber and solidity along the span and figure 5-7 plots the local camber along

the chord for each design streamline.

For conventional fan designs the fan will twist as it accelerates from cold static conditions to
“hot” full speed conditions. This leads to the blade tip metal angle (measured from the axial
direction) being greater at part speed than at high speed. With a fixed nozzle area this can be
beneficial as the take-off blade metal angle (at reduced fan speed) is greater than the ToC metal
angle (at close to 100% speed). This moves the stall line to a higher pressure rise and lower mass
flow rate for off-design blade speeds. Here we want to achieve the opposite — higher mass flow
rate and lower pressure rise at part speed. Therefore, reducing or reversing the normal blade twist
would be beneficial. This can be achieved through forward sweep (Wadia ¢ 2/ 1998) and this
concept was utilized in this design. Figure 5-8 presents the estimated blade stress and deflection
under top of climb conditions. Whilst there is up to 6.5mm deflection of the blade at the tip, this
is the same at both the leading and trailing edges, leading to no overall change in blade metal
angle. This can be compared to an earlier design before forward sweep was introduced in which
the blade twisted two degrees between cold and top of climb conditions (Crichton ef a/. 2007b).
The rotor Campbell diagram, along with sketches of the various harmonic modes, is presented in
figure 5-9 for reference. This, like the estimation of blade stress, is based on the blade being solid
and fixed at the hub. A real blade would be hollow and therefore exhibit different harmonic

modes, but designing and analysing such a blade was beyond the scope of this work.

The resulting fan rotor map is shown in figure 5-10, which plots pressure rise and polytropic
efficiency versus capacity. The fan face area used in calculating the capacity is that at the fan

leading edge, whilst pressure rise and efficiency calculations are mass averaged values calculated
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across the entire domain. Choking capacity at 100% corrected speed is 1.149, equating to a fan
face Mach number of 0.674, whilst the peak rotor only polytropic efficiency of 95.3% occurs at
90% corrected speed. This efficiency value is in line with trends and occurs at the correct speed
for low cruise fuel burn. Figure 5-11 plots the radial variation in pressure rise, fan face Mach
number and efficiency at 90% corrected speed, going from fully choked to near stall. Ideally, all
radial locations would be at peak efficiency at the same time and this is almost the case in this
design. As stall is approached efficiency drops at all radial locations with pressure rise increasing in
the tip region. As choke is approached, efficiency again drops at all radial locations but much
more rapidly in the tip region than in the hub region. This is linked to the rapid drop in tip

pressure rise.

Figure 5-12 shows radial variation in fan rotor pressure rise, fan face Mach number and polytropic
efficiency at four key operating locations; top of climb, cruise, sideline and flyover. The top of
climb position, specified to enable 300ft/min (1.52m/s) climb rate at 40,000ft (12,192m)
ISA+10K, is at 100% corrected speed providing a mass averaged pressure rise of 1.52. Pressure
rise is evenly distributed across the span but the fan face Mach number is slightly higher nearer the
hub than the tip. Efficiency peaks near the hub and drops off towards the tip due to shock losses.
The cruise point shown here is at 90% speed close to the peak efficiency location. Pressure rise is
again approximately constant across the span with tip efficiency improved due to reduced shock
loss. At the take-off locations of sideline (max climb) and flyover (reduced thrust as airport
boundary is crossed) the nozzle area is increased to minimize jet noise. This has the effect of
reducing pressure rise at the tip in particular, which also reduces efficiency. The sideline position is
at 90% corrected speed whilst the flyover position is at 70%. The reduced speed at flyover gives

very low pressure rise across the span.

Pressure distributions on the blade profiles from 10% to 90% span are shown in figure 5-13 for
these four key operating conditions. With a complicated shock structure at the three higher speed
conditions, figure 5-14 to figure 5-16 presents 3D representations of the shock structure for top
of climb, cruise and sideline respectively (no shocks exist on the blades at flyover). The shock
structure shown in each blade passage is identical and just seen from a different angle to assist
understanding of the three dimensional nature. Forward sweeping the blade pushes the primary
shock structure back into the passage and, at the top of climb condition, a strong ingested shock
exists above 60% span. Below 60% span the shock becomes detached and exists all the way down
the span although weakening towards the hub. At cruise, an ingested shock exists in the top 20%
of span with the primary shock detached at lower radii. The shock structure at the tip being just

ingested is typical of the shock structure at peak efficiency (Wood e a/. 19806). The cruise pressure
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distribution is complicated with reflections leading to several weak shocks on the suction surface.
Towards the hub the suction surface shock is stronger than would be ideal and future design
iterations could focus on decelerating the flow without the presence of a shock. At sideline, with
back pressure reduced further, the passage shock is strengthened and exists down to almost 50%
span. No strong detached shocks propagate upstream, as required for low buzz-saw noise. Finally,
at flyover the flow remains subsonic at all locations on both the suction and pressure surfaces with

smooth acceleration and deceleration on the suction surface.

5.3.2. Duct

Opening the nozzle to deliver a high mass flow rate at a low pressure rise increases the range of
incidence the OGVs must support. Maximum incidence is encountered at top of climb where the
high pressure rise across the rotor leads to high downstream swirl, whilst the minimum incidence

(or maximum negative incidence) is seen at take-off.

Outside of the boundary layers angular momentum is conserved along streamlines leading to the
swirl velocity being inversely proportional to the streamline radius (Bailey and Carrotte 1996).
Therefore, increasing the duct radius will reduce the exit switl angle for given inlet conditions. For
constant meridional velocity the inlet and exit switl angles, 8, are related by the following equation:
I’in
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out
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Consideting top of climb (ToC) and take-off (T/O), the two extremes of switl angle that need to

be supported, leads to an equation for the incidence range at duct exit;
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For r_,, equal to one then the exit incidence range matches the inlet incidence range, but for r

ratio ratio

greater than one the exit incidence range is reduced. For example, for inlet switl at top of climb of

30° and at take-off of 10° a radius ratio of 1.1 will reduce the exit incidence range by over 1.5°.

This was utilised in the design of the duct with the casing radius increased by 8.3% between rotor
trailing edge and OGV leading edge. Figure 5-17 shows sketches of the original and final duct
designs, with streamlines at key conditions also marked. The change in switl angle along the duct
is shown in figure 5-18, where it can be seen that the increasing duct radius leads to reducing switl

at both top of climb and take-off conditions. This is especially so nearer the hub where the relative



85

change in radius is much greater. The final result (figure 5-19) is, from 30% span and up, a
reduction in the incidence range that the OGV sees through the increase in duct radius. The
change is minimal near the hub because even though the relative radius change is greatest, the
difference in inlet switl between the two extreme conditions is already small. Also shown in figure
5-19 is the absolute Mach number at duct exit for the two designs when operating at the cruise
condition. Above mid-span the absolute Mach number is the same whilst closer to the hub the
absolute Mach number has been reduced. This reduction in Mach number is from two effects:
Firstly, the reduced switl leads to reduced absolute Mach number for the same mass flow.
Secondly, the mass flow rate at the hub has been reduced slightly. This is due to the streamtube
curvature close to the rotor trailing edge increasing the hub back pressure. In addition to making
OGV design easier, the lower Mach number should lead to reduced rotor-stator interaction

broadband noise (equation 4.8).

In this and following calculations that include a bleed for the core flow, the bleed mass flow was
set based on results from GasTurb for a range of thrust requirements. At 100% speed (based on
top of climb inlet conditions), the mass flow was set to 12.41 kg/s giving a bypass ratio of about
14 at top of climb with a linear reduction in mass flow of 1.97kg/s for every 10% reduction in fan

speed.

5.3.3. OGV

Table 5-3 lists the input design parameters for the five blade sections out of the boundary layers
that wetre optimised using the approach described in 85.2.1, with the optimised blade sections,
along with those at the hub and the casing, sketched in figure 5-5. The different operating
requirements for each section (high Mach numbers at the hub, large incidence range at the tip)
lead to the large variations in blade profile. The Mach number distributions on the blades are
shown in figure 5-20. For the 30% to 90% area sections at cruise, the blade section Mach number
profile has a smooth acceleration on the suction surface followed by a period at constant velocity
before a gradual deceleration towards the trailing edge. Even for the 30% area section where the
upstream Mach number is 0.76 the blade profile keeps the Mach number subsonic at all times. At
the top of climb condition the incidence and therefore blade leading edge loading are increased,
leading to the classical ski-jump pressure distribution. At take-off the blade sections are operating
at negative incidence leading to rapid acceleration of the flow around the leading edge. The 10%
area section, designed for a significantly higher upstream Mach number, is less successful than the
other sections with strong shocks predicted on the suction surface at both cruise and top of climb

and on the pressure surface at take-off.
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Estimated loss versus inlet flow angle for the five blade sections are shown in figure 5-21 which
also has the three design points marked. The program Polar, from the Mises package, was used in
creating these plots and no modifications were applied to any of the smoothing or dissipation
parameters. The limits of the lines are therefore where Mises encountered convergence problems,
when either increasing or decreasing the inlet flow angle away from the design value. The gradient
of the static pressure rise against inlet flow angle has also been looked at, as this dropping to zero
indicates stall onset and all design points lie below stall incidence. The 10% area blade section is
estimated to only just be able to meet the design incidence range with Mises failing to converge at
lower flow angles than the take-off position, possibly indicating leading edge separation. At higher
incidence the top of climb point is close to where the gradient of static pressure rise against flow
angle drops to zero. The estimated performance of the 30% blade section is much improved with
an achievable incidence range of 14°, 3° more than required. At 50% area, the positive incidence
range is good, but again Mises failed to converge at flow angles less than the take-off condition.
Finally, both the 70% and 90% area blade sections are predicted to have good performance and

suppott operating ranges greater than required.

Initially the OGV sections were stacked as shown by the light grey line in figure 5-4 with the
leading edge swept at a fixed angle and the duct designed in 85.3.2 unchanged. This was used in
the creation of the noise estimates in chapter six with the fan stage map used in that chapter
created as discussed in 86.4. This eatly design suffered from poor petformance in the tip region,
especially at top of climb where a large separation was predicted. Re-stacking and re-scaling the
blade sections, along with a small modification to the casing line, significantly reduced this
separation and a further benefit was achieved by leaning the blade tangentially to the suction
surface by 30% of axial chord at the tip (see figure 5-3). This tangential (i.e. circumferential) lean,
opposite from convention, unloaded the leading edge, helping to support the large incidence range

required.

5.3.4. Stage

A fan map for the final design is shown in figure 5-22 showing both rotor alone and whole stage
performance. In this figure, bypass flow pressure rise and polytropic efficiency are plotted against
fan leading edge capacity (core and bypass flow). Also shown in figure 5-22 are the stage

performance values used in chapter six, based on eatlier results.

The stage pressure rise at 100% speed meets the initial target of 1.50 although this pressure rise at
choking is slightly less than this. For this point, stage polytropic efficiency is estimated at 90.9%,

duct pressure recovery at 0.996 and OGV pressure recovery at 0.991. With a small separation still
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present at the tip, mass averaged downstream switl is 1.2°. Peak stage efficiency estimated at
92.5% occurs at 90% speed as required with an exit mass averaged switl angle of 0.6°. For this
location, pressure recovery in the duct is estimated at 0.997 and pressure recovery across the
OGV at 0.993. At sideline, the efficiency drops to 86.8% although downstream swirl is predicted
to remain the same as at cruise. The drop in efficiency is primarily due to the loss in OGV
pressure recovery which drops to 0.986. Finally, at flyover the stage efficiency is estimated at
90.2% with duct pressure recovery of 0.998 and OGV pressure recovery of 0.994. Mass averaged

exit switl is only 0.2°.

For the four locations discussed above, rotor and OGV isentropic Mach number contours are
plotted in figure 5-23 and figure 5-24 along with surface streamlines. For the OGVs, with
upstream stagnation conditions a function of radius, the isentropic Mach number contours are

only estimates based on conditions just ahead of the leading edge on the same meridional gridline.

5.4. Discussion

Referring back to 85.1 the required fan rotor trait unique to this design was the ability to operate
at high mass flow rate at part speed. This was thought to be limited by fan choking at higher part

speed and OGV incidence at lower part speed.

5.4.1. High fan capacity at part speed

To judge the success or failure of the fan design in relation to part speed capacity let us first
compare results with modern single-stage high bypass ratio fan designs . Figure 5-25 compares the
bypass map for the fan designed here with three available (Freeman and Cumpsty 1992, Xu 2004,
Kaplan ez al. 2006). By normalising mass flow rate to the 100% speed choking mass flow rate clear
differences can be seen as fan speed is reduced. The fan designed here, and possibly that by
Kaplan (although not enough data is available), have significantly higher relative capacity at part
speed than the fans presented by Freemen and Cumpsty or Xu. Whilst the use of forward sweep
to minimise twist is partly responsible for this, its impact is relatively small. The main reason is
that the design tip Mach number is much lower for the fan designed here and the benefit of this

can be explained by the use of a 1D model.

* Unfortunately, very limited data has been published, especially off design, making this comparison difficult.
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For the fan designed here, the upper 64% of the span has a relative inlet Mach number greater
than unity at the design point, accounting for approximately 78% of the mass flow rate and

therefore the transonic region is the most critical.

Transonic blade profiles have a relatively sharp leading edges and little turning with a large portion
of the pressure rise achieved through the shock structure between and in front of the blades. At
the inlet to the rotor, three basic flow regimes are witnessed; subsonic inlet flow when at part-
speed, supersonic inlet flow with a detached shock and supersonic inlet flow with a weak attached
shock, prandtl-meyer expansion and a stronger passage shock. The third of these regimes is

known as unique incidence.

Figure 5-26 shows the flow through the rotor for the first and second of these conditions (for the
subsonic case the shock is not present). By conserving mass, relative specific enthalpy and
considering momentum, Freeman and Cumpsty (1992) developed the following equation for the
flow from rotor inlet to the position of max blade thickness assuming no camber on the suction
surface between these positions. Whilst the approximation of no camber can only really be applied
at the tip here, choking models for subsonic blade designs give similar trends in off-design

performance.

(1+VT_1 Mlzz_rd )_/3/2 1+ yMlzz.rel (1_ %J) - (COS)(l/ CO$1) +yM 12re| Coéﬁl_)(l) (1+y7—1 Mfrel )‘%
Mg (1_%;) Ml,rd

(5.3)

This equation holds for both subsonic and supersonic inlet flow. As 8, is reduced from a high
angle of attack to X, and then to below X,, M, increases until choking occurs. Therefore, in
these regimes there is a minimum incidence angle for given blade parameters and relative inlet

Mach number.

The third flow regime that can exist when there is supersonic relative inlet flow has the main
shock ingested into the blade passage with a weak bow shock attached to the leading edge as
shown in figure 5-27. This condition is well described in several books, including Cumpsty (1989).
In summary, as the leading edge shock is attached, the leading edge sufficiently sharp and the inlet
Mach number not too high, the entropy rise in the bow shock is negligible and can be treated as
an expansion wave of opposite sign. The flow from entry to the expansion wave a-b that just

intersects the leading edge of the next blade can be linked through the Prandtl-Meyer relation;

V(Mg )+ B =v(M,)+ B, (5.4)
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where v is a function of Mach number only, calculated from the Prandtl-Meyer function and 3, is
the flow angle at position ‘a’ which can be taken as X, if there is minimal camber in the suction
surface up to this point. Conserving mass between inlet and the line a-b leads to a second

equation;
F(M,q)scosp, = F(Me)(s cosBe—(te+é:)) (5.5)

where F is the capacity, t, is the blade thickness at ‘a” and J, is the displacement thickness at a’. B,

can again be approximated to X,. The above two equations uniquely determine 3, for given M

1,rel

and blade geometry resulting in the flow condition being specified as ‘unique incidence’.

Using these equations, the minimum incidence can be found before mass flow rate is limited
either through choking or unique incidence. Figure 5-28 presents this for a zero thickness blade of
varying metal angles and figure 5-29 the same, but for a non-zero thickness blade. Discussing the
results from a zero thickness blade first, the left hand subplot shows the changeover between
choking limiting mass flow and unique incidence limiting mass flow occurs at a relative Mach
number of unity. Above unity Mach number the minimum incidence is fixed, below the minimum
incidence achievable reduces as Mach number reduces. The gradient of this line determines how
quickly the limiting mass flow rate reduces with blade speed — the steeper the line the slower the
reduction in mass flow rate. This leads to the maximum mass flow rate of higher blade speed

designs reducing quicker than lower speed designs as blade speed is reduced.

This can be seen cleatly in the right hand subplot. Fan design capacity has remained approximately
constant over recent years and therefore in this subplot, non-dimensional mass flow rate at the
mass flow limiting conditions has been normalised to a value of Q=1.14, approximately equal to a
fan face Mach number of 0.665. Non-dimensional blade speed at which the mass flow rate limit is
reached is then plotted for the different metal angles relative to the blade speed at the design
capacity. As metal angle increases, corresponding to an increasing design point blade speed, the
mass flow rate at part speed decreases. For example, at 65% speed the mass flow rate is limited to
87% of design point mass flow rate for X;=45° reducing to 69% of design point mass flow rate

for X,=66°.

When the blade thickness is made non-zero, the picture becomes more complicated but similar
trends exist. For a given thickness of blade, the rate of reduction in choking angle versus inlet
relative Mach number is greater the lower the inlet metal angle. The main difference compared to

zero thickness blades is in the unique incidence condition with the choking angle now a function
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of blade metal angle and inlet relative Mach number. The thicker the leading edge, the higher the
choking incidence angle and the more rapidly it increases with inlet relative Mach number.
Achieving the design capacity becomes harder as leading edge thickness is increased but, if it can
be achieved, the higher the part speed capacity will be. Overall, the best way to maximise relative
part speed capacity is to maximise the value of diy,./dM, , where i is the incidence angle. This is
achieved (see left hand subplot) by maximising (t,+8,)/s and minimising t/g within the limits of
the incidence range the blade can support. This will remove the dip seen in figure 5-29 where the
mass limiting condition transitions from unique incidence to choking. To demonstrate, figure 5-30
plots the maximum mass flow at part speed and 80% span for a fan with the same basic
parameters as the one designed here (Q=1.14, 371m/s cortected tip speed, hub to tip radius ratio
of 0.29). As blade speed is reduced from the design point, mass flow rate drops slowest for the
designs which are constrained by unique incidence due to higher values of (t.+8.)/s. Delaying the
mass limiting transition to choking as long as possible gives the best performance and this is done

by minimising the value of t/g.

Also plotted in Figure 5-30 is the maximum capacity of the fan designed here at 80% span.
Estimates for the blade thickness are (t,+8,)/5=0.04 and g/t=0.08, which is desirable based on
the above analysis. (Although it should be noted that from the simple 1D analysis such a high
value of (t,+8,)/s should not be capable of delivering the required mass flow rate.) The part
speed capacity is near the maximum indicated from the 1D calculation and, by analysing the blade
to blade flow for the fan, the mass limiting condition can be seen to switch from unique incidence

to choking at approximately 85% speed when the upstream Mach number is approximately one.

Finally, at subsonic conditions as the relative tip Mach number reduces, the incidence onto the
blade at choking becomes negative and leading edge separation may occur before choking limits
operation. This cannot be avoided at very low blade speeds but to avoid it at higher speeds the
blade profiles should support operating at negative incidence if possible. This is especially the case
closer to the hub where the design relative Mach number is less. Designing for negative incidence

onto the fan was not looked at in detail here but could be an area of future research.

5.4.2. OGYV Incidence Range

From Figure 5-10, it can be seen that the choking capacity of the fan is approximately equal to 1.0
at 70% speed, 1.05 at 80% speed, 1.1 at 90% speed and 1.15 at 100% speed. In figure 5-22,
converged solutions at these capacities are shown at 90% and 100% speed with a significant

difference between choking and achieved capacity seen only at 70% speed. This indicates that
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OGYV incidence range starts to become the factor limiting nozzle opening below 80% speed

whereas choking is the limiting factor at 80% speed and above.

As discussed in 84.2 reducing the loading will reduce the switl angle and velocities onto the
OGYVs making their design easier by placing less restriction on nozzle opening. This may well
reduce rotor-stator broadband noise but would increase other noise sources and, as discussed

above, reduce rotor part speed capacity.

If a suitable balance between these competing requirements cannot be achieved with a fixed
geometry OGV then the use of variable geometry could be considered. This may preclude the use
of lean but would enable a large flow angle range to be supported. Further, if some downstream
switl could be tolerated at take-off, the entire OGV could be rotated rather than just a leading
edge section. This would be simpler mechanically and would not constrain the blade geometry as

much as a variable leading edge would.

5.5. Chapter conclusions

Even though the fan stage performance estimations from Multall represent the start rather than
the end of a fan design process, initial indications are encouraging. Design pressure rise was met,
capacity is estimated to be in line with trends, and a high peak stage efficiency of 92.5% was

estimated at the cruise condition.

For the fan, maximum part speed capacity relative to design speed capacity can be achieved by,
firstly, minimising blade speed. This reduces the inlet metal angle for a given capacity and leads to
the mass flow limiting condition occurring at a lower incidence angle relative to the design point
mass flow limiting angle. Secondly, the fan should be mass limited by the unique incidence
condition rather than choking whenever the relative Mach number is greater than unity. A simple
1D model indicates that this can be achieved by moving blade mass forwards as much as possible
and ensures that there is no region in which mass limiting incidence increases as blade speed
reduces. Finally, forward sweep was introduced to stiffen the blade and reduce untwist. This kept
part speed metal angles as close as possible to design speed metal angles and maximised part

speed capacity.

For the OGV, Mises was used to optimise blade sections that could support the required
incidence range. Once 3D tools had been used to introduce sweep and lean, the overall

performance of the OGVs was good, with a mass averaged stagnation pressure recovery of 99.3%
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at cruise. The design of the tip section was the most challenging due to the large boundary layer

present and this required some modification to the casing geometry.

Reducing fan speed increases inlet swirl and Mach number onto the OGV and makes designing
the OGV to support the required operating range more challenging. Therefore, a balance needs to
be achieved when selecting blade speed between part speed fan capacity, OGV operating range,
cruise stage efficiency and noise. Increasing duct radius between the rotor trailing edge and OGV

leading edge can help but, at least for the design requirements here, a trade-off is still required.

As stated in the introduction to this chapter, the primary aim was not to design the best possible
fan. Instead, within time constraints, it was to see if a fan and OGV could be designed that
delivered the top of climb thrust, cruise performance and take-off capacity. Future iterations of
the design should focus on improving the tip performance of the OGV and increasing the
supported incidence range of the hub sections of the fan. Performance at approach and idle
power settings should also be investigated along with the mechanical design and in particular,
flutter tolerance. In addition, the engine section stator (ESS), not included in the work here, needs

to be designed.



6. Minimising take-off noise

With a fan stage that can operate with the required nozzle area variation designed, we can now
return to the optimisation of the take-off profile. Initial noise estimates indicated that fan noise
(particularly rearward propagating broadband noise) and airfoil noise from the airframe contribute
to the overall noise level during take-off. Therefore, in this chapter, fan and airfoil noise sources
are included when modifying the take-off profile, with estimations of liner attenuation and
airframe shielding included. Then, for the key locations of sideline and flyover, higher fidelity
estimations with further noise sources (core, compressor and turbine) are made to judge the
success or failure of the optimisation. Overall, the aim of this chapter is to answer the question:

‘What is the minimum take-off noise achievable for the SAI concept aircraft?’

First, we need to fully define the SAI concept aircraft used in this chapter. Two final concept
aircraft were created as part of the overall project, both designed for 250 passengers and a 5000nm

mission;

* a low-noise, high-risk design illustrated in figure 6-1, with an all-lifting body airframe
whose suction surface boundary layer was ingested into nine fans driven by three core

engines,

* areduced-risk design illustrated in figure 6-2, still utilising an all-lifting body but with three

podded engines ingesting clean airflow.

Results from the reduced-risk design will be the focus of this chapter for two reasons: Firstly, the
higher-risk design requires a range of corrections associated with the ingestion of airframe
boundary layer that reduce the fidelity of the approximations. Secondly, the fan presented in
chapter five has not been specifically designed to tolerate the large levels of inlet distortion present
at cruise in the higher-risk design. This inlet distortion presents significant challenges to the design

of the fan.

The work presented in this chapter was completed before the 3D viscous analysis of the fan
OGVs could be completed. Therefore, the operating range and pressure losses through the OGV
used in the creation of the fan stage map are based on mass averaged results from the Mises
calculations discussed in 85.3.3. The resulting map is very similar to the final fan stage map
especially in relation to pressure rise and capacity. The final efficiency calculations are slightly

better than those used here, but this will only weakly affect the results.
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6.1. Fan Source Noise Estimation

As with jet noise estimation, in order to predict fan noise when optimising the take-off profile, a
fast semi-empirical model is required. Three such models were available, all based on the work of

Heidmann (1979) and documented in the ESDU fan source noise model (ESDU 1998).

With the rotor and OGV blade count set to cut-off the 1% blade passing frequency and significant
shielding of forward noise, early indications were that rearward propagating broadband noise
would be the dominant fan noise source. Therefore an attempt was made to estimate fan rearward
broadband noise in more detail. This was accomplished with the assistance of Ed Envia of the
NASA Glenn Research Centre. Details of the Envia code, as it will be referred to in this thesis,
can be found in the paper by Nallasamy and Envia (2005). It predicts both forward and rearward
propagating broadband noise from the interaction of rotor wake turbulence onto the OGVs.
Experiments have suggested that this is the dominant fan rearward broadband noise source (Ganz
et al. 1998) although rotor alone noise is of similar magnitude. Turbulent intensity and length scale
along with mean flow data, all from CFD rotor calculations, are used to estimate narrow band
spectrum data. The OGVs are modelled as twisted flat plates and noise calculated using a 2D

strip-wise aerodynamic model with a 3D duct acoustic model:

Tt p

(1Pun (1)) = [ 1Con (s ) (k)0 (1. £ ) 61)

Thub

In equation 6.1, C_, is integral along the chord at the radius in question of the stator unsteady
pressure, . is the annular duct shape and @ is the spectral density function of the incident, locally

isotropic, turbulence.

With Multall using a mixing length turbulence model, the Rolls Royce code Hydra was used to
provide CFD data that included turbulence intensity and length scale data. The k-epsilon
turbulence model was used with 0.5% inlet turbulent intensity and inlet turbulent viscosity of ten
times laminar. Reference inlet conditions for calculating k and e were Mach 0.8, 40,000ft
(12,192m) ISA+10K and an inlet Mach number of 0.675 was used when calculating the reference

velocity into the domain.
k=2(vyl) &= 0.0pk**

A rotor alone grid that extended to the OGV leading edge was used in this calculation with

Padram (Shahpar and Lapworth 2003) used in the creation of the mesh. A high-resolution grid
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from Multall was used as the starting point in the creation of the blade definition file with the
pinched tip removed and replaced by a tip gap and a circular trailing edge created. The grid itself is
consists of H meshes upstream, downstream and between the rotor, an O-mesh around the blade
and a further H mesh in the tip gap. The final grid density was 4.5 million cells and details of the
grid are presented in figure 6-4. Increasing grid density further was impractical due to the available
computing resources, although a test did show that increasing grid density led to small changes in

the turbulence data at the domain exit but there was no affect on the non-turbulence parameters.

Figure 6-5 compares the mass averaged estimations of fan and duct performance between Multall
and Hydra. Only speeds between 70% and 90% are included as this is the regime of interest
during take-off. The most noticeable difference in the results is in the pressure rise at the higher
speeds with Hydra predicting reduced pressure rise and capacity across the entire span. This was
attributed to two things: First, the y+ values on the blade in the Hydra results had to be greater
than 20 as wall functions were being used. This caused a small amount of fish-tailing and is a
known problem with the version of code that was used. To see the impact of this, a modified grid
with y+ values closer to 3 was created and point eight re-run with the Spalart Allmaras rather than
the k-epsilon turbulence model. The result of this is shown as point X on the figure and a small
difference can be seen. Fish tailing did not account for most of the discrepancy though and closer
analysis showed that, whilst the downstream conditions were closely matched to the Multall result,
upstream conditions were not and this is the second reason for the discrepancy. This was because
when the hydra grid was created the inlet duct length was shortened to try and reduce
computation time. When this was done a design point Multall result was used to calculate the inlet
conditions at the new boundary. In particular, there was predicted to be some swirl and a small
rise in stagnation conditions. When calculating the pressure and temperature rise across the rotor,
this increase was not taken as being part of the rotor pressure rise giving reduced performance. To
look at the impact this error had, the code was re-run but with no inlet switl and fixed values of
inlet stagnation temperature and pressure. The result is shown as point Y on the figures indicating
that this was the reason for most of the discrepancy. Unfortunately, this error was not realised
until after the results had been sent off to NASA for noise prediction. Figure 6-6 shows the radial
variation in rotor only pressure rise and efficiency between the Multall and Hydra results at 90%

speed.

Figure 6-7 plots the in-duct spectral power density estimations from Envia for each of the nine
Hydra operating points shown in figure 6-5. Overlaid on the raw data, created at a frequency
resolution of BPF/10, is a 5" order polynomial fitted in the least squares sense. This curve should

be considered the prediction as it removes certain unnatural resonances that occur due to 2D
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cascade model (Nallasamy and Envia 2005). As expected, as blade speed increases the predicted
peak noise increases and, comparing plots 3 and 8, which are at peak efficiency, gives a 5" to 6
power relationship in the peak noise level. The variation with fan back pressure is perhaps more
surprising. At both 70% and 90% blade speeds a clear reduction in the estimated noise is seen as
back pressure is increased — the opposite of what would be expected from equation 4.7 used by
the Heidmann based fan noise methods. This can be explained by equation 4.8 from Topol ez al.
(2004). In this equation rotor-stator broadband sound power is proportional to the mean flow
velocity onto the OGVs cubed and the turbulent velocity onto the OGVs squared. As back
pressure is reduced the Hydra results show a reduction in the turbulent velocity at the exit of the
domain but, with an increase in the mass flow rate, also an increase in the mean velocity onto the
OGVs. Using equation 4.7 with results area averaged across the radius gives the estimated
reduction in noise between point 1 and point 3 of 2.2 dB, between point 4 and point 6 of 2.9 dB

and between point 7 and point 9 of 2.6 dB, similar to the reductions seen in the figure.

Also shown in Figure 6-7 are predictions for the overall fan rearward broadband noise based on
the Heidmann method. Free stream impedance was used when integrating the SPL predictions to
give in-duct acoustic power and corrections were made to account for the bandwidth of the 1/ 3
octave predictions. Overall, the peak noise estimates compare surprisingly well, especially at the
lower back pressures and the trends with blade speed are similar. The trend with back pressure is
reversed through with increasing back pressure indicating small increases in noise. It is thought
that the likely reason for this is that the Heidmann based methods include all broadband noise
sources and not just rotor-stator interaction noise. Rotor alone noise, from the interaction of the
turbulent boundary layer with the trailing edge, was found to be only just less than rotor-stator
interaction noise in the Boeing 18 rig test (Ganz e a/. 1998) and this increases as stall is
approached. With a mean incidence increase of 2.1° between points 1 and 3 when going up the
70% speed line, a 2.4dB increase per degree (Glegg and Jochault 1998) would suggest a 5dB noise

increase in fan alone broadband noise, more than the reduction in rotor-stator interaction noise.

Rotor-stator interaction noise has been seen to dominate at higher frequencies, with rotor alone
and possibly other sources, such as rotor boundary layer interaction, being more significant at the
lower frequencies (Ganz ez al. 1998). This may explain the Heidmann predictions containing more
low frequency noise than the Envia prediction. At higher frequencies, though, Nallasamay and
Envia found good agreement between their code and overall fan broadband exhaust results,
especially when significant reductions in sound power per Hz start to occur. With this in mind, of
the three Heidmann based models available for use in the optimisation code, the Small Engine

variant was deemed the most appropriate. This variant has the same peak values and gives exactly
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the same predictions as the ESDU variant at low frequencies. At higher frequencies the drop off
in noise is more rapid and closely matches the Envia results. Modifying this method to match the
Envia low frequency drop-off, or to match the trend in noise and back pressure, was rejected.
This is because the Envia code only includes rotor-stator interaction whilst a method that includes

all fan broadband noise sources is required.

6.2. Liners, shielding and propagation

Liners in the inlet and exhaust duct were used to attenuate the noise and the design of these liners
along with calculations of their effectiveness can be found in (Law and Dowling 2007).
Calculation of far-field noise when propetly accounting for liner attenuation is computationally
intensive and could not be integrated into the take-off optimisation code. Instead, blanket
corrections were applied to the source SPL values based on higher fidelity results at a few key
points. For these higher fidelity predictions, and when estimating the applicable bulk correction,
the rearward propagating engine noise is modelled by solving appropriate eigenvalue problems for
uniform axial inviscid flow in annular and cylindrical lined ducts. From the resulting modal
amplitudes at the nozzle termination, the radiated sound pressure level is estimated using the
Wiener-Hopf solutions from an unflanged duct (Munt 1977, Gabard and Astley 2006). Similar
methods are applied for forward propagating noise with details available from Law and Dowling

(2007).

Refraction, fourth power amplification and Doppler frequency shift corrections were then applied
to the fan source noise hemispheres to account for flight effects. To account for refraction and
the different source directivity (airframe, inlet and exhaust axis are all different), the polar and
azimuthal source angles calculated using equations 3.12 and 3.13 are modified: Firstly, the polar
and azimuthal angles to the measuring locations relative to the direction of flight are calculated.
These are then translated by the aircraft angle of attack to give angles relative to the aircraft. These
source angles are used when estimating airframe noise at the specified locations. These angles are
then translated again by the thrust vectoring angle to give angles relative to the jet. These angles

are used when estimating jet noise at the specified locations.

When calculating fan noise radiated through the inlet, the polar angles relative to the flight path
are first corrected for refraction (as done by Rolls Royce, based on the work of Amiet 1975) so
that the source polar angle gives the required flight polar angle on the ground (equation 6.2). Then

these new source polar angles and the original azimuthal angles are translated by the angle of
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attack to get the fan inlet noise source angles. The same approach is used for nozzle propagating

out of the exhaust but with a modified refraction equation (6.3).

[ sin(w,,
Woiree = tan™ ( B ) for inlet radiated sources 6.2)
L Cos(a)reciever ) - M o
CcCoS\ W
Wyree = cos® S( o ) for exhaust radiated sources 6.3
_1_ M oo Coia)reciever )

Finally, for forward propagating fan noise, shielding corrections were applied. These corrections, a
function of polar angle, azimuthal angle and frequency, were based on low frequency estimations

by Agarwal and Dowling (2005), extended conservatively to higher frequencies.

6.3. Airframe Noise

Airframe noise emanates from the scattering of the boundary layer off of the airfoil trailing edge.
This airfoil self-noise is the noise floor for a given configuration and is appropriate for analysis
here because the aircraft uses a deployable drooped leading edge for lift augmentation, which has
negligible direct noise emission (Andreou ez a/. 2006), and the undercarriage will be stowed shortly

after rotation. The airframe noise was estimated using empirical relationships based on the average

chord and the area of the entire airframe (Fink 1977, ESDU 2003).

6.4. Modifications to the take-off optimisation

The following modifications have been made to the take-off optimisation in this chapter as

compared to chapter four:

Fan Map

In chapter four, fan stage efficiency was assumed and a rotor only fan map used in the
determination of take-off and cruise operating lines. In this chapter, a fan stage map is used
directly with efficiency varying as operation moves to different points of the map. As stated in the
introduction to this chapter, the work performed here was completed prior to the three
dimensional viscous analysis of the OGV's being completed. Therefore, the fan stage characteristic
has been created through the combination of the three dimensional viscous results for the rotor

and intermediate duct along with the two dimensional results for the OGVs. This was achieved by
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estimating the loss at a range of radii for each point on the fan map based on the switl and Mach
number calculations at duct exit along with the loss buckets presented in Figure 5-21. For switl
outside of the calculated range, loss was capped to 10% of inlet dynamic head and the results were
mass averaged to give overall OGV loss for each operating point on the fan map. This is
presented in figure 6-8 alongside the results across only the rotor. It should be noted that the rotor
only results are in the presence of the downstream duct and therefore differ from the rotor only

map presented in figure 5-10 which had no downstream duct curvature.

With a fan stage map available, the take-off operating line can be directly linked to what the stage
can deliver rather than limiting nozzle opening by specifying a static working line at low fan speed
as was done in 84.4. The fan stage 85% polytropic efficiency contour goes through the notional
75% speed take-off operating point used to mark the point of minimum switl seen by the OGVs
in chapter five and therefore this contour has been used for specifying the take-off operating line
here. Using the line of 85% stage efficiency is suitable up till 95% fan speed (see figure 6-8) after
which the operating line must move towards the top of climb point. This, along with the cruise

operating point, is illustrated in figure 6-11, which includes results from the following section.

Corrections for core mixing

In chapter four, the top of climb FPR was varied and therefore any corrections to account for
core mixing had to support such changes (see table 4-1 and appendix D). In this chapter top of
climb FPR is fixed and therefore more accurate corrections for core mixing can be applied. Using
GasTurb (Kurzke 2004) to look at the change in the bypass flow for take-off and top of climb
conditions lead to the following approximate relationships giving a correction for core mixing as a

PR, AT, and AT,

out,ToC> out,zerod

function of fan operation. PR, are specified in table 6-1.

ZCrO

FPR Qf o

PRout = PRout,zero + ( PRout,ToC - PRout,zero) FPRT % (64)
oC ff

AT, = AT, o + ATy = ATOM)ﬁ (6.5)

FPR -1
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6.5. Results

6.5.1. Concept Aircraft

The final podded engine concept aircraft design is an evolution of the split aileron version of the
all-lifting body baseline aircraft used in chapter four. Key aircraft parameters are listed in table 6-1
with coefficients of lift, drag and moment during take-off shown in figure 6-3 (when the

undercarriage is deployed, the coefficient of drag is increased by 0.0045).

The airframe design is very similar to that used for the higher-risk embedded design with details
available from Hileman ef a/. (2007b). A carved leading edge is used to move lift forward on the
centre body enabling the outer wings to have an ideal elliptical lift distribution. This is predicted to
give a very high lift to drag ratio. The start of cruise altitude is set to 40,0001t (12,192m) giving a

large wing and improving low-speed performance as discussed in 83.5.

The aircraft is powered by three podded engines located at the rear on the upper surface of the
centre body which significantly shields the forward propagating noise. The fan has a speed
reduction gearbox between it and the LPT and a leading edge radius set to 1.10m, slightly larger
than the 1.0334m radius of the fan designed in chapter five. This was done to match the excess
thrust of the higher-risk embedded engine design discussed earlier and so enable like for like
comparisons. In this thesis the top of climb FPR has been reduced from the initial design intent
of 1.50 to a value of 1.467 reducing this thrust margin slightly. This FPR value is closer to what
was deemed ideal for the podded design in chapter four and was set without any scaling of the fan
map; just by moving the top of climb point along the 100% speed line. Engine out yaw

corrections is achieved through a split aileron on the outer wing.

The downstream duct length is a compromise between increasing losses and reducing noise. For
the engine presented here, the duct length was set to ensure the core and bypass flows were fully
mixed out by nozzle exit. For complete mixing to occur, the distance from mixer to exhaust
should be 10 wavelengths of the lobe mixer. Although detailed mixer design was not performed, it
was estimated that a twenty-lobed plugged mixer could be used giving a lobe wavelength of
approximately 200mm and a required duct length between mixer exit and nozzle of at least 2m.
The length of the annular bypass section was set to match the length of the mixer section purely
to give an engine arrangement of reasonable size and a scale drawing is shown in figure 6-9. Liner
calculations estimated that this design could reduce rearward propagating noise by approximately

12.5dB at the critical polar angles and for the frequency range of interest. Doubling the annular
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duct length would provide a further ~5dB fan noise reduction but this would have weight and

drag consequences.

6.5.2. Optimisation for just jet noise

Initially, the take-off was optimised just for jet noise with the results shown in figure 6-10, figure
6-11 and figure 6-12. With the aircraft similar to the split aileron version used in chapter four,
figure 4-9 indicates that, for a ToC FPR of 1.467, the jet noise target of 57dBA should be met.
This is the case with a jet noise value of 56.7dBA achievable when operating the fan shown in

figure 6-11.

In figure 6-12, the x-axis refers to the distance of the aircraft from brakes-off rather than the
distance of the noise receiving location. The noise for each source is the estimate after liners,
shielding and atmospheric effects have been taken into account. Further, the noise plotted is the
maximum estimated for the source in question when the aircraft is at the specified location. With
different directivity for each source the total aircraft noise shown is not the sum of the noise

sources in the plot rather it is the sum of the noise sources at the maximum overall noise location.

Whilst jet noise is well below the overall SAI noise target throughout the take-off, other noise
sources are dominant especially at the flyover position, giving an overall maximum noise level of
just over 70dBA. This is because, as the flyover position is approached, the distance from aircraft
to ground outside of the airport boundary drops rapidly from the square root of aircraft height
and the sideline distance to just the aircraft height. With jet noise proportional to the eighth power
of velocity, cutting back climb angle and thrust keeps jet noise at the required level. Fan noise
sources scale with lower powers of velocity and therefore, relative to jet noise, increase. For the
forward propagating fan noise this relative increase in noise is offset by the airframe shielding
being much more effective when the receiver location is directly below the aircraft rather than
along a sideline. For the rearward propagating fan noise, there is no shielding and therefore
significant noise increases on the ground are observed. Airframe noise, a function of aircraft
velocity rather than engine operating condition, is not reduced by the cutback and so on-ground
values increase rapidly. Shielding of forward propagating sources is much more effective than was
initially envisaged leading to buzz-saw noise being significantly below overall noise even when cut

on.

Figure 6-11 shows the operation of the fan during take-off both for low jet and low overall noise
(see next section). When operating for low jet noise, the start of roll position is at 73% fan speed

increasing to 87% fan speed at sideline with nozzle area reduced to stop the fan operating at poor
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efficiency before cutting back to 71% at flyover. Figure 6-10 shows the variation in airframe and
engine parameters in more detail from brakes off until 6km out, beyond the flyover location of
4048m. Take-off is approximately 2km after brakes off (subplot A) with climb angle rapidly
increasing to 7.5° (subplot B). As height is gained lateral attenuation decteases and the climb angle
has to reduce gradually to keep within the noise target. As the end of the airport boundary is
approached the climb angle reduces rapidly to 3.0°, the minimum required to satisfy engine out
safety conditions. Beyond the flyover point, with aircraft height continuing to increase, the climb

angle can increase gradually.

With angle of attack increasing at the start of roll, aircraft L/D (subplot C) inctreases before
reducing slightly as angle of attack increases beyond optimum. 50ft (15.2m) above ground the
undercarriage is stowed and L/D incteases to approximately 21.5. With flight speed during take-
off constant beyond this point (subplot D), angle of attack remains approximately constant and
L/D remains at this level for the remainder of the noise constrained portion of the take-off. The
rotational velocity of 65m/s leads to a climb speed of 74m/s. Looking at engine performance, the
nozzle area is initially 47% greater than the top of climb value (subplot E) with overall net thrust
of around 280kN (subplot F). As roll is approached the net thrust remains approximately constant
with nozzle increase reduced to 28% as the fan moves up the operating line. Once climb starts,
the thrust reduces to maintain a constant flight speed at reducing climb angle and this is
accompanied by a gradual increase in nozzle area. At flyover the rapid reduction in thrust requires
an increase in nozzle area to a value 34% higher than ToC. Finally it should be noted that whilst
this departure satisfies accelerate-stop, field length and engine out requirements (FAA, JAA), the
main thrust cutback occurs just below the regulated cutback height of 800ft (243.8m) (ICAO,
FAA 1993).

6.5.3. Optimisation for jet, fan and airfoil noise

To reduce the flyover noise level, the take-off profile was optimised for all of the included noise
sources; jet, fan and airframe. The resulting aircraft and fan operation are overlaid onto the results
for jet noise only optimisation in figure 6-10 and figure 6-11. With airframe noise insensitive to
aircraft thrust and fan noise less sensitive than jet noise, the easiest way to reduce the overall
flyover noise level is to increase the aircraft altitude at this point. This requires more rapid
acceleration and earlier take-off as shown in figure 6-10 leading to increased start of roll and
sideline noise. Roll velocity, Vy, is reduced from 65m/s to 57m/s which both enables eatlier take-
off and reduces airframe source noise. The downside of a reduced flight speed is an increase in the

required angle of attack so as to maintain lift and a resulting reduction in the lift to drag ratio. The
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aircraft takes off approximately 500m eatlier and is 1200ft (366m) rather than 780ft (238m) above
the ground when cutback occurs, above the minimum regulated cutback height. Initial climb angle
is nine degrees, limited by the maximum aircraft pitch angle of 20 degrees, whilst the critical
flyover climb angle is increased from 3.0° to 3.1°. This increase is required because the reduced
L/D impacts the result of equation 3.2. With the aircraft accelerating quicker and climbing steeper
the thrust provided by the engines is increased at all time steps. To maintain fan operation along
the prescribed working line, this reduces the required increase in nozzle area. From figure 6-11 it
can be seen that start of roll fan speed has been increased to 81% and sideline to almost 92%.
With only a small thrust increase at flyover, this point is approximately unchanged at just over

71%.

Figure 6-12 shows the resulting peak noise outside the airport boundary as the aircraft goes from
brakes-off to 6km out. Overall, the start of roll and sideline noise levels have increased from
around 63dBA to 65.5dBA and the flyover noise level reduced from just over 70dBA to 65.5dBA.
The reduced flight speed and increased aircraft height at flyover reduce airframe noise by 6dB and

the increased height reduces fan rearward broadband noise by almost 5dB.

6.5.4. Comparison with higher fidelity predictions

In the above results, the correction made for liner attenuation was a single value set to match the
result from more computationally intensive code. To validate this, alternative predictions of
engine source noise levels were made for the take-off, optimised for low overall noise at the key
sideline and flyover locations. For sideline noise, the position was set at 2km after brakes off

whilst for flyover noise the position was set just after the airport boundary.

Jet and airfoil modelling was unaffected but, instead of ESDU predictions, a version of Rolls
Royce code was used in the estimation of engine source noise before liner attenuation and
propagation. This code was also used in the prediction of core, turbine and compressor noise.
Rearward propagating engine noise is modelled as specified in 86.2with the acoustic fan power in
the duct assumed to be evenly distributed across the appropriate cut-on modes. For forward noise
sources, shielding estimates are unchanged as the ray theory methods (Agarwal ez 2/ 2006) used
when looking at the higher risk design in more detail (Crichton e @/. 2007a) could not be used in
the timeframe available. The GasTurb model, used in creating the temperature and pressure
corrections from the core flow, was used directly here. This gave more accurate temperature and

pressures downstream of the mixer at the flyover and sideline operating points.
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Results are presented in figure 6-13 for the sideline and flyover locations with the x-axis origin in
both of these plots corresponding to the location of the aircraft. Fan forward, turbine and
compressor noise sources are all predicted to be minimal with compressor noise so low that it
does not appear on the figures. The turbine tones are highly attenuated due to their very high
frequency (see de la Rosa Blanco et. al. (2007) for details of the turbine design), which is one
reason for the sharp peak seen for this source. Core noise, not included in the optimisation, is less
than fan rearward noise but is estimated to be the second strongest source at the flyover location

and should therefore perhaps be included in future optimisations.

Overall noise is predicted to be about 0.5dB higher than the estimate in figure 6-12 due to small
differences in the fan rearward noise propagation code and the more accurate liner predictions.

This is small, especially in relation to the overall accuracy of fan broadband noise prediction.

6.5.5. Aircraft and airport variants

A range of optimisations was carried out to see how modifications to the baseline aircraft or

airport impacted the achievable noise level.

ICAOQ cettification flyover distance

If the airport boundary is modified to match the ICAO flyover certification distance of 6.5km
from brakes off and the temperature set to ISA+10K, significant noise reductions are possible .
The increased time between brakes-off and cutback enables the aircraft to climb to an increased
altitude before the airport boundary is crossed and an estimated noise reduction of 3 dB relative to
the baseline airport is possible, giving an overall noise level of 62.5 dBA. Climb angles and noise

estimates can be found in figure 6-141,

The dominant noise sources remain jet and fan rearward broadband but, with noise level reduced,
the ratio is changed. The reduced thrust levels lead to lower jet noise and fan noise, therefore, has
a bigger influence on the take-off profile prior to cutback. During the initial climb, the pitch angle
limit of 20° no longer restricts climb and a maximum climb angle of just over 8° occurs. Reducing

lateral attenuation with altitude leads to climb angle having to reduce as with the baseline case but,

The flyover climb angle was set to meet the requitements of part 25 of the JAA/FAA regulations here. This gives a climb angle
of 3.2° or 5.6% when ATTCS allowance is included. The noise certification requirements (part 36) only require a climb angle of
4% or enough to maintain level flight on loss of the critical engine. The second of these is just the most critical and leads to a
requited climb angle of 2.5° or 4.4% at flyover. If flyover climb angle was lowered to this value then noise would reduce by a
further 0.5dBA (see section on no ATTCS allowance below for impact of flyover climb angle change).

T The reason that jet noise continues to increase in this figure even when a 4° climb angle has been reached 7km after brakes off is
that, with altitude greater than 1500ft, acceleration is allowed.
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with the increased distance to the airport boundary allowing the aircraft to reach a higher altitude,

climb angle can start to increase again.

With ICAO certification values being based on EPNdB rather than dBA wvalues, EPNdB
calculations were made for the sideline and flyover locations. The chapter three certification values
are 99.6 EPNdB at sideline and 98.9 EPNdB at flyover for this aircraft based on the maximum
take-off weight and number of engines ICAO 1993). Chapter four, which came into force on the
1% January 20006, only specifies a reduction of 10dB in the sum of sideline, flyover and approach
noise relative to chapter three. If this noise reduction is evenly distributed across the three
measuring locations then chapter four limits for this aircraft can be taken as 96.3 EPNdAB at

sideline and 95.6 EPNdB at flyover.

With the optimised procedure flown here, along the sideline the maximum noise was 72 EPNdB
and at flyover the noise value was 73 EPNdB. These are approximately 24dB and 23dB below the
ICAO limits respectively. To put this into context, if each new chapter that is introduced is 10dB
cumulative lower than the last, this aircraft would be chapter 11 compliant (i.e. 7 chapters more
stringent than is currently required by ICAO) based on sideline and flyover results. For
comparison, very quiet recently certified civil aircraft with modern high bypass ratio fans (Trent
892 powered Airbus 340, GE 90 powered Boeing 777) are up to about 25dB cumulative below
chapter three, i.e. notionally chapter six compliant (NoisedB 2007).

As mentioned in the introduction, the Quota Count system in operation at Heathrow is more
stringent than the ICAO certification requirements and is a de facto worldwide standard for large
civil aircraft. In this system, each aircraft is assigned a quota count value based on their certified
noise value with a 3dB noise reduction equivalent to the halving of the quota count. A quota
count of one is for aircraft with a noise value between 90.0 and 92.9 EPNdB. Therefore, the
concept aircraft developed here would have a notional QC value of one over sixty-four (i.e. if this
was the only restriction on movements, sixty four ‘silent aircraft’ movements could occur instead

of one QC1 movement). At present, the current minimum QC level is 0.5.

90% MTOW, ISA Conditions

Whilst the aircraft has been designed to operate ‘silently’ from the baseline airport at MTOW
during 99% of operating hours, this is not typical. A more typical operation of the aircraft would
be under ISA conditions at 90% of maximum weight (80% payload, 71% fuel for example). When

operating under these conditions the achievable noise level is reduced to 63.8 dBA, 1.7 dB less
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than when at MTOW, ISA+12K as can be seen in figure 6-15. (Operating at MTOW, ISA only
reduces noise by 0.3 dB.)

Reducing rearward propagating fan noise

The baseline aircraft has a duct length downstream of the OGVs equal to twice the fan diameter
(see figure 6-9), half of which is before and half after the mixer. It was estimated that a further
reduction in fan broadband noise of approximately 5dB could be achieved through a doubling of
the annular duct proportion of the duct, and the impact of this can be seen in figure 6-16. The
5dB reduction in fan rearward noise leads to an overall noise level reduction of 3.1 dB to 62.4
dBA. Fan noise, whilst still dominant at flyover, is well below jet noise before this point. This

reduction assumes core noise does not modify the result.

No ATTCS Allowance

When the minimum climb angle of the baseline aircraft was calculated, an 11% thrust increase
following engine-out was included to account for the presence of an ATTCS (Automatic Take-off
Thrust Control System). If no thrust increase on engine out is allowed, the noise outside the
airport increases by approximately 0.4 dB as compared to when a thrust increase was allowed.

This is due to the minimum flyover climb angle increasing from 3.1° to 3.7°.

High altitude noise constrained airport

In 83.2.1, in which the baseline airport was specified, a second higher altitude noise constrained
airport was also mentioned. This was at 5,000ft (1,524m) altitude, had a 12,000ft (3,658 m) runway
and, based on Denver conditions, had a maximum temperature for low noise operation of
ISA+19.5K. When optimising the take-off at this airport, a minimum overall noise level outside of
the airport boundary of 67.2 dBA was achieved, a 1.7 dB increase relative to the baseline airport.

This is about half the increase in noise that was seen when looking at jet noise only in 8§3.4.3.

6.6. Discussion

The concept podded engine aircraft (figure 6-2) presented in this chapter is estimated to be
significantly quieter than current aircraft that are in service. In this discussion, two questions are

looked at; where do the noise reductions come from and how could further noise reductions be

achieved?
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How is the ultra-low noise level achieved?

Figure 6-17, copied from Schwartz (2006), created using some of the tools presented in this thesis,
illustrates well where the noise reductions come from. This figure was created for an earlier design
but illustrates the relative importance of the various technologies. Peak take-off noise and cruise
fuel burn are plotted relative to the estimated values for a Boeing 787 operating without any
cutback from the baseline airport. The design presented in this chapter is similar to design step 11
and the significant changes that occur to reach this point can be split into four areas; reducing

thrust requirement, reducing specific thrust, acoustic treatment and improving operations.

Concentrating on the noise reduction, reducing thrust comes about through improving
technology (step 3) and the use of an all-lifting body which has improved take-off lift to drag ratio
(step 10). Increasing mass flow and reducing pressure rise across the fan lowers both jet and fan
noise as the fan tip speed reduces to maintain loading (step 4) and opening the nozzle area at take-
off (step 6). In terms of acoustic treatment, moving to a mixed exhaust gives room for additional
liners (step 5). Finally, utilising a noise managed take-off has a significant benefit (step 9),

especially when the number of engines is increased from two to three (step 8).

Figure 6-18 shows how the optimised take-off profile reduces noise for the final podded design
when both fan and jet noise are considered. Firstly, with no cutback and the engine operating at
fixed corrected speed after the initial acceleration, noise peaks at over 8dB higher than the final
solution as the flyover boundary is crossed. For this departure, the climb angle was set to the
minimum initial climb angle required below 400 foot. Increasing take-off fan speed does reduce
the flyover noise level slightly but only by a couple of dB and the sideline noise level increases
more than the flyover noise level drops. Introducing a simple cutback as the airport boundary is
approached allows a balance between sideline and flyover noise to be achieved and gives most of
the achievable operational benefit. This simple cutback is similar to the ICAO cutback procedure
but further benefits accrue from nozzle area changing at the same time. Finally, by continuously
modifying the fan speed, an additional 1dB cumulative reduction can be achieved at the flyover

and sideline locations. Whilst this is not a major reduction, it is still beneficial.

Achieving further noise reduction

Turning now to how to achieve further noise reductions, the obvious first problem that needs to
be tackled is fan noise. The low tip speed design, operating at part speed during take-off does give
a significant noise reduction but, even with the liners, fan rearward noise is the main reason for

the design being 5.5dB above the SAI target of 60dBA when operating at the baseline airport.
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Doubling the length of the annular section of the duct (figure 6-16) can bring overall noise down
to 62.4dBA but further reductions become harder and increasing duct lengths will only increase
fuel burn. Therefore, alternative means of reducing rearward noise should be looked at. The use
of deployable lined baffles in the exhaust is one solution that was briefly mentioned in 84.6 but
this still leads to increased weight and reduced cruise performance. Another possibility is to look
at a more radical design altogether and this is what the higher-risk SAI aircraft mentioned at the

start of this chapter represents (see figure 6-1).

In this aircraft, each engine powers three fans, all with the same rotational speed as the low
pressure turbine but with two off-set from the axis of rotation. This increases the blade passing
frequency of the fan, increasing the frequency of the noise. Liners become more effective and
atmospheric attenuation increases. Another benefit is that for the same overall length of ducting,
the reduction in radius of each fan leads to higher duct length to diameter ratios and further lining
improvements. Finally, to reduce the cruise thrust requirement and fuel burn the suction surface
boundary layer is ingested into the engine. This final step is of significant risk as designing a fan to
support continuous distortion during cruise will be challenging. With these changes, the take-off
noise is estimated to be below 62dBA, almost at the SAI target (Crichton ef /. 2007a). Further
reductions become increasingly hard as multiple noise sources start to become important and the

liners have already removed all the easy to attenuate modes.

6.7. Chapter Conclusions

A 250 passenger, 5000nm range all-lifting body aircraft with three podded engines designed for
low noise is estimated to not exceed a 65.5 dBA noise level outside of the SAI baseline airport
during take-off. For the ICAO certification distances this falls to 62.5 dBA with EPNdB values of
72 at sideline and 73 at flyover. To put these numbers into context if just take-off is considered,
the aircraft would notionally be ICAO chapter eleven compliant and have a Quota Count of one
sixty fourth. This is on the basis that each new ICAO chapter introduced in the future will be the
same as when chapter four superseded chapter three (i.e. requiring a cumulative 10dB noise

reduction) and that QC levels extend below 0.5 in the same was as they currently operate between

values of 0.5 and 16.

Whilst the estimated noise level is much lower than quiet aircraft in the existing fleet, it is still
5.5dB above the initial target of 60dBA. To reduce noise further requires fan rearward noise in

particular to be targeted and this was done in the higher-risk concept aircraft design shown in
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figure 6-1. Even then, initial indications are that the final noise level will be approximately 2dB

above target.






7. Conclusions and Future Work

7.1. Conclusions

The aim of the Silent Aircraft Initiative was to design a concept civil aircraft that was inaudible
outside of the airport boundary in an urban environment. Achieving such a design would, if
realised commercially, remove one of the key constraints on the expansion of aviation and allow
the placement of airports closer to centres of population. In this thesis, this aim was translated
into a target noise level of 60dBA outside of a baseline airport, itself specified by analysing existing

noise constrained airports.

Initial indications are that through the use of a high performance all-lifting body aircraft, ultra high
bypass ratio podded engines with variable area nozzles and optimised departure profiles, take-off
noise can be reduced to within 5.5dBA of this target whilst maintaining good cruise performance.
This translates to a value of 73EPNdB for the ICAO certification distances, approximately 23dB
below the current ICAO chapter four requirements at each take-off point. Embedding the engines
and linking each core to three fans may reduce this to within 2dBA of the target but further

reductions become increasingly hard.

In addition to the development of the concept aircraft fan, this thesis has presented an approach
to design, especially the selection of key engine parameters, in which noise is as critical as fuel
burn. With jet mixing noise hard to shield and, for low-speed jets only limited noise reduction
through enhanced mixing possible, jet noise reduction was identified as key to the approach.
Nozzle area at take-off needs to be increased significantly in order to reduce jet noise to the
required level, well beyond that optimum for low cruise fuel burn. To reduce the area increase, the
airframe should have excellent low-speed performance and a high cruise altitude all-lifting body is
ideally suited. Optimisation of the departure profile can then be used to reduce the required take-
off jet area further with most of the benefit coming from the introduction of a thrust cutback as
the airport boundary is crossed. A three or four-engine design benefits from this cutback
significantly more than a two-engine design as engine out climb angle is the critical safety
requirement that must be met. Even with performance optimised, a fixed cycle design cannot
deliver both the take-off noise level and low cruise fuel burn and therefore the introduction of

variable cycle technology into the engine is required.
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A variable area nozzle was identified as the most promising of the options considered and the
operation of this was linked to a simplified model of the engine. This allowed the trade between
take-off jet noise and top of climb fan design parameters to be clearly seen. At take-off, nozzle
area increase is limited by incidence onto the outlet guide vanes at lower fan speed and rotor
capacity at higher fan speed. This links the achievable top of climb fan pressure ratio to take-off
jet noise and, for the aircraft designed here, a top of climb FPR of 1.45, in the range required for
minimum fuel burn, was estimated as the maximum achievable when also limiting take-off jet

noise to 57dBA.

A forward swept fan rotor and outlet guide vane was designed to work specifically with the
variable area nozzle. Critical design requirements, unchanged from conventional designs, were
delivering the top of climb thrust at high capacity, and delivering peak efficiency at cruise. Unique
to the design presented here were the maximisation of part speed capacity and the support of a
high incidence range onto the OGVs so as to minimise take-off jet noise. This replaced achieving
take-off surge margin, critical for conventional designs. The selection of design blade speed is key
to this process, especially so as it also impacts fan source noise. Reducing blade speed increases
part speed capacity and, in general, reduces fan source noise. As blade speed reduces fan loading
increases, and designing the OGVs becomes increasingly challenging. In addition, with the
velocity onto the OGVs increasing for a given mass flow rate and pressure rise as loading is
increased, some designs with very high loading have seen increases in fan noise and therefore a
balance needs to be made. Here, the fan loading at top of climb was set to 0.52 giving a corrected
blade tip speed of 371m/s and cutting off rotor alone tones at flyover. More work is requited to

see if this loading value is optimum.

A simple model of the fan blade indicates that additional part speed capacity increases can be
made by ensuring that when the relative flow Mach number onto the fan is supersonic the fan
should operate at unique incidence with only a weak shock ahead of the fan. From the model,
achieving this requires blade mass to be moved forward and, for the fan designed here, the
maximum thickness is never further back than 57% of axial chord. Further work is required to see
if the trends seen from this simple model translate into results from a fully 3D viscous analysis.
With OGV design still very challenging, an increase in the duct radius between rotor trailing edge
and OGYV leading edge was successfully introduced to reduce both the maximum flow Mach
number onto the OGVs and to reduce the incidence range that needed to be supported. Initial
indications are that the fan stage performs well with a high cruise bypass stage efficiency of 92.5%

and operation at 85% efficiency or higher throughout take-off.
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Looking at the work in a wider context, whilst an eye on fuel burn has been maintained
throughout, minimising fuel consumption and the wider environmental impact have not been the
subject of this thesis. These would need to be considered much more seriously if the concept
aircraft developed here or ideas from it were carried forward. Whilst cruising higher or increase
liner lengths, both of which assist in noise reduction, increase the wider environmental impact,
certain technologies may benefit it. In particular, the use of a variable area nozzle adds an
additional degree of freedom to engine operation allowing cruise fuel burn to be minimised at all
times. The significant noise reductions possible through its introduction, especially when the fan is

designed to work with it, make solving the mechanical challenges it poses imperative.

7.2. Suggested Future Work

Looking at the fan design first, as discussed at the end of chapter five the design work to date is
only the start of the process. Particular areas requiring additional work are in the mechanical
analysis of the blade, especially in terms of flutter resistance and, with forward sweep increasing
leading edge stresses, foreign object damage tolerance. In terms of rotor aerodynamic design, the
midspan section has a leading edge shock present (see figure 5-23) that could be reduced in
strength with improved design. Also, the outer section of the fan performs best at a slightly higher
back pressure than the inner section (see figure 5-11) and peak efficiency could be improved
through better matching. With bypass performance and noise of prime interest, the core flow was
modelled as a bleed in this thesis. The design of the hub section needs to be looked at in more

detail, including the design of the engine section stator (ESS).

In chapter five, a simple model was used to look at part speed capacity indicating that moving
blade mass forward would assist. This should be investigated in more detail with 3D viscous
analysis of a range of designs, all with the same design capacity. Coupled with this, more research
is required on the impact blade speed has on where the fan can operate during take-off: As blade
speed is reduced part speed fan capacity will increase, but OGV incidence will become more
limiting. This will allow increased nozzle opening at high fan speed (i.e. sideline) but reduced

nozzle opening at low fan speed (i.e. flyover). Is the currently selected speed optimum?

Turning now to noise, designing for ultra-low noise requires models that accurately capture the
correct trends with design parameters and also the correct noise levels. For jet mixing noise, the
largest uncertainty comes about through the corrections applied to account for flight effects as
discussed in 83.3.2. This is because as jet velocity reduces the flight corrections have a much

greater impact on the final noise footprint. The work of Low (1994) was used in this thesis but
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this was for coaxial nozzles and no similar work is available for fully mixed nozzles in which the
focus is on very low jet velocities. Ideally, a test campaign should be performed for a
representative geometry which includes a mixer well upstream of the nozzle exit (see figure 6-9) so

as to also account for any forced mixing noise that may be present.

The increased fidelity noise calculations presented in §6.5.4, whilst helping to validate the code
used during the optimisation process, do not represent the current state of the art. To increase the
confidence in the overall noise predictions, the range of fan noise sources should ideally be
predicted using more advanced tools. Of particular importance is improved prediction of rotor
alone and rotor-nacelle boundary layer interaction noise as these could then be combined with the
Envia results for rotor-stator broadband noise. Linked to this is a need to better understand the
change in fan broadband noise as operation is moved along a line of constant fan speed. For rotor
alone noise, both rig tests (Ganz e a/ 1998) and analysis (Glegg and Jochault 1998) indicate a
reduction in noise as incidence is reduced. Does this continue down beyond peak efficiency
incidence and what about when the flow is choked? For rotor-stator interaction noise, the Envia
results indicate that rotor-stator interaction noise will tend to increase as the increase in Mach
number onto the OGVs is more significant than the reduction in wake turbulent intensity. Rig
tests (Ganz ef al. 1998) have shown almost no change in rotor-stator interaction noise with loading
but this may be because the range of variation was not large enough. Answers to these questions
are unlikely to be straightforward and therefore continuing research on the prediction of
broadband noise is required which is itself inextricably linked to the accurate prediction of
turbulence. Finally in terms of noise, no estimate has been made in this thesis of noise from any
other components in the bypass duct, in particular support struts. This should be performed in

the future if the design is developed to a point in which the location of any such struts is known.

This thesis has shown that a variable area nozzle is critical to delivering low noise at take-off
whilst also operating with an optimum fan pressure ratio at cruise. The mechanical design of such
a nozzle is required as if the weight is too high or the losses too big, cruise fuel burn will be
increased. The right hand sketch in figure 3-18 is promising as, in addition to increasing nozzle
area, it would bevel the nozzle which could lead to further jet noise reductions directly below the

longer lip (Viswanathan 2005).

Finally, as discussed in chapter six, one possible way to reduce noise and fuel burn is to embed the
engines into the airframe and ingest boundary layer flow. This reduces the thrust required and
introduces the possibility of extending ducting without increasing losses. For such a concept to

work, the fan will have to support a degree of distortion throughout cruise, impacting efficiency,
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operability and life. The potential benefits are significant and therefore research in this area is

recommended looking at performance and life at cruise, and noise at take-off.
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Appendix A: Take-off regulations and operational requirements

REGULATION

A range of regulation exists in the area of take-off covering both safe and quiet take-off.

Joint Aviation Regulation and Federal Aviation Regulations

Section 25 of the JAA Joint Aviation Regulations (JAA) covers airworthiness standards for
transport aircraft. Sections 105 to 121 and Appendix I cover take-off with the following key

requirements relating to engine design:

Section 25.107
* Vi is the calibrated airspeed at which the critical engine is assumed to fail.

eV, may not be less than V., plus the speed gained with the critical engine inoperative for 2

seconds.

eV may not be less then V, and a single value of V; must be used to show compliance

both with all engines operating and one engine inoperative.

* It must be shown that using a rotation speed of Vi — 5 knots (2.57m/s) with one engine
inoperative does not exceed the one engine inoperative take-off distance based on a

rotation speed of Vy.

* V, may not be less than V; and must have been reached by the time a height of 35ft is

attained.
* Vs the airspeed at which the plane first becomes airborne.

* Vg is a speed selected by the applicant at which engine out climb can occur and the

aircraft manoeuvre.

Section 25.109

* The accelerate stop distance on a dry runway is the greater of:

0 The distance to accelerate to V, with engine failure at Vy, stay at V, for 2 seconds
and then come to a complete stop on a dry runway without the use of thrust

reversers.
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0 The distance to accelerate to V, without engine failure, stay at V, for 2 seconds
and then come to a complete stop on a dry runway without the use of thrust

reversers.

* The accelerate stop distance on a wet runway is calculated in the same way except thrust
reversers may be used and the maximum allowable braking coefficients are specified in the

regulations.

Section 25.111

* Climb gradients above 400 feet must be at or above 1.7% for 4 or more engines (1.5% if 3

and 1.2% if 2) with one engine inoperative.

*  May not make any change in power or thrust that requires action by the pilot until 400 feet

except for gear retraction or automatic propeller feathering

Section 25.123

* The take-off distance on a dry runway is the greater of:

0 The distance required to reach an altitude of 35ft with engine failure occurring at

Vi

0 115% of the distance required to reach an altitude of 35ft with all engines

operating.
* The take-off distance on a wet runway is the greater of:
0 The take-off distance on a dry runway

0 The distance required to reach an altitude of 15ft with engine failure occurring at

Vi assuming V, is reached by 35ft.

Section 25.121

* With one engine out and landing gear extended, must be able to climb at 0.5% at V, . if 4

or more engines (0.3% if 3 and level flight if 2)

*  With one engine out and landing gear retracted, must be able to climb at 3.0% at V| if 4

or more engines (2.7% if 3 and 2.4% if 2) up to 400 feet.



137

* With one engine out in the en-route configuration up to 1500 feet, must be able to climb
at 1.7% at Vp, if 4 or more engines (1.5% if 3 and 1.2% if 2) at maximum available

powet.

Appendix |

* Tor aircraft with ATTCS (Automatic Takeoff Thrust Control System), the thrust available
on engine out for the remaining engines can be increased to 111% of the thrust used

before engine out. This 111% limit in the regulation is to limit the degradation in the event
of ATTCS failure.

The FAA Federal Aviation Regulations closely match those of the JAA. Section 25 (FAA) covers

airworthiness standards for transport aircraft.

ICAO PANS-OPS Volume 1 Part V

Part V Volume 1 of ICAO PANS-OPS (Procedures for Air Navigation Services — Aircraft

Operations) (ICAO) specifies recommended safe cutback procedures based on the following:

*  Cut-back cannot be initiated at a height of less than 800 feet.

* Thrust after cutback must be no less than that to maintain engine out required levels of
climb (1.7% for 4 or more engines,1.5% if 3 engines and 1.2% if 2 engines).

* Tlight speed after cutback must be no less than V,.

* These requirements remain until the aircraft has reached 3000 feet or is fully transitioned

to en route climb configuration.

No allowance is explicitly made for ATTCS equipped aircraft.

FAA Advisory Circular 91-53A

The FAA Noise Abatement Departure Profiles (FAA 1993) specify safe cutback procedures for
use in the US. This AC is mandated in the US and is very similar to ICAO PANS-OPS Volume 1
Part V. One difference though is that for aircraft with ATTCS, the thrust available after cutback
on engine-out only needs to be that required to maintain level flight (provided that the ATTCS

will increase thrust to meet the minimum climb gradients).
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OPERATIONS

In addition to regulations in relation to take-off, several non-technical operational constrains must

be considered.

Typical airport requirements

A range of airports SIDs (Standard Instrument Departures) were looked at to see whether
additional constraints are placed on the aircraft take-off requirement that may impact the Silent

Alircraft:

Heathrow (RWYS 27R/L, BPK 6F to 6G)
0 Designed for low noise routing
0 Minimum climb gradient of 4% (2.3°) until 4000’
e Birmingham (RWYS 33 and 15, CPT 3D and 1E and COWLEY 2D and 1E)
0 Designed for low noise routing
0 Minimum climb gradient of 4.8% (2.75°) up to FL50
0 Minimum climb gradient of 5% (2.86°) from there up to FL.60
* Liverpool (RWYS 27 and 09, POL 4T and 5V)
0 Designed for low noise routing
0 Minimum climb gradient of 6.1% (3.5°) up to 4000’
e Madrid Barajas (RWY 15, PINAR1B)
0 Minimum climb gradient of 7% (4.0°) up to 14500’
e Madrid Barajas (RWY 36LNVS3E)
0 Minimum climb gradient of 7.5% (4.3°) up to 4500’

0 Only authorized aircraft

Based on this, an average climb angle of 4° for the first 1000m altitude and a minimum climb
angle of 4° after this will meet operational requirements at the majority of airports. To meet

remaining requirements a 6° climb angle should be supported in ‘non-silent’ mode.
g 1req g pp
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Passenger Comfort

Whilst a maximum pitch up angle during take-off tends not to be imposed by airframe
manufacturers, a 20° pitch up angle is often imposed by operators for passenger comfort. This

will be imposed in this thesis.

REQUIRED CLIMB ANGLES FOR ENGINE-OUT CONDITION

Taking the angle of thrust as equal to the angle of flight, the required minimum angle of climb

prior to an engine out can be calculated as follows assuming thrust can be increased 11% using

ATTCS:

6, =max| sin’ Moy 10 _1 ST L - N
neng -1 % after % before 1'11neng - %3 after %3 before

where n,,,, is the number of engines and 0 is the mandated minimum climb angle after engine out.
The first of these two equations ensures that even if thrust is not increased the aircraft can

maintain level flight. If there is no credit for ATTCS, then the equation becomes.

n k-
8., =sin"| —2 L ssing |1
neng _1 %3 after %

before

AVAILABLE RUNWAY LENGTH FOR TAKE-OFF

The critical condition on take off is the greater of the accelerate stop distance and the take-off
distance. To enable calculation of required thrust and engine size, these requirements can be
translated into required distances to reach specified speeds for a given runway length. Figure Al

shows a simplified view of the forces on the aircraft while on the runway:
© L=210A,,C V.7 is the lift

* D=3pA C,V.? is the acrodynamic drag
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*  nu(mg-L) is the force through the tyres with 7 the efficiency of the anti-lock braking
system (max of 0.8 when wet under braking, 1 otherwise) and p the braking coefficient (it

is assumed that braking occurs on all wheels)
* Ty is the thrust produced by the aircraft engines

* mgis the aircraft weight

v

L
f
b e T,
) \_/

g ) l
mg

Figure Al: Forces on aircraft when on runway

Resolving horizontally;

dv.

TN _%IO'ANingCDVoo2 _”ﬂ(m _%pA/vingCLVooz) = md_tw
Integrating between two velocities;
V.=V, V.=V, V.=V,
s= [ V= | Vo gy = [ 2 mv v,
V2V, V2V, dv, /dt Vo 2V, (TN _%IOANingCDVoo _/7/1(”@ _%pANingCLVoo ))

Accelerate stop distance

The accelerate stop distance can be split into four phases:
* s, = distance to accelerate to V.
* 5, = distance to accelerate from V; to V, after engine failure at V.
* s = 2 seconds whilst travelling at V.

* s, = distance to brake to a halt from V.
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The acceleration distances s, and s, are determined by normal operating conditions as reaction to
engine out does not occur until V1 is reached. Therefore the available runway length will

determine what s +s, can be.

With maximum stopping distance on a wet runway, and with maximum braking coefficients
specified by the JAA and FAA for wet conditions as a function of V,, estimates of maximum

required stopping distance can be specified.

V, =0

1 V.
S = — 3 2 dv.,,
N9, GV +(c, +¢,)V.2 +cy, +c,
C
c, :m, ¢, toc, speciefied in JAR 25.1I
2mgn

It is assumed here that the aircraft is providing no lift (or down force) and no thrust (forwards or

reverse) during braking:
Take-off distance

The take-off distance can be split into four phases:
* s = distance to accelerate to V.
* 5, = distance to accelerate from V; to V, possibly after engine failure at V.
e s = distance to accelerate from V, to Vi

* 5, = distance to rotate and climb to 35 feet whilst accelerating to V, (15 feet in wet

conditions)

The critical take-off distance is the maximum of:
(@) 115% of s, +s,+s.+s, with no engine failure in dry conditions
(b) s, *+s,+s.+s, with engine failure in dry conditions

(c) s, s, ts.+s, with engine failure in wet conditions

Which of these distances is determined by a range of factors including the number of engines. For
the level of design detail of the silent aircraft, (b) and (c) will be the same therefore two conditions

need to be looked at when evaluating the required runway length for take-off.
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Appendix B: Comparison of different jet noise models

With the engines designed from the ground up to deliver the required jet noise level, the selection
of jet noise model is critical. In this appendix two comparisons are made using different noise
models. Firstly, for a pre-determined flight path created with the nozzle area varying as discussed
in chapter four, noise on the ground is compared. Secondly, for a fixed nozzle area, take-off is

optimised using different noise models with the goal of meeting the same jet noise target.

COMPARING PREDICTED NOISE AT SPECIFIED FLIGHT POINTS

To produce the low jet noise required during take-off whilst maintaining thrust requires low jet
velocity and low specific thrust. Specific points where comparisons can be made are at the start of
roll, sideline and flyover conditions. Start of roll removes any flight effects corrections in the
models, sideline is at maximum absolute jet velocity and flyover has high V. /V,,. The values of
thrust, flight velocity etc used for these points are based on the use of the Stone model with
modified flight effects from Low using an eatly airframe design under a jet noise limit of 54dBA

outside the airport boundary.
Table B1 lists all of the relevant data for these three points.

For the start of roll and sideline conditions, jet noise is predicted along the airport boundary
parallel and 450m away from the runway centreline. For the flyover condition, jet noise is
predicted directly below the aircraft. Angle of attack and climb angle are considered when linking
polar angles to location on the ground and atmospheric and lateral attenuation are taken into
account using ESDU models (ESDU 1977, 1982). A 3dB correction is made for ground reflection
and, as the airframe configuration has three engines, a 10log,,(3) correction is made to the single
engine predictions. Figure B1 presents the result of this work with noise on the ground outside
the airport in dBA predicted using the three different noise models. The modified flight correction
exponent proposed by Low has been used to modify the SAE and Stone models and the
predictions from this are shown alongside the unmodified predictions. Figure B2 shows the
predicted frequency distribution of the noise for the different models at a point perpendicular to

the aircraft.
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COMPARING TAKE-OFF PROFILE FOR GIVEN JET NOISE LIMIT

In determining which model to use as a basis for silent aircraft noise predictions it is worth
looking at how the noise model selected impacts the take-off profile and required jet area for a
specific noise level during take-off. With the ESDU model requiring a large degree of
extrapolation and the unmodified SAE ARP model predicting much higher noise during flight
than all the other models only the following three models have been used:

*  Original Stone model
* Stone model with modified flight correction

* SAE ARP876 model with modified flight correction

Figure B3 shows the result of this work for the three models under test. Whilst for the data in
table B1 the nozzle is changed to keep on a specified fan operating line, here the nozzle area is
fixed for the noise critical portion of the take-off. This is to ensure fan operation and choking

does not complicated any comparisons.

To meet the noise level and successfully take-off when using the unmodified Stone jet noise
model required a nozzle area per engine of 4.67m’. With the required thrust levels the same for all
three models at the flyover position (same velocity, no acceleration and same angle of climb) the
models that predict lower acoustic power at flyover do not require the aircraft to be as high above
the ground. Therefore the equivalent nozzle area when using the modified Stone model is 8 % less
at 4.29m’ and when using the modified SAE model it is 24% less at 3.54m". To be at a higher
altitude at the flyover position requires the aircraft to accelerate quicker and take-off earlier and
this can be seen in the top two sub plots of figure B3. The lower two subplots show how the two

parameters most critical in the prediction of jet noise, Vi/a, and V,/V,, vary during take-off.
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Start of roll Sideline Flyover
Height Om 44m 206m
Sideline Distance 450m 450m Om
Pi;rrfqr:tfetts Flight Velocity Om/s 82m/s 82m/s
Angle of climb 0° 7.0° 2.4°
Angle of attack 4.5° 15.0° 15.5°
Net Thrust per engine 96.7kN 95.8kN 55.6kN
Jet Velocity 132.4m/s 196.1m/s 155.3m/s
Nozzle area 5.06m” 3.97m’ 4.52m’
Pa]f;nglazts Fan Pressure Ratio 1.178 1.280 1.183
Jet temperature 307.5K 309.3K 306.9K
Jet stagnation temperature 316.3K 328.4K 318.9K
Jet density 1.148 kgm” 1.135 kgm” 1.122 kgm”
Atmospheric conditions ISA + 12K sea level
Free Stream Temperature 300.15K 299.9K 298.8K
Parameters Stagnation Temperature 300.15K 303.2K 302.2K
Density 1.176 kgm” 1.171 kgm” 1.153 kgm”

Table B1: Parameters used for jet noise comparison
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Figure B2: Comparison of predicted jet noise outside the airport boundary in SPL perpendicular

to the aircraft at start of roll, sideline and approach positions. (Atmospheric attenuation not

included and no correction for number of engines)
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Figure B3: Variation in take-off profile for 3-engine aircraft whilst not exceeding 54dBA jet

noise outside airport boundary using three different jet noise models.



149

Appendix C: Modelling of non-ideal ejection to predict jet noise reduction

To maximise noise reduction through ejection the primary jet from the engine should be
completely mixed with the entrained airflow giving a uniform exit jet velocity. Limitations on
¢jection length and weight mean that this ideal is not met in reality and any model used at
predicting possible noise reductions must account for this. Unforced mixing between a primary
and secondary stream results in a bell shaped velocity profile (Weinstein ef a/ 1956, Mikhail 1960,
Hill 1965, Fancher 1972) whilst for forced mixing using lobes, more complicated velocity profiles
are found (Hu ez /. 2002, Zaman et /. 2003). With the aim of the model to predict noise reduction
the output parameters need to be compatible with a semi-empirical jet noise model such as those
by Stone (Stone and Montegani 1980, Stone ez /. 1981). This requires the exit flow to consist of

two coaxial streams each of constant velocity.
INCOMPRESSIBLE MODELLING

With the use of ejection only occurring at low flight speeds, incompressible modelling can be used
to give an indication of ejector effectiveness. This approach is similar to that of Presz but with
extensions to include flight effects and non-ideal mixing (Presz ez 2/ 2002). In addition, rather than
quantify performance based on the primary jet velocity, performance is based on engine exit total

pressure.

—
C l:l E
|: V : Vl‘)
. > 18 ! >
( lIl E
—_— Vas —5_’ Vo
E————

Figure C1: Control volume analysis of ejector with non-ideal mixing

The following assumptions are made in this analysis:
* All velocities are constant across their respective areas
* The ejector is of constant area
* Density is constant

* The static pressure across the inlet is constant
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* The ejector exhausts at ambient pressure

* The secondary flow into the ejector is from ambient and Bernoulli’s equation holds for

this flow.

*  Skin friction can be ignored.

Let us define the following parameters;

A

* Ejector exit to engine exit area ratio; @ =——
8

+10Vv2
* Engine exit to free stream total pressure; A = pm—fpvlzs
P, +3 AV,
* Density to free stream static pressure ratio; C = £
P

For the ideal case where V,=V,,;=V,, applying conservation of mass and momentum in the

control volume leads to the following quadratic in V, squared;
Vi [Cta?(a®-8a+8)|+[ 2(a-)(2r- J+CVi(a*+ Da- A= &+ §
[ 2ca(2(a-9( 2" - @+ §+cvi(ga- Jra(a+ 2a- 8- 8+ 1j)|=
From which the ideal exit velocity can be calculated. For the non ideal case let us conserve

momentum overall whilst modelling the flow of momentum between the two streams:
MVso+ ProAro= MY 15+ P o 15 Meror [ATV | o,
MooV + PagPoo= MY 56+ P o o6 Mesr [OTV]
where;  [AMV] _ =(As+ Ag)V. X
X?| a2 (3-2a)’ |+ x[zav;(a— )3 z+ov(z®- w+ $-cv( 2~ @+ )ﬂ

+[(v§ V) (a-1)° (2a— 3+ove(cvi(a- 2 -(a-9(2rovg(a- 3))” =0

and;
In this equation V, is the ideal exit velocity calculated above.

This leads to the following set of simultaneous equations which can be solved to give exit
velocities as a function on input parameters only.

P, + 3OV, = Py +3 Vg

PAN1s~ PAY 1= Pofis™ PuA s P.AGX

PPNz~ PAN 3= P o 25~ PuA 25t P ARX

AgVig = A1

AvVos = Ao 2

A = Agt Ap = At Ay
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Substituting in o, A and C leads to the following cubic equation for the static pressute ratio pag/p.:

p28 ’ p28 i p28 —
8 =0 where;
C{p«,] +C(pw] +C(DJ -
G =a*(a-1)
czzaz(ZA—5+a(5—a—2/3+/7X(a—2))—CVj(a—])(ll-A))
= 4(1- 2a)( - +at(nx - Y(nx -3+ 2*( = B+ B2+ BX(A- ))- @%( 58+nx( 2- B
+CV2((a ~1)(4(a- (8- +a?(D-9)-nxa?( 3 a+ Ba+at- a)+cVi(a- Na+o- N 2o+an))
. =4(nXa - 2a+])( - +at (pX =)+ 2° (X = Y(nx (b= )+ P+ &°( 2 R+D7-pX(A- o- P
+oV2| 2(a (2- - 2+ 28 +a*)-nxa((a- ¥(a- 1+o( 8 8(a- Y+ &#(a- )

+(/7x) a (a+A— }-CV(a- Ya+a- Yo~ ran+nxa(a- )]

And with p,g known the inlet and exit velocities can easily be obtained;

2) —2Ps
V18=\/A(2+CV°°) 20

C

2+CV}7-28
VZS = C -
VE[CaVie] Vi @ (1-52) + C(VE(1-a) -V {1+ a)) [+V o -+ C(Virvifa - 9) | =

a-1
Vo =V, ,————
* 28a_V18/V19

COMPRESSIBLE MODELLING

To further investigate the possible benefit of ejection and investigate the validity of applying
incompressible equations to flows with jet velocities above Mach 0.5 compressibility effects are
now considered. The approach taken, as with the incompressible case, is to use a mixing efficiency
parameter to determine the proportion of specific enthalpy and momentum transferred between

the two flows with no mass being transferred.

For mass;
My =rmy,
* M,y =My

For specific enthalpy;

* hy= (1_’7ejector ) h018+,7ejectorh019deal
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* hye= (1_,7ejector ) No28+ Mejecior Nozageal

where hOlgjdeal = h029i,deal = (mléb oigt M 2@ 02);/ (m Fm 99

For momentum;

* MgVt P AG=MY gt p,A 18 Mgector [AmV]ideal

o MyVoat P AR =MLY 6t PLA 28" Mejector [Amv]idea|

[Amv]idea] =My (V19 _V19i,deal ) + AP Alﬁ)deal P
=My, (V29ideal _Vzg) AP 25T A sggea P

The equations need to be solved through iterating ps, first for the ideal case and then for the non-

where

ideal case.
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Appendix D: Impact of core engine parameters on exhaust

Core parameter values at the design point are generally selected for component life and fuel burn
but, for the silent aircraft, off-design performance during take-off is of especially high importance.
To achieve low jet noise requires a low jet pressure ratio which whilst dominated by the fan
pressure ratio in a UHBR engine is also impacted by the core. If the LPT exit stagnation pressure
is less than that of the bypass then the mixed out stagnation pressure will be reduced and vice
versa. In addition, the mixing of high temperature core fluid with that from the bypass stream
increases the jet stagnation temperature. This reduces the density providing an increase in both
thrust and jet noise. This appendix looks at how selection of design point values impact off design

performance and makes recommendations on the selection of key parameter values.

The work presented here was based on an intermediate iteration of the concept silent aircraft that

had three boundary layer ingesting engines.

Impact of core /bypass mixing on fan design

It is desirable to minimise the change in FPR and nozzle area between top of climb and take-off
to minimise the variation of incidence onto the fan OGVs, avoid diffusion in the exhaust duct and
simplify nozzle design. Equations 4.1 to 4.3 and 4.5 can be used to look at how values of AT and
PR

out

at the two conditions impact the required fan pressure ratio, fan face Mach number and
nozzle area change required to meet a specified flyover noise value for a given top of climb FPR.
Table D1 lists the parameters used for these two locations. Inlet pressure recovery is in the range
expected for a boundary layer ingesting design. Exit pressure recovery and stagnation temperature
rise have been selected iteratively and match the recommended values from discussions in the
following section. The jet noise modelling and atmospheric corrections used in chapter three were

also used here but for the aircraft at a fixed location in space rather than for the entire take-off

run.
Top of Climb Flyover
Key parameter FPR=1.5 Peak Jet Noise = 54dBA
M 0.66 varies
PR 0.96 0.98
PRyt 0.966 0.959
AT, 36.3K 173K
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Atmospheric Conditions ISA+10K ISA+12K
Altitude 12192m 205m
Net Thrust per engine 25.71kN 55.44kN
M, 0.8 0.237
Fan polytropic efficiency 92% 92%

Table D1: Primary parameters used for top of climb and flyover conditions with ToC FPR=1.5

igure resents the variation in flyover and nozzle area increase for changes in exi
Figure D1 ts th ti fly FPR, Mg and 1 for chang t
pressure recovery and figure D2 presents the same data for changes in flow stagnation
temperature increase due to mixing. Points marked on these figures are discussed in the next

section.

With jet noise being dominated by jet velocity, flyover jet velocity in the entire range of the two
plots varies between only 159.0m/s and 158.6m/s with an average of 158.8m/s. (Nozzle area at
flyover varies between 4.0m” and 4.2m’) With jet velocity and therefore stagnation pressure
barely changing, increases in PR, at flyover reduce the required FPR. Increases in flyover jet
stagnation temperature (figure D2) also reduce the required FPR. This is because as the
temperature is increased the density is reduced and FPR must be lowered to maintain the same jet
velocity. Flyover FPR is independent of changes in top of climb pressure recovery and
temperature change as the change in nozzle and fan areas have no impact on the nozzle area

required at flyover.

Flyover fan face Mach number has opposite sensitivity to flyover FPR; it is sensitive to changes in
top of climb values but relatively insensitive to changes in flyover values. Considering changes in
flyover values first, changes in pressure recovery (figure D1) are offset by changes in FPR. This
results in a slight reduction in jet stagnation temperature and increase in density leading to a very
small increase in mass flow rate and fan face Mach number to meet the same thrust requirement.
Changes in flyover jet stagnation temperature (figure D2) have an opposite effect as reduction in
density reduces the required mass flow rate through the fan for the same thrust. The effect is
much more pronounced when changing design point conditions. This is because increases in
PR 1 and jet stagnation temperature at top of climb reduce the required fan face area resulting in

higher fan face Mach number for the same mass flow off-design.
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The percentage change in nozzle area from top of climb to flyover is sensitive to changes in
pressure recovery and stagnation temperature rise at both conditions. For changes in pressure
recovery (figure D1), increasing PR, ;- at top of climb reduces the top of climb nozzle area but
does not impact flyover nozzle area. Increasing PR, at flyover has no impact in top of climb
nozzle area but does lead to a slight reduction in flyover nozzle area. This is because the fan has to
do less work resulting in a lower jet stagnation temperature so the same thrust and noise can be
achieved with a small reduction in jet area. The overall result of this is as pressure recovery is
increased at top of climb and reduced at flyover the required change in nozzle area between these

two conditions increases.

For changes in stagnation temperature (figure D2), increasing AT, at top of climb reduces the
required nozzle area at this condition but has no impact on flyover. Likewise increasing AT at
flyover has no impact on top of climb but does impact flyover. The reduction in jet density
requires an increased jet area to meet the thrust requirement with the same noise level. Overall this
results in increases in stagnation temperature at both top of climb and flyover leading to larger

nozzle variation between the two conditions.

As stated at the beginning of this section it is desirable to minimise changes in FPR and nozzle
area between top of climb and flyover for the silent aircraft. It is also desirable to minimise fan
face Mach number at flyover relative to the top of climb value to avoid operating with highly
ingested shocks in the fan. Reducing exit pressure recovery through core mixing at both top of
climb and flyover will therefore assist fan operation although this cannot be at the expense of
reductions to cruise efficiency. The same is true of stagnation temperature rises; reductions at both
top of climb and flyover will assist in fan design. As the achievable values of PR and AT are

linked to the design and off-design performance of the core, this must now be looked at in more

detail.
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Figure D1: Variation of FPR (dotted red), My, (dashed blue) and percentage nozzle opening
(solid black) at flyover with exit pressure recovery variation for three engine 1.5 ToC FPR BLI
aircraft. Circle = optimum SFC point, star = compromise point.
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Figure D2: Variation of FPR (dotted red), My, (dashed blue) and percentage nozzle opening
(solid black) at flyover with exhaust stagnation pressure increase from mixing for three engine
1.5 ToC FPR BLI aircraft. Circle = optimum SFC point, star = compromise point.
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Varying design bypass ratio and mixer Mach number

To assist in fan design for low jet noise it is desirable to minimise PR and AT at both top of
climb and flyover conditions without adversely impacting cruise fuel burn. GasTurb (Kurzke
2004) was used to perform a range of parametric analysis starting from a default engine design and

looking at how modifications to various parameters impact these values.
The approach taken was as follows':

1. Use top of climb values as the design point to preliminarily size the engine with

parameters taken from table D1.

2. Using a scaled fan characteristic and default GasTurb characteristics for other

components to create two off-design mission points for cruise and flyover conditions.

a. TFor cruise, thrust requirement was set to 20kN under ISA conditions and nozzle

area was varied to give a FPR of 1.4.

b. For flyover, as GasTurb cannot predict jet noise, the nozzle area was varied to
give a flyover jet velocity of 158.8m/s and parameters from table D1 used. (The

variation in jet velocity in figures D1 and D2 is only 0.4m/s around this value.)

3. A design point parametric study was carried out varying a range of parameters and

resulting off-design values found including SFC, PR, (from just mixing) and AT,

The design values that have the largest influence on the core’s impact on the fan and jet are the
mixer design values. Two parameters are required to specify the mixer design in GasTurb; firstly
the design bypass ratio or the bypass to core stagnation pressure ratio and secondly the mixer
Mach number or the mixer area. With forced mixing and a long exhaust the mixing efficiency is

set to 100%.

In the creation of the following plots the design bypass ratio was varied from 12.25 to 14.0 in 0.25

steps and the mixer Mach number was varied from 0.33 to 0.57 in 0.03 steps.

* For low pressure ratio fans, lines of constant thrust can become very flat and, depending on how fan and other component
efficiency varies even rise with increasing Mach number in places. This makes off-design iteration to meet certain criteria
complicated and it was found that GasTurb often struggled to find a solution even when one exits. The most successful method
for finding off-design flyover positions (defined by a thrust requirement and jet velocity) was to (i) set a Limiter to be the negative
jet velocity within ‘composed values’ and (ii) set an off design iteration to vary nozzle area to meet the thrust requirement. This
was considerably more successful than trying to iterate to meet a jet velocity whilst using thrust as a limiter.
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Figute D3 shows contours of cruise SFC (g/(kN*s)) for variation in top of climb (design point)
mixer pressure ratio and Mach number. Minimum cruise SFC occurs for a design bypass ratio of
about 13.2 and the lower the mixer Mach number the lower the SFC. This bypass ratio equates to
a bypass to core stagnation pressure ratio of about 1.01. Figure D4 shows how fan diameter varies
for the same parameters. To avoid the mixer taking up more cross sectional area than the fan, it
makes sense to limit the mixer area to Ttrﬁp2 where 1, is the fan tip radius. On the figures this
corresponds to not going below a mixer Mach number of about 0.42. It should be noted that the
SFC stated here is for the bare engine and does not take into account increases in nacelle drag as

fan diameter increases.

Figures D5 and D6 show the variation in PR at top of climb and flyover respectively for
different design point values of BPR and mixer Mach number. As would be expected the higher
the bypass to core design point pressure ratio the lower PR, is. Also increasing the design point
mixer Mach number reduces PR especially at flyover. As a large nozzle exit area is required
during take-off (between 4m”® and 4.2m” is required at flyover and possibly greater at other stages)
the mixer area cannot be reduced too far or a large amount of diffusion would be required in the

exit duct.

Figures D7 and D8 show the variation in AT at top of climb and flyover respectively for different
design point values of BPR and mixer Mach number. At top of climb AT is independent of the
mixer Mach number and only a function of bypass ratio with higher bypass ratios leading to lower
jet temperatures. At flyover a minimum in jet temperature seems to occur between a BPR of 13.75

and 14 with higher mixer Mach numbers leading to lower temperatures.

Based on the above analysis, to assist fan operation during take-off both design point BPR and
design point mixer Mach number want to be set as high as possible. The limiting factor on setting
BPR is cruise SFC and the limiting factors on setting mixer Mach number are cruise SFC and exit

duct diffusion during take-off.

For the design analysed here with a top of climb FPR of 1.5 compromise values of design point
BPR and mixer Mach number are 13.5 and 0.45 respectively. This equates to a stagnation pressure
ratio between bypass and core of 1.08 at the design point and a mixer area of 3.7m’. This point is
marked with a white star on the figures D3 through D8. The point with minimum cruise SFC
(without mixer diameter exceeding fan diameter) is also marked on these figures with a white
circle. The resulting values of PR, and AT, for both minimum SFC and compromise points at

top of climb and flyover are marked on figures D1 and D2 (with an additional 0.02 reduction in
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PR included to account for duct losses). This design point sacrifices less than 0.05 (0.3%) of

SFC at cruise in order to assist fan operation during take-off.
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Figure D3: Contours of SFC at cruise with mixer design parameters (ToC FPR = 1.5). Circle =
optimum SFC point, star = compromise point.
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Figure D4: Contours of fan diameter with mixer design parameters. Circle = optimum SFC
point, star = compromise point.
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Figure D5: Contours of PR at top of climb with mixer design parameters. Circle = optimum
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Figure D7: Variation in AT, at top of climb with mixer design parameters. Circle = optimum
SFC point, star = compromise point.
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163

Varying compressor exit and turbine entty temperatures

The impact on PRy, and AT, of changing design point compressor exit and turbine inlet
temperatures was briefly investigated. As combustor inlet and exit temperatures are increased
thermal efficiency increases and SFC reduces. It was found that to reduce pressure recovery
requires a move to lower temperature limits whilst to reduce the temperature rise requires a rise of
temperature limits. This is because as the temperature limit is increased the bypass ratio increases

and less core gas is mixed with the bypass flow.

If 0.05 of SFC could be sacrificed to reduce pressure recovery to assist off-design fan operation
(as was done above) this was found to be equivalent to a reduction in turbine entry temperature
from 1740K to 1710K or a reduction in compressor exit temperatue from 900K to 887K.
Reducing turbine entry temperature has the most benefit but still only reduces PR, through
mixing by less than 0.0003 at top of climb and by less than 0.0009 at flyover. This is 26 times less
effective at top of climb and 9 times less effective at flyover than the changes made to mixing

parameters above for the same SFC penalty.

Therefore temperature limits into and out of the combustion chamber should be set as high as
possible to improve SFC. Any changes in exit pressure recovery or stagnation temperature
required to assist off-design fan operation can be achieved with less SFC penalty through changes

in mixer design parameters.

Sensitivity of results to top of climb FPR : Selection of mixer design conditions

To investigate the impact top of climb PR has on these results the study was repeated but this
time with ToC FPR of 1.45 rather than 1.5. To account for this the cruise point was modified to
have a FPR of 1.36 rather than 1.40 but with thrust remaining at 20kIN per engine. Flyover jet

noise / velocity and thrust were unchanged.

Minimum cruise SFC was found to occur for a design bypass ratio of about 14.65 and the lower
the mixer Mach number the lower the SFC. This bypass ratio equates to a bypass to core
stagnation pressure ratio of about 1.0, very similar to the case with FPR=1.5. To avoid the mixer
taking up more cross sectional area than the fan, it again makes sense to limit the mixer area to
Ty

about 0.42, again similar to that found with the higher FPR.

* where t;, is the fan tip radius. This cotresponds to not going below a mixer Mach number of
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The summary of this work was that optimum pressure ratio and Mach number for cruise SFC are
relatively unaffected by the reduction in top of climb FPR. As would be expected the optimum
SFC is reduced by lowering the FPR but this may be offset by increases in nacelle drag and engine

weight.

With the FPR=1.5 design, whilst limiting the mixer area to less than or equal nrﬂpz where 1, is the
fan tip radius, less than a 0.05 increase in cruise SFC was sacrificed in positioning the design point
to assist fan operation during take-off. If the same approach is adopted here then compromise
values of design point BPR and mixer Mach number are 14.95 and 0.45 respectively. This equates
to a stagnation pressure ratio between bypass and core of 1.07 at the design point and a mixer area

of 4.1m>.

The resulting compromise flyover fan parameters are a FPR of 1.16 and a fan face Mach number
of 0.52 requiring a nozzle opening of 50% leading to the pressure ratio and temperature
corrections in table D2. Achieving these values will be considerably easier than those obtained

with a 1.5 ToC FPR.

Top of Climb Flyover
PR s 0.968 0.967
AT, 329K 17.5K

Table D2: Parameters for top of climb and flyover conditions with ToC FPR=1.45

Sensitivity of results to top of climb FPR : Impact on PR_ and AT,

Whilst the previous section looked at how reducing the design point FPR by 0.05 impacted the

selection of mixer design conditions, a better idea of how PR, and AT, vary as FPR is modified is

out
required in order to create the plots in chapter four. A parametric study was performed in
GasTurb to analyse this with the outer fan pressure ratio varied from 1.8 down to 1.175. Core exit
(LPT inlet) conditions were kept constant as was fan capacity, net thrust and the mixer core to

bypass stagnation pressure ratio.

With these constraints increases in FPR should lead to increases in AT, primarily due to the
reduction in bypass mass flow. This was seen in the study with AT, varying almost exactly
proportional to the FPR minus one as illustrated in figure D9. A similar trend would be expected

with the change in exit pressure recovery due to mixing being more significant at higher FPR
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again due to reduced bypass mass flow. Whilst such a trend was seen there was no simple

relationship to FPR.

R 1 | 1
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o ZP3q25 iterated for T3=900

T4_D iterated for T41=1740

i BPR_des iterated for P16q6=1
W2R_std iterated for FN=29.47
XM_i_LC iterated for Qff=1.15
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Figure D9: Variation in design point mixer temperature rise when changing fan outer pressure

ratio
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Appendix E: Change in L/D following engine out

When the critical engine fails not only does the available thrust reduce but the overall drag also
increases. In this appendix approximations of this drag increase are used to calculate the change in
L/D following engine out dutring take-off for use in equaton 3.2. With lift remaining

approximately constant during engine out (L=mg);

i = _1 +—DWm + Dmm EA
% after % before L

where D, is the additional drag from the now windmilling engine and D, the additional control
surface drag required to correct the resulting yaw. The control surface drag is a function of the
remaining thrust which, for a small angle of attack can be estimated as;

T,=D+D,, +D

trim

+mgsing’ E.2

where 0* is the climb angle after engine out and D is the drag before engine out. Figure E1 shows
simplified force vectors for the two airframe configurations considered in this thesis; a

conventional tube and wing and an all-lifting body.

Y
A
Y

DTRIM

Figure E1: Engine out thrust and drag vectors in aircraft plane for two-engine conventional and
three-engine all-lifting body configurations

(L1 is the distance to the outboard (critical) engine and L3 is the average distance from the centre of gravity to the

exhaust of the remaining engines.)
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Conventional

For a conventional tube and wing as a first level approximation the tail only is used to counteract
any yawing moment. Using the approach of Kroo and Shevell (2006) where the correction in trim

drag is the induced drag from the tail force;

D,,, =0.0044p, A, = 0.004p_A, E3

e [E[Eena)

D. = = EA4
1o V2hie 1.V he

The equation for windmill drag is empirical and suitable for high bypass ratio engines whilst in the
equation for trim drag, h is the height of the rudder and e is a correction of the order 0.8 for non-

elliptical loading (Oswold Factor). With Ty a function of D, this results in a quadratic equation

trim

which can be solved to give trim drag;

Dy = (X —2Y + X (X - 4V))

whereX :%(neng - )2 pmvjhzne(t—j)z Y=D+n

eng Dwm

E.5
+mg sig

Using these equations the change in L./D with engine out is now only a function of pre-engine out

conditions, engine out climb angle 0%, fan face area and airframe geometry.

3 engine all-lifting body

For a three-engine all-lifting body there is no tail and therefore the yaw correction must be
achieved through alternative means. Two solutions are considered here; a split aileron (drag
creation device) on the outer wing and through the use of thrust vectoring. Whilst the windmill
drag is unchanged the trim drag is modified to account for both a different number of engines and

the alternative yaw correction approach.

If a split aileron is used;

o L[ T .p :D+nngwm+mgsin6?* b
trim L2 n -1 WM (neng_l)l_fi_l

eng
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If thrust vectoring is used, splitting the thrust into components in line with and perpendicular to

the aircraft and taking moments about the centre of gravity;

n_ -1

eng

T, sin5=%£m+ Dwm] E.7

This can be solved to find the thrust vector angle 8 where Ty in equation E.2 is now Tycos 8;

tan5~i  , Do — E.8
Ly( Ny =1 D+D,, +mgsind

in which the right hand side is dominated by the first term. Finally, in order to calculate the change
in L/D caused by engine out, the loss in axial thrust through the use of thrust vectoring can be

thought of as a trim drag;

Dyim = Ty (1~ c0sd) = (D +D,, +mg sin9*)( + cod) E.9
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Tables and Figures
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Time
LAeq base LAmax
Specific environment Critical health effect(s) [dB(A)] | [hours] [dB(A)]
Outdoor living area Serious annoyance, daytime and 55 16 -
evening
Moderate annoyance, daytime and | 50 16 -
evening
Dwelling, indoors Speech intelligibility & moderate | 35 16
annoyance, daytime & evening
Inside bedrooms Sleep disturbance, night-time 30 8 45
Outside bedrooms Sleep disturbance, window open | 45 8 60
(outdoor values)
School class rooms & pre-schools, | Speech intelligibility, disturbance | 35 during -
indoots of information extraction, class
message communication
Pre-school bedrooms, indoor Sleep disturbance 30 sleeping- | 45
time
School, playground outdoor Annoyance (external source) 55 during -
play
Hospital, ward rooms, indoors Sleep disturbance, night-time 30 8 40
Sleep disturbance, daytime and 30 16 -
evenings
Hospitals, treatment rooms, Interference with rest and #1
indoors recovery
Industrial, commercial shopping Hearing impairment 70 24 110
and traffic areas, indoors and
outdoors
Ceremonies, festivals and Hearing impairment (patrons:<5 100 4 110
entertainment events times/ year)
Public addresses, indoots and Hearing impairment 85 1 110
outdoors
Music and other sounds through Hearing impairment (free-field 85 #4 1 110
headphones/ earphones value)
Impulse sounds from toys, Hearing impairment (adults) - - 140 #2
fireworks and fircarms Hearing impairment (children) - - 120 #2
Outdoors in parkland and Disruption of tranquillity #3

conservations areas

#1: As low as possible.

#2: Peak sound pressure measured 100 mm from the ear.
#3: Existing quiet outdoor areas should be preserved and the ratio of intruding noise to natural
background sound should be kept low.

#4: Under headphones, adapted to free-field values.

Table 1-1: Guideline values for community noise in specific environments (Berglund ez /. 1999)
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Noise Level Lien Ly Livening Lo
(dB(A))

<55 67% 73% 77% 84%
>55 33% 27% 23% 16%
>60 22% 20% 16% 6%
>65 14% 12% 6% 0%
>70 4% 3% 1% 0%
>75 0% 0% 0% 0%

Table 1-2: Proportion of population exposed to various noise levels in Greater London Area
(Government 2004)

no action

source noise
reduction

-

Noise Exposure

operational &
land use

"
-
- mmymem =™

I I I I I
2000 2005 2010 2015 2020

Figure 1-1: Illustration of aircraft noise trends (Green ef al. 2001)
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Figure 1-2: Reduction in thrust corrected aircraft noise level over time for new aircraft entering

into service (adapted from Birch 2002)



175

atmosphere

nozzle | potential core mixing layer
alcore

——

(a) single circular jet model

secondary/ambient shear layer —

interaction region

initial region mixed flow region

(b) coaxial jet model

Figure 2-1: Schematic of jet mixing



176

. l r T 1 T T T T T I T
180 —
170{—
60—
150(—
_['&
wol, &
W 2 |
q‘ {
eel, & |
._~|"1' 1401— Legend |
—_— {
{
mg Engines |
= Y A Viper 520 e Viper 20 |
o
T ¥ Olympus 22R  +  Avon
E 130~ ®  QOlympus 104 © Palos
3
Air_jets
120}~ ¢ (250 K © 0785 in? conical
4 1050 K & 24 in® conical
& 805 K o 45 in? conical
¢ 40 K o 10 in? conical
-+ 300 K - 10 in? con-div.
110}— <& 503 in® conical
£ Plug nozzle control cone
O 55 in? Combustion
lo] er
O 20 in? [fred
O s5 in? | Combustion
. » { chamber
100 0 20 in removed
d 45 in? conical
< 63 in® conical
L ! ] ] ! 1 I ! | ]
300 400 500 600 700 800 900 1000 1200 1500
Standard day jet vekcity (ft/sec = 30-48 cm/s)
I | 1 ] 1 | 1 | ! 1
=07 -0:6 -05 -0-4 -0-3 -0-2 -0l o 0l Q-2 03 04 05

lag,, (V¥ /ao)

Figure 2-2: Jet noise versus jet velocity (Bushell 1971)
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Figure 2-3: Engine tone noise sources (adapted from Rolls Royce with permission)
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Figure 2-4: Engine broadband noise sources (adapted from Rolls Royce with permission)
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Figure 2-5: Fan operating characteristic and measured leading edge shock structure at design
point (PE = peak efficiency, CH= choke, MR = mid range, NS = near stall). (From Cumpsty
1989.)
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Rank |Airport Total Passengers Runway length (ft) | Elevation (ft)| Noise Limitations
1 ATLANTA (ATL) 79 086 792 11889 1026 (a)
2 CHICAGO (ORD) 69 508 672 13000 667 (a)
3 LONDON (LHR) 63 487 136 12802 80 (a) (b) (c) (d) (e)
4 TOKYO (HND) 62 876 269 10335 15 (a) (d)
5 LOS ANGELES (LAX) 54 982 838 12090 126 (a)
6 DALLAS/FT WORTH AIRPORT (DFW) 53 253 607 13400 603 (a)
7 FRANKFURT/MAIN (FRA) 48 351 664 13123 365 (a) (b) (c) (d)
8 PARIS (CDG) 48 220 436 11860 387 (a) (b) (d) (e)
9 AMSTERDAM (AMS) 39 960 400 11330 -11 (@) (b) (c) (d) (e)
10 DENVER (DEN) 37 505 138 12000 5431 (a) (b)*
11 PHOENIX (PHX) 37 412 165 11001 1132 (a)
12 LAS VEGAS (LAS) 36 285 932 12635 2174 (a) (b)*
13 MADRID (MAD) 35 854 293 13450 1999 (a) (b)
14 HOUSTON (IAH) 34 154 574 12000 98
15 MINNEAPOLIS/ST PAUL (MSP) 33201 860 10000 841 (a) (b) (d)
16 DETROIT (DTW) 32 664 620 12000 639 (a)
17 NEW YORK (JFK) 31732371 14572 12 (a) (d)y**
18 BANGKOK (BKK) 30175 379 12139 9
19 LONDON (LGW) 30 007 021 10364 202 (@) (b) (c) (d) (e)
20 MIAMI (MIA) 29 595 618 13000 10 (a)
21 NEWARK (EWR) 29 431 061 9300 18 (a) (e)**
22 SAN FRANCISCO (SFO) 29313271 11870 11 (a)
23 ORLANDO (MCO) 27 319 223 12004 96 (a)
24 HONG KONG (HKG) 27 092 290 11130 15 (a)
25 SEATTLE (SEA) 26 755 888 11900 429 (a)
26 TOKYO (NRT) 26 537 406 13123 135 (a) (b) (d)
27 ROME (FCO) 26 284 478 12795 14 (a) (b)* (d)
28 SYDNEY (SYD) 25 333508 13000 21 (@) (b) (c) (d)
29 TORONTO (YYZ2) 24739 312 11050 569 (a) (c)
30 PHILADELPHIA (PHL) 24 671 075 10500 21 (a)

* Certain runways only, **Only in excess of 112PNdB

Table 3-1: Busiest airports in the world by passenger number 2003 (www.airports.org) with
runway lengths and elevations (Jenkinson ef /. 1999) and noise limitations in place as of 2004
(http:/ /www.boeing.com/commercial/noise/flash.html)

Noise Limitations

(a) Noise abatement procedures in place

(b)  Curfews in operation

(c)  Noise / traffic quotas ot budgets used

(d)  Noise surcharge applied

(e)  Noise level limits in force

Limitations on aircraft not meeting ICAO stage 3
(ICAO 1993) are not shown
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Temperature 24 hour operations 0600 to 2300 operations

(ISA @ sea

level _ | Av. hours per % hours % hours at or | Av. hours per % hours % hours at or
15°C) year > Temp above temp below temp year > Temp | above temp below temp
ISA 2399.3 27.40% 72.60% 2117.3 32.23% 67.77%
ISA+1°C 1965.5 22.45% 77.55% 1786.4 27.19% 72.81%
ISA+2°C 1572.5 17.96% 82.04% 1469.2 22.36% 77.64%
ISA+3°C 1240.2 14.17% 85.83% 1184.9 18.04% 81.96%
ISA+4°C 967.5 11.05% 88.95% 940.8 14.32% 85.68%
ISA+5°C 749.7 8.56% 91.44% 736.5 11.21% 88.79%
ISA+6°C 575.2 6.57% 93.43% 569.4 8.67% 91.33%
ISA+7°C 433 4.95% 95.05% 431.3 6.56% 93.44%
ISA+8°C 318.9 3.64% 96.36% 318.2 4.84% 95.16%
ISA+9°C 229.8 2.62% 97.38% 229.6 3.49% 96.51%
ISA+10°C 161.2 1.84% 98.16% 161.1 2.45% 97.55%
ISA+11°C 107.2 1.22% 98.78% 107.2 1.63% 98.37%
ISA+12°C 67.3 0.77% 99.23% 67.3 1.02% 98.98%
ISA+13°C 43.8 0.50% 99.50% 43.8 0.67% 99.33%
ISA+14°C 28.7 0.33% 99.67% 28.7 0.44% 99.56%
ISA+15°C 15.2 0.17% 99.83% 15.2 0.23% 99.77%
ISA+16°C 8.4 0.10% 99.90% 8.4 0.13% 99.87%
ISA+17°C 39 0.04% 99.96% 3.9 0.06% 99.94%
ISA+18°C 1.9 0.02% 99.98% 1.9 0.03% 99.97%
ISA+19°C 0.6 0.01% 99.99% 0.6 0.01% 99.99%
ISA+20°C 0.3 0.00% 100.00% 0.3 0.00% 100.00%

Table 3-2: Hours exceeding specified temperature at London Heathrow for period 1989 to 1999
inclusive (raw data from MetOffice)

[1997 excluded as no data available for several months]
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Aircraft 9]?)(7)3]’37}'1 B747-400 | B777-200 | A340-300 | A380 | B787-8
Engine CSII;/;E;G' PW4062 | PW4077 CSF é‘ﬁf‘ T;g(r)“ Tl(‘)‘;)‘(;‘
Number of engines 2 4 2 4 4 2
MTOW | Tonnes 85.1 396.8 2472 274.8 560.0 | 2159
Gross

Thrust per | kN 121.4 281.6 342.5 151.2 3114 | 3336
englne

ﬁisini?i kgs™ 355 795" 1040 483 1200 | 1211
L/D 16 18

Vi ms’ 70

T, * K T,+90 T,+100 | T, +73 | T, +70 | T,+40 | T,+35
P kgm’ 0.93 0.91 0.98 0.99 1.08 1.09
\AS ms’ 342 354 329 313 260 276
A m’ 1.1 2.5 3.2 1.6 43 4.0
A ror m’ 2.2 10.0 6.4 6.4 17.2 8.0
N. dB(A) 76.6 79.0 78.5 77.7 72.4 68.7
Following data normalised for MTOW = 160,000kg

Aror m’ 41 4.0 41 3.7 49 5.9
N, dB(A) 78.2 76.7 77.4 76.4 69.3 67.9
#1 Estimated from other parameters as mass flow rate not listed

#2 GasTurb model used to estimate fully mixed out jet temperature (IKurzke 2004)

# Gross thrust per engine divided by mass flow per engine

#4 Mass flow per engine divided by (jet velocity * jet density)

Table 3-3: Estimation of take-off jet mixing noise of existing and next generation aircraft from

baseline airport utilising optimised take-off procedures

(Estimates of MTOW, mass flow rate and thrust sourced from www.boeing.com, www.cfm56.com, www.pratt-

whitney.com, www.airbus.com and www.rolls-royce.com. All engines modelled as fully mixed out for simplicity and to

give noise floor. Noise estimated using equation 3.19. Capability of engines providing take-off thrust levels with

adequate stall/surge margin not considered.)
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Figure 3-1: Baseline airport runway and boundary relative to ICAO certification distances
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Figure 3-2: Percentage of operating hours exceeding specified temperature at London Heathrow
for period 1989 to 1999 inclusive (raw data from MetOffice)

[1997 excluded as no data available for several months]
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Figure 3-5: Minimum climb angle required to satisfy engine-out regulations
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Figure 3-6: Time-stepping flow chart used during take-off optimisation
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Figure 3-18: Two low loss variable area nozzle concepts

Concept on left (Whurr 2005) is plug that moves axially downstream to reduce nozzle area and upstream to increase it.

Concept on right (authot’s own) is three or more overlapping nozzle sections that can rotate independently. If they lie

on top of each other then effective nozzle area is increased.
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Figure 3-19: Prediction of ejector performance for V,=80m/s when driven by a core jet with 1.20 stagnation pressure rise and Tj=T,,+22K

(Solid lines = incompressible, circles = compressible, ISA sea level conditions, incompressible pressure ratio set to 1.198 to give identical performance with no ejector, see Appendix C for

definition of locations 9, 18, 19 and 29.)
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< e s w
© (W < Q o)-I Q 8
g g S = S £ &
®
B : =2 | &g
C 300m
Altitude 200m 12,192m 12,192m
A 250m
Conditions - ISA+12K ISA+10K ISA
C 80m/s (Vx=70m/s)
Velocity Mach 0.8 Mach 0.8
A 75m/s (Vo=65m/s)
Weight - 160,000kg 156,800kg
— 2 — — —
Airframe C Ajigg = 283.3m°, L, = 7.7m, L, = 24.5m, h, 44, = 9m
*x1
jannses A Ay = 885.6m I, = 7.3m, I, = 26.4m, I, = 19.0m
LifttoDrag | © 18 21
rato A 21 24
Angle of o See eqn o o
climb - 8.0 32 0.36 0
PR . 0.995
C 0.99
PROUT =
A 0.98
AT, * C 76 / (FPR-1)
Cro ; 0.99
", . 92%
*1  See Appendix E for definition of airframe parameters.
Conventional aircraft values based on Boeing 767-200ER approximations
*2 Factors of 0.99 and 0.98 are duct losses with all-lifting body design utilising longer ducts for noise
reduction. Changes in PRoyr from core mixing not included at this time.
*3  Values of ATy due to core mixing estimated using GasTurb and discussed in more detail in Appendix D.

Table 4-1: Baseline aircraft parameters; Conventional two-engine (C) and three-engine all-lifting
body (A)
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Figure 4-1: Modelling of core as temperature and pressure correction in UHBR engine
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Figure 4-2: Resulting FPR for three aircraft variants at sideline, flyover, top of climb and cruise
conditions when operating with fixed nozzle area and meeting specified take-off jet noise level.

(ALB+sa = three-engine all-lifting body airframe using split aileron to correct engine out yaw,
ALB+tv = three-engine all-lifting body airframe using thrust vectoring to correct engine out yaw,
Conventional = two-engine conventional airframe)
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Figure 4-3: Impact of drag increase following engine out on pre engine out climb angle for 2
engine conventional and 3 engine all-lifting body aircraft. Windmill drag calculations based on

(FPR-1)/(FPRy -1)

Top of Climb fan face Mach number of 0.66.
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Figure 4-4: Locus of operating points on fan map for aircraft variants operating with fixed area

nozzle
(ALB+tv and ALB+sa lines coincident for sideline and cruise locations)
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Figure 4-5: Change in nozzle area between take-off and top of climb required to meet specified
take-off noise level and top of climb FPR
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Figure 4-6: Types of Fan/Compressor Flutter (Snyder and Burns 1988)
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Figure 4-7: Fan operation with two nozzle ateas; Top of Climb (ToC) and Take-off (T/O).

Top of climb FPR is uniquely specitfied by setting take-off nozzle area to meet noise target, matching
flyover and cruise flow coefficients and specifying ToC design capacity.



198

T T T T

ALB+sa ALB+tv Conventional

7 35

ToC FPR
Required nozzle variation (%)

13 1 1 1 1 0
-5 0 5 10 15 20
Jet noise outside airport relative to 57dBA

Figure 4-8: ToC FPR and nozzle variation required to meet a specified take-off jet noise target
at the same time as setting Qg ... = Qe (for equal ToC and cruise nozzle areas)
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Figure 4-9: ToC FPR and nozzle variation required to meet a specified take-off jet noise target
at the same time as SEtting Qg .. = Peruise T 0.05 (for equal ToC and cruise nozzle areas)
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Figure 4-11: Required ToC stage loading to satisfy M, =1 at sideline or flyover
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Figure 4-12: Optimised take-off performance of ALLB+sa aircraft with ToC FPR of 1.442 under
57dBA jet noise limit.
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Figure 4-13: Fan operation of ALB+sa aircraft with ToC FPR of 1.442 under 57dBA jet noise
limit. Fan characteristic was used to match cruise and flyover flow coefficients only. Stage

polytropic efficiency set to a constant value of 0.92.
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Figure 4-14: Impact of modifying input parameters when matching cruise and flyover flow

coefficients whilst meeting take-off jet noise level of 57dBA.

Sensitivity = 100 * (property / baseline value of property). Baseline is split aileron all-lifting body

with data from table 4-1. Properties are (i) top of climb FPR minus one, (i) percentage change in

nozzle area required between ToC and take-off, (iii) ToC fan tip speed that would give M, ;=1 at

sideline condition and (iv) fan face area.
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Figure 4-15: Fan operation with continuously varying nozzle area
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Figure 4-16: Comparison of fan operation for the ALB+sa aircraft under 57dBA jet noise limit
when operating with a (a) a continuously varying nozzle area, (b) a two position nozzle and (c) a
fixed nozzle
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Parameter Value | Description

INMACH 0 Inlet absolute flow angles fixed

INVR -1 d*P/dm*=0 and dVt/dm=0 at inlet

ISTEP 3 Non-uniform timestepping

ISMTH 2 Combined 2™ and 4" order smoothing

IPOUT 0 Static exit pressure applied at hub + radial equilibrium

ILOS 9 Loss subroutine 9 applied (Denton 1990)

FT 0.5 Timestep Multiplying factor

SF 0.01 Smoothing factor in pitchwise and spanwise directions

SFX 0.01 Smoothing factor in streamwise direction

DAMP 10 Negative feedback

CLIM 0.0001 | Convergence criterion (average percentage change in meridional
velocity)

RFIN 0.1 Relaxation factor for inlet pressure (reduced to 0.02 at low speed
near stall)

REYNO 1.5x10° | Reynolds number based on mid span meridional chord and exit
velocity

REL 0.5 Relaxation factor on changes in viscous forces

FTRANS 0.001 Fully turbulent boundary layers

FACSEC 0.8 Multiplying factor on 4" order smoothing

Mixing 0.03 to

Length 0.05

Limits

Table 5-1: Multall calculation control parameters
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Design Approx
Streamline mass flow 0% 10% 30% 50% 70% 90% 100%
from hub
LE axial
m 0.700 0.700 0.697 0.680 0.655 0.623 0.607
position
Axial chord m 0.325 0.325 0.303 0.280 0.266 0.257 0.2601
LE radius m 0.3000 | 0.4333 | 0.6129 | 0.7609 | 0.8801 0.9849 | 1.0334
TE radius m 0.3600 | 0.4699 | 0.6384 | 0.7710 | 0.8838 | 0.9778 | 1.0160
Tangential % ax.
0 0.0165 | 0.0660 0 -0.0743 | -0.2145 | -0.3300
Lean chord
LE metal
degrees 23.5 29.5 40.9 473 52.3 56.7 58.5
angle
Mid chotd
degrees -101 -0.925 26.15 40.29 49,585 | 56.285 | 58.225
metal angle
TE metal
degrees -30.1 -17.5 14.0 33.5 44.8 53.95 56.22
angle
LE thickness % ax.
0.0042 | 0.0042 | 0.0046 | 0.0049 | 0.0049 | 0.0044 | 0.0041
chord
TE % ax.
0.0030 | 0.0030 | 0.0029 | 0.0027 | 0.0025 | 0.0022 | 0.0021
thickness chord
Max % ax.
0.0748 | 0.0622 | 0.0468 | 0.0366 | 0.0292 | 0.0234 | 0.0215
thickness chord
Location
% ax.
max 0.38 0.41 0.48 0.52 0.54 0.56 0.57
chord
thickness

Table 5-2: Key fan rotor design parameters




206

Design Streamtube
10% area 30% area 50% area 70% area | 90% area

My 0.92 0.81 0.74 0.67 0.59

T&i}f O 33.7° 31.8° 30.1° 28.6° 28.4°
Re* 4.9x10° 4.7x10° 4.5x10° 4.2x10° 3.8x10°

My 0.86 0.76 0.69 0.62 0.57

Cruise Ui -31.6° -28.9° -26.5° -24.3° -22.3°
Re* 4.6x10° 4.4x10° 4.1x10° 3.8x10° 3.5x10°

My 0.88 0.75 0.67 0.59 0.53

Tj‘)l;fe o 25.3° 20.9° 17.3° 14.0° 11.0°
Re* 4.2x10° 3.9x10° 3.6x10° 3.2x10° 2.9x10°

Switl angle range 8.4° 10.9° 12.8° 14.6° 17.4°

* Reynolds number normalised for a blade chord of unity.

Table 5-3: OGV inlet design conditions for Mises
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Figure 5-1: Fan Rotor mesh used in Multall
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Figure 5-2: Inclusion of rotor blade deformation into design process
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Figure 5-4: Design Streamlines

(also shown is the earlier version of the OG design that was used for broadband noise estimation)

Figure 5-5: Rotor and OGV Blade Sections



211

Change in camber over 10% chord, degrees

500

460

~

Chord (mm

Camber (degrees)

Solidity

420

380

340,

(e}
o

N
o

N
o

1

a

AN

T~

\s\

Hub

Mid

Tip

Figure 5-6: Variation in fan chord, camber and solidity from hub to tip

Hub
---------- 10% area

———30% areal||

e 50% area

—-=+=-70% area| |

————— 90% area
Tip

Figure 5-7: Distribution of camber along blade chord

TE



212

o
[N

o
—

o

Untwist, degrees

A o — 60% speed R
——100% speed

03 04 05 06 07 08 09 1 1.1
Radius, m

Figure 5-8: Fan blade stress and deformation
Left hand sketch is at top of climb conditions. For right hand figure, positive untwist is the direction a blade
without sweep would rotate under centrifugal loading.
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Figure 5-10: Fan Rotor Map

(Lines of corrected speed from 40% to 105% in 5% increments. Trace of peak efficiency shown on pressure ratio
plot.
Points highlighted by additional circle correspond to top of climb (100% speed), cruise (90% speed near peak
efficiency), sideline (90% speed at choke) and flyover (70% speed). These are shown in more detail in following

plots.)
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Figure 5-17: Duct design between rotor trailing edge and OGV leading edge.

Left hand sketch is initial fixed area, fixed radius design, right hand sketch is final fixed area, increasing radius

design. Core flow was bled off for simplicity and the sketches show streamlines at three key operating conditions.
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Figure 5-18: Variation in swirl along duct between rotor trailing edge location and OGV leading
edge location for top of climb condition (maximum switl) and take-off condition (minimum

switl).

Titles for each subplot refer to the streamlines shown in figure 5-17.
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Figure 5-19: Comparison of duct exit conditions for fixed and increasing radius ducts
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Figure 5-20: Estimated surface Mach number distribution on OGV design blade sections
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Figure 5-21: Estimated loss vs. inlet switl angle for OGV design blade sections



223

0.95

0.91

0.87

0.83

Polytropic Efficiency

0.79

0.75
1.6

1.5

Pressure Ratio

—o— Fanonly |
——o—— Fan + Duct + OGV
-------------- Used in chapter six

0.8 0.85 0.9 0.95 1 1.05 1.1 1.15

Fan Capacity, Q

Figure 5-22: Fan stage map

Points highlighted by solid colonr correspond to top of climb (100% speed), cruise (90% speed near peak efficiency),
sideline (90% speed at choke) and flyover (70% speed). Note that the flyover position at 70% speed is different from

that used when looking at rotor only performance (figure 5-10) in that it is at a lower capacity. This is to more

closely match the final take-off operating line used in chapter six and shown in figure 6-11.
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Figure 5-23: Contours of isentropic Mach number and streaklines on the fan at key operation locations
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Figure 5-24: Contours of isentropic Mach number and streaklines on the OGV at key operation
locations
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Figure 5-25: Comparison of fan performance with published maps of modern transonic fans
X-axis is corrected mass flow rate normalised to 100% speed choking mass flow rate. Y-axis is pressure rise of the

fan normalised to 100% speed design point. Further details on each comparison fan in table below.

No Source(s) x-axis | y-axis | Normalised | Normalised | 100% htr
FPR M, N/6
- SAI Cote+ | Fan only, 1.52 0.668 371m/s 0.29
bypass | bypass
flow only
#1 Freeman and Core+ | Fan only, ~1.80 unknown 455m/s 0.30
Cumpsty (1992) | bypass | bypass
and Cumps flow only
(2003)
#2 | Xu (2004), fig. 6 | Core + | Fan only, ~1.80 unknown 457m/s | unknown
& Denton and | bypass | core +
Xu (2002) bypass
#3 | Kaplan . al. not Fan and 1.45 ~0.7 328m/s 0.27
(2000) specified | OGV
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Figure 5-26: Operation with detached shocks (Freeman and Cumpsty 1992)

Figure 5-27: Operation with attached shocks — unique incidence
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Figure 5-28: Mass flow limitation for a transonic zero thickness blade for metal angles from
X,=45° to X,;=66° in 3° increments.
Left hand subplot is created using models based on Figure 5-26 and Figure 5-27. Right hand subplot uses these
results to find meridional and blade Mach numbers which are then used to find non-dimensional mass flow rate
and blade speed. Finally, results are normalised for a notional design point capacity of Q=1.14.
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Figure 5-29: Mass flow limitation for a transonic non-zero thickness blade for metal angles from
X,=45° to X,=66° in 3° increments, t/g = 0.08 and (t,+8,)/s = 0.02.
Left hand subplot is created using models based on Figure 5-26 and Figure 5-27. Right hand subplot uses these
results to find meridional and blade Mach numbers which are then used to find non-dimensional mass flow rate
and blade speed. Finally, results are normalised for a notional design point capacity of Q=1.14.
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Figure 5-30: Impact of blade thickness on part-speed choking.
Results at 80% span for fan with 371m/ s corvected tip speed, 0.29 hub to tip radins ratio and Q,=1.14 at
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Area Parameter Name Parameter Value
Take-off weight, m 160,272 kg
Climb fuel 3,197 kg
Cruise fuel 31,742 kg
Wing Area 840 m?
Aircraft Cruise Mach number 0.8
Tire coefficient, u 0.02
Start of Cruise height 40,0001t (12,192m)
End of Cruise height 45,0001t (13,716m)
i e ool g ke
Number of engines 3
Fan Stage Pressure Rise at top of climb 1.467
Design capacity, Qeroc 1.144 (Mgt roc = 0.668)
ToC Excess Thrust
Engines (thrust margin when climbing at 300 6.6%
ft/min (1.52m/s) at ToC conditions)
Thrust coefficient, Crg 0.9935
Liner correction, forward 5dB
Liner correction, rearward 12.5 dB
Drax 220 m
Doz 1.77m
Dnozmax 210 m
Engine Geometry Lxac/Dran ~0.35
(figure 6-9) Lran/Drax ~0.50
Lpucr/Dran ~2.00
Lnoz/Dran ~0.35
x/Lpucr ~0.50
AISA at take-off 12K
Atmospheric AISA at top of climb 10K
AISA at cruise 0K
PRourzero (core engine exit PR at Mo=0) 0.931
PRouttoc (core engine exit PR at M«=0.8) 0.971
Corrections AToer0 111K
AToroc 392K
PRis 0.995
Aircraft geometry for engine | L1 7.3m
out calculation (appendix E) | 1, 26.4m

Table 6-1: SAI concept aircraft parameters (podded design)




231

Figure 6-1: SAI Concept Aircraft #1 — high risk embedded design

Figure 6-2: SAI Concept Aircraft #2 — reduced risk podded design

Coefficient

04 . . . I . : i \ \
0 2 4 6 8 10 12 14 16 18 20
Angle of attack, degrees

Figure 6-3: SAI Concept Aircraft ¢, ¢, and ¢y, at take-off (both variants)
(cy has nose down moment at high angle of attack)
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Figure 6-5: Comparison of mass averaged pressure rise and efficiency predictions from Multall
and Hydra CFD codes.
Dotted lines and points A-B are from Multall, solid lines and points 1-9 are from Hydra, points X and Y are
hydra with modified grid and boundary conditions — see text for details.
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Figure 6-6: Comparison of radial variation in rotor only pressure rise and efficiency from Multall
and Hydra CFD codes.
Points A and B are from Multall, points 8, X and Y are from Hydra. Ratio from inlet to rotor trailing edge..
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Figure 6-7: Comparison of in-duct acoustic power estimations for rearward propagating fan
broadband noise.
Envia predictions are for rotor-stator interaction noise only, Heidmann predictions are for all broadband noise
sources. See figure 6-5 for location of points one to nine on fan map. All subplots cover the same noise range and
are therefore directly comparable.
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Figure 6-8: Fan Stage Map used in Take-Off Optimisation
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9: Engine cross-section
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Figure 6-10: Variation in aircraft and engine parameters when taking off
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Figure 6-12: Estimated peak noise on the ground during take-off when optimising for just jet

noise and when optimising for all noise sources
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Figure 6-13: Noise footprints at sideline and flyover positions based on higher fidelity

computations.
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Figure 6-14: Take-off performance for a 6.5km Figure 6-15: Take-off performance for baseline  Figure 6-16: Take-off performance for an aircraft
flyover boundary aircraft at 90% MTOW, ISA conditions with +1 L/D annulus duct (-5dB fan rearward)
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Figure 6-17: Mountains chart for take-off noise and fuel burn for earlier SAT aircraft (Schwartz 2006)
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Figure 6-18: Impact of optimising take-off profile on aircraft and engine performance



