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A comprehensive analytical approach is taken to compare the aerodynamic performance
as well as the landing and take-off noise of a single and a two-stage fan at pre-design level.
The fans were designed for the engines of a supersonic airliner with the goal of minimizing
noise certification levels. The prediction of aerodynamic performance is performed for on- and
off-design points using analytical and semi-empirical models, the noise for landing and take-off
operations is calculated using analytical approaches in modelling noise sources and propagation
to the certification points. Certification metrics are also calculated and used in this comparison.
This process is run for both fan designs on a baseline take-off trajectory in accordance with
current regulations, as well as an optimized trajectory exploiting potential regulation changes
for supersonic aircraft. With this study, the authors are able to demonstrate that a two-stage
fan design produces significantly lower noise levels. In configurations and on trajectories on
which fan noise is dominant, significantly lower certification levels could be achieved.

Nomenclature
Acronyms
BBN Broadband noise
LTO Landing and take-off
R Rotor
S Stator
SST Supersonic Transport
TE Trailing edge (noise)
ToC Top of climb
VIGV Variable inlet guide vane
VNRS Variable noise reduction system
VI'N Variable throat nozzle
Variables
n Efficiency
1) Flow coefficient
v Pressure range
BPR Bypass ratio
d Diameter, m
EPNL Effective perceived noise level, EPNdB
FPR Fan pressure ratio
l Length, m
M Mach number
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MTOM Maximum take-off mass, kg

PLR Programmed lapse rate

PNL Perceived noise level, dB

PNLT Tone-corrected perceived noise level, dB
SPL Sound pressure level, dB

t Time, s

TKE Turbulent kinetic energy, m?s~>

\% (Air) Speed, m/s, kts

I. Introduction

More than 20 years have passed since the last civil supersonic flight but the development of the next generation of
such aircraft is well underway. With a projected market entry as soon as 2030 [1], there is a need for environmental
regulation of supersonic transport (SST). The data, which regulators require to draft appropriate certification rules for
supersonic aircraft, is provided by companies designing those new aircraft but also independent researchers, for example
in the EU project SENECA. Within SENECA, the environmental impact of SST is investigated. For that purpose, four
aircraft are designed: two supersonic business jets with respective cruise speeds of Mach 1.4 and 1.6 and two supersonic
airliners with respective cruise speeds of Mach 1.8 and 2.2. Their landing and take-off noise and en-route emissions are
modelled and the scaled according to market studies.

This paper will focus on the landing and take-off noise which are essential to the certification of new aircraft. Only
engine noise will be considered, because it is the dominant noise source during take-off [2] and also significant or
dominant during landing. Since the focus of this paper is the comparison of fan designs, fan noise will be investigated
first and foremost. Jet noise will be included in all calculations since it is the other significant, potentially dominant
contributor to engine noise of supersonic aircraft.

Those engines are significantly different to subsonic aircraft engines. They are usually low- to mid-bypass turbo
engines instead of modern high-bypass designs due to the high drag larger nacelles incur at high speeds. The inlets of
supersonic aircraft are more complex than those of subsonic aircraft. They must create effective shock systems for
compression in supersonic flight. Furthermore, the high thrust required in cruise and low thrust on approach dictate a
very wide range of operations for such engines, often necessitating the use of variable features such as variable inlet
guide vanes (VIGVs) or a variable throat nozzle (VIN). The design point for supersonic aircraft engines is the Top of
Climb (ToC) because it is the most critical point in thermal management due to the high altitude and thrust requirement.
It also marks the beginning of the cruise, so it is representative of the cruise operating conditions. To provide sufficient
thrust, especially at high cruising speeds, the fan pressure ratios (FPR) are much higher than that of subsonic aircraft
engine fans at around 2.0. In order to achieve such high FPRs, a single fan stage has to be highly loaded and run at very
high transonic speeds. To maintain flow stability, the high stage loading requires the rotor to be a wide-chord design.
Alternatively, a two-stage fan design can distribute the pressure increase over its two stages, reducing the required fan
speed and aerodynamic loading, which allows more slender blades. Fan speed and stage loading are significant for fan
noise generation, so this design choice has an impact on supersonic aircraft landing and take-off (LTO) noise and thus
the critical certification noise levels. In this paper, one single stage and one two-stage fan design will be introduced and
their impact on certification noise levels explored. The fan and jet noise of the engines of a supersonic airliner as well as
the noise propagation to observers on the ground are modelled using analytical and empirical models, on one approach
and two take-off trajectories.

The fans analyzed in this paper were designed for an engine powering a supersonic quadjet concept with a cruise
Mach number of 1.8 and a capacity of 100 passengers [3]. At the design point, ToC, the engine has a bypass ratio
BPR = 2.67 and a fan pressure ratio FPR = 2.09 [4].

A. Structure of the paper

To compare the certification noise levels of a single- and two-stage fan design, two fans have to be designed,
their noise sources simulated and propagated to noise certification points and finally the resulting EPNdB have to be
calculated. To comprehensively cover this process, first an overview of the current state of research on the topic of



supersonic aircraft landing and take-off noise is presented below. The aerodynamic and acoustic methods used in this
study will be explained in Section II. After a cursory explanation of the aircraft and engines for which the fans are
designed in Section III, the fan designs are introduced in the ensuing section (IV). As the final input into the calculations,
the flight profiles are discussed in Section V). Then the results will be shown, analyzed and discussed in Section VI:
certification noise levels of both fan designs for a baseline and an optimized flight profile. Finally, the conclusions are
drawn from those results.

B. Current state of research

Since the engines of civil supersonic aircraft are either built as prototypes or at even earlier steps in development,
measurements of their noise levels are not available and methods of noise prediction need to be relied on. Only data
from the earliest stages of this development are publicly available, so the study will have to be conducted on a pre-design
level.

Several empirical models for fan noise prediction such as the Heidmann model [5] and its derivatives [6, 7] have been
calibrated using single stage fans and are widely used. Gliebe developed another empirical model which was calibrated
using a two-stage fan [8] within the High Speed Research (HSR) Program which is published in the HSRNOISE
software tool’s manual [9]. It does however only simulate noise radiated upstream of the flow originating in the first
stage. These empirical models have been used in the past to predict SST certification noise [2, 10—13], mostly with the
goal of optimizing take-off trajectories.

Their use in predicting the noise of a multi-stage SST fan with a high FPR is limited. Stephens [14] was able to
demonstrate that the Gliebe model can predict the EPNL metric of a single fan with an accuracy of 0-3dB (depending
on the fan speed), however the directivity prediction is shown to be unreliable. The fan of the XF-120 engine used for
those measurements was developed in the 1980s for a military application and cannot be assumed to be a modern civil
design, with the engine having a BPR of 0.32. Specific design data is not publicly available due to the confident nature
of military technology. the confidential. Empirical models do not model the physical noise generation mechanisms and
do not further the understanding of them. For that reason, their usefulness for the design process is limited as well.

Numerical and analytical models offer an alternative [15, 16] and can be used in SST trajectory optimization studies
[17]. They offer their own advantages and disadvantages: while the absolute noise levels are less accurate with analytical
models, they show trends and physical mechanisms behind the noise sources reliably [18]. Analytical models can be
operated at much lower computational cost than numerical methods, which allows larger parameter studies. For more
accurate noise prediction, numerical methods are preferable. While their results are very reliable, their computational
cost is very high.

Civil research on multi-stage fans was conducted as early as the 1970s, for example by NASA [19-21]. With higher
bypass ratio engines and decreasing FPRs, the interest in civil multi-stage fans decreased as well. Early noise studies
already focused on high BPR single stage fans [22]. For military applications, multi-stage fans kept being developed
and can produce FPRs of 2.5 to 5 [23].

While there are many LTO noise studies for SST, they employ empirical noise models and do not evaluate detailed
fan designs and their impact on LTO and certification noise levels. Physics-based models allow a deeper understanding
of the operation of single and especially multi-stage fans and their noise emissions. They will be used to evaluate a
noise optimized single and two-stage fan design with regards to their impact on SST certification noise.

I1. Methods
In this section the methods for predicting the fan aerodynamics and source noise levels, modelling noise propagation
and calculating noise certification levels are introduced and their application in designing the one- and two-stage fans
explained.

A. Determining noise certification levels
In order to determine an aircraft’s noise certification levels, flyover noise measurements at three distinct positions
are conducted (as in Fig.1):
* Approach: On centerline, 2000 m before the runway threshold
* Lateral: 450 m laterally removed from the centerline, at the longitudinal position where the highest sound pressure
level (SPL) is recorded
* Flyover: On centerline, 6500 m from brake release.
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Fig. 1 Location of certification measurement points along flight profile

Each microphone is positioned 1.2 m above the ground. The SPL is measured every 0.5 s during the flyover. By
weighing depending on its frequencies, the SPL are then converted to the perceived noise level (PNL). Tone-corrected
perceived noise levels (PNLT) are calculated by applying a penalty for tones. The goal is to adjust the physical sound
metric SPL for annoyance to the observer. The peak of PNLT over time has to be determined and a time window [, #>]
found, where #; marks the first time step at which the PNLT is less than 10 dB below the peak value and #, the last time
step at which this is the case. The EPNL is then calculated by integrating the PNLT between #1 and ¢,.

For noise prediction, the process chain needs to altered since no measurements can be made. The general three step
approach taken in this paper is shown in Fig.2
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Fig. 2 General approach to predicting noise certification levels

B. Analytical modelling of fan aerodynamics and noise sources

The DLR in-house tool PropNoise is used for predicting the fan aerodynamics and noise levels at source as well
as propagating them to the near-field. It is a framework based on semi-analytic models that relies on the idea that
simplified, physics-based methods can help to improve understanding turbofan engines, which are very complex systems
and provide guidelines for noise reduction. Since a design-to-noise approach necessitates considering both engine
performance and noise emission, the appropriate thermodynamic, aerodynamic and acoustic models are coupled in the
same framework. The general structure and approaches of PropNoise are described by Moreau [24]. For the sake of
brevity, it will not be elaborated on further in this paper. The most significant simplifications for supersonic aircraft fans
in the modelling of noise sources and propagation to the near-field are:

* The inlet is assumed to be a circular duct

* Transmission effects of noise passing through fan stages (scattering, transonic rotor shielding) are ignored

Buzzsaw noise is usually the dominant noise source in transonic fans. To describe the pressure signature upstream
of a transonic rotor, comprising both potential field and shocks, an analytical model was developed by Moreau [25].



It models both shock generation, propagation and decay. Strip theory is employed, so the strips are calculated as
independent 2D problems. A purely axial inflow and uniform background flow are assumed, so scattering due to inflow
distortion is neglected. The model can predict shock systems for ideal and non-ideal blades. In this study, the blade
angles are assumed to be non-ideal with a random distribution of angle deviations within an interval of [-0.4,0, 4]
degrees. This leads to the excitation of more modes and a more realistic buzzsaw noise signal.

The jet is assumed to be a perfectly mixed single stream and will thus be modeled using the empirical Stone jet
noise model of 1983[26].

The sources are considered in this paper can be found in Table 1. Some of them will be used in abbreviated form
throughout the rest of the paper.

Source Type Abbreviation
Rotor-Stator Wake Interaction Broadband + Tonal | Wake R-S/S-R
Rotor-Stator Potential Field Interaction Tonal -
Trailing Edge Broadband TER/S
Buzzsaw Tonal -
Jet Broadband -

Table 1 Modelled engine noise sources

C. Modelling of noise propagation to observer

To realistically model the propagation of noise from an aircraft engine moving along a designated trajectory with
varying operating points to an observer in the far-field, a framework of analytical and empirical models was developed.
This framework is implemented as the DLR in-house tool VIOLIN. The analytical methods and approaches to propagate
the engine noise to an observer are detailed by Moreau et al [27]. The propagation effects included in the modelling are:

Effect Modelling approach
Spreading loss -
Doppler effect -
Atmospheric attenuation | According to ISO 9613-1 [28]
Ground attenuation SAE AIR 6552 [29]
Atmospheric jitter Enhanced Rietdijk Method [30]

Table 2 Modelled propagation effects

D. Liner attenuation
Since fan noise proved to be the dominant noise source without additional attenuation (see VII), it is of high
importance to model liner attenuation. For current subsonic aircraft engines liner play a major role in reducing fan noise.
Their impact can be expected to be much more significant for supersonic aircraft engines: the geometry with long inlets
and bypasses allows for a high liner length, especially in relation to the small diameters. The small diameter also dictates
higher rotational speeds, causing higher frequency tones which can be attenuated more easily even with shallow liners.
However, developing a liner for this application or tuning a common liner model is outside the scope of this paper.
This is why a simplified approach is chosen which assumes a perfectly tuned liner with the following properties:
* A flat rate noise attenuation over all frequencies depending on whether they are tonal or broadband sources
* The liner attenuation scales linearly with liner length, neglecting effects of decreasing liner efficiency with
increasing liner length
* The liner is designed for take-off and will work with 100% effectiveness in any take-off setting; for the lower fan
speeds on approach, the effectiveness is 70%



* Since discrete frequencies can be dampened with liners much more efficiently, the liners are capable of attenuating
broadband sources by -10 dB per 1/d (where 1 is the liner length and d is the duct diameter) and tonal sources by
-20 dB per I/d
The flat rate attenuation entails the assumption that no non-dominant tone emerges as dominant due to dampening
of previously dominant tones. The estimated attenuation is loosely based on papers by Rice [31-34] who studied the
large-scale impact of liners. Small studies with an extended Helmholtz resonator model [35] indicate that they are a
rough match with peak attenuation of Helmholtz resonators.

With relative lengths of inlet being cl#lzt, = 1.5 and of the bypass being LI% = 6.0, the total attenuation is
assumed to be:
Inlet Bypass Inlet Bypass
Take-Off | Take-Off Approach | Approach
Broadband attenuation [dB] -15 -60 -10.5 -42
Tonal attenuation [dB] -30 -120 -21 -84

Table 3 Assumed liner attenuation

The authors of this paper feel that it is a strong assumption, but an improvement over excluding liner effects entirely.
The results without liners can be found in the appendix.

III. Aircraft and Engines
The aircraft used for this study, including airframes and engines, are conceptual designs at a pre-design level. The
platform is defined to be representative passenger aircraft cruising at M=1.8. The main design parameters are listed in
Table. 4. Further details on aircraft design and specifications are given by Munoz et al. [3].

Cruise Mach number 1.8
Passengers 100
Range [nm] 4000
MTOM [¢] 144.3
Number of engines 4
Wing area [m?] 4273
Wing loading [kg/m?] 337.7
Overall length [m] 71.6
Span [m] 35.0

Table 4 Platform specifications



The engines for this platform were designed and optimized for efficiency and thrust demand of the overall flight
mission profiles while not jeopardizing the LTO noise certification limits. These are conflicting design goals, because
cruise efficiency increases with a low BPR and small engine diameter. This also increases the jet velocity during
operation which is a significant driver of engine noise. This engine was designed by German Aerospace Center
(DLR) [4]. Only current technologies with a potential entry into service 2025 to 2035 were considered. Relevant
parameters of these engines can be found in Table 5.

The variable throat nozzle in the engines allows to regulate the mass flow and jet velocity. In order to reduce jet
velocities and thus jet noise, they are set to be fully opened for all LTO operations. This greatly increases the mass flow
and moves all LTO operating points to the lower right end of the fan map (high mass flow, low FPR). These operating
points are close to, or in some cases, in choking conditions.

2-stage fan,
Engine Architecture variable throat nozzle
Net thrust per engine [k N] 133
TSFC [g/kNs] 17.1
Fan diameter [m] 1.64
Bypass ratio 3.19
Fan pressure ratio 1.94
OPR 21.9

Table 5 Engine specifications at sea level, EOF ISA+15K with M=0.25

IV. Fan designs

In this section, the fan designs which are compared will be presented. Both fans have been designed using the
methods described by Graebert et al [36] with a focus on aeroacoustic optimization along with aerodynamic properties:
first, a fan is designed using general design rules, then the fan design gets optimized by an evolutionary algorithm. This
algorithm weighs aerodynamic performance at ToC and acoustic properties in LTO operations and iterated parameters
such as blade numbers within a predetermined design space. After convergence, this results in a quiet fan design with
high cruise efficiency, with stable operation in the relevant operating points.

The geometric parameters of both fans are displayed in Tables 6 and 7, the performance parameters in Table 8. A
simplified meridional view of the designs is displayed in Fig. 3. The rotor sections are strongly converging to stabilize
the flow in cruise and other high power settings. The duct directly upstream of the (second stage) stator is divergent to
reduce the axial flow speed in low power settings with small stage pressure ratios and avoid choking the stator.
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Fig. 3 Single stage (left) and two-stage (right) fan schematics in meridional view

Rotor-1 chord [m] 0.230
Rotor-2 chord [m] 0.178
Total bladed length [] 0.985
Rotor-1 blade number [-] 19
Stator-1 blade number [—] 37
Rotor-2 blade number [—] 29
Stator-2 blade number [—] 57

Rotor chord [m] 0.406
Total bladed length [m] 0.642
Rotor blade number [—] 16
Stator blade number [—] 47

— Rotor-1 solidity [—] 1.06

Rotor solidity [-] 1.53 —
— Stator-1 solidity [—] 1.23

Stator solidity [—] 2.33 —
Rotor-2 solidity [] 1.18

Rotor MDVR [] 1.26 —
Stator-2 solidity [-] 1.84

Stator MDVR [-] 1.03

Rotor-1 MDVR [-] 1.10
Table 6 Single stage fan geometry parameters Stator-I MDVR [-] 101
Rotor-2 MDVR [-] 1.12
Stator-2 MDVR [-] 1.02

Table 7 Two-stage fan geometry parameters

Single Stage | Two-Stage
FPR 2.09 2.09
Relative tip Mach number 1.61 1.28
Nise 0.891 0.922
1) 0.53 0.7310.55
b d 0.99 0.8310.84

Table 8 Aerodynamic parameters of both fans at ToC



The different advantages of each design can clearly be seen: due to the lower stage pressure ratio and lower stage ratio
pressure range P, the two-stage fan can run at much lower speeds and thus higher efficiency 7;. than the single stage
design (see Table 8). The negative correlation between stage pressure ratios bigger than 1.2 and isentropic efficiency
was already demonstrated by Moreau [24], the reduction in efficiency with increasing tip Mach numbers of high speed
rotors due to shock losses by Miller et al [37]. The chord length of the two-stage rotors is significantly smaller than the
single stage rotor, due to the lower pressure range ¥, which is the total isentropic enthalpy difference normalized with
the square of the rotational speed. The single stage fan on the other hand is shorter in total bladed length, simpler and
most likely substantially lighter. However, these comparisons are not within the scope of this paper. It will focus on
their acoustic properties in LTO operation.

V. Trajectories

The trajectories explored in this paper are simplified 2D flight profiles. They abide the ICAO regulations but are not
adjusted to the take-off procedures of individual airports. Since they are made up of concrete points, step-wise changes
to corresponding engine parameters and interpolation artifacts are present within the data.

The maximum thrust requirement for subsonic aircraft is at take-off, so the engine is designed to provide this thrust
with a safety margin. Supersonic aircraft require a very high thrust to maintain their supersonic cruise speed at altitude.
For this reason, the engines can produce a large surplus of power at low altitude and speeds. This allows for a strong
de-rate at take-off. Since LTO noise is a significant limit to the operation of civil SST, variable noise reduction systems
(VNRS) were proposed to make use of this characteristic. VNRS is permanent onboard equipment which automatically
changes the operating condition or configuration of the aircraft without manual activation by the flight crew to reduce
noise. This broad definition can encompass many different systems which can be used to alter the take-off and landing
procedures.

The changes to the take-off procedure used in the optimized trajectory for this paper are:

* Programmed Lapse Rate (PLR): The automatic reduction in thrust to a predefined level at a predefined height

* Fast Climb-Out: Increased speed during climb, currently limited to V; + 20kts

* De-rated Take-Off: Reduction in the take-off thrust (from beginning of take-off roll)

* Delayed Rotation: Delaying the lift-off after reaching rotation speed Vg in order to build up more speed while on

the ground

All these adjustments serve to reduce the thrust requirements during take-off by taking advantage of the increasing
aerodynamic efficiency of supersonic aircraft with higher speeds or reducing the applied thrust to the lowest safe
level. Since engine noise has a strong correlation to thrust all these changes will reduce engine and thus LTO noise
significantly.

A. Baseline trajectory

The baseline trajectory was calculated using the maximum take-off thrust with an open nozzle, guaranteeing a
subsonic jet. No variable noise reduction systems (VNRS) are considered and the climb-out speed it set at V2 + 20k¢s,
the maximum allowed by current regulations. No pilot activated cutback is conducted and the climb performance
maximized at all times.

B. Optimized trajectory

To find the trajectory with the lowest cumulative EPNL while not violating the limits at the individual certification
points, a trajectory variation study was run with the following constraints:

* Maximum field length: 10.000f¢

¢ Cutback at 20.000 ft vertical distance from break release

* Minimum cutback height: 689 ft as per regulations for four engine aircraft

* Minimum climb angle at all times: 4%(~ 2.3°) as per regulations [38]

In a trajectory variation study, the VNRS parameters explained above were varied to form a 5-dimensional matrix
using the same aircraft and engine [17]. The trajectory with the highest cumulative margin to Chapter 14 noise limits
was found. The parameters of this optimized trajectory as well as the baseline trajectory are listed in Table 9.



Baseline | Optimum
PLR Level [%0] 100 70
PLR Activation Height [ft] - 35
Climb-Out Speed V2+X [Kkts] 20 72
Take-Off De-rate [ %] 80 60
Delayed Rotation [kts] 161 221

Table 9 Trajectory variations and optimum trajectory

The altitude, thrust and speed profiles can be seen in Fig.4.
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Fig.4 Parameters of baseline and optimized take-off trajectories
C. Approach

The approach is performed with a standard 3° glideslope. The operating point of the engine can be considered
stationary for the approach, since a change in thrust demand, aircraft attitude or airspeed only occurs a long distance
before and after the noise certification point.

The relevant flight parameters at the approach certification point are:

* Altitude: 120m

e Thrust: 73.7 kN

* Airspeed: 70.1 m/s

VI. Results

This section discusses the results of the noise certification level predictions. First the levels for the Approach point
are compared, using a representative landing trajectory. Then the two take-off certification points Lateral and Flyover
are considered, on both the baseline and optimized take-off trajectory. The fan maps of both designs are shown in
Fig.5, along with the operating points discussed in this section. The operating points for baseline lateral and flyover
certification point are so close that they are not listed and plotted separately.

Both fans have similar maps and the design goal of covering the mission envelope is met. All LTO operating points
except for the baseline operation (point 5) are at low thrust settings. It is clear to see that the open nozzle moves the
operating points towards choking conditions, or in the case of the high thrust baseline operation, into choking. The
operating conditions for each representative point will be shown when their noise results are discussed. Especially at
low power settings, such as Approach (point 1), the two-stage fan as a much wider operating range between choking and
surge line.
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Fig. 5 Fan maps with relevant operating points with relative fan speed on respective throttle lines; SS denotes
the single stage and TS the two-stage design

A. Approach

Due to the nature of an idealized glideslope approach, operating point on approach is quasi-static. The parameters
relevant to noise in Approach configuration can be found in table 10. These parameters were calculated using the
aerodynamic and thermodynamic models of PropNoise. The jet Mach number is relevant for jet noise, the rotor
relative tip Mach number for buzzsaw and incidence as well as wake parameter for wake interaction noise. The liner
effectiveness for this operating point is assumed to be 70%, so fan noise is not attenuated as effectively as on take-off.

Single Stage | Two-Stage

Rel. Thrust [%] 14.4

FPR [-] 1.17

Jet Mach Number [—] 0.45

Rel. Fan Speed [“0] 50.9 52.0
Front Rotor Rel. Tip Mach Number [-] 0.82 0.64
Front Rotor Incidence [°] 6.3 7.1
Front Rotor Wake Area [—] 0.063 0.047
Front Rotor Mean Wake TKE [m2 / s2] 161.7 67.1

Table 10 Approach operating point parameters

The temporal variation of the PNLT as well as both fan and jet noise at the approach microphone can be seen in
Fig.6. In the graph, the 10 dB down time for each fan design is marked in the respective colors (blue and red), with
overlapping intervals in purple.

The fan noise of both designs is dominant over the jet noise and the two-stage design produces lower noise levels
than the single stage design. Fig.7 shows the temporal variation of all relevant sources for both fans, which helps explain
the difference in fan noise between the two designs.
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Approach
Limit 101.8
Noise Level 87.
Single Stage 01se- eve o
Margin 13.9
ise Level 0.2
Two-Stage N01se- eve 8
Margin 21.6

Table 11 Approach noise certification levels in EPNdB
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Fig. 7 Individual noise sources at Approach microphone, broadband sources with dashed and tonal sources
with solid plots

Since the engine operates at only 14.4% of the maximum LTO thrust, relative fan speeds of 52% or lower in approach,
neither jet nor buzzsaw are dominant noise sources, with a low jet and subsonic relative tip Mach number (see Table 10).
The dominant noise source in the 10dB down time, where the PNLT peaks, is the broadband wake interaction noise
between (first stage) rotor and stator. This is due to the operation in far off-design conditions, which results in large rotor
incidences and consequently, large wakes with strong turbulence. These wakes cause strong broadband rotor-stator
interaction noise for both fan designs. The larger chord of the single stage fan rotor compounds this problem, as can be
seen in the wake area, the product of wake width and wake deficit speed normalized with mean flow speed and turbulent
kinetic energy (TKE) in Table 10. This is the reason the single stage design is significantly louder than the two-stage
design, with larger, more turbulent wakes. Transonic rotor shielding does not occur in this case since the rotors of both
fans are subsonic across their entire span.

The resulting Approach certification point noise levels for both fan designs can be seen in Table 11. These margins
are very high and considered unrealistic by the authors. Possible reasons for this are discussed at the end of this section.
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B. Take-Off on Baseline Trajectory

On the baseline trajectory, the power setting is set to the maximum the engine can provide with a fully open nozzle.
This leads to the fan temporarily operating very close to the choking line and outside of ideal operating conditions. The
operating point at the moment when the plane is at minimum distance to the microphone will be considered the most
representative for each certification point. The relevant engine parameters of these operating points can be found in
Table 12.

Single Stage | Two-Stage
Rel. Thrust - Lateral [%] 100.0
FPR - Lateral [—] 1.94
Jet Mach Number - Lateral [—] 1.02
Rel. Fan Speed - Lateral [0] 105.6 106.2
Rel. Tip Mach Number - Lateral [—] 1.84 1.47
Rel. Thrust - Flyover [%] 100.0
FPR - Flyover [-] 1.94
Jet Mach Number - Flyover [—] 1.01
Rel. Fan Speed - Flyover [%] 105.6 106.2
Rel. Tip Mach Number - Flyover [-] 1.86 1.48

Table 12 Parameters of baseline take-off operating points

Due to the high power setting and fan pressure ratio, the jet velocity is so high that jet noise becomes the dominant
noise source, as can be seen in Fig.8. Despite it being a broadband, low frequency source, it dominates the PNLT at the
time of the fly-by. For this reason, the fan noise has no significant impact on the take-off certification noise. The sudden
drop in all fan noise at the moment of the fly-by is due to the very strong downstream liner attenuation. The take-off
certification noise levels on the baseline trajectory for both fan designs can be seen in Table 13.

Lateral Flyover
100 — ‘ 100 ‘

80

o]
-

% ------- PNLT Single Stage
= 607 /1~ 7\ | PNLT Two-Stage 60
E —— Fan Single Stage
& 40 —— Fan Two-Stage 40
— Jet
[aW
wn

20 20

. ‘ | \ 0 | ‘ ‘
35 40 45 50 55 60 60 70 80 90 100
Time [s] Time [s]

Fig. 8 SPL on baseline trajectory
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C. Take-Off on Optimized Trajectory

Lateral | Flyover | Cumulative
Limit 98.2 99.3 285.3
. Noise Levels 94.5 89.1 271.5
Single Stage -
Margins 3.7 10.2 12.8
Noise Levels 94.5 89.0 263.7
Two-Stage -
Margins 3.7 10.3 21.6

Table 13 Noise certification levels on the baseline take-off trajectory in EPNdB

For the optimized trajectory, it is important to explore both certification points (Lateral and Flyover) separately,
since they have very different operating conditions. Due to the differences in fan noise and thus a different PNLT peak,
the position of the Lateral certification point is not the same for both designs. The single stage fan lateral certification
point is located 4750m (longitudinal distance) from break release, the two-stage fan’s at 3000m from break release. The
relevant engine parameters for the Lateral certification points can be found in Table 14. It is easy to see that the thrust
setting for these two points is very different.

Single Stage | Two-Stage
Rel. Thrust [%] 51.0 86.0
FPR [-] 1.54 1.83
Jet Mach Number [—] 0.81 0.97
Rel. Fan Speed [%] 80.7 85.7
Rel. Tip Mach Number [-] 1.33 1.11

Table 14 Parameters of optimized take-off Lateral operating points

The time signals of the resulting PNLT, fan and jet noise for each fan’s respective Lateral certification point
microphone can be seen in Fig.9.

SPL/PNLT [dB]

Lateral
Single Stage Design Two-Stage Design
100 100
0| . ok 80 oo T ||
60 60
40 B 40
....... PNLT .eerse. PNLT
20 L/—\ —— Fan 20 —— Fan
— Jet — Jet
0 \ — 0 \ ~ [
55 60 65 70 75 50 52 54 56 58 60
Time [s] Time [s]

Fig. 9 SPL at Lateral microphones on optimized trajectory, with 10dB down time
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The PNLT peak is driven by fan noise for both designs. For the single stage design, fan noise is even dominant over
jet noise before frequency weighing and tone correction. As can be seen in Fig.10, the dominant fan noise source for
both designs is buzzsaw noise. The stark decrease in fan noise after the fly-by due to liner attenuation can be observed
here again. Due to the transonic rotors, inter-stage fan noise sources like rotor-stator interaction noise would in reality
not be able to propagate towards the inlet or exhaust plane. They are shielded by the shocks attached to the outer section
of the rotor blades, but as mentioned in Section II, transonic rotor shielding is ignored in this study.

Jet noise is the dominant broadband noise source at all times. The higher fan speed and thus relative tip Mach
number of the single speed fan (see Table 14) lead to stronger buzzsaw noise than that of the two-stage fan. The main
portion of the sound energy in buzzsaw noise being in heavily penalized frequency bands and it being a tonal source
increases its impact on certification levels even more.

Single Stage Design Two-Stage Design
100 100
--- BBN Jet --- BBN Jet
--- BBNTER 30 - - - BBN Wake R1-S1
BBNTE S BBN Wake S1-R2
- - - BBN Wake R-S - - - BBN Wake R2-S2
m Tonal Wake R-S 60 Tonal Wake R1-S1
= _ Buzzsaw = Tonal Wake S1-R2
= Tonal Wake R2-S2
% 40 ¢  — Buzzsaw
20
LSRN
- 0 -
65 70 50 56 58 60

Time [s]

Fig. 10 Individual noise sources at Lateral microphones, broadband sources with dashed and tonal sources
with solid plots

At the Flyover certification point, the thrust setting is much lower than on lateral. The representative engine operating
conditions are shown in Table 15.

Single Stage | Two-Stage
Rel. Thrust [%] 32.0
FPR [-] 1.37
Jet Mach Number [-] 0.69
Rel. Fan Speed [“0] 71.2 72.0
Rel. Tip Mach Number [-] 1.16 091

Table 15 Parameters of optimized take-off Flyover operating points

Concerning acoustics, the trend is similar to the Lateral point. Single stage fan noise is dominant over jet noise,
dictating PNLT over time, as can be seen in Fig.11. For the two-stage fan, fan noise has a small impact on PNLT, with
jet noise being the dominant source.
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Fig. 11 SPL at Flyover microphone on optimized trajectory, with 10dB down time

The dominant noise source inside the 10 dB down time for the single stage design is buzzsaw noise as illustrated
in Fig.12. Jet noise is the dominant broadband noise source at all times. Buzzsaw noise for the two-stage design is
non-existent due to the relative tip Mach number of the first stage rotor being below 1 (see Table 15). Its certification
noise level at the Flyover point is dominated by jet noise.

Single Stage Design Two-Stage Design
100 100
---  BBNJet --- BBN Jet
30 --- BBNTER 80 - - - BBN Wake R1-S1
-—— BBN TE S JPEE IS BBN Wake S1-R2
“~|- - - BBN Wake R-S , - - - BBN Wake R2-S2
60 Tonal Wake R-S 60 = " "v-ve TN Tonal Wake R1-S1
_ Buzzsaw N y Tonal Wake S1-R2 | _|
Tonal Wake R2-S2
40
20 Tl
r S~
T R
O e S
65 75 80 85 90 85
Time [s]

90

Fig. 12 Individual noise sources at Flyover microphone, broadband sources with dashed and tonal sources with

solid plots

The take-off certification noise levels on the optimized trajectory for both fan designs on the optimized trajectory
can be seen in Table 16. For this trajectory, there is a clear difference in EPNdB between the two fan designs.
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Lateral | Flyover | Cumulative
Limit 98.2 99.3 285.3
. Noise Levels 85.6 85.6 259.1
Single Stage -
Margins 12.6 13.7 26.2
Noise Levels 82.4 76.6 239.2
Two-Stage -
Margins 15.8 22.7 46.1

Table 16 Noise certification levels on the optimized take-off trajectory in EPNdB

D. Margins to Chapter 14 Noise Limits

All margins to Chapter 14 noise limits in this study are much higher than expected of a supersonic airliner. Even
with the full power take-off on the baseline trajectory, they remain positive. The authors are investigating the reasons for
this. There is no definitive explanation as of this writing, but there are several theories:

* Aircraft weight: The airliner with MTOM =~ 144.3t is very light for its mission, compared to a design by Georgia
Tech for the ASCENT project (Mcyuise = 1.7, 65 pax, 4250nm range, MTOM =~ 199¢) [39]. Empirical models
were used in the design and they may not be calibrated for supersonic applications. A lower weight leads to a
significantly reduced engine size and thrust demand throughout the entire mission.

* Aerodynamic efficiency: Accurately modelling the low-speed aerodynamics of a delta wing is challenging, so the
results need to be scrutinized. An aerodynamic efficiency of up to 11.1 on the baseline and 13.8 on the optimized
take-off trajectory appears to be too optimistic. This leads to underestimated thrust demand at low speeds, so
all LTO operations. Experimental studies on a delta wing with a similar aspect ratio by Jarrah and Ashley [40]
suggest that 8-9 is a more realistic maximum.

¢ Liner attenuation: With the narrow nacelle of supersonic aircraft engines, the depth of liner cavities is limited, so
liner attenuation might be overestimated. Furthermore, the boundary layer and inflow distortion present at the
high angle of attack at low speeds deteriorate the liner performance, which was not accounted for in this study.

VII. Conclusion

In this study, the authors are able to show that there are significant differences between the operation of a single
and a two-stage fan for supersonic aircraft in LTO conditions. In general, a two-stage fan can produce the required
FPR at much lower speeds and with shorter blade chords. This leads to lower fan noise and depending on the engine’s
operation, can impact the aircraft’s certification noise levels.

At high power settings, the broadband jet noise is the dominant source and the difference in fan noise contribution to
noise certification levels between single stage and two-stage designs is not relevant. It is however unlikely that Chapter
14 levels can be met without the use of VNRS and the resulting lower power settings.

Lower thrust settings that are achieved on approach or by the use of VNRS on take-off can make fan noise a dominant
source. In these cases, the two-stage fan yields a significant advantage through two main mechanisms:

* Fan tip speed: On medium power settings, its lower fan speeds keep the relative tip Mach number below 1 and
thus eliminate buzzsaw noise. The same is not true for the faster single stage fan, where buzzsaw noise is the
dominant noise source.

» Narrower rotor chords: On low power settings, both fans operate with high rotor incidences which lead to strong,
turbulent wakes. The smaller chord length of the two-stage fan leads to smaller, less turbulent wakes and thus
significantly lower broadband rotor-stator interaction noise.

The two-stage design has disadvantages such as increased weight, space needs and complexity. However the

exploration of these is not within the scope of this paper.

Since some simplifications were made for this study, there are ways in which to improve the quality of the absolute
certification noise levels:

* Adding a more sophisticated and accurate liner model to more accurately predict the spectrum of the fan noise
radiated from inlet and nozzle. Different attenuation depending on frequency can impact the source ranking
as well as the overall fan noise and significantly alter the resulting PNLT and thus EPNL. The liner efficiency
depending on the fan speed can also be modelled much more accurately.
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* Including shielding effects, since fan noise can be attenuated by wing shielding in engine-over-wing configurations
and reflected in underwing configurations, while jet noise is not usually shielded or reflected in a relevant capacity.
This could lead to fan noise being dominant where jet noise was found to be dominant in this paper and vice-versa.

* Including transmission effects to more accurately predict the propagation of inter-stage noise sources for the
two-stage design. The transonic rotor shielding could effectively eliminate inter-stage noise sources and reduce the
radiated noise. This is particularly true for the two-stage design, since both rotors can shield up- and downstream
sources.
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Appendix

Approach Lateral | Flyover Cum. Lateral | Flyover | Cum.
Baseline | Baseline | Baseline Opt. Opt. Opt.
. Noise Levels 102.7 107.2 101.0 310.9 111.9 113.1 327.7
Single Stage -
Margins -0.9 -9.0 -1.7 -25.6 -13.7 -13.8 -42.5
Noise Levels 101.9 104.9 99.4 306.2 102.5 98.7 303.1
Two-Stage -
Margins -0.1 -6.7 -0.1 -20.9 -4.3 0.6 -17.8
Table 17 Noise certification levels without liners in EPNdB
Lateral Flyover
---  BBNlJet
100 100 --- BBNTER
BBN TE S
—_ - - - BBN Wake R-S
% Tonal Wake R-S
: ——  Buzzsaw
a 50 50
wn
0 0
35 40 45 50 55 60 60 70 80 90 100
Time [s] Time [s]
Fig. 13 Single stage design - baseline take-off without liners
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Fig. 14 Two-stage design - baseline take-off without liners
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Fig. 15 Single stage design - optimized take-off without liners
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Fig. 16 Two-stage design - optimized take-off without liners
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Fig. 17 Both designs - Approach without liners

*In Flyover operation, the potential field of the subsonic rotor is a noise source similar to buzzsaw and is labeled as such for simplicity
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