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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 gasses, particularly during stratospheric cruise.
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. Main issues are 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. This paper aims at
summarizing the main challenges and goals of the STRATOFLY project, highlighting the steps forward with respect to the
past European Projects and underlying the next planned goals.
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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
technical, environmental and economic viability in com-
bination with human factors, social acceptance, imple-
mentation and operational aspects. High-speed commer-
cial 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, how-
ever, 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.
Generally speaking, the higher is the speed of flight, the
higher is the fuel consumption and consequently emis-
sions, unless breakthrough technologies can intervene to
break down this obvious conclusion. To allow for low-
environmental impact and de-carbonization of air travels
by 2050, new solutions need to be designed for the vari-
ous ranges of flight routes, thus leading to different air-
craft configurations and enabling technologies for short,
medium and long-haul range missions.

As far as long-haul flights are concerned, the targets of
zero CO, emissions and shorter times of flight urge to seek
for new solutions in terms of propellant, aircraft configura-
tion and technologies. To shorten the time of flight and to
fulfill the requirement of long-haul routes, high-speed air-
breathing propulsion shall be considered, innovative aircraft
configuration with high aerodynamic efficiency shall be tar-
geted [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/11 [3], HIKARI [4], HEXAFLY [5], HEX-
AFLY 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.

Main project objectives are to refine the design and
the concept of operations of STRATOFLY MR3 vehicle
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throughout all mission phases, including the crucial sub-
sonic and transonic regimes, reaching the ambitious goal
of Technology Readiness Level (TRL)=6 by 2035 for the
concept, developing crucial technologies which may rep-
resent a step forward for future reusable space transporta-
tion systems.

After the introduction, the paper proceeds with Sect. 2
with a description of STRATOFLY MR3 and its reference
mission, then in Sect. 3 technical challenges are analyzed
and conflicting requirements are highlighted. Eventually
main conclusions are drawn.

2 STRATOFLY MR3

The concept of a hypersonic aircraft makes sense only for
long-haul routes with ranges up to antipodal destinations
because long-haul routes maximize the benefits of a hyper-
sonic cruise at Mach 8, while medium-haul routes suffer
from shorter cruise phases.

Simply based on the Breguet range equation (see Eq. 1), if
the design is driven by the mission requirement of long-haul
routes, higher ranges can be achieved thanks to higher values
of L/D, in combination with higher energy per unit of fuel
mass (Ahy), higher propulsive system efficiency and higher
value for the ratio of initial mass with respect to final mass.

1H< initial > (1)
Wﬁnal

Therefore, to match the mission requirement of long-haul
routes, the waverider configuration has been selected for the
STRATOFLY MR3 vehicle to guarantee higher L/D values
(L/D> 6), liquid hydrogen is exploited as propellant for its
higher specific energy with respect to hydrocarbon and light
weight bubble structures are considered to allow for higher
ratios of initial mass with respect to final mass.

The second crucial mission requirement of shorter time
of flights (the time of flight shall be shortened of one order
of magnitude with respect to current values) leads to the
exploitation of high-speed air-breathing engines up to ramjet
and scramjet modes of operations. Specifically, STRATO-
FLY MR3 integrates 6 Air Turbo Rocket engines, ATR,
that operate up to Mach 4—4.5 and one Dual Mode Ramjet,
DMR, that is used for hypersonic flight from Mach 4.5 up
to Mach 8.

It is worth remembering that the use of liquid hydrogen
guarantees complete de-carbonization, thus fulfilling another
top mission requirement.

As a consequence, it can be stated that STRATOFLY
MR3 vehicle is driven by its peculiar mission, which can be
summarized as follows: STRATOFLY MR3 shall be able to
fly along antipodal route (R > 16,000 km) reaching Mach 8

Ah L
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E L T T 7 Table 1 STRATOFLY MR3 main technical data
T | | I |
[ q10 . R
ok Lo i | Technical data Value Unit of
: Do | | 1s measure-
_ sk Lo ; ‘ s ment
E I I I I g
= - | | [ |
é‘ oT e ! : 1¢ E Length 94 m
ER > 1 Alitude flan] | 1, 2 Wing span 41 m
Wk [ 1 Mach Number [-] | = Height 17 m
[ | | I |
oo | \ 1, Maximum take-off gross weight 400 tons
5 | | I |
yo ! ! Overall volume 10,000 m?
0 T T'40.00 50w 5000 Fuel weight 200 tons
e b Maximum thrust at take-off 3070 kN
Thrust during cruise 500 kN
Fig.1 STRATOFLY MR3 reference trajectory in terms of altitude
versus time and Mach number versus time
12000 +5.5% 18.0% +6.0% +4.0%
10000
ik mV_empty [m3]
"é V_propulsion [m3]
g 6000 V_cabin [m3]
3 = V_tank [m3]
£ 14000 BV_sys [m3]
2000
0

Fig.2 STRATOFLY MR3 external configuration

during cruise at a stratospheric altitude (2> 30,000 m) car-
rying 300 passengers as payload. Figure 1 depicts the trajec-
tory of STRATOFLY MR3.

Figure 2 shows STRATOFLY MR3 external
configuration.

As already mentioned, STRATOFLY MR3 has a wave-
rider configuration with the engines and related air duct
embedded into the airframe and located at the top. The inte-
gration of the propulsive system at the top of the vehicle
allows to maximize the available planform for lift generation
without additional drag penalties and to optimize 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.

Main technical data about STRATOFLY MR3 are
reported in Table 1.

Within the H2020 STRATOFLY Project, along with tradi-
tional conceptual design activities, the consortium explores
and suggests innovative methodologies for the validation of
highly complex and highly integrated vehicle and mission
concepts since the very early stage of design. In particular,
benefitting from the detailed investigations carried out by
the specialists on the most impacting subsystems and tech-
nologies, more precise routines for the estimation of mass,
volume and power budgets are currently under development.

BASELINE OPTION 1 OPTION 2 OPTION 3 OPTION 4

Fig. 3 Different options for STRATOFLY MR3 internal volumes dis-
tribution and overall volume differences between the options lie in
unpowered versus powered landing, reduced versus antipodal range
and state of the art versus improved technologies

The application of these routines to STRATOFLY MR3
vehicle is planned to be carried in the last part of the project
when a refined vehicle and mission concept baseline will be
presented. Currently, different options appear viable both
from the vehicle as well as from the mission standpoint and
are under investigations. Figure 3 shows an example of dif-
ferent vehicle baselines which have a different overall avail-
able volume and internal volume distribution. Differences
between the options are related to the adoption of slightly
different mission concepts (such as different landing strate-
gies, reduced versus antipodal range) and slightly different
propellant storage technologies concepts (i.e. state of the
art versus futured improved technologies). In this case, data
coming from specialists in aerodynamics, propulsion and
flight controls are used to perform a new set of mission sim-
ulations and the results will be used to quantitative estimate
Figures of Merits to be eventually used in a trade-off meth-
odology. Similarly, experts from the propulsion and propel-
lant domains will provide finer mass and volume estimations
for different storage options to allow for a finer parametriza-
tion of the complex tanks’ geometry on the 3D CAD model.
These set activities will aim at providing analytical meth-
ods for the estimation of the impact of different propellant

@ Springer



98

N. Viola et al.

Fig.4 STRATOFLY MR3 internal layout

storage technologies on the vehicle volume. Similarly, mass
and power design spaces will be further investigated thanks
to specialists’ analyses and simulations and a final baseline
concept will be suggested.

3 STRATOFLY MR3: Techinal Challenges
and Goals

STRATOFLY MR3 is a highly integrated system, where
propulsion, aerothermodynamics, structures and on-board
subsystems are strictly interrelated one another, as Fig. 4
highlights.

The multidisciplinary design methodology developed
in the framework of the H2020 STRATOFLY Project and
currently under implementation aims at guaranteeing a
reliable convergence toward the selection of a vehicle and
mission concept baseline. To achieve this goal, the project
approaches the topic from two different but complementary
design spaces: the operational design versus high-speed air-
craft and technology design. The operational design space
defines the possibilities and requirements for high-speed
transportation from a socio-economic and environmental
viability perspective, whereas the high-speed aircraft and
technology design space assesses and provides the related
performances and capabilities required for attainable high-
speed aircraft concepts and propulsion systems. Therefore,
the methodology defined in the H2020 STRATOFLY shall
assure that an overall optimum and a societal acceptable
implementation of a high-speed aircraft fleet can be accom-
plished with realizable technologies. In details, within the
operational design space, various modes of high-speed trans-
portation are evaluated in a parametric way with respect to
environmental sustainability, economic viability and overall
safety aspects. These evaluations deeply impact the design
of the aircraft and impose the elicitation of a complete set of
requirements. Complementary, the focus in the technology
design space is on optimizing high-speed aircraft concept(s)
at vehicle, and subsystem level. Integration of multi-func-
tioning subsystems from the structures to the on-board life
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support systems is investigated to target efficient operations.
In this context, as properly addressed in the following sec-
tions of the paper, special efforts are devoted to enhanc-
ing the propulsive and aerothermodynamic performance of
the vehicle by fully or partially embedding the propulsion
system(s) into the aircraft airframe.

Main technical challenges of the STRATOFLY MR3
vehicle are described in the following sections, with a focus
on the crucial enabling technologies that potentially repre-
senting a step forward and directly applicable to the reusable
ascent and re-entry space transportation systems.

3.1 Multi-bubble Multi-functional Structures

The use of dual or multiple bubble structure is exploited
for an overall stiff architecture at a lower mass fraction, to
achieve lightweight structures with multi-functional roles,
such as passenger cabin, multiple split tanks with anti-slosh
baffles, engine bays, intake flowpaths, etc., to eventually
integrate all subsystems in an harmonious way. This concept,
already explored in the 70 s, can nowadays be studied more
into the details thanks to available design and analysis tools.

The multi-bubble concept is applied to almost every
zone of the STRATOFLY MR3, including the passengers’
cabin and the front, lateral and rear cryogenic fuel tanks
(see Fig. 5). The structure model was generated using the
ABAQUS software and is composed of a finite element mesh
of about 1,600,000 shell elements. Such large number is due
to the need to discretize with enough fidelity each part of the
vehicle. Three materials are defined in the model: aluminium
2195 for the cryogenic tanks, CFRD in the passenger cabin

Fig.5 STRATOFLY MR3 multi-bubble multi-functional structure
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and CMC in the DMR and outer skin. The classes of loads
considered in the structural analysis are very diverse and
appear in Table 2 and additionally modal analysis will be
carried out to find out the eigenvalues and eigenvectors of
the vehicle.

The multi-objective optimization takes into account sev-
eral engineering fields, such as noise, aerodynamic and ther-
mal loads. Figure 6 shows the flowchart of the process. The
inputs from other fields than structural analysis consist on
surrogate models that are function of the design variables
of the optimization process namely the thicknesses of the
structural components of the vehicle. Thickness modifica-
tions of the structural elements alter the mass of the vehicle
and decrease the lift and thrust forces needed. In addition,
changes in mass and thrust affect noise contours [16].

That approach will allow to carry out a multi-disciplinary
optimization formulation considering not only the mass of
the vehicle as objective function but also other properties as
noise level or fuel consumption. The results of the procedure
will be the Pareto front as presented in the figure that will
allow the trade-off studies between the objective functions
according to the priorities of the designer.

3.2 High-Speed Propulsion

Propulsion system performance will be improved and opti-
mized paying special attention to take-off, engine transition
and landing, landing as they are the most challenging flight
conditions for this propulsion system and the hypersonic
aircraft. The required thrust levels for the take-off must be
ensured by six ATR engines through meticulous optimiza-
tion process. The transition phase between the ATR an DMR
engines also needs special attention during the optimization
due to the unusual flight Mach numbers for turbomachinery-
based aircraft engines in general, while the DMR at ramjet
mode has to be ready to deliver required thrust for the vehi-
cle experiencing engine transition. The exhaust nozzle/air-
frame integration will be investigated to reduce noise levels
both at cruise and during transient operation at low speeds

Surrogate Models provided
by other partners

Pareto Frontier

Fig.6 Flowchart of multi-objective multidisciplinary optimization

thanks to the detailed aeroacoustic experiments of the dual-
flow path nozzle and theoretical studies on the test results
aiming at proposing flow control techniques and methods
to reduce the noise radiation within the structure of the air-
craft. The DMR combustor will be optimized in terms of
the mixing efficiency and combustion zone within the DMR
duct to reduce NOx emissions, thanks to both engineering
and CFD tools, and by exploiting dedicated experiments
at DLR-HEG. The current configuration of fuel injection
struts will be altered so that the complete fuel mixing and
high combustion efficiency are achieved while the residence
time of the reacting mixture is reduced under conditions
favorable for NOX production inside the combustor section.

Table 2 Loads applied to

. Type of load Load Modeling
STRATOFLY—MR3 vehicles
Dead Vehicle weight Material density
Passenger load Distributed load
Landing gear Concentrated mass

Internal pressures
External aerodynamic
Engine pressures

Thermal

Fuel weight

Cabin pressurization
Fuel tanks pressure

Skin aerodynamic load
Resultant forces on empennages

Engine inlet, combustion chamber and
nozzle loads

Thermal load on engine and skin

Hydrostatic pressure
Uniform pressure

Uniform pressure
Interpolated pressure field

Interpolated temperature field
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Consequently, the reactive fuel air mixture shall be expanded
inside the nozzle and flow temperatures promoting the NOX
reactions shall be quenched during the acceleration of the
flow.

The propulsion plant of STRATOFLY MR3 aircraft
consists of an air-breathing engine which is a combination
of air turbo rockets (ATR) and a dual mode ramjet (DMR)
engine. There are six ATR engines positioned around the
DMR engine, and they are responsible to propel the aircraft
during take-off, subsonic cruise and supersonic acceleration
(Mach 0+4.5). The DMR in its ramjet mode kicks in after
cruise speed of Mach 1.5, and starts to contribute to thrust
level in a gradually increasing fashion as the flight Mach
number increases. At the cruise speed of Mach 4.5, ATR
engines are completely shut down and the DMR engine only
provides the thrust. Both engine bays share common intake
and nozzle sections. Incoming air is split-up in two streams
going to ATR engine bays and DMR engine inside the inlet
prior the DMR isolator. Exhaust flows coming from both
engines merge in a common nozzle downstream of DMR
combustor outlet.

Each ATR engine includes air-compressor, turbo-pump,
fuel turbine, pre-burner and regenerator system. The fuel
turbine is responsible to drive the air-compressor and fuel
pump, while regenerators locating around the pre-burner and
nozzle picks up heat to increase enthalpy of the fuel flow
before it goes into the turbine. The regenerators should have
enough capacity for heat pick-up so that turbine can produce
the required shaft power for the air-compressor and pump.

DMR engine consists of four main components, i.e.
supersonic-hypersonic intake, isolator, combustor and noz-
zle. During the supersonic cruise, it operates in ramjet mode
and fuel-air mixture is burned under subsonic conditions.
The hot combustion products accelerate sonic conditions in
the end of the DMR combustor so that flow reaches thermal
choking conditions during the cruise between Mach 1.5 and
4.5. Beyond this point, the flow inside the DMR remains
fully supersonic throughout the engine.

A one-dimensional propulsion model for MR3 vehicle’s
propulsion plant (see Fig. 7) was built in EcoSimPro [7],
a transient thermodynamic propulsion simulation platform,
to estimate combined ATR and DMR engines performance
along the subsonic cruise and supersonic acceleration parts
of flight trajectory.

The EcoSimPro software is a multi-disciplinary simula-
tion platform, with components in the continuous system
modeled using various mathematical relations describ-
ing their physical behavior [8]. The software also enables
implementation of several libraries such as European Space
Propulsion System Simulation (ESPSS) to model specific
systems, such as rocket propulsion components [7]. An
optimization study is being performed at VKI by coupling
EcoSimPro and Computer Aided Design and Optimization
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tool (CADO), see Fig. 8, to obtain optimal boundary and
operational conditions for the best performance values, such
as specific thrust and impulse at minimum fuel consumption.
CADO is an in-house code optimizer developed at VKI, with
the Darwinian Theory based optimization routine [9], which
includes evolution algorithm consisting of selection, muta-
tion and crossover.

By evaluating the engine performance with this algo-
rithm, new design variables are determined, and simula-
tions are repeated in the EcoSimPro. Design variables are
determined as air—fuel mixture ratio, combustion chamber
pressure and chamber throat area, since most conditions of
the engine components are dictated according to the pre-
burner properties. The optimization study and 1D numerical
simulations by EcoSimPro have been performed for nine
subsonic and supersonic Mach numbers, i.e. 0.5, 0.75, 0.9,
1.5,2.0,3.0,4.0 and 4.5 [14].

Each flight condition resulted in different combination
of pre-burner settings due to different operational needs
at a given Mach number and altitude along the trajectory
(Table 2). The results show that ATR engine air needs
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Table 3 Optimized pre-burner properties

Mach no Agpyou P eombustor MR Tilgyel
[m?] [bar] (-] [kg/s]
05 17.37 1.48 31 58.0
0.75 17.37 2.5 45 74.5
0.9 17.37 1.6 38 53.0
1.5 17.37 1.5 30 59.2
2.0 17.37 1.6 35 53.8
3.0 14.43 1.8 36 50.7
4.0 3.98 4.0 68 24.3
4.5 2.80 6.6 449 35.8

require the throat area to be at maximum limit up until
it high supersonic Mach numbers from which the values
strongly diminish. The majority of the air scooped diverted
to the common nozzle through the bypass duct without
experiencing combustion. The engine fuel burn rate varies
proportional to the thrust requirements of the aircraft. The
initial ascend phase requires higher fuel burn rates than the
high Mach number part of the trajectory as the drag force
the vehicle experiencing is significantly reduced at higher
altitudes (Table 3).

3.3 Enhanced Tank Efficiency and Enhanced Liquid
Hydrogen Density

Liquid hydrogen has a higher (three times higher) specific
energy than hydrocarbon fuels. This implies that if liquid
hydrogen is used more energy can be produced by burning
it for the same amount of mass, if compared to hydrocarbon
fuels. If we compare the same mission at Mach 8, using
either liquid hydrogen or hydrocarbon fuel as propellant,
we can say that the higher is the specific energy, the lower
is the mass of propellant we need to accomplish the mis-
sion. For this reason, hydrocarbon fuels’ specific energy can
be a limiting factor for long-haul routes at high-speed. The
exploitation of liquid hydrogen allows for dramatic improve-
ments in performance.

However, LH2 has an unfavorable volumetric density.
Current challenge is to increase the mass of LH2 per unit
volume from 70 up to 90 kg/m? (see Fig. 9). This goal can be
achieved further investigating the possibility to produce and
store the so-called slush hydrogen. Slush hydrogen consists
in a mixture of liquid and frozen hydrogen in equilibrium
with the gas at triple point. The concept has been studied by
NASA since the 90 s and specifically in the framework of
NASP project. [15]

The combination of the unfavorable volumetric density
and the low tank efficiency is a real challenge to guarantee
long-haul routes without exceeding reasonable amount for
the overall volume of the aircraft that shall still be able to

Range (km]

>
78 >~

. 72
Py [kg/m’] 7,

Py g/’

Fig.9 Variation of range with respect to liquid hydrogen density and
liquid hydrogen tan efficiency (top graph); variation of liquid hydro-
gen density with respect to liquid hydrogen tank efficiency (bottom
graph)

take-off and land from/to existing ground infrastructures.
Improvements both in terms of liquid hydrogen density and
tank efficiency shall therefore be pursued.

STRATOFLY MR3 vehicle has an overall available vol-
ume of about 10,000 m>. Tanks occupy about 2700 m> of
volume. Considering enhanced tank efficiency and enhanced
liquid hydrogen density, the aforementioned volume for the
tanks guarantees the accomplishment of antipodal routes
(about 19,000 km of range).

3.4 More Efficient and Greener Propulsion Systems

The DMR combustor design will be optimized to reduce
NOx emissions, thanks to both engineering and CFD tools,
and exploiting dedicated experiments to be performed at
DLR-HEG facility.

CIRA carried out a Small Scale Flight Experiment
numerical simulation selected for validation of CFD results
with measurements (TC#1478 at Mach=7.36, AoA=-2°,
ER~1.04, from LAPCAT-II project [3]), and to provide
NOx, H20 at nozzle exhaust for setting up (and locate) a
NOx measurement laser-based technology (TDLAS) to be
used during the next HEG Test Campaign. ANSYS-Fluent®
code was used as CFD solver, whereas chemical kinet-
ics modeling (including NOx production mechanism by
Zel’dovic) was inherited from LAPCAT-II CFD activities
on.
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MR2.4 full-scale DMR combustor [3]. It is worth
remembering that the propulsive flowpath is identical
between LAPCAT II MR2.4 and STRATOFLY MR3 vehi-
cles, so the Small-Scale model used for scramjet engine
experiment is still used. CFD results on a 6.5-million ele-
ments unstructured grid are shown in Fig. 10.

From a detailed analysis of the predicted flow field, two
different solutions (with corresponding Y-lines of sight
with NO and H20 concentrations) have been elaborated
and proposed to DLR-HEG for the TDLAS measurement
unit NO-probe location, see Fig. 11: solution A, inside the
model’s nozzle (to be windowed) and solution B, in the
free jet after the nozzle exhaust. @ is a weighting function
(equation reported in Fig.) defined to identify in the flow a
suitable location (line of sight) for NOx measurement, for
which NOx (due to only scramjet internal combustion) is
maximum and water vapor content is the lowest possible.

For what concerns the engineering modeling of the
MR3 vehicle’s DMR engine (by means of EcoSimPro),
CIRA has provided VKI with the flow conditions at the
intake and isolator calculated by the SPREAD code [10],
in the Mach number range from 4.5 to 8, see the sketch of
Fig. 12. Starting from the reference trajectory, 19 different
high Mach number flight conditions (during the powered
ascent and cruise, and the unpowered descent) have been
calculated, to build up a database of intake performance
(flow conditions at isolator, pressure recovery, intake effi-
ciency, effect of altitude, etc.).

intake
intake-chamber
F chamber
6 EXP intake
I EXP chamber
sk
al
= [
8 L
= 3
n -
N
1| B go—
L =
o =]
L L

Fig. 10 CFD rebuilding of TC#1478: pressure distribution along the
propulsive flow path

@ Springer

®=02"(1-H20/H20,_)+0.8"NO/NO_, 066
NO_,, =0.032 062
H20,, =0.23 0.58

B 054

Solution A
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Fig. 11 CFD rebuilding of TC#1478: solutions to locate NO-probe of
TDLAS measurement

3.5 Main Intake Configuration Performance

The Thermal Protection System includes breakthrough
innovative hot structures, based for example on innovative
ceramic matrix composites (CMC) technology and heat
pipes to cool leading edges, considering as cold source pro-
pellant tanks and as working fluid solid material at sea-level
temperature.

CFD simulations have been performed on the intake
geometry of Fig. 13 to find the best compromise for the lead-
ing edges rounding in terms of intake performance (captured
mass flow rate, total pressure recovery) and thermal loads
(heat fluxes in critical areas) [11].

The cruise condition at M =8 and 32 km of altitude has
been considered, radiative equilibrium with surface emissiv-
ity of £=0.8 has been applied and fully turbulent flow field
has been modeled by means of &~ SST modeling. Three
values of the intake leading edge radii have been analyzed
(6.25, 11.3 and 22.5 mm; same value for lower lip, lateral

Calculations by using ECOSIMPRO (VKI)
A 2
JEEE——
_ \
L . J \

Calculations by using SPREAD (CIRA)

\
E-E-C e

Fig. 12 MR3 DMR engine flowpath sketch
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Fig. 13 STRATOFLY MR3 vehicle air intake leading edges and
crotch modeling

edges and crotch) by means of ANSYS- Fluent® code on a
reduced geometry domain including in addition to the intake
the combustor part too.

Unstructured grids have been generated (20-30 million-
cells), constituted of tetrahedral cells inside the bulk volume
of the domain and of prisms near the solid surfaces to have
a better boundary layer resolution.

Oblique shock waves start from intake geometry disconti-
nuity 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 caus-
ing an overload with respect to the leading edge zone. The
maximum of heat flux and temperature (hot point at crotch
leading edge) is anyway located near the lateral leading edge
junction and not on the symmetry plane. In this part of the
geometry, there is a strong 3D interaction between the above
said shocks with the transversal shock wave starting from the
lateral leading edge (see Fig. 14).

The sensitivity analysis with respect to the leading edge
radius is shown in Figs. 15, 16 and 17. The efficiency param-
eters of the air intake, mass flow rate and pressure recov-
ery factor (PRF), decrease with respect to the radius, and
the thermal loads that the material of the leading edge has
to withstand show the same trend (Fig. 16), both at lower
lip and crotch. In all three cases, the intake is able to cap-
ture correctly the air mass flow. Additional CFD simula-
tions were performed in the intake’s symmetry plane with
the hypothesis of two-dimensional flow, whose results are
clearly indicated in the figures with “2D” label in Fig. 15,
and “LE HF 2D” and “LE Temp 2D” in Fig. 17.

Even though the efficiency of air mass flow decreases
(max. 4%) with leading edge radius, and the PRF decreases
more than mass flow rate, the radius value of 11.3 mm seems
to be a good compromise between two opposite trends,
i.e. the positive decreasing of thermal loads and the nega-
tive decreasing of mass flow rate and total pressure at the
entrance of the combustor.

r=11.3 mm

Fig. 14 CFD results for the 11.3 mm rounding: flow field in terms
of Mach number (top) and hot point near the crotch’s lateral junction
(bottom)

It has also been verified that there is no significant effect
of leading edge radius on the air-hydrogen supersonic com-
bustion [11]. Note from Fig. 17 that the fluid dynamic behav-
ior in the symmetry plane of the intake can be presumed as
quasi-2D. It is important to remark that the values of heat
flux and temperature at the hot point (off- symmetry) do not

MFR Eff. vs LE radius
—-3D

2D
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0.980 y -
0.960 -

0.940
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Fig. 15 Mass flow rate efficiency vs. leading edge radius
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PRF vs LE radius (secl)
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Fig. 16 Pressure recovery factor (PRF) vs. leading edge radius
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Fig. 17 Intake lower lip (symmetry plane) heat flux and temperature
vs. leading edge radius

show a regular trend as for the leading edge and crotch lead-
ing edge (in the symmetry plane).

3.6 Aerodynamic Database

The aerodynamic database (AEDB) developed during the
LAPCAT-II project [3], based on engineering methods,
cross-checked by detailed CFD nose-to-tail simulations and
used for the calculation of the MR2.4 vehicle reference tra-
jectory, is being reviewed, assessed and completed, espe-
cially for what concerns: (1) the addition of the effects of
(updated) control surface system in the low-supersonic to
hypersonic regime (in charge of CIRA using their own sur-
face impact method SIM, part of SPREAD code), and (2) the
refinement of the subsonic to low-supersonic regime includ-
ing again the effects of Flight Control System (in charge of
Politecnico di Torino, using engineering methods).

It is worth highlighting that this new version of the AEDB
refers to the MR3 vehicle external surfaces only, including
the flight control system (elevators, ailerons, vertical tail),
without accounting for the effects of the propulsive flowpath
nor for the viscous effects.
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STRATOFLY MR3 High-Speed Aerodynamics (A0S=0°)
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Fig. 18 MR3 lift coefficient CL vs. angle of attack AoA

STRATOFLY MR3 High-Speed Aerodynamics (A0S=0°", Xcog=49.98m)

||

| |
//’
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Fig. 19 MR3 pitching moment coefficient Cm vs. angle of attack
AoA

Two test matrices have been calculated for the AEDB
setup, in the hypothesis of no influence of angle of sideslip
(AoS) on the effects produced by elevons (elevators, ailer-
ons) and rudders deflected.

After tuning the surface impact method [10] with original
MR2.4 AEDB and available CFD results by ESA and CIRA,
the calculation strategy (tangent-wedge method for wind-
side, Newtonian/Prandtl-Meyer expansion for leeside and
fuselage) has been fixed and the computed results have been
analyzed in terms of aerodynamic performance, static stabil-
ity (both longitudinal and lateral directional), sensitivity to
center of gravity (CoG) movement, analysis of trimmability.

A collection of STRATOFLY MR3 AEDB results is
shown in Figs. 18, 19, 20 and 21.

A linear behavior of lift coefficient CL in the AoA range
is predicted, as well as a high lift-to-drag ratio of about 10 at
AoA =0°, as expected by a waverider configuration. Moreo-
ver, Mach number independence of aerodynamic coefficients
is still not fully reached at Mach=38.

A clear longitudinal static stability (Cma < 0) at all Mach
numbers for both CoG values (X=49.98 m with 20% fuel,
X=52.95 m with 100% fuel) is predicted, with a decrease of
stability with Mach number and with more backward CoG
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STRATOFLY MR3 High-Speed Aerodynamics (AoA=0°)

b

AoS [deg]

Fig.20 MR3 yawing moment coefficient Cn vs. angle of sideslip AoS

STRATOFLY MR3 Trimmability (Xcog=49.98m)

propulsive thrust (T-D>0) at Mach=6

AoA_trim [deg]

/

delta_trim [deg]

Fig.21 MR3 trimmability map

position. It is clear the need for trimmability with negative
elevon deflection for all flight conditions (large ACm to
null, greater for lower Mach), thus confirming the conflict-
ing requirements: stability vs. trimmability. Of course, in
present working hypotheses, the beneficial engine-on effect
on Cm (shift up of curve) is totally missing.

The MR3 vehicle clearly features a lateral-directional
static stability, which, however, decreases with Mach num-
ber and is not affected by the full AoA range [—6°+6°],
and with a very small effect of CoG movement on lateral
stability (Cnf3 > 0).

The predicted trimmability map of the MR3 vehicle (for
the more forward CoG position), always keeping in mind
that we are dealing only with external surfaces (no propul-
sive flowpath accounted for, nor viscous effects), is shown in
Fig. Considering also that the elevons’ efficiency (dCm/dde)
decreases for negative deflections as Mach number increases
above 3 and the negative effect of more backward CoG (trim
conditions only for e = — 20°), the trim AoA values are far
from the optimum values emerged from the aero-propulsive
analysis (based on detailed nose-to-tail CFD simulations
[12]), i.e. maximum propulsive thrust for AocA=— 2°+0°
at Mach=6 and AoA =—2° at Mach=8.

By the way, these are the results of the first design loop
of the Flight Control System, and possible viable solutions
to be investigated to get trim conditions for optimum propul-
sive thrust are: (1) evaluate the effect of propulsive flowpath
and motor-on on trimmability, (2) enlarge the horizontal
control surfaces, (3) reconsider the canard wings, (4) change
the elevon airfoil shape, and (5) change the wing-body angle.

3.7 Noise Reduction and Noise Suppression
Strategies Based on Nozzle-Airframe
Integration

Noise is a crucial issue for high-speed flight, both for the
passengers on board the aircraft and the people on ground.
Main concern within the STRATOFLY project lies in noise
effects due to high-speed jets affecting passengers in the
cabin, which lays just below the propulsive system air duct,
as depicted in Fig. 22.

With regard to the nozzle-airframe integration for noise
suppression, NLR and VKI are in charge to devise novel
noise suppression techniques, profiting of the embedment of
high-speed propulsion units within the airframe.

A confinement of the high-speed jet offers possibilities
for flow manipulation, noise absorbers and to tailor the shear
layer thickness, making it possible to mitigate jet noise and/
or to shift its dominant frequencies. Additionally, the air-
frame integrated nozzle can act as an acoustic barrier or
reflector between the jet and observer.

Within STRATOFLY, the jet noise during the take-off
and landing is studied, when the DMR acts as a flow through
channel without combustion and the aircraft is propelled by
six ATR engines. These latter are installed in bypass ducts,
three ATR engines in each bypass duct. Both the DMR and
ATR bypass ducts exhaust in one single nozzle. Based on
three-dimensional steady Navier—Stokes CFD simulations
[12], a complex flow topology has been observed during
the subsonic take-off and landing phases. In the three-
dimensional CFD [12] two relevant conditions for take-off
are reported, with flight Mach number 0.3 and 0.5. These

Propulsive Subsystem

Propellant Subsystem

Passenger Cabin

Fig. 22 Passenger cabin integration within the vehicle
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two conditions are characterized by the following key flow
features that are believed to be important aspects when it
comes to noise generation:

e Flight Mach number 0.3 condition: the exhaust jets from
the ATR ducts merged with the flow through the DMR in
the combined nozzle forming a high-speed (but still sub-
sonic) jet which is separated from the combined diverg-
ing nozzle.

e Flight Mach number 0.5 condition: the exhaust jets from
the ATR ducts merge with the flow through the DMR in
the combined nozzle. A combined flow is formed which
tries to follow the diverging nozzle contour. For a short
distance, the flow accelerates, but quickly it separates.
After separation, a normal shock is formed and the flow
decelerates.

A simplified coaxial axi-symmetric laboratory scale noz-
zle has been designed and manufactured (see Fig. 23), cap-
turing the believed to be key noise generating flow features
of the real geometry.

For example, at the flight Mach number 0.5 condition,
formation of shocks within the nozzle is observed due to
the aerodynamic effect of the nozzle. Confining the jet with
an airframe integrated nozzle can therefore introduce noise
sources otherwise absent in an unshrouded jet. This effect
can be seen in Fig. 24, showing a CFD inviscid flow field.
The top half of the figure shows a shortened version of the
coaxial axi-symmetric nozzle with respect to the lower half.
The nozzle introduces a normal shock within the core flow
with oblique shocks forming in the outer flow. When the
nozzle is shortened, the shock formations are absent. There-
fore, the integration of the nozzle within the airframe creates
opportunities for noise suppression at the expense of pos-
sible introduction of new noise sources at some operating
conditions, this net effect having to be evaluated. The labora-
tory setup allows for shortening the nozzle, thus evaluating

Fig.23 Simplified coaxial axi-symmetric laboratory scale nozzle
used for acoustic testing

@ Springer

the net acoustic effect of confining the jet with the airframe
integrated nozzle.

A preliminary inventory of possible noise reduction
concepts has been made, with benefits and drawbacks with
respect to the present application.

As far as the noise effects on the people on ground, in
compliance with current International regulations for sonic
boom issues, only oversea routes have been considered
(see Fig. 25) so far sonic but new city-pairs connected by
overland routes may be considered, after detailed investiga-
tions about sonic boom noise effects when flying at about
30,000 m.

3.8 Novel Multi-functional on-Board Energy
and Thermal Management System

Apart from a traditional TPS and a careful selection of
materials, other strategies shall be considered to control the

1%0 -

M 0102030405082 09 11 141518171819

w/o jet shroud
with jet shroud

600

100

100

150

Fig.24 CFD analysis of the simplified coaxial axi-symmetric labora-
tory scale nozzle

Fig.25 STRATOFLY MR3 oversea routes
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amount of heat flowing through the shell into the internal
compartment, to guarantee proper survivability levels of
all the subsystems and payload. To face this problem, the
MR3 vehicle is equipped with the innovative Thermal and
Energy Management Subsystem (TEMS), whose scheme
is shown in Fig. 26, which has been conceived since the
LAPCAT-II project [3]. This subsystem exploits the boil-off
vapors coming from the evaporation of the liquid hydrogen
within the tanks as main coolant means for the cabin, the
power-plant and the air-pack of the Environmental Control
System (ECS), being finally injected in the combustor of
the engines. Moreover, the high-pressure hydrogen is used
to drive a dedicated turbine providing mechanical power to
the devices of the TEMS itself, producing enough power
margin for the other on-board subsystems. Tanks and cabin
are in fact highly integrated in a bubble-structure architec-
ture, which characterize the overall internal configuration
of the waverider.

The Thermal and Energy Management Subsystem is
a clear example of an innovative multi-functional and
multidisciplinary subsystem combining the management
of thermal loads and the electric power generation and

PROPULSION PLANT

pumping power
/D'ﬂ—
“)

A

—1 boil-off compresing power

insulation

fuel

PAX CABIN '\@/ \@/ %

outflow

~+ LH2
outflow

Fig.26 Thermal and energy management system

Table 4 TEMS expected operating conditions

supply, making benefits of liquid hydrogen boil-off, that
is usually considered a drawback. The high level of inno-
vation, the complexity of the TEMS and its constituent
components, the low maturation levels of the technologies
as well as the integration on-board the reference vehicle
need to be further investigated to confirm the technical fea-
sibility of the concept. Thus, the development of a proper
design methodology has been considered appropriate to
size the main components of this highly integrated sub-
system, developing dynamic models able to estimate the
geometrical characteristics and mass, volume and power
budgets of the elements, on the basis of the most demand-
ing operational parameters.

Static models developed by Politecnico di Torino [13]
have been used at the beginning of the STRATOFLY pro-
ject to perform a preliminary mass, volume and power
budgets estimation, considering the Mach 8 cruise as the
most demanding condition. Then, these models have been
integrated into a more complex dynamic model with the
purpose of widening the investigation to verify the behav-
ior of the subsystem along the entire mission.

Table 4 summarizes the operating conditions of the
TEMS of STRATOFLY MR3 vehicle.

Thanks to the exploitation of the overall dynamic
model, it is now possible to investigate the behavior of
each single components of the TEMS and verify whether
the proposed solution is in line with the vehicle’s needs.
As example, Figs. 27 and 28 report the compressor and
turbine performance maps: from their operating lines it
stems out that the components are well-sized for the oper-
ating conditions under evaluation. Eventually, thanks to
the dynamic model, it is also possible to check the behav-
ior of the overall TEMS, looking for example at the main
power demand or at the overall available boil-off, see
Fig. 29 [17].

Rotational speed [10000-40000]

N [rpm]

Flow rate [0-100]

m [kg/s]

Fluid density p 70.8

[kg/m?]

Pressure rise [60x 10°-80% 10°]

Ap [N/m?]

Efficiency [-] 0.7

Turbopump type Radial pump and axial turbine con-

figuration

Mechanical arrangement Direct driven

Considering a typical range of operations for turbopumps
with LH2 working fluid

Liquid hydrogen (LH2)

Assumption considering currently available technologies
Considering the Balje and Cordier diagrams

Depending on the speed variations between pump and turbine
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4 Conclusions

The STRATOFLY MR3 vehicle’s current evolution is
described in this paper, in particular for what concerns
the main technical challenges and goals.

The formulation of the optimization problem for the
airframe definition has been defined, in the context of a
multi-disciplinary and multi-objective optimum design.
Data flow exchange has been also suggested to a Pareto
Front providing the designer with the information to carry
out trade-off studies, thus combining efficiently each
objective function in the selected design.
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Fig.29 TEMS boil-off all along the mission

A one-dimensional propulsion model for MR3 vehicle’s
propulsion plant has been built in EcoSimPro, to estimate
combined ATR and DMR engines performance along the
subsonic cruise and supersonic acceleration, coupled with
the optimization tool CADO, to achieve optimal bound-
ary and operational conditions for the best performance
values, i.e. specific thrust and impulse at minimum fuel
consumption.

A simplified coaxial axi-symmetric laboratory scale
nozzle has been designed and manufactured, capturing the
expected key noise generating flow features of the real noz-
zle geometry.

This nozzle will be experimentally tested in the NLR
acoustic wind tunnel. The laboratory scale nozzle allows
for shortening the nozzle to evaluate the net acoustic effect
of confining the jet with the airframe integrated nozzle.

From a detailed analysis of the predicted flow field of the
small-scale DMR model, two different solutions (with lines
of sight for NO and H20O concentrations) have been elabo-
rated for the TDLAS measurement unit NO-probe setup, to
be used during the next HEG test campaign at DLR.

After a detailed trade-off study, the radius of 11.3 mm
for all the MR3 vehicle’s main intake leading edges has to
be considered as feasible and a good compromise between
thermal loads and air intake efficiency.

The first design loop of the flight control system of MR3
has produced a first sizing of elevons and vertical tail: 60 m>
of horizontal surfaces (split in 4 devices, 2 by each side) and
2x96 m? of vertical tail. The aerodynamic analysis (external
surfaces only, no propulsion effect) has shown that longitu-
dinal trim AoA values are far from the optima emerged from
the aero-propulsive analysis, so first viable solutions could

be to enlarge horizontal control surfaces and/or reconsider
the original canard wings.
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In any case, the MR3 vehicle features a high lift-to-drag
ratio around AoA =0°, a clear longitudinal stability at all
Mach numbers for both CoG assumed values, a decrease of
longitudinal stability with Mach number and with the more
backward CoG, a clear lateral-directional static stability,
decreasing with Mach number, and a lateral stability not
affected by CoG’s assumed variation.

Concerning the on-board subsystems, STRATOFLY
project is facing many crucial aspects to allow a high-level
of integration within the airframe as well as to guarantee
the requested level of performance. The first results of a
set of dynamic simulations of the TEMS have confirmed
the overall structure of the original architecture of the sub-
system. In the second half of the project, thanks to updated
results of the project itself (e.g. optimized trajectory,
upgraded propulsive subsystem model, etc.), an upgrade
of inputs and implemented models will be performed, and
a new set of TEMS simulations’ results will be provided.

Future activities include the further improvement of the
technical issues here described, the design of the other on-
board subsystems, like the Environmental Control Subsys-
tem, the Electric Power Subsystem, the Landing Gear and
the Avionics, and the thorough analysis of the concept of
operations throughout all mission phases to understand if
STRATOFLY MR 3 fits within the operational procedures
for the current airport infrastructures. The analysis of all
mission phases is a crucial issue for the STRATOFLY
Project not only from the point of view of the operations
but of course also from the point of view of the technical
performance of each discipline. For the first time in fact
with respect to the previous high-speed projects, in addi-
tion to the Mach 8 cruise condition, also the other flight
phases will be tackled and a deeper investigation of the
behavior of the aircraft aerodynamics and the propulsive
system (including emission) in subsonic, transonic and
low-supersonic phases will be analyzed through low and
high fidelity simulations. Moreover, test campaigns for
noise mitigation, supersonic combustion with and without
Plasma Assisted Combustion and emissions measurement
at hypersonic speed will be performed and the data pack-
age will be crucial to validate new simulation models.

STRATOFLY MR3 has the ambitious goal of satisfying
the need that urges Europe to shorten the time of flights
for long-haul routes and at the same time to move toward
a more sustainable aviation from the environmental point
of view: zero CO, emissions are guaranteed thanks to the
exploitation of liquid hydrogen and NOy emissions as well
as noise shall be mitigated.
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