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Introduction

The Silent Aircraft Initiative is a multidisciplinary project that
is developing a concept aircraft with noise emission as the pri-
mary design driver. The aircraft is aimed at entry inlo service in
about 20 years, and the ambitious objective is to reduce the noise
generated to the point where it would be imperceptible above
background noise in a typical urban environment outside an air-
port. Such an aircraft could be deemed as “silent,” and this would
represent a reduction in aircraft noise greater than that achieved
over the last fifty years. Figure 1 illustrates the scale of this chal-
lenge, showing the Silent Aircraft noise target relative to the com-
ponent noise levels for a current passenger aircraft. Note that to
reach this noise level requires an aircraft that is less than half as
noisy as the target identified by the ACARE vision for 2020 [1].
In order to reach the Silent Aircraft noise goal, large reductions,
relative to current technology, are required for all components of
engine and airframe noise. To make such large reductions, several
methods must be employed simultaneously (see [2,3]). For ex-
ample, to reduce jet noise, a very large, low-velocity exhaust flow
is required combined with a power-management departure proce-
dure. To make adequate turbomachinery noise reductions, the
source noise can be reduced with improved component design and
new engine configurations, but further attenuation of the noise is
also needed using acoustic liners and shielding by the airframe
[4].

In addition to the aggressive noise target, the new aircraft must
be economical relative to other aircraft of the future. This requires
a propulsion system that has competitive fuel burn as well as
acceptable development, acquisition, and maintenance costs. Prior
to the work in this paper, several trade studies were completed 1o
determine the potential noise reductions possible for various en-
gine configurations and to understand their implications for
weight and performance [2]. This work found that a propulsion
system embedded into the rear upper surface of an all-lifting body
was best suited to meeting the project objectives. Furthermore, a
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Engine Design Studies for a
Silent Aircraft

The Silent Aircraft Initiative is a research project funded by the Cambridge-MIT Institute
aimed at reducing aircraft noise to the point where it is imperceptible in the urban
environments around airports. The propulsion system being developed for this project has
a thermodynamic cycle based on an ultrahigh bypass ratio turbofan combined with a
variable area exhaust nozzle and an embedded installation. This cycle has been matched
ta the flight mission and thrust requirements of an all-lifting body airframe, and through
precise scheduling of the variable exhaust nozzle, the engine operating conditions have
been optimized for maximum thrust at top-of-climb, minimum fuel consumption during
cruise, and minimum jet noise at low altitude. This paper proposes engine mechanical
arrangements that can meet the cycle requirements and, when insialled in an appropriate
airframe, will be quiet relative 1o current turbofans. To reduce the engine weight, a
svstem with a gearbox, or some other form of shaft speed reduction device, is proposed.
This is combined with a low-speed fan and a turbine with high gap-chord spacing to
further reduce turbomachinery source noise. An engine configuration with three fans
driven by a single core is also presented, and this is expected to have further weight, fuel
burn, and noise benefits. [DOL: 10.1115/1.2472398]

turbofan system with a variable exhaust was shown to have the
potential to have lower fuel consumption for a given noise level.

Several previous research projects have also studied advanced
UHBR engine configurations aimed at significant improvements
in noise and/or fuel consumption. For example, the NASA study
of advanced engines for high efficiency [5] looked at several con-
figurations, including geared fans and contra-fan designs, aimed at
weight and fuel burn reductions. Another system study of engine
concepts carried out by NASA [6] investigated the optimum en-
gine parameters for low noise with acceptable operating costs.
The design considerations for a new UHBR engine. aimed at re-
duced fuel burn, are clearly outlined in [7], and Ref. [8] gives a
good overview of future technology required to further reduce
noise from conventional aircraft engines. This proposes the use of
geared turbofans to give a large improvement in noise emission.

A study of more radical propulsion concepts for a functionally
silent aircraft is also presented in [9], which proposes distributed
engine systems integrated with a blended-wing-body type aircraft,

What is new in the present study is that the off-design perfor-
mance of the engine has been considered from the start of the
design process. This is key since the engine conditions when low
noise is essential are far from the design point (typically top-of-
climb or cruise). In addition, the engine cycle in this project has
been optimized for operdtion with a variable exhaust system and
for an installation embedded within an all-lifting wing type air-
frame. Previous studies have tended to focus on engine designs
intended for conventional tube-and-wing aircraft.

The current paper, therefore, aims to extend the previous work
[2]. which was based on quite simple analyses, to create more
detailed designs of propulsion systems. In doing so, the off-design
operation of a UHBR turbofan is examined and a design process
for an advanced low-noise propulsion system is demonstrated.
The designs are developed to the point where they can be assessed
in terms of their performance, weight, and noise, and several pos-
sible engine arrangements are presented. Overall, this paper
makes a contribution to the field of future engine designs for low
noise and demonstrates the potential of UHBR engines with vari-
able exhaust systems.

Propulsion System Requirements

The Silent Aircraft is expected to use an “all-lifting body™ style
of airframe [10]. The baseline design has a payload of 250 pas-
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Fig. 1 Noise levels for a current 250 passenger aircraft com-
pared with the Silent Aircraft target

sengers and a design range of 4000 nautical miles. This mission
was chosen to give the lowest weight aircraft that would be eco-
nomically competitive with other civil airlines. A 3-D view of a
CAD representation of a possible airframe and propulsion system
is shown in Fig. 2.

Studies with an airframe design tool were used to determine the
thrust requirements at different points in the mission with corre-
sponding altitudes and Mach numbers. The flight mission profile
was chosen to give the lowest aircraft take-off weight (MTOW),
with the assumption that this would minimize the noise radiated at
take-off and approach. The methodology and analysis used to op-
timize the airframe design is described in detail within [12]. Table
1 summarizes the resulting requirements of the propulsion system
at key operating conditions in the flight envelope.

For the purposes of this paper, the noise target of the Silent
Aircraft is expressed as a peak dBA value that cannot be exceeded
at any point on the ground outside the airport boundary during
take-off and landing in normal operating conditions. This peak
dBA limit was imposed because this can be linked to both World
Health Organization guidelines on community noise and data on
average traffic noise levels in urban areas [13,14]. Normal oper-
ating conditions are taken as an atmospheric temperature of below

Fig. 2 A 3-D rendering of a candidate Silent Aircraft airframe
and propulsion system, taken from [11]

Table 1 Propulsion system mission requirements

Alutude  Mach  Total thrust  SFC Noise target
Condition (m) number (kN) (g/sN)  (peak dBA)
Sideline 180 0.23 316.8 <570
Flyover 195 0.24 172.8 - <57.0
Top-of-climb 12,192 0.80 824 - —
Mid cruise 12,570 0.80 654 < 15.0 —
Approach 120 023 <720 - <570

480 / Vol. 129, JULY 2007

ISA+12 K and a runway length of 3000 m. This allows the air-
craft to operate in a “nonsilent” mode for any remaining extreme
conditions (“short & steep,” “very hot,” and “hot & high” take-
off).

For take-off, an optimized departure profile was used in which
the thrust was managed to achieve the maximum climb rate with-
out exceeding the noise target in terms of jet noise. This procedure
is demonstrated in [3], and it was found that a total exhaust area of
13.2 m? would be required 10 enable an acceptable departure pro-
file. The sideline and flyover conditions represent two points in
the departure profile that are critical in terms of noise. At sideline,
the aircraft is still inside the airport boundary and the climb rate is
highest. At flyover, the aircraft is closest to the population on the
ground. The sideline lateral position is the same as the ICAO
certification distance of 450 m, but the flyover point used is closer
to the runway (4048 m rather than 6500 m after brakes off).

Top-of-climb (TOC) is the condition that determines the size of
the engine. This is where high thrust is required to keep climbing
and the atmosphere is thin. For an economically viable aircraft of
the future, the installed engine specific fuel consumption (SFC) at
cruise was specified to be at least as competitive with the next
gencration high bypass ratio podded turbofan engines (15 g/sN
=0.53 1b/Ibh). Note that improvements in SFC are beneficial in
terms of total noise because they reduce the weight of fuel that
needs to be carried, and thus the MTOW,

For the approach condition, a maximum net thrust target was
specified in order to limit the airframe drag required. A greater
drag leads to higher airframe noise through the dissipation of tur-
bulent kinetic energy in the wake. The minimum thrust specified
was chosen to be as low as possible while enabling an engine
spool-up time (the time required for the engine to accelerate 1o
maximum thrust) that would be comparable to current turbofans.

Note that all the engine design studies in this paper are matched
1o the same all-lifting body airframe and flight mission. The meth-
odology applied to develop the engine cycle and the mechanical
designs should be equally applicable to the propulsion systems for
other airframe configurations. However, a different airframe or
installation would have a large impact on the values of many of
the engine characteristics.

Engine Installation Considerations

Before the parameters of the engine cycle can be specified some
characteristics of how the propulsion system is packaged with the
airframe need to be considered. For the Silent Aircraft design, the
engines are positioned on the upper surface of the airframe, to-
wards the trailing edge (as illustrated in Fig. 2). This location was
adopted to take advantage of the performance benefits of bound-
ary layer ingestion and to maximize the shielding of forward arc
engine noise [4]. It also offers airframe control and safety advan-
tages. because the engines are positioned well behind the passen-
ger bays [12].

A target S-shaped inlet performance was assumed based on
results in the open literature; for example [15,16], and preliminary
CFD studies [17]. Several calculations were completed at the
cruise condition for different numbers of engines and various in-
take configurations. The current baseline design has 4 separate
engine units (Fig. 2), which gives an acceptable fan diameter and
good installation performance. The mesh geometry and Mach
number contours, from a calculation of this configuration, are as
shown in Figs. 3 and 4. respectively. Figure 4 shows how a large
region of high loss flow builds up at the bottom of the inlet duct as
the engine face is approached. and this is typical for an S-shaped
duct.

The final propulsion system for the Silent Aircraft is expected
to use boundary layer ingestion (BLI) 1o give a fuel burn benefit,
as mentioned above, and as discussed in [2]. BLI introduces sig-
nificant challenges to both the engine and airframe design. In
particular, BLI generates additional nonuniform flow distortion in
both the radial and circumferential directions, which is present at
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Fig. 3 View of the surface mesh for a four-engine installation,
taken from [17]

all flight conditions. BLI also changes the engine thrust require-
ments because any boundary layer fluid that passes through the
engine and contributes to thrust would have otherwise contributed
to airframe drag. Thus. to progress the engine design for the stud-
ics in this paper, the engine inlets were temporarily assumed to be
boundary layer diverting (BLD). This enables the engine thrust
requirements to stay as per Table 1. The impact of BLI on the
engine performance and the airframe requirements will be in-
cluded in future work.

CFD results for S-shaped inlet ducts all show significant sepa-
rated regions at the fan-face. From the inlet highlight to the fan-
face, a typical S-shaped inlet was found to have a pressure recov-
ery (pga/ pyy) of about 0.96. This value can be applied to both BLI
and BLD cases, and it was used in the following engine design
studies as a target performance for the engine inlet. Overall, it is
expected to be a lower-bound estimate because design improve-
ments and flow control should be able to reduce the losses. The
level of circumferential distortion was also determined from the
predictions, and in terms of DC60 (an industry measure of the
severity of flow nonuniformity), the S-duct gave values of around
20%. The impact of this distortion on the system design will be
explored in detail in future research, because it is mainly a con-
sequence of BLI. The designs presented in this paper are therefore
intended 1o tolerate this level of distortion, but are not optimized
for performance with it present.

The engine exhaust is considered as a long cylindrical duct in
which the core and bypass streams are mixed completely, fol-
lowed by a loss-free variable nozzle. The exhaust duct pressure
losses were determined using simple compressible pipe flow
analysis (Fanno line flow) with skin friction coefficients appropri-

Fig. 4 Contours of Mach number through a four-engine instal-
lation, taken from [17]
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Fig.5 Schematic of engine layout showing station numbering,
adapted from 18]

ate for the surface of a perforated acoustic liner. The exhaust duct
size was set to match the maximum nozzle arca required for a
quiet take-off. This size of duct was used to avoid a “diffusing
nozzle™ being necessary at any point in the aircraft flight enve-
lope. The length of mixer duct was set at 2 fan diameters to
accommodate a large area of downstream acoustic liners. This led
to an exhaust pressure recovery (pgs/poss) of 0.98 for the designs
in this paper.

Engine Cycle Design

The engine configurations developed in this paper are ultrahigh
bypass ratio (UHBR) turbofans combined with variable area ex-
haust nozzles. This configuration was identified in [2], and for the
aircraft mission requirements it was expected to-be more suitable
than other possible variable cycle systems such as bypass stream
ejectors or a system with auxiliary fans. The optimum solution for
a different mission requirement may be quite different. The engine
station numbering used for the thermodynamic cycle is as shown
in Fig. 5.

To allow for technological advances, 2025 estimates of peak
component efficiencies and metallurgical limits were made by ex-
trapolating historical trends. These were imposed as limits on the
engine cycle temperatures and component efficiencies that could
not be exceeded at any point in the engine operation. It was ex-
pected that a future quict engine would have a similar maximum
fan capacity to today's turbofan designs, but that this could be
achieved at a lower fan pressure ratio and tip speed (see [2]). A
maximum fan capacity was therefore imposed as a constraint and
combined with a generic low pressure ratio fan characteristic to
estimate off-design performance variations. It was also predicted
that advances in mechanical properties would allow the hub-to-tip
radius ratio of a future fan to be lower than current designs. A
value of 0.25 was used to minimize the fan diameter (current
designs are typically in the range 0.3-0.35).

In order to develop an engine cycle, a design condition is cho-
sen to fix the engine size and key parameters. For this study, the
top-of-climb point was used and the thermodynamic cycle was
optimized to minimize the fan diameter and fuel consumption at
this condition. The top-of-climb point was then considered with
the other off-design conditions and some iteration was employed
to optimize the performance for every engine operating condition
in Table 1.

Cycle Optimization at Top-of-Climb. The engine design cycle
was developed using GasTurbl0 [18] with the aim of producing
the most compact and fuel-efficient engine that would satisfy the
requirements in Table |. Figure 6 shows how an engine cycle
appropriate for the future Silent Aircraft was evolved from a cur-
rent conventional turbofan. Each bar in the figure represents a
redesign of the engine in which the fuel consumption has been
minimized and the net thrust and temperature limits have been
constrained. The relative heights of the adjacent bars show the
impact of each design change on engine fuel consumption and
engine size. The aim of such a chart is 10 show that the final
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Fig. 6 Evolution of the Silent Aircraft engine cycle at top-of-climb assuming a four-engine system

design cycle is feasible. The changes in the height of the bars
between cach design show the incremental effects of changing the
design cycle parameters.

The first three steps shown in Fig. 6 represent the design
changes necessary to match today’s turbofan engine to the top-of-
climb condition in Table 1. The two subsequent changes indicate
how a large performance benefit can be attributed to the low fan
pressure ratio that is specified (steps 4 and 5). A drawback of this
is that the fan diameter increases significantly as FPR is reduced.
Higher temperature limits and improved turbine performance con-
tribute significantly to improving core efficiency (steps 6. 7, and
8). However. as the engine efficiency is improved, the fan diam-
eter has to increase to maintain the same net thrust. This effect is
also seen when the fan efficiency is increased and the losses due
to internal air systems are reduced (steps 9 and 10). The exhaust
duct that is specified is larger than optimum to match the variable
area nozzle (step 11) and this also leads to a slightly larger fan,
The cycle was then optimized for best thermodynamic perfor-
mance (step 12). This involved iterating to determine the bypass-
to-core total pressure ratio (pg;e/Pos) that gave the minimum SFC.
The use of the high capacity, low hub-tip-ratio fan (step 13) gives
further improvements. However, the introduction of the S-duct
inlet total pressure loss (step 14) increases the fan diameter and
significantly worsens the overall performance.

Note that the design cycle used in this paper has a fan pressure
ratio of 1.45, and for a four-engine case, a fan diameter of 2.16 m.
The choice of design FPR is a compromise that is driven by sev-
eral factors. A lower value leads to higher propulsive efficiency at
the cost of a larger engine size, which increases the total installed
drag. In terms of noise. as FPR reduces it becomes casier to meet
the jet noise target, and the nozzle area change needed between
take-off and top-of-climb is minimized [ 19]. Fan source noise also
tends to reduce with FPR, as shown later in this paper in Fig. 14.
Unfortunately, a lower FPR design is heavier and more sensitive
to inlet distortion and to installation pressure losses, as shown in
(2]

482 / Vol. 129, JULY 2007

A top-of-climb FPR of 1.45 was thercfore chosen as the lowest
possible value that would be achievable with a robust mechanical
design. The corresponding engine bypass ratio is 15.5, which
clearly makes it a UHBR. However, BPR is not a good design
parameter to characterize the engine because it changes signifi-
cantly between operating conditions (see Table 2, later). The SFC
at top-of-climb is 14.7 g/sN, which is slightly better than the best
turbofans operating today. This seems realistic for a UHBR engine
in 2025 within an S-type inlet.

Off-Design Operation. Using the final cycle design developed
above, the engine parameters at other points in the flight mission
were determined. With the engine size fixed and the thrust con-
strained, the main degree of freedom available is the nozzle set-
ting. At each of the flight conditions in Table |, the fan can oper-
ate anywhere along a characteristic of constant thrust. Figure 7
shows scaled constant-speed fan characteristics based on [20] with
constani-thrust characteristics overlaid (dashed) for each of the
key operating conditions. The optimum operating points used for
the final design are marked as small circles. The precise perfor-

Table 2 Cycle parameters for the Silent Aircraft engine design
in this paper

Parameter Sideline Top-of-climb Cruise Unit
FPR 1.27 1.45 1.40 -
N/ (To 90 100 99 %o
Adg +35 0 +8 %o
M., 0.64 0.66 0.70 —
Then 94.5 90.4 934 %
T 910 900 840 K
Tos (TET) 1730 1880 1700 K
OFR 41.0 574 539 —
BFR 190 15.5 16.8 -

SKC 8.8 14.7 14.2 gisN
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Fig. 7 Operation of the Silent Aircraft engine fan for a variable
nozzle design

mance depends on the shapes of the fan characteristics, so these
plots can be viewed as an example case. Improved fan character-
istics for a full 3-D fan design are developed in the companion
paper [19].

The characteristics in Fig. 7 have been scaled around the design
FPR of 1.45 (top-of-climb) and a peak rotor isentropic efficiency
of 94.5% (the maximum possible expected in 2025). By varying
the nozzle exit area while maintaining the net thrust constant-
thrust lines could be produced. These were further constrained by
shaft speed and temperature limits. The optimum top-of-climb
point is positioned towards the stability margin on the 100% speed
characteristic. This was done primarily so that the exhaust nozzle
could be opened sufficiently at sideline to give higher fan capacity
at this condition (and thus low jet noise), while keeping high
cfficiency. The design condition can be positioned further down
the maximum speed characteristic, but this reduces the operating
range available at other conditions. The fan capacity at cruise is
allowed to increase slightly without exceeding the design fan shaft
speed to give improved efficiency.

Figure 8 shows the fan characteristics if the same mission re-
quirements and design engine cycle are assumed for a fixed nozzle
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Fig. 8 Operation of the Silent Aircraft engine fan for a fixed
nozzle design

Journal of Turbomachinery

= sideline
=== fiyover |

35 40 45

- 8|

8 e
08 - .- = i L

1] 5 10 15 20 F3 3 38 40 4
Increase in nozzle area from top-of-climb (%)

Fig. 9 Variation in fan efficiency, jet noise, and fan tip relative
Mach number with nozzle area.

engine. In this case, the fan is constrained to work at a single
working point for each flight condition. The top-of-climb point is
positioned so that the cruise condition is at peak efficiency. The
sideline, flyover, and approach points are thus fixed at lower flow
rates, which are at higher fan pressure ratios and closer to insta-
bility than for the case with a variable nozzle.

Table 2 details the key cycle parameters at sideline, top-of-
climb, and cruise corresponding to the operating points in Fig. 7.
This illustrates the component performances and the cycle tem-
peratures that are required to achieve the design requirements. It is
important to emphasize that the operation of the Silent Aircraft
engine with a variable area nozzle differs significantly from that
of an engine with a fixed nozzle operated for a conventional air-
craft, Firstly, the fan pressure ratio at take-off is much lower than
at cruise or top-of-climb. The principal reason is that only a frac-
tion of the available thrust at take-off is needed. The total sea level
static thrust available from the propulsion system (all engines) is
about 570 kN, and less than 60% of this is needed at the sideline
condition. The low thrust requirement at sideline is key to mini-
mizing the jet noise, and this is further exploited with an opti-
mized take-off procedure that is described in [3].

Another unusual aspect of the design is that the fan speed is
similar at all the three conditions in Table 2, and the fan-face
Mach number is consistently high. Previous studies [2] showed
that a high fan capacity at take-off leads to lower jet noise and
Figs. 7 and 9 demonstrate how this can be achieved with a vari-
able exhaust nozzle.

The variations in cycle temperatures and pressures are also dif-
ferent from a conventional turbofan. Usually the cycle tempera-
tures are all highest at take-off, and it is this condition that is most
demanding in terms of the mechanical stresses. For the design
developed here the comnpressor outlet temperature is highest at
take-off, but only slightly above the top-of climb and cruise
points. The turbine entry temperature is a maximum at top-of-
climb, where the overall pressure ratio is also much greater than
the sideline condition. This occurs because the thrust requirement
of the engine during take-off is only a fraction of the total thrust
available. )

The variable nozzle has the potential to reduce fuel consump-
tion. It should be possible to carefully control the nozzle position
1o maximize the fan efficiency at all flight conditions, as indicated
in Fig. 7. For a fixed nozzle design, a fan is constrained to operate
on a working line that might not be at peak efficiency. In addition,
the fan characteristics of an engine operating in-service may not
be exactly as predictedl. A variable nozzle enables performance
discrepancies to be corrected during flight, ensuring the optimum

JULY 2007, Vol. 129 / 483
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Table 3 Principal mechanical parameters for the engine de-
signs presented

Design A Design B Design C Design D
Configuration ~ Three-spool  Two-spool Two-spool. Multiple fan
trbofan  geared fan  slower fan system
2y (m) 2.16 2.16 2.18 1.28
Lepg (M) 346 242 2,70 2.70
Nica 4 4 4 12
Number of fan 20 20 18 18
rotor blades
Max. Uy, (nVs) 380 380 350 350
IPC/booster stages 7 7 8 8
HPC stages 10 5 5 5
HPC min. blade 10 22 22 22
height (mm)
LP wrbine stages 9 Kl Rl 4
Weng (%) 100 99.2 914 81.3

efficiency is achieved.

A variable exhaust nozzle can also improve the engine operabil-
ity. During take-off, with the nozzle fully opened. the fan operates
well away from the stability line. This is particularly helpful for a
low FPR fan at this point in the flight mission because the engine
is at risk of crosswind induced inlet separation. A carefully con-
trolled variable nozzle could enable other aeromechanical prob-
lems such as flutter to be avoided at other key conditions in the
flight envelope.

The variations in fan efficiency, tip relative Mach number, and
exhaust jet noise (relative to the target level), along the constant-
thrust characteristics in Fig. 7. are shown in Fig. 9 for the three
noise critical operating conditions. A design fan tip speed of
350 m/s (at top-of-climb) has been assumed for this figure. The
plots illustrate that as the exhaust nozzle is opened, the perfor-
mance of the fan is improved. The jet noise, as computed using
the Stone jet noise model [21], decreases as the nozzle is opened
because the jet velocity reduces substantially. However, the fan tip
speed and axial flow velocity have to increase to maintain the
same thrust. Fan broadband noise is typically correlated against
tip relative Mach number (ESDU 98080, [22]) and other fan noise
sources increase with tip speed. Thus, there is a trade-off between
fan source noise and jet noise, which demands careful attention.
This aspect is explored further in the companion paper [19],
which shows that by positioning the fan operating condition at a
point of high efficiency during take-off, it is possible to reduce fan
source noise while still meeting the jet noise target.

Preliminary Engine Mechanical Designs

A preliminary mechanical design system provided by Rolls-
Royce plc was used to create engine architectures that could
achieve the engine thermodynamic cycle detailed in the previous
section. A mechanical design is driven by the flight condition
where the engine temperatures and pressures are highest because
this creates the highest stresses. However, the component designs
must also satisfy the aerodynamic loadings required at all points
in the flight envelope. For the Silent Aircraft engine. a maximum
sea level thrust condition was used 1o create the most mechani-
cally demanding condition, and this was combined with the top-
of-climb point for the peak aerodynamic loadings and peak non-
dimensional flow rates.

To complete a mechanical design, the cycle conditions are input
and these are combined with design rules for cach of the engine
components: fan, compressors, combustor, turbines, ducts, shafts,
and bearings. The rules applied specify geometric, stress, and
aerodynamic limits that are used to determine an acceptable en-
gine layout. Within the software it is possible to vary the engine
components that are included within the engine design and also to
modify how they are linked together.

Table 3 summarizes the parameters of the four engine designs
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Fig. 10 Design A: 3-spool conventional turbofan design for
the Silent Aircraft

presented in this paper. All the configurations satisfy the cycle
parameters shown in Table 2 and the mission requirements in
Table 1.

Design A is a conventional three-shaft turbofan architecture.
The general arrangement for this design (Fig. 10) was obtained
using current design levels of aerodynamic loading and stress, and
typical geometrical constraints for the turbomachinery annulus.
There are several problems with this design that make it an unre-
alistic solution. Firstly, the LP turbine has nine stages. making it
very bulky, heavy, and noisy. This is necessary in order to drive
the relatively large fan at low rotational speed. The low shaft
speed also leads to high torque. demanding very thick shafts. The
core annulus is quite convoluted and S-ducts with dramatic
changes in radius between the IP and HP turbines are required.
Ten stages of HP compressor are required to achieve the cycle
OPR and this demands a blade height in the final stage of less than
10 mm. This size of blade would suffer significant losses from
Reynolds number effects and tip clearance flows, and it would be
very difficult to manufacture accurately with current tools.

Design B, illustrated in Fig. 11, was developed in order to ad-
dress the problems identified in Design A. To reduce the LP tur-
bine size a 3:1 reduction gearbox has been placed between the fan

Fig. 11 Design B: Geared turbofan for the Silent Aircraft with
axial-radial HP compressor
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Fig. 12 Design C: Geared turbofan for the Silent Aircraft modi-
fied for lower noise

and compressor. The engine is lhlﬁ a two-shaft design with what
previously were the IP compressor (now booster) and the TP tur-
bine all on the same LP shaft and spmmng at three times the speed
of the fan, The torque in the LP shaft is therefore reduced and the
stage loadings in the LP turbine are kept at an acceptable level,
despite there only being four stages driving both the fan and
booster compressor. The gearbox weight for this engine was esti-
mated as 8% of the total engine weight, which is significant, but
much smaller than the weight of the original LP turbine. However,
the engine weight is not greatly reduced from that of Design A
because of the introduction of a heavy centrifugal HP compressor
stage. This was added to remove the S- shaped ducts in the annulus
and to increase the minimum blade height in the HP COMpressor,
thus making the engine easier to manufacture. Overall, the engine
is much more compact and it appears to be more viable than
Design A. However. it had not been opumnzcd for low noise, and
initial estimates predicted that the source noise levels from this
design would be too high.

Design C (Fig. 12) was created as a quieter and lighter version
of Design B. The main changes were to reduce the fan tip speed
and to increase gap-to-chord ratios in the turbine. All sources of
fan noise tend to increase with fan tip speed. Supersonic noise
sources also appear if the relative blade Mach number exceeds
unity. The control of blade tip speed for minimum noise is ex-
plored further in the companion paper [19]. For the purposes of
this paper, it was assumed that the acrodynamic loading of the fan
could be significantly increased without reducing the efficiency.
The fan in Design C therefore has a design tip speed of 350 m/s
with only 18 rotors. If the same 3:1 gearbox is assumed, the load-
ings on the LP turbine and booster compressor increase leading 1o
more aerofoils and an extra stage of compressor.

To minimize the turbine source noise during approach the gap-
to-chord ratios in all stages of the LP turbine were increased to
above 100%, whereas in Design B the spacing was as small as
possible for low weight and size. Despite Design C being larger
than Design B, the overall weight of the fan system and the con-
tainment is reduced significantly, giving a reduction in the total
bare engine weight of about 8%.

Design D is shown in Fig. 13. It was developed to study the
effects of having multiple fans driven by a single core, which is a
configuration expected to give noise and fuel consumption ben-
efits. In this case there would be a total of 12 fans and 4 engine
cores in the propulsion system. Although this is a radically differ-
ent approach to the previous designs, it still satisfies the same
engine cycle and mission requirements. The core design is identi-
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Fig. 13 Design D: Multiple fan version of a geared turbofan for
the Silent Aircraft

cal to Design C. Each of the fans also has the same hub-tip ratio
as the previous designs and the overall mass flow rates are iden-
tical. The results from the design tool show that Design D is 11%
lighter than Design C in terms of bare engine weight (Table 2). A
formula relating engine weight to fan diameter is proposed in [2]
(eq. (11)), which would suggest a weight reduction closer to 20%.
However, the actual change is expected to be smaller because only
the fan system weight is reduced, rather than scaling all compo-
nents down, which is assumed in [2].

The layout of Design D is thought to have two advantages in
terms of noise. Firstly, the length-to-diameter ratio of the exhaust
ducts can be extended to increase the attenuation from acoustic
liners [2]. Secondly, if the fan tip speed is maintained, as has been
done in this design, the fan shaft speed must increase, and there-
fore the blade passing frequency increases. Higher frequencies are
more readily attenuated by liners and are more effectively
shielded by the airframe [4]. leading to lower noise transmission.
Design D is also expected to have potential fuel burn benefits
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Fig. 14 Variation in rearward fan noise with design fan pres-
sure ratio based on ESDU 98008 [22]

because it enables the propulsion system to be better packaged
into the airframe, reducing the installation drag contribution and
also increasing the total amount of airframe boundary layer that
can be swallowed by the engine inlets [2]. These effects on noise
and fuel consumption are explored further in the section below.
The added mechanical complexity of the additional shafts and
gearboxes required for this design is not considered further here,
although this is expected to create additional design challenges.
There are also safety issues, such as the greater risk of contain-
ment failures impacting on adjacent systems, which also need to
be accounted for.

Installation Trade Studies, A simple analysis is presented in
[2] that allows different engine configurations to be readily com-
pared in terms of noise, weight, and fuel consumption. This sec-
tion applies a similar analysis to examine the relative merits of the
different engine designs presented and to see how noise and fuel
burn would change were a different design FPR value chosen.

Using the thrust requirements at take-off and top-of-climb. once
the installation configuration is fixed, the fan diameter and the
exhaust flow conditions can be determined for a given design
FPR. This enables variations in jet and fan noise to be estimated
from correlations such as those in [21,22]. Figure 14 shows the
expected trends in rearward fan broadband noise for different pos-
sible installation options. The changes are shown relative to a
reference level, which is the noise from a two-engine podded
turbofan propulsion system with a design FPR typical of today’s
technology. This reference level was chosen because it is repre-
sentative of a current conventional design.

Each of the configurations considered in the plots satisfies the
mission requirements in Table 1, and in all cases a variable ex-
haust nozzle is assumed in which the fan capacities at top-of-
climb and sideline are matched. Podded, BLD, and BLI cases are
included in order to show the expected improvement in noise
reduction from a longer installation. The plots indicate how fan
noise reduces continuously with design FPR. This occurs because
at a fixed thrust level, design fan tip speed reduces to maintain the
same aerodynamic stage loading. This effect outweighs the in-
crease in noise caused by the increased fan diameter. The results
suggest that Design D, with exhaust ducts of a high length-to-
diameter ratio, will be much quieter than a podded equivalent and
a few dB quicter than the equivalent four-engine embedded
system.

The fuel burn effects of different installation options were ex-
plored with a similar trade study. The results are shown in Fig. 15,
which shows fuel burn variation relative to a two-engine podded
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Fig. 15 Variation in cruise fuel burn with design fan pressure
ratio and installation configuration

turbofan propulsion system with a design FPR typical of today's
technology. The analysis includes several factors that are calcu-
lated using the formulae in [2]: (i) the increase of wetted area drag
with engine size, (i) the increase in propulsive efficiency with
reduced jet velocity, (iii) the reduction in overall efficiency with
losses in the intake and exhaust, and (iv) the drag reduction of the
airframe produced by boundary layer ingestion. Again, the aircraft
mission requircments in Table 1 were used. and all the engines
were assumed to be turbofans fitted with a variable area exhaust
nozzle in which the values of fan capacity at take-off and top-of-
climb were matched to the design value. For the embedded con-
figurations, the installation pressure recovery factors were the
same as used for the engine cycle design described previously.
With BLI, an extra inlet total pressure loss of 2% was included to
account for the lower total pressure of the ingested boundary layer
flow.

Note that the SFC values calculated for the engine cycle design
study (Table 2) do not account for differences in installation drag.
Furthermore, SFC cannot be used to follow the eftects of bound-
ary layer ingestion, and therefore the rate of fuel consumption is a
better measure of overall performance.

Figure 15 shows that there is an optimum design FPR in terms
of fuel burn, which differs depending on the type of installation
and the number of engines. Although the podded design is found
to have greater installation drag, it benefits from having a simple
inlet and a short exhaust with low total pressure losses. Thus. the
lowest fuel burn occurs at a low design FPR and thus at a high fan
diameter. The fans in the embedded systems (BLI and BLD) are
very susceptible to installation duct losses, and the effect of these
is larger at low fan pressure ratios. This leads to higher fan pres-
sure ratios being preferable for embedded systems. However, as
shown by Fig. 14 and the studies described in [19]. as fan pressure
ratio increases, the jet and fan source noisc will increase.

This study shows that Design D, at a design fan pressure ratio
of 1.45, could offer a potential 12% reduction in fuel consumption
relative 10 a four-engine system without boundary layer ingestion.
Relative 1o a podded design, the fuel burn benefit is lower, around
5%. If a higher design FPR could be used the benefit of BLI could
be greater. This may make the jet noise target more difficult to
reach, but as indicated by Fig. 14, an embedded propulsion system
with multiple ducts should be quicter in terms of turbomachinery
noise.

Transactions of the ASME

GE-1009.009
UTC-2011.009




Conclusions

An optimized cycle for an embedded UHBR turbofan operating
with a variable exhaust nozzle has been devised. Realistic esti-
mates of the performance of an S-type inlet and the technological
limits in 2025 have been included, and these lead to a feasible
thermodynamic cycle for the Silent Aircraft propulsion system.
The cycle used as a basis of further design studies has a top-of-
climb fan pressure ratio of 1.45.

The off-design operation of a UHBR turbofan with a variable
exhaust nozzle can be optimized for low noise, during approach
and take-off, and for performance at cruise. The benefits relative
to a fixed nozzle design have been demonstrated and the engine
cycle variations for the Silent Aircraft design have been deter-
mined. For the design study described in this paper, the nozzle
required has a maximum area variation of 35%. This enables the
jet noise targel to be reached and also improves the fan efficiency
and stability margin during take-off.

Preliminary mechanical designs have been completed for the
Silent Aircraft engine thermodynamic cycle. A two-spool geared
turbofan with a gearbox between the fan and booster compressor
and an axial-radial HP compressor gives a compact, low-weight
design. This has been modified by reducing the fan tip speed and
by increasing the turbine spacing; this is expected to lower com-
ponent source noise, while further reducing engine weight.

The mechanical design of a multiple-fan engine system has also
been considered. Neglecting the more complicated transmission
system, this is expected to be lighter than the other designs, and it
is easier to package into an all-lifting wing airframe, Simple trade
studies suggest that this can offer significant noise and fuel burn
benefits provided boundary layer ingestion can be successfully
implemented.
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Nomenclature
Symbols
A = area
Dy = fan tip diameter
{ = length
m = mass flow rate
Neng = number of engine fan units in the propulsion
system
M, = axial Mach number
M,y = relative Mach number
N = rotational shaft speed
p = pressure
Qu = fan flow capacity, Q,,—m»r,,TuzM/pm
T = temperature
Uy, = fan rotor blade tip speed
W = weight
Xy = net thrust

7y = fan isentropic efficiency

Subscripts
0 = total, stagnation value
| = conditions at engine inlet entry

Journal of Turbomachinery

13 = conditions at fan exit (bypass stream)
2 = conditions at the engine face
3 = conditions at compressor exit
8 = condition at the nozzle exit
eng = engine parameter
f = fan parameter
Abbreviations
BLD = boundary layer diversion
BLI = boundary layer ingestion
BPR = engine bypass ratio
CFD = computational fluid dynamics
FPR = fan total pressure ratio (pgi3/po2)
HPC = high pressure compressor
IPC = intermediate pressure compressor
LP = low pressure compressor
MTOW = maximum take-off weight of aircraft

OPR = overall core cycle pressure ratio (pys/pgs)

SFC = thrust specific fuel consumption
TET = turbine entry temperature (7,)
UHBR = ultrahigh hypass ratio
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