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ABSTRACT
As eluded in previous studies, with special reference to those
carried out in the European framework, some innovative
high-speed aircraft configurations have now the potential to
assure an economically viable high-speed aircraft fleet. They
make use of unexploited flight routes in the stratosphere,
offering a solution to the presently congested flight paths
while ensuring a minimum environmental impact in terms of
emitted noise and green-house gases, particularly during
stratospheric cruise. However, only a dedicated multi-
disciplinary integrated design approach could realize this, by
considering airframe architectures embedding the propulsion
systems as well as meticulously integrating -crucial
subsystems. In this context, starting from an in-depth
investigation of the current status of the activities, the
STRATOFLY project has been funded by the European
Commission, under the framework of Horizon 2020 plan,
with the aim of assessing the potential of this type of high-

speed transport vehicle to reach Technology Readiness Level
(TRL) 6 by 2035, with respect to key technological, societal
and economical aspects. This paper aims at summarizing the
main results achieved so far to solve the main issues related
to thermal and structural integrity, low-emissions combined
propulsion cycles, subsystems design and integration,
including smart energy management, environmental aspects
impacting climate change, noise emissions and social
acceptance, and economic viability accounting for safety and
human factors.

Index Terms— High-speed transportation,
Technological Challenges, Environmental Sustainability

1. INTRODUCTION

The worldwide incentive to reconsider commercial high-
speed transport urges Europe to quantitatively assess the
potential of civil high-speed aviation with respect to
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technical, environmental and economic viability in
combination with human factors, social acceptance,
implementation and operational aspects. High-speed

commercial flights could be significantly beneficial for long-
haul routes to virtually shrink the globe and shorten the time
of flight of one order of magnitude for antipodal destinations,
thus revolutionizing the present idea of business trips and
touristic travels. The satisfaction of this need can however be
seriously hampered by the compliance with the
environmental sustainability requirements that currently
represent the main goal for aviation, unless innovative
technological solutions are investigated, developed and
eventually integrated and validated in operative aircraft. The
higher is the speed of flight, the higher is the fuel
consumption and consequently emissions, unless
breakthrough technologies can intervene to break down this
obvious conclusion. In order to allow for low environmental
impact and de-carbonization of air travels by 2050, new
solutions need to be designed for the various ranges of flight
routes, thus leading to different aircraft configurations and
enabling technologies for short, medium and long-haul range
missions.

As far as long-haul flights are concerned, the targets of zero
CO2 emissions and shorter times of flight urge to seek new
solutions in terms of propellant, aircraft configuration and
technologies. To shorten the time of flight and to fulfil the
requirement of long-haul routes, high speed air-breathing
propulsion shall be considered, innovative aircraft
configuration with high aerodynamic efficiency shall be
targeted [1] and liquid hydrogen, that guarantees complete
de-carbonization, shall be exploited as not drop-in fuel,
thanks to its high specific energy content. Shorter time of
flights and long-haul routes are the two crucial mission
requirements that have led to a new concept of aircraft for
high-speed long-haul routes that has been named
STRATOFLY MR3. STRATOFLY MR3 is the reference
vehicle of the H2020 STRATOFLY project, a highly-
multidisciplinary project, funded by European Commission
within the framework of the Horizon 2020 Program.
STRATOFLY is the natural follow-on of a series of European
Projects (i.e. ATLLAS I/II [2], LAPCAT I/IT [3], HIKARI
[4], HEXAFLY [5], HEXAFLY Int. [6]) devoted to study the
feasibility of the high-speed civil transportation at
stratospheric altitudes, with the goal to reduce the duration of
antipodal flights of one order of magnitude with respect to
current air transport.

The H2020 STRATOFLY project refines the design and the
concept of operations of STRATOFLY MR3 vehicle
throughout all its flight regimes, including the crucial
subsonic and transonic regimes, reaching the ambitious goal
of Technology Readiness Level (TRL) equal 6 by 2035 for
the concept, developing crucial technologies which may

represent a step forward for future reusable space
transportation systems.

After this short introduction, Section 2 briefly presents
STRATOFLY MR3 vehicle and mission concepts, while
Section 3 discusses the main results achieved by the project
with respect to the main technical challenges. Eventually
main conclusions are drawn together with ideas for future
activities.

2. H2020 STRATOFLY: MISSION CONCEPT AND
REFERENCE AIRCRAFT

STRATOFLY MR3 vehicle configuration is the result of
research activities aimed at refining the promising MR2.4
waverider configuration. Benefitting from the heritage of past
European funded projects and, in particular, from the
LAPCAT II project, the waverider configuration has been
adopted, improved and characterized throughout all flight
phases. STARTOFLY MR3 is a highly integrated system,
where propulsion, aerothermodynamics, structures and on-
board subsystems are strictly interrelated to one another, as
highlighted in Fig. 1 [7][8][9].

From the configuration standpoint, the MR3 design
clearly appears as driven by its peculiar mission concept,
which can be summarized as follows: STRATOFLY MR3
will be able to fly along long-haul routes reaching Mach 8
during the cruise phase at a stratospheric altitude (h > 30,000
m) carrying 300 passengers as payload. Fig. 1 shows
STRATOFLY MR3 external configuration. STRATOFLY
MR3 has a waverider configuration with the engines and
related air duct embedded into the airframe and located at the
top. The integration of the propulsive system at the top of the
vehicle allows maximizing the available planform for lift
generation without additional drag penalties, thus increasing
the aerodynamic efficiency, and it allows optimizing the
internal volume. This layout guarantees furthermore to
expand the jet to a large exit nozzle area without the need to
perturb the external shape which would lead to extra pressure
drag.

DMR duct
ATR duct ~_

= Cryogenic tanks

' Passenger Cabin

Fig. 1. STRATOFLY MRS3 vehicle layout and
subsystems integration
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Fig. 2. STRATOFLY MR3 BRU-SYD Reference Mission

The reference mission profile (Fig. 2), initially based on
the published MR2.4 reference trajectory [10], has been
improved thanks to (i) the introduction of more detailed and
reliable aerodynamic and propulsive databases [11], (ii) the
optimization of the depletion strategy to minimize the
variation of the centre of gravity position and (iii) the
redesign of the Flight Control System. During the first part of
the mission the ATR engines are used and the vehicle
performs the first climb phase, which terminates at Mach =
0.95 and at an altitude between 11 and 13 km. The air turbo—
rocket (ATR) is a particular case of turbine-based combined
cycles cycle engines which brings together elements of the
turbojet and rocket motors and provides a unique set of
performance characteristics. This engine offers a high thrust-
to-weight ratio and specific thrust over a wide range of speed
and altitude, constituting an excellent choice as an accelerator
engine up to high-supersonic speeds. Then, the vehicle
performs the subsonic cruise. This phase is needed to prevent
a sonic boom while flying over land. A constraint on the
distance flown from the departure site should be considered
to fulfil this requirement: the subsonic cruise phase ends
when the vehicle is at 400 km from the departure airport.
Then, the supersonic climb starts, and the vehicle accelerates
up to Mach = 4. At the end of this phase, the ATR engines are
turned off and the DMR is activated to accelerate up to Mach
= 8. Dual Mode Ramjet engine (DMR) is the high-speed
engine that can be operated in both ramjet and scramjet
modes. The next phase is the hypersonic cruise: in case of a
Europe to Asia or Australia mission, the vehicle points
towards the Bering strait, then it flies over the Pacific Ocean
to reach the destination. The cruise altitude is in the range
between 30 and 35 km. Eventually, the engines are turned off
and the vehicle performs the descent towards the landing site.

3. H2020 STRATOFLY MAIN ACHIEVEMENTS

Multi-bubble multi-functional structures and materials
The aircraft architecture features a waverider configuration,
internally supported by multi-bubble integral cryogenic tanks
hosting the LH2 propellant, being one of the major challenges
the integration of lightweight structures with the high-speed
propulsion system. Additionally, the passengers’ cabin is also
designed leveraging the multi-bubble concept. Given the
requirements of the hypersonic flow regime, adequate
materials are selected for the aircraft: ceramic matrix
composites for the exterior skin and engine, aluminum 2195-
T8 for the cryogenic tanks and CFRP for the passenger cabin.
The full description of the structural scheme is presented in
[12]. Several structural schemes have been developed to
strengthen the most critical areas, both from a stress
perspective and to avoid the local vibrational modes present
in unstiffened zones of the components. Indeed, the multi-
bubble architecture has some deficiencies generated by the
transition between the cusps of each individual lobe. At these
locations a discontinuity in the load path generates stress
concentrations that disrupt the membrane behavior of the
component. In order to palliate this effect, thin-walled shell
elements, stress relievers, working under tension have been
designed to provide two orthogonal load paths that eliminate
the stress concentration. Furthermore, in order to fully
integrate the main components, lightweight connection
elements composed by almost orthogonal grillages have been
designed and integrated between the cryogenic tanks, skin,
passengers cabin and DMR engine.

To obtain an efficient arrangement, a topology optimization
has been performed. The results of the topology optimization
have to be subjected to an engineering interpretation to be
realized into a comprehensible structure.

After obtaining a satisfactory vehicle design, the complete
sizing of the aircraft has been performed. To do so, a bi-level
optimization strategy has been developed [13]. Using this
methodology, the full structural configuration including all
the stringer dimensions is obtained for the required volumes
of the aircraft. For instance, the result of the optimization
process for the passenger cabin provided a relevant decrease
of the mass that changed from an amount of 7542 kg to 4601
kg. Although satisfactory, the single objective bi-level
optimization generates very complex designs. For that
reason, a multi-objective optimization considering not only
the mass vehicle but also manufacturing considerations as
objective  function has been  formulated.  The
manufacturability has been quantified by the number of
different stringer types considered in the design. The result
reveals that the ratio of mass decrease is more relevant from
1 to 9 design variables that from 9 to 51. Thus, the slope of
the Pareto front is of paramount importance to allow the
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designers to decide the best trade-off design according to the
requirements.

Aerodynamics

The aerothermodynamics is one of the main disciplines and
the starting point of the design project of the fully integrated
STRATOFLY vehicle. It feeds the mission analysis activity
as well as the thermal and structural activities.

For the calculation of the thermal loads the challenging cruise
condition of Mach 8 has been considered. CFD simulations
on a reduced domain at AoA=0 deg for three different
rounding (6.25, 11.3 and 22.5 mm) at the intake leading edges
have been conducted, the goal being to select the proper
rounding by verifying heat fluxes in intake critical areas and
intake performance (total pressure recovery, mass flow rate).
The cruise conditions at M=8 and 32 km of altitude are
characterized by the following far field conditions: P=845.1
Pa, T=222.7 K. Unstructured grids (see Error! Reference
source not found.-left) were generated by using the
ICEMCFD commercial software, constituted of tetrahedral
cells inside the bulk volume of the domain and of prisms near
the solid surfaces in order to have a better resolution of the
local boundary layer. The grid is composed of about 20-
million cells.

Mach number contours on symmetry plane present oblique
shock waves starting from geometry discontinuity and are all
captured inside the crotch, while the leading-edge shock goes
just a little bit outside. The interaction of local crotch bow-
shock and the oblique shock wave happens internally to the
combustor inlet, leading to an overload with respect to the
leading-edge zone. The maximum of heat flux (hot point) is
anyway located near the intake’s lateral leading-edge
junction and not on the symmetry plane. In this part of the
geometry, there is a strong interaction between the above said
shocks with the transversal shock wave starting from the
lateral leading edge.

Another important task of the aerodynamic activity consists
in the aerodynamic database development all over the range
of Mach number and for all the attitudes and control surfaces
deflections, and moreover taking into account both the
external and the internal flow path. In order to obtain a
complete database a build-up approach based on inviscid
CFD simulations and engineering formula for the viscous part
has been followed, to better fit the needs of the project at a
conceptual design stage.

High-Speed propulsion

The high-speed propulsion systems, and in particular the
scramjet engines, are the key to extend the airbreathing
engine way beyond traditional aircraft limits. Subsonic
combustion produces high static pressure and temperature
and high heat transfer (heat load) to the engine combustor
structure — especially at higher flight Mach number. These
static temperature and heat loads place a practical upper limit

on subsonic combustion (in ramjet operation) somewhere
between Mach 4 and 5. The scramjet overcomes this limit
using supersonic combustion. The scramjet has no nozzle
throat at the end of the combustor and does not need a
turbomachinery compression system, since the required
pressure recovery is provided by front oblique shocks: for a
hypersonic vehicle, the separation between the engine and the
aircraft, typical of conventional subsonic and supersonic
configurations, becomes less evident. The SPREAD
(Scramjet PREliminary Aerothermodynamic Design) code is
a powerful tool to draw a preliminary design of a propulsion
system, such as scramjet, ramjet or turbojet, in an integrated
aircraft/engine configuration, to support multidisciplinary
analysis including pollutant and GHG emission estimations.

More efficient and greener propulsion system

The main goal to achieve a more efficient propulsion system
is to maximize the potential of embedded high-speed
propulsion systems for overall performance by balancing the
lift generated by the airframe and the jet contribution through
optimization of the advanced propulsion system from
thermodynamic cycle level to detailed nose-to-tail
simulations of the propulsive duct. To enable jet noise
reduction and structural weight reduction, partially or fully
embedded engines will be traded-off versus propulsion
efficiency. The goal is to reduce the perceived noise emission
by 65% without penalizing specific fuel consumption.
Finally, having cryogenic fuels on-board provides the
opportunity to reach a higher Carnot efficiency and as such
to revolutionize engine cycles with a higher thermal
efficiency. The cycles allow a 75% to 100% reduction in CO2
emissions per passenger kilometre (ATAG Target) and 90%
reduction in NOx emissions. The use of alternative fuels, the
optimized design of Dual-Mode Ramjet (DMR) and Dual-
Mode Scramjet (DMS) combustor and injection strategy, and
plasma-assisted combustion (PAC) will be part of the
emission reduction targets.

The embedded propulsion system designed for
STRATOFLY vehicle enables seamless air-breathing
operation from take-off to climb and cruise until descend and
landing. The unique propulsion system brings in two distinct
engine technologies. For the take-off and supersonic climb
phase, the vehicle is propelled by six air-turbo rocket (ATR)
engines while the hypersonic phase of the climb and the
cruise is powered by a DMR engine. The ATR engines are
composed of two stage contra-rotating fans ingesting
substantial amount of air which is burned by the Hydrogen
fuel and then expanded through a common nozzle shared with
DMR engine. The ATR fans are driven by dedicated fuel
turbines enclosed with each ATR unit. Two distinct engine
technologies are combined on a single propulsion system
platform of STRATOFLY MR3 vehicle through an extensive
network of regenerative fuel heat exchangers. The heat
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exchangers are located around the common propulsive nozzle
and combustion chamber to recuperate the heat generated by
the combustion of Hydrogen to reheat the cryogenic
Hydrogen fuel before running the fuel turbine of the ATR and
subsequently entering the combustion chambers of ATR and
DMR engines. This approaches not only enables the power
required for the turbine to run the fans of ATR engines but
also increase the overall efficiency of the system.

The operation of the combined cycle propulsion system of
STRATOFLY MR3 engine is deeply investigated through 1D
models using Ecosimpro software. The thermodynamic
performance of each engine component can be simulated by
using the ESPSS libraries. The interactions and
interdependencies amongst the components are ensured
through ducts and valves which can also be modelled by the
software. A special attention has been paid to the take-off and
supersonic climb phase as they are the most critical section of
the low-speed operation of the vehicle where ATR engines
provides majority of the thrust.

The performance of the ATR engine was investigated
throughout 1D thermodynamic studies, operational envelope
was created and cycle optimization was done for several
cruise speeds [14]. A propulsive database matrix was also
created to investigate the ATR engine behaviour for off-
design flight scenarios by changing cruise Mach number,
altitude and air-fuel flow mixture ratio. The basic goal of this
work is to observe propulsive performance such as thrust, Isp
and overall efficiency when the variables in the operational
envelope deviate from optimized point.

High fidelity numerical simulations using Finite Rate
Chemistry (FRC) Large Eddy Simulations (LES), [15], have
been performed to provide additional, supplementary,
information regarding the operation of the scramjet engine,
and reciprocal validation of the SSFE experiments. The FRC-
LES computations are performed using the One Equation
Eddy Viscosity (OEEVM) subgrid stress and flux model,
[16], together with the Partially Stirred Reactor (PaSR)
turbulence-chemistry interaction model [17]. The chemical
reaction mechanism employed is the Z22 hydrogen-air
reaction mechanism, [18], supplemented with a 20-step
nitrous oxide reaction mechanism. The FRC-LES model has
previously been validated, e.g. [19-20] and use the Swedish
National Infrastructure for Computing resource Beskow. Fig.
3 shows the computational model of the SSFE. This is a
downscaled (1:60) and simplified version of the full-scale
STRATOFLY MR 3 flight vehicle, consisting of an inlet, an
isolator, a combustor, and an exhaust nozzle. The wings are
partially cut to fit the HEG test section, and the combustor is
modified to compensate for some of the adverse scaling
effects in sub-scale tests. To compensate this, the equivalence
ratio of the SSFE was increased to 1.0, and the combustor
layout was optimized to reach mixing and combustion
efficiencies of ~0.8. Fuel injection is performed on the top of

the semi-struts and at the top and bottom of the central strut.
A baseline hexahedral grid of ~34 million cells was used:
This grid is coarse in the freestream but gradually refined
towards the SSFE body, with additional refinement in the
engine flow path, and at the SSFE walls, around the semi-
struts and the central strut, as well as around the injectors.
Dirichlet boundary conditions are used for all variables at the
inlet and at the injectors. At the outlet, a Neumann boundary
conditions is used, where-as a wall-model is used to model
the near-wall flow. The LES Index of Quality, [21], suggest
that ~87% of the kinetic energy was resolved, indicating that
the grid used is sufficiently fine for an LES computation.

Central injection strut

Front injection semi-struts

1.44 (m) j (b)

Fig. 3. The SSFE. (a) Schematic of the Small Scale Flight
Experiment (SSFE) installed in the HEG test section and
(b) CAD views of the computational model of the SSFE
flight vehicle

Fig. 4 presents side- and top views of the combustor, together
with volumetric renderings of the (a) axial velocity, vx, (b)
temperature, T, (c¢), pressure, p, and (d) heat-release, Q, from
the FRC-LES. The flow in terms of vx show high velocities
along the intake, with the exception of the thin boundary layer
developing over the edges and curved surfaces. The flow
appears to separate at the lower wall, between and just
downstream of the semi-struts. This separation region is
shallow and is initiated at the junction between the
downstream part of the intake and the upstream part of the
combustor. The H2 injected on the top of the semi-struts
creates two large vortex structures the dominate the flow
throughout the whole combustor. The flow between the semi-
struts and the full-strut appears dominated by the large
longitudinal vortex structures and the flow and mixing
patterns developing as a direct consequence of these, a shock-
train developing at the start of the isolator, and the combustor
boundary layers. Only limited volumetric expansion is
observed in this region since the H2 is about to ignite due to
shock impingement. After the full strut, in the 1st combustor
section, a decrease in vx observed due to volumetric
expansion and increased pressure as a consequence of the H2
being ignited and burning. Further downstream, in the 2nd
combustor section, and in the nozzle, vx recovers and
increases to provide thrust. The temperature, T, is low all
along the intake, except at the walls, but increase at the
combustor inlet. Here, T increase due primarily to the intake
compression. T is then rather constant until fuel injection and
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ignition takes place. After ignition, which is mainly due to
shock impingement, T increases to around 2600 K at the
edges of the H2 jets. When additional H2 is injected sideways
from the full-strut ignition occurs throughout the cross-
section, and T increases to around 2500 K across the whole
cross-section of the 1st combustor section. Further
downstream, in the 2nd combustor section, and in the nozzle,
the temperature initially prevails but gradually decrease due
to the expansion facilitated by the combustor shape. In both
the 1st and 2nd combustor sections the longitudinal vortex
structures dominate the large-scale flow, turbulent mixing (at
all scales) and the combustion.

The pressure, p, shows very clear imprints of the three-
dimensional shock train that develops along the combustor,
and particularly downstream of the full-strut, where the
effects of the large-scale vortical structures starts to mutually
interact with the pressure through baroclinic torque and
vortex stretching, influencing mixing at all (resolved) scales.
The high-pressure region essentially ends where the 1st
combustor section end and the 2nd (weakly diverging)
combustor section starts as a consequence of the rapid area
increase and flow acceleration. The shock-train is still present
along the 2nd (weakly diverging) combustor section, and into
the nozzle but rapidly decreases in strength. The pressure
influences the rates of the chemical reactions which are
significantly enhanced in the 1st and 2nd combustor sections,
thus promoting the exothermicity. The heat-release, Q, occurs
on the edges of the H2 plumes that are discharged from the
semi-struts, after that the H2 at the edge has mixed with the
freestream air, and after this mixture have been struck by the
shock-train. Some heat-release is also observed just behind
the bow-shocks on the top of the semi-struts. The majority of
Q is however found to occur just after H2 has been injected
sideways from the full-strut ignition. This is due to the high
lateral injection speed and large penetration of the H2 as well
as the high T resulting from the combustion between the
semi-struts and the full-strut, acting as a virtual flame holder
for the main flame dominating after the full-strut.

oggpe—_——— -

(b)

Fig. 4. Side- and top views from the combustion LES of
the SSFE

Fig. 5 shows images from (a) experiments and (b) LES of the
wall heat flux on the lower combustor wall (left panel) and
on the intake surface (right panel), as well as (c) the wall
pressure along the upper combustor surfaces as indicted.
Regarding the wall heat flux the same colormaps are
employed for the experimental and LES images on each
section but different colormaps are used for the upper
combustor wall and intake surface. The measured wall heat
flux images for the intake surface are obtained from [22]
whereas those of the lower combustor wall are provided by
DLR as part of STRATOFLY. For the intake the wall surface
heat flux increases downstream of the flat portion between
the inlet lip and the downstream curved intake due to the
compression of the flow. Imprints of the vortex pair close to
the center plane and observed in Fig. 5-a and Fig. 5-b can be
seen in both the experimental and computational images. For
the lower combustor wall the deviations between the
experimental and computational images are larger but the
trends are similar with a region of high wall heat flux between
the two semi struts and the full strut. Regarding the wall
pressure, p, normalized by the free stream total pressure, p,
in Fig. 5-c, results from both non-reacting and reacting cases
are included together with the Rayleigh line as a reference.
For the reacting case two peaks at x~0.47 m and 0.65 m can
be seen, these corresponds to the pressure increase due to
injection at the semi-struts and full struts, respectively. The
increase in p between x~0.55 m and 0.9 m is due to the
volumetric expansion caused by the exothermicity of
combustion and is reasonably well reproduced by the LES.
Both the experimental and computed peak pressures exceeds
the maximum theoretical pressure rise due to Ha-air
combustion indicated by the Rayleigh-line, suggests the
presence of a strong shock-train throughout the combustor.
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Fig. 5. Measured (a) and computed (b) wall heat flux on
the lower combustor wall and on the intake.

Fig. 6 compare cross sectional profiles of the time-averaged
axial velocity, v, temperature, 7, H> mass fraction, OH mass
fraction and H>O mass fraction at x=0.395, 0.550, 0.700,
0.800, 0.900 and 1.100 m along the combustor. Included are
also line-of-sight experimental data from the DLR
measurements. The highest velocities occur over the intake
and the nozzle whereas lower velocities prevail in the
combustor as a consequence of the complex flow pattern and
the volumetric expansion due to the exothermicity. The flow
accelerates along the 2" combustor section and nozzle to
produce thrust. The temperature is low over the intake and in
the very first part of the combustor whereafter it increases.
The imprints of the Hz injection from the two semi-struts and
the combustion occurring on the edges of the Hz plumes from
two semi-struts can easily be seen. The rapid spread of
combustion across the entire combustor cross-section is also
evident just downstream of the full-strut. The peak
temperature occurs along the edges of the H2 plumes and are
just below the Ha-air temperature at stoichiometric
conditions. Along the 2" combustor section and nozzle the
temperature decreases somewhat due to the expansion, whilst
thrust is generated. Large amounts of H>O are formed along
the combustor as the Hz is consumed. OH approximately
represents the location of the combustion region and peak
around the edges of the H2 plumes and in the central part of
the combustor downstream of the full strut as additional Hz is
injected here. Only very low values of OH are observed in the
nozzle. Since NOx exists in the freestream this will also enter
the combustor and participate in the combustion reactions,
and it appears than only small changes in Ynox prevail in the
plume. The agreement between the LES predictions and the
line-of-sight experimental data for Yu20 and Yno is generally
good, with the LES predictions revealing significant
variations across the combustor as a consequence of the
complex, unsteady, vortex dominated, three-dimensional
flow field.

Axial locations: x=0.395 (). 0.550 (—).0.700 (—).0.800 (—).0.900 (—).1.100 (—). and — — DLR data

Fig. 6. Cross sectional profiles of the time-averaged
quantities

Noise analysis and reduction systems

A laboratory scale nozzle was designed by VKI and
manufactured by NLR for acoustic testing. The contours of
the laboratory scale nozzle and the internal flow for a specific
condition is shown in Fig. 7. This nozzle is able to capture
key flow features which are believed to be possible noise
mechanisms. A good agreement between wall pressures
determined with CFD and experimental wall pressures is
found. This makes it possible to couple flow topology
information from the CFD solutions to noise predictions with
semi-empirical jet noise models.

Radial distance, mm
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(€) Po, core = 130000 Pa & Py, anmutar = 170000 Pa.

Fig. 7. CFD solution and contours of the laboratory scale
nozzle for acoustic tests.

Although CFD simulations show multiple possible sources of
noise, the dominant source still seems to scale similar to jet
noise in terms of sound power versus jet velocity. An
interesting change in flow topology for the jet inside the
STRATOFLY nozzle is observed. For outer jet Mach
numbers > 0.6 (representing the ATR flow), the jet seems to
re-attach inside the nozzle and an increase in high frequent
noise is observed. Although this dual-mode behavior of the
jet is interesting from scientific point of view, in terms of
noise generation this is a secondary term. Therefore, the noise
prediction is built upon the modelling of an equivalent jet
inside the STRATOFLY nozzle by using Stone’s semi-
empirical jet noise model for inverted velocity profile jets
[23].

Comparing noise measurements with semi-empirical jet
noise predictions it can be concluded that aerodynamic
effects of the STRATOFLY nozzle cannot be neglected. As
first attempt to take the aerodynamic effect of the nozzle into
account, the jet parameters which embody the input for
Stone’s semi-empirical jet noise model are retrieved from
CFD calculations. Identifying the part of the internal nozzle
flow solution that can be used to model an equivalent jet is to
some extent susceptible to engineering judgement.

Besides the acrodynamic effect, the most dominant acoustic
effect is that the STRATOFLY nozzle directs more acoustic
energy towards downstream directivity angles. This effect
becomes stronger with increasing frequency. The measured
acoustic spectra and the calculated flow topologies with CFD
show an analogy with a sound source in a duct radiating to
free field conditions at the open end of the duct. Therefore,
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the noise from the STRATOFLY nozzle is in this research
predicted by coupling Stone’s semi-empirical jet noise model
to a duct propagation model [24]. The jet noise model
provides spectral information and sound power levels. But
the typical jet noise directivity pattern is replaced by the duct
propagation model. In this process the input for Stone’s semi-
empirical jet noise model can be either taken directly from
CFD results or can be derived via isentropic flow relations in
combination with some assumptions of the flow topology.
For a noise impact study, the latter is more desirable since
CFD results are not required for each point along the flight
path.

Applying Stone’s semi-empirical jet noise without taking the
aerodynamic effect of the nozzle into account results in the
black dashed line and underestimates the noise. When
retrieving the input for Stone’s model from CFD results in a
supersonic outer jet (representing the ATR exhausts). The
corresponding jet noise predictions are represented by the
green dashed line. Although the OASPL are generally closer
to measured levels, the directivity pattern is very different.
The shock noise dominating the upstream directivity angles
is not observed in the measurements. The pink dashed line
represents the duct propagation model with an
omnidirectional sound source and flat spectrum, illustrating
the effect of the duct propagation model and a reasonable
agreement is found. The subsequent solid blue and red line
are predictions where Stone’s semi-empirical jet noise model
is coupled with this duct propagation model. The blue line
uses input from CFD while the red line is obtained by making
some assumptions about the flow topology.

The method that uses jet conditions from CFD directly results
in a typical underprediction of 4 to 7dB in OASPL for each
directivity angle, but can also be as large as 10dB. This
accuracy is to some extent related to the engineering
judgement that is involved when acquiring the input data
from CFD. The method that derives the jet conditions via
isentropic relations in combination with some assumptions of
the flow topology is slightly more accurate and results in a
typical overprediction of 3 to 6 dB in OASPL for each
directivity angle. This overprediction is likely to be related to
the neglection of losses and mixing in the annular stream
tube. Therefore, it is believed that the overprediction will be
smaller when aerodynamic losses are smaller at the region
where the ATR jet interacts with the DMR flow. Overall, the
agreement between the experimental and predicted SPL
spectra is reasonable for this cold jet set-up.

A preliminary study has been performed to compute noise
levels at certification points that can be compared to ICAO
Annex 16. Note that only noise regulation for subsonic
aircraft are available and no noise regulation is yet available
for these type of aircraft. The jet noise during take-off is
computed with the Stone’s semi-empirical jet noise model in
combination with the duct propagation model. The engine is

modelled by VKI in EcoSimpro and the jet conditions at the
nozzle exists (ATR and DMR) are used as input for Stone’s
semi-empirical jet noise model. The obtained results are
shown in Table 1. Noise certification EPNdB levels

for two configurations.

. As can be seen these preliminary noise levels at certification
points are very high when no noise reduction systems are in
place. Therefore noise reduction systems are essential for this
aircraft. The noise levels are dominated by jet mixing noise,
which is mainly caused by the high speed internal jet
originating from the ATR ducts. To reduce this jet mixing
noise, the jet velocities should be reduced. To evaluate the
effect of reducing this jet velocity, a first step is to let this
ATR jet better mix with the flow from the DMR, resulting in
a lower average jet velocity. To further reduce the average jet
velocity external flow can be entrained in the combined
nozzle, analogue to an ejector. Assuming the DMR, ATR and
ejector flow mix perfectly and this combined flow expand
and does not separate in the nozzle, much lower noise levels
are found. The ratio of jet mass flow (ATR + DMR) over
entrained air mass flow by the ejector is 0.07. The assumption
of the perfectly expanded jet and no flow separation is very
optimistic, but shows the potential of reducing the noise.

143.4 139.4

63.1 61.9

Table 1. Noise certification EPNdB levels
configurations.

for two

Trajectory optimization and climate impact assessment

The determination of operationally realistic flight mission
characteristics, such as fuel consumption and flight time,
requires the design of fuel-optimal flight trajectories where
the vehicle’s trip fuel converges to a minimum while
simultaneously the amounts of pollutant emissions, like
nitrogen oxide (NO) or water vapor, emitted along the flight
trajectory are reduced to a minimum. As these gaseous
emissions have a different climate impact depending on the
altitude and location (geodetic latitude (Lat) and longitude
(Lon)) at which they are released, the climate-optimal
mission profile might be lower (or higher) than the fuel-
optimal flight profile of STRATOFLY-MR3. In order to
investigate these trade-offs, trajectory calculations with
various vertical profiles have been performed using a
MATLAB-based mission simulator, the so-called Trajectory
Calculation Module (TCM). This tool was originally
developed by DLR’s Institute of Air Transportation Systems
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[25] providing a fast-time, forward integration of aircraft
state variables based on simplified point-mass equations of
motion to calculate 4D flight trajectories. In the scope of
STRATOFLY, TCM was adapted and extended with the
aerodynamic, propulsive and emission databases of MR3 to
meet the project requirements. Further information on this
can be found in [26], [27], [28], [29] and [30].

As reference mission, a flight route from Brussels
(Lat:50.843° | Lon:1.263°) to Sydney (Lat: —35.896° |
Lon:150.146°) with a cruise Mach number of 8 and a
maximum take-off weight (MTOW) of 400 t is considered
resulting in a total travelled distance over ground of
18 717.36 km and a flight time of approximately 193 min
(3h 13 min). The trip fuel calculation is based on a
continuous climb cruise (CCC) modelling to keep the
aerodynamic efficiency (Lift/Drag) constant, while the ICA
is kept constant during the cruise flight resulting in the same
top of climb (TOC) and top of descend (TOD) within the
horizontal flight profile.

For an altitude range segment between 95 000 ft and 109 000
ft it can be seen, that the CCC is superior to the constant
cruise altitude approach in terms of minimum fuel
consumption for MR3. For altitudes beyond 109 000 ft, the
CCC lacks of performance resulting in a slightly higher fuel
consumption compared to the constant altitude cruise flight
program. For the latter, an ICA of 112 000 ft results in a fuel-
optimal trajectory with 158 994 t of trip fuel, whereas for the
CCC, an ICA of 109 000 ft ensures a fuel-optimal trajectory
with 160 087 t of trip fuel. Since water vapor emissions are
directly correlated to the vehicle’s total amount of burned
hydrogen (Hz), these statements also hold for a minimum-
emissions trajectory in terms of water vapor where 1 351.8 t
of H20 ensures a minimum-emissions trajectory for the
constant altitude cruise flight program and 1 361.3 t of H.O
guarantees a minimum-emissions trajectory for the CCC
operation. For the total amount of NO, an ICA of 114 000 ft
ensures a minimum-emissions trajectory resulting in
7.4173 t of NO for a constant altitude cruise flight program
and 7.4585 t of NO for the CCC flight program.
Summarizing the statements from above a trade-off between
a fuel- and H:0-optimal trajectory and a NO-optimal
trajectory can be identified for an ICA of 109 000 ft, 112 000
ft and 114 000 ft. To find an adequate compromise between
these ICAs, we assume that the major impact from supersonic
and hypersonic aviation on climate is caused by water vapor
([31], [32]). Furthermore, as per [7], the climate impact of
water vapor emissions is higher at higher altitudes (in the
current state of this study, a preliminary prediction for the
climate impact can only be made by the total amount of
emitted emissions along the aircraft’s flight trajectory). Thus,
choosing an ICA of 109 000 ft with the CCC flight program
seems to provide the best solution for this trade-off
investigation. Although the NO emissions are approximately

11 % higher compared to an ICA of 114 000 ft, the trajectory
design satisfies a fuel-optimal flight profile with a minimum
amount of water vapor emissions being emitted in the lowest
ICA possible. Fig. 8 shows the final result of the optimal
trajectory design for MR3 including the altitude and Mach
profile plotted over the flight time.
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Fig. 8: Optimal altitude and Mach profile over time for
MR3 with an initial cruise altitude of 109 000 ft

The climate impact of hypersonic transport is a key question
in the development of high-speed transportation. Both, the
aircraft design and the trajectory (route and flight altitude),
are important factors which determine the impact on climate.
Especially the cruise altitude is important. A preliminary
assessment of the impact of hypersonic flights on
atmospheric composition and climate has been performed
based on two base case scenarios: one for the ZEHST and one
for the LAPCAT (PREPHA version) vehicles analyzed in the
framework of the HIKARI European project. All scenarios
have the same total transport volume, however, the market
penetration of the ZEHST and LAPCAT(PREPHA)
technology differs: 9.8% and 26%, respectively. The total
emissions of pollutants for these two scenarios amount at 16.7
Mt H20 and 40 kt NO2 for ZHEST and 26.5 Mt H20 and 61
kt NO2 for LAPCAT (PREPHA).

The well-established LMDZ-INCA and EMAC global
chemistry-climate models were applied to investigate the
impact of the ZHEST and LAPCAT (PREPHA) fleet on
atmospheric composition. Quasi-steady state results from
either model for the change in the water vapor and ozone
mixing ratios are shown in Fig. 9 for LMDZ-INCA and in
Fig. 10 for EMAC. The results clearly exhibit a similar
response pattern for either model. An increase is found
around the main cruise altitude (26 km in the case of ZHEST
and 35 km in the case of LAPCAT (PREPHA) in northern
hemisphere. The maximum impact on the water vapor
distribution arises from the LAPCAT scenario with a
maximum increase reaching 25% at the 35km flight altitude
(12% for the ZHEST scenario). In the case of ozone, the NOx
emitted by the aircraft but also the hydrogen radicals (HOx)
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arising from the enhanced water vapour concentrations are
responsible for a destruction reaching 3% in the case of
LAPCAT and less than 1% in the case of ZEHST.

The climate impact of hypersonic emissions at stratospheric
altitudes is dominated by the increase in water vapor
concentration and the in turn increased radiative forcing. Fig.
9 and Fig. 10 clearly show a larger increase of water vapor
and larger decrease for ozone for the LAPCAT (Prepha)
aircraft due the higher cruise altitude and as a result a longer
residence time of hypersonic emissions. A conceptual
comparison of different aircraft designs and the related
residence time has been performed. The radiative forcing
related to the increase in stratospheric water vapor will be
presented in another separate publication. Nonetheless, a
positive correlation of additional water vapor and an increase
in radiative forcing is clearly visible. However, even though
the LAPCAT (Prepha) aircraft creates a larger perturbation of
water vapor, the design is preferable over ZEHST in terms of
climate impact due to the larger passenger capacity and thus
lower climate impact in terms of temperature change per
revenue passenger kilometers.
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Fig. 9. Zonal mean distributions of the atmospheric
water vapor and ozone mixing ratio changes (ppbv)
calculated by the LMDZ-INCA model and due to a fleet
of hypersonic aircraft: ZHEST (left), LAPCAT (right)

EMAC - H,0 Change [ZEHST] - Annual Mean ppbv EMAC - H:0 Change [LAPCAT] - Annual Mean ppbv
2000 609 2000
0.1 0.1

Pressure [hPa]
>
Pressure [hPa]

4
5y 0
500!
300 —2000
50°N 50°S 0 50°N
Latitude

50°5 0
Latitude

EMAC - 05 Change [ZEHSTI - Annual Mean ppbv EMAC - 0, Change [LAPCAT] - Annual Mean ppbv
150.0 CE 150.0

0.1 0.1 ¥
125 22 125

75.0 23 30 75.0

0.0
& v | (375

S e A
s’ 15, )
o 00

-75.0 10 7 s 3

35 3 40 s - -75.0
-112.5

Pressure [hPa]
Pressure [hPa]
&

&

>

AS s E2 -112.5

100 -150.0 L
50°S [ 50°N 100
Latitude

-150.0

50°S 50°N

0
Latitude

Fig. 10. Zonal mean distributions of the atmospheric
water vapor and ozone mixing ratio changes (ppbv)
calculated by the EMAC model and due to a fleet of
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Hydrogen \ H,0

3-4 years residence time
Kerosene [ o, [ H,0 1.5-2 years
subsonic - _{ e o, [ Contra ]| ~1 month
erosene H,0 Not to scale;

detailed numbers depend on technology and cruise altitude

Climate Impact
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hydrogen, supersonic and subsonic fueled with kerosene).
This representation is not to scale. Values of hypersonic
vehicles are based on ZEHST and LAPCAT emissions
[33]

CONCLUSIONS
The STRATOFLY MR3 vehicle’ and mission concept
current evolution is described in this paper, presenting the
main results achieved so far to solve the main issues related
to thermal and structural integrity, low-emissions combined
propulsion cycles, subsystems design and integration,

including all the attempts to reduce the climate,
environmental and noise impact.
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