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This Special Issue contains selected papers from works presented at the 10th EASN
International Conference on Innovation in Aviation & Space to the Satisfaction of the
European Citizens, which was held successfully from the 2nd until the 4th of September,
2020. Due to the COVID pandemic, it was the first time in the history of the EASN
Conference series that the event took place in a virtual format. The event included 9 keynote
lectures and more than 320 technical presentations distributed in close to 50 sessions.
Important also to underline that 48 HORIZON2020 projects have disseminated their latest
research results as well as the future trends on the respective technological field at this
event. In total, the 10th EASN International Conference was attended by more than
350 participants from 37 countries worldwide.

In the present Special Issue, eleven engaging articles are contained, with more than
300 views each till now, related to aviation research. Vedernikov et al. [1] performed
complex parametrical strength investigations of typical wings for regional aircraft, using
an advanced four-level algorithm (FLA). The enhanced algorithm used in this work allows
for an efficient strength analysis of airframes and is validated with a high-aspect-ration
wing designs, also including strut-braced wings. In a systems-engineering approach,
Eisenhut et al. [2] established top-level aircraft requirements (TLARs) for a 50-passenger
hybrid-electric regional aircraft. Beyond performance requirements, these TLARs also
include environmental factors, becoming increasingly important for sustainable aircraft de-
signs. Furthermore, suitable reference missions are presented, as well as figures of merit that
allow for an evaluation of different aircraft architectures. In the work of Bergmann et al. [3],
a methodology for precise identification of the performance characteristics of a UAV test
platform is described, providing an overview of the measuring system, discussing its
functionality and showing flight test results. This facilitates the systematic analysis of
propeller–wing interaction effects which are of interest to a synergetic aircraft configuration
design with distributed propulsion. Blasi et al. [4] describe the control architecture and
the control laws of an innovative Modular Iron Bird concept which aims at reproducing
flight loads to test mobile aerodynamic control surface actuators for small and medium
size aircraft, as well as unmanned aerial vehicles. The effectiveness of the proposed control
architecture and control laws is demonstrated in numerical simulations. Pathak et al. [5]
present their work on a model validation case for the distribution of the agent of an en-
vironmentally friendly fire protection system (EFFP) in the cargo hold of an aircraft. In
the low-pressure vessel of the Fraunhofer Flight Test Facility (FTF), the team was able to
equip an aircraft demonstrator with an EFFP and to validate refined simulation models for
knockdown during different flight phases in this setup. In the work of Przysowa et al. [6],

Aerospace 2021, 8, 111. https://doi.org/10.3390/aerospace8040111 https://www.mdpi.com/journal/aerospace1
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the performance and gas emissions produced from two different jet engines are compared
for blends of Jet A-1 fuel with different alternative fuels in various concentrations. The
acquired data serve the development of an engine emissivity model allowing for the predic-
tion of engine emissions. The results show that under an emissions point of view blended
fuels can be used to fuel gas turbines. Seitz et al. [7] present key results for the EU H2020
project CENTRELINE, undertaken to demonstrate a proof of concept for the so-called
propulsive fuselage concept (PFC) with boundary layer ingestion (BLI). A performance
bookkeeping scheme for the BLI propulsion is reviewed and findings from the high-fidelity
aero-numerical simulation and aerodynamic validation testing in wind tunnel and BLI
fan rig test campaigns are discussed. An assessment of the PFC fuel burn compared to a
conventional design shows a 4.7% mission fuel benefit. Norrefeldt et al. [8] assessed the
effects of an alteration of the outdoor/recirculation airflow ratio in an aircraft cabin on
relative humidity, CO2 and total volatile organic compounds (TVOC) level in the cabin
air. Tests were conducted in the Fraunhofer FTF facility, showing an increase of these
parameters with an increased recirculation fraction, as the passenger emissions become
less diluted by dry outdoor air. Kellermann et al. [9] investigated the use of ram-air based
thermal management systems (TMS) for the cooling of the power train components of
future hybrid electric aircraft, assessing the impact on mass, drag and fuel burn. A numer-
ical optimization of respective TMS system was carried out for minimum fuel burn of a
180 passenger short range aircraft with a partial electric propulsion system. For a power
split of 30% electric power, an additional fuel burn of 0.19% due to the TMS is reported in
this work. Pavlenko et al. [10] analyzed the design requirements and operating parameters
of small turbofan engines for single-use and reusable unmanned aerial vehicles (UAVs), in
order to introduce alternative materials and technologies for manufacturing their compres-
sor blades. Stress and temperature maps on compressor blades and vanes were obtained
by means of thermal and structural analysis, considering the physical and mechanical
properties of advanced materials and related processing technologies. It was shown that
the permissible operating temperature and safety factor as well as the design requirements
of the turbofan at lower manufacturing costs are met with the proposed materials. Finally,
Engelmann et al. [11] analyzed the boarding procedure of a single aisle aircraft with an
improved simulation methodology, increasing the level of detail in the boarding simulation.
The improved model considers, for example, the passenger walking speed in dependence
of surrounding objects and the location of other passengers. A validation was carried out
with an Airbus A320 as a baseline, compared to an altered version with an extended aisle
width and to a COVID-19 safe distance scenario. As a result, a boarding time reduction
of up to 3% could be shown for the wider aisle, while the COVID-19 scenario leads to an
increase of 67%.

The editors of this Special Issue would like to thank the authors for their high-quality
contributions and for making this Special Issue manageable. Furthermore, the editors
would like to express their gratitude to Ms. Linghua Ding and the Aerospace editorial
team for their professional support.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: This publication presents the results of complex parametrical strength investigations of
typical wings for regional aircrafts obtained by means of the new version of the four-level algorithm
(FLA) with the modified module responsible for the analysis of aerodynamic loading. This version of
FLA, as well as a base one, is focused on significant decreasing time and labor input of a complex
strength analysis of airframes by using simultaneously different principles of decomposition. The
base version includes four-level decomposition of airframe and decomposition of strength tasks. The
new one realizes additional decomposition of alternative variants of load cases during the process
of determination of critical load cases. Such an algorithm is very suitable for strength analysis and
designing airframes of regional aircrafts having a wide range of aerodynamic concepts. Results of
validation of the new version of FLA for a high-aspect-ratio wing obtained in this work confirmed
high performance of the algorithm in decreasing time and labor input of strength analysis of airframes
at the preliminary stages of designing. During parametrical design investigation, some interesting
results for strut-braced wings having high aspect ratios were obtained.

Keywords: aircraft structure; strut-braced wing; parametric modeling; decomposition principles;
strength analysis; finite element method (FEM); doublet lattice method; four-level approach

1. Introduction

Conditions of operations of regional aircrafts have a number of differences as com-
pared to the middle-range and long-haul ones. The main difference is a short time of a
cruise flight, meaning the absence of strong aerodynamic demands to external geometry
parameters, which focused to maximize the lift-to-drag ratio. Thus, unlike the middle-
range and long-haul airliners, for regional aircrafts, it is necessary to consider external
geometry parameters simultaneously with the other active airframes parameters within the
common design process. For this reason, designing regional airframes is quite a hard task,
due to the increased number of active design parameters [1,2]. This task is similar to the
initial stages of designing airframes of aircraft with non-conventional aerodynamic concept
that also require simultaneous consideration of external geometry parameters together
with other design parameters [3,4]. It is obvious that these tasks are impossible to solve in
frame of the two-step conventional approach, when, at the first step, the values of external
geometry parameters of a concept are defined, following aerodynamics demands, whereas,
at the second stage, fixed values of geometry parameters are used for the definition of
values of the other active airframe parameters. Thus, for successful solution of design
tasks of regional aircraft airframes, a significant decrease of calculation time is needed
in order to perform the preliminary design procedure. The conventional (step-by-step)
design procedures within multidisciplinary design and optimization (MDO) approach are
described in References [5,6].

Aerospace 2021, 8, 80. https://doi.org/10.3390/aerospace8030080 https://www.mdpi.com/journal/aerospace5
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There are several standard methods of decreasing calculation time and labor input,
including automation, standardization of input and output information, high-performance
calculation equipment, etc. However, one of the important matter for decreasing labor
intensity is an application of decomposition of both airframe strength models and strength
tasks. Development of methods and algorithms based on decomposition principles was the
goal of a number of researches. In References [7,8], some examples of decomposition of a
wing structure are shown. In References [9,10], decomposition of strength tasks, including
decomposition of a procedure of a strength analysis, was carried out, using several different
physical models, including both FEM models and simple analytical beam models.

These two abovementioned principles were realized in frame of the base version
of FLA that was developed and validated in Central Aero-Hydrodynamic institute, to
analyze strength of airframes and carry out preliminary design of perspective civil aircrafts
with non-conventional structure concepts, including numerous different variants of lay-
outs. The algorithm was successfully validated in frame of some European and domestic
projects [11,12].

The main features of the base-version FLA are the following:

1. Global parameterization of airframe structure on the base of common special four-
level database.

2. Four-level nested FE models according to detailing of the structure.
3. Full automation of initial data definition and analysis of calculations results.
4. Parallel solving strength tasks on both nested FE models and auxiliary analytical

strength models.
5. Standard format of input and output data.

Full automation of the algorithm allows users to control the accuracy of a calculation,
changing FE mesh size, and thus to find minimal possible nested FE model’s size. Figure 1
illustrates four-level structure decomposition and relationship between FE models and
analytical ones.

Figure 1. Scheme of calculation procedure in frame of the base four-level algorithm (FLA).

As long as, during investigation of alternative variants of non-conventional airframes,
the external geometry parameters of considered aerodynamic concepts did not have serious
variation, the base FLA showed high performance [13,14].

In the present work, one more decomposition principle was developed, to decrease
time and labor input for procedure of analysis of aerodynamic loads. In accordance
with this principle of decomposition, a new aerodynamic module for the fast choosing

6
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of critical load cases was created and validated in the frame of the new version of FLA.
This module divides aerodynamic load cases into several groups in frame of the iterative
process of determination of critical load cases. These groups of load cases are investigated
on aerodynamic models having different mesh size. The new version of FLA keeps all
advantages of the base one.

Thus, the new version of the FLA realizes the three abovementioned principles of
decomposition: four-level structure decomposition, decomposition of strength tasks, and
decomposition of alternative load cases during the process of determination of critical load
cases. It gives the possibility to decrease no less than 20 times the labor input (as compared
to the base version of FLA) of complex strength analysis, keeping required accuracy. The
new version is very suitable for strength analysis and airframe designing when researchers
have to consider numerous numbers of alternative aerodynamic concepts, such as a big
number of alternative variants of airframes within each of an aerodynamic concept.

The structure of the new version of FLA consists of the following program modules:
special four-level database modules, modules responsible for automatic building of para-
metrical FEM and auxiliary strength models, conventional FEM loads modules, modules
for forming of parametrical aerodynamic load models, and modules responsible for rela-
tionship between four-level database and external numerical solvers. These modules were
created and validated in TsAGI. In addition to the abovementioned modules, MSC Nastran
program modules (SOL 101, SOL 144) were used as solvers for determination of stiffness
and aerodynamic matrixes. Figure 2 shows the scheme of process of strength analysis in
the FLA.

Figure 2. Scheme of process of strength analysis in the FLA.

2. Airframe Strength Analysis within FLA

The proposed FLA gives wide capabilities for reducing the time and labor input for
complex strength-analysis procedures. That is very important for the preliminary design
process of an aircraft airframe layout, as the check of strength constraints of numerous
aircraft structure concepts is the most time-consuming part of the optimization procedure
of designing.

Figure 3 shows the four-level airframe-strength models’ decomposition in strength
analysis, when four types of FE models are used simultaneously (FEM 1, FEM 2, FEM 3,
and FEM 4) in a strength analysis. Each of these models is responsible for solution of the
corresponding strength tasks. Within FEM 1, the strength tasks related to the entire aircraft

7
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structure are considered, such as estimation of global stiffness parameters, load cases
definition, aeroelasticity, etc. Within FEM 2 the tasks of global buckling and post-buckling
behavior of main sections are solved. Moreover, detail mass estimations of fuel, equipment,
payload is performed using strength models of this level. Within FEM 3, the tasks of global
stress–strain state estimation and local (panel) buckling are carried out. In addition to
strength analysis, the weight of structure can be estimated on the base of the FEM 3 model.
Finally, FEM 4 is used for solving local strength tasks, e.g., for local stress concentration
analysis in critical zones.

Figure 3. Block scheme of the four-level airframe strength models decomposition in strength analysis.

The FEM models of all levels have a strong connection with each other on the basis of
the principle of nested models, when the models of the upper level include all nodes of the
lower level models.

Thus, FEM 2 contains the main topology parameters of FEM 1 models, including the
arrangement of sections into aircraft airframe. The number of FEM 2 models equals the
number of sections, defined within FEM 1. Correspondingly, each of FEM 3 models include
topology parameters of FEM 2 models, including arrangements of spars, ribs, panels into
each section, etc.

The used principle of decomposition makes it possible to translate the correct bound-
ary conditions from the lower level to the all the upper levels, as values of stresses and
strains, defined on the base nodes (on the FEM model of the lower level), are automatically
transferred to the models of upper levels. Thus, it gives possibility to solve tasks piecemeal
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with correct boundary conditions. It can decrease significantly time and labor input during
the calculation.

In the frame of FLA, it is easy to realize decomposition-of-strength tasks because
auxiliary strength models are built automatically, using the same parameters as FEMs. The
auxiliary models are usually used at the first steps of strength analysis of the airframes,
whereas the FEM models are used at a later stage. Auxiliary-strength models can be
included into FLA, as modules working in parallel. It is very suitable for the fast solving of
the tasks of aeroelasticity and determination of aerodynamic loads.

In this paper, parametrical auxiliary aerodynamic models are used, together with
parametrical auxiliary beam models, in order to separate quickly non-critical load cases
from the critical ones. The critical load cases are investigated by means of more detail FEM
strength and aerodynamic models. In this work, only metallic airframes were considered, so
no microlevel models were used in calculations. The local-level FEM models responsible for
fatigue were not considered, too. Two-dimensional triangle FEs with three nodes topology
and linear approximation function were used during calculations. Linear dependency
between stresses and strains was assumed during the calculations.

3. Parametrical Auxiliary Aerodynamic Model for FLA

In this work, a set of modifications of the basis variant of the FLA was carried out,
related to development and validation of the simplified auxiliary parametrical aerodynamic
model (SAPAM).

It should be mentioned that, in the frame of the basis FLA, aerodynamic loading data
were considered as an initial data that should be imported from external sources or could
be calculated in the frame of a detailed aerodynamic model—that is quite time-consuming
for calculations of numerous variants of a concept with various external geometry.

The modified FLA includes SAPAM based on the doublet lattice method (DLM) [15,16].
In frames of SAPAM, lifting surfaces of wing and empennage are modeled by plates, con-
sisting of thin panels, while axisymmetric bodies (e.g., fuselage and engines) are modeled
by crossing surfaces, that also consist of thin plates (Figure 4). Height and width of crossing
surfaces are related explicitly with height and width of axisymmetric body by means of
the parameter kcrossing. In this work, the standard value of kcrossing parameter equal to 0.85
is taken. The typical size of panels of SAPAM is a parameter. The value of the parameter
depends on the needed accuracy.

Figure 4. General view of simplified auxiliary parametrical aerodynamic model (SAPAM) of an aircraft.

The process of generation of SAPAM is as follows:

1. Building of surfaces of fuselage crossing,

9
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2. Building of lifting surfaces of wing and empennage,
3. Building of “bridges” for correct fluid motion,
4. Building of surfaces of cowlings and pylons,
5. Setting of control surfaces from range of lifting surfaces.

SAPAM was connected with the FEM model in an automated mode. Point finite
elements, which are model masses, were added into the four-level model for the balancing
of aerodynamic forces and moments via inertia forces and moments. Point elements model
masses were for the following:

1. Structure,
2. Fuel,
3. Payload,
4. Equipment and facility,
5. Power unit,
6. Landing gear.

In this work, SAPAM and structure-nested FEM models for regional aircraft structures
have been built in frame of MSC Nastran [17,18].

In Figure 5, the modeling of inertia loads, created by fuel in a lateral wing, is shown.
Forces for each point of a flight are applied to nodes of point elements, which are calculated
by taking into account overloads, angle velocities, and angle accelerations. These forces are
distributed to other nodes of the first level of the nested FE model via RBE3 finite elements.
Using this type of finite elements make it possible to distribute loads correctly because they
do not disturb the stress–strain state of the nested FE model.

Figure 5. Modeling of inertia loads of a lateral wing.

4. Validation of SAPAM within the FLA

The main scope of the validation was to check the reliability and calculation perfor-
mance of the modified FLA, namely the SAPAM module being one of the key parts of the
algorithm defining its performance and the connection check between the modules of the
modified FLA.

Within the validation of the modified FLA, parametrical investigations on a number of
alternative variants related to the base variant of hypothetic regional aircraft were carried
out. General characteristics of the base variant of the regional aircraft are listed in Table 1.
The considered alternative variants differ from the base one by the following active design
parameters: wing aspect ratio, wing relative thickness, wing twist, and no/yes wing strut.
The wing surface area was kept constant within the investigations.
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Table 1. General characteristics of base aircraft configuration.

Parameter Value

Maximum altitude, m 10,250

Maximum speed, km/h 500

Maximum Mach number 0.445

Maximum dynamic pressure, kgf/m2 1120

Altitude at start of cruising, m 7200

Cruise speed, km/h 400

Cruise Mach number 0.36

Maximum Take of Weight, kg 15,000

Maximum landing weight, kg 13,775

Payload, kg 2750

Fuel weight (with maximum payload), kg 2750

Minimum flight weight, kg 12,025

Maximum front gravity center, m 7.93

Maximum aft gravity center, m 8.155

Wingspan, m 26.1

Wing square, m2 58

Fuselage length, m 19.9

Wing Aspect ratio 11.7

The structure model of the base variant of the aircraft is shown in Figure 6. It corre-
sponds to the first level of detailing according to decomposition principles described in
Section 2.

Figure 6. General view of geometry model of investigated aircraft.

The scheme of detailing of the base configuration is illustrated in Figure 7, while
the scheme of detailing at the second level (sections) and the scheme of detailing at the
third level (details) are shown on Figure 6a,b correspondingly. The scheme of detailing,
corresponding to the fourth level (fragment), is illustrated on Figure 8.
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Figure 7. (a) Main sections of base configuration; (b) panels (details) of base configuration.

Figure 8. Parameters of the fourth level.

The first step of validation investigations was to check that the simplified model is
capable of correct calculation of aerodynamic parameters for variable external geometry.
In these investigations, the aspect ratio of the wing was varied at the constant wing area.
Each of alternative variants was considered by means of the same automated calculation
procedure. The procedure included forming the four-level FEM model, calculation of
aerodynamic and inertia loads, definition of strength parameters and reserve factors, and
structure optimization with preliminary weight estimation. Each variant of a structure
was optimized, taking into account numerous strength constraints, including stress/strain
reserves, buckling factors, and displacement constraints. Within the validation, typical
aluminum alloy used in current civil aircraft structures was considered as a structure
material (Table 2).

Table 2. Aluminum alloy property.

Property Value

Young modulus, Pa 7.2 × 1010

Poison ratio 0.3

Shear modulus, Pa 2.76 × 1010

Allowable tensile stress, Pa 3.6 × 108

Allowable compress stress, Pa 4 × 108

Allowable shear stress, Pa 2.05 × 108

Density, kg/m3 2750
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Four flight loading cases (Table 3) were considered. Such load cases are the most
critical for such a kind of wing structure [19]. These load cases were selected in order
to compare different variants of the wing’s external geometry in the same aerodynamic
conditions. Structure parameters obtained during optimization for the considered load
cases were used for definition of stiffness characteristics for the further strength analysis
procedures.

Table 3. Flight load cases.

Case ID Dynamic Pressure, kgf/mm2 Ny Mach

LC1 1100 2.5 0.45

LC2 324 2.5 0.212

LC3 1100 −1 0.45

LC4 324 −1 0.212

Variations of the wing aspect ratio were performed within the range from λmin = 8 to
λmax = 16 (Figure 9). For each variant, wing area was a constant, as well as parameters of
fuselage and empennage. Wing chords and wing thickness were decreased proportionally
with the increasing of the wingspan.

Figure 9. Numerical models of boundary configurations of the aircraft.

In addition, non-conventional structure layouts with strut were considered. The graph
(Figure 10) shows dependency of mass of optimized structure of airframe vs. wing aspect
ratio for two variants of structure layout with and without strut. The attachment point of
wing with strut was situated at 55% of a semi wingspan.

In the graphs, weight of the wing with strut is shown relatively to the weight of
the wing without strut. In the frame of validation of the modified FLA, relative wing
airfoil thicknesses for the base configuration of regional aircraft were varied (Figure 11).
Variations of a wing airfoil thickness were carried out within the range from 70% to 140%,
as related to a wing thickness of the base configuration.
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Figure 10. Dependencies of weight of frame of regional aircraft from wing aspect ratio.

Figure 11. Variation of root and tip foils of the aircraft.

Dependencies of the bending moment applied to the wing for the most critical load
case LC2 are illustrated on the graph in Figure 12a. As shown on the graph, influence of a
wing stiffness on a wing loading is not essential. The weight of the airframe decreases with
the increasing of wing thickness (Figure 12b).

In a similar manner, wing twist was varied (Figure 13). Angle of attack of a tip foil of
the wing was varied in a range from α = −5◦ to α = 5◦. Angle of attack of a root foil of
the wing was constant during this procedure, and foils between the root and the tips were
formed by a linear interpolation. Dependencies of bending moment applied to the wing
for the most critical load case LC2 are illustrated on the graph (Figure 13a). Increasing of
the angle of attack of the tip wing foil causes increasing of bending moments applied to the
wing. The mass of the airframe increases with the increasing of the angle of attack of the
tip wing foil (Figure 13b).
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Figure 12. Bending moments (a) and mass of structure of frame of the regional aircraft (b).

Figure 13. Bending moments (a) and masses of the regional aircraft (b).

Within the validation of the modified FLA, high performance of the SAPAM module
was demonstrated.

5. Validation of the Modified FLA as a Part of Design Procedure

For validation of capabilities of the modified FLA, with a focus on the speed of
calculations, numerous strength analyses of alternative variants of wing structures of the
hypothetic regional aircraft were carried out.

In this investigation, three variants of wing aspect ratio were considered. In addi-
tion to the base variant with λ1 = 11.7 (which corresponds to the base variant of the
aircraft illustrated in Section 4), two more alternative variants with higher aspect ratio
(λ2 = 15, λ3 = 20) were considered.

For these variants, parametric dependencies of weight of structure of wing from
position of joint aggregate on wingspan (Zst) were obtained. The scheme of parametrization
of the model of the regional aircraft with strut for one variant of wing aspect ratio is
illustrated on Figure 14.
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Figure 14. Scheme of parametrization of model of regional aircraft with strut.

As shown on Figure 14, wing strut is a rod with a thin wall (metal or metal-composite).
In this work, local and global buckling of the strut were estimated [20,21].

Analysis of load cases, which are critical for wing structure, were carried out by
using the modified methodology of load analysis. Discretization of feasible range of flight
regimes was carried out in space Height–Mach–Mass (Figure 15). Load estimation was
carried out in each point, for symmetric maneuvers (max and min overcharge) and gust
influence. The parameters of the structure layout that were obtained were used as start
parameters during the analysis of loads for each variant of wing aspect ratio. Discretization
extent is also a parameter of fourth-level model (parametrized by weight, Mach, and Height
step).

Figure 15. Discretization of feasible range of flight regimes of the regional aircraft.

Thus, about 500 points from the feasible range of flight regimes were investigated
(three load cases for each point). Searching for design load cases (DLCs) from a set of load
cases (LC) was carried out by the strain energy criteria. The strain energy was calculated
by using auxiliary beam model of a wing. In this paper, the number of DLCs is equal to
amount of control sections of the beam model (N max). LC should be considered as a DLC,
when it has a maximum value of strain energy at least in one beam control section (N—
index of control section) (Figure 16). Envelopes of distributions of ultimate bending and
torsion moments and shearing forces for most critical load case (gust loads) are illustrated
in Figure 17, for each variant of wing aspect ratio of the regional aircraft. Relative weights
of the wing, as compared to the base variant of the wing without strut, for three variants of
wing aspect ratio, are shown in Table 4. Dependencies of relative weight of the wing with
strut on parameter (Zst) (for three variants of wing aspect ratio) are illustrated in Figure 18.
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Figure 16. The scheme of searching of the wing-design load cases on the base of simple analytic
beam model.

Figure 17. Ultimate bending and torsion moments and shearing forces for three variants of wing aspect ratio.

Table 4. Weight characteristics of wing, with and without strut, compared to base variant without
strut.

Variant Wing Aspect Ratio m/m0 without Strut, % m/m0 c with Strut, %

Base 11.7 100 87.7
1 15 134 93.3
2 20 183 116.5
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Figure 18. Dependencies of relative weight wing with strut from parameter Zst.

The graph (Figure 18) shows that rational value of parameter Zst is equal to 50–65%
of semi wingspan. Two variants of wing are rational by weight—base variant with strut
(87.7% from base variant without strut) and modified variant (λ1 = 15) with strut (93.3%
from base variant without strut).

6. Time Efficiency of the FLA of Strength Analysis

The simulations were carried out on the workstation controlled by a central processor
Intel I7 7700 K. An analysis of labor intensiveness of strength analysis of regional aircraft
structure for the base variant configuration is shown in Table 4, for the conventional
approach and the FLA.

A report for the computational capability for one iteration of strength analysis for one
configuration of regional aircraft for different discretization (different size of finite element)
of FEM model is illustrated in Table 5.

Table 5. Analysis of labor intensiveness of strength analysis of regional aircraft airframe structure.

Operations The Base FLA The Modified FLA Labor Saving (Time)

Initial data definition, work hours 80 4 ≥20

Model validation, work hours 16 2 ≥8

Analysis, work hours 112 4 ≥28

Post-processing, work hours 32 2 ≥16

Total, work hours 240 12 ≥20

In the frame of parametric investigations, the meshes of FEM models were chosen
by the condition of the same allowable maximal error of calculation strain energy. Table 6
shows relations between strain energy and FE mesh size for the base variant of the regional
aircraft. The error equals ~5% was chosen as the limit for all variants during parametrical
investigations.

It should be noted that the parametric investigations in this work were carried out in
parallel mode (each geometry configuration simulated in a separate stream).

One of the main advantages of the FLA for its implementation into the preliminary
stage of aircraft design is that the labor-saving can be provided not only by means of
calculation-time reduction, but also by selection of sparser mesh for initial iterations in the
search for rational parameters, and more coarse mesh for getting a more accurate solution
on later iterations within the chosen range of variants of aircraft concepts.
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Table 6. Computational capabilities of strength analysis of a regional aircraft.

Finite Element Size, m ≤0.5 ≤0.4 ≤0.3 ≤0.2 ≤0.1

Error, strain energy of FEM model, % 11.6 7.6 5.3 3.9 2.1

Amount of nodes 9000 16,000 28,000 40,000 112,000

Memory, Gb 0.75 1.1 2.2 4 9.6

Time of FEM model generation, s 0.07 0.1 0.6 1.1 4.3

Nastran simulation time, s 16 23 48 114 480

Reading the results of simulations, s 0.3 0.61 2.2 4.3 9.63

Buckling analysis, s 5 5 5 5 5

Calculation of weight and strength
reserves, s 0.13 0.5 1.2 6.3 12.4

Total time of iteration, s 21.5 29.21 57 130.7 511.33

7. Conclusions

The FLA of complex strength analysis of airframe based on the three decomposition
principles, namely structural decomposition, strength task decomposition, and decompo-
sition of alternative variant of load cases, was validated successfully on a wing structure
of the hypothetic regional aircraft. The validation was focused on the developed mod-
ule for fast automated calculation of aerodynamic parameters of load cases. During the
calculations, high efficiency of the algorithm, both in searching rational balance between
accuracy and calculation time and in choosing critical load cases for alternative concepts,
was confirmed.

Parametric investigations carried out in this work have proven that the usage of the
algorithm can provide no less than a 20-times decrease of calculation time, required for
strength analysis of wings of regional aircrafts, as compared to conventional methods of
strength analysis.

Within the validation of the modified FLA, the parametrical dependencies of weight
of wing on geometrical parameters of strut-braced high-aspect-ratio wing of a hypothetic
regional aircraft were obtained. The rational range of points for connection of strut and
wing, corresponding to minimal weight characteristics of wing was found. The posi-
tive validation results can become a background for further development of the FLA for
preliminary design procedure.
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Abstract: Recently, the new Green Deal policy initiative was presented by the European Union. The
EU aims to achieve a sustainable future and be the first climate-neutral continent by 2050. It targets
all of the continent’s industries, meaning aviation must contribute to these changes as well. By
employing a systems engineering approach, this high-level task can be split into different levels to
get from the vision to the relevant system or product itself. Part of this iterative process involves
the aircraft requirements, which make the goals more achievable on the system level and allow
validation of whether the designed systems fulfill these requirements. Within this work, the top-level
aircraft requirements (TLARs) for a hybrid-electric regional aircraft for up to 50 passengers are
presented. Apart from performance requirements, other requirements, like environmental ones,
are also included. To check whether these requirements are fulfilled, different reference missions
were defined which challenge various extremes within the requirements. Furthermore, figures of
merit are established, providing a way of validating and comparing different aircraft designs. The
modular structure of these aircraft designs ensures the possibility of evaluating different architectures
and adapting these figures if necessary. Moreover, different criteria can be accounted for, or their
calculation methods or weighting can be changed.

Keywords: hybrid-electric propulsion; regional air travel; alternate airports; top-level aircraft re-
quirements; figures of merit; aircraft design

1. Introduction

In the past, aviation has been a main driver for economic wealth by not only con-
necting millions of people, but also by providing a fast option for trade between different
continents. Furthermore, it also enables tourism, which allows people to experience dif-
ferent countries and cultures to broaden their minds. This generates economic wealth
for the destination region, which is especially valuable for developing countries with a
remote tourism market [1]. Apart from the many benefits created by aviation, there are also
downsides, primarily concerning environmental aspects. According to different studies,
aviation is currently responsible for 1–2% of human-made CO2 emissions [1,2]. Aviation’s
impact on the environment is not only limited to CO2, but also includes other forms of
emissions like NOX or noise. While emitted greenhouse gases impact the climate and
contribute to climate change [3], noise is expected to influence the health and general
well-being of residents in the vicinity of airports [4]. Many efforts are being pursued by
governments and the aviation sector itself to reduce negative impacts, with an ultimate
goal of achieving sustainable aviation.

Aerospace 2021, 8, 61. https://doi.org/10.3390/aerospace8030061 https://www.mdpi.com/journal/aerospace21
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In 2011, the European Commission presented the EU Aviation Sector’s vision for the
future of aviation, called Flightpath 2050 [5]. This report not only set goals for emission
reductions, but also built a framework for the sector’s market direction. Therefore, the
vision pursued the aims of streamlining procedures and improving overall passenger
experience. This included facilitating fast boarding, arriving at destinations on time
regardless of weather conditions, and enabling 90% of European travelers to reach their
destination from door to door within 4 h. Apart from increasing the convenience of
air travel for passengers, arriving on time and improving air traffic management also
contribute to reducing emissions by causing fewer deviations and less otherwise “wasted”
holding time and fuel.

Roughly eight years later, at the end of 2019, the European Union (EU) introduced
the next step towards a sustainable future—the European Green Deal [6], which aimed to
ensure that Europe would become the first “climate-neutral” continent on Earth. Similar to
Flightpath 2050, the aims of this Green Deal included setting emission targets and enforcing
a circular economy. These actions were not specifically aimed at aviation, but instead aimed
to cover all of the sectors impacting the climate.

In addition to governmental policies, the aviation industry is also striving to become
more sustainable in its own right. With the Carbon Offsetting and Reduction Scheme for
International Aviation (CORSIA) initiative, the International Civil Aviation Organization
(ICAO), as a subsidiary organization of the United Nations (UN), is also setting emission
targets for the aviation industry. From 2021 onwards, carbon-neutral growth should be
achieved, as well as an increase in energy efficiency by 2% per year until 2050 [2].

In addition, the UN in 2015 defined an agenda including 17 sustainable development
goals and 169 targets to be achieved by 2030: “They are integrated and indivisible and
balance the three dimensions of sustainable development: the economic, social and envi-
ronmental” [7]. Moreover, the UN stated that a global effort is required to end poverty,
respect human rights, create equality, and other essential goals, all while protecting the
environment where “humanity lives in harmony with nature and [where] wildlife and
other living species are protected” [7].

According to the Air Transport Action Group (ATAG) and their 2020 Aviation Benefits
report [1], aviation plays a major role in supporting that agenda. To name just a few ways
in which the aviation plays a main role: Before the COVID-19 pandemic, the aviation sector
supported nearly 88 million jobs across the world, including direct, indirect, induced, and
tourism related jobs. In addition, aviation supported 4.1% of the global gross domestic
product [1].

Aviation has many benefits compared to other transport modes. The most important
involves travel times, which are usually the lowest of all available modes of travel due to
the straight flight paths that are possible without deviations being needed. Even in regional
markets, this often holds true, despite the short distances that need to be covered to travel
across these areas. This benefit is further increased if air travel is used to get across natural
barriers like mountains, lakes, or the seas between islands. Air travel allows for connecting
smaller cities to the already existing transport networks with lower infrastructure costs,
thereby reducing development and maintenance spending. The only requirements to
cover an airline route are airports at the departure and destination locations, each with
sufficient infrastructure. No roads or rails are necessary in between these airports to
facilitate air travel. Furthermore, more remote regions can be reached by air travel where a
fast connection by other means of transport is not economically feasible or even where the
route itself is not economically feasible at all.

According to an ATR market forecast, 58% of the worldwide regional air routes
network was created between 2003 and 2018 [8]. To support this growth and add more
remote regions to the global transport system in a sustainable way, the vision of a regional
50-passenger aircraft will allow for connecting smaller routes or simply destinations with
reduced passenger and/or cargo volumes. To fulfill this purpose, it is expected that the
size of the aircraft is reasonably defined. In addition, a smaller plane allows for more
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connections every day, if the demand is high enough, and reduces the risk of unprofitable
flights due to low passenger volume at the same time. This will lead to more travel
options for European citizens and a denser transport network interconnecting Europe.
However, the higher number of connections must be cost efficient, and the aircraft must
have competitive direct operating costs (DOCs) in comparison to other transport modes. In
regional aviation, the impact of fuel consumption is amplified. As a result of the remoteness
of most regional airports, the fuel transportation costs are increased. Compared to hub
airports, the average fuel price at regional airports is higher by one third worldwide, and
in some parts of Europe, even by a factor of two or more [8]. In addition, the transport
further increases overall emissions.

Following the vision of the European Commission within Horizon 2020, an entry into
service (EIS) for 2035/2040 for a hybrid-electric 50-seat regional aircraft seems challenging
but feasible.

Electrifying the powertrain offers many benefits over conventional architectures.
Electric motors provide power without any local emissions. The only emissions might
result from producing the electric energy required to power the motors. Furthermore,
electric motors scale almost linearly with regard to power and mass. This might enable
the use of novel propulsion concepts like, for example, distributed (electric) propulsion,
where efficiency can be increased, synergistically exploiting the interaction between the
wing and propulsors.

Assuming green electric power, a fully electric aircraft would offer the lowest emis-
sions during operations. For now, the range of such an aircraft would be limited due to
the low specific energy of current battery technology. To tackle this flaw, a hybrid-electric
concept combines the advantages of both worlds, i.e., the range provided by conventional
fuel, and the emission reduction achieved by an electrified powertrain with higher effi-
ciency. In addition, this concept enables new operation strategies where emissions can be
managed based on different factors. In flight phases where the most harmful pollutions
occur, using only the battery will allow for lower emissions of greenhouse gases and noise.
Different hybrid-electric architectures offer further options for the design and operation
of the aircraft. A parallel architecture allows for a power boost in high load scenarios like
take-off or go-around. A serial architecture can increase redundancy or offers to replace
a gas turbine with a battery pack as long as certification and technology requirements
are met.

Apart from architectures and operation strategies related to local emissions, an addi-
tional degree of freedom is created by different energy management strategies. Having
multiple energy/power sources allows for controlling the ageing of different powertrain
components. With operating hours of a gas turbine building up, the battery could provide
power originally produced by the turbine and vice versa. This will increase wear on the
boosting component, but might help the operator to optimize the maintenance schedule.

In contrast to these benefits, the hybrid-electric system will add additional compo-
nents to the aircraft which increase mass and complexity. The mass penalty has to be
outweighed by a higher overall efficiency of the aircraft and other benefits. One is the
required emission-free taxiing within Flightpath 2050, which can be fulfilled easily by the
hybrid-electric aircraft (HEA). Furthermore, the added complexity will require a higher
effort for certification. The HEA must achieve similar safety levels to a conventional air-
craft. The different operating and energy management strategies might lead to additional
redundancy. However, analyzing the overall architecture and different failure scenarios
is challenging.

In this context, the project FUTPRINT50, which consists of 14 international partners,
was formed. To address all these different challenges and to grasp the bigger picture, the
project partners adapted a systems engineering approach [9] with a dedicated mission
statement, which will be explained in the following paragraph.
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In Figure 1, the V-model of systems engineering is shown. It advises to break the
overall design process into different levels and, by the iterative process, each level is revised
whether expectations and requirements are fulfilled or not.

Figure 1. V-model of systems engineering.

The left part of the V starts with the need definition and works through to the definition
of the design. The bottom side of the V-model contains the actual design, including systems
and sub-systems design. The right side starts with the implementation and integration.
After this, the design will be tested and validated if all goals are achieved. Finally, actual
operation will commence.

The first conceptual design is created by defining and implementing the systems at a
higher level, i.e., general layout, propulsion type, disruptive technologies, etc. The starting
point is defined by using existing data and a comparative aircraft analysis. The results
create the basis for the top-level aircraft requirements (TLARs) and initial architecture and
design definition. Consequently, the first concept is verified and validated, and a first
concept of operations can be determined.

During the conceptual design phase, iterations are made to identify if the initial re-
quirements are met, as is shown in the figure. At the end of the design, the entire conceptual
product is evaluated to identify if it still satisfies the initial expectations. Requirements
can be re-evaluated, and stakeholders can refine their needs, as one can learn from the
first concept. This iteration is important when developing new disruptive designs and
technologies, as one can never create the perfect starting point during the business and
stakeholder analysis. Each overall iteration brings the design to a more detailed level,
eventually converging to one final design, aligned with the stakeholders.

For the FUTPRINT50 project, the following stakeholders have been identified: EU
citizen, authorities, operator, airport, air traffic management, supplier of energy, and the
passenger. The stakeholders and their needs define the goals and requirements to make
the project a success. Stakeholder interaction and analysis is required to define if the
product or system to be designed fits in the overall picture. To better capture this overall
picture, the product can be seen as a system within a system which is influenced by its
surroundings (Figure 2a).
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Figure 2. (a) System of systems and (b) life-cycle approach.

Taking this holistic view is important to grasp all aspects of the “larger” system and the
stakeholders involved. The system of systems is one part of identifying the “larger” system,
while another is the life-cycle approach shown in Figure 2b. Especially for sustainability,
this shows that one should not only look at the operational period, but also all other sections
of the life cycle to build a “green” solution. The needs and the requirements definition
shall drive the design process to achieve a sustainable product in its life cycle, whilst still
satisfying the stakeholders’ needs within the systems of systems. The design decisions
will drive emissions during all parts within the life cycle, which includes production, the
operational phase, as well as end of life and recycling.

After formulating the needs and goals for the system, these could be summarized into
a mission statement, used to define the system that is to be designed. The following is the
current mission statement for a regional HEA:

“To develop a synergetic aircraft design for a commercial regional hybrid-electric air-
craft up to 50 seats for entry into service by 2035/2040, to identify key enabling technologies
and a roadmap for regulatory aspects. The clean sheet aircraft design shall help accelerate
and integrate hybrid-electric aircraft and technologies to achieve a sustainable competitive
aviation growth, as well as acting as a disruptor to regulators, air traffic management and
energy suppliers.”

The clean sheet aircraft design shall:

• have class-leading emissions and noise,
• include technologies that ensure (operational) safety,
• offer a competitive operational cost,
• offer operational improvements during exploitation compared to current regional

aircraft,
• not enforce expensive changes to the current infrastructure.

This statement not only describes the system, but also highlights the benefits for the
stakeholders. Within the V-model, it represents the first two levels, the business mission
analysis and the stakeholder needs definition. These two provide the framework for the
requirements definition represented by the TLARs.

The TLARs help to translate the abstract needs of the stakeholders to more manageable
requirements on a system level. This includes specifications that should be precisely
met, like the range, for example, or ones like emissions, where overachieving the goal
is desirable.
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The V-model requires us to validate if the requirements are fulfilled by the design.
Therefore, figures of merit have been defined in the process and are shown in Section 4.
They not only check if the requirements are fulfilled, but also add the possibility to compare
different design approaches and to identify superior concepts. This is especially necessary
for complex interwoven requirements like emissions and DOCs. On the one hand, capital
cost as part of the DOCs might increase due to the higher development and manufacturing
cost of a more environmentally friendly airplane. On the other hand, when emissions are
taxed, this might increase the DOCs for aircraft with higher emissions.

2. Top-Level Aircraft Requirements

All defined TLARs are grouped in different categories, relating to environment, market,
operations, performance, and regulations [9]. This helps to evaluate the design with respect
to different aspects. All requirements within these categories and their reasoning are
explained in the following sections. It is important to note that these requirements are the
result of a comparative aircraft analysis, evaluated for our hybrid-electric configuration.
The purpose is to capture the requirements for an aircraft that has comparable or better
characteristics than the current state-of-the-art, considering potential limitations regarding
a realistic timeline for technology readiness.

2.1. Environment

The environmental requirements are mainly derived from Flightpath 2050, and all
adopted requirements are shown in Table 1. Defined emission reductions for CO2, NOX,
and noise are directly implemented into our TLARs.

Table 1. Top-level aircraft requirements (TLARs) with regard to environmental aspects.

TLAR (Environment) Value

Reduction of CO2 emissions ≥75% vs. ATR-42
Reduction of NOX emissions ≥90% vs. ATR-42
Reduction of Noise emissions ≥65% vs. ATR-42

Emissions during ground operations No emissions of CO2 and NOX
Materials used in the design Sustainable end of life solution

Use of alternative propellants Yes

In addition to the emissions reduction during flight, all ground operations should be
performed emission-free, including taxiing. In general, there are two options available:
Either an emission-free system is integrated into the aircraft, or the aircraft is towed by an
electric truck on the ground. The first option is easily fulfilled by the HEA. In comparison, a
conventional aircraft would require a system solely for the purpose of emission-free taxiing.
During all other mission sections, this system is dead mass that penalizes the overall
aircraft performance. The second option, an electric tow truck, requires infrastructure on
the ground at every serviced airport. Especially for smaller regional airports, this might
limit the profitability of either the aerodrome itself or the desired connection.

Furthermore, the goal is not only to reduce overall emissions during the operational
phase, but also during the whole aircraft life cycle. Therefore, the materials used should
allow a sustainable solution like recycling or reusing at the end of life. This connects to the
life-cycle approach described earlier.

The final criterion is the usage of alternative propellants. This is not only limited
to drop-in sustainable aviation fuels (SAF) that replaces conventional jet fuel, but also
specifically allows for hydrogen.

These defined environmental requirements would not only incorporate the Flightpath
2050 goals, it would also account for further political initiatives, like the European Green
Deal [6] and its aim of being climate neutral in 2050. This can be achieved by SAF or green
hydrogen in combination with a life-cycle approach that also considers recyclability in a
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circular economy. In this case, there is only a minor difference for aviation between the
Flightpath 2050 goals and the Green Deal.

2.2. Market

Table 2 shows all aspects related to market requirements, including operator demand
and passenger comfort. Aiming at the regional air traffic market, the number of passengers
is set to 50.

Table 2. Top-level aircraft requirements with regard to market.

TLAR (Market) Value

Number of passengers ≤50
Cargo capacity ≥500 kg
Luggage bins ≥0.06 m3/passenger

In-flight entertainment Seamless connectivity
Cabin altitude ≤2000 m (6560 ft)

Cabin ventilation ≥0.25 kg/min fresh air per passenger
Cabin temperature 23 ◦C

Cabin humidity 10%
Lavatory ≥1

Galley ≥1
Direct operating costs Competitive with ground transport

Dispatch reliability ≥98%

As the world is coming closer together, not only fast connections for passengers
are required, but also for cargo. Therefore, the cargo capacity is set to at least 500 kg if
maximum passengers are on board. In addition, it should be possible to quickly convert the
plane from passenger to cargo and vice versa. Furthermore, a combi-version would allow
for trading some passengers for additional cargo. This allows flexibility for the operators
and gives them the ability to react to different needs in different markets/regions.

In regional aviation, mostly carry-on luggage is used. This also helps with the turn-
around time defined in the previous section. To allow for enough space in the cabin, the
luggage bins are sized that each passenger has 60 L available. This is comparable to the
current Embraer E-Jet E1 family, which is larger than the bin size of current turboprop
aircraft, for improved traveler experience. Furthermore, the volume of regular hand
luggage (55 cm × 40 cm × 20 cm) is only 44 L.

No conventional in-flight entertainment will be integrated, but seamless connectivity
like Wi-Fi should be provided. The flight duration is rather short, and connection to the
internet is expected to be more essential, especially for business trips where the passenger
is able to work during the flight. To share flight information, an app could be provided
for example.

Cabin pressure is set to 2000 m (6560 ft), which complies with certification specifica-
tions (CS) that require a cabin pressure altitude of less than 2438 m (8000 ft) (CS 25.841
(a)) [10]. For the short flight time of the regional aircraft, a lower altitude is not needed.
New airplanes for long routes like the Airbus A350 and the Boeing 787 are already using a
cabin altitude of 6000 ft, so the trend and market requirements for regional aviation have
to be closely monitored.

To comply with CS-25, cabin ventilation must be designed to provide every passenger
with at least 0.25 kg of fresh air per minute. The exact required ventilation capacity is
closely connected to the temperature and humidity requirements. Every passenger on
board generates heat and moisture. To keep the temperature at 23 ◦C and humidity at 10%,
the air inside the cabin must be reconditioned, which in the end defines the exchange rate
for cabin ventilation.

For passenger comfort, at least one lavatory has to be installed. Despite the trend
going to serve less warm food on-board, at least one galley is foreseen. This ensures the
possibility to offer hot beverages like coffee or tea during flight.
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As already described, the goal of the aircraft is not to replace other transport modes.
Therefore, the DOCs should be competitive with public ground transport. A metric
for comparison might be the expected ticket price for each transport. Furthermore, a
comparison to car travel might be of interest, even more so as the majority of cars is
expected to be electric by 2040. Another important aspect which drives the DOCs of the
airplane is the dispatch reliability, which should exceed 98%. This will increase utilization
of the airplane for the operator and thus the potential profit.

2.3. Operations

To ensure operational flexibility for an aircraft capable of servicing many airports
and achieving high utilization, operational aspects have to be considered as top-level
requirements (see Table 3).

Table 3. Top-level aircraft requirements with regard to operational aspects.

TLAR (Operations) Value

Wingspan <36 m
Weather operations All weather
Turn-around time ≤25 min

ICAO Annex 14 [11] defines categories by which an aerodrome is rated. The number is
related to the reference field length and the letter is based on the wingspan of the airplane.
For the HEA, a category 2C aerodrome is required by the TLAR definitions. The “lower”
the category, the more airports are available to be serviced by the aircraft. The letter C
refers to the maximum wingspan of less than 36 m. This is similar to the ATR 42, which
has a wingspan of just more than 24 m. A lower airport category seems to be unfeasible, as
the limit for category B is 24 m. Future aircraft will likely have higher aspect ratios than
the ATR 42, with an expected higher maximum take-off mass (MTOM) for an HEA, and
also the wing area will be increased to end up with a similar wing loading. In combination
overall, an increase in wing span is expected.

Another aspect of particular interest with respect to utilization is the weather conditions the
aircraft is capable of operating in. As the goal is to design an aircraft for commercial operations,
the general dispatchability should be high. Therefore, obviously the aircraft must be capable of
operating in all weather conditions including icing, for example.

To further increase productivity, a turn-around time of no more than 25 min should
be obtained. This is comparable to current regional aircraft like the EMB-145 or the De
Havilland DHC-8-300 [12,13].

2.4. Performance

In Table 4, the TLARs with regard to performance are given. Because range and
reserve policy are crucial aspects, they are analyzed separately in more detail.

The design cruise speed is set to 450–550 km/h, which is comparable to current
turboprops. Reducing this speed would harm productivity of the aircraft by affecting
the number of dispatches per day. Increasing it will raise the number of dispatches, but
more excess thrust or power is required to accelerate the aircraft. Therefore, the aircraft
mass might increase which limits the benefits gained. The design payload of 5300 kg is
calculated by the number of passengers multiplied with their mass including luggage,
which is estimated to be 106 kg. The maximum payload of 5800 kg is defined by the design
payload plus 500 kg of cargo mass.
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Table 4. Top-level aircraft requirements with regard to performance.

TLAR (Performance) Value

Design cruise speed 450–550 km/h (Mach 0.40–0.48)
Design payload 5300 kg

Maximum payload 5800 kg
Design range (design cruise speed, design payload) 400 km + reserve

Maximum range (design cruise speed, design payload) 800 km + reserve
Reserve fuel policy 185 km + 30 min holding

Range from hot and high airports (design payload, international standard
atmosphere (ISA) +28, 5400 ft) 450 km + reserve

Range from cold airports (design payload, ISA −30) 450 km + reserve
Take-off field length (maximum take-off mass (MTOM), sea level (SL), ISA, paved) ≤1000 m

Take-off field length STOL (SL, ISA, paved, > 80% pax) ≤800 m
Landing field length (SL, ISA, paved) ≤1000 m

Rate of climb (MTOM, SL, ISA) ≥1850 ft/min
Rate of Climb at top of climb ≥1.5 m/s (300 ft/min)

Time to climb to FL 170 ≤12.7 min
Maximum operating altitude 7620 m (25,000 ft)

Service ceiling for one engine inoperative (OEI) (or equivalent) (95% MTOM, ISA +10) 4000 m (13,125 ft)

The take-off field length (TOFL) is characterized by two values. The first one is for
standard operation with full capacity, and here the TOFL is defined as 1000 m. The second
one is defined for short take-off and landing (STOL) to allow access to smaller airports—
here a TOFL of 800 m is required for a passenger load factor of more than 80% compared to
full capacity. The exact achievable load factor for this requirement will be a result of the
final design and the grade of optimization for standard operations. Additionally, both field
lengths are the criterion for landing as well. This means that for the two different kinds of
operations, the landing field lengths must be no greater than 1000 m and 800 m, respectively.

All these field lengths depend on the maximum lift coefficient, where a “certifiable”
coefficient should be reached. “Certifiable” describes that, for example, in case of high-lift
distributed propulsion, the aircraft must still reach an acceptable sink rate in descent. If
the thrust generated for the required lift would exceed the drag of the configuration, the
aircraft would climb instead of losing altitude. In this case, energy harvesting could be
beneficial for the overall aircraft. In general, if a novel high-lift system is used, it has
to have equivalent safety compared to current conventional technology in all possible
conditions, e.g., crosswinds. To address this, the National Aeronautics and Space Admin-
istration carried out initial analyses for the Maxwell X-57 and made suggestions for the
design of high-lift distributed propellers [14].

The minimum rate of climb at MTOM in international standard atmosphere (ISA) con-
ditions at sea level (SL) is set to 1850 ft/min, which is comparable to the ATR 42 today [15].
This ensures operational capabilities and allows the operators to service equivalent routes
than current turboprop aircraft.

For the rate of climb at the top of climb, 1.5 m/s or 300 ft/min is defined. This ensures
the aircraft’s ability to perform maneuvers to avoid collisions when cruising at the top of
climb. This value might change in the future if airspace rule dynamics change.

The overall climb performance is defined by the time to climb to FL 170. This criterion
makes the climb comparable to other aircraft (ATR 42-600: 12.7 min [15]) because power,
and therefore the rate of climb, depends on altitude for air-breathing propulsion. In
hybrid-electric aircraft, these losses could be countered by the battery.

A maximum operating altitude FL 250 or 7620 m is defined for a few reasons. Firstly,
above that altitude, a redundant air management system is required (CS 25.841) [10]. This
would result in a higher system complexity and an increase in total aircraft mass. Secondly,
due to the typical turboprop mission duration of one hour, a higher cruise altitude is often
not required, as it will result in a longer climb segment. This will not only require more
power, but also more fuel, which might not be offset by a more efficient cruise in higher
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altitude. Furthermore, the passenger comfort is increased when the cruise segment takes
up a significant portion of the overall flight. Lastly, it is expected that the formation of
aviation induced clouds and contrails at that defined altitude, and thus the climate impact
of the aircraft is significantly lower [16].

The service ceiling with one engine inoperative (OEI) is set to 4000 m, or 13,125 ft,
to overfly mountain ranges in most regions of interest to air traffic and is comparable to
current turboprops [15]. This criterion is set for 95% of MTOM and ISA +10. For the HEA,
the term OEI must be adapted in relation to the selected power train architecture and
propulsor configuration.

2.4.1. Range

The design range of the regional aircraft is a major point concerning its future mission
and purpose. The aim of regional air travel is a closer connection of rural areas and to
realize a fast connection between cities. This is connected to the Flightpath 2050 goal
that “90% of travellers within Europe are able to complete their journey, door-to-door
within 4 hours” [5].

The regional flights should enable an easy and fast way to also travel on routes with
lower passenger volume, similar to remote bus and train connections. Thereby traveling
by air should work in synergy with other modes of transportation, enabling routes which
are difficult or not cost-effective to realize with ground-based transport systems or add a
significant and useful time differential.

At first, the coverage of airports in the EU plus Great Britain, Norway, and Switzerland is
analyzed (see Figure 3). This leads to a number of 414 airports with a field length of more than
1000 m (430 airports for 800 m, respectively) that have a volume of more than 15,000 passengers
per year according to the data of the reported airports by Eurostat in 2019 [17], excluding
overseas departments. It is expected that these airports are commercially in use. Under the
assumption of a 100 km catchment area around the airports, major parts of the EU are already
covered. We expect that a larger catchment area does not result in any advantages for the
traveler, since no time advantage is expected. Furthermore, we assumed that no emission
savings can be achieved for a catchment area of more than 100 km.

Figure 3. Coverage area of European commercial airports with an assumed catchment radius of (a) 100 km, (b) 50 km, and
(c) 50 km considering all airfields of at least 1000 m runway.

For regions with low transport infrastructure (no highway, no railway, mountainous
regions) the catchment area has to be adjusted because of a slower travel speed. Here,
a more suitable radius of the catchment area for regional air traffic would be 50 km or
even less from an airport. Considering this smaller catchment area, there is only sufficient
coverage for metropolitan areas. These urban areas are often already connected to the
regional traffic network. However, air travel can realize new and faster connections
between these areas as an alternative means of transport.

However, if we consider airports or airfields in general (commercial or not) with
a runway (concrete and asphalt) of at least 1000 m, a higher degree of coverage can be
achieved. A study based on EU airports provided in the database of OpenAIP [18] has
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shown that 1112 airports and airfields fulfill this requirement (the study also includes
military airfields). Taking these airfields into account, nearly all regions of the EU can be
connected to a regional air traffic network. Assuming that these regions are often barely
connected to a fast transport infrastructure network, this will greatly contribute to the
European vision presented in Flightpath 2050.

To allow regional travel in the EU with an aircraft in respect to the defined goals
of Flightpath 2050, as well as worldwide defined climate objectives, the design range is
set to 400 km and the maximum range to 800 km, respectively. It is assumed that for
this range, it is possible to develop an aircraft with EIS 2035/2040 reaching the global
climate goals and to enable a regional air transportation system as an extension of the
current traffic infrastructure. To connect different regions and cities in the EU, the existing
commercial airports with a field length of 1000 m or more in operation already enable
12,467 routes (distance between 350–800 km). For a field length of 800 m or more, this
would result in 13,214 routes. In both cases, these connections of interest to regional flight
cover approximately 15% of the flight connections in the EU with a distance of more than
250 km (Figure 4).

Figure 4. Number and distance of flight connections in the EU (plus Great Britain, Norway, and
Switzerland) concerning commercial airports in operation (blue + green)—feasible connections for
regional air traffic (green). All connections of more than 6000 km are not displayed.

Due to the lower passenger capacity of the planned aircraft, less populated regions could
also be connected to the EU traffic network even if there is a lower passenger and cargo
volume demand. The availability of these air connections has been shown to play a role
regarding regional development [19]. Figure 5 shows the coverage of different ranges for
existing commercial airports with a field length of at least 1000 m. It can be seen that nearly all
states of the EU can be covered, excluding some islands and overseas departments.
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Figure 5. Connections between commercial airports in operation in different distances (a) 350–500 km, (b) 500–650 km, and
(c) 650–800 km.

The two examples in Figure 6 showcase possibilities within this regional air traffic system.
The first is Strasbourg, France, in the heart of the EU and the seat of the European Parliament.
Only considering a distance between 350–800 km, 113 connections can be realized. The figure
on the right presents domestic air traffic between the Greek mainland and islands. This could
be an addition to current ferry connections for faster travel between the islands with a bigger
distance. Therefore, the minimum flight distance was reduced to 150 km.

Figure 6. Example (a) Connections from Strasbourg (SXB) between 350–800 km, Example (b) Feasible domestic flight routes
of Greece between 150–800 km.

2.4.2. Reserve Policy

Within ICAO Annex 6 [20], topics concerning the operation of aircraft are covered.
This includes fuel requirements for a safe execution of a complete flight. It defines that
the minimum amount of usable fuel should account for the following parts: Fuel required
for taxiing and the overall trip, including a contingency fuel for unforeseen factors. The
reserves are split into fuel required to reach the alternate airport and a final fuel reserve,
which for a turbine driven aircraft is set to 30 min of holding at holding speed, 1500 ft
above ground level.

The distance to the alternate, and therefore required, fuel is specific to the planned
route. For this project, it is defined as 185 km in general, which is equal to about 23% of
the maximum range. In many regions, this is expected to be enough for most regional
flights. Two main events can happen that require diverting to an alternate. First, having
already reached the planned destination and being required to divert to another airport,
for example, because the airport was closed due to an accident. Second, being en route
and the weather at the planned destination worsens, requiring the flight to divert to an en
route alternate.
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For the first case, having already reached the destination and being required to divert,
Figure 7 shows the number of potential alternates for airports in the EU (including Great
Britain, Norway, and Switzerland). Out of the 414 commercially operated airports with a
field length above 1000 m, 3 have no alternate within the defined reserve distance. This
yields more than 99% of airports adequately covered. Over 90% have more than one
alternate within reach. To correctly define airports with missing alternates, airports in
Serbia, Bosnia, and Herzegovina, Montenegro, Kosovo, Albania, North Macedonia, Belarus,
and Ukraine were added in all reserve analysis. Here, the same criteria for the airport
selection have been applied (field length of at least 1000 m and yearly passenger volume of
at least 15,000).

Figure 7. Cumulative number of airports that have n available alternates within reach by the defined
reserve distance.

The three airports not included are highlighted in Figure 8, with a circle representing
the defined reserve distance. We can see that the airports of Lisbon (LIS) in Portugal,
Flores (FLW) on the Azores, and Longyearbyen (LYR) on Svalbard lack an adequate
alternate airport.

Figure 8. Airports that have no alternate in reach with the specification given in the TLARs.

The farthest distance to an available alternate is 945 km for Longyearbyen, which is
longer than the maximum range of the aircraft; therefore, the airport is not relevant for
the analysis. This leaves a number of 413 airports investigated in total. For the other two
airports, the distance to an alternate equals 234 km for Flores and 201 km for Lisbon.
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To better account for operational aspects, two safety factors are introduced for a second
study. First, a safety margin should be applied in order to derive from the theoretical range
of the great circle to a practical range. For this, a distance increase by 5% was assumed.
Second, a safety factor should consider adverse headwind conditions, which increase
the energy required to reach the diversion airport. If a “fresh breeze” on the Beaufort
Scale is assumed as the reference value with wind speeds up to 38 km/h, the flight time
of an aircraft with a cruise speed of 550 km/h would be increased by around 7%, and
consequently the required energy for the flight is increased accordingly.

Figure 9 shows that by including safety factors, the number of airports without any
alternate within reach is increased by ten. With 3%, the fraction of airports with no alternate
is still small. For these twelve airports, the distances required vary between slightly over
185 km up to 263 km, again with Flores on top. This shows that even with unfavorable
conditions, the selected reserve policy is suitable for the vast majority of airports in Europe.

Figure 9. Cumulative number of airports that have n available alternates within reach by the defined
reserve distance including safety factors for practical range and adverse headwind.

It must be mentioned that some airports do have potential alternates within the
defined range without being recognized in this calculation. That is because they do not
meet the requirements previously set, e.g., within Lisbon’s range, Beja airport (BYJ) is
not serviced by any regular scheduled flights at the moment and has a yearly passenger
volume of less than 15,000 passengers.

For the second case, the distance to an en route alternate is expected to be lower than
it is after having already reached the planned destination. Even when the distance to
an alternate en route is higher than the defined reserve distance, the aircraft still has the
energy for the remaining trip, which then could be used to reach an alternate. In case of
an HEA with different energy sources like fuel and batteries, this might require that there
is no single point of failure within one system part. Otherwise, if only one combustion
engine and generator are installed and one component fails, the battery might not be able
to provide the required energy to reach any airport.

In order to determine the distance to the nearest suitable en route alternate airport,
a mesh of possible aircraft positions over land was created, expressed in latitude φ and
longitude λ. Aircraft positions over sea and islands, except for Great Britain and Ireland,
were excluded at this stage. The mesh applied in the calculation consists of positions with
a spacing of 1/60◦ in latitude Δ]φ and longitude Δλ, which corresponds to a maximum
spacing of approximately 1 nautical mile. In Figure 10, an exemplary mesh is shown with a
spacing of 1◦ in latitude and longitude. Consequently, the shortest distance of each aircraft
position to the suitable en route alternate airports is determined by calculating the length
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of the great circle to each individual airport and determining the minimum value. With the
data obtained, a cumulative frequency plot was created.

Figure 10. Exemplary visualization of investigated aircraft positions in Europe with a spacing of 1◦

in latitude and longitude—the calculation was carried out with a spacing of 1/60◦, which results in a
maximum spacing of approximately 1 NM.

Figure 11 shows the database of alternate airports on the left and the resulting curve
for airports within the investigated parts of Europe featuring a concrete or asphalt runway
with a field length of more than 1000 m on the right. Suitable diversion airports from 95%
of all investigated aircraft positions can be reached within 120 km. A percentage of 99%
can be reached within 148 km, and the farthest distance is 198 km southeast of Madrid
(38.8◦ N, 2.75◦ W).

Figure 11. Possible alternate airports (a) and plot of cumulative frequency of the distance to a suitable
en route alternate with a concrete or asphalt runway (b).

The maximum error of the calculation is evaluated by considering the distance of a
possible aircraft position, which is located exactly in between the mesh of evaluated aircraft
positions and can be determined to be 1.26 km [21]. For this evaluation, similarly to the
first analysis, safety factors for deviations from the great circle and headwind conditions
could be applied.

2.5. Regulatory Aspects

In general, this type of aircraft has to comply with CS-25. So, all requirements from
this CS have to be fulfilled. An HEA is not fully certifiable under the current regulations in
place. Some gaps have already been identified. For example, a battery could be used as
redundancy within a serial architecture, and therefore one gas turbine might be enough for
a safe design.
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Looking at novel propulsion concepts like distributed propulsion, a new definition of
the OEI condition is needed. Not limited to distributed propulsion, the overall propulsion
architecture will need analysis. Depending on the interdependencies of different systems
and their redundancies, a similar definition might emerge. Due to the complexity of the
HEA architecture, this could be individual for every aircraft or architecture.

Other aspects might be electromagnetic interference or electromagnetic compatibility
due to the required power of the overall aircraft. Voltage levels, and in connection the
breakdown voltage of the insulator, are also relevant. On the other hand, the required
power and the voltage level define the current, which in the end drives the cross section of
the conductor and therefore mass.

3. Reference Flight Missions

The requirements and evaluation criteria serve as a framework for the output data
that will be generated in the aircraft design. Those parameters depend, e.g., on weather
(ambient temperature in particular), on energy management strategies, and also on the
flight route and profile. Therefore, various reference flight missions were developed in the
frame of FUTPRINT50, so potential markets for the regional aircraft can be analyzed:

• Design Range
• Maximum Range
• Cold Operations
• Extreme Cold Operations
• Hot and High Operations
• Mountainous Terrain
• Island Operations
• STOL Operations

For these missions, an advantageous position on the market may be anticipated for the
regional HEA developed within FUTPRINT50. In regions with excellent railway systems,
the regional HEA will not be able to prevail due to its limited seat capacity. However,
specific markets come into play where no other means of transport can compete. This
concerns routes where rough terrain or water lies in between, or infrastructure like railway
or road networks are less developed.

The design range criterion can be represented by the route from Edinburgh, United
Kingdom to Dublin, Ireland (EDI–DUB). The great circle distance for this route is 338 km.
However, all distances of the presented routes have been increased by 7% to account for
possible headwind and 5% for airways and navigation. This leads to a design range of
380 km, which represents the definition by the TLARs very well. The alternate airport for
Dublin is Belfast (BFS), which is located ca. 140 km north. After adding all contingency
reserves, this route represents the defined distance to an alternate airport (185 km) very
well. Figure 12 shows the flight route and its altitude profile. This also includes the flight
to the alternate airport and thirty minutes of loiter at 175 knots. It becomes apparent that
the reserve is a significant part of the whole flight mission and must not be neglected.

For the investigation of low temperature impacts, a flight route in Iceland is selected.
The flight from Reykjavík to Egilsstaðir (RKV–EGS) is a common route serviced by a De
Havilland Canada DHC-8. The average temperature at both airports is about ISA −10.

In order to account for the effects to the powertrain in even colder temperatures, the
flight route from Yakutsk to Vilyuisk (YKS–VYI) in Russia is examined. The average winter
temperature can reach up to ISA −55 (−40 ◦C).
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Figure 12. Exemplary flight route and profile of the design range mission EDI–DUB (Edinburgh, United Kingdom to Dublin,
Ireland) (including the flight to the alternate BFS (Belfast) and a holding of 30 min).

As mentioned earlier, the regional HEA will be able to compete on routes where other
means of transport lack required infrastructure. This is also the case in the mountainous
terrain from Lima to Ayacucho (LIM–AYP) in Peru. This flight route requires a steep climb
right after take-off to reduce detours; this will challenge the climb performance of the
aircraft design. Furthermore, a Missed Approach Procedure at an airport elevation of
2720 m is included on this route.

In order to test the TLAR for hot and high missions, the flight route from Mexico
City to Acapulco (MEX–ACA) in Mexico was selected. The elevation of the airport of
Mexico City is 2230 m, which translates into a 20% reduced air density compared to SL.
Furthermore, Mexico City shows an average daytime temperature that lies 10◦ above
ISA conditions.

Island operations describe a mission which restricts refueling to only take place at one
airport. This can be simulated by flight operations from São Tomé to Príncipe (TMS–PCP)
and back. It must be noted that the distances of each leg may not be simply added up to
one round trip. The need for two take-offs and climbs is expected to play a major role on
the total energy required.

To account for the STOL capabilities of the aircraft, the flight route from Corvo to
Horta (CVU–HOR) in Portugal was included in the list of reference missions. With a flight
distance of about 270 km, both airports are located on separate islands in the Azores. The
runway in Corvo offers an available take-off run distance of only 800 m. Table 5 shows a
summary of the flight mission profiles selected along with each of their specific reasoning.

Table 5. Selection criteria for chosen flight missions.

Flight Mission Route Special Characteristic

Design Range EDI–DUB ca. 400 km, competing transport via 2 h-ferry
Maximum Range TJM–NJC ca. 800 km, 13 h by car, 17 h by train

Cold Ops RKV–EGS Temperature ISA −10
Hot and High MEX–ACA MEX: Elevation 2230 m, Temperature ISA +10

Extreme Cold Ops YKS–VYI Winter temperatures around ISA −55 (−40 ◦C)
Mountain Ops LIM–AYP After take-off: 3000 m at 80 km, 4500 m at 150 km

Island Ops TMS–PCP Two 200 km-legs without refueling
STOL Ops CVU–HOR CVU: Runway length 800 m

4. Figures of Merit

Within the aircraft design process, numerous unique aircraft configurations are gen-
erated, especially in the conceptual design phase. In order to assess those models as
objectively as possible, various evaluation criteria, the so-called figures of merit, must be
defined. While the TLARs described in Section 2 establish a framework of the aircraft
design, the figures of merit quantify how well the design performs within the given evalu-
ation criteria. In general, all quantifiable output parameters of the aircraft design process

37



Aerospace 2021, 8, 61

can serve as figures of merit. They are then utilized to rate and compare the configurations
on the basis of those parameters. The more design parameters are considered, the better
the assessment of the aircraft design might be. However, using a lot of parameters can
also make an evaluation less transparent and more complex. Hence, a selection process for
meaningful, quickly graspable figures of merit is important. This is described in Section 4.1.

While the separate parameters can compare isolated disciplines of the aircraft design,
a combination of these parameters can form one aircraft-level figure of merit which rates
the entire aircraft design. By means of a calculation method described in Section 4.2, the
aircraft-level figure of merit is constructed as a number between 0 and 1. On that scale, a
better design—based on the evaluation criteria set—translates into a higher score.

4.1. Identification of Figures of Merit

To find the most suitable figures of merit, all parameters generated in the aircraft
design are processed through different criteria [22]. These criteria form a filter that excludes
figures of merit that do not affect the overall evaluation of the aircraft in a significant way
and are, therefore, discarded. The filter comprises four criteria:

1. Limitations that are defined by TLARs
2. Design parameters that are fixed
3. Parameters that do not change significantly between different designs
4. Parameters that are expressed through higher-level ones.

The first criterion discards figures of merit that do not influence the assessment
because of limitations by the TLARs. An example for this criterion is the parameter of
aviation induced cloudiness. As shown in Section 2, a maximum operating cruise altitude
of 25,000 ft was chosen for the regional aircraft developed within the FUTPRINT50 project.
Since aviation induced cloudiness is mainly expected to form in altitudes higher than
that [16], this figure of merit can be discarded.

Fixed design parameters act as second criterion. Some parameters must remain un-
changed during a design process. For example, the maximum range is a hard requirement
stated by the airlines. Falling short of it is not an option. However, exceeding it will make
the design not necessarily better either; the design may become less efficient on shorter
ranges because of an increased operating mass empty.

The third criterion filters out parameters that do not change significantly. This may be
valid for parameters that are estimated by engineers or parameters that only vary in case
of major technology changes. Switching from conventional jet fuel to hydrogen will impact
the ground handling and servicing for every aircraft design similarly. This is why it can
be neglected.

The last criterion discards any figure of merit that can be expressed by a higher-level
one. As an example, cruise speed is often defined as a figure of merit because it can have
an influence on the number of possible dispatches. However, it is also interconnected with
fuel consumption and many other characteristics. All of those aspects can be combined
within the DOCs.

Additional parameters in regard to the entire life cycle, like CO2 emissions of the
production or end-of-life phase, are not considered. However, they can be easily included
afterwards due to the flexibility of the calculation method of the figure of merit.

This selection process leads to seven figures of merit listed in Table 6, where they are
divided into three categories. These seven meaningful parameters evaluate the quality
of the regional HEA developed within FUTPRINT50 and can be used as a basis for the
assessment of future concepts in this aircraft category. The separate figures of merit will be
explained in more detail in the following.
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Table 6. Summary of figures of merit selected in the frame of FUTPRINT50.

Environmental Aspects Airline Desirability
Introduction of Hybrid-

Electric Aircraft

CO2 emissions Direct operating costs Development risks
NOX emissions Certification challenges
Noise emissions Production aspects

The Environmental Aspects that are chosen for the figures of merit compare to the
goals set in Flightpath 2050. As the CO2 emissions of an aircraft strongly depend on fuel
flow, energy management strategies have a major influence on this part of the figures of
merit. Another environmental figure of merit is the emission of NOX. It can mainly be
lowered by improving the combustion characteristics of the engine. While its atmospheric
effect is important to consider because of ozone forming, it is also a relevant pollutant in
the vicinity of airports [23].

The same issue corresponds as well to the noise emissions. Noise is a very important
aspect in order to ensure the health and well-being of citizens living close to airports.
Although noise is difficult to analyze in the early design process, engineers can roughly
estimate it by focusing on components protruding from the aircraft profile like landing gear
or flaps. Another key element is the positioning of propulsion components and potential
shielding like a ducted fan would offer.

Major contributions to these aspects can be provided by an optimum energy manage-
ment strategy which is adaptive to the current state of operation. This offers the potential
to reduce emissions overall or just in particular flight segments close to the ground.

Operators are the main drivers for aircraft specifications, and appealing to them is
of major importance for every design. Since cost is an essential parameter in the airline
industry, the DOCs are the main driver of the Airline Desirability.

The DOCs are divided into five segments which consist of capital costs, maintenance
costs, energy costs, crew costs, and (navigation) fees. Capital costs are expected to rise
for a new HEA because of higher development efforts. On the other hand, energy and
maintenance costs are expected to decrease because of lower energy costs for HEA and less
complex maintenance in the long run [24]. The energy costs are highly dependent on many
parameters like cruise speed or energy management strategies, all of which are defined
by the reference flight missions. While crew costs are expected to be comparable to the
ones on conventional aircraft, the navigation and landing fees might decrease because of
environmental rewards.

Beside operating costs, the potential of generating income is an important aspect for
airlines as well. Here however, it is assumed to stay the same as seat capacity and passenger
comfort remain unchanged. Though, it may be included in further enhanced models.

The figures of merit in the category Introduction of Hybrid-Electric Aircraft cover the
risks in development as well as the expected challenging certification process and overall
production aspects. The first item represents the risks for the manufacturer developing
the HEA. This includes challenges that might occur in the design process of not only the
overall aircraft, but also of all required components and subsystems. To address these
topics, an estimation is made in relation to the technology readiness level of identified key
technologies. Furthermore, if required, infrastructure needs are also considered. This could
be the case for hydrogen fuel as well as required infrastructure to either swap batteries and
recharge them at the airport or charge the batteries within the airplane.

Certification is the second part within this category. Currently, the CS-25 from the
European Union Aviation Safety Agency (EASA) offers no guidelines on how to certify
hybrid-electric aircraft. By assessing the complexity of the system, an estimation can be
made about the amount of testing required for certification. Furthermore, adding novel
propulsion concepts like distributed electric propulsion will increase complexity even more
and therefore require additional verification.
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Lastly, the selection of material and the application of processes also impose risks
on different designs. Again, the newer and more complex the technology, the higher
the overall risk for unforeseen difficulties in production. All these criteria are difficult to
quantify and must oftentimes be objectively estimated by the engineer.

4.2. Calculation of the Aircraft-Level Figure of Merit

With the selected figures of merit, a new process becomes necessary: The separate
figures of merit presented before must be merged into one single aircraft-level figure of
merit which evaluates the entire aircraft configuration [22]. This helps by comparing
different concepts and identifying which of the designs is the most promising one for
further development. The scheme of this method is shown in Figure 13.

Figure 13. Calculation method for the figure of merit.

The first step of the calculation method consists of combining two major input data.
The design tool provides all required aircraft data like dimensions, masses, and aerody-
namics. Further input contains data about the flight profile, energy management strategies,
ambient conditions, etc.; this depends on the chosen reference mission. The following
module, Single Figures of Merit, calculates the seven single figures of merit that were
previously selected. As those separate figures of merit are all given out in their individual
unit, they need to be feature scaled so they can be combined into one. Feature scaling
is a method which removes all units and resizes all the different values of the figures
of merit onto a rating scale. This is done by analyzing all values of each parameter and
assigning the scores 0 and 1 to the lowest or highest value. The remaining values are scaled
correspondingly. However, it is important to note that the lowest score does not necessarily
coincide with the lowest value. This is because a lower value in emissions, for example,
will lead to a higher score on the assessment scale.

Furthermore, the resulting equation also consists of weighting factors. They are mostly
generated by a pairwise comparison in a table. In the case of the different emissions of
greenhouse gases, however, the parameters are weighted by their different impacts on the
environment. This constructed equation forms the so-called objective function. It consists
of weighted and normalized parameters which are then combined into the aircraft-level
figure of merit. The flexibility of this weighting allows us to identify designs with different
focusses, for example, prioritizing environmental aspects over costs or vice versa. In the
end, various sets of weighting factors can be applied, where each set represents a specific
focus that shall be analyzed. This process leads to a single number, which represents the
figure of merit on the aircraft level. This number will then be used to assess all the aircraft
designs that need to be compared.

Dividing the parameters into different categories and sticking to that strict workflow
has the advantage that the structure of the figures of merit is established in a modular way.
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For example, a function of power, specific fuel consumption, and time quantifies the CO2
emissions, which merge into the environmental aspects. So, the modular approach allows
for building a figure of merit that consists of others, merging into the single aircraft-level
figure of merit. This means that if any outcome of a figure of merit is unclear, it is always
possible to go one level deeper to understand the characteristics of that specific figure of
merit. This provides transparency, traceability, and plausibility. Another advantage of the
modular approach is the simple implementation of modifications. When an additional
figure of merit is identified, it can be added by changing only one module of the entire
workflow. This allows an easy integration of figures that were previously discarded—it is
also thinkable to select a modular approach within the code. For example, the maximum
altitude or cruise altitude could be analyzed and based on this value, and contrails are
included or discarded in the environmental aspects.

5. Conclusions

Within this work, requirements for sustainable regional aviation and their reasoning
within the FUTPRINT50 framework have been presented. Moreover, the figures of merit
were displayed which validate to what extent the defined requirements are fulfilled. The
V-model of systems engineering builds the framework for the overall project and ensures
a successful “end product”. A mission statement defines the value that is added for the
stakeholders and outlines the overall system to be designed. Here, the focus was set on the
European citizen and improvements to their life quality by reducing emissions of pollutants
and noise.

With the help of the mission statement, the top-level aircraft requirements were
defined. These requirements set the criteria that must be fulfilled by the system to be
designed. Considering not only environmental aspects, but also the performance of the
system should satisfy the operators and stakeholders. These specifications ensure that the
aircraft to be developed can occupy its planned niche within the system of systems. In
addition, we took a closer look on the defined reserve distance and range requirements.
The study for the reserve policy shows that—including a safety factor—more than 95%
of the investigated commercial airports have at least one alternate within 185 km. En
route alternates are expected to be less problematic if the hybrid-electric aircraft is sized
properly with enough redundancy for the different energy sources. The study has shown
that most parts of the EU can be covered, and more than 10,000 connections are possible;
this represents around 15% of possible connections within Europe above 250 km. In the
future, further analyses could be performed for other regions of the world: Mountainous
regions or island operations might be of particular interest. Examples could be the Andes
or the Himalaya for the former, and the Caribbean or Southeast Asia for the latter.

After stating the requirements—following the iterative process of the V-model—the
figures of merit were defined. Besides verifying whether stakeholder needs and require-
ments are met, they aim to identify the best design from many. This is done in three key
categories that are most influential to the goals of the project. Seven parameters divided
into environmental, economic, and technical aspects are rated for all investigated aircraft
designs. This analysis reveals the quality of the aircraft in comparison to other designs.
Furthermore, a method was created that provides a modular structure of all separate
figures of merit. This ensures flexibility and allows easy changes to the composition of the
aircraft-level figure of merit.

The TLARs and the figures of merit must be tested in consistent scenarios. To achieve
this, different reference missions were defined, each one specific to test a key aspect of the
requirements. With this, a focus on different scenarios can be set in the future depending
on the expected size or relevance of potential and existing markets.

Author Contributions: Conceptualization, D.E., N.M., E.W., and R.R.; software, D.E., D.B., and I.G.;
investigation, D.E., N.M., E.W., D.B., I.G., and R.R.; writing—original draft preparation, D.E., N.M.,
and D.B.; writing—review and editing, D.E., N.M., E.W., D.B., I.G., R.R., and A.S.; supervision, A.S.;

41



Aerospace 2021, 8, 61

project administration, D.B.; funding acquisition, D.B., R.R., A.S. All authors have read and agreed to
the published version of the manuscript.

Funding: The research leading to these results has received funding from the European Union’s
Horizon 2020 Research and Innovation program under Grant Agreement No 875551.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Results not available, raw data is cited in text.

Acknowledgments: We thank all researchers and collaborators of the entire FUTPRINT50 Consortium,
namely University of Stuttgart, Cranfield University, Airholding S.A., TU Delft, ADSE, CEA, EASN,
Unicusano, Embraer, TsAGI, GosNIIAS, CIAM, NRC, and MAI, for their valuable input.

Conflicts of Interest: The funders had no role in the design of the study; in the collection, analyses,
or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.

Abbreviations

ATAG Air Transport Action Group
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Abstract: The high-power density and good scaling properties of electric motors enable new propul-
sion arrangements and aircraft configurations. This results in distributed propulsion systems allowing
to make use of aerodynamic interaction effects between individual propellers and the wing of the
aircraft, improving flight performance and thus reducing in-flight emissions. In order to systemati-
cally analyze these effects, an unmanned research platform was designed and built at the University
of Stuttgart. As the aircraft is being used as a testbed for various flight performance studies in the
field of distributed electric propulsion, a methodology for precise identification of its performance
characteristics is required. One of the main challenges is the determination of the total drag of the
aircraft to be able to identify an exact drag and lift polar in flight. For this purpose, an on-board
measurement system was developed which allows for precise determination of the thrust of the
aircraft which equals the total aerodynamic drag in steady, horizontal flight. The system has been
tested and validated in flight using the unmanned free-flight test platform. The article provides an
overview of the measuring system installed, discusses its functionality and shows results of the flight
tests carried out.

Keywords: unmanned aircraft; thrust determination; flight testing; e-Genius-Mod; free-flight
wind tunnel

1. Introduction

While investigating the flight performance of new aircraft configurations or tech-
nologies, knowledge about aerodynamic and flight mechanical parameters is required to
understand their impact on the aircraft. From the perspective of aircraft design, one main
focus is the impact on flight performance when investigating for example the effects of
new propulsion technologies or aircraft configurations. To investigate and assess the flight
performance, the determination of lift and drag is of major importance. Especially the
determination of drag from flight tests with an unmanned propeller aircraft is a challenging
task.

Flight tests with unmanned aircraft systems (UAS) have become increasingly impor-
tant in recent years. Scaled platforms are not only used as payload carriers, but also for the
analysis of novel aircraft configurations or for the assessment of unconventional propulsion
systems.

The lower costs as well as the reduction of risks especially in the area of unconven-
tional configurations militate in favor of using unmanned systems. Typical examples for
demonstrators used to study flight dynamic effects are the AlbatrossONE [1] of Airbus and
the platform of the project FLEXOP (flutter free flight envelope expansion for economical
performance improvement) [2]. In the case of the AlbatrossONE, gust loads are minimized
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by structural interventions in the area of the wing tip, while aeroelastic effects on the wing
are observed with the help of the carrier platform FLEXOP. To investigate the impact on
flight performance of new technology on an aircraft configuration, a direct comparison
between base line configuration and modified aircraft is of interest, as demonstrated by
NASA with its Area-I Prototype Technology Evaluation and Research Aircraft (PTERA) [3].
In the research, the PTERA platform was modified to investigate for example combined
circulation control [4] and a spanwise adaptive wing [5].

Unmanned aircraft are an important tool to investigate new aircraft configurations and
novel aviation technologies at University of Stuttgart, [6]. New technologies or concepts
can be flight-tested with little effort, low costs and manageable project risks after initial
theoretical investigation. This way, research concepts can reach a much higher feasibility,
of particular interest to industry, to close the gap between upstream research and industrial
exploitation. This can build a bridge, demonstrating technologies at a higher technology
readiness level (TRL). Innovative ideas can be demonstrated and validated in a relevant
environment which corresponds to a TRL 5/6. However, there are limitations due to the
degree of scaling of the technologies under consideration.

A disadvantage for the investigation of flight performance with scaled unmanned
aircraft is the limited data available for the different aircraft system components. When in-
vestigating the flight performance, propeller characteristics and efficiency of the individual
components of the propulsion system are of specific interest.

The Institute of Aircraft Design (IFB) at the University of Stuttgart has developed the
“e-Genius-Mod” test platform based on this background. The platform is modelled on a
scale of 33.3% of the electrically powered “e-Genius” aircraft [7], which is also designed,
manufactured and operated by the institute. In this particular case, the UAS was realized
as Froude-scaled version [6].

Due to the modular design of the testbed, different configurations can be easily
realized, which allows an adaptation to different applications. Furthermore, the geometry
of the fuselage offers ideal conditions for accommodating various payloads.

For the purpose of identifying the aircraft and measuring flight performance, it is
essential to map the aerodynamic parameters of the system. The most important parameters
are the aircraft drag and the lift polar. From the correlation of the coefficients for lift and
drag of the aircraft, a direct statement about the performance and energy consumption
can be derived. The gliding characteristics, the required power installed and the potential
range are important parameters that are required to compare different propulsion concepts
and identify their impact for a prospective aircraft design.

In order to obtain reliable drag and lift polar, manned test aircraft often would carry
out comparative flights with calibrated systems. Especially in the field of gliding, where
a precisely identified system is very important, such survey flights are still state of the
art today.

In the unmanned area, such survey flights are difficult to carry out. For UAS, a method
for a glider model is described by Edwards [8]. Due to the induced drag of the propeller
system, this method is not useful for the proposed identification of propeller-driven UAS.
A method to identify drag of a propeller aircraft was developed by Norris and Bauer [9].
Alternatively, if available, a model for the propeller wind-milling drag or thrust could be
used to apply this method. For the e-Genius-Mod testbed, a different approach was taken.
In order to record the performance data, a measurement system was developed that is
capable of recording the thrust values required during the flight. Such systems have not
yet been installed in large UAS, but have only been used sporadically on manned aircraft.
For the aerodynamic characterization of smaller UAS, on-board thrust measurements have
been performed in the past, such as presented by M. Bronz and G. Hattenberger [10].
However, for the identification of the flight performance and to show the feasibility of
novel technologies in aviation the measurement of drag is essential.

Although the thrust values for the operation of a propeller-driven system can be
measured without any problems when stationary, the thrust values during flight are not
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comparable due to the induced flow to the propeller without prior identification of the
propeller via wind tunnel experiments. The efficiency of the drive also changes significantly
under different flow conditions. Therefore, a direct, mechanical thrust measurement in
flight is of significant advantage.

1.1. Challenge of Current Research Using Unmanned Aircraft as Free-Flight Test Platform

A current research topic at the University of Stuttgart is how to use unmanned
propeller-driven aircraft as a test platform to determine their flight performance without
knowing specific data of propeller and powertrain. This ability is for example required
to compare different propulsion configurations like Wing Tip Propellers (WTP) to a basic
configuration in flight. Based on the collected flight data, the estimated benefits of this
technology in flight should be validated and demonstrated. For this purpose, the basic
in-flight measurement system of the test platform is extended with a system to measure
the thrust of the propeller in-flight.

For this, the assumption was made that in steady horizontal flight the thrust performed
by the propeller corresponds to the aerodynamic drag acting on the aircraft.

1.2. The Modular Test Platform e-Genius-Mod

The free-flight platform e-Genius-Mod (Figure 1) is established as a technology test bed
to demonstrate new technologies for future aircraft design in a relevant environment. The
UAS test platform [6] is used for academic and innovative research projects to investigate
scaling similarities of free flight models and to demonstrate new technologies up to TRL 6.
The modular design of the test bed is ideally suited for the investigation of new aircraft
configuration solutions for distributed electric propulsion systems. The size of the aircraft
with a wingspan of 5.62 m, maximum take-off weight of 40 kg and a payload capacity of
more than 10 kg [6] is suited to perform prospective investigations. The maximum possible
flight time is up to 100 min, depending on the particular battery capacity and the payload
weight. An overview of the technical data of the e-Genius-Mod is summarized in Table 1.

 

Figure 1. Free-flight test platform e-Genius-Mod.
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Table 1. Technical data of the e-Genius-Mod [6].

Aircraft Parameter Value

Wing span 5.62 m
Wing area 1.56 m2

Aspect ratio 20.2
Length 2.95 m

Take of mass * 34.9 kg
Electric drive power 5 kW (Plettenberg Terminator 30/8 Evo)

Max. thrust 156 N
Propeller RASA 24 × 12

Design speed 24.8 m/s
Battery capacity * 42 Ah (44.4 V)

* flight test characteristic.

The test bed e-Genius-Mod is an extension of the full-scale aircraft for further investi-
gation of electric flight and new aviation technologies. For this reason, the test platform
is equipped as a free flight wind tunnel. In order to perform measurements in steady,
horizontal flight, an autopilot is used to steer the aircraft along a predefined path of con-
stant altitude and velocity, as described in [11]. The measurement system ensures the
synchronous logging of all relevant variables (Table 2), as further detailed in Section 3.

Table 2. Basic measurement equipment of the free-flight wind-tunnel.

Variable Sensor Type Unit

linear accelerations
rotation rates IMU

IMU Board computer
(Pixhawk4)

position
attitude
velocity

(IMU, GPS, magnetometer,
barometer) estimation via

Kalman filter

true air speed
angle of attack

angle of sideslip
air density

5 hole-probe
temperature sensor

AirDataBoom
(Vectoflow/VectoDAQ

Air Data Computer)

deflection angle of the control
surfaces

magnet sensor
rotor sensor

Actuator (Volz
DA15N)

The basic free flight measurement equipment can be easily expanded by connecting
additional sensors to the dedicated bus system used solely for measurement data.

Electric propulsion systems allow for new design alternatives in terms of propulsion
integration and aircraft design. To investigate and demonstrate new concepts, a modular
testbed like the unmanned scale model is a very useful and flexible tool. The demonstration
of innovative concepts like distributed propulsion on a manned aircraft would be expensive
and time intensive and not useful for research with open-ended findings at this early stage.
With its modular airframe design, the e-Genius-Mod is the basis for an efficient and
systematic research of the various effects of distributed propulsion.

Onboard thrust measurements on a UAS pose a particular challenge. On the one hand,
it must be possible to carry out reliable, calibrated measurements, and on the other hand,
the sensor systems are subject to narrow limits in terms of dimensions and weight. For
this purpose, sensor systems specifically designed for the e-Genius Mod were developed,
calibrated and tested in wind tunnel experiments before installation.

The thrust values are in many respects informative for the evaluation of the flight
controller itself, as well as for the assessment of the efficiency of an engine. In general,
they establish a direct relationship to aerodynamic quality and, in case the electrical
power consumption is known, allow a direct statement about the overall efficiency of the
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corresponding powertrain. Especially when considering several distributed engines, it is
possible to make a reliable statement about the overall energy balance onboard the platform.

The aim of the thrust measurements is to prove the expected positive effects of the
distributed engines in terms of quality, and, in further steps, to make statements about
where on the aircraft they can be used most efficiently. Furthermore, previously performed
simulations are to be validated with these measured values.

2. Research Objective

To assess and validate the impact of a novel configuration or technology in flight,
knowledge of the flight performance is of vital importance. Required basic information
in aircraft design are the aerodynamic coefficients for lift (CL) and drag (CD) of an aircraft
with respect to the angle of attack (AoA). Therefore, the objective of this research is the
identification of the CL − CD, CL − AoA and CD − AoA polars in-flight. For the investi-
gation of these coefficients in-flight the following well-known approach is proposed as a
starting point.

While the investigations are carried out under cruise conditions, it is assumed as a
basis for the investigations that the measurements are carried out in a non-accelerated
(steady) horizontal flight. This allows to establish the balance of forces in flight direction
and perpendicular to it respectively:

DRAG (D) = THRUST (T) (1)

LIFT (L) = WEIGHT (W) (2)

Thrust will be directly measured between engine and engine mount. The measured
force corresponds to the force acting on the aircraft caused by the propeller thrust. With

T ≈ D =
ρ

2
∗ v2 ∗ CD ∗ S (3)

and the knowledge about the true air speed (v) and air density (ρ), we can directly de-
termine the drag coefficient (CD) of the aircraft by assuming drag (D) and thrust (T) as
balanced. S describes the reference wing area of the test platform. True air speed and
air density will be measured with the air data boom installed in the nose of the aircraft
(Table 2). A small deviation has to be considered by the frictional forces of linear bearings
in the thrust measurement unit which can be eliminated by a calibration.

The lift coefficient (CL) can be determined by the following equation:

W = L =
ρ

2
∗ v2 ∗ CL ∗ S (4)

Since the aircraft is electrically powered by a battery system, the weight is constant
throughout the flight. To identify the corresponding angle of attack, the air data boom is
used. Angle of attack and angle of sideslip are measured with a five-hole probe. As the
measured values of the different sensors are synchronised, the coefficients of lift and drag
can be described directly in relation to the AoA. The measured AoA has only to be corrected
by its installation position in relation to the wing. In this way, the direct connection between
AoA and the corresponding lift and drag values should be representative in flight. Larger
values of lift and drag are to be expected with an increasing of the AoA.

3. Approach for the Flight Test Scenario

The approach for the flight test scenario is based on the assumptions made in Section 2
to investigate the flight performance under the condition of a steady horizontal flight and
with a zero-wind condition for the atmosphere.

However, considering the reality of free-flight tests, perfect atmospheric conditions
will never be achieved. To meet these requirements to some degree, the flight tests are
carried out in the early morning on days with calm atmosphere. The impact of atmospheric

49



Aerospace 2021, 8, 43

disturbances was estimated in [12]. To realize a statistical accuracy of the data measured in
flight, the data for a single measurement point is collected over a minimum of four legs
with two different flight directions.

To determine the thrust during flight, a measuring system is installed between the
electric engine and the engine mount to measure the tensile forces. The occurring tensile
forces correspond to the thrust generated by the propulsion system.

The thrust measurement is particularly relevant due to its direct correlation with the
aerodynamic drag. The investigations are carried out under cruise conditions, i.e., steady,
horizontal flight. For the investigation, a flight track is chosen which allows the longest
possible horizontal legs. The limiting factor for the tests is the current regulatory framework,
which specifies a maximum flight envelope for the tests in the permitted airspace.

The measurement flights are performed with an autopilot in control to achieve steady,
horizontal flight and high repeatability. For the test flight a circuit with maximized straight
segments (legs) in-between is chosen. Given the airspace restrictions, the leg on which the
measurements can be made is nearly 1000 m long. Figure 2 represents the flight path of a
measurement flight at 300 m altitude.

Figure 2. Flight track—sections of measurement (green); level off sections (orange).

The legs are divided into two segments. The first segment is the “level off section”.
After the turn, airspeed, altitude and attitude are stabilized in this section. Data in this
section will not be considered. In the section of measurement, a stabilized flight attitude
is expected and the data will be used for the analysis of lift and drag. As there will be no
perfect steady horizontal flight with constant altitude and airspeed, limits for the deviation
in roll angle, airspeed and altitude are set, to assign a confidence rating to the single leg
that is considered in the evaluation. To optimize the steady horizontal flight, the autopilot
controls a constant velocity and altitude.

4. Measurement Unit

The thrust measurement unit consists of two parts. The sensor unit which contains
the sensor itself for direct measurement of the thrust and a self-developed data acquisition
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unit that contains the amplifier module and the interfaces to connect further sensors. The
data acquisition unit is also the interface to the data storage.

Recorded values at the propulsion system during flight:

• Thrust
• RPM of the propeller
• Engine current
• Engine voltage

Besides collecting the data with high precision, the complete measurement system is
required to feature a lightweight design for use on the UAS. This ensures that the use of
the testbed for further studies is not limited by the weight of the measurement unit.

4.1. Sensor Unit

The sensor unit is based on a standard tension/pressure sensor (HBM U9C 100N). For
the sensor unit to be used on the unmanned test platform, the main focus is on a robust
and compact lightweight design. The unit is designed to allow for the sensor to be installed
without torque and bending moments introduced by the engine.

An engine connection unit is being developed for this purpose. This consists of an
engine connection plate, a force introduction bolt and linear guide pins to absorb torsion
and bending loads. These loads are directed from the linear guiding pins into the linear
bearings installed in the load transmission frame. For the inflight thrust measurement, the
sensor unit is installed directly between the engine mount and the engine (Figure 3).

Figure 3. Integrated thrust measurement sensor unit; 1—Sensor Unit; 2—Engine Mount; 3—Electric Engine.

Due to its design, the sensor unit allows two separate load paths (Figure 4). Loads
will be introduced in the sensor unit via the engine connection plate. The plate is linearly
mounted and transmits the force induced by the propeller thrust as tension force directly
to the sensor. The torque and the bending loads resulting from the angular and linear
acceleration and vibrations of the engine are derived via the linear bearings into the
structure of the sensor unit (housing and frames). This way the thrust can directly be
derived from the measured tensile force.
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tension rod (traction stop) 
friction bearing 
tension sensor 
connecting frame 
housing 
force introduction bolt 
engine connection plate 
load transmission frame 
linear guide pins 
linear bearing 

Figure 4. Sensor Unit (sectional view).

4.2. Data Acquisition Unit

The task of the data acquisition unit (Figure 5) is the acquisition and processing of
data from the propulsion system and the transmission of the data to the board computer
for synchronous logging. An STM32 microprocessor is used to convert analog signals, to
encode and time stamp the data and to handle transmission to the central board computer
via an RS485 bus (Figure 6). While this is sufficient to handle the sensor input from magnetic
rpm measurements and current and voltage sensors, the force sensor outputs need to be
amplified first. This is done using a miniaturized amplifier module (GSV-6CPU) installed
on the Data Acquisition Unit. Additional interfaces on the data acquisition board allow to
connect further sensors that might be required by future studies using the e-Genius-Mod
test platform. With a weight of only 28 g, the data acquisition unit (board without cable) is
perfectly suited for use in UAS without restricting the payload capacity.

Figure 5. Data Acquisition Unit.
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Figure 6. Information flow of the Data Acquisition Unit.

5. Test Flight Analysis

In order to obtain repeatable measurement flights, the flights are automatically guided
along a previously planned flight path. The autopilot system [11] adjusts the flight condi-
tion to different, constant flight speeds at an altitude above mean sea level of 650 m. This
results in stable conditions in stationary horizontal flight, during which the corresponding
input variables of the drive system are recorded. The available endurance of 85 min for one
test flight allows for more than 68 measuring sections, which are segmented into phases
with different flight velocities. With this, all measurements required for a characterization
of the aerodynamic parameters of a configuration can be carried out in one single flight
Figure 7 provides a synopsis of the legs and Table 3 presents the commanded velocities to
identify the coefficients for lift and drag in flight.

Figure 7. Section of the flight path from a single measurement flight.

Table 3. Mean standard deviation of velocity and altitude.

Velocity (m/s) Altitude (m)

Commanded Standard Deviation Commanded Standard Deviation

20 0.23

300

0.09
21 0.23 0.11
22 0.21 0.12
24 0.31 0.12
26 0.25 0.13
28 0.22 0.11
30 0.22 0.08
32 0.20 0.08

Analysis of Static Horizontal Flight

In order for the evaluation to be considered valid using the mean value method, the
“section of measurement” must be carried out at a velocity and an altitude as constant as
possible. The evaluation of the individual legs shows that both velocity and altitude are
measured with only a very small standard deviation (Table 3) depending on the flight speed.

As expected, high fluctuations were detected in the recorded propeller speed, which
is also reflected in the measured thrust values. This is a result of controlling the airspeed
by using the thrust. The resulting control action can be seen in the resulting fluctuations
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in measured thrust values (Figure 8). They do not mainly represent a scattering in the
aerodynamic drag, but moreover the necessary control action to keep the airspeed constant.
This is particularly the case during the two turns.

Figure 8. Example: Basic measurements on one single leg (with TAS 28 m/s).

The standard deviations caused by this must be taken into account accordingly in the
evaluation and interpretation of the measured values. Nevertheless, the measured values
on average give a good picture of the expected results and provide an excellent indication
of the performance and aerodynamic quality of the aircraft.

For a first estimation and interpretation of the flight results, the values for thrust, angle
of attack, lift and power are approximated as a function of 2nd order in dependence of the
velocity as expected from the theoretical consideration. The assumption is based on the
approximate relationship, that the lift increases linearly in relation to the AoA and the drag
increases quadratic to the lift. Even if this procedure involves a degree of uncertainty in the
interpretation of the results, it allows for an initial analysis of the aircraft characteristics, to
provide input data for the aircraft design process.

6. Results

This section presents the results of the test flight presented in the previous section.
Considering that the UAS should be used as a tool in aircraft design, the analysis focuses on
the most interesting aspects for a design engineer. Figures 9 and 10 show the coefficients of
lift and drag obtained from the measurement flights and the approximated resulting polar
curve. As expected, due to the rpm variation described above, a significantly increased
variation of the identified drag coefficient can be seen in Figure 10. Nevertheless, the values
can be used for first design calculations.
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Figure 9. Lift polar.

Figure 10. Drag polar.

Even if only a certain regime of the drag polar and the thrust to velocity curve is avail-
able, design points of interest (Table 4) can be estimated with the available identification.
The points of maximum range and maximum endurance can directly be identified.

Table 4. Estimated points of max. range and max. endurance.

Max. Range Max. Endurance

Velocity 20.96 m/s 20.15 m/s
Glide Ratio 17.96 17.88

CL 0.91 0.98
CD 0.0507 0.0548

Thrust 19.06 N 19.04 N
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The point of maximum range is given by the maximum of the glide ratio (CL/CD) and
can be determined directly from Figures 10 and 11. The point of maximum endurance can
be determined as point of minimum required thrust (min drag) in Figure 12.

Figure 11. Glide ratio (CL/CD) to velocity.

Figure 12. Thrust to velocity.

With the knowledge of the electrical power and the power output of the propeller in
terms of thrust, the overall efficiency of the test platform can be determined (Figure 13).
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Figure 13. Performance and Efficiency of the free-flight test platform for different velocities.

7. Discussion

The measurements obtained from the flight tests provided the expected results with
regard to the thrust curves and the resulting polar. As a first comparison between flight test
results and a simulation of the wing airfoil, the gradient of lift coefficient versus the angle
of attack was assessed. A comparison with the lift of the airfoil simulated in XFoil [13]
shows a very good agreement with reality (Figure 14). The slight deviation of the slope of
the two curves results from the influence of the lift distribution on the real wing caused by
the boundary vortices.

Figure 14. Comparison of XFoil airfoil simulation, semi empirical method and flight test data.

The amount of the deviation depends on the aspect ratio (AR) of the wing and can
be calculated approximately [14] as follows with b describing the wing span and S the
reference wing area:

dCL
dAoA

=
AR

(2 + AR)
∗ 2π with AR =

b2

S
(5)
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The angle of attack for zero lift is found as −3.8◦ from interpolation of the measured
values from real flight, which gives a good agreement with the value expected from the
simulation. The corresponding installation position of the air data probe in relation to the
wing’s angle of attack is thus correctly recorded.

An additional validation method was performed, calculating the wing’s lift curve
slope with a semi-empirical formula [15], applicable for subsonic design.

CLAoA =
2πAR

2 +

√
4 + AR2β2

η2

(
1 + (tan ARmaxt)

2

β2

)
(

Sexp

S

)
F (6)

Within formula (6) η describes the so-called efficiency of the airfoil and is approxi-
mately 0.95 according to [15]. β2 considers the flight velocity respectively the Mach number
(M).

β2 = 1 − M2 (7)

The wing geometry and the influence of the wing are considered in Equation (7) with
ARmaxt , Sexp and F: ARmaxt is the aspect ratio of the wing section with the thickest airfoil
chord location. The wing area exposed by the fuselage is considered with Sexp and the lift
generated by the wing is approximated with F estimated via the diameter d of the fuselage
tube under the wing. According to Raymer [15], these can be calculated as follows.

F = 1.07
(

1 +
d
b

)2
(8)

To consider also the effects of the winglet the effective aspect ratio of the wing is
estimated according to [14] taking into account the height of the winglets h in relation to
the wing span.

ARe f f = AR
(

1 + 1.9
h
b

)
(9)

The polar of the calculated lift curve slope (CLAoA = 0.0764) is plotted in Figure 14 and
the zero crossing is shifted by the estimated = 0.33. In a direct comparison of the part of
the lift polar which can be considered as nearly linear between the semi-empirical and the
measured lift curve slope with CLAoA measured = 0.0787 for (0◦ < AOA < 5◦) a good match is
achieved with only 3.01% deviation of the curve slope.

In the simplified approach used in this paper, the possible error in the results must
also be considered. A relatively small error can be assumed for the lift coefficient. This
error is made up of the accuracy of the air data probe (measurement error flow angle:
<1.0◦, velocities: <1.0 m/s) and a possible installation error which is corrected in the post
processing. The drag measurement must be viewed with greater caution. The accuracy of
the measuring system has been demonstrated under laboratory conditions, the variation of
the measured thrust values due to the fluctuating speed controller (see Section 5) leads to a
high standard deviation (mean 26.56%).

Nevertheless, the thrust measuring system generated usable data, which, however,
are subject to fluctuations due to controlling thrust values. This must be considered in the
evaluation. For further flight tests, control authority for the airspeed control should be
reduced in order to ensure that the measured thrust values are smoother and there is less
scattering. The proper functioning of the measuring system was verified in laboratory tests
before and after the flight tests.

The measurement of the thrust finally gives information about the total drag, which
is necessary to establish the drag polar and aerodynamic parameters of interest. From
the illustrations in the “results” section the corresponding statements regarding the aero-
dynamic performance of the system can be derived. The values are within the predicted
range. As expected, the scaling of the aircraft brings the optima for best range and flight
duration very close together. By measuring the thrust during flight while simultaneously
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observing the electrical power consumption, a direct statement can also be made about
the overall efficiency of the drive train. It can be seen from Figure 13 that the optimum
efficiency is found in the range of the speed at which the system is operated in the glide
ratio of best range. This is an important step to assess the impact of future design changes
to the e-Genius Mod.

8. Conclusions

The measurement flights with the unmanned e-Genius-Mod test platform have shown
that on-board thrust measurement provide a direct method to characterize the aircraft. The
expectations to draw direct conclusions about the aerodynamic performance could be met.
With the presented novel measurement system for direct, in-flight thrust measurements,
the unmanned platform represents a useful tool in aircraft design as a “flying wind tunnel”.
It allows an identification of the flight performance and allows to evaluate the effects of
new technologies and configurations. This is of particular interest for new configurations
that use distributed electric propulsion to increase efficiency and to enable a future cleaner
and greener aviation.

To improve the quality of the flight test results in the future and to allow for drag
estimation from non-steady flight conditions, the aircraft dynamics will be included in
the drag estimation through acceleration measurements from an inertial measurement
unit. Using the thrust measurement system, the characterization of the aircraft could be
completed to such an extent that further flight tests with modified settings and distributed
propulsion systems can follow. Due to the performance measurements on the baseline
configuration it will be possible in the future to draw direct comparisons to flight tests with
modified configurations. The measurement system used has been verified and can now
also be used for further configurations utilizing distributed propulsion. For this, the sensor
unit will be miniaturized to be able to measure the thrust of each propulsion unit in flight.
The additional measuring technology installed to record the aerodynamically relevant
input variables perfectly complements the thrust measurement of the main propulsor.
Therefore, the basic configuration of the e-Genius-Mod is now available for more extensive
flight tests and offers ideal conditions for scaled flight tests of all kinds.
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Abstract: This paper describes the control architecture and the control laws of a new concept of
Modular Iron Bird aimed at reproducing flight loads to test mobile aerodynamic control surface
actuators for small and medium size aircraft and Unmanned Aerial Vehicles. The iron bird control
system must guarantee the actuation of counteracting forces. On one side, a hydraulic actuator
simulates the hinge moments acting on the mobile surface due to aerodynamic and inertial effects
during flight; on the other side, the actuator to be tested applies an active hinge moment to control
the angular position of the same surface. Reference aerodynamic and inertial loads are generated
by a flight simulation module to reproduce more realistic conditions arising during operations. The
design of the control action is based on a dynamic model of the hydraulic plant used to generate
loads. This system is controlled using a Proportional Integral Derivative control algorithm tuned
with an optimization algorithm taking into account the closed loop dynamics of the actuator under
testing, uncertainties and disturbances in the controlled plant. Numerical simulations are presented
to show the effectiveness of the proposed architecture and control laws.

Keywords: iron bird; hydraulic system; flight simulator; force control; PID control

1. Introduction

An iron bird is often defined as an “aircraft which does not fly”, used to validate
the design and verify performance and stability [1] of aircraft components and systems.
It is a mechanical representation of aircraft systems, including actuators, arranged on a
frame instead of being inside the fuselage or the wings, completely visible, to test the
integration of components as the integration of the actuation systems for aerodynamic
surfaces and landing gears into the airframe, and their links to the power supplies and the
flight control system.

Since the beginning of aviation, giants steps have been made on actuator technology.
Currently, fly-by-wire aircraft use hydraulically supplied actuators in order to control
mobile surfaces, but the birth of the All (or More) Electric Aircraft philosophy is changing
this paradigm towards increasing the use of electrically supplied actuation systems that is
usually called power-by-wire (PBW) actuation.

The advantages in using electrical versus hydraulic power on aircraft are well de-
scribed in [2–5]. Good power density at the level of power network, more efficiency, more
options and ease of command, dynamic reconfiguration of power paths are some of them.
However, the technology maturity level of PBW is still low in terms of returns of oper-
ational experience. Moreover, some technological issues as poor local exchange of heat
generated by energy losses have to be studied to increase their diffusion.

Aerospace 2021, 8, 39. https://doi.org/10.3390/aerospace8020039 https://www.mdpi.com/journal/aerospace61
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Electro-Mechanical Actuators (EMAs) represent a very good alternative also for small
commercial aicraft and UAVs, because of the lower cost and the general lower maintenance
effort needed with respect to Electro-Hydraulic Actuators (EHAs).

One of the earliest studies on EMA is [6], where the researches completed by Boeing
and Rockwell in the eighties are summarized. Boeing concluded that their baseline aircraft
would remain roughly the same mass when switched to EMAs, Rockwell predicted an
increase in mass, but in both cases, when EMAs were introduced, the mass of the aircraft
secondary power systems decreased.

In [7], a review of EMAs is presented, starting from a brief history on the use of this
type of actuators on aircraft. It also explains the main ways to test an EMA, from tests in a
room temperature situation, to tests in a thermal vacuum environment, to tests on an iron
bird. Generally speaking, the iron bird testing is intended to validate also the linkages of
the EMAs with other systems, e.g., the power system and the Flight Control System (FCS).

Iron birds are useful in both industrial and scientific worlds. In the literature, although
several authors use iron birds to prove the effectiveness of their solution about flight control
algorithms, without focusing on its design, their works represent useful examples and the
state of the art about this topic. In [8], Airbus explains how the electrical flight control
system used on its aircraft is validated through iron bird testing. In [9], the power plant
system of a tilt rotor UAV was verified by means of iron bird ground tests. In [10], a
modular iron bird was designed to test new concepts in the flight control area, however, the
modules are used for a specific aircraft. In [11], a new methodology for Prognostic Health
Management systems of electro-mechanical flight control validation using an iron bird is
proposed. The MIB (Modular Iron Bird), which is currently in the construction phase at
PROTOM, developed in collaboration with the University of Campania “L.Vanvitelli”, is
a new concept of geometrically simplified and modular iron bird to perform verification
tests of equipment developed for FCSs of small/medium aircraft belonging to the general
aviation and unmanned aerial vehicles. It is mainly designed to test the control and
actuation system moving the aerodynamic control surfaces and their integration in the
flight control system. On the other hand, the test objective is quite extensive, ranging from
the analysis of the actuator dynamic response, stability, and accuracy, to the efficiency and
power capability, to the response to fault.

Usually, iron birds are custom ground-based test device used for prototyping and
integrating aircraft systems (e.g., actuators) during the development of new aircraft designs.
Systems are installed into the iron bird so their functions can be tested both individually
and in correlation with other systems. They are expensive and often not reusable, being
economically inaccessible for many small companies. However, the growth of unmanned
aircraft market and the lowering of costs in the design of small aircraft and their actuators,
makes attractive the use of a network of affordable facilities able to test systems with
limited costs. The MIB architecture tries to give an answer to this increasing need.

The paper is organized as follows. Section 2 deals with the MIB control system
architecture description. The mathematical model of the plant to design and validate the
proposed control laws is described in Section 3, whereas in Section 4 the force control law
is presented together with the algorithm used to tune the control gains. Finally Section 5
illustrates some numerical simulation results.

2. The MIB Testing Facility

The basic elements composing MIB are:

• the Data Acquisition and Control System (DACS). This is deployed on different
hardware components, namely:

– the Real-Time Process Controller (RTPC) implementing the so called Process Con-
trol Algorithms for the tracking of desired loads on the aerodynamic surfaces and
the actuator unit under test reference positions;
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– the host PC implementing the User Interfaces (UI) for test preparation, on-line
monitoring of the test variables, data archiving, post-processing functions and
off-line visualization of the test results;

• a given number of Test Stands (TS) (see Figure 1), actually five, which are composed of:

– a loading hydraulic actuator linked to a rigid mobile surface;
– a set of pressure, position and load sensors, needed for control purposes and to

acquire and archive test data;
– the EMA Unit Under Testing (UUT) which is mechanically loaded by the hydraulic

actuator;

• the Hydraulic Power Unit (HPU) to supply hydraulic pressure to the actuators on all
the TSs;

• the Electrical Power Systems (EPSs).

EMA

Position 
Sensors

Pressure 
Sensors

Force 
Sensors

Servo 
valve

Figure 1. MIB (Modular Iron Bird) Test Stand overview.

The modularity of the proposed Iron Bird is based on the presence of several TS that
can adapt to different actuators and layouts; actuators can be tested in parallel or one at a
time. Also the hydraulic actuator simulating the aerodynamic and inertial loads can be
chosen in function of the loads requested by the test. At the moment, a single rod actuator
is adopted to mount a double load sensor, but in future a different actuator can be mounted.
Moreover the flexibility offered by the automation system allows to plan different tests
including those simulating the aircraft flight and related maneuvers.

2.1. The Process and Automation Control System

As shown in Figure 2, the MIB Process Control System implements the following subsystems:

• the test set up and automation functions (Green blocks),
• the real time simulator of the flight dynamics including flight controllers (Blue blocks),
• the actuators and sensor for the force control (Red blocks),
• the EMA actuator UUT (Dark Red block),
• the estimation of the surface position, the estimation of the force acting on the aerody-

namic surface, and both the position and force controllers (Yellow blocks).
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Figure 2. MIB Automation and Control System Architecture.

Red, dark red and yellow blocks are replicated for each TS active.
The MIB Test Planner (TP) manages the test setup procedure implementing the UI,

and it is able to generate the input signals for the real time simulator and the reference
signals to be passed to the RTPC.

The Automation Function block implements the functions to monitor the overall
system health. These functions are implemented with a time step of 0.1 s.

The MIB Aircraft Real Time Simulator (ARTS) is a flight simulator, implementing
the equations of the rigid body aircraft dynamics with moving surfaces, including the
equations to compute hinge moments on mobile surfaces because these are needed to
calculate the flight loads on EMA actuators. The use of simulators in the aircraft design
and testing phase is well recognized by the scientific community [12].

The ARTS is also connected with a simulator of the flight control laws. Its inputs are the
mobile surface positions, measured by sensors if the related stand is active, otherwise the
desired position from the flight control laws is used. In this case the reference commands to
the flight controller are produced by the TP with a time step of 0.1 s. The ARTS outputs are
the loads to be actuated on the mobile surface, and hence to be passed to the Force Control
block as reference signals. Gravity effects due to the aerodynamic surface installation are
taken into account and compensated before generating reference loads.

Although this can be easily replaced, the standard flight control law module has a
classical structure for fixed wing aircraft, and is based on three nested loops (see Figure 3,
namely: a Stability Augmentation System (SAS), a Control Augmentation System (CAS),
and an outer Autopilot. These loops can be activated by the User.

SAS control action implements a pitch, roll and yaw damper. CAS implements both
a pitch and roll rate control. Finally the autopilot can control altitude, true air speed,
and heading.

Due to the use of Matlab/Simulink simulation blocks, both the rigid six degrees of
freedom (DoF) aircraft model with moving surfaces and the flight control law implemented
can be readily replaced with a more detailed model including flexibility or other phenomena
(e.g., ground effects during landing and take-off), and more complex control laws.
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Figure 3. Schematic of the Flight Control Laws.

The Force Estimation and Control block implements the algorithm to estimate and
control the load on the mobile surface and hence on UUT. The input to this block are the
reference force to be actuated, the measurements from load cells and pressure sensors, and
the position of the aerodynamic surface. The output is the command to the servo-valve
controlling the flow-rates to the hydraulic actuator. Two force measurements are available
at the top and the bottom of the hydraulic cylinder. On the basis of these measurements,
pressure measurements into the cylinder chambers, and a position measurements to correct
for geometrical effects, a more reliable estimation is obtained via Kalman Filtering.

Similarly, the Surface Position Estimator block can estimate the position of the mobile
surfaces on the basis of the position measurement coming from two LVDTs and a speed
measurement produced by a digital encoder. LVDTs are the position sensors shown in
Figure 1 from which is possible to calculate the angular position of the mobile surfaces.
This estimation block is divided from the Position Control block for flexibility purposes. In
fact it may happen that the UUT is already equipped with a position control. In this case
the MIB Position Control is disabled but a position estimation is still needed to drive the
aircraft simulation.

2.2. The Test Planner

The Test Planner is a software module for the test preparation. It implements a GUI
(Graphical User Interface) to set test parameters and runs on the host PC, in order to
supply test parameters to the RTPC. During the test, variables are monitored with a refresh
rate of 0.1 s.

Different kind of tests can be performed on MIB depending on the control modes
foreseen for the EMA and for the hydraulic system, and on the use of the ARTS. EMA can
be controlled in two different ways:

• EMA Direct Control: the EMA is directly controlled, bypassing the Position Control;
• EMA Closed Loop Position Control: the position controller is activated to compute

the EMA control signal.

Hydraulic actuators can be controlled in two different ways:

• Hydraulic system Direct Control: the Force Controller is disabled in order to directly
control the valve input signal. This test type can be useful in the first phases of the plant
operation, in order to identify parameters of the hydraulic system dynamic model;

• Hydraulic system Closed Loop Control: the Force Controller is enabled and computes
the servo-valve command on the basis of reference forces.

Finally, the ARTS can be operated in two different ways:
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• Pre-programmed mode: the ARTS simply forwards waveforms designed through the
TP GUI (both reference forces to the hydraulic system, and reference positions to the
EMA controller).

• Self-consistent mode: the ARTS, on the basis of a reference manoeuvre defined by
the TP, and the measured aerodynamic surface positions, calculates in real time the
reference signals to the EMA position controllers and to the force controller.

The TP also provides initial conditions for the flight simulation if the ARTS is en-
abled. This is obtained via a suite of tools implemented in the TP module, including trim
and linearization.

3. Control Oriented Plant Mathematical Modeling

Hydraulic systems are typically adopted in iron birds to generate loads for their com-
pactness and performance. However, they also present some modeling and controllability
issues, due to uncertainties and hard nonlinear dynamic behaviours. Non-linearities are
mainly due to flow rates through servo-valves. Uncertainties and disturbances can derive
from pressure fluctuation across the pumps or from fluid physical characteristics, such as
the bulk modulus, but also from the deformation of the chambers and piston walls, and
other effects related volume uncertainties.

Several modeling approaches can be found in the literature. In [1], modeling is based
on Newton equation for UUT piston and for load actuator movement. In [13,14], the model
is obtained directly in the Laplace domain for the load actuator. In [15,16], the mathematical
model is based on Newton equation for the electro-hydraulic piston movements, and a
mass balance is used for servo-valve modeling, controlled with input flow rate. In [17,18],
the Newton equation is used for piston displacement: Coulomb friction model is adopted
taking into account some model uncertainties. Friction, that is a relevant aspect in this field,
is also modeled in [19–21]. Relevant works can be found in [22–26].

The objective of the following preliminary modeling is not to precisely describe the
physical phenomenon behind the hydraulic system, but to formulate a sufficiently rich,
though simple, parametric model, to be tuned with experimental data collected on the
plant, on which a first validation of the controller structure and tuning of the controller
gains can be done.

An important source of uncertainty in the modeling of the overall system is the
actuator UUT which will change from test to test although, for the validation of the plant
control system, a specific and known actuator will be used.

With the above premises, the following main modeling simplifications are made:

- the HPU (a Rexroth Cytropack system) comprehensive of an accumulator and regu-
lation system of the pressure inside the accumulator is modeled as a whole with a
simple uncertain dynamics;

- pipes dynamics are neglected. In fact, although they have been modeled, it has
been verified in simulation that the dynamics are fast enough with respect to the
characteristic times of interest, whereas their friction can be concentrated in the
neighbouring elements;

- wall deformation are neglected as their uncertain effect on closed loop control can be
somehow evaluated with a larger uncertainties on the air trapped in the hydraulic fluid;

- hard non-linearities as backlashes and dead zones and saturation are not taken into
account in the controller design phase but simulated in the control performance evaluation.

One single TS is assumed to describe the mathematical modeling in more details. The
hydraulic load generation system, schematically shown in Figure 4, is composed of four
main elements: an open reservoir, an HPU, an electro-hydraulic servo-valve, and a cylinder
connected to the movable surface on which the load is applied. The first two components
are common to all the TSs.
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Figure 4. Schematic of the Hydraulic Load Generation System.

The HPU pump converts mechanical into hydraulic power, injecting fluid in the
supply line. An accumulator is included in the power unit. This is a pressure storage
reservoir in which a relatively small quantity of fluid is held under a pressure which is
regulated by the system to a given value. The accumulator allows to react quickly to
a transient flow rate demand, to smooth out possible pulsations, and avoid significant
pressure losses. On the other hand the pump guarantees the mass flow rate needed by the
hydraulic cylinder to actuate significant forces in short time.

The servo-valve modulates the flow rate into the two cylinder chambers moving the
piston that generates the force on the UUT.

Other standard hydraulic and electric components, needed for a correct and safe
operation of the plant, are not modeled and described, as not strictly related to process
control validation and design. First of all, compressibility of the oil in the hydraulic circuit
has to be taken into account because of the high pressure. In fact the fluid density ρr
depends, assuming the definition of isothermal bulk modulus, on the fluid pressure Pr:

ρr = ρ0 · exp((Pr − P0)/β) (1)

where ρ0 is the density at the atmospheric pressure P0, and β is the fluid bulk modulus.
Due to the presence of the trapped air in the plant, the bulk modulus cannot be assumed

constant, and consequently it is modeled as a nonlinear function of the hydraulic pressure:

β = β0
1 + α( P0

P )1/γ

1 + α
P1/γ

0

γP
γ+1

γ
β0

(2)

where β0 is the fluid bulk modulus at P0, α is the trapped air volume ratio at P0, P is the
fluid pressure, γ is the air specific heat ratio.

Hydraulic systems need a finite volume of recirculating liquid to work. A reservoir
permits to accumulate the fluid getting rid of the trapped air. The reservoir has a breather
to maintain the pressure constant at the atmospheric value. The dynamic equations relating
volume, pressure and flow rates are the following:

V̇r = qr,in − qr,out (3)

Pr = ρrgh (4)

where Vr is the liquid volume in the reservoir, qr,in and qr,out are the input and output
volumetric flow rates, respectively, Pr is the pressure at the bottom of the reservoir, g is the
gravity acceleration, h = Vr/Ar is the height of fluid column, with Vr and Ar volume and
cross section area of the cylindrical reservoir, respectively.
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The hydraulic pump is a device used to convert mechanical power into hydraulic
power. Modern HPUs can adapt fluid flow rate to keep a fairly constant pressure in an
accumulator downstream the pump.

This accumulator is used to store a limited amount of fluid to smooth out pressure
oscillations and to make the downstream components dynamic response less sensitive to
the upstream conditions.

The whole HPU is modeled with the following uncertain first order system:

Ṗp = KH(qp − qv) (5)

qp = kp(Pp,re f − Pp) + kI

∫
(Pp,re f − Pp)dτ (6)

where Pp is the pressure in the accumulator. The maximum pressure delivered by the
pump is 200 bar. qp and qv are the flow rate provided by the hydraulic pump, and the flow
rate across the servo-valve, KH is a constant obtained from the linearization of the system
behavior around its operating conditions and is assumed to be uncertain. Pp,re f is the
reference pressure in the accumulator controlled by the HPU local pressure control system.

The force control is obtained with a servo-valve converting electrical command signals
into a spool valve command to control the flow rate. Under simplifying assumptions
and the absence of leakages, the servo-valve dynamics can be approximated as a first
order dynamics:

Ẋsv = − 1
τsv

Xsv +
usv

τsv
(7)

Xsv,min <= Xsv <= Xsv,max (8)

where Xsv is the servo-valve spool displacement, τsv is the time constant, and usv is the
control action computed on the basis of error between desired force acting on the cylinder
and the estimated one, Xsv,min and Xsv,max are the limits on the servo-valve opening variable.
The flow rate through the servo-valve is

qsv = CdwXsv

√
2(Pu − Pd)

ρsv
(9)

where Cd is the servo-valve discharge coefficient, w = Asv/Xsv,max is the servo-valve
area gradient, Asv is the servo-valve port area, ρsv is the fluid density, Pu is the pressure
upstream the servo-valve, and Pd is the pressure downstream the servo-valve.

Assuming that Pi (i = 1, 2) is the pressure in chamber i with i = 1, 2, Pu and Pd are
identified on the basis of the servo-valve position. If Xsv ≥ 0, chamber #1 is connected to
the fluid supply line, then Pu = Php, Pd = P1; if Xsv < 0, chamber #1 is connected with the
return line, then Pu = P1, Pd is equal to the pressure of the return line that can be assumed
as the pressure Pr in the reservoir. ρsv,s and ρsv,r being the servo-valve densities in the
supply and return lines, respectively, the flow rates in the hydraulic actuator chambers are
the following:

qsv,1 =

⎧⎨
⎩CdwXsv

√
2(Php − P1)/ρsv,s Xsv ≥ 0

CdwXsv
√

2(P1 − Pr)/ρsv,r Xsv < 0
(10)

qsv,2 =

⎧⎨
⎩

CdwXsv
√

2(P2 − Pr)/ρsv,r Xsv ≥ 0

CdwXsv

√
2(Php − P2)/ρsv,s Xsv < 0

(11)

Hysteretic effects due to static friction, and deadband, as reported by the servo-valve
manufacturer are also included in the dynamic modeling used to validate the control law.
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In the hydraulic actuator, the piston is forced by the pressure difference between two
chambers. Volume variation in chamber i is V̇i = (−1)i ẊAi, i = 1, 2. The chamber volume
variation is related to pressure variations as follows:

Ṗi = (qi − V̇i)
β

Vi
i = 1, 2 (12)

Ẍp = ((P1 A1 − P2 A2)− bpẊp − kpXp − macgcos(Xp/lac) + R)/(mp + Jac/l2
p + JEMA/l2

p) (13)

where Xp is the piston position with respect to the center of the cylinder, Ai the i-th chamber
cross section, Pi the chamber pressure, qi the i-th chamber input volumetric flow rate, bp
the damping coefficient, kp the elastic coefficient, mac is the movable surface mass, lac the
distance between the surface center of mass and the hinge axis, mp the piston mass, lp the
distance between the piston and the hinge axis, Jac and JEMA the inertia moments of the
surface and the EMA, respectively, with respect to the hinge axis, and R the force generated
by EMA. The mechanical linkages are supposed rigid, however backlashes are introduced
in the numerical simulations to evaluate their uncertain effects of control laws.

3.1. EMA Actuator under Testing

Special attention must be paid to the modeling of the EMA actuator UUT moving the
mobile aerodynamic surface. In fact, being the object of the test, its model depends on the
particular test itself. For the control system architecture validation and testing a specific
EMA is used. This is modeled with a first order dynamic system

Ṙ = − 1
τEMA

R +
uEMA
τEMA

(14)

where R is the generated force, τEMA is the EMA time constant, uEMA is the control action
generated by the position controller. In addition a rate limiter and a saturation is added for
the force controller performance assessment.

In case the UUT comes as a black box to be tested, a procedure to identify the EMA
dynamic model including non-linearities, based on the use of Neural Networks and Non-
linear AutoRegressive eXogenous (NARX) dynamic models [27–30], has been formulated
and validated with numerical simulations.

4. Force Control Algorithm

An interesting problem to be taken into account for the Process Controller, is that force
control has to counteract the reaction of a position controller implemented on the UUT
actuator side.

For this reason, the Force Control Algorithm must satisfy very tight requirements on
the closed loop speed of response and the capability to counteract disturbances induced by
the position control of the UUT.

In fact, both the hydraulic and EMA actuators are mechanically linked to the movable
surface and each controller becomes a source of disturbance for the other. Looking at force
control, the piston speed induced by position control, causes a variation of the volume of
the two cylinder chambers, namely Vi, i = 1, 2. Therefore, since the pressure rate in each
chamber Ṗi, i = 1, 2 depends on the volume derivative V̇i according to (12), if this effect is
not properly compensated by dumping the necessary amount of fluid from one chamber to
the other, strong overshoots of the controlled force occurs.

In the scientific literature, this problem has been dealt with in [1], where a Proportional-
Integral (PI) controller with feed-forward compensation is adopted to counteract UUT
speed disturbances on force control. This control approach, called traditional, suffers
from synchronization accuracy issues. In [31] structured guidelines for the synthesis of
dynamic force simulators that are required for the testing of high speed aerospace actuators
are developed. Realistic and proven solutions at both test bench hardware and control
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design levels are provided. In [13], asynchronous controller is used to to regulate the
loading actuator operating velocity synchronously with UUT actuator so as its actuator
motion disturbance can be decoupled. In [32], the traditional control is achieved with
an adaptive control approach based on the relationship between speed and current in
electro-mechanical actuators.

In [15], it is shown that the closed loop poles of the UUT, controlled in position, are
zeroes of the force driven open loop transfer function for load actuation. This leads to
a performance limitation when a PID control is used for force control. A Quantitative
Feedback Theory (QFT) based control technique is proposed to overcome this problem.
QFT is used also in [16,33,34], a force controller is designed with a loop shaping technique.

In [35], several techniques are analysed: feedback force control with force direct
measurement using a PI action, combinations of state feedback control schemes with state
observers and velocity feedforward compensation actions. In [36], a PID controller is used
and disturbances due to UUT speed are compensated with a signal proportional to a model
based estimation of UUT acceleration.

A PID controller is proposed in [37], where three tuning methodologies are presented:
optimal time tuning PID, optimal frequency tuning, and multi-objective PID. Also in [38],
a PID is used for both load actuation and for rejecting UUT velocity disturbances. This
controller is also used in [39] for servo-valve pressure control.

In [40], a feedforward controller and a feedforward inverse control with disturbance
observer are used for load actuation. The former is used to reject disturbances due to UUT
movements, the latter is used for the other disturbances. In [17,41] adaptive reference
controls are presented. In [42], a fuzzy logic MIMO controller is proposed. Fuzzy logic is
also used in [19,43] to tune a PID, in order to increase robustness. Fuzzy logic is also used
in [44]. In [45], a Minimal Control Synthesis with integral action is used with adaptive
gains, while in [20], a back-stepping based controller is adopted. Other works are based on
H∞ control [46], nonlinear adaptive optimal control strategies [47], sliding mode in [48]
and an adaptive decoupling synchronous controller in [49].

In [50], a Model Predictive Controller is proposed by the authors dealing with loads
generated by fast moving EMAs. The proposed controller uses a simplified model of
hydraulic plant, achieved by neglecting the faster dynamics of pump, reservoir, pipes and
accumulator. However, the computational burden of the predictive approach does not yet
allow an online implementation with low-cost hardware solution.

The present work is focused on a preliminary classical PID control, tuned on the
mathematical model of the plant, in view of a model calibration, controller parameters
re-tuning, and first closed loop tests.

In fact force control is based on a Proportional-Integral-Derivative (PID) scheme,
which computes the input to the servo-valve in order to act on the input/output flow rate
in the two chambers of the hydraulic actuator to control pressure. The closed loop actuator
control system has to be tuned to have a dynamic response which is significantly faster
than the EMA position control time response. In this way the design of force control can be
reasonably decoupled from the position controller dynamics.

Therefore, by taking into account the frequency separation between the two controllers,
the force control gains have been optimized to guarantee a certain degree of robustness
and given performance.

In practice the following quantities are defined:

• a set of uncertainties, defined in terms of variations with respect to nominal value of
the following parameters:

– Bulk modulus β0
– air trapped volume ratio α,
– Servo-valve time constant τsv.
– Discharge coefficient and servo-valve area product Cd Asv,
– EMA time constant τEMA.
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A family of Nu plant models, implementing the above uncertainties, is defined:

ẋj = f j(xj, u) (15)

yj = hj(xj, u) (16)

(j = 1, ..., Nu), where xj, yj, and u are the state vector, the controlled output (force on
the aerodynamic surface) and control input (servo-valve command), respectively;

• a set of NS operating scenarios to evaluate the robust performance of the controller
over the Nu models by means of the following cost function:

J(ek
j (·), u(·), x0j, t0, t f , w) , k = 1, ..., NS (17)

with yk
re f − yk

j the output tracking error, yre f ,k being the force reference signal, x0j the
initial state at time t0, t f a finite time for the cost function evaluation, and w a suitable
vector of weights;

• a parametric structure for the force controller:

u(t) = uCL(p, e[t0,t](·), t) (18)

with e = yre f − y. In our case, the vector p represents the gains of a PID control action
to be optimized.

Therefore, the following optimization problem was solved:

min
p

max
j = 1, ..., Nu
k = 1, ..., NS

J(ek
j , uCL, x0j, t0, t f , w) (19)

subject to

ẋj = f j(xj, u(p, ek
j (t), t)) , xj(t0) = x0j (20a)

yj = hj(xj, u(p, ek
j (t), t)) (20b)

u ≤ u(t) ≤ u (20c)

x ≤ xj(t) ≤ x (20d)

The above optimization Problem, defined by (19) and (20), was solved in the discrete
time using a Genetic Algorithm [51,52].

5. Numerical Result

Table 1 reports the main plant parameters used for numerical simulations. A single TS
control implementing ailerons tests is considered.

The servo-valve is an adirectional control valve, direct operated, with integrated digital
axis controller (IAC Multi Ethernet), Rexroth type 4WRPDH. The servo-valve opening
variable in plots is a normalized servo-valve opening.

To optimize the controller gains, the following scenarios were considered:

• Scenarios without the Aircraft simulator:

– force multi step (with increasing amplitude 100, 500 and 1000 N), constant pump
pressure (15 MPa);

– force multi step with constant pump pressure (80% of the nominal 15 MPa);
– force multi step with constant pump pressure (120% of the nominal 15 MPa);
– force multi step with sinusoidal pump pressure (15 MPa+ 0.15 sin(ω ∗ t) MPa).

• Scenarios with the Aircraft simulator:

– Aileron doublet (2.5 deg deflection for 9 s followed by −2.5 deg deflection for 9 s);
– Aileron step (2.5 deg deflection).
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In addition, the following model uncertainties were taken into account:

• ±10% of the nominal bulk modulus at atmospheric pressure;
• ±10% of the nominal air trapped volume ratio;
• ±10% of the servo-valve time constant;
• ±10% of the Cd Asv parameter;
• ±10% of EMA time constant.

Table 1. Plant parameters.

Parameter Value

Bulk nominal modulus at atmospheric pressure, β0 [GPa] 1.5
Pressure controlled by pump in the accumulator, Php [MPa] 15

Density at atmospheric pressure, ρ0 [kg/m3] 989
Servo-valve discharge coefficient times Servo-valve hole area,

Cd Asv [cm2] 0.03

Servo-valve equivalent time constant, τsv [s] 0.01
Chamber cross section, A [cm2] 8.00

Dead volume of the chamber 5%
Piston mass, m [kg] 1.00

Fraction of trapped air at atmospheric pressure, α 0.01

To test the performance of the force controller, a campaign of simulations was per-
formed. In each simulation, the above uncertainties were considered. In addition the
following disturbances or additional phenomena were considered: hysterical effects of the
servo-valve and mechanical links, servo-valve dead zone, piston end-stroke.

To evaluate the controller performance, responses to small step inputs (100 N for force
and 0.1 cm for position) are considered in the presence of perturbed models. In Table 2,
mean values of control performance indexes are shown. In particular, the mean quadratic
error (MQE), the overshoot and the settling time (ST) are reported for the worst case. For
the settling time the worst case is assumed to be the maximum for force control and the
minimum for position control.

Table 2. Controllers performance: Mean Quadratic Error (MQE), Overshoot, Settling Time (ST).

Performance Parameters Force Position

Max MQE 200 N2 4.6 ×10−4 cm2

Max Overshoot 50% 30%
Perturbed ST 0.24 s 0.72 s

In the proposed Simulation #1, pre-programmed reference force and position signals
were considered, as shown in Figures 5 and 6, respectively.

In Figure 7 the normalized servo-valve position time history is shown. Figure 8
shows the pressure provided by the pump including the sinusoidal disturbance. Lastly,
in Figures 9 and 10 both cylinder chambers pressure are shown. It is worth noticing that
the controlled force results is able to reject the disturbance represented by the piston
movement. This is an important characteristic to be sure to evaluate the EMA in a well-
emulated scenario.

Simulation #2, carried out with the same reference signals as Simulation #1, demon-
strates the robustness of the controllers to measurement white gaussian noise on position
and force measurements. The same quantities shown for Simulation #1 are shown in
Figures 11–16. The controlled force is able to reject the disturbance represented by the
piston movement also in presence of model uncertainties and measurement noise.
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Figure 5. Simulation #1: Actuated force compared to the reference force.

Figure 6. Simulation #1: Piston Position compared to the reference position.

Figure 7. Simulation #1: Servo-valve opening command.
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Figure 8. Simulation #1: Accumulator Pressure.

Figure 9. Simulation #1: Chamber #1 Pressure.

Figure 10. Simulation #1: Chamber #2 Pressure.
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Figure 11. Simulation #2: Force actuated by the Hydraulic cylinder compared to the reference signal.

Figure 12. Simulation #2: Piston Position compared to the reference signal.

Figure 13. Simulation #2: Servo-valve opening command.
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Figure 14. Simulation #2: Accumulator Pressure.

Figure 15. Simulation #2: Chamber #1 Pressure.

Figure 16. Simulation #2: Chamber #2 Pressure.
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5.1. Numerical Results with the Flight Simulator in the Loop

An innovative feature of MIB is the capability of reproducing loads provided by a real
time flight simulator including control laws.

Several tests involving the ARTS were carried out. In particular the following condi-
tions, implying an aileron deflections, were simulated:

• without FCS:

– a 0.044 rad step on ailerons deflection;
– a ±0.044 rad doublet on ailerons deflection;

• with SAS active:

– a 0.044 rad step on ailerons deflection;
– a ±0.044 rad doublet on ailerons deflection;

• with CAS active:

– an impulse (1.05 rad/s) on roll rate command;
– a doublet (±1.05 rad/s) on roll rate command;

• with Autopilot active:

– a step (0.088 rad) on the heading angle reference;
– a ramp (0.26 rad/s) on heading angle reference;

The Cessna 172 was assumed as reference aircraft, whose main parameters are reported
in Figure 17.

In the following Simulation #3, ARTS was used in “self-consistent mode” without
flight control laws, and driven by a doublet input signal to the ailerons shown in Figure 18.
The resulting force is shown in Figure 19. The reference force and position signals compared
to the actual one in the presence of uncertainties are shown in Figures 20 and 21.

Figures 22 and 23 give an idea of the simulated maneuver, which is a sort of turn. Roll
angle and roll angular speed are shown. It can be noted that reference signals produced by
the ARTS are like smoothed by the aircraft dynamics. Therefore, force controller provides
better results with respect to sharp reference signals.

Figure 17. Simulated Aircraft-Cessna 172.
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Figure 18. Simulation #3: Surface Deflection Reference.

Figure 19. Simulation #3: Actuated Force Reference.

Figure 20. Simulation #3: Actuated Force compared to the reference signal.
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Figure 21. Simulation #3: Surface Deflection compared to the reference signal.

Figure 22. Simulation #3: Roll Angle from the Aircraft Simulator.

Figure 23. Simulation #3: Roll Rate from the Aircraft Simulator.
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6. Conclusions

This paper describes the control architecture of the Modular Iron Bird which makes
use of several test stands to increase flexibility and reduce costs for small commercial
aircraft or unmanned aerial vehicles. This iron bird can reproduce preprogrammed loads
to test single or multiple actuators, or realistic “in flight” load conditions thanks to the
presence of a real time aircraft simulation module.

The design and tuning of the control law needs particular attention because of the
concurrent action of both a force controller to guarantee the testing loads and a position
controller to control the aerodynamic surface position. This required the use of high quality
components, and suggested the use of a dynamic model of the plant during the design
phase, to make a robust tuning of the force controller driving the hydraulic actuator.

In the plant design phase, a classical control approach has been adopted. Indeed, the
force control algorithm is based on a PID, whose gains have been optimized to ensure
robust performance in the presence of parametric uncertainties, and a closed loop response
faster (∼0.01 s response time) than the EMA position controller (∼0.1 s response time).
Results proved that the proposed solution works well in the presence of uncertainties and
noise and hard nonlinearities neglected in the design of the control law such as hysteresis
and dead zones. In particular, both the dynamic and static precision, is quite insensitive
to the uncertainties and to the different scenarios considered to include possible tests on
different kinds of aircraft.
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Abstract: One of the objectives of the CleanSky-2 project is to develop an Environmentally Friendly
Fire Protection (EFFP) system to substitute halon for the aircraft cargo hold. For this, an aircraft
demonstrator including the cargo hold was equipped with a nitrogen-based fire suppression system.
The demonstrator is located in the Flight Test Facility (FTF) low-pressure vessel and can thus be
subjected to realistic cruise pressure conditions and take-off and descent pressure profiles. As a
design tool, a zonally refined simulation model to predict the local oxygen and nitrogen concentration
distribution in the cargo hold has been developed using the Indoor Environment Simulation Suite
(IESS). The model allows for fast transient simulations of the suppression system operation. This
paper presents a model validation case of knockdown during cruising, followed by a holding phase
and descent.

Keywords: cargo fire protection; simulation; fire suppression; testing

1. Introduction

Homogeneous and efficient fire suppression agent distribution inside an aircraft cargo
hold is the key for protecting the aircraft from a cargo hold fire and for achieving the fire
protection goals. Aircraft cargo with fire suppression systems must provide fire protection
for several hours. Thus, the system must be adequate to maintain a safe fire suppressive
atmosphere inside the cargo hold for the specified diversion time.

The aircraft cargo fire suppression system has two major phases, a knockdown phase
that diminishes fire either by cooling the fire or reducing the oxygen concentration as
described in the Minimum Performance Standard (MPS) [1], followed by the holding phase
to maintain a fire suppressive environment inside the cargo hold throughout the flight
and landing phase. The main design parameters for the system sizing are the cargo hold
volume, the agent target concentration, and the air tightness. For example, the cargo door
seal is subjected to the gradient between the pressurized fuselage and ambient conditions at
cruising and thus leaks air. This air is replaced with fresh air aspired through the Pressure
Management System (PMS) to ensure the balance of airflows. A controlled supply of
additional agent to compensate for the air ingress is thus necessary during the holding
phase. Additionally, the PMS prevents pressure peaks during agent injection that would
lead to opening of the rapid decompression panels by allowing air to leave the cargo hold.

Today, a large quantity of halon from bottles is released to perform the knockdown
within two minutes, and then the fire suppressive environment is maintained within
the cargo hold by constant metering of halon. However, due to high Ozone Depletion
Potential (ODP) of halon, the aerospace industry is looking for halon-free systems. The
use of nitrogen as a suppression agent, diluting the cargo hold oxygen concentration
below the flammability point, is one such alternative under research within the CleanSky2
“Environmentally Friendly Fire Protection” (EFFP) project. Within this project, a simulation
toolchain is developed that predicts the agent concentration distribution within the cargo
hold, and a physical full-scale demonstration is implemented in the Flight Test Facility, a
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low-pressure chamber hosting the front section of a former in-service A310 including the
underfloor area and forward cargo hold.

This paper presents transient validation results of a nitrogen knockdown followed by
a holding phase and descent.

Several modelling activities have been performed for halon replacement technology
with water mist, inert gases, and solid-propellant gas-generator suppression systems [2–5].
These models include CFD simulations and single or two-zone models. However, these
models simulate agent distribution at constant pressure, single operating points or are
non-locally refined. In cargo fire suppression systems, the transient phases of knock-
down, holding, and descent have significant impacts on the agent distribution inside the
cargo hold. The location of air ingress ports, such as the pressure management system
(PMS, Section 2.2.1), or leakages in the cargo interiors, further influences the local agent
distribution gradient in the cargo hold.

Single or two-zone models are quick to run; however, these models do not provide
a local agent distribution inside the cargo hold. CFD models provide the details of agent
distribution, but the computation cost is very high, especially when transient phases are
considered. The IESS uses a hybrid simulation approach, where the high momentum flow
regime close to the discharge nozzle has been pre-simulated by CFD, and the results of this
near-field domain have been integrated in a zonal model of the cargo hold.

In this paper, a validation result for such a transient simulation is shown. For this,
a nitrogen-based knockdown and holding system has been integrated in the Flight Test
Facility aircraft mock-up. The cargo hold has been equipped with sensors to measure the
local oxygen concentration. A realistic cabin pressure profile of take-off, cruising, and
descent is implemented using a low-pressure vessel, which is able to generate an ambient
pressure similar to cruising conditions (750 hPa, corresponding to an equivalent height of
8.000 ft.).

2. Materials and Methods

In this study, both numerical modelling and experimental testing are used. The
following sections describe the simulation method applied with the Indoor Environment
Simulation Suite (IESS, Section 2.1), as well as the experimental method (Section 2.2) in the
Flight Test Facility (FTF).

2.1. Indoor Environment Simulation Suite (IESS)

The Indoor Environment Simulation Suite (IESS, Figure 1) provides indoor climatic
simulations using the zonal approach. In contrast to CFD or multi-zone models, the
zonal modelling approach subdivides the indoor space into typically 102 to 103 zones. In
addition to this airflow modelling, the IESS provides interfaces for walls, sources and sinks,
radiation, conduction, and species distribution. Through this, a transient, multiphysics
simulation is enabled. A toolchain has been developed to ease the setup, customization,
and post-processing of the models.

Figure 1 shows a typical modelling workflow. Starting from a CAD geometry of
the space envelope, the IESS Model Generator exports a Modelica model with zonal
subdivision. This integrated model contains the following major submodels:

• Zonally subdivided air volume model;
• Models of ventilation sinks and sources;
• Zonally subdivided wall facet models including conduction in the material, convective

heat exchange with adjacent air volumes, and radiative heat exchange with other
surfaces;

• Interfaces to integrate boundary conditions that are pre-simulated by CFD.
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Figure 1. Indoor Environment Simulation Suite (IESS) workflow.

A rudimentary graphical user interface for setting the boundary conditions is pro-
duced along with a visualization of the zones’ distribution. After the simulation, results
are displayed as transient plots, and a post processing tool generates 3D visualizations
of scalar quantities, such as temperature or concentrations in the zones. In the following
sections, each of these bricks is described in further detail.

2.1.1. IESS Model Generator

The IESS Model Generator is a pre-processing tool developed in C++. It translates a
CAD model exported into the .stl format to Modelica code that can be simulated in the
Modelica simulation environment [6]. This tool automatically distributes the zonal grid,
attributes the adjacencies of zones and walls and provides top-level parameters such as
source intensities, exterior temperature, etc., for easy model customization.

2.1.2. Airflow Model (VEPZO)

The aim of a zonal model is to perform quick simulations of the airflow pattern and
temperature distribution in an indoor space. Therefore, an air volume is subdivided into
several discrete zones. Zonal models are a compromise between the more complex CFD
calculations and the approximation of a perfectly mixed air volume as assumed by single
node models. A new formulation of such models has been developed by Fraunhofer
IBP, the VElocity Propagating Zonal model (VEPZO model). The VEPZO model uses the
airflow velocity as a property of a zone and a viscous loss model in order to better match
the physics of airflows. The two main components of the VEPZO model are a volume
model and a flow model. The volume model considers mass conservation and conservation
of enthalpy while the flow model calculates the mass flow rate from the pressure difference.
The advantages of the VEPZO model are as follows: only a limited amount of information
on the boundary conditions is necessary, in addition to the delivery of a local resolution of
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air temperatures, agent concentrations, and air flow within a domain as well as a moderate
computational cost, which finally allows parametric variation for transient situations [7].
Zones are coupled to the CFD domain by exchanging mass flow at the boundary, to walls
by convective heat exchange, and to other sources and sinks such as leakage flows, internal
heat sources, etc.

The cargo hold model has been subdivided into 11 × 5 × 4 zones. Three CFD domains
(cf. Section 2.1.6) provide inlet conditions for the agent injection. Leakage through the
cargo door (cf. Section 2.2.1) is represented by a sink. The pressure management system
(PMS, cf. Section 2.2.1) is implemented as a two-way flow model to ensure that the overall
balance of airflow sums to zero and to avoid pressure peaks in the simulation.

Wall facets are distributed according to the zonal decomposition and exchange heat
with the adjacent zones by convection.

2.1.3. Longwave Radiation Model Coupled with Zonal Model (RADZO)

Especially in applications with increased temperature differences between surfaces,
the longwave radiation generates an important heat flow and thus impacts surface tem-
peratures. The radiation model coupled with the zonal model (RADZO) computes view
factors between finely refined surface mesh elements and allocates accurate view factors to
the course zonal grid mesh. The RADZO model calculates longwave radiant heat exchange
between all “n” surfaces [8]. The accurate estimation of surface temperatures leads to a
more accurate prediction of air temperature stratification and thus airflow pattern and
agent distribution.

2.1.4. Conduction through the Enclosure Model (ENCZO)

Enclosure models are based on a suite of thermal capacitances and thermal resistances.
Different materials are implemented in the model by adjusting these characteristic param-
eters. The enclosure can be simulated as a single or multiple layer model. The Model
Generator exports a template wall model in the initial code that is later customized to the
actual wall layers by the modeler. In the application presented here, conduction through
honeycomb panels is implemented.

2.1.5. Convection Model Coupled with the Zonal Model (CONZO)

Since the boundary layer flow is not resolved in the zonal model, the numerical
determination of the convective heat transfer coefficient hc is not possible. This depends
on the orientation of the surfaces, the temperature difference relative to the air, and the
prevailing flow conditions. The IESS-CONZO library therefore provides a collection of
correlations for various situations and predicts the hc value based on the local air exchange
in a zone [9].

2.1.6. CFD Domain

The CFD domain was specifically developed for increasing the accuracy of the zonal
modelling approach for the cargo fire suppression application. The inert agent typically is
provided from pressurized bottles and is distributed through nozzles in the ceiling of the
cargo hold. This results in a local high momentum flow pattern around the inlet nozzle.
The scale of this flow is far smaller than the typical size of a zone, but it determines the
flow field in the entire compartment. In order to maintain the high simulation speed
possible with the zonal modelling approach, the concept of a CFD zone has been selected.
In this approach, the nearfield around the injection nozzle is pre-simulated by CFD. Due
to the small size of this domain, the CFD computation converges relatively quickly. The
simulation result is used as a supply/sink boundary condition in the zonal model in order
to transmit the effect of the nozzle to the large space of the cargo hold.

To numerically solve the high momentum flow and turbulent eddies in the vicinity
of the agent discharge, the CFD simulation of the Airbus single aisle nozzle and the A350
nozzle was performed prior to setting up the cargo hold zonal model.
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In order to verify the general approach, these CFD simulations were validated by tests
on a small prototype single nozzle-cavity demonstrator (Figure 2, top). The nozzle was con-
nected to a nitrogen cylinder, and flow rates and pressure were controlled. Anemometers
were placed in the nozzle jet regions, and readings were compared to the CFD calculation
(Figure 2, bottom).

 

  
Figure 2. Prototype of a box demonstrator with single aisle cavity and nozzle (top left), CAD model of the prototype box
demonstrator (top right), simulation result, and anemometer location (bottom left), validation result in m/s (bottom right).

The decline of the flow velocity below 2 m/s was used as a criterion to generate a
box around the CFD domain (Figure 3). The mass flow across the surfaces of this box, the
average temperature, and concentration are provided as tabulated boundary conditions for
the zonal model of the cargo hold.

2.1.7. Integrated Cargo Hold Model

Figure 4 summarizes the workflow used to generate the model of the A310 forward
cargo hold. From the geometrical definition of the cargo hold setup, the IESS Model Genera-
tor automatically creates the zonal Airflow, Radiation, Conduction, and Convection models.
The pre-simulated near-field CFD model of the injection nozzle is integrated in three po-
sitions as boundary conditions for mass flow and supply temperature/concentrations.
Each of the blocks represents a volume that is further connected to flow models, leakage
models or convection models depending on the location in the cargo hold. The pressure
management system (PMS) model is connected to the aft wall of the cargo hold.
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Figure 3. Schematic zonal cargo hold model coupled with two CFD domains.

Figure 4. Workflow for cargo model generation.

This model has been used for parametric studies for different discharge profiles,
different descent profiles, and different fire suppression strategies [10] and is now validated
with experiments.

2.2. Test Setup

Experiments were conducted in the A310 mock-up of the Flight Test Facility (FTF)
located at the Fraunhofer-Institute for Building Physics in Holzkirchen, Germany. A
schematic view of the FTF is presented in Figure 5. The front part of a former in-service
twin-aisle long range aircraft containing a cabin, crown, galley, cockpit, avionics bay, cargo,
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and bilge was placed in a low-pressure vessel. Through the variation of the pressure in
the vessel, the cabin pressure evolution of a real flight can be simulated. The mock-up is
equipped with a ventilation system to replicate the environmental control system (ECS). In
order to generate a similar heat load in the cabin, thermal dummies were placed on the
seats. Through this, a realistic airflow pattern in the cabin was ensured. Recirculation air
was aspired from the triangular area, and exhaust air was ejected from the bilge.

 

Figure 5. Overview of the Flight Test Facility, cabin equipped with thermal dummies, and IR picture of a human compared
to a dummy.

2.2.1. Cargo Bay Refurbishment

For the environmentally friendly fire protection system tests, the cargo bay was
refurbished (Figure 6, left). The main items of the refurbishment are as follows:

• Original lining and ceiling panels from spare parts and A350 production series (except
the center line, where Plexiglas was used to keep the agent distribution line visible).

• Original panel sealing to meet airtightness requirements.
• Integration of high pressure piping and three injection nozzles with a protective cavity

in the ceiling.
• Integration of the pressure management system (PMS) allowing the equalization of

pressure between the cargo bay and adjacent bays.
• Cargo door leakage simulation according to the MPS standard [1] to generate the

in-flight leakage across the door seal. In the test setup, this leakage was replicated by a
piccolo tube distributed along the door seal. This tube is connected to a flow-controlled
extraction fan.

• Oxygen concentration sensors are distributed in the cargo hold to assess the local
oxygen and nitrogen concentrations.
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Figure 6. Refurbished cargo hold (left) and integrated OBIGGS (right).

The nitrogen needed to perform the inertion task was taken from industrial bot-
tles placed outside the low pressure vessel. The bottles were on a scale to measure the
consumed amount of nitrogen. Furthermore, an On-Board Inert Gas Generating System
(OBIGGS, Figure 6, right) demonstrator, derived from the fuel tank inertion technology, has
been integrated in the flight test facility. The OBIGGS consists of selective air separation
membranes that separate hot pressurized air into a nitrogen rich fraction used for cargo
bay inertion and an oxygen rich fraction dumped overboard.

2.2.2. Typical Test

At the beginning of the test, heat dummies in the cabin and the cabin ventilation
system are turned on. Then, the pressure in the low pressure vessel is reduced from
ambient pressure to 750 hPa (8000 ft.). The leakage flow simulation through the cargo door
is activated. Due to this suction, air from the underfloor area enters the cargo bay through
the PMS. When the pressure, airflow rates, and temperatures are stabilized, the test begins.

• Phase 1: Knockdown

A sufficiently large amount of nitrogen is supplied within 3 min to bring down the
oxygen concentration in the cargo hold below the flammability point. Dinesh et al. [11]
suggest that the remaining oxygen level should be 13% or lower. The exact amount of
nitrogen depends on the cargo hold size and the target concentration.

• Phase 2: Holding

A metered flow of pure bottled nitrogen or nitrogen enriched air (NEA) provided by
the OBIGGS is supplied. The required flow rate depends on the air tightness of the door seal
as this air is replaced by the ingress of new, fresh air through the PMS into the cargo hold.

• Phase 3: Descent

The descent phase is critical in terms of oxygen concentration due to the repressuriza-
tion from 750 hPa to ground pressure. This repressurization is performed by supplying
ambient air through the PMS. Thus, a noticeable amount of fresh air enters the cargo hold
and increases the oxygen concentration. There are two strategies to cope with this: either
the holding system increases its flow accordingly or the oxygen concentration is kept
sufficiently low prior to descent to meet the requirement at the end of the descent.

3. Test and Model Validation Results

In this section, the test and model validation results are presented. The presented
test uses NEA from the OBIGGS during the holding phase and follows the strategy to
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provide a sufficiently low oxygen concentration in the cargo hold to meet the requirement
of concentrations below 13% after descent.

Test Sequence and Result

For model validation, the test sequence set out in Table 1 was performed. Times reflect
the elapsed minutes. It simulates a flight where the fire suppression system is activated
during cruising and operates until landing at the airport.

Table 1. Performed test sequence.

Test Sequence Start End Performed

Ground 0 5 normal operation of the cabin

Takeoff 5 23 reduction of pressure to 750 hPa

Normal cruise 23 37 normal operation of the cabin

Knockdown (KD) 37 41
supply of 41.5 kg of nitrogen from
bottles to reach an initial oxygen
concentration below 10%.

Holding without
leakage simulation 41 51 supply of 9 L/s nitrogen-enriched air

with residual O2-concentration of 7–8%

Holding with
leakage simulation 51 60

supply of 9 L/s nitrogen-enriched air
(NEA) from OBIGGS with residual
O2-concentration of 7–8%
Activation of cargo door leakage at 9 L/s

Descent 59 68 Re-pressurization to ambient pressure,
leakage, and NEA flow maintained

Ground 68 70 NEA flow and leakage turned off

The pressure chart is shown in Figure 7 (top). To increase the pressure in the cargo
bay from 750 hPa to 940 hPa, an air amount of approx. 11.7 m3 is supplied during descent.
Taking into account the time of 9 min to reach ground pressure, this corresponds to an
average air ingress rate of 21.6 L/s, thus noticeably higher than the leakage rate though the
door seal.

Figure 7, bottom shows the oxygen concentration in the front upper left and back
lower right position. It is obvious that the knock-down leads to an instantaneous drop in
the oxygen concentration in the cargo hold. During the holding phase, NEA is supplied
with a residual oxygen concentration of 7–8%. The measurement indicates that the oxygen
concentration is uniform in the cargo bay and no relevant gradient builds up with or
without the activated door leakage system. The reason for this is that leakage and the
holding supply rate are both balanced at 9 L/s, thus no major ingress of fresh air occurs
during this phase. While the door leakage is not activated, the supply of NEA leads to an
outflow of air through the PMS. This outflow is redirected to the door leakage when the
system is started.

The re-pressurization leads to a higher gradient of oxygen concentration throughout the
cargo hold. The pressure management system and thus the ingress of fresh air is located at
the rear wall. Therefore, the local concentration becomes higher in this region during descent.
Nevertheless, the requirement to remain below 13% is still met at this “weakest” point.

The experiment shows that the OBIGGS stably delivers NEA with 7–8% residual
oxygen concentration throughout the mission profile.

The same mission profile, starting with knockdown and ending with landing, was
applied to the simulation model. The zonal modelling approach accurately predicts the
magnitude of the oxygen concentration (Figure 8, left). The deviation between simulated
and measured oxygen concentrations remains below 1%.
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Figure 7. Top: Pressure boundary condition in the test, Bottom: Evolution of the cargo hold oxygen
concentration in the extremities of the bay.
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Figure 8. Left: Comparison of measured (bold) and simulated (dotted) oxygen concentrations. Right: Oxygen concentration
difference between the extremities.

The measured and simulated gradients of the oxygen concentration are shown (Figure
8, right). For this, both sensor readings were subtracted from the concentrations in the
zones representative of the sensors. The concentration difference was accurately predicted
with a maximum deviation of the simulated and measured difference of less than 1%. The
dynamic response of the simulation model was faster than the actual test data. One reason
could be the time delay in the sensors to react to such changes or the integration scheme
used by the Modelica/Dymola solver.

An exemplary plot of the oxygen distribution during descent, together with the
location of the evaluated zones in the cargo hold is shown in Figure 9.

Figure 9. Simulated oxygen gradient during descent.

4. Conclusions

This paper presents a model validation case for the agent distribution of environ-
mentally friendly fire protection systems. The validated model can now serve to predict
critical load cases for the cargo hold, the effect of geometry change, e.g., when considering a
different aircraft size, and is extendable for other agents. Through this approach, a transient
design tool for the cargo fire protection mission has been developed.
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From the model validation it is deduced that the IESS is capable of predicting the
oxygen concentration in the cargo hold for a transient mission profile within 1% accuracy.
For a model-based nitrogen fire suppression system design, this maximal detected deviation
suggests aiming for a design setpoint of 12% oxygen concentration in order to reliably meet
the requirement of a residual oxygen concentration of 13%.

The presented example considers an empty cargo hold. Future research will consider the
effect of containers placed in the cargo hold leading to the obstruction of the airflow paths.
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Abbreviations

Acronym Explanation

CAD Computer-Aided Design
CFD Computational Fluid Dynamics
ECS Environmental Control System
EFFP Environmentally Friendly Fire Protection
FTF Flight Test Facility
IESS Indoor Environment Simulation Suite
KD Knockdown
MPS Minimum Performance Standard [1]
NEA Nitrogen-Enriched Air
OBIGGS On-Board Inert Gas Generation System
ODP Ozone Depletion Potential
PMS Pressure Management System
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Abstract: Alternative fuels containing biocomponents produced in various technologies are intro-
duced in aviation to reduce its carbon footprint but there is little data describing their impact on the
performance and emissions of engines. The purpose of the work is to compare the performance and
gas emissions produced from two different jet engines—the GTM-140 microturbine and the full-size
DGEN380 turbofan, powered by blends of Jet A-1 and one of two biocomponents: (1) Alcohol-to-Jet
(ATJ) and (2) Hydroprocessed Esters and Fatty Acids (HEFA) produced from used cooking oil (UCO)
in various concentrations. The acquired data will be used to develop an engine emissivity model
to predict gas emissions. Blends of the mineral fuel with synthetic components were prepared in
various concentrations, and their physicochemical parameters were examined in the laboratory.
Measurements of emissions from both engines were carried out in selected operating points using
the Semtech DS gaseous analyzer and the EEPS spectrometer. The impact of tested blends on engine
operating parameters is limited, and their use does not carry the risk of a significant decrease in
aircraft performance or increase in fuel consumption. Increasing the content of biocomponents causes
a noticeable rise in the emission of CO and slight increase for some other gasses (HC and NOx),
which should not, however, worsen the working conditions of the ground personnel. This implies
that there are no contraindications against using tested blends for fuelling gas-turbine engines.

Keywords: turbofan; microturbine; sustainable aviation fuel; ATJ; HEFA; emissions; alternative fuel;
biocomponent; combustion; fuel blend; drop-in fuel; synthesized kerosene

1. Introduction

In order to reduce CO2 emissions, as well as make use of inedible raw materials
from renewable sources, alternative fuels containing biocomponents produced in various
technologies are introduced in aviation [1–3]. However, there is much less experience
in using biofuels to propel aircraft than in using mineral fuels. Currently, ASTM D 7566
standard allows for seven synthetic fuel production technologies to be used in aircraft
turbine engines (Table 1), including Alcohol-to-Jet (ATJ) and Hydroprocessed Esters and
Fatty Acids (HEFA). ATJ and HEFA belong to well-established sustainable aviation fuels
(SAF) which do not require modifications in engines, aircraft or ground infrastructure
(drop-in fuels) if used within the permissible mixing ratio.

Air-quality measurements clearly show that a single take-off or landing operation
noticeably increases the concentration of toxic compounds in the air [4]. The widespread
use of gas-turbine engines contributes to the deterioration of air quality in and around
airports, and the negative impact of emitted gases and particles on health is of concern
within ground personnel and neighbouring communities. Although emissions of all large
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engines are controlled during aircraft certification, the high intensity of air operations
causes an accumulation of pollutants. Therefore, it is necessary to widely monitor air
quality [5], especially in the vicinity of airports. After many years, the introduction of
new rules for the certification of aircraft engines by ICAO (International Civil Aviation
Organization) began, which is associated with the use of a new measurement methodology,
which has been proposed in publications over the past years [6]. Recent research efforts [7]
are aimed at measuring gaseous and particulate emissions under real conditions and better
understanding their toxicity and impact on health [8–10].

Alternative fuels are expected not to increase emissions and provide a comparable
or better engine performance. Blends with the ratio of biocomponents lower than the
maximum allowable one are used mainly due to the higher cost of the alternative fuel or for
fear of their impact on engine durability or performance. Therefore, when an alternative
fuel is introduced into the fleet, the ratio of the biocomponent is gradually increased,
observing its impact on the parameters and health of the engines.

New types of alternative fuels are synthesised in small quantities, insufficient to power
large engines. This is why microturbines are often used to test new blends [11–14] despite
the fact that their structure differs considerably from one of the commercial engine.

More and more often, scientific activity is focused on the development of models of
emissions of toxic compounds from aviation [3] and their validation in real flight conditions
and laboratory tests. To describe various fuels and blends, it is necessary to define their
thermophysical parameters. In zero-dimensional models of engines, which are developed
in GSP [15] or GasTurb [16,17], a simplified analytical description of combustion and tabu-
lated values of temperature for fuel blends are often used. In the modelling of combustors,
thermodynamic equations are used to describe combustion and heat transport [18,19].
When designing new combustors with reduced emissions, complex numerical CFD models
are used [20,21]. An engine emissions data bank [22] and machine learning [23] models
using statistical methods [24] or artificial intelligence are also used to predict emissions.

Table 1. Certified processes for Sustainable aviation fuel [25].

Abbreviation Conversion Process Possible Feedstocks Ratio

FT-SPK Fischer-Tropsch hydroprocessed Coal, Natural Gas ≤50%
synthesized paraffinic kerosene Biomass

HEFA-SPK Synthesized paraffinic kerosene produced Bio-Oils, Animal Fat ≤50%
from hydroprocessed esters and fatty acids Recycled Oils

SIP Synthesized kerosene isoparaffins produced Biomass used ≤10%
from hydroprocessed fermented sugars for sugar production

SPK/A Synthesized kerosene with aromatics Coal, Natural Gas ≤50%
derived by alkylation of light aromatics Biomass

ATJ-SPK Alcohol-to-jet synthetic paraffinic kerosene Biomass from ethanol ≤50%
or isobutanol production

CHJ Catalytic Hydrothermolysis Jet from Triglycerides such as ≤50%
processed fatty acid esters and fatty acids soybean oil, jatropha oil

HC-HEFA Synthesized paraffinic kerosene from hydro- Algae ≤10%
processed hydrocarbons, esters and
fatty acids

In this work, both a microturbine and full-size engine are used to generalise some
results that can only be obtained with a microturbine. The purpose of the study is to
compare the performance and gas emissions produced from two different jet engines—the
GTM-140 microturbine and the DGEN380 geared turbofan. The acquired data will be used
to develop an engine emissivity model to predict emissions of exhaust gas compounds.
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2. Methods

Blends of the mineral fuel with synthetic components were prepared in various
concentrations and their physicochemical parameters were examined in the laboratory.
The engines were powered by blends of Jet A-1 and one of two biocomponents: (1) ATJ and
(2) HEFA produced from used cooking oil (UCO). Measurements of gas emissions from the
GTM-140 microturbine were carried out in selected operating points using the Semtech DS
gaseous analyzer and the EEPS spectrometer. Similar emission measurements were made
for the DGEN380 engine in a test cell. Measurements were averaged for each operating
point, visualised and compared. Results were analyzed in the scope of physicochemical
parameters of fuel blends, engine operating parameters and gas emissions (Figure 1).

Figure 1. Testing methodology.

2.1. Fuel Lab Testing

In the fuel lab , physicochemical properties of prepared blends were tested such as:
density at 15 °C, viscosity at −20 °C and −40 °C, calorific value, the aromatics and naph-
thalenes content, flash point, crystallisation temperature, non-smoking smoke point and
distillation. The selected properties are important for the combustion process and engine
operation and are also defined in the ASTM D1655-18a and ASTM D7566-18 documents.

2.2. GTM-140 Microturbine

The GTM-140 microturbine (Figure 2) consists of a single-stage radial compressor,
driven by a single-stage axial turbine, and an annular combustion chamber with a set of
evaporators. It operates in the range of 33,000–120,000 rpm and can produce take-off thrust
up to 140 N. The tested variant of the microturbine played the role of a combustor rig and
was devoid of a converging nozzle. For this reason, the generated thrust was limited to
70 N, and consequently SFC values were high (above 200 kg/kN/h). However, in this
work, the absolute values of the parameters were less important than their relative changes
in response to the increased biocomponent ratio.
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Figure 2. GTM-140 microturbine.

The test bench is equipped with a portable GA60 gas analyzer (Figure 3) which was
used in previous emission research [26–28]. Exhaust gases are sampled from the engine
nozzle using a probe and delivered through a heated exhaust hose to the instrument. The
analyzer is equipped with electrochemical sensors to measure O2, CO, NO, NO2, SO2 gases
and two NDIR (nondispersive infrared) sensors for infrared measurement (CO2 and CxHy).
The exhaust gas components are measured with the resolution of 0.1 ppm and uncertainty
of 5%. The analyzer also enables the measurement of exhaust gas temperature through a
thermocouple built inside the probe. Operating parameters and emissions are presented
and stored by the data acquisition system developed in LabVIEW [29] Additionally, the
Semtech DS gaseous analyzer (Figure 4) and Engine Exhaust Particle Sizer (EEPS 3090,
Figure 5) operated by Poznan University of Technology were used with a respective exhaust
sampling system (Figure 6). Exhaust gases were introduced to the Semtech DS analyzer
through a probe maintaining the temperature of 191 °C and the exhaust sample was
directed to the flame-ionizing detector (FID) where HC concentration was measured. Then
the sample was cooled down to temperature of 4 °C and the concentration measurement
of NOx (NDUV analyzer), CO, CO2 (NDIR analyzer) was performed. In the following
sections, raw emission results expressed in ppm or percents are presented.

Figure 3. GA-60 emissions analyser.
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Figure 4. SEMTECH DS gaseous emission analyzer.

Figure 5. Engine Exhaust Particle Sizer (EEPS) 3090.

Figure 6. Exhaust gas sampling.

2.3. DGEN 380 Turbofan

DGEN 380 is a high bypass ratio (7.6) geared turbofan, producing 255 daN of thrust
(Figure 7). It has a layout similar to modern commercial engines, low fuel consumption and
is well instrumented. The data acquisition system of the WESTT test cell (Figure 8) enables
data acquisition and analysis of several engine performance parameter such as thrust, fuel
consumption, temperature and pressure. The turbofan was developed for ultralight aircraft
but has not been certified yet, so it is not covered by the ICAO emissions databank. In this
work, the Semtech DS analyzer was used to measure CO, CO2, HC and NOx emissions.
These are probably the first published results of gaseous emissions for this engine.
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Figure 7. DGEN 380 geared turbofan.

Figure 8. Test cell.

During tests of the DGEN380 turbofan with biocomponents, a finite amount of fuel in
the tank was used to maintain a constant blend ratio throughout the test. This means that
the tank was not constantly refilled with fuel as was the case with testing on the Jet A-1
fuel. With the tank almost empty, the flow resistance may have increased, but no lower
fuel pressure was observed, nor was the fuel pump running at higher RPM. Nevertheless,
it turned out that the fuel flow was slightly lower (by 2%) and as a result, it the nominal
thrust was not achieved, despite the PLA set at 100% (Section 3.4).

2.4. Engine Testing

Engine emissions significantly depend on its operating mode (Figure 9), so they are
tested in selected operating points that belong to the Landing and Take-Off cycle (LTO),
according to the ICAO procedure [30]. Engine test steps correspond to the following oper-
ating modes: takeoff, climb, cruise, approach and taxi/ground idle. The tests performed
on both types of engines consisted of a series of operating points, where the speed was
increased in subsequent steps (Figure 10). Performance parameters and emissions were
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measured and averaged over 30 s for the microturbine and 60 s for the turbojet. The
parameters are presented versus thrust which better represents LTO operating modes.

Tests with ATJ blends were performed one day under stable ambient conditions while
tests with HEFA were performed one year later under similar conditions. The fuel was not
switched during each test-run, so both startups and shutdowns were carried out on the
same fuel as the main test. No problem was observed when starting or shutting down the
microturbine on alternative fuels. In the case of the turbofan, restarting it after a shutdown
was unsuccessful when it was fuelled with an ATJ blend. However, it was not caused by
the fuel but by the low oil pressure due to air in the oil.

When comparing the individual blends, an identical mission profile was repeated, con-
sisting of a series of operating points. Efforts were made to ensure that the rotational speeds
were the same in subsequent tests, but it was difficult, especially for intermediate speeds.
The engine operation range was selected using PLA and FADEC and it was not possible to
fine-tune speed or thrust. There are slight but significant speed differences between the
test-runs, which is especially important when analysing changes in engine performance.

Figure 9. Emissions vs. thrust.

Figure 10. Engine test profile for DGEN 380.
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As the certified fuels were used in this project and the running time was short, the
engines were not inspected for solid deposits or hot corrosion [31] after the testing. This can
be done with a borescope or by stripping down the engine [32,33]. However, the DGEN 380
turbofan was tested later with Jet A-1 fuel without any problems while the microturbine
has been continuously operated on various alternative fuels and regularly inspected when
replacing the rotor bearings. No significant damage or deposits were observed in the
hot section.

3. Results

3.1. Fuel Lab Testing

Lab testing confirmed that the mineral fuel meets the requirements of the ASTM
D1655 standard, while ATJ and HEFA biocomponents and their blends comply with ASTM
D7566. Table 2 presents the selected physicochemical properties of all tested fuels. The
results show that neat biocomponents and their blends are characterised by a lower density
than Jet A-1. This has an impact on fuel mass flow. Moreover, biocomponents have a
slight higher calorific value, which may result in higher values of the produced heat and a
higher EGT. As it is well known, higher combustion temperature increases NOx emissions.
Moreover, neat bio-components are free from aromatics which generally have the least
desirable combustion characteristics among kerosene’s major components.

Table 2. Fuel lab testing results.

Fuel
Density at

15 °C kg/m3
Viscosity at

−20 °C mm2/s
Calorific

Value MJ/kg
Aromatics

(v/v) %
Naphtha-

Lenes (v/v) % Flash Point °C
Freezing
Point °C

Smoke Point
mm

ASTM 775–840 Max 8.0 Min 42.8 Max 25 Max 3.0 Min 38 Max −40 Min 18

Jet A-1 798 3.40 43.2 16.7 0.58 49.5 −63.5 20
5% ATJ 796 3.45 43.3 15.7 0.55 49.0 −65.5 23
20% ATJ 790 3.57 43.4 13.0 0.46 49.0 −66.5 25
30% ATJ 786 3.66 43.4 11.3 0.40 49.0 −66.8 28
50% ATJ 776 3.65 43.6 8.8 0.27 44.5 −60.0 30

ATJ 759 4.78 44.0 0.0 47.5 −67.5

Jet A-1 796 3.25 0.55 49 −62.6 23
5% HEFA 794 3.29 0.52 48 −62.8 27
20% HEFA 787 3.40 0.44 46 −59.6 28
30% HEFA 783 3.47 0.39 46 −56.0

HEFA 752 4.09 44.2 45 −39.9

3.2. Microturbine—ATJ

During engine tests, the operating parameters such as thrust (Figure 11) and SFC
(Figure 12) remain stable, with insignificant differences between tests. Plots below
(Figures 13–16) present the CO, CO2, HC and NOx emissions of engine fuelled by blends
with increasing ratio of the biocomponent (Jet A-1, 50% blend of Jet A-1 with the ATJ
component and neat ATJ component). Values are averaged for 30 s while error bars show
the triple standard deviation from the mean.

The results show that the addition of the ATJ component caused an increase in CO
emissions compared to the Jet A-1 aviation fuel in all operating points (Figure 13). The
greater the proportion of ATJ in the mixture, the greater the increase in CO emissions.
In terms of CO2 emissions (Figure 14), ATJ component causes a slight decrease in CO2
emissions in relation to the neat Jet A-1 fuel.

In the case of HC emissions (Figure 15), the change in emissions of this parameter
with the addition of the ATJ component is not conclusive. At the first two rotational speeds,
an increase in HC emissions was obtained after adding the ATJ component in relation to
Jet A-1. At three successive operating points, the addition of the ATJ component resulted
in a decrease in HC emissions for the Jet A-1 fuel.
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Figure 11. GTM-140/ATJ: Thrust.

Figure 12. GTM-140/ATJ: SFC.

Figure 13. GTM-140/ATJ: CO emission.
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Figure 14. GTM-140/ATJ: CO2 emission.

Figure 15. GTM-140/ATJ: HC emission.

Figure 16. GTM-140/ATJ: NOx emissions.
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3.3. Microturbine—HEFA

Similarly, the test-runs with HEFA blends did not affect significantly engine perfor-
mance (Figures 17 and 18). Adding the HEFA component to aviation fuel causes an increase
in CO emissions (Figure 19) in all analysed operating points while CO2 shows no clear
trend (Figure 20). In terms of NO emissions, a similar direction of changes for this parameter
was obtained, that is, the HEFA component generally increases NO emissions (Figure 21). The
reverse trend was obtained for the emissions of hydrocarbons (HC, Figure 22). Adding HEFA
component resulted in decrease in HC emissions in relation to pure Jet A-1 fuel.

Figure 17. GTM-140/HEFA: Thrust.

Figure 18. GTM-140/HEFA: SFC.

Figure 19. GTM-140/HEFA: CO emission.
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Figure 20. GTM-140/HEFA: CO2 emission.

Figure 21. GTM-140/HEFA: NOx.

Figure 22. GTM-140/HEFA: HC emission.

108



Aerospace 2021, 8, 25

3.4. Turbofan

Based on the collected performance data of the DGEN 380 turbofan, it can be con-
cluded that the relative differences in thrust (Figures 23 and 24) and fuel consumption
(Figures 25 and 26) between the tests are usually less than 1%. The biggest ones are for the
take-off range, but they do not exceed 5% (Figures A1 and A2). They are more related to
the testing and engine control methods than to the used fuel blend.

Figure 23. DGEN 380/ATJ: Thrust vs. PLA.

Figure 24. DGEN 380/HEFA: Thrust vs. PLA.

Figure 25. DGEN 380/ATJ: SFC.

109



Aerospace 2021, 8, 25

Figure 26. DGEN 380/HEFA: SFC.

When analysing the operating parameters, there is no clear trend of their change
due to the use of blends with biocomponents. To associate the differences with some
fuel characteristics, the model of engine and its control system is necessary. For example,
when using ATJ, a slight increase in exhaust gas temperature (EGT) was observed with the
increasing ratio of the biocomponent (Figure 27), but a similar trend was not observed for
HEFA (Figure 28).

It is noteworthy that despite its name, PLA is proportional to rotational speed instead
of thrust (Figures 23 and 24). This is the effect of FADEC operation which was not modified
in this work.

Figure 27. DGEN 380/ATJ: EGT.

Figure 28. DGEN 380/HEFA: EGT.

110



Aerospace 2021, 8, 25

Emission-wise, adding the ATJ component to the mineral fuel resulted in a clear
increase in CO emissions (Figure 29) and a slight increase in CO2 emissions (Figure 30) in
all the analysed operating points of the DGEN 380 turbofan. The formation of CO is related
to incomplete combustion of the fuel, so this process is more apparent when running on a
DGEN 380 engine for blends with the ATJ component. In the case of the HEFA component,
its addition resulted in a clear increase in CO emission (Figure 31), a slight increase in CO2
emissions (Figure 32) in all analysed operating points.

Figure 29. DGEN 380/ATJ: CO.

Figure 30. DGEN 380/ATJ: CO2.

Figure 31. DGEN 380/HEFA: CO.
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Figure 32. DGEN 380/HEFA: CO2.

Interestingly, the absolute emission values are almost twice as high for ATJ as for
HEFA. Relatively low numbers of the CO2 emissions for both biofuels are due to the
dilution of the exhaust gas. It corresponds to the distance between the measuring probe
and the engine, which was chosen in relation to the diameter of the outlet nozzle. Placing
the probe in close proximity to the engine would make the results more uncertain. In
particular, directing the gas stream directly at the probe makes it impossible to take a
sample, as the turbulence around the probe caused by high dynamic pressure disturb
the measurements.

A significant increase in CO emissions observed for the DGEN380 engine for both
biocomponents has not been completely explained. Different gas dilution for ATJ and
HEFA tests is addressed by relating emissions to the CO2 level which is equivalent to the
known method of correcting emission to 15% oxygen [34]. The obtained relation of CO to
CO2 behaves well (Figures 33 and 34) and confirms that the observed CO increase is not a
simple measurement error.

Figure 33. DGEN 380/ATJ: CO vs. CO2.
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Figure 34. DGEN 380/HEFA: CO vs. CO2.

In general, CO emissions are related to incomplete combustion and dominate at low
speeds. In this case, the increase was approximately 150 ppm for any speed and for all
blends including biocomponents. This engine has a reverse flow combustor which is
not typical for turbofans but the CFD simulations confirmed the effective combustion of
bioethanol and moderate emissions [35]. Custom design of the combustor may have an
impact, but should not increase CO emission so much as a result of adding tiny amounts of
biocomponent (5%).

4. Conclusions

For both engines, the analysis of engine performance parameters showed that the
tested blends differ so little from the mineral fuel that their impact on the engine operating
parameters is limited, and their use does not carry the risk of a significant decrease in
aircraft performance or increase in fuel consumption.

The experimental emissions results for the DGEN 380 turbofan have never been
published elsewhere. In relation to the previous tests of the microturbine carried out in
ITWL, the emissions for the ATJ biocomponent and intermediate ratios of HEFA were
studied for the first time. In addition, the Semtech analyzer of a class better resolution was
used. Particulate emissions were also measured, but their analysis will be the subject of a
separate publication.

It was found that increasing the content of biocomponents causes a noticeable increase
in the emission of CO and some other gasses (HC and NOx), which should not, however,
worsen the working conditions of the ground personnel. Deeper understanding of the
effects of fuel blends on engine performance and emissions requires complex engine
models, describing, in particular, its combustor and control system.

The use of small engines, and especially microturbines, for alternative fuels and
emissions testing is debatable. They are not scaled large engines, but their structure differ
significantly, especially in terms of combustors. Heat cycle losses and SFC are much
higher due to relatively large tip clearances. Although the overall emission trends are
maintained, the attempt to scale the results from the microturbine to a larger engine was
partially successful.

The acquired data will be used to develop an engine emissivity model to predict gas
emissions. Statistical methods and the analytical combustion model seem to be suitable
for linking the thermophysical parameters of the fuel with the operating parameters and
emissions of engines of a basic structure.
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Abbreviations

The following abbreviations and symbols are used in this manuscript:
ATJ Alcohol-to-Jet
CFD computational fluid dynamics
CO carbon monoxide
CO2 carbon dioxide
EASN European Aeronautics Science Network
EGT exhaust gas temperature
FADEC full authority digital engine control
FID flame-ionizing detector
GSP Gas turbine Simulation Program
HC hydrocarbons
HEFA Hydroprocessed Esters and Fatty Acids
ICAO International Civil Aviation Organization
ITWL The Air Force Institute of Technology in Warsaw
LTO landing and take-off (cycle)
NDIR non-dispersive infrared (sensor)
NDUV non-dispersive ultraviolet (analyzer)
NOx nitrogen oxides
PLA power lever angle
PM particulate mater
rpm revolutions per minute
SAF sustainable aviation fuel
SFC specific fuel consumption
SPK synthetic paraffinic kerosene
UCO used cooking oil
WESTT Whole Engine Simulator Turbine Technology
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Appendix A

Figures A1 and A2 show the SFC difference between blends and the Jet A-1 fuel.

Figure A1. DGEN 380/ATJ: SFC changes.

Figure A2. DGEN 380/HEFA: SFC changes.
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6. Jasiński, R.; Markowski, J.; Pielecha, J. Probe Positioning for the Exhaust Emissions Measurements. Procedia Eng. 2017,

192, 381–386. [CrossRef]
7. Archilla, V.; Hormigo, D.; Sánchez-García, M.; Raper, D. AVIATOR-Assessing aViation emission Impact on local Air quality at

airports: Towards Regulation. In Proceedings of the MATEC Web of Conferences; EDP Sciences: Les Ulis, France, 2019; Volume 304,
p. 02023. [CrossRef]
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10. Gawron, B.; Białecki, T.; Janicka, A.; Zawiślak, M.; Górniak, A. Exhaust toxicity evaluation in a gas turbine engine fueled by
aviation fuel containing synthesized hydrocarbons. Aircr. Eng. Aerosp. Technol. 2020, 92, 60–66. [CrossRef]

11. Habib, Z.; Parthasarathy, R.; Gollahalli, S. Performance and emission characteristics of biofuel in a small-scale gas turbine engine.
Appl. Energy 2010, 87, 1701–1709. [CrossRef]

12. Chiariello, F.; Allouis, C.; Reale, F.; Massoli, P. Gaseous and particulate emissions of a micro gas turbine fuelled by straight
vegetable oil-kerosene blends. Exp. Therm. Fluid Sci. 2014, 56, 16–22. [CrossRef]

13. Badami, M.; Nuccio, P.; Pastrone, D.; Signoretto, A. Performance of a small-scale turbojet engine fed with traditional and
alternative fuels. Energy Convers. Manag. 2014, 82, 219–228. [CrossRef]

14. Allouis, C.; Amoresano, A.; Capasso, R.; Langella, G.; Niola, V.; Quaremba, G. The impact of biofuel properties on emissions and
performances of a micro gas turbine using combustion vibrations detection. Fuel Process. Technol. 2018, 179, 10–16. [CrossRef]

15. Kluiters, S.C.A.; Visser, W.P.J.; Rademaker, E.R. A New Combustor and Emission Model for the Gas Turbine Simulation Program GSP;
Technical Report; NLR: Amsterdam, The Netherlands, 2014.

16. Gaspar, R.M.; Sousa, J.M. Impact of alternative fuels on the operational and environmental performance of a small turbofan
engine. Energy Convers. Manag. 2016, 130, 81–90. [CrossRef]

17. GasTurb GmbH. GasTurb 13 Design and Off-Design Performance of Gas Turbines; GasTurb GmbH: Aachen, Germany, 2018.
18. Mador, R.; Roberts, R. A pollutant emissions prediction model for gas turbine combustors. In Proceedings of the 10th Propulsion

Conference, Lake Tahoe, NV, USA, 31 October–2 November 1973; American Institute of Aeronautics and Astronautics: Reston,
VA, USA, 1974. [CrossRef]

19. Rizk, N.; Mongia, H. Emissions predictions of different gas turbine combustors. In Proceedings of the 32nd Aerospace Sciences
Meeting and Exhibit, Reno, NV, USA, 10–13 January 1994; American Institute of Aeronautics and Astronautics: Reston, VA, USA,
1994. [CrossRef]
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Abstract: Key results from the EU H2020 project CENTRELINE are presented. The research activities
undertaken to demonstrate the proof of concept (technology readiness level—TRL 3) for the so-called
propulsive fuselage concept (PFC) for fuselage wake-filling propulsion integration are discussed.
The technology application case in the wide-body market segment is motivated. The developed
performance bookkeeping scheme for fuselage boundary layer ingestion (BLI) propulsion integration
is reviewed. The results of the 2D aerodynamic shape optimization for the bare PFC configuration are
presented. Key findings from the high-fidelity aero-numerical simulation and aerodynamic validation
testing, i.e., the overall aircraft wind tunnel and the BLI fan rig test campaigns, are discussed. The
design results for the architectural concept, systems integration and electric machinery pre-design for
the fuselage fan turbo-electric power train are summarized. The design and performance implications
on the main power plants are analyzed. Conceptual design solutions for the mechanical and aero-
structural integration of the BLI propulsive device are introduced. Key heuristics deduced for PFC
conceptual aircraft design are presented. Assessments of fuel burn, NOx emissions, and noise are
presented for the PFC aircraft and benchmarked against advanced conventional technology for
an entry-into-service in 2035. The PFC design mission fuel benefit based on 2D optimized PFC
aero-shaping is 4.7%.

Keywords: boundary layer ingestion; propulsive fuselage; wake-filling; turbo-electric; proof-of-
concept; wind tunnel; fan rig; multi-disciplinary aircraft design; collaborative research

1. Introduction

Novel propulsion systems and their synergistic integration with the airframe are
expected to play a key role in achieving aviation’s long-term sustainability targets [1,2].
Therefore, significant further improvements in propulsion system overall efficiency will
be required [3]. This includes the need for both, an ultra-efficient power supply to the
propulsive devices as well as an ultra-efficient production of the required thrust by the
propulsive devices. In order to achieve maximum propulsive efficiencies, the realization of
extremely low specific thrust configurations is required. Under conventional propulsion
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system integration paradigms, the associated large propulsor diameters create a complex
array of issues at the vehicular level including geometric installation challenges, aircraft
drag penalties due to increased nacelle wetted areas, as well as airframe structural weight
penalties in case under-wing power plant installation becomes impossible.

A particularly promising approach to elude these drawbacks and to achieve significant
further improvements in overall vehicular propulsive efficiency is known from the field
of marine propulsion. Ship propellers are installed at the stern of the vessel in order to
utilize the kinetic energy that is contained in the boundary layer flow around the vessel’s
body for the production of thrust. This principle of energy recuperation via boundary layer
ingesting (BLI) propulsion is also applicable to airborne systems [4]: the kinetic energy
in the boundary layer flow is induced by surface skin friction as the body moves relative
to the fluid. The reactive force on the body is known as viscous or skin-friction drag. In
order to maintain a steady motion, the total drag of the vehicle needs to be balanced by the
thrust force delivered by the propulsor. In conventional aircraft propulsion installation,
propulsive thrust is produced against still air. Looking from a stationary perspective, in
this case, any produced thrust results in a jet excess momentum flow in opposite direction
of the vehicular motion, i.e., kinetic energy lost in the wake of the vehicle. At the same
time, the kinetic energy content of the boundary layer flow around the wetted body is lost
in the vehicular wake, too. By ingesting the boundary layer flow at the aft of the vehicle’s
body, the required thrust force is produced against the fluid being in motion together
with the body. For the given thrust force, the jet flow excess momentum, and thus, the
jet kinetic energy loss in the wake is reduced. At the same time, the wake kinetic energy
loss associated with the ingested share of the boundary layer flow is reduced or totally
eliminated, a mechanism also referred to as wake-filling.

For large commercial aircraft, the share of viscous drag in cruise typically ranges
between 60–70% of the total drag. Almost half of this share may be attributed to the
fuselage body, making it the most interesting airframe component to be utilized for the
purpose of wake-filling propulsion integration [5]. A most straightforward way to realize
fuselage wake-filling is by full annular (360◦) BLI through a single propulsor encircling the
very aft-section of the fuselage—also referred to as propulsive fuselage Concept (PFC). This
paper summarizes the key results and findings obtained from technology readiness level
(TRL) 3 research and innovation activities for a PFC aircraft featuring a turbo-electrically
powered BLI fuselage fan (FF) that were performed as part the recently completed European
Commission (EC) funded project CENTRELINE.

1.1. Literature Survey of Fuselage BLI Propulsion

The utilization of BLI as a means to increase aircraft propulsive efficiency through
wake-filling has been subject to theoretical treatise over several decades (e.g., Smith and
Roberts [6] (1947), Goldschmied [7] (1954), Smith [4] (1993) and Drela [8] (2009)). A
first patent based on the effect of BLI and wake-filling propulsion was filed by Betz
and Ackeret in 1923 [9]. A first patent describing an explicit concept for fuselage wake-
filling propulsion integration was filed in 1941 [10]. Initial experimental studies related to
fuselage BLI and wake-filling were conducted for the boundary layer-controlled airship
body concept proposed by Goldschmied in 1957 [11]. More recently, low-speed wind
tunnel experiments were performed on generic streamlined body by ONERA [12] and TU
Delft [13]. Experiments have also been performed at MIT for the D8 configuration [14]. A
detailed analysis of the aerodynamics of a boundary layer ingesting fan was performed in
a low-speed experimental fan rig at the University of Cambridge [15]. Examples of existing
aircraft utilizing aft-fuselage propulsion integration, however not explicitly designed to
maximize wake-filling, include the Douglas XB-42 (1944), the RFB Fantrainer (1978), the
LearAvia LearFan 2100 (1981), and the Grob GF 200 (1991).

Over the last two decades, a variety of concepts and low-TRL studies featuring propul-
sive devices to exploit the effect of fuselage wake-filling by BLI have been published. Beside
blended wing body designs with integrated BLI propulsion such as the Silent Aircraft Ini-
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tiative “SAX-40” [16] and NASA’s “N3-X” configuration [17], a number of tube-and-wing
aircraft layouts equipped with fuselage BLI propulsors have been presented. Noted exam-
ples include NASA’s “FuseFan” concept [18], the MIT “D8” concept [19], Bauhaus Luftfahrt
“Claire Liner” [20] and “Propulsive Fuselage” [5] concepts, the EADS/AGI “VoltAir” [21],
the Boeing “SUGAR Freeze” [22], and the NASA “STARC-ABL” [23,24]. The first multidis-
ciplinary design study for large transport category aircraft featuring full annular fuselage
BLI propulsion was performed as part of the EC funded research project DisPURSAL [25].

In parallel to the CENTRELINE project, an increasing level of research effort in
the field of tightly-coupled wake-filling propulsion has been observed. The focus of
recent research activities can be found in the aerodynamic optimization of affected aircraft
components (e.g., [26–29]) and the design and optimization of the BLI propulsion system
(e.g., [30–35]). With most studies still based on numerical simulation by computational
fluid dynamics (CFD), also the development of dedicated experimental testing capabilities
has been progressing significantly [36].

1.2. Outline of the CENTRELINE Project

Funded as part of the European Union’s Horizon 2020 Framework Programme, the
“ConcEpt validatioN sTudy foR fusElage wake-filLIng propulsioN integration”, in short
“CENTRELINE” (grant agreement no. 723242) was dedicated to perform the proof-of-
concept and initial experimental validation for the PFC approach. Coordinated by Bauhaus
Luftfahrt, the collaborative research during the 42-month project was conducted by a
consortium of key stakeholders from European industry, research, and academia. The
partners involved Airbus Defence and Space, Airbus Operations, Chalmers Tekniska
Hoegskola, MTU Aero Engines, Politechnika Warszawska, Rolls Royce Deutschland Ltd.,
Siemens AG, Delft University of Technology, the University of Cambridge, and ARTTIC.
The consortium was accompanied by a technical advisory board (TAB) of senior experts
from industry and research including representatives from the German Aerospace Center
DLR and ONERA, the French Research Lab.

The specific PFC configuration investigated in CENTRELINE (cf. Figure 1), features a
twin-engine, turbo-electric PFC systems layout with the aft-fuselage BLI fan being powered
through generator offtakes from advanced Geared TurboFan (GTF) power plants podded
under the wing. When compared to a mechanical drive train concept such as focused on in
the previous DisPURSAL project (cf. [37]), the FF electric drive approach facilitates the BLI
propulsive device to be installed at the very aft-end of the fuselage body. Consequently,
the aero-structural integration at the aft fuselage is simplified, while maximizing the
wake-filling potential attainable from fuselage BLI. Aft-fuselage internal thermal shielding
requirements are relieved, internal and external noise and vibration is reduced, and overall
system maintenance costs decrease, as the third gas turbine engine used for the mechanical
FF drive in DisPURSAL is omitted. At the same time, the design complexity due to relevant
rotor burst scenarios is reduced.

 

Figure 1. Artist view of the CENTRELINE turbo-electric propulsive fuselage aircraft design.
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Pursuing the conceptual proof, the main challenges associated with turbo-electric
propulsive fuselage aircraft design (cf. [38]) were addressed in CENTRELINE. These
included the obtainment of a thorough understanding of the aerodynamic effects of fuselage
wake-filling propulsion integration, the development of suitable aero-structural design
integration solutions for the BLI propulsor, the design elaboration of the FF turbo-electric
drive train, as well as the multi-disciplinary systems design integration and optimization
at aircraft level. As such, the CENTRELINE project aim was to maximize the benefits of
fuselage wake-filling propulsion integration under realistic systems design and operating
conditions. The high-level objectives at the beginning of the project stated a TRL goal
of 3 to 4 at the end of the project, together with ambitions performance targets of 11%
CO2 and NOx emission reductions against an advanced conventional reference aircraft
equipped with aerodynamic, structural, power plant, and systems technologies suitable
for a potential entry-into-service (EIS) year 2035.

1.3. Overall Methodological Approach

In order to address the identified key challenges for the PFC conceptual proof, in
CENTRELINE, a set of problem-tailored analytical, numerical and experimental methods
was employed. This included high-end and high-fidelity simulation techniques for the
aerodynamics of the overall aircraft and the FF, for key structural elements as well as
the components of the turbo electric drive train. For the purpose of initial experimental
validation, low speed wind tunnel and BLI fan rig testing campaigns were performed.
The work was organized in collaborative work packages handling the multi-disciplinary
concept integration and design optimization, the detailed aerodynamic design simulation
and testing, and the pre-design and integration of the FF turbo-electric power train. The
TRL3 research activities were framed by a work package dedicated to deriving a realistic
technology application scenario at the beginning of the project and the later critical system-
level evaluation of the detailed research results. A visualization of the basic work logic
followed is provided in Figure 2.

Figure 2. The basic CENTRELINE work logic.

Based on market outlook perspectives, anticipated socio-economic development
trends and required transport capacities in the targeted EIS timeframe for a PFC aircraft,
a most impactful market segment was identified and translated into Top Level Aircraft
Requirements (TLARs). In order to allow for a rigorous evaluation of the PFC technology,
two families of conventional reference aircraft were defined, reflecting year 2000 in-service
aircraft, dubbed “R2000”, and an advanced reference equipped with technologies suitable
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for an EIS year 2035, the “R2035”. While the R2035 served as the immediate benchmark for
the PFC technology, the R2000 represented the baseline for the PFC evaluation against the
2035 environmental targets set by the Strategic Research and Innovation Agenda (SRIA) [3]
of the Advisory Council for Aeronautics Research in Europe (ACARE).

As part of an initial design space exploration, a most suitable aircraft layout for the
PFC proof-of-concept was identified, and an initial aircraft target design was developed
using simplified analytical and semi-empirical sizing methods. Completed within the first
eight project months, the PFC aircraft target design served as a consistent starting point
for the detailed multi-disciplinary design and analysis work, providing guidelines for key
design parameters in both the numerical and experimental domains.

Starting from the derivation of unified performance bookkeeping standards for the BLI
PFC and non-BLI reference aircraft, the aerodynamic design and analysis work included a
comprehensive 2D numerical optimization of the axisymmetric bare PFC configuration, i.e.,
the isolated fuselage with installed aft-propulsive device, as well as a systematic 3D numer-
ical analysis of the PFC aerodynamic performance properties and flow field characteristics.
Based on the obtained PFC-specific FF inflow patterns, 3D numerical design for a distortion
tolerant BLI fan was performed. All aero-numerical activities were closely accompanied by
low-speed aerodynamic validation testing at the overall aircraft level as well as specifically
for the BLI FF. The experimentally verified aerodynamic design and performance charac-
teristics of the FF were integrated together with the 3D numerically refined aero-structural
design for the key elements of the aft-fuselage propulsion installation. The FF turbo-electric
power train design was elaborated under multi-disciplinary consideration, including the
transmission system architectural definition, the electromagnetic and mechanical design
of the involved electric machinery and the conceptual integration of the turbo-electric
generators within the gas turbine environment. The impact of the significant generator
power offtakes on the main engines’ sizing and operational behavior was investigated
through sophisticated design and performance modeling. Conceptual solutions for the
thermal management of all power train components were developed and incorporated
in the overall system design and performance simulation. The entireness of knowledge
obtained from the detailed design and analysis activities were continuously incorporated
for overall system sizing and optimization at the aircraft level. Finally, the optimized PFC
aircraft family design was subjected to a comprehensive multi-disciplinary assessment
against the R2035 and R2000 aircraft families.

1.4. Technology Application Case

The technology application case was tailored to maximize the leverage of the PFC
efficiency potentials on the reduction of aviation’s climate impact. To maximize the PFC
technology impact at aircraft fleet level, existing forecasts of market and route development
were analyzed in order to identify a most influential aircraft market segment with regard
to reductions in fuel consumption. Similar to preceding analyses performed in the DisPUR-
SAL project [25], the medium to long-range wide-body aircraft segment was determined to
be particularly impactful. Judging the forecasted numbers of revenue passenger kilometers
according to the specific regions, the highest demand for the aspired EIS in 2035 was
identified for the Europe—Asia/Pacific inter regional connections, leading to a projected
design range of 6500 nm. At the same time, a peak demand of aircraft installed seat for this
mid-to-long range market segment was identified at 340 passengers [39]. A condensed list
of the CENTRELINE TLARs is given in Table 1.

As a best suited in-service aircraft with reasonably similar design mission specifica-
tions the Airbus A330 was selected as a starting point for the creation of the CENTRELINE
reference aircraft models. In order to obtain the year 2000 reference aircraft, R2000, the
payload-range capacity of the A330 was slightly increased by a stretch of the fuselage
length and a corresponding reinforcement of key structural components such as the land-
ing gear. In order to maintain appropriate low-speed performance, the wing planform
was geometrically scaled for the increased aircraft gross weight. The tail planforms were
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adapted to retain the aircraft stability and control characteristics. The propulsion system
for the R2000 is based on the most common engine option for the A330, the Rolls Royce
Trent 772B. The Trent 700 series is a three-spool turbofan featuring a long duct mixed-flow
nacelle. The design and performance characteristics of the Trent 772B were reproduced
and subsequently scaled for the R2000 thrust requirements using a design synthesis model
created in Bauhaus Luftfahrt’s in-house Aircraft Propulsion System Simulation (APSS)
software [40–42].

Table 1. CENTRELINE top level aircraft requirements.

Parameter Value

Range and PAX 6500 nmi, 340 * PAX in 2-class
TOFL (MTOW, SL, ISA) ≤2600 m
Second climb segment 340PAX, 100 kg per PAX, DEN, ISA + 20 K

Time-to-climb (1500 ft to ICA, ISA + 10 K) ≤25 min
Initial cruise altitude (ISA + 10 K) ≥FL 330

Design cruise Mach number 0.82
Maximum cruise altitude FL410

Approach speed (MLW, SL, ISA) 140 KCAS
* Baseline family member; 296 PAX for shrink and 375 PAX for stretch version.

The R2035 advanced reference aircraft was directly derived from the R2000 aircraft.
Therefore, a comprehensive technology scenario was devised, including advanced multi-
disciplinary technological developments in the fields of aerodynamics, structures, systems
and equipment considered realistic for aircraft product integration by 2035 [39,43]. Figure 3
shows a simplified three-view drawing of the R2035 with selected aircraft dimensions
annotated. Compared to the R2000, the R2035 features a larger cabin cross section with
a nine-abreast (two-five-two) economy seating arrangement. An obvious feature of the
R2035 aircraft design is the slender wing featuring an aspect ratio of 12 enabled by an
advanced composite design and improved aero-elastic tailoring capabilities.

In order to facilitate a realistic evaluation of the PFC technology, aircraft family design
considerations were taken into account throughout the aircraft design and benchmarking
process. The R2000 and R2035 aircraft were designed as families consisting of a baseline,
shrink, and stretch version. The family design was conducted in accordance to common
industry practice and the goal of sharing common components as empennage, landing
gear and engines. The stretch and shrink versions of the baseline aircraft feature +10%
and –15% payload capacity, respectively. The R2035 power plant systems are Ultra-High
Bypass Ratio (UHBR) > 16 geared turbofan engines, sized to serve the entire aircraft family.
Power plant thermodynamic cycle parameters and component design properties were
selected appropriately to reflect advanced aerodynamics, materials, and manufacturing
technologies for an EIS 2035 [42]. At typical cruise conditions, i.e., FL350, M0.82 and a lift
coefficient CL = 0.5, the baseline member of the R2035 family features a lift-to-drag ratio of
20.7, with an induced drag share of 28% and a wave drag share of 5%. The fuselage share of
the total is approximately 26%. Further characteristics including aircraft weight component
breakdowns and block fuel values for the R2000 and R2035 aircraft are provided in Section
7.3 in comparison to the corresponding PFC aircraft properties. More detailed descriptions
of the CENTRELINE reference aircraft families were presented by [39].

In order to set a consistent basis for the more detailed design and analysis activities, in
CENTRELINE, an initial PFC aircraft design was specified through qualitative configura-
tional down-selection and a subsequent preliminary multidisciplinary design loop for the
selected PFC aircraft layout. From an initial cloud of configurational candidates featuring
alternative approaches to the aero-structural integration of the aft-fuselage BLI propulsive
device as well as different empennage integration options, a PFC aircraft configuration
comprising a T-tail arrangement with the ducted BLI fan integrated behind the vertical
fin was selected as a most suitable basis for the further detailed studies in CENTRELINE
(cf. [44]). With the basic configurational layout identified, an initial PFC aircraft target

122



Aerospace 2021, 8, 16

design was derived from a multi-disciplinary design study based on simplified analytical
and semi-empirical methodology (cf. [43]). The design synthesis included estimated prop-
erties of the FF turbo-electric power train, PFC airframe structural weight and main power
plant design implications, as well as performance targets for the PFC aero-shaping in order
to meet the project’s performance goal in terms CO2 reduction. As a result, an operating
empty weight (OEW) increase of 5.7% relative to the R2035 was predicted, which together
with a target design block fuel improved of 11% yielded an almost identical maximum
take-off weight (MTOW) as for the R2035 aircraft [43]. Key design features of the initial
PFC aircraft design are illustrated in Figure 4.

 

Figure 3. Schematic three-view of the CENTRELINE R2035 baseline aircraft.

 

Figure 4. Main design features of the CENTRELINE initial propulsive fuselage target design (adapted
from [43]).
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2. Fuselage BLI Propulsion Aerodynamics

Key requisites for a meaningful evaluation of the fuselage BLI technology include a
rigorous bookkeeping of the aerodynamic interaction between the BLI propulsion system
and the airframe as well as a sufficiently refined aerodynamic shaping of the aircraft.
This section discusses the performance bookkeeping standards followed in CENTRELINE
and presents key aspects of the aerodynamic design and analysis activities at the overall
configuration and the FF level.

2.1. Performance Bookkeeping and Efficiency Metrics

The assessment of aircraft concepts with highly integrated propulsion systems, such
as the CENTRELINE configuration, requires adherence to rigorous bookkeeping standards
and consistent performance assessment metrics. A comprehensive review of existing
bookkeeping schemes and their applicability to aircraft concepts with a strong coupling
of airframe aerodynamics and propulsion system can be found in [45]. In general, book-
keeping schemes can be classified by the quantity, which is conserved in a specified control
volume. Approaches based on momentum conservation allow consistency with force
bookkeeping, but are often neglecting the bi-directional effect of airframe aerodynamics
and propulsion system performance. Integral energy methods use kinetic energy or ex-
ergy conservation. The “Power Balance” method introduced by Drela in 2009 [8], reflects
the need for a holistic bookkeeping approach applicable to highly integrated propulsion
system concepts. Similar to the “Exergy Balance” method, later developed by Arntz [46],
the evaluation of BLI configurations requires the full resolution of the flow field, which is
achieved through experimental test or CFD simulations.

Within the CENTRELINE project, two different bookkeeping approaches were em-
ployed: The power balance method and an integral momentum conservation approach.
The application of the power balance method is very resource demanding, because it
requires the full resolution of the flow field. Therefore, it was solely applied to analyze the
wind tunnel particle image velocimetry (PIV) measurement results of a single PFC configu-
ration at the end of the project in order to estimate the experimental BLI performance in
detail [47,48].

For the aircraft-level sizing studies, an integral momentum conservation approach
was deemed to be most practicable together with a distinction between the bare PFC
configuration, i.e., the integrated assembly of the fuselage and the fuselage BLI propulsive
device, and, all other adjacent aircraft components [45]. The control volume for the bare
PFC configuration is pictured in Figure 5. It allows for the rapid evaluation of the bare PFC
configuration aerodynamics and performance properties, e.g., based on a 2D axisymmetric
shape definition (see Section 2.2).

 Thermodynamic stations

CV1 CV2 CV5

CV4

2 13

CV0

Propulsion system streamtube contour

Fuselage boundary layer thickness

Control volume boundary

Fuselage boundary 
layer profile

0

Figure 5. Control volume scheme for bare PFC bookkeeping (adapted from [45]).
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As a key descriptor for the bare PFC configuration, the net propulsive force NPFPFC,bare
is introduced, representing the net axial force acting on the bare PFC configuration. It is
the result of an integral momentum conservation applied to the depicted control volume

NPFPFC, bare = FFF,disc + FFus + FA f tbody + FFF,Nac + FFF,Duct = FFF,Disc + FPFC,bare (1)

FFF,Disc represents the axial force produced by the FF (between the thermodynamic
stations 2 and 13). FFus is the total aerodynamic force of the fuselage up to the BLI propul-
sion system air intake, FAftbody is the total force on the (fuselage) aft-body behind the BLI
propulsor nozzle exit, FFF,Nac is the total force of the FF nacelle external surface area, and,
FFF,Duct represents the total force due to the FF duct internal flow. FPFC,bare is the sum
of all surface forces acting on the bare fuselage-propulsor configuration. All total force
components include both, viscous as well as surface pressure related axial forces [45].

The total aircraft drag force Dtot, i.e., the sum of all forces acting on the individual
component surfaces, plus possible interference drag e.g., between the bare PFC and adjacent
airframe components Dint, miscellaneous drag items such as due to protuberances and
leakages Dmisc. With potential flow buoyancy terms of the individual components assumed
to be zero for the closed aircraft body, the Dtot for the PFC aircraft becomes

DPFC,tot = FPFC,bare + FPFC,res + DPFC,int + DPFC,misc = FPFC,bare + DPFC,res (2)

where FPFC,res represents the sum of aerodynamic forces acting on the surfaces of all aircraft
component forces other than the bare PFC configuration, i.e., including the wing and
empennage, any required fairings, as well as, the underwing podded nacelles and pylons.
For convenience, the sum of FPFC,res, DPFC,int, and DPFC,misc may be written as DPFC,res.
It should be noted, that the total drag of a non-BLI reference aircraft DRef,tot is directly
obtained from Equation (4) by replacing FPFC,bare with the aerodynamic force acting on the
reference aircraft fuselage FRef,fus, and, evaluating all other aerodynamic forces and drag
numbers specifically for the reference aircraft.

Assuming steady level flight, the overall propulsion net thrust requirements FN equal
the aircraft total drag force. With the bare PFC net propulsive force defined in Equation
(1), the overall net thrust requirement for the non-BLI main power plants of the PFC
aircraft yields

FN,PFC,main = DPFC,res − NPFPFC,bare (3)

An overview of relevant figures of merit for the performance assessment of wake-
filling propulsion system concepts—such as the CENTRELINE PFC configuration—is
provided by Habermann et al. [45]. As a means of aerodynamic inter-comparison of
alternative PFC designs, the bare PFC efficiency factor fη,PFC,bare is particularly relevant. It
relates the net useful propulsive power of the bare PFC configuration, i.e., the product of
NPFPFC,bare and the flight velocity V0, to the isentropic power expended in FF disc, PFF, Disc

fη,PFC, bare =
NPFPFC, bare ·V0

PFF,disc
∀Pdisc,FF > 0 (4)

For PFC aircraft design optimality considerations and performance assessment pur-
poses against the conventional reference aircraft, integral mission figures of merits are used
(see Section 7). This includes the design mission block fuel as well as the corresponding
CO2 reduction potential calculated based on jet fuel-specific emission factor of 3.150 kg
CO2/kg fuel postulated in [49]. For the assessment of PFC point performance against the
non-wake-filling reference, the power saving coefficient, (PSC), originally introduced by [4],
is applied

PSC =
PRe f − PPFC

PRe f
(5)

where PRef refers to the power required to operate the aircraft in the conventional, non-
wake-filling case, and PPFC represents the power requirement of the PFC configuration.
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A detailed discussion of the PSC application to PFC aircraft performance evaluation is
presented by [50]. An analytical formulation of the PSC coefficient for PFC aircraft in cruise
is provided in Section 7.1.

2.2. Bare PFC 2D Aerodynamic Design Optimization

To find a feasible and well-refined aerodynamic design for the PFC, at first the aero-
dynamic design space for cruise conditions needs to be thoroughly explored. In order to
accomplish this, a responsive and suitably accurate aerodynamic analysis method needs to
be adopted. All key relevant parameters that influence the aerodynamic performance of
the PFC need to be investigated. In order to maximize the gain of knowledge and to reduce
the complexity at the early stage of the project, an optimization of the bare PFC configu-
ration based on axisymmetric paradigms was focused on. The optimized axisymmetric
aero-shaping formed the basis for the final three-dimensional design of the PFC.

2.2.1. Aerodynamic Design Space

The aerodynamic design space of the PFC is comprised of geometric and operational
parameters. Examples of the former include the fuselage slenderness ratio, FF nacelle
incidence angle and aft-body contraction ratio. Examples of operational parameters are
the cruise flight level, flight Mach number and fan pressure ratio (FPR) of the FF. The PFC
will be optimized for a given design cruise mission and benchmarked against a R2035
reference aircraft for the same mission. Nevertheless, it is also worthwhile to investigate
the sensitivity of the PFC to the flight conditions (see Section 7.1).

The initial phase of the design phase consisted of design modifications of an initial
aerodynamic model based on engineering judgement. Even though the initial design was
improved significantly, the complex aerodynamic interactions halted further improvements.
The last design revision based on iterative design is called “Rev05”.

To explore the design space in a more systematic manner, a fully parametric model
was developed capturing the axisymmetric shape of the bare PFC configuration. Using
a combination of Non-Uniform Rational B-splines (NURBS) [51] and Bezier-Parsec [52],
the parametric model describes the PFC geometry based on actual design parameters
instead of free-floating control points: The aft fuselage geometry ahead of the aft propulsor
was defined in terms of curvature and contraction ratio. The contour of the FF annular
ducting was determined by cross-section area ratios as functions of the FF disc area. The
nacelle contour was described through Bezier-Parsec parameterization. The boat tail shape
follows from the overall fuselage length and the axial FF location. First order continuity
between the various segments ensure smooth curvature transitions. Constraints were
added, for example to limit the overall fuselage length and avoid very short or slender
boat tail designs. Furthermore, it was ensured that the usable floor for each design was the
same. In total 23 variables were used to describe the geometry, together with the following
operating conditions: Mach number, altitude/flight level (FL), FPR [53].

2.2.2. Numerical Methods

To analyze the large variety of PFC designs, an aerodynamic solver is required which
is able to capture even subtle differences in the design and at the same time have low or
moderate computational demand to avoid bottlenecks in the assessment. In CENTRELINE,
it was decided to use axisymmetric 2D Reynolds-averaged Navier–Stokes (RANS) CFD
simulations, which are able to capture the mean flow characteristics and boundary layer
development over the fuselage with appropriate accuracy. The axisymmetric 2D grids
were sufficiently small to be able to run on a standard engineering workstation. In most
cases, the generation of the grid consumed the majority of time required to obtain a
CFD solution. In order to drastically reduce the person effort of geometry meshing, an
automated mesh routine was developed. Using an open-source MATLAB-toolbox [54], a
MATLAB-based framework was developed that executes all steps from the initial design
vector to geometry-creation and meshing to post-processing of the results [53].
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The structured hexahedral mesh was constructed using ICEM® by Ansys Inc. (Canons-
burg, Pennsylvania, United States). In order to fully resolve the boundary layer up to the
wall, it was ensured that the mesh satisfies the requirement y+ < 1. To model turbulence,
the k-ω shear stress transport (SST) model [55] was selected. The air was modeled as an
ideal compressible gas with Sutherland’s three-coefficient law. A pressure-coupled solver
was employed to accelerate convergence of the simulation. The domain boundary was
modeled using a pressure far field boundary condition. The simulations were performed
in Fluent® 18.2 by Ansys Inc. (Canonsburg, Pennsylvania, United States).

To model the effect of the FF on the fluid, an actuator disc model was used based
on source terms of momentum and energy. The source terms appear directly in the right-
hand side of the momentum and energy equations. A dedicated volume in the mesh was
constructed, representing the boxed-volume of the FF. Note that only axial momentum is
added and no swirl is added to the flow. Since the fluid is modeled to be compressible,
energy is added to the fluid based on the local work of the momentum source in axial
direction. Verification and validation of the actuator disc model is discussed in brief in [50].

The volumetric integration of the momentum source term directly yields the force of
the actuator disc provided to the fluid. As such, traditional drag numbers by integration
of the wall shear force and pressure wall-normal component, can still be used to assess
the drag force of the PFC. The latter is beneficial, as it is a very straightforward and
unambiguous method for the bookkeeping of the aerodynamic forces.

2.2.3. Optimization Results

Finding the optimum bare fuselage design requires a systematic survey of the aerody-
namic design space, sweeping as much of the available design space as possible. To do so,
designed experiments based on a partially stratified sampling method [56] was selected
to cover the aerodynamic design space. The average computation time for the simulation
of a single sample, including pre- and post-processing, was approximately 10 min, on a
state-of-the-art personal computer. In total, more than 9000 samples of the design space
were evaluated. Of this initial number of samples, approximately one-third of the simula-
tions converged and were used for further analysis. A 1D sensitivity study was carried
out to evaluate sensitivities of each design parameter [53]. It was found that the following
parameters, beside the operational parameters, drive the aerodynamic performance of the
PFC the most:

• FF duct height (rtip—rhub)
• FF nozzle exit to fan face area ratio (A18/A12)
• FF hub-to-tip ratio (rhub/rtip)

• FF relative axial position along the fuselage (xFF/Lfus)

Using the above principal design parameters, a surrogate model based on the tech-
nique presented by [57] was fitted to the results. From the pool of evaluated designs, the
most promising design was selected for further optimization. Using a gradient-based
solver from the MATLAB® Optimization Toolbox by The Mathworks Inc. (Natick, Mas-
sachusetts, United States), the design was optimized. As a second step, the design was
further refined by including the knowledge of the sensitivity study for the parameters
not included in the surrogate model. Verification in CFD confirmed that the new design
“Rev06” was improved significantly over the previous design iterations. The evolution of
the axisymmetric bare PFC performance is shown in Figure 6. Note that the aerodynamic
performance is expressed as the ratio between the product of NPF with flight velocity and
the ideal (isentropic) shaft power of the FF, PFF,disc.
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Figure 6. Evolution of the aerodynamic performance of the bare PFC fuselage (adapted from [50]).

To align the optimized design with the target values of the pre-design studies [43], the
Rev06 optimization was modified to meet the following additional equality constraints:

• FPR equal to 1.40
• Fuselage diameter constrained to 6.09 m
• Hub-to-tip ratio equal to 0.51

Based on the obtained “Rev07” design, which represents the final axisymmetric
bare fuselage design, three case studies were performed and simulated based on various
targets of PFF,disc. An overview of the variants of the Rev07 with different FF shaft power
requirements is presented in Figure 7.

 

Figure 7. Changes in FF geometry of the Rev07 PFC design for different target FF shaft power.

An overview of the corresponding aerodynamic performance for each Rev07 design
case study is presented in Table 2.

As can be observed from Table 2, the NPF force for the bare PFC becomes positive if
the duct height of the FF is increased beyond a certain threshold. For a given FPR, the force
exerted by the FF on the fluid is directly proportional to the area of the disc, which scales
quadratically with the blade radius. Despite an increase of drag for the bare PFC for case
2 and 3, the BLI efficiency factor is increased for the design cases with a higher FF duct
height. Note that the additional benefit for an increased FF duct height is decreasing, as
the amount of additional momentum deficit that is ingested is diminishing towards higher
duct heights of the FF (see also Section 7.1).
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Table 2. Overview of the main aerodynamic performance parameters for three different case studies
based on the Rev07 axisymmetric bare PFC design.

Parameter Unit Design Case 1 Design Case 2 Design Case 3

FPFC,bare kN 33.17 35.52 36.84
FFF,disc kN 32.44 39.32 44.02

NPFPFC,bare kN −0.73 3.80 7.18
PFF,disc MW 5.53 6.80 7.76

fη,PFC,bare - −0.033 0.139 0.229

2.3. PFC Aircraft 3D Aero-Numerical Analysis

Having obtained a feasible and much improved axisymmetric bare PFC design, a
three-dimensional model of the PFC is constructed to analyze the aerodynamics of the
PFC in more detail. The aim of the 3D CFD simulations is twofold, namely to obtain
more detailed inflow conditions for the further development of the FF and to verify the
main aerodynamic design of the PFC. In order to understand the effect of an increased
level of model complexity on the aerodynamics of the PFC, a step-by-step approach was
followed starting from the 3D simulation of the bare PFC configuration while successively
adding the directly adjacent aircraft components, namely the wing including fuselage
belly fairing and the vertical tail. The geometry of the full PFC aircraft model, which was
aerodynamically studied is shown in Figure 8.

Figure 8. Side-view of the aerodynamic model of the PFC, including wing and vertical tail.

Note that the podded under-the-wing engines and horizontal tail have not been
included in the aerodynamic model to reduce the complexity and size of the numerical
grid. A symmetry boundary condition was applied to half the computational domain. The
numerical setup has been kept as similar as possible to the bare axisymmetric CFD, as
discussed in the previous section.

Since the increased model complexity is less suited for a structured hexahedral mesh,
an unstructured tetrahedral mesh has been applied with mesh inflation layers to capture
the boundary layer in an accurate manner. In total 30 inflation layers were applied, using
an exponential growth law with r = 1.15. It was ensured that y+ < 1. Two bodies of
influence were added on the wing and the fuselage to refine the volume mesh along the
bodies and near-wake. The grid size for the half-model of the PFC, as shown in Figure 8,
exceeded 120 million elements.

Before proceeding with the 3D analysis of the PFC, the 2D axisymmetric results where
compared with the 3D simulation of the bare axisymmetric PFC. It was found that the
difference in drag was in the order of 3% due to numerical differences. Considering that a
systematic mesh dependency study for the 3D mesh has not been part of this work, the
difference is considered to be within the acceptable error margin.
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2.3.1. Effect of Wing and Empennage

To investigate the effect of the wings and vertical tail on the inflow conditions to the
FF, the wings and vertical tail are added step-by-step. To assess the inflow conditions, a
total pressure coefficient is defined as

PC =
pAIP − pAIP

pAIP
(6)

where pAIP is the local total pressure and pAIP the mean total pressure across a specified
area. The inflow conditions are measured at the aerodynamic interface plane (AIP), which
is located at 60% of the inlet to the FF inside the FF duct. The results for the effect of wing
and empennage are shown in Figure 9.

 
(a) 

 
(b) 

 
(c) 

Figure 9. Contours of total pressure coefficient at the AIP. (a) bare PFC configuration, (b) bare PFC configuration + wing
and (c) bare PFC configuration + wing + vertical tail (Source: [58]).

As can be observed, the inflow for the bare fuselage is relatively smooth, with the
largest variation in total pressure coefficient near the hub. However, the addition of the
wing appears to have a significant impact on the inflow conditions. In the lower half of
the disc, there is a zone of significantly higher total pressure. The boundary layer along
the fuselage hub, marked by lower levels of total pressure coefficient, is washed upwards.
After adding the vertical tail, another zone of higher total pressure can be found on the
upper side of the disc. Note that the AIP is intersected by the vertical tail.

Analysis of the external flow field revealed that there is flow separation on the lower
side of the belly fairing. The separated flow forms a trailing vortex, which impinges on
the nacelle of the FF. The core of the vortex is not ingested by the FF, however air is drawn
in from the outer layers of the boundary layer and the freestream. As such, there is an
inflow of air of higher total pressure to the duct of the FF. Other than causing a significant
disturbance to the FF, the flow separation at the belly fairing is a source of additional
drag. The belly fairing design has not been part of the aerodynamic shape refinement,
hence it is expected that a redesigned belly fairing should reduce the disturbance to the FF
considerably. Similarly, it was found that the zone of higher total pressure coefficient at
the top of the AIP is caused by a vortex as well, stemming from the fuselage–tail junction.
The latter is much more difficult to avoid; however, the horse-shoe vortex could maybe be
reduced with additional fairing design [59].
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2.3.2. Effect of Fuselage Upsweep

Although the axisymmetric aft fuselage is beneficial from an aerodynamic standpoint,
it does limit the tail strike angle during take-off rotation of the airplane. To avoid excessive
landing gear lengths, the introduction of an aft-fuselage upsweep was investigated. The
upsweep was defined by a vertical offset of the FF hub by 600 mm. The fuselage contour
was adapted to avoid severe flow separation, however, no iterative design changes have
been made to fine-tune the aft-fuselage contour. As can be seen from Figure 10, the inflow
pattern to the FF is similar, even though a more pronounced up-wash along the fuselage
hub can be noted. Furthermore, it can be noted that the effect of the horse-shoe vortex is
more pronounced as the contraction of the aft fuselage is less on the upper side for the
PFC with aft-fuselage upsweep. Compared to the axisymmetric PFC aircraft, the fuselage
upsweep increased the overall drag by 0.7%. Improvements to the design, such as a refined
aft-fuselage shaping and adaption of the nacelle for non-axisymmetric flow could reduce
the drag penalty. Detailed discussion of the performed 3D aero-numerical analyses is
provided by van Sluis and Della Corte [58].

 
(a) 

 
(b) 

Figure 10. Contours of total pressure coefficient at the AIP. (a) PFC with axisymmetric aft fuselage,
(b) PFC with aft-fuselage upsweep (Source: [58]).

2.4. Fuselage Fan Aerodynamic Design and Performance

The BLI fan at the fuselage aft-section has been designed and analyzed using 3D
CFD. The solver used is the GPU-accelerated CFD code Turbostream [60]. It is a 3D,
unsteady, RANS solver running on structured multi-block meshes. The one-equation
Spalart–Allmaras turbulence model [61] was used for all simulations along with adaptive
wall functions and y+ of approximately 5 on all solid walls. The inlet and outlet boundaries
were located one fan diameter away from the fan to allow the free interaction between the
fan and the flow.

During the design phase, the flow at the inlet of the fan was assumed axisymmetric.
Radially non-uniform profiles of stagnation pressure were extracted at the propulsor AIP
for different operating points [58]. These correspond to continuous hub-low stagnation
pressure distortion profiles. An example of the distortion profile found during cruise has
been previously shown in Figure 9a. These profiles have been prescribed as inlet boundary
conditions. An additional clean uniform inlet boundary condition was used to replicate
the conditions at which a conventional podded fan would operate.
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Two separate transonic fan stages have been designed and analyzed for the basic
operating conditions listed in Table 3. The first fan stage, called Fan A, was designed for
clean uniform flow at cruise aerodynamic design point (ADP) conditions. The second one,
Fan B, was designed to match the severe continuous hub-low BLI inflow.

Table 3. Aerodynamic design point parameters of CENTRELINE FF.

Parameter Unit Value

Flight altitude ft 35,000
Flight Mach number - 0.82

Flow coefficient - 0.69
Stage loading coefficient - 0.45

Stage pressure ratio - 1.4
Rotor inlet tip Mach number - 1.24
Rotor inlet hub-to-tip-ratio - 0.51

Running tip clearance (% span) % 0.2
Number of rotor/stator blades - 20/43

The main characteristics of Fan A are: midspan loaded work distribution, alignment
of the leading edge with the flow for minimum pressure loss and controlled solidity
distribution to minimize Lieblein’s diffusion factor. More information on the design of
Fan A can be found in [62]. Fan A has been tested under uniform and distorted inflow
conditions to assess the effect of BLI and to derive the design changes required for an
aft-section fan.

For a fixed mass flow, the deficit of axial velocity associated to hub-low distortion is
balanced by an increase in axial velocity in the upper part of the span shown in Figure 11a.
The decrease in velocity has a twofold effect: an increase of the local incidence into the
rotor blade as visualized in Figure 11b and a rise of the local work load as indicated in
Figure 11c. The opposite trends are found in the upper part of the span where there is
an excess of mass flow. The overall effect of BLI distortion on the performance of the fan
is driven by the upper part of the blade. Consequently, a consistent drop in work input
is shown in Figure 12a for the 100% corrected speed line. The continuous operation of
the blade at off-design results in an efficiency degradation displayed in Figure 12c. The
combination of reduced work input and efficiency ultimately results in a reduction in stage
pressure ratio shown in Figure 12b and thrust produced. Lastly, the flow capacity of the
fan is reduced and the stability margin slightly increased.

 
Figure 11. Spanwise distributions at the ADP of: (a) axial velocity, (b) relative swirl angle, (c) rotor pressure ratio.
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Figure 12. Effect of fuselage BLI on Fan A and Fan B at 100% corrected speed and cruise conditions: (a) stage loading
coefficient, (b) stage pressure ratio, (c) stage isentropic efficiency (%).

To recover the performance lost due to BLI, a second fan stage, denominated Fan B, has
been designed. The leading edge of the blade has been aligned with the flow for minimum
pressure loss up to 75% span. Above 75% span the sections have been progressively
restaggered to operate at negative incidence. This improves the operability of the blade
in non-axisymmetric inflow. The magnitude of the negative restagger has been limited
to minimize choking losses and maintain the flow capacity. The radial work distribution
has been modified to restore the intended loading (cf. Figure 11c). Blade turning has been
decreased near the hub and increased in the upper part of the blade as can be seen from
Figure 11b. No changes to the solidity distribution were required to maintain the diffusion
in optimum values. Note that low levels of rotor hub loading reduce the turning required
by stator, maximizing the stage efficiency. The resulting design fulfils the performance
requirements at the aerodynamic design point as shown in Figure 12 with a minimal
reduction in efficiency and choking margin. Away from the design point, the work input
drops. However, a significant rise in stable operating range can be observed.

Figure 13 presents the CFD-based fan map for cruise of Fan A and Fan B. Near ADP,
Fan A with clean inflow and Fan B BLI inflow exhibit the same performance. However,
away from ADP a drop in work input and efficiency (and consequently pressure ratio)
is observed for Fan B. This is caused by the non-linear change in distortion profile with
corrected mass flow. Despite the drop in pressure ratio generated, the stability margin
of Fan B is greatly improved across the map. Potentially, improving its operability at
off-design non-axisymmetric inflows.

Figure 13. Comparison of cruise maps for Fan A and Fan B.
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The performance of Fan B at take-off has been superimposed in Figure 13. This
constitutes the most critical operating condition for the aft-section fan. As reported in [62] in
detail, the level of distortion found during take-off is much lower than at cruise. Therefore,
the distortion effectively becomes a pseudo tip-low distortion. The fan is driven by an
electric motor; the maximum torque delivered by the motor limits (cf. also Section 7.3) the
attainable pressure ratio of the fan. For this specific case, the fan is expected to operate
only up to a corrected speed of approximately 72%, i.e., stage pressure ratio of 1.2 (cf. also
Section 7.3). Additionally, the reduced ram-pressure during take-off moves the working
line towards the stability margin, operating at reduced flow coefficient and increased
incidence levels across the span. The design features of Fan B alleviate the high levels of
incidence at the tip, ensuring stable operation [62].

3. Aerodynamic Validation Testing

The core of the conceptual proof for fuselage wake-filling propulsion integration in
CENTRELINE is constituted by two experimental test campaigns aiming at obtaining a
fundamental understanding of governing flow physics of both, the overall aircraft configu-
ration and the fuselage BLI propulsor. For the overall configuration aero-validation testing,
a wind tunnel model was developed to be tested in the low-speed test facilities at Delft
University of Technology. The modular nature of the model allowed for an incremental
analysis of the configurational effects on the PFC flow field, and more specifically, the FF
inflow conditions. In order to verify the FF aerodynamics, the low-speed BLI fan rig facility
in the Whittle Laboratory at the University of Cambridge was employed and modified in
order to closely replicate the CENTRELINE PFC configuration.

3.1. Overall Configuration Wind Tunnel Testing

The experimental studies of the overall PFC aircraft were carried out at the Low
Turbulence Tunnel facility of Delft University of Technology. This atmospheric closed-loop
tunnel features a closed octagonal 1.8 m × 1.25 m test-section. The turbulence intensity is
below 0.03% at a freestream velocity V0 between 20 m/s and 40 m/s [63].

The goal of the wind-tunnel experiments was twofold: (1) investigating the effect of
fuselage-BLI on the aircraft aerodynamic performance; and (2) understanding the gov-
erning aerodynamic interactions between the airframe and the BLI propulsor. The whole
experimental campaign was designed with an incremental approach. Firstly, the 2D bare
PFC shown in Figure 14 a was tested in simulated cruise conditions (α = β = 0◦) and
without the influence of secondary elements, such as wing and tail surfaces. In this setup,
the fuselage is directly connected to the external balance and the support structures covered
with two symmetric fairings. Secondly, the 3D PFC aircraft including wing and vertical
tail depicted in Figure 14 b was tested to study the PFC performance in representative
conditions in on- and off-design phases.

Both setups featured an axisymmetric fuselage (fineness ratio Lfus/2rfus = 11.1) with
a shape representative of the CENTRELINE PFC design Rev03 [50]. The fuselage aft-
section was equipped with an integrated shrouded fan model. The 12-bladed fan stage was
specifically designed to operate at the same conditions, defined by the flow and pressure
rise coefficients, as the full-scale BLI fan [64]. The rotor was driven by an electric motor
and the speed setting was directly controlled to match the required set point (±0.5 Hz).
The shrouded fan could also be removed to obtain the performance of the unpowered PFC
configuration.

A whole range of measurement techniques were employed to characterize the aerody-
namic performance of the PFC configuration: (1) six-axis external balance measurements
of the aerodynamic forces and moments; (2) total pressure measurements in the airframe
viscous layers and far wake; (3) stereoscopic PIV measurements to quantify the 3D velocity
field in various survey planes. During all experiments, turbulent transition was ensured on
all the model surfaces with the use of turbolator strips. Key measurement results obtained
from the performed test campaigns are characterised in the following.
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Figure 14. Schematics of the wind-tunnel models setup. Dimensions in mm.

3.1.1. Time-Averaged Flow Field

The velocity field was measured around the fuselage aft section for the 2D PFC setup
according to Figure 14a through stereoscopic PIV. The time-averaged velocity magnitude
field for the unpowered and powered PFC are reported in Figure 15a,b, respectively. The
powered case is at axial equilibrium condition, NPF = 0, where NPF is the net axial force
acting on the fuselage-fan assembly. Figure 15a shows the boundary layer development
around the fuselage aft-cone. At the fan location (x/Lfus = 0.94) a boundary layer thickness
δ = 0.8rfus was measured, resulting in approximately 60% of the boundary layer flow
ingested by the fan. In the powered PFC case of Figure 15b, the effect of the fan is twofold:
first, it accelerates the boundary layer flow upstream of the inlet, especially in the lowest
momentum region close to the fuselage wall; second, the fan slipstream develops and
mixes with the outer part of the fuselage boundary layer creating a turbulent shear layer.
Moreover, at the trailing edge of the fuselage, a region of turbulent separation is found.

Figure 15. Time-averaged velocity field around the PFC aft-fuselage section of the 2D-PFC setup.
Stereo-PIV measurements taken at V0 = 20 m/s and NPF = 0.

3.1.2. Fuselage Fan Inflow Field

When integrated in the overall PFC aircraft configuration, the fuselage inlet flow field
is not only dominated by the fuselage boundary layer, but it is also influenced by the flow
around other aircraft elements, such as wing and tail surfaces. The resulting inlet distortion
can potentially affect the fan aero-acoustic and aero-mechanical behavior and hence it
needs to be known at all the relevant flight phases. The total pressure distribution at the
fan inflow for cruise and off-design conditions was measured for the 3D-PFC setup. The
results are reported in Figure 16.
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Figure 16. Total pressure field upstream of the FF air intake (x/Lfus = 0.89) in cruise and off-design conditions. Measurements
taken on the 3D PFC setup at V0 = 40 m/s.

In zero incidence conditions (at α = β = 0◦, Figure 16a), the main inlet distortion is
due to the fuselage boundary layer which produces radial total pressure gradients. The
vertical tail plane (centred at an azimuthal angle θ = 0◦) introduces two main distortions
in the flow: first, the viscous wake of the tail, with a narrow extension (Δθ ≈ ±5◦) and
constant with r; second, the junction flow at the tail-fuselage intersection, with a larger
distortion (Δθ ≈ ±30◦). Despite a direct quantitative comparison cannot be drawn, the
measured distortion patterns in Figure 16a reflect the full-scale high-speed predictions
from the CFD simulations (cf. Figure 9c) in the good qualitative manner. This includes
the radial distortion due to the fuselage boundary layer as well as relatively sharp vertical
tail wake. Stronger differences between the experimental and numerical domains is found
in the bottom section of the contours, due to the flow around the fuselage–wing junction
fairing, as already discussed in Section 2.3.1.

At α = 12◦, representative of take-off rotation conditions, the increased incidence angle
results in the onset of a crossflow around the fuselage section as can be observed from
Figure 16b. The vertical tail introduces a low pt disturbance for −5◦ < θ < 5◦ which is due
to the viscous wake. Unlike the α = 0◦ case (cf. Figure 16a), the junction flow distortion is
not clearly visible anymore close to the airframe.

Finally, at β = 4◦ shown in Figure 16c, a strong distortion is introduced by the vertical
tail in the sector −30◦ < θ < 30◦. A low pt region is found on the leeward side (suction side
of the vertical tail) presumably due to trailing edge separation or corner flow separation.
On the windward side (pressure side of the vertical tail), the imprint of a horseshoe vortex
can be identified, as a result of the junction flow developing at the tail-fuselage intersection.
Furthermore, strong pressure gradients are found in the azimuthal direction around θ = 0◦.

All the measurements were taken at low speed, resulting in a Mach number in the
range 0.06 to 0.12, and a Reynolds number of 0.5 × 106 based on the wing mean aerody-
namic chord length. This clearly has an influence on the applicability of the presented
results to the full-scale PFC. Even though the fan diameter was scaled to match the fuse-
lage boundary layer at the model scale, other effects due to compressibility and different
Reynolds number were not present in the measurements. For example, possible shock-
waves at the shroud or tail surfaces could affect the full-scale PFC (see [58] for further
analysis in high-speed conditions). More results of the presented wind-tunnel campaigns
and detailed data analysis can be found in [48].

3.2. Fuselage Fan Aerodynamic Design and Performance

The aerodynamic behavior of the BLI fan has been tested in an experimental low-speed
single-stage fan rig, known as the BLI rig. The facility, located in the Whittle Laboratory at
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the University of Cambridge, was purposely built for the aerodynamic analysis of inlet
flow distortion fan interaction. Figure 17 presents the meridional view of the of the BLI fan
rig. The annulus geometry replicates the geometry of CENTRELINE’s aft-section FF.

 
Figure 17. Meridional view of the BLI fan rig.

Two rotor blades designs have been manufactured and tested. The first blade, called
Fan A, represents a conventional free-vortex fan designed for clean uniform inflow. The
effect of a severe and continuous hub-low radial distortion has been investigated on this
conventional blade. A series of design steps have been taken to match this blade to the
BLI inflow. The resulting blade shares most of the design features of the transonic BLI
optimized Fan B presented in Section 2.4. These are: leading edge aligned with the flow
for minimum loss, mid-span loaded work distribution, controlled diffusion factor and
increased operability of the tip section. The resulting blade design, called Fan B has
been subsequently tested under axisymmetric and non-axisymmetric distorted inflows.
The low-speed nature of the rig does not allow compressibility effects to be replicated.
However, velocity triangles representative of the full-scale transonic FF have been obtained
by matching the full scale flow coefficient and stage loading coefficient (cf. Table 3).

Detailed pressure measurements have been taken at five axial locations with a five-
hole pneumatic probe area traverse system as indicated in Figure 17. The five-hole probe
measures the time-average values of stagnation pressure, static pressure, swirl angle, and
radial angle. Based on these flow properties and the incompressibility of the rig, the
complete flowfield has been reconstructed. Further details of the experimental setup can
be found in [64].

Experimental tests have been performed for clean and distorted inlet conditions. The
baseline distortion chosen for the study is a scaled version of the axisymmetric but radially
non-uniform hub-low stagnation pressure distortion calculated in Section 2.3 and used
in Section 2.4 for the aerodynamic design point. In a subsequent study a full-annulus
non-axisymmetric distortion representative of the CENTRELINE configuration comprising
fuselage, wings, and vertical tail plane (cf. also Section 2.3) has been tested for Fan B.

To generate the target inlet velocity profiles, flow conditioning gauzes have been
installed at the intake of the rig. The gauzes comprise thousands of small vanes with
precisely controlled geometry and are additively manufactured. For the axisymmetric
inflow (clean and radial stagnation pressure distortion) the gauzes were designed using
the method proposed by Taylor [65]. The method makes use of CFD simulations in
an iterative manner to obtain the shape of the vanes that compose the gauze. For the
non-axisymmetric inflow, the method reported in [65] has been upgraded to replicate
non-uniform distributions of stagnation pressure and swirl distortions. Figure 18 presents
the flowfield measured downstream of three different gauzes. Axisymmetric clean and
hub-low axial velocity measurements are shown in Figure 18a,b whilst a highly complex
distortion pattern (stagnation pressure + swirl) associated to the operation of the aft-section
fan with the full aircraft configuration is presented in Figure 18c.
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Figure 18. Measured inlet inflow behind the distortion gauzes: (a) Clean, (b) hub-low distortion, (c) full-aircraft configuration.

The low-speed nature of the rig does not allow to capture compressibility effect.
However, most of the physics associated to the operation of the fan in a distorted inflow are
still captured. To illustrate this, Figure 18 presented the measured spanwise distributions of
axial velocity, relative swirl angle and angular momentum. Note that angular momentum
is equivalent to work load for a purely axial inflow. The effect of the severe hub-low
stagnation pressure distortion on Fan A is consistent to the one found for its transonic
version in Figure 19. High incidence and increased work load are found near the hub
whilst negative incidence and reduced loading are observed in the upper part of the span.
The overall effect on both cases is a reduction in stage loading coefficient of the same
magnitude. Additionally, the performance lost due to BLI is recovered applying the same
design philosophy for the low- and high-speed versions of Fan B: tailored alignment of
leading edge and controlled work and diffusion distributions. With exception of shock
related losses, the low-speed rig is able to capture the physics of fan-distortion interaction.
Making low-speed fan testing a quick and economical tool to validate the performance of
numerically derived fan designs.

Figure 19. Measured spanwise distributions at the ADP of: (a) axial velocity, (b) relative swirl angle, (c) angular momentum.

4. Fuselage Propulsive Device Design and Structural Integration

This section is dedicated to the conceptual design integration of the fuselage BLI
propulsive device. This covers parametric sizing and performance modeling of the FF
module including key components of is mechanical design, as well as the aero-structural
design integration at the aft-fuselage. Beside the fuselage nacelle integration, the structural
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design and analysis part also includes the key airframe components directly affected by
the FF installation.

4.1. Fuselage Fan Conceptual Design Synthesis

The CENTRELINE FF propulsion system consists of a single-rotating ducted fan
driven by an electric motor in a direct drive arrangement. The fan rotor design features
fixed-pitch blades. The fan rotor blading and outlet guide vane geometry refers to the Fan
B design described in Section 2.4. The fan ducting features a fixed nozzle. The developed
design and performance models, however, feature immediate capability to appropriately
emulate a nozzle variability device if required for operational flexibility during more
detailed aircraft-integrated design optimization (cf. [42]). Nacelle mechanical complexity
and structural mass is kept to a minimum as the fan cowling is not equipped with a
dedicated thrust-reversing device. Instead, thrust reverse functionality—in case required
from the overall aircraft design perspective—is intended to be realized through reverse
operation of the electrically driven fan. The FF outer casing includes a rotor containment
sized for the kinetic energy of a fan blade-off. The transfer of the aerodynamic, inertial
and gyroscopic loads across the FF rotor plane is realized by the structural load path
routed through the FF rotor hub. Supported by FEM (finite element method) structural
analyses reported in [66,67], this design solution was down-selected from a number of
options conceived and evaluated as part of the preliminary design work in the project
(cf. [42,43]). This solution allows for the least number of structural items in the fuselage
inflow streamtube and a complete structural decoupling from loads introduced by the
empennage. For the FF bearing, electromagnetic bearing options such as proposed by
Steiner et al. [5] were initially evaluated, but discarded for complexity reasons based on
the trade-off between performance and overall system complexity. The design of the fan
rotor bearing system is a rather conventional one, featuring a floating cylindrical roller
bearing in the front. The rear bearing is a fixed ball bearing, designed to take the FF
rotor thrust loads. The flanging of key component groups is tailored to enable orderly
assembly and disassembly of the FF power plant system. Down-selected from a number
of alternative concepts, a compactly folded forward mounting approach was identified as
the best and balanced design solution for the electric drive motor attachment to the fan
rotor. In Figure 20, a representation of the geometric arrangement of the FF rotor system
including electric drive motor, bearings, and internal support structure is presented for
the CENTRELINE Rev07 design case 1. The annotated figure also displays the integration
of the auxiliary power unit (APU) in the fuselage aft-cone, as well as the forward and
rearward attachment points for the structural load path across the FF rotor plane.

 

Figure 20. Concept sketch of the aft-fuselage power plant integration.

In order to ensure robustness against uncontained FF disk structural failure, the
components of the FF power plant and all adjacent systems require positioning such
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that disk burst corridors do not interfere with critical functions of the vertical tail. A
visualization of systems integration at the PFC aft-fuselage with annotation of spread
angles as recommended in AMC 20.128A [68] for the shedding of fan blade fragments is
provided in [69].

4.1.1. Flow Path Sizing and Performance Synthesis

The design and performance synthesis for the FF propulsive device was performed
using the APSS framework (cf. also Section 1.4). During flow path sizing, the turbo
component cross-sectional areas directly result from mass flow continuity, the local gas
properties and prescribed axial design Mach numbers. Similarly, the nozzle exit area results
from mass flow continuity and the nozzle exit velocity subject to the prevailing nozzle
pressure ratio. A set of typical heuristics along with appropriate iteration strategies is
included for cycle design and performance prediction according to [42,70,71]. For the FF
propulsion system sizing, specific functional sensitivities were implemented as basic design
laws including the mapping of fan tip speed as a function of design fan pressure ratio,
nozzle thrust and discharge coefficients as functions of nozzle pressure ratio, as well as fan
design efficiency as a function of corrected mass flow and mean stage loading. Flow path
sizing was conducted for design cruise conditions with maximum climb power settings for
the FF.

For FF operational performance simulation, the Fan B cruise map shown in Figure
13 was used. In order to be consistent with the map scaling standards in APSS, before
adoption, the FF map was Reynolds-number scaled to ISA SL conditions. The mass flow
and efficiency scaling was performed based on the Reynolds number index (cf. [72]). While
a precise representation of FF performance behavior with full reflection of the varying
fan inflow conditions—e.g., in cruise and take-off—would require an array of classic
component maps (cf. [62]), even with the simplification of the single component map the
APSS off-design performance results were found to be in good agreement with the values
predicted by TU Delft’s CFD simulations in cruise and take-off conditions. As expected, the
operating line during take-off was situated at higher pressure levels and lower corrected
mass flows, meaning reduced stability margins when compared to cruise conditions. With
take-off stability margin still over-predicted due to the use of cruise component map,
through a re-staggering of the fan blade tips acceptable stability margins in take-off were
shown to be achievable for the CENTRELINE FF by Castillo Pardo and Hall [62]. Based on
a preliminary assessment, sufficient stability margin in take-off was obtained at the loss of
approximately 0.2% of isentropic efficiency at the aerodynamic design point [62].

As a pivotal point for the aircraft-level design studies, a FF polytropic design efficiency
of 93.4% was chosen which corresponds to a 1% reduction in polytropic stage efficiency rel-
ative to the underwing podded reference engine fans. Taking into account the aerodynamic
design efficiency penalties discussed in Section 2.4, this selected baseline design efficiency
appears appropriately conservative. In order to account for 3D duct design and typical
installations inside the fan cowling duct, the duct pressure losses predicted by the 2D CFD
simulations were increased to yield pressure ratios similar to classic fan bypass ducts. A
summary of key design parameters for the FF propulsive device is presented in Table 4.

For the actual fan sizing the reduced maximum flow capacity associated with the
aerodynamic design of a BLI fan was taken in account. The design axial fan rotor inlet
Mach number is 0.60, meaning a reduction of approximately 12% relative to the value
assumed for the main engines fan operating without BLI effects. The reduced axial Mach
number at the fan rotor inlet yields an increased fan face area, and thus, larger tip diameter
in the order of 3% relative to CFD optimized Rev07 geometry cases, when a constant hub
contour is retained. This modification was deemed to be achievable featuring a net neutral
impact on the sum of surface pressure forces acting inside the fuselage nacelle and the
fan disc [58]. The resultant reduced fan cowling profiles thickness of approximately 8%
(cf. also Table 4) was assessed to remain acceptable for a proper nacelle aerodynamic and
aero-structural design. The axial Mach numbers at the FF intake highlight and AIP were
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directly adopted from the CFD optimized Rev07 design cases 1 to 3. Assuming a limited
upstream effect of the increased flow diffusion in front of the FF face at the given fan design
pressure ratio of 1.40, the corresponding impact on the freestream total pressure recovery
ratio ahead of the FF face was considered negligible. When operated at a FPR of 1.2 in
take-off (cf. Section 2.4), the shaft power absorbed by the FF is increased by approximately
30% at a simultaneously reduced shaft rotational speed by 20%, relative to the flow path
sizing conditions summarized in Table 4 above. In combination, this means an elevation of
shaft torque by approximately 63%.

Table 4. Summary of results for actual FF flow path sizing (M0.82, FL350, ISA + 10K).

Parameter Unit Design Case 1 Design Case 2 Design Case 3

Fan isentropic shaft
power (PFF,Shaft)

MW 5.530 6.800 7.760

Fan pressure ratio
(p13/p2) - 1.40 1.40 1.40

Fan mass flow rate (W2) kg/s 212.6 261.4 298.3
Freestream total

pressure recovery ratio
(p2/p0)

- 0.831 0.841 0.848

Nozzle pressure ratio
(p18/ps,amb) - 1.795 1.817 1.832

Gross thrust kN 62.59 77.70 89.23
Fan rotor inlet tip

diameter (DFF) m 2.349 2.585 2.745

Hub/tip ratio at rotor
inlet - 0.497 0.495 0.493

Rotational speed 1/min 2730 2481 2336
Bearing system inner

diameter [mm] 338 367 389

Cowling thickness at
fan face m 0.208 0.224 0.230

Cowling length m 2.531 2.776 2.935

4.1.2. Mechanical Component Sizing and Mass Prediction

With the flow path hub and tip diameters determined through the flow path sizing,
the more detailed parametric mapping of the FF flow path geometry was performed based
on the methods described in [70]. For the prediction of the FF module weight, the masses
of the fan key component group were mapped individually. These included the fan rotor
blading, the outlet guide vanes, the rotor disk, the fan bearing, as well as the fan shaft
and rotating bearing support structure. The rotor blading and outlet guide vane (OGV)
masses are determined based on a simplified blade/vane geometry, i.e., cuboid bodies
with prescribed aspect ratios and relative thickness distributions in the radial direction.
The number of blades and vanes per row is controlled by a prescribed solidity value. The
resultant total displacement volume per row was then scaled with a representative material
density in order to obtain the total blading/vane mass. For the present study all input
parameters for the blading and vane geometric properties were calibrated to the Fan B
aero-shaping discussed in Section 2.4. For the rotor disk sizing, the disk design tool of
GasTurb® Details 6 [73] was used. FF rotor bearing sizing was performed based on a
method by [74] as discussed in [75]. In order to predict the required bearing size and
corresponding mass, the method uses a correlation between the dynamic load rating and
the bearing skin surface area, which was derived from existing SKF ball bearings [75]. The
required bearing dynamic load ratings were calculated from the actual bearing load cases
due to the fuselage rotating mass components under CS-25 regulation [76] and prescribed
target service hours. The inner diameters of the bearing system obtained for a typical
velocity index of 1.2 × 106 mm/min are listed in Table 4 above. For the fan rotor casing
including blade containment, a simplified geometric description including axial length
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determination based on a constant spread was used. Containment thickness was derived
from [77] as a function of blade kinetic energy. The individual components included in the
mass budget of FF module are highlighted in Figure 21.

Figure 21. Visualization of control volume for FF module mass budget, individual component groups
highlighted in color.

A synopsis of the individual component masses predicted for the FF modules for the
Rev 07 design cases is provided in Table 5. The prediction of nacelle structural masses for
the Rev 07 design cases involves the FF cowlings as well as all structural elements of the
aft-fuselage section. Beside the outer shell structure this also includes the internal load
beam routed through the inner diameter of the FF bearing system and the APU firewall
and is discussed in the next section.

Table 5. FF component masses predicted for the CENTRELINE Rev 07 design cases.

Mass Terms (kg) Design Case 1 Design Case 2 Design Case 3

Fan rotor blading 136 183 221
Rotating mass
w/o blading 306 411 490

Stationary masses
(OGV + fan casing) 164 206 235

Fan module total 606 800 946

As can be noted in Table 5, the FF module masses appear to be lower than expected
for conventional fans featuring identical diameters. This is the consequent result of two
important effects: Firstly, the hub-to-tip ratios of the CENTRELINE FF are considerably
higher than for conventional fans (cf. Table 4). Secondly, in contrast to conventional fan
face maximum mechanical speeds during maximum take-off conditions, the FFs maximum
speed is at flow path sizing conditions, i.e., top of climb. As a result of these two effects, the
AN2 metric (cf. e.g., [70]) for the CENTRELINE FF design is approximately 35% reduced
compared to typical conventional fans.

4.2. Fuselage Fan Aero-Structural Integration

The aero-structural design concept, analysis and sizing activities in CENTRELINE
covered the most relevant airframe components for the investigated PFC aircraft layout.
While a focus was placed on the structural integration of the fuselage aft-section including
the FF propulsive device, also the entire fuselage structure was conceptually elaborated and
sized as well as key components of the wing structure. In the following, important aspects
of the developed structural design solutions will be introduced. The FEM simulation-based
design and sizing strategy for relevant load cases according to CS-25 regulations [76] will
be discussed and main results will be presented including structural mass prediction for
the addressed airframe components.
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4.2.1. Description of Structural Design and Integration Solutions

The aft-fuselage section including the FF nacelle and supporting structure was the
central subject of the structural design work. Starting from a pool of candidate concepts
considered as part of the pre-design phase in the first half of the project (cf. [66]), a suit-
able structural layout was elaborated for the principal conceptual integration of the FF
propulsive device as presented in Figure 21. The overall structural concept is based on a
ubiquitous use of carbon fibre reinforced polymer (CFRP) material.

The FF cowling is structurally decoupled from the vertical fin in order to avoid the
complex aero-elastic interactions between the empennage, the nacelle and the FF rotor. As
a result, all loads generated by the FF, as well as the aerodynamic, inertial and gyroscopic
forces acting on and inside the rear of the fuselage and FF nacelle are transferred in a
single structural path through the FF rotor hub (cf. Figure 21). Important boundary condi-
tions for the design of the load carrying structure were imposed by the Rev07 optimized
aerodynamic shaping, as well as by a defined arrangement and positioning of the main
internal components, including the FF electric drive motor, the rotor and stator and the
aircraft APU. The geometric space available for the internal load-carrying structure was
particularly limited by the bore diameters of the FF bearing system (cf. Table 4). A basic
visualization of the final aft-fuselage aero-structural integration is provided in Figure 22.

Figure 22. Basic visualization of CENTRELINE aft-fuselage aero-structural integration concept.

The most loaded structural element is the front fixing frame, which transfers the loads
to the main structure of the aircraft. This main frame is conically shaped and reinforced to
provide the required strength and rigidity. Both, on the rear part of the fuselage and the
nacelle, a monocoque structure is used for the transfer of loads through the outer shell. In
addition to its load carrying outer shell, the fuselage aft-section is equipped with smaller
forming frames, two main fixing frames and a fire wall providing the structural attachments
for the space frame holding the APU. The FF OGVs are used as a multifunctional element.
Beside the aerodynamic purpose, the OGVs serve as the sole structural connecting element
between the FF cowling and rear-section of the fuselage. The load transfer across the FF
rotor is implemented through the hollow cylindrical beam connecting the aft-fuselage
installation to the front fixing frame. Important aspects for the aero-structual integration of
the PFC aft-fuselage are described in [67].

Beyond the FF installation structure, a concept for the entire fuselage main structure
was developed. For both aircraft, the PFC and the R2035, the fuselage is made of a hybrid
structure utilizing sections with a geodetic layout combined with conventional structure
sections. In the cylindrical parts—except for the fuselage-wing junction section—a geodetic
structure is adopted, while in the remaining parts a conventional structure is considered
more well-suited for manufacturing purposes. As in the case of the PFC aircraft a T-tail
empennage arrangement was selected, additional frames are added to its local fuselage
structure in order to strengthen the vertical tail attachment area. A PFC aircraft side
view featuring basic visualization of the main elements of the fuselage structural layout is
provided in Figure 23. Not shown in the figure, are the window and door cut-outs, which
however have been taken into account during the structural analysis.
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Figure 23. PFC aircraft side view including basic visualization of the main elements of the fuselage structural design concept.

As part of the structural design activities, a concept of the primary load-carrying
structure of the PFC aircraft wing was prepared. Accordingly, the wing consists of the skin,
two spars (main and auxiliary), ribs, and stringers. The wing skin is divided into zones
with different fabric layouts adapted to the loads. The centre wing box features innovative
design approach based topologically optimized zones featuring laminates with different
layouts, individually adjusted to the local load distribution, allowing for a significant mass
reduction while maintaining appropriate mechanical properties of the individual parts [78].
The fuselage and wing structural concepts and their analyses are described in more detail
in [79,80].

4.2.2. FEM-Based Structural Sizing Method

For the effective sizing of the structural concepts described above, 3D Computer
Aided Design (CAD) models of the CENTRELINE aircraft geometries were developed
and analyzed through FEM using the Siemens NX® software by Siemens PLM Software
Inc. (Plano, Texas, United States). Based on the defined external geometry, the internal
load-carrying structure of the aircraft was built, which was later converted to a 2D surface
model as shown in Figure 24 and subjected to FEM analysis afterwards. The strength
analysis was repeated iteratively until the specified requirements were met in terms of
strength, stiffness, and weight.

 
(a) (b) 

Figure 24. Finite element mesh for (a) internal structure and (b) skin of the aft-fuselage section.

For the PFC nacelle and aft-fuselage integration, the main sources of loads affecting the
load-carrying structure include inertial loads coming from the structural weights, torque
due to the FF rotor drive, aerodynamics loads on the nacelle surface and gyroscopic loads
due to the FF and APU rotating parts. Considering the unconventional placement of the
BLI propulsor as well as the nature of the operation of the entire assembly, the CS-25
regulations [76] were analyzed. Table 6 summarizes the load cases identified and used
during the FEM structural analysis.

144



Aerospace 2021, 8, 16

Table 6. Fuselage fan integration structural load cases according to CS-25 (cf. [76]).

Case Number Case Description Regulation Chapter

1 Emergency landing CS 25.561
2 Side load CS 25.363
3 Engine and APU loads CS 25.361
4 Gyroscopic loads CS 25.331
5 APU acceleration CS 25.361
6 APU gyroscopic loads CS 25.371

The overall fuselage structure must be able to withstand a variety of load limitations
acting individually and in combination. Rationally analysing the regulations, nine critical
load cases were selected and presented in Table 7. Cases of hard landing were not explicitly
analyzed, as this would require a detailed design of the undercarriage attachment structure.
However, the obtained results can be considered valid since the undercarriage attachment
structure was included in another component of the used mass estimation method.

Table 7. Fuselage fan integration structural load cases based on CS-25 (cf. [76]).

Case Number Description of Loads

1 1 g + cabin pressurization
2 −1 g manoeuvre + cabin pressurization
3 2.5 g manoeuvre + cabin pressurization
4 2.5 g manoeuvre

5 1.33 times cabin pressurization (over
pressurization)

6 1 g + elevator deflection downward
7 1 g + elevator deflection upward
8 Lateral gust + cabin pressurization
9 Lateral gust + cabin pressurization

The PFC structural analysis and sizing was performed for all Rev07 design cases
as introduced in Section 2.2. In each of the three cases, the load-carrying structure was
adapted to the different external geometries (see Figure 7) and internal component masses
(e.g., Table 5). The iterative structural refinement process was applied in every case until
all structural requirements—such as predefined minimum strength, stiffness, and buckling
resistance—were reached.

4.2.3. Key Structural Design Results

A structural displacement map for the aft-fuselage installation according to Rev07 de-
sign case 2 under CS 25.561 loads is presented in Figure 25. Assuming a fixated front frame,
the maximum vertical displacement at the fuselage aft-tip remains within approximately
57 mm.

The buckling analysis performed for the final sizing of the Rev07 design case 2
structural design showed the onset of local wrinkling at loads more than 60% above the
ultimate loads, indicating sufficient structural safety and buckling resistance. The FEM
structural analyses, furthermore, confirmed the load carrying capability of the FF OGVs as
intended by the structural design concept.

Beside the principal proof of the PFC aero-structural feasibility, the purpose of the
structural design activities in the project was to deliver weight predictions for key aircraft
components suitable for the integrated aircraft design sizing and performance evaluation.
With the primary load carrying structure of the fuselage designed and sized based on the
previously described FEM-analysis based approach, other structural mass components
including the fuselage pressure bulkheads, cabin floor supports, doors, windows cargo
hold structures, wheel bays, wing carry-through structural elements, as well as the attach-
ment structures for the wing, tail, and landing gear were estimated using semi-empirical
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methods as described in [79,80]. Table 8 provides a synopsis of the fuselage integration and
overall fuselage structural weights determined for the R2035 aircraft as well as the three
Rev07 design cases for the PFC aircraft. Following a family design strategy, all structural
components have been sized for the largest member of each aircraft family.

Figure 25. Displacement map for aft-fuselage nacelle and integration structure of PFC Rev07 design
case 2 under CS 25.561 loads. Color legend shows vertical displacement in mm.

Table 8. Overview of fuselage and FF integration structural weight results.

Component R2035
PFC (Rev07

Case 1)
PFC (Rev07

Case 2)
PFC (Rev07

Case 3)

Aft-fuselage
integration (kg) n/a 490 646 775

Main fuselage (kg) 22,286 22,742 22,889 23,027

5. Turbo-Electric Fuselage Fan Power Supply

In this section, the pre-design of the turbo-electric drive train system is introduced and
explained. The turbo-electric drive train is the system transmitting the mechanical power
from the podded engines to the FF in the aft fuselage section. The discussion includes the
overall system architectural layout, the design integration of the main power plants, the
involved electric machinery and system thermal management aspects.

5.1. Transmission System Architectural Definition

The CENTRELINE PFC aircraft features a partial turbo-electric propulsion system,
in which the majority of the core engine excess power used to drive the under-wing main
fans. The fraction of power required to drive the BLI FF is transmitted electrically, through
power conversion by electric generators installed on the main engines and the FF electric
drive motor. Due to the low energy density, batteries as used in partial serial-electric power
train arrangements have not been considered for the CENTRELINE systems layout.

The electric components in the system must be sized for the maximum mechanical
power, which occurs on ground at high power levels. The fuselage power scheduling
for the various phase of the mission is determined by the overall aircraft sizing and
performance synthesis (cf. also Section 6.2). As a result, the actual power profile differs
from conventional fans throughout the mission. This translates into a variable power split
between the podded engines and the FF. Compared to a fixed power split the adjustment
to the FF power to the current mission segment allows to avoid excessively high sizing
power requirements for the electric components to cover the take-off performance.

The turbo-electric drive train can be realized by different electric architectures. The
most relevant configurations are the direct current (DC) architecture, where the mechanical
power extracted from the engines is converted by a generator and subsequently rectified to
DC electric power. The rectification allows to decouple the rotational speeds of the engine
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generators and the FF. On the other hand, power electronic devices are required to rectify
and invert the electric power, which results in additional losses and component masses.
Moreover, the system must be controlled actively, which increases the development effort
and adds failure cases to the propulsion system.

An alternative solution would be an alternating current (AC) architecture, where the
extracted mechanical power is converted to electric power, but it is not rectified afterwards.
The AC electric power is supplied to the FF drive motor, where it is directly converted back
to mechanical power. This architecture would not decouple the rotational speeds of the
engine generators and the FF. From a functional point of view, this transmission can be
compared to a gearbox with a fixed ratio. AC transmission systems are used in hybrid-
electric ships to maximize efficiency as the power electronic devices are disconnected from
the system and the diesel engine drives the propellers “directly”. With an AC transmission,
a variable power split between the engines and the FF can only be realized with a variable
pitch mechanism in the FF. The advantages are the higher efficiency and no need for active
control, which increases the system efficiency and does not require an active input. The
downsides of this system are the higher cable masses and the danger of desynchronization
of the electric machines. The cables of the AC transmission must be sized to transport the
reactive power, which results in higher cable masses and higher losses. As there is no active
control of the system, the electric machines can transmit a limited torque, which must no
be exceeded to prevent desynchronization. The desynchronization of such a propulsion
system is considered catastrophic for the aircraft as the mechanical forces will destroy the
electric machines and lead to significant structural damage.

A DC transmission has been selected for the PFC aircraft to enable the variable power
split without using a variable pitch fan and to avoid any desynchronization problems
typically related to AC transmission systems. The rated DC link voltage is derived from
commercially available semiconductor switches, possible inverter topologies and a voltage
derating due to increased cosmic radiation at cruise altitude. Since the cosmic radiation
intensity at a flight altitude of approximately 12 km, or FL390, increases by a factor of 300
compared to sea level, the voltage rating of the semiconductor switches is reduced to 55%.
A positive effect of reducing the voltage rating is the significantly reduced failure rate of
the semiconductor switches. The considered voltage ratings of commercially available
switches are 900 V, 1200 V, 1700 V, 3300 V, and 6500 V. Switches with lower voltages are
available, but the derating and the power level do not favor switches with lower voltage
ratings. Finally, two-level, three-level, and five-level converter topologies are considered
for this application. The combination of the three factors results in the possible DC link
voltages listed in Table 9 below.

Table 9. Suitable DC link voltages including de-rating (Source: [81]).

Voltage Rating (V) Two-Level Converter
Three-Level
Converter

Five-Level Converter

6500 3575 7150 14,300
3300 1815 3630 7260
1700 935 1870 3740
1200 660 1320 2640
900 495 990 1980

Suitable values for the DC link voltage are highlighted in green. Lower values lead to
high currents and high cable masses. Higher voltages will increase the insulation effort and
affect the cooling performance of the motor and the power electronics. As a reference, a
five-level inverter with 1200 V switches is considered, which results in a DC link voltage of
2640 V has been selected based on a system-level sensitivity analysis including the electric
component weights and efficiency effects.

To complete the propulsion system architecture pre-design, a basic safety assessment
is conducted. The results show that the expected failure rates for the electric component do
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not match the level, which is expected to be required by a long-range aircraft with ETOPS
(Extended-range Twin-engine Operation(al) Performance Standards) rating. To reduce the
failure rate for the loss of the turbo-electric drive train, the DC transmission lines from the
engine generator to the FF drive motor are split into multiple parallel transmission lines,
which are considered to operate independently. Like this, the loss of the entire transmission
system is very unlikely, however, increasing the number of components reduces the system
availability as the chance of a component failure increases. In a trade-off, the number of
parallel transmission lanes is selected to four. This design allows to reduce the failure rate
of a partial loss of power of less than 75% to less than 1 × 10−9 1/h. Figure 26 shows
the resulting propulsion system architecture. The two podded engines on the left and the
turbo-electric drive train with four transmission lanes for each generator are depicted on
the right.

Figure 26. Overall propulsion system architecture (Source [81]).

5.2. Electric Machinery Pre-Design

The design of electric machines is driven by the maximum rotational speed and the
level and duration of the required maximum torque. The maximum rotational speed and
the maximum torque levels do not necessarily appear at the same time. Hence, all major
mission points must be considered to size the electric machines and their power electronic
devices correctly. The FF performance requirements stipulated by the CENTRELINE initial
PFC aircraft target design (cf. Section 1.4) include maximum rotational speed to appear
at flow path sizing conditions at Top of Climb (ToC), while maximum torque is occurring
during take-off as outlined in Section 4.1.1. As a result, the motor needs to be designed for a
mechanical power level going clearly beyond the maximum rated power during operation.
Consequently, the fuselage drive motor resulting from the requirements according to initial
PFC aircraft target design (Figure 4) would be able to deliver 11.5 MW but is operated at a
maximum power of 8 MW during take-off. In constrast, the relevant rotational speeds for
the TEPT generators allow for a more straight-forward sizing in take-off.

The basic machinery type selected for the TEPT electric motor and generator appli-
cations in CENTRELINE is a permanent magnet radial flux electric machine. While the
FF drive motor is an out-runner machine to maximize power density, the gas turbine
integrated generators are in-runner machines in order to better to shield the magnets on
the rotor from the high ambient temperatures.

For the electric machine computation, the commercial software package SPEED®,
PC-BCD 12.04 version 12.04.010 by CD-adapco® (Melville, New York, United States) was
used. The basic scheme followed for the electric machine design and sizing is visualised
in Figure 27. As can be seen in the figure, the system sizing and performance requirements,
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including the required torque and rotational speeds during key mission phases, are used to
scale an ab-initio machine with approximate radius, length, current, slot and yoke width, etc.
under the constrains of physical limits, e.g., the maximum current density in copper under
the certain cooling conditions. The obtained geometric and electromagnetic characteristics
of the machine are translated to SPEED®-specific input settings in order to compute the
machine performance properties. If the prescribed machine design is identified as valid
based on the performance calculated by SPEED®, the underlying machine model is used
as an initial point to optimize the exact geometry of the slots, teeth, magnet volume in an
iterative way. Machine mass is calculated from the 2D geometry with the 3D components
such as the winding heads included based on the winding scheme. The best machine
configuration in terms of power to weight with a minimum required efficiency is saved as
a SPEED® design.

 

Figure 27. Basic electric machine design scheme.

In CENTRELINE, this machine scaling and optimization procedure was implemented
to run automatically for every unique set of input requirements [81]. In order to support
the aircraft-level systems design activities in a parametric manner, the procedure was
employed for the FF electric drive motor and the main power plant integrated generators
using systematic variations of maximum rotational speed, torque, DC voltage level and
electric frequency. Beside the obtained mass, geometric and efficiency properties, also
the resulting external driving and cooling parameters required to operate the electric
machinery, such as the current and voltage per phase provided by the inverter or the
cooling power by the heat exchanger, were provided back to the system [81].

The design calculation for the inverters was done for two-level, three-level, and five-
level topologies and individually for each machine design. The result of these design
calculations were the masses of all involved parts. Connection and mounting devices
were not considered in this pre-design phase since they depend strongly on the detailed
mechanical design. It is highlighted that the mass obtained from this calculation reflects
only a net mass of the ‘active’ parts of the inverter. By incorporating all other parts in order
to obtain the inverter gross mass, the net mass needs to by multiplied by a factor between
1.5 to 2. The mass values for power switches, their drivers and the DC-link capacitors were
calculated by the help of an in-house database with collected state of the art devices. If
a certain device was not explicitly found in the database, required key properties were
derived by interpolation and curve fitting approached from similar devices of the same
voltage class.

The cooling device scales with the power electronic base plate area. The housing
was scaled with the volume of all above mentioned parts. After the parts were designed,
the conducting and the switching losses and hence the efficiency was evaluated. This
was realized by a numeric electrical simulation with a PLECS® (PLECS® is a registered
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trademark of Plexim GmbH, Zurich, Switzerland) model [81]. Table 10 summarizes the
sizing results for the detailed settings of the initial PFC aircraft design provided by the initial
PFC target design in the project (cf. [43]). For the aircraft-level investigations, the evaluation
of electric component sizing and performance was incorporated using response surface
models based on the produced parametric data for each component (see also Section 6.1).

Table 10. Component mass breakdown for the turbo-electric power train (Sources: [82,83]).

Component Unit Engine Generator Fuselage Fan Motor

Converter kg 152 182
Converter cooling

system kg 71 80

AC cables (5 m) kg 30 100
Electric machine kg 434 905
Electric machine
cooling system kg 165 280

Total mass kg 852 1475

Not included in Table 10 is the mass of the DC cabling required for the TEPT, which
was assessed to be 690 kg. A parametric analysis of the DC cable sizing is provided in [81].
The TEPT component efficiencies for the performance requirements at the beginning of
cruise are listed in Table 11.

Table 11. Component efficiencies of the turbo-electric power train in cruise (Source: [84]).

Component Unit Value

Generator % 96.5
Rectifier % 98.5
Inverter % 99.0
Motor % 96.5

Total system efficiency % 90.8

5.3. Component Cooling and System Waste Heat Management

One key issue of electric propulsion systems is the thermal management. In aircraft,
the only way to reject waste heat is to transfer the heat to the ambient air. The advantage of
classic gas turbine engines is that most of the waste heat is generated at a high temperature
level and ejected via the hot exhaust gas flow. Electric machines and power electronics
operate at much lower operating temperatures, which increases the effort to cool the
components, as the available temperature difference to the ambient air is much smaller.
Moreover, the losses are generated in solid material and not in a gas flow that is intrinsically
released to ambient air. This implies that the heat must be transferred to the ambient air via
multiple transfer mechanisms, which include thermal resistances and reduce the cooling
performance compared to gas turbine engines. Moreover, designing an electric machine
for maximum power density means that the amount of material is minimized. This also
minimises the volume losses are generated within, and, the areas available for the external
heat rejection. Hence, an electric machine with high power density requires a high cooling
effort and smart cooling methods.

The electric machines designed for this project operate at high current density so that
direct air cooling is not possible. Hence, a fluid cooling system is required to extract the
waste heat from the electric machines. The generator, which is integrated downstream of
the engine LPT requires a complex cooling system to sustain the high ambient temperatures.
The casing is cooled with an internal jacket cooling and the permanent magnets on the
rotor are cooled with oil running on the inner shaft wall. The fuselage drive motor requires
a direct cooling of the stator windings.

The significant amount of electric machinery waste heat contained in the cooling fluid
needs to be rejected to the ambient air at a minimised drag penalty. Beyond the classic
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approach of heat rejection via ducted radiators, the utilization of existing aircraft surfaces
as an interface to the external heat sink was explored in CENTRELINE. Therefore, the
on-board fuel was used to transfer the heat from the fluid cooling circuits of the electric
machines to the lower wing surface, in order to be cooled down by the forced convection
on the outer wing surface during as the aircraft is in motion. A preliminary estimation of
fuel temperatures at the end of diversion, i.e., the most critical conditions during the design
mission, showed that for the present case the fuel temperature can be kept well below the
ignition temperature limit even with low fuel quantities remaining in the tank [84]. This
result is in good agreement with independent studies of fuel sink systems and electric waste
heat rejection through existing aircraft surfaces published in the very recent past [85,86].

The power electronic devices are designed for a low current density on the switches,
which enables air cooling and increases efficiency. This comes at the price of many semicon-
ductor switches and a high component price. Moreover, the additional drag from cooling
fins must be considered and traded carefully against oil cooling of the power electronic
devices. The converters of the engine generator are located at the inner wall of the engine
nacelle to enable air cooling, like the cooling of the gearbox oil. The advantage of this
location is that an air flow is available as soon as the engine (and the generator) are rotating.
The drawback is the high sensitivity of the engine specific fuel consumption on pressure
losses in the bypass section. The power electronics for the FF motor may be oil cooled and
the heat may be transferred to fuel circulation system built-in for the aircraft’s trim tank
capability. For anti-icing purposes, incurring electric waste heat may be directly rejected
though the aircraft external surface areas near the leading edge of the FF cowling and the
fuselage section in front of the BLI propulsive device, whenever required.

5.4. Main Power Plant System Design Integration and Performance

Similar to the R2035 power plants, the basic architecture of the PFC main engines is
based on a two-spool, boosted, GTF layout featuring a short duct separate flow nacelle.
However, aside from the residual net thrust requirements (cf. Section 2.1), the main power
plant systems of the turbo-electric PFC aircraft also need to deliver the power required
for the FF electric drive. These power offtakes exceed the level of typically considered
customer offtakes, even if all electric subsystems are considered. Together with the overall
design power offtake level comes the operational requirement of relative independence
between the thrust produced by the main propulsion system nozzles and the shaft power
extracted by the generator. More specifically, an optimal operation of the PFC aircraft (see
also Section 7.3) means the ratio of generator power offtakes to main engine thrust to be
relatively low during take-off, however particularly high in cruise.

5.4.1. Cycle Design and Performance Modeling

Propulsion system design and performance synthesis in the project was conducted
using the APSS framework (cf. Sections 1.4 and 4.1.1). Flow path sizing was performed for
ToC conditions at maximum climb (MCL) rating. For the cycle design definition, a set of
typical heuristics according to [71] and [70] along with appropriate iteration strategies was
adopted along with appropriate iteration strategies. Specifically, fan tip speed was mapped
as a function of the design outer FPR based on data given in [71]. Turbo component design
efficiencies were modeled with functional sensitivity to component size and Reynolds num-
ber effects, the aerodynamic loading conditions and, if applicable, cooling air insertion [42].
For off-design performance, component maps from the GasTurb™ map collection [87]
were employed. Maximum rating settings including maximum allowable temperature
levels and component mechanical speeds for take-off and climb were correlated to the
turbine cooling air demand based on the multi-point sizing strategy as described by Bi-
jewitz et al. [42]. Lower part power operation was facilitated by handling bleed laws as
proposed by Seitz [70]. For the mapping of the PFC-specific power offtakes in design and
off-design, a set of relative descriptors was used [42] which—together with the overall
model parameterization—allow for broad ranges of power offtake in a Cartesian input
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space. Specific details for the R2035 and PFC main engine weight estimations used for
the aircraft-level design and performance evaluation presented in Section 7 are provided
in [69].

5.4.2. Engine Architectural Integration Options

The TEPT impact on the PFC main power plants under nominal and abnormal oper-
ating conditions needs to be limited by design as much as possible. Therefore, two main
propulsion system design options have been investigated within the project combining the
considerations of cycle performance, mechanical design and integration aspects, as well as
operability in all flight modes.

Figure 28 shows the flow path layout of the two main propulsion system design
options, which can be distinguished by the source of the power extraction from a free
power turbine (FPT) shaft or from the LPT shaft [88]. Both options have the generator
integrated behind the final turbine stage in the hub section. This position, firstly, could
satisfy sufficient circumferential speeds and space for the generator design with direct
drive; secondly, it is the best position with respect to the weight balance of the propulsion
system; thirdly, it enables a disassembly on wing [89].

 

.

Figure 28. Flow path layout of the main power plant design options, free power turbine power
offtake (top) and low-pressure turbine power offtake (bottom).

While the LPT shaft power extraction was considered as a default case since the intitial
PFC aircraft target design, the FPT-based architecture was investigated as an alternative
in order to explore its potential benefits from the mechanical decoupling of the generator
from the main engine core and propulsive device and the intrinsic possibility to select a
suitable design rotational speed for the FPT and generator.

The design point performances of both design options are nearly the same: A slightly
better TSFC for the configuration with direct LPT power extraction at normal operating
points can be attributed to a better performance of the LPT compared to the variable
geometry FPT. An efficiency penalty of 0.5% at design point and a efficiency correlation
derived from publicly available resources [90,91] were included for the effects incurring
from the FPT variability. The power output of the FPT at a given flight condition is basically
controlled by two speeds, the fan speed and its own speed. The former dominates the
power output potential at a certain operating condition whilst the latter has a marginal
influence mainly given by its effect in the FPT efficiency variation. In order to increase the
flexibility of FPT power extraction, a variable turbine nozzle has been considered for the
special thrust/power extraction requirements as mentioned above. At a constant main
engine thrust setting, a variation of the FPT nozzle area allows to shift powers between
the FPT and the LPT without the necessity of the varying the FPT rotational speed. For
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normal operations, such as mid cruise and take-off, an FPT nozzle variation of ±30% could
satisfy the need for flexibility. However, operating points, featuring low main engine thrust
settings at simultaneously high generator power offtake requirement such as end of cruise
pose signification challenges to the FPT design: Firstly, the FPT efficiency penalty increases
considerably when the turbine nozzle area is reduced below 70% of the design area [88].
Second, with the electric power demand remained constant, the mechanical loading of the
FPT disc increases despite the de-throttling of the core engine.

Beside the performance implications, the FPT design would add about 1.5% more
weight to the main propulsion system compared to the LPT design. The additional weight
is mainly caused by the variable geometry of the power turbine. The weight estimation is
based on the layout given in Figure 28, which has no casing between the LPT and FPT. If a
casing must be included, a 3.5% additional weight is expected. A detailed discussion of
the design and operational implications including impacts on turbo component stability
margin at relevant operating conditions for both main engine design options is provided
by [88].

5.4.3. Architectural Selection Based on Abnormal Modes

The final selection of the PFC main propulsion system architecture is dominated by
the considerations of abnormal flight conditions. Therefore, cases without nominal TEPT
power offtake from the PFC main engine need to be considered. Key abnormal conditions
include the shortfall of FF power absorption, as well as a case in which the generator has to
be stopped from rotation due to an internal short circuit [89].

For the FPT design variant, both problems are critical, because the FPT would accel-
erate and exceed safe speed limits as it is coupled aerodynamically to the rest of the core
engine. To prevent the FPT from overspeeding, in both cases a number of counter measures
are conceivable, including using the TEPT generators for the subsystems power supply,
rotating the turbine inlet vanes to a position in order the power delivered by the free power
turbine [92], and, bypassing a fraction of the core mass flow around the FPT through bleed
valves located between the LPT and the FPT [89].

For the LPT direct drive design, the former case is not considered to be a major
problem as the main fan still consumes the majority of the mechanical power generated
from the LPT. The latter condition, however, would require a mechanism to disconnect the
generator from the LP spool, such as predetermined breaking point in the shaft connecting
the LPT and the generator rotor. In case the generator could continue rotating despite a
short circuit in one of its winding systems, such as disconnection mechanism would not be
required. Corresponding technologies that are currently being investigated are considered
to be available for an EIS in 2035 [89].

In conclusion, both architectural options are conceivable; however, under the occur-
rence of TEPT failure cases, the LPT direct drive design is considered significantly less
complex than the FPT variant. Together with its slight weight and performance advantages
discussed in the previous section, the LPT direct drive design was selected as the final
architecture for the CENTRELINE PFC aircraft.

6. Multi-Disciplinary Aircraft-Level Design Synthesis

This section describes the overall aircraft-level design and multi-disciplinary knowl-
edge integration performed in the project. Therefore, the developed collaborative frame-
work and data integration solution are presented, before key aspects of the PFC and
R2035 aircraft design and performance synthesis methodology is introduced. To round off,
the partial system safety assessment conducted as part of the aircraft design integration
activities is discussed.

6.1. Collaborative Framework and System-Level Knowledge Integration Approach

The foundation of the aircraft design and performance studies presented in this paper
was formed by the multi-disciplinary, multi-partner collaborative research conducted
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within CENTRELINE. This section provides a brief overview of the interfacing and data
handling processes established in order to facilitate efficient collaboration between the
project partners as well as the consistent propagation of the multi-level, multi-disciplinary
design and performance information to the level aircraft sizing and operational assessment.

The knowledge on PFC aircraft design was incrementally refined during the CEN-
TRELINE project involving multiple levels of modeling fidelity. Incremental results from
the various detailed design and analysis tasks need to be evaluated at aircraft-level in a
continuous manner in order to provide adequate design guidance from an overall system
optimality perspective. Therefore, a rapid-responding aircraft-level sizing and optimiza-
tion setup was required, featuring robust parametric sensitivity for key design parameters
from all relevant system components and disciplines; flexibility and extensibility in the
parametric interfacing between the various design aspects; and the capability of zooming
by a quick inter-changeability of disciplinary models.

Given the nature of this design problem, a fully-coupled multi-disciplinary, multi-
partner design optimization process featuring the direct execution of the specialized disci-
plinary models seems widely impractical. Instead, decomposition of the overall system
design and optimization problem was performed. The individual disciplinary and com-
ponent design optimization subtasks were decoupled from the aircraft level, by imposing
local objectives and constraints directly derived from the aircraft level design and opti-
mization task. Such an approach, commonly known as the “Bi-Level Integrated System
Synthesis (BLISS) technique [93,94], allows the handling of complex design optimization
problems based on a relatively small number of top-level variables effectively shared by the
various subtasks. For the interfacing between the system-level design optimization and the
local design optimization activities, a problem-oriented set of direct exchange of parametric
data and tailored surrogate modeling techniques was adopted. Due to their extremely fast
response times, surrogate models enable rapid design space exploration and a quick gain
of system behavioral knowledge. Surrogate model application intrinsically enforces quality
assurance measures such as expert checks prior to the system level integration of subsystem
analysis result data (cf. e.g., [70]). Accordingly, the design and performance characteristics
of the main power plants systems as well as the BLI FF power plant are integrated using
feedforward neural networks (FNN), trained and validated by Latin hypercube sampled
(LHS) [95] data as described in [70]. PFC aerodynamic performance properties, structural
design characteristics as well as the design and efficiency properties of the turbo-electric
power train components were integrated based on custom-developed non-linear regres-
sion models. The detailed structural design results in terms of component weights and
geometric properties were transferred through customized parametric data fittings. The
turbo-electric powertrain design and performance information was incorporated through
multi-dimensional data interpolation.

In order to facilitate an efficient, collaborative, distributed, multidisciplinary analysis
and design process, a highly effective set of tools, infrastructure and processes is necessary.
Therefore, basic requirements, common conventions, processes and infrastructure had
been derived already at the beginning of the project, based on the organizational struc-
ture and the type of planned activities. The areas of data security, semantically correct
data integration, consistency and traceability of results had been identified as of central
importance. In result, a secure git server was set up for data exchange between the project
partners. Versioning and branching guidelines were developed at the beginning of the
project and refined throughout the project in order to facilitate convenient data traceability
and consistency. A consistent set of suitable formats for data exchange was defined, in
order to support an efficient exchange of data. The developed infrastructure, policies
and procedures for the efficient and secure data handling in CENTRELINE is reported by
Shamiyeh [96]. The multi-partner, multi-disciplinary workflow is discussed in detail by
Troeltsch at al. [97]. A detailed overview and discussion of the system-level knowledge
integration for the overall aircraft design including specifications of the individual data
and surrogate model parametric characteristics is provided by Habermann et al. [69].
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6.2. Aircraft Sizing and Performance Modeling

The overall sizing process for the R2035 and PFC aircraft families in CENTRELINE
was implemented using a customized version of the commercial aircraft preliminary
design (APD) software within the modeling environment Pacelab Suite [98]. The APD
software offers a set of handbook methods for aircraft conceptual design mostly based
on Torenbeek [99]. As a starting point for the present activities, a customized version of
the framework featuring comprehensively supplemented methodology based on Bauhaus
Luftfahrt (BHL) in-house developed semi-empirical and analytical methods was employed
(cf. [70,100–102]). During the CENTRELINE project, the baseline methods were systemati-
cally replaced by the surrogate models and datasets produced from the in-depth analyses
of the PFC-specific design and performance aspects as described in the previous sections.

The R2035 and PFC aircraft sizing was performed using typical family sizing con-
ditions, i.e., with the three members of the family (shrink, baseline, and stretch) sharing
a majority of components. Each of the shared components is sized for the most critical
requirement with in the aircraft family. The stretch and shrink members of both families of
the aircraft are derived from the baseline variant by adding or removing common barrel
sections from the baseline fuselage, respectively. The commonly used empennage accords
to the shortest family member (shrink version). The wing, landing gear, main propulsion
system, pylons, and other aircraft subsystems are sized for the largest family member
(stretch). The geometry of the FF propulsion system is aerodynamically optimized for the
baseline aircraft. The sizing of the FF PT is driven by the take-off power requirements of
the stretch version. A compact overview of the specific component sizing laws followed
for the R2035 and PFC aircraft families is provided in Table 12.

The core of the integrated PFC aircraft performance modeling in CENTRELINE is
the point performance evaluation scheme depicted in Figure 29. The total aircraft thrust
demand FNreq is calculated from the aerodynamic performance of the aircraft at a specific
point of the flight envelope, for which the operational parameters altitude, ISA temperature
deviation and flight Mach number are prescribed. The FPR schedule for the FF (see below)
determines the instantaneous FPR for the given operating condition. All parameters serve
as an input to the bare PFC aerodynamic model presented in [69], which predicts the NPF
and the required ideal FF shaft power as introduced in Section 2.1. The NPF is subtracted
from the total net thrust FNreq in order to calculate the thrust requirement for the main
engines, FNMainPPS discussed in Section 5.4. The FF performance model (cf. Section 4.1)
delivers the actual shaft power required by the FF, PShaft and the corresponding shaft
speed NShaft for the operating point. Subsequently, the power requested from the main
engine generators is calculated in the FF power train model. With the generator power
offtake taken into account, the main power plant model returns the fuel flow Wfuel for the
operating point.

The FF is operated at its design FPR of 1.4 during cruise. In take-off, FPR is limited to
1.2 as a best and balanced trade-off between overall propulsion system performance and
the component weights of the turbo-electric FF power train. During climb, FF performance
is controlled by a linearized schedule of FPR versus flight altitude. While flow incidence
angles relative to the fuselage longitudinal axis are assumed to be small during high-speed
operation in clean aerodynamic configuration. Bare PFC performance effects during take-
off rotation and initial climb with high angles of attack are taken into account based on
a dedicated 3D CFD simulation at low-altitude and low-speed featuring an incidence
angle 10◦.

The aircraft design mission simulation includes a step cruise profile with three steps
targeting a maximum specific air range for each cruise point. Standard climb is conducted
using a 250/300 KCAS schedule. Design ToC is at M0.82, FL350, ISA +10K. For the
determination of design loaded fuel, international reserves with 200 nmi diversion, 30 min
hold, 5% final reserves are considered.
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Table 12. Overview of specific component sizing laws for the R2035 and PFC aircraft families.

Component Characterization of Key Sizing Conditions

Wing

• Wing span: Variable, with fixed aspect
ratio AR = 12.0.

• Wing loading: Scaled to meet required
landing field length.

• High-lift: CL,max scaled to meet approach
speed requirements.

Empennage

• Sizing based on tail volume coefficients.
• PFC T-tail: 5% reduced relative to R2035

with conventional tail.
• Potential stability and control

enhancements due the FF cowling
neglected, in the first instance (cf. [69]).

Fuselage

• Sizing: Design payload in 2-class,
nine-abreast seating arrangement in
economy class (6.09 m diameter).

• Family design via common barrel
sections. Family members share fuselage
nose and tail (incl. FF in PFC case).

Landing gear

• Main gear extended length determination
for required tail strike angle.

• Constant load distribution between nose
and main gear.

Main power plants

• Flow path sizing in order of meeting
take-off field length and time-to-climb to
initial cruise altitude requirements.

• Identical cycle design settings at flow
path sizing point (MCL@ToC).

Fuselage fan *

• Flow path sizing for design cruise
conditions.

• FPR during take-off limited by trade-off
between FF performance and TEPT
weight.

Turbo-electric power train *

• FF electric drive motor sizing for max.
required torque (take-off) and speed
(top-of-climb).

• Power electronics and electric generator
sizing for max. power demand (take-off).

* Applicable to PFC aircraft family only.
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Figure 29. Logic for PFC point performance evaluation within aircraft sizing framework (adapted from [97]).

6.3. Preliminary System Safety Analysis

As part of the aircraft-level design integration effort, a partial system safety assessment
was performed. The basis for the safety assessment process (SAP) activities was formed
by the CS-25 [76], SAE ARP4761 [103], and SAE ARP4754 [104] standards. The execution
of the complete SAP as defined in the ARP4761 was out of scope for the CENTRELINE
project. However, the large number of conventional components in the overall technology
set, allowed the focus of the SAP activities to be placed specifically on the parts directly
connected to the technological innovations of the project. In specific, the actions carried
out were a partial aircraft and system level function hazard assessment (FHA), a partial
aircraft level failure tree analysis (FTA), and partial a preliminary system safety assessment
(PSSA) together with its system level FTA.

The first step of the aircraft level FHA was the selection and definition of the relevant
aircraft top level functions. From the examples given by SAE ARP4754, only the “Engine
Control” was selected to be analyzed in the SAP activities. Subsequently, the aircraft level
FHA process was conducted with the steps defined by SAE ARP4754:

1. Identification of related failure condition(s).
2. Identification of the effects of the failure condition(s).
3. Classification of each failure condition based on the identified effects (i.e., catastrophic,

hazardous/severe–major, major, minor, or no safety effect) and assignment of the
necessary safety objectives, as defined in AC 25.1309-1A and AMJ 25.1309 extended
to include the no safety effect classification.

4. Identification of the required system development assurance level.
5. A statement outlining what was considered and which assumptions were made

when evaluating each failure condition (e.g., adverse operational or environmental
conditions and phase of flight).

The steps in this process were executed and key information connected to the identified
failure conditions was collected. Therefore, the template provided by Kritzinger [105] was
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used. From the resulting failure conditions, the hazardous and catastrophic rated conditions
as listed in Table 13 were analyzed further for their most critical flight phase.

Table 13. Identified hazardous and catastrophic aircraft level failure conditions specific to the
CENTRELINE PFC aircraft.

ID Failure Condition Phase Severity

2.1.2.a Unannounced partial loss
of ability to provide thrust Take-off Hazardous

2.1.3.a Complete loss of ability to
provide thrust Take-off Catastrophic

2.1.4.a
Unforeseen vibration
frequencies and/or

amplitudes
Take-off Hazardous

2.1.5.a
Ignition of fire in the

electric components of
the FF

Take-off Hazardous

2.1.6.a Ingestion of foreign object
or ice in the FF Take-off Hazardous

2.2.1.a
Announced loss of

command authority for
thrust control

Take-off Hazardous

2.2.2.a
Unannounced loss of

command authority for
thrust control

Take-off Catastrophic

2.2.3.a Announced erroneous
thrust control Take-off Hazardous

2.2.4.a Unannounced erroneous
thrust control Take-off Catastrophic

Each of these failure conditions was used as a top event in a specific FTA diagram.
The top event probability was defined by the allowable quantitative probability in average
probability per flight hour of failure occurrence, i.e., 10−9 for the as catastrophic and
10−7 for the as hazardous classified failure conditions (cf. CS-25 [76]). The accumulated
probability of the events leading to the top event must not exceed the probability of the
top event. The probabilities of an AND gate, meaning that both events have to occur for
the higher event to occur, are multiplied. The probabilities of an OR gate, meaning that
both events have to occur for the higher event to occur, are added. The probabilities of the
events leading to the top event were assigned by either known data or experience. As an
example, the FTA for the failure condition “Complete loss of ability to provide thrust” is
shown in Figure 30.

The bottom events of these aircraft level FTAs were then distributed amongst the
partners responsible for the respective systems and the process was repeated at system
level, thereby executing the PSSA as a part of a partial system level safety assessment.
The system level PSSA was successfully executed for all PFC specific component failure
modes and target levels for maximum allowable failure probabilities were determined
along the associated functional chains. In no occasion, concerns were raised by the expert
partners regarding the criticality of achieving the required levels of failure probabilities
for the involved basic events. The component specific safety goal obtained from the SAP
provided valuable guidelines in the design decision-making processes in CENTRELINE.
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Figure 30. Example FTA for complete loss of ability to provide thrust for the CENTRELINE
PFC aircraft.

7. Aircraft-Level Evaluation Results

An overview of key results and insights gained from the PFC aircraft design and
technology evaluation is provided in the following. This include a brief discussion of
fundamental aspects for optimum fuselage BLI aircraft design. A summary of the current
maturity of the PFC technology together with an outlook towards further technology
development steps is presented. Eventually, the final design and performance bench-
marking for the CENTRELINE PFC aircraft is presented and discussed together with the
results from the multi-disciplinary technology evaluation including noise, emissions and
cost assessments.

7.1. Fundamentals of Optimum Fuselage BLI Aircraft Design

Before the integrated CENTRELINE PFC aircraft design results will be presented
and benchmarked against the R2035 reference aircraft family, the discussion of a few
fundamental aspects on fuselage BLI aircraft design optimality for maximum power savings
is warranted. Therefore, a multitude of refined and optimized 2D aero-shapings of the
bare PFC configuration as obtained from the EU-funded DisPURSAL and CENTRELINE
projects have been analyzed with regard to the fη,PFC,bare metric by Seitz et al. [50]. The
aerodynamic data basis of the analysis was formed by 2D-axisymmetric RANS CFD
simulations conducted for typical cruise conditions at zero angle of attack. A common
heuristic for fη,PFC,bare as a function of Pdisc,FF was derived from the best aero-shaping cases
of both projects.

A more generalised version of the heuristic is presented in the following. There-
fore, the FF isentropic power values for all given bare PFC configuration cases were
non-dimensionalized by reference fuselage drag powers, i.e., the products of reference
fuselage drag values DRef,fus and given flight velocities V0, yielding the non-dimensional
FF isentropic powers Pdisc,FF,non-dim

Pdisc,FF,non−dim =
Pdisc,FF

DRe f , f us·V0
(7)

The correspondingly upgraded BLI efficiency factor analysis chart featuring a non-
dimensionalized abscissa is presented in Figure 31.
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Figure 31. Non-dimensional analysis of BLI efficiency factor for CENTRELINE and DisPURSAL aero-shapings (adapted
from [50]).

With the original fη,PFC,bare versus Pdisc,FF chart and its validation discussed in detail
by Seitz et al. [50], inspection of Figure 31 reveals that the basic shape of the Pareto front
formed by the best bare PFC 2D aero-shaping cases is retained. The generalised form of the
data-fitting curve for the best designs originally introduced by Seitz et al. [50] yields

fη,PFC,bare = 0.6863 − 0.7321 ·(Pdisc,FF,non−dim[MW] + 0.1177)−1.5334 (8)

Beyond the bare PFC designs contained in the original study, in Figure 31 above, a
number of additional cases is added. These involve the final PFC 2D aero-shapings of
CENTRELINE (Rev07, cf. Table 2) as well as cases for a range of different cruise Mach
numbers. Beside a CENTRELINE design featuring a Pdisc,FF of 5.47 MW that was optimized
for a reduced cruise Mach number of 0.76, an array of cases from a speed sensitivity per-
formed as part of the DisPURSAL project has been incorporated from [25]. Despite the
slight sub-optimality of the addition DisPURSAL cases when compared to the Pareto front
of best designs, it is apparent that even for varying cruise speeds between approximately
M0.75 and M0.85 the non-dimensional fη,PFC,bare heuristic is a good indication for 2D bare
PFC performance. Accordingly, lower cruise Mach numbers lead to higher Pdisc,FF,non-dim
and correspondingly increased fη,PFC,bare values. Higher cruise Mach number yield oppo-
site trends along the heuristic curve. This observation made for the DisPURSAL speed
sensitivities is basically confirmed by the M0.76 design case featuring almost identical
PFF,disc as the lowest power case of the Rev07 designs for M0.82. The displacement to higher
fη,PFC,bare and PFF,disc,non-dim directly along the heuristic curve is visible as a first order effect
in Figure 31.

For steady level flight, the heuristic provided in Equation (8) can be directly used in
order to calculate optimum power saving potentials for PFC aircraft based on the analytical
formulation derived by Seitz et al. [50]

PSC = 1 −
(

DPFC,res

DRe f ,tot
+

Pdisc, FF

V0·DRe f ,tot
·
(

ηpd,e f f

ηPT,FF·ηpol,FF
− fη,PFC,bare

))
(9)

where DPFC,res refers to the sum of drag components of the PFC aircraft apart from the bare
PFC configuration and DRef,tot represents the total drag of the non-BLI reference aircraft at
the given operating conditions. The efficiency figure ηpd,eff refers to the effective propulsive
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device efficiency for the conventional non-BLI power plants of the PFC and the reference
aircraft, describing the ratio of net propulsive power (FN·V0) to the effective core engine
excess power Pco,eff as defined in Seitz et al. [50]. The aerodynamic efficiency of the fuselage
and the transmission efficiency of the FF power train—i.e., the actual FF shaft power related
to the power off-take from the main engine turbine—are reflected by ηpol,FF and ηPT,FF,
respectively. The evaluation of Equation (9) for the CENTRELINE aircraft application
scenario based on the bare PFC efficiency heuristic from Equation (8) immediately allows
for the identification of maximum power saving potentials and correspondingly optimum
FF isentropic powers PFF,disc as shown in Figure 32.

 

η

η

η

η

Figure 32. Identification of optimum power savings and corresponding FF cruise power settings for
combinations of power train and non-BLI propulsive device efficiencies.

For the CENTRELINE specific settings and ηpd,eff = 74% for the main engines, under
ideal power transmission conditions, i.e., ηPT,FF = 100%, a PSC of approximately 8.5%
might be achieved with a corresponding optimum FF power share Pdisc,FF/Pco,eff of 41%.
For a turbo-electric power transmission as given in Table 11, the obtainable PSC value
is 5.3% as optimum Pdisc,FF/Pco,eff = 25%. A potential mechanical transmission scenario
featuring ηPT,FF = 98%, would yield PSC = 7.7% for an optimum Pdisc,FF/Pco,eff of 37%. It is
obvious that larger transmission losses make a shift of power to the aft-fuselage BLI fan
less attractive for maximum vehicular efficiency. The reduction of transmission losses is
key to enabling high power saving potentials.

7.2. Technology Readiness Level Assessment

The maturation of the PFC technology to TRL 3—i.e., to perform the proof-of-concept
for the promising technical approach to fuselage BLI propulsion integration—was one
of the prime objectives for the research presented in this paper. In order to evaluate the
maturity of the technical results developments, a TRL assessment was conducted for all
critical components.

The first part of this section provides a compact overview of key technology compo-
nent of the CENTRELINE PFC aircraft design and their TRLs at the end of the project. The
overview is based on dedicated TRL assessments performed as part of the final deliverables
of the individual tasks in CENTRELINE. Table 14 below lists the condensed assessment of
the current TRL including component-specific justifications of the claimed TRLs.
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Table 14. Assessment of the current TRL of the PFC critical technologies.

Aspect TRL Justification

Overall vehicle aerodynamic
design for fuselage BLI &

wake-filling
3–4

The CENTRELINE PFC aircraft configuration
was investigated in a laboratory environment

(low-speed wind tunnel) at relevant flow
incidence angles [48]. The low-speed

scale-model experimental results were
extrapolated to full speed and scale based on

extensive CFD numerical analyses [58].

FF aerodynamic design and
performance 3–4

The CENTELINE FF was 3D numerically
designed and tested in a laboratory

environment (low-speed fan rig) at relevant
operating conditions [106].

Aero-structural integration of
FF propulsive device 3

Numerical simulation of CS-25 load cases
were executed, The primary structures were

sufficiently conservative designed and
analyzed with FEM using the certification
relevant load cases [80]. A partial SAP was
conducted and a sufficiently conservative

design was derived.

Turbo-electric power
transmission system 3

The architectural definition, component
design the thermal management

specifications for the overall transmission
were performed system under consideration
of realistic system redundancy requirements

and failure modes [81].

FF electric drive 3

Advanced numerical methods have been
used for the pre-design of the electric

machines in the drive train. The
electro-magnetic and structural design of the

electric machines was conducted in
compliance with the geometric, structural
and thermal boundary conditions in the
aft-fuselage environment. The applied

technology has been validated by
experiments outside of the CENTRELINE

project [83,84].

Electric generators 3

The electro-magnetic and structural design of
the generator was conducted in compliance
with the geometric, structural and thermal
boundary conditions in the podded engine

environment [82,89].

Underwing-podded power
plants 3

A sufficiently conservative design based on a
comprehensive investigation of the impact of

significant power offtakes on cycle and
engine operating behavior

was conducted [88].

Overall aircraft design 3

A sufficiently conservative aircraft sizing
with incorporation of detailed numerical

aerodynamic and key electrical component
data was executed. The baseline aircraft was
integrated in an aircraft family designed by

common industrial practices [69].

At the heart of the PFC conceptual proof, the aerodynamic experiments on the overall
configuration and the BLI propulsor validated the core technology of the PFC. Therefore,
TRL 3 is claimed. However, even though the current research is considered at TRL 3,
some aspects of the wind-tunnel and fan rig experiments are approaching TRL 4. The
numerical and analytical methods used to predict the PFC aerodynamic performance were
validated against the experimental data. The design of the aero-structural components,

162



Aerospace 2021, 8, 16

all key elements of the propulsion system and the overall aircraft design synthesis was
performed under realistic operating conditions, compliant with common industrial practice
and by the adoption of sufficiently conservative design assumptions.

Further actions for increasing the TRL go from more elaborate numerical analysis and
design optimization taking into account more detailed boundary conditions and physi-
cal effects, to experiments with increasing approximation of the relevant environmental
conditions, leading up to sub and full-scale flight testing. An intermediate step in be-
tween experiments in commonly available wind tunnels and a scaled flight demonstrator
would be a test campaign in a representative wind tunnel, able to recreate relevant flow
conditions with sufficient accuracy. Tests in such facilities (e.g., the European Transonic
Windtunnel) are very expensive. An alternative option, either in addition or as a substitute,
could be the application of a ‘flying wind tunnel’. The European funded demonstrator
“Breakthrough Laminar Aircraft Demonstrator in Europe” (BLADE) testbed is an example
of this concept [107]. BLADE employs an Airbus A340 [108] refitted with wing tips aiming
at the assessment of natural laminar flow on a representative scale. Several configurational
options are possible and are shown in Figure 33. The testbed could be fitted with wing-tip
devices, representing a fuselage with and without a FF in different integration levels. A
measurement of the occurring drag by the necessary compensation of yaw moment, or by
a force scale at the junction of the test section, can provide information of the effectiveness
of the FF under very representative environmental conditions. In addition, flow conditions
could be monitored from the junction fairings, as is done for the BLADE tests. Alternative
configurations are shown on the right side of Figure 33, featuring either an attachment on
top of the fuselage or the replacement of an engine as is ofter done for engine program tests.

 

Figure 33. Basic schematic of PFC flying lab similar to the BLADE demonstrator aircraft.

Data acquired with such a testbed would also be applicable to different propulsion
train architectures as, e.g., a turbo-mechanical drive train. Naturally, the last stage of the
roadmap foresees the integration on a full-scale PFC configuration and consequently the
progression of all technology maturities, sufficient to be included in the program of a
production aircraft. More detailed discussion documentation of the technology maturation
results within the CENTRELINE project as well as a detailed list of the necessary actions to
advance the critical PFC technology aspects to target TRL6 is provided [109].

7.3. Design and Performance Benchmarking

The aircraft integrated sizing and performance benchmarking of the PFC technology
versus the R2035 was performed as a family design exercise as described in Section 6.2.
In the following, key characteristics of the final PFC baseline aircraft are presented and
compared to the R2035 reference aircraft. Table 15 shows a comparison of important design
properties for both aircraft.
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Table 15. Key design characteristics of the PFC and R2035 baseline aircraft.

Category Parameter Unit PFC R2035
Delta
(%)

General

PAX (2-class) - 340 340 0.00
Design range a nmi 6500 6500 0.00

MTOW/Sref kg/m2 666 679 −1.91
SLST/MTOW - 0.32 0.33 −3.03
MLW/MTOW - 0.77 0.75 2.67
OEW/MTOW - 0.55 0.53 3.77

Design block CO2 t 196.6 206.2 −4.66

Wing

Reference area m2 355.3 346.4 2.57
Aspect ratio - 12.0 12.0 0.00

Quarter chord sweep ◦ 29.7 29.7 0.00
Span m 65.8 65.0 1.23

Fuselage Total length m 67.0 66.7 0.43
Diameter (centre section) m 6.09 6.09 0.00

Main power
plants

Design net thrust b kN 54.6 59.8 −8.70
Design specific thrust b m/s 86.0 86.0 0.00

OPR b - 61.0 61.0 0.00
T4

b K 1780 1780 0.00
Relative HPT cooling air % 20.0 20.0 0.00

Fan tip diameter m 3.21 3.36 −4.46
Design bypass ratio b - 14.5 16.4 −11.6

SLS net thrust kN 376.6 343.6 −8.76
Mid-cruise net thrust c kN 35.5 46.7 −24.0

Mid-cruise TSFC c g/kN/s 17.4 14.0 +24.3
Mid-cruise total fuel flow c kg/s 1.24 1.31 −5.52

Main landing
gear Extended length m 5.70 4.70 21.3

Turbo electric
power train

Total efficiency (take-off) - 0.914 n/a n/a
Total efficiency (cruise) - 0.919 n/a n/a
Total specific power d kW/kg 2.10 n/a n/a

Electric motor sizing power
(output) MW 10.0 n/a n/a

Generator sizing power
(output per unit) MW 3.67 n/a n/a

Fuselage fan

Tip diameter m 2.26 n/a n/a
Rotor blade height m 0.57 n/a n/a

Design isentropic disc power b MW 5.00 n/a n/a
Design pressure ratio b - 1.40 n/a n/a

Max. take-off shaft power e MW 7.00 n/a n/a
Max. take-off pressure ratio e - 1.20 n/a n/a

a LRC (long range cruise), ISA, International allowances, 200 nmi diversion. b MCL@ToC: FL 350, Ma 0.82, ISA +
10 K. c FL370, M0.82, ISA + 10 K at 50% design loaded fuel. d based on the FF design isentropic shaft power. e SL,
M0.23, ISA + 10 K.

As can be seen from Table 15, key aircraft properties of the sized turbo-electric PFC
aircraft differ from the R2035: The additionally installed propulsion system components
and the associated structural design cascade effects yield an increased operating empty
weight (OEW) by 3.8%. Maximum wing loading is reduced by 1.9% relative to the R2035,
as a result of its higher maximum landing weight (MLW) fraction of MTOW. The maximum
sea level static thrust (SLST) loading is reduced by 3.0% due to the PFC-specific thrust
lapse characteristics during take-off. The PFC design block CO2 emissions are reduced by
4.7% relative to the R2035.

For a fair evaluation of the PFC technology, the wing aspect ratio was kept identical at
12.0 for both aircraft, the PFC and the R2035. It should however be noted, that with the
given R2035 wing span of 65.0 m, the PFC wing span exceeds the limit posed by ICAO
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Annex 14 Code E (52 m < b < 65 m) [110] by 0.8 m. Enforcing compliance with the Code E
span limit would yield an increase of PFC design block CO2 emissions by 0.6%.

The total transmission efficiency of the turbo-electric FF power train is 91.9% during
cruise. The overall turbo-electric power train specific power is 2.1 kW/kg based on the
power extraction from the main engines for the FF design isentropic shaft power of 5.0 MW
which means a FF rotor tip diameter of 2.26 m. The FF shaft power is limited to 7.0 MW,
allowing for stable operation of the FF at an FPR of 1.2 in take off but minimizing electric
system oversizing, and thus excess weight, with regard to the transmission power needed
during cruise. The shape-optimized PFC overall fuselage length exceeds the R2035 fuselage
by only 0.3 m. The extended landing gear length of the PFC aircraft is increased by 1.0 m
in order yield the same tail strike angle as the R2035. This additional landing gear length
is smaller than half of the FF diameter due to the backwards shift of the aircraft center of
gravity for the PFC aircraft and the associated longitudinal positions of the wing and the
main landing gear.

The thermodynamic cycle settings for the R2035 power plants at flow path sizing point,
namely design specific thrust, OPR, T4 and relative HPT cooling are selected for minimum
R2035 design block fuel (cf. [69]). To allow for a most straight-forward comparison, identical
cycle design settings are adopted for the PFC main engines. As a result, both engine types
feature the same maximum rated temperature levels for take-off and climb. While the
R2035 power plants are sized for the time-to-climb requirement, which is typical for
ultra-high BPR engines, the PFC main engine sizing is driven by the take-off field length
(TOFL) requirement. This is a direct result of the FF maximum shaft power being limited
to approximately 1.3 times the shaft power in cruise or top-of-climb conditions, which
reduces the FF share of the total fan power in take-off considerably when compared to
typical cruise. As a result, the ratio between take-off and cruise thrust is increased relative
to the R2035 aircraft (cf. Table 15). With maximum rating settings identical to the R2035,
the allowable TOFL becomes the active sizing constraint for the PFC main power. As a
result, the PFC aircraft features a slightly short time-to-climb than the R2035, and, the PFC
main engines operate at slightly lower power settings in cruise when compared to the
R2035 engines.

Figure 34 presents the three view of the resultant PFC baseline aircraft. Dimensions
are given in mm and rounded to the nearest 5. The airfoils used for the lifting surfaces are
the same as the airfoils used for the R2035 reference aircraft.

Table 16 presents the mass breakdown of the baseline family members of the R2000,
R2035, and PFC aircraft family. Additionally, changes of the PFC aircraft compared to
the R2035 aircraft are shown. A synopsis of key weight terms for all nine members of
the CENTRELINE R2000, R2035, and PFC aircraft families is provided by Habermann
et al. [69].

Compared against the R2000, all structural component weights are considerably
reduced for the PFC aircraft. Most of the weight reduction is due to the technology
advancement assumptions projected for the year 2035. In a direct comparison with the
R2035, the PFC fuselage structural weight is increased by 1.8%, due to the additional
bending moment introduced by the BLI propulsion system. Endplate and lever arm effects
inherent to the T-tail arrangement, offer sizing benefits for the PFC empennage relative
to the conventional tail arrangement of the R2035. However, the weight of the VTP is
increased over the R2035 due to the necessity to transmit the loads of the HTP through the
fin. The HTP area is reduced, resulting in a 4.3% weight benefit. The increased MTOW and
wing size yield a 1.1% rise in wing structural weight for the PFC. The increased landing
gear length required for the PFC aircraft translates to an 11% increased weight of the
undercarriage. The added weight of FF and TEPT constitute 17.62% of the total aircraft
propulsion system weight. Payload, operational items, furnishing, and aircraft systems
weights are kept unchanged between the R2035 and the PFC.
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Figure 34. Three-view of the baseline member of the CENTRELINE PFC aircraft family, dimensions in mm.

Table 16. Mass breakdowns of the CENTRELINE R2000, R2035 and PFC baseline aircraft.

Mass Term (kg) R2000 R2035 PFC PFC vs. R2035 (%) PFC vs. R2000 (%)

Structure Total 97,388 76,280 78,364 2.73 −19.5
Wing (incl. surface controls) 46,770 37,075 37,484 1.10 −19.9
Fuselage 27,854 22,286 22,683 1.78 −18.6
Horizontal stabilizer 3144 1835 1757 −4.25 −44.1
Vertical fin 2540 1936 2402 24.1 −5.43
Undercarriage 12,482 10,304 11,450 11.1 −8.27
Pylons 4598 2844 2588 −9.00 −43.7

Propulsion system 23,167 18,637 21,253 14.0 −8.26

Main power plants 23,167 18,637 17,509 −6.05 −24.4

Bare engines 16,217 12,232 11,742 −4.01 −27.6
Underwing nacelles 6950 6405 5767 −9.96 −17.0

Fuselage fan propulsive device n/a n/a 958 n/a n/a

Fan module n/a n/a 427 n/a n/a
Nacelle and integration structure n/a n/a 531 n/a n/a

Turbo-electric power train n/a n/a 2787 n/a n/a

Main generators n/a n/a 618 n/a n/a
Fuselage fan drive motor n/a n/a 700 n/a n/a
Cabling n/a n/a 586 n/a n/a
Power electronics n/a n/a 434 n/a n/a
Cooling system n/a n/a 449 n/a n/a

Aircraft systems 10,151 11,803 11,802 −0.01 16.3
Operational items 13,213 10,248 8354 −18.5 −36.8
Furnishing 8154 8354 10,248 22.7 25.7
Operating empty weight 152,072 125,322 130,021 3.75 −14.0
Design payload 32,300 34,000 34,000 0.00 5.26
Design reserves fuel 10,986 10,570 10,416 −1.46 −5.19
Design landing weight 195,358 169,892 174,438 2.68 −10.7
Design trip fuel 97,829 65,192 62,158 −4.65 −36.5
Maximum take-off weight 293,187 235,084 236,596 0.64 −19.3
Design block fuel 97,951 65,453 62,403 −4.66 −36.3
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Key characteristics of the PFC baseline aircraft during the cruise phase of the design
mission are presented in Figure 35. With a constant flight Mach number and FF FPR in
cruise, the three flight level changes are directly visible in the trends of the flight altitude,
ideal fuselage shaft power and the main engine fuel flow. The reduction of the shaft power
absorbed by the FF is an immediate reflection of the reduction in air density as flight
altitude is increased. The main engine fuel flow behavior results from the superposition of
continuous loss in aircraft gross weight along the mission the power peaks associated with
the en-route step climb maneuvers. The NPF of the bare PFC configuration stays fairly
invariant when fuselage FPR is retained constant.

 
Figure 35. Simulated PFC aircraft specific performance characteristics recorded for the design mission cruise phase (adapted
from [69]).

Due to the inherently different wing loadings, the family members feature different
optimum initial cruise altitudes as well as individual optimum schedules for flight level
changes during cruise. Figure 36 shows the step cruise mission profile of all PFC family
members, targeting maximum specific air range for each cruise point. In specific, flight
altitude and FF shaft power are plotted, again, with a constant FF PR of 1.40. As expected
from the previous figure, the cruise altitude has a direct influence on the required ideal FF
design shaft power. Despite the different stepping schedules, the FF power absorption at a
given flight level; however, does only differ marginally by the order of 1% between the
different members of the PFC aircraft family. This small difference at identical FPR is rooted
in the change in actual fan mass flow due to the slightly different boundary layer profiles
depending on the wetted fuselage area ahead of the FF for the individual PFC aircraft family
members. In fact, the fuselage mass flow rate, and thus the fan power absorption, is the
highest for the shrink family member. More detailed analyses of PFC mission performance
characteristics including transversal flight phases are presented in [69].
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Figure 36. Cruise altitude and FF ideal shaft power profile for the PFC family members at Ma 0.82,
ISA+10 K (adapted from [69]).

7.4. Propulsive Fuselage Multi-Disciplinary Evaluation

To complete the PFC technology assessment, in this section a more detailed analysis
of the main design and performance aspects that influence PFC aircraft fuel efficiency
is provided together with assessments regarding NOx emissions, certification noise, and
operating economics.

7.4.1. Stepwise Analysis of Effects on PFC Fuel Efficiency

In order to better resolve the key design and performance effects driving the fuel
efficiency of the CENTRELINE PFC aircraft relative to the R2035 aircraft, an incremental
analysis approach was followed. Therefore, a series of successive modifications to the air-
craft platform were defined and evaluated in a stepwise manner using a simplified aircraft
sizing and performance evaluation methodology as described in [111]. The individual
steps defined for the incremental analysis approach are characterized in Table 17.

Table 17. Individual steps for incremental analysis of effects on PFC fuel efficiency.

Step Characterization of Key Sizing Conditions

1

Baseline—Idealized PFC design without cascade effects:

• FF cruise polytropic efficiency identical to underwing podded main fans
• Idealised efficiency of FF power train (losses identical to LP spool of main engines)
• Tail configuration identical to reference (conventional tail)
• FF power train specific power identical to main engines
• Adoption of pure optimum 2D-Aero heuristic for bare PFC aerodynamics
• No aircraft design scaling considered

2 Baseline + Aircraft scaling switched on (sizing cascade effects enabled)

3
Step 2 + Turbo-electric power train losses adopted from CENTRELINE turbo-electric PFC aircraft
design (cf. Table 14)

4
Step 3 + Turbo-electric power train specific weight adopted from CENTRELINE turbo-electric PFC
aircraft design (cf. Table 14)

5 Step 4 + PFC-specific component weight implications—inclusion of fuselage structural mass penalty
6 Step 5 + PFC-specific component weight implications—inclusion of landing gear mass penalty
7 Step 6 + Update of empennage configuration from conventional to T-tail arrangement
8 Step 7 + Inclusion of FF efficiency penalty due to PFC-specific 3D inflow distortion (cf. Table 14).
9 Step 8 + Preliminary estimate of PFC 3D aerodynamic design implications
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Steps 1 through 8 in the table above represent the scope of design integration results
discussed in Section 7.3. In Step 9, the result of a preliminary assessment of the PFC aircraft
performance impact due to 3D aerodynamic integration effects in cruise is included. The
assessment was performed based the 3D RANS simulation results for an integrated PFC
configuration with axisymmetric PFC aft-fuselage section, featuring attached wings, belly
fairing, and vertical tail plane as presented by van Sluis and Della Corte [58]. A detailed
discussion of the 3D performance assessment is provided by Seitz and Engelmann [111].
Here, the results of nine conceivable scenarios for the PFC 3D aerodynamic performance
benchmarking were compared against the corresponding PFC aircraft performance based
on the 2D aerodynamic design heuristic (cf. Section 7.1). The identified 3D aerodynamic
discounts in terms of PSC ranged between 1.0 and 1.8%, with a nominal scenario considered
to the most comprehensive and realistic one out the nine scenarios yielding a PSC penalty
of 1.5%. This means an actual all integrated PSC value of 3.6% [111]. The 3D aerodynamic
delta effects were incorporated within PFC aircraft sizing and performance evaluation
through a calibration of the BLI efficiency factor heuristic (cf. Equation (8)) via constant
offset values for the individual 3D aerodynamic benchmarking scenarios.

Important results gained from the incremental analysis of effects on PFC fuel efficiency
are presented in Figure 37. Here, key figures of merit for the PFC resulting aircraft including
the PSC metric, OEW, MTOW, and design mission fuel burn relative to the R2035. Also
shown in the figure are the FF design isentropic shaft powers, which have been optimized
for minimum PFC design mission fuel burn at each of step of the incremental analysis.

 
Figure 37. Stack-up of effects analysis on fuel burn reduction of CENTRELINE turbo-electric PFC
against R2035 aircraft.

In the idealized analysis case without aircraft weight and sizing effects considered,
namely Step 1, the highest power savings are obtained together with the highest FF design
power, yielding a cruise-averaged PSC value of 8.6% and corresponding PFC fuel benefit
of 9.9% for the given design range of 6500nmi. With the unaffected OEW in this case, the
PFC MTOW is reduced by 2.7% relative to the R2035. The Pdisc,FF,des value of 11.9 MW
corresponds to a 43% share of Pco,eff for the PFC aircraft. With aircraft scaling effects and
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propulsion system component weight evaluation included in Step 2, the overall aircraft
sizing cascade starting from MTOW benefit given by Step 1, yields mass reductions for key
airframe structural components, in particular the wing. The additive mass of the fuselage
propulsive device is partially set off against a decrease in fuel optimum Pdisc,FF,des and
a correspondingly reduced power saving potential. The resultant 1.1% net reduction in
OEW and the associated lower aircraft gross weights during cruise is compounded by the
fuselage drag share being boosted due to the reduced wing size and induced drag. On
top of the pure PSC value, this yields an idealized fuel burn benefit for the CENTRELINE
PFC aircraft of 10.7% relative to the similarly advanced R2035 aircraft without fuselage
BLI technology.

The introduction of the transmission losses and the component masses associated with
the FF turbo-electric power train in Steps 3 and 4, both, the power saving potentials and
PFC OEW are penalized noticeably. In effect, leading to a reduction in PFC fuel benefit of
approximately 5% relative to the idealized case in Step 2. The particularly strong discount
in fuel efficiency due to the transmission losses directly emanates from the reduced PSC.
While in this case, aircraft gross weight effects remain mostly compensated by a decreased
fuel optimum Pdisc,FF,des, the turbo-electric power train weight effect has a major impact
with regard to an increased OEW. The airframe structural component mass penalties
specific to the PFC, i.e., the reinforced fuselage (Step 5) and the resized landing gear (Step
6), have a combined effect of less than 1% on the PFC fuel benefit. Under consideration
of the empennage sizing implications, the introduction of the T-tail is beneficial for the
PFC aircraft (Step 7). This is the case even without a full accounting of the aerodynamic
and aero-structural interaction a conventional tail would have with the aft-fuselage BLI
propulsive device. The penalty in PFC fuel benefit due to the BLI impact on FF efficiency
as introduced in Step 8 is approximately 0.3%, yielding a net PFC fuel burn benefit against
the R2035 of 4.7%, which directly corresponds to PFC aircraft design result presented in
the previous section of the paper. The PSC discount according the to nominal PFC 3D
aerodynamic design and performance scenario translates into a 1.5% reduction of the PFC
fuel benefit, leaving an all-integrated design mission fuel burn improvements of 3.2% for
the CENTRELINE turbo-electric PFC aircraft, relative to the R2035. When assuming the
most pessimistic from the conceived scenarios [111], the PFC fuel benefit yields 2.8%, while
the most optimistic from the conceived 3D aerodynamic scenarios would show a 3.7% PFC
fuel benefit.

7.4.2. NOx and Noise Assessments

The environmental impact of the CENTRELINE PFC, as well as that of the two
reference aircraft R2000 and R2035, has been evaluated at system level based on the ICAO
certification regulations in terms of NOx and noise emissions. For the NOx emissions
assessment, a standard ICAO landing and take-off (LTO) cycle is used with a suitable
combustor technology assumed for the corresponding EIS year. For R2000, a correlation
developed by AECMA (European Association of Aerospace Industries) which provides a
good estimation of the NOx emissions of large engines around the year 2000 is used [112].
For the advanced R2035 and PFC applications targeting an EIS in 2035, a Lean Direct
Injection (LDI) concept is assumed. A correlation found in [113] is adopted. The correlation
is based on experimental data with a similar total pressure (p3) level and marginally lower
total temperature (T3) level as occurring at the HPC exit of R2035 and PFC main engine
sea level static take-off operation. For the noise assessment, noise emissions from aircraft
and engine components at the ICAO certification points (sideline, cutback, and approach)
are calculated from component-based noise source modeling [114]. The total effective
perceived noise level (EPNL) is then computed from the perceived noise level accounting
for spectral irregularities and duration, as presented in the ICAO Noise Certification
Workshop [115].

Results of the NOx and noise assessments are given in the charts below based on [116]:
The LTO NOx emissions data presented in Figure 38 are normalized by Trent 772B NOx
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emissions given in [117]. As can be seen, a 40% reduction in LTO cycle total NOx emis-
sions is predicted for the R2035, and a reduction of 41% could be expected for the PFC,
compared to the R2000 aircraft. This is mainly contributed by the radical improvement of
the combustor technology and fuel burn reduction. On the other hand, due to the much
higher OPR and turbine entry temperature of the main engine, R2035 and PFC actually
have a much higher EINOx at high ratings than R2000.

 
Figure 38. NOx emissions assessments results for the CENTRELINE R2000, R2035 & PFC aircraft.

When comparing the PFC main engines against the R2035 power plants in cruise,
the slightly lower part power settings of the PFC main engines (cf. Section 7.3) lead to
a reduction in cruise NOx emissions of 20% relative the R2035. Combining the low fuel
consumption and low EINOx at cruise, which is the mass of NOx emitted per unit of mass
of fuel burned, the cruise NOx emissions of the PFC would be as low as 36% of R2000.

Looking at the noise footprint shown in Figure 39, a considerably lower EPNL may
be expected from the R2035 and PFC aircraft when compared to the R2000. A cumulative
reduction of about 12 dB is observed. The key drivers for the lower noise level are the
smaller size of the wing, the low FPR and low specific thrust design main engine fan.
Between the R2035 and the PFC, the difference is, however, small. Uncertainty exists
due to the FF inlet distortion. Several research activities focusing on BLI effects on noise
generation, such as ONERA NOVA concept [34] and NASA D8 [118], have indicated
a possible cumulative noise penalty up to 18 dB. Nevertheless, these study objects are
different from the CENTRELINE 360◦ BLI concept for which the FF is not the dominating
source of noise. Assuming an increase of 10 dB in sound pressure level at the predicted
directivity angle and predicted frequency for the entire reception time, the increase of FF
EPNL is 6.98, 6.15, and 1.52 for sideline, cutback, and approach, respectively. Though the
estimation is similar to the NASA D8 BLI penalty estimation [118], it increases the total
cumulative EPNL by only 0.83.

 

Figure 39. Noise emissions assessments results for the CENTRELINE R2000, R2035 & PFC aircraft.
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7.4.3. Cash Operating Costs Estimation

For the purpose of an initial assessment of the operating economics of the CENTRE-
LINE turbo-electric PFC technology, aircraft Cash Operating Costs (COC) were evaluated
using ALiCyA (Aircraft Life Cycle Assessment), Bauhaus Luftfahrt’s in-house cost as-
sessment model. Initially based on methods introduced by [119], the model has been
methodologically extended and customized (cf. [120,121]) and applied to PFC technology
already in previous assessments [25].

In order of facilitate a fair comparison between the turbo-electric PFC and R2035 air-
craft in CENTRELINE, specific model enhancements were developed to adequately resolve
differences between the two configurations. A key aspect in this was the estimation of the
direct maintenance costs (DMC) for both aircraft. Based on a reference DMC breakdown
according to chapters defined by the Air Transport Association (ATA), individual scaling
approaches for the cost of key chapters affected by the CENTRELINE technology were
introduced. Moreover, emission charges suitable for a EIS 2035 scenario was adopted. D
detailed discussion of the CENTRELINE COC model is provided in [111].

The actual COC assessment was performed for the PFC and R2035 aircraft as presented
in Section 7.3 and reported in detail in [111]. Accordingly, the PFC aircraft is predicted
exhibit by 9.5% increased DMC relative to the R2035, due to the additional FF and the turbo-
electric power train and the increased weights of key airframe components (cf. Table 15).
Airport charges are increased due to the noise characteristics according to Section 7.4.2.
The reduced fuel consumption and emissions of the PFC aircraft have positive effect of
COC which is amplified when aspects such as possible fuel taxation or carbon pricing and
offsetting cost for and EIS 2035 are taken into account. The result of a parametric study of
design mission COC against a range of fuel prices is presented in Figure 40.

 

Figure 40. Fuel price study of CENTRELINE PFC versus R2035 design mission COC (adapted
from [111]).

It can be observed that the PFC features reduced COC relative to the R2035, in case
the fuel price of increases beyond US$ 1.5 per gallon. If a scenario of possible fuel taxation
or carbon pricing and offsetting cost for and EIS 2035 are taken into account, this threshold
drops to approximately 1.0 US$ per gallon, which corresponds an average Jet-A1 price in
the year 2020. With future fuel prices, especially for sustainable aviation fuels, expected to
rise considerably above current values, the PFC aircraft may be expected to feature lower
COC than the R2035.

7.4.4. Preliminary Assessment of More Advanced PFC Power Train Technology

To round off, a preliminary study of alternative FF power train conceptual paradigms
was conducted at a lower TRL basis. Two basic technology scenarios were considered: A
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turbo-electric power transmission using high temperature superconducting (HTS) tech-
nology and FF mechanical drive train. For the HTS technology case, a scenario with a
cryogenic heat sink was considered to be available on-board the aircraft. This could be in
the form of liquid hydrogen (LH2) fuel, used as an energy source for the aircraft subsystems
(cf. [25]) or as a primary fuel for propulsion purposes. Given the superior specific weights
and dramatically reduced losses enabled by the HTS-specific current and flux densities
in electrical machinery [122,123], target settings for an HTS turbo-electric transmission
system were stipulated including a total power train efficiency of ηPT,FF,HTS = 96% and a
total specific power of SPPT,FF,HTS = 5 kW/kg. The high design complexity and the system
behavioral patterns specially in abnormal modes of operation involved with the appli-
cation of HTS technology have not been considered. At the same time, further potential
synergy effects between the PFC and hydrogen fuel technology, such as emanating from
an increased fuselage wetted area when LH2 fuel is stored inside the fuselage, have not
been accounted for, in the first instance. For the case of a mechanical FF drive train, effi-
ciency, and specific power targets were set to ηPT,FF,mech = 98% and SPPT,FF,mech = 10 kW/kg.
Specific architectural implications such as a detailed assessment of the aero-structural
integration of the aft-fuselage BLI propulsive device have not been undertaken as part
of this preliminary study. A specifically elaborated conceptual solution was presented
to TRL 2 as part of the DisPURSAL project (cf. [25]). In Table 18, the aircraft-integrated
results obtained for the HTS and mechanical FF power train scenarios are compared to the
baseline turbo-electric transmission developed to TRL 3 in CENTRELINE. The aircraft-level
evaluation for the results in the table refers to the approach introduced in Section 7.4.1.
Specifically, Steps 8 and 9 of the incremental analysis are presented.

Table 18. PFC assessment results for more advanced power train technology.

Parameter Unit
Baseline

Turbo-Electric
HTS

Turbo-Electric
Mechanical

ηPT,FF - 0.919 * 0.96 0.98
SPPT,FF kW/kg 2.1 * 5.0 10

Fuel benefit
(Step 8) % 4.7 7.2 8.4

Fuel benefit
(Step 9 **) % 3.2 5.2 6.2

* Cf. Table 15. ** Nominal scenario acc. to Section 7.4.1.

The results of the preliminary evaluation of the considered more radical technology
concepts for the FF power supply indicate improvements in the all integrated PFC fuel
benefit (Step 9) over the R2035 aircraft of additional 2.0% for the HTS and 3.0% for the
mechanical scenarios relative to the baseline turbo-electric design. For the fuel assessment
at the level of 2D PFC aerodynamic design (Step 8), the evaluated reduction potentials
against the R2035 yield 7.2% and 8.4% for the HTS and mechanical cases, respectively. These
results are in basic agreement with results obtained during the DisPURSAL project [124].

8. Conclusions and Further Work

Novel propulsion technology and propulsion-airframe integration play a key role in
enabling aviation’s long-term sustainability. Strong improvements of vehicular propulsive
efficiency can be achieved by fuselage wake-filling propulsion integration. The presented
research aimed at maximizing these benefits under realistic systems design and operating
conditions. A key objective of the design, analysis and experimental testing activities
discussed in this paper was to perform the proof of concept for a most straightforward ap-
proach to fuselage BLI—the so-called PFC. The investigated PFC configuration specifically
featured a turbo-electric transmission in order to drive the aft-fuselage BLI fan through
power offtakes from the underwing podded main engines. The interdisciplinary team of
researchers addressed all main challenges associated with a turbo-electric PFC aircraft. A
thorough understanding of the aerodynamic effects of 360◦ fuselage BLI has been devel-
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oped through extensive aero-numerical simulations and low-speed experimental testing.
Optimized aerodynamic pre-designs have been produced for the FF as well as for the
fuselage and FF nacelle bodies. Conceptual solutions for the aero-structural integration
of the BLI propulsive device and the TEPT have been elaborated. Important heuristics
for PFC aircraft design have been deduced from multi-disciplinary design optimization.
The developed design solutions have been either analytically or experimentally verified to
demonstrate TRL 3 for the PFC technology. Initial steps towards experimental validation
in a laboratory environment have been taken.

Assessments of fuel burn, NOx emissions and noise were presented for the PFC
aircraft and benchmarked against advanced conventional technology for an EIS in 2035.
The PFC design fuel burn benefit for a fully integrated multi-disciplinary aircraft design
and performance synthesis based on the 2D optimized PFC aero-shaping is 4.7% against a
similarly advanced aircraft without fuselage BLI propulsion. The all-integrated PFC fuel
benefit including a preliminary assessment of the PFC 3D aerodynamic design impact
yields 3.2%. The NOx emission assessment performed for LDI combustor technology shows
emission benefits for the PFC aircraft relative to the R2035 at all high power conditions,
including take-off, climb, and cruise. The high-level PFC NOx reduction potentials were
predicted as 64% relative to the year 2000 reference. PFC certification noise were found
to be similar to the R2035, meaning a cumulative noise reduction of 12EPNdB compared
to the R2000. The design mission COC for the PFC aircraft was assessed to be lower than
for the R2035 as soon as the fuel price increases beyond US$ 1.5 per gallon, even if fuel
taxation or carbon pricing and offsetting cost for an EIS 2035 are neglected. Important steps
to be taken by follow-on research and innovation activities have been outlined that would
facilitate a speedy maturation of the PFC technology towards a target TRL 6.
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Nomenclature

Abbreviation/Acronym Description

ACARE Advisory Council for Aviation Research and Innovation in Europe
AC Alternating Current
ADP Aerodynamic Design Point
AECMA European Association of Aerospace Industries
AIP Aerodynamic Interface Plane
ALiCyA Aircraft Life Cycle Assessment
APD Aircraft Preliminary Design
APSS Aircraft Propulsion System Simulation
APU Auxiliary Power Unit
AR Aspect Ratio
ATA Air Transport Association
BLADE Breakthrough Laminar Aircraft Demonstrator in Europe
BLI Boundary Layer Ingestion
BLISS Bi-Level Integrated System Synthesis
CAD Computer-Aided Design
CENTRELINE ConcEpt validatioN sTudy foR fusElage wake-filLIng

propulsioN integration
CFD Computational Fluid Dynamics
CFRP Carbon Fiber Reinforced Polymer
COC Cash Operating Costs
CS Certification Specification
CV Control Volume
DC Direct Current
DEN Denver International Airport
DLR Deutsches Zentrum für Luft- und Raumfahrt
DMC Direct Maintenance Costs
EC European Commission
EINOx Nitrogen Oxide Emission Index
EIS Entry Into Service
EPNL Effective Perceived Noise Level
ETOPS Extended-range Twin-engine Operation(al) Performance Standards
FEM Finite Element Method
FF Fuselage Fan
FHA Function Hazard Assessment
FL Flight Level
FNN Feedforward Neural Network
FPR Fan Pressure Ratio
FPT Free Power Turbine
FTA Failure Tree Analysis
GTF Geared TurboFan
HTS High Temperature Superconducting
ICAO International Civil Aviation Organization
ISA International Standard Atmosphere
HPC High Pressure Compressor
HTS High Temperature Superconducting
IPC Intermediate Pressure Compressor
LDI Lean Direct Injection
LHS Latin Hypercube Sampling
LP Low Pressure
LPT Low Pressure Turbine
LRC Long-Range Cruise
MIT Massachusetts Institute of Technology
MLW Maximum Landing Weight
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MLW Maximum Landing Weight
MTOW Maximum Take-Off Weight
NPF Net Propulsive Force
NURBS Non-Uniform Rational B-splines
OEW Operating Empty Weight
OGV Outlet Guide Vanes
ONERA Office National d’Etudes et de Recherches Aérospatiales
OPR Overall Pressure Ratio
PAX Passengers
PFC Propulsive Fuselage Concept
PIV Particle Image Velocimetry
PSC Power Saving Coefficient
PSSA Preliminary System Safety Assessment
RANS Reynolds-Averaged Navier-Stokes
SAP Safety Assessment Process
SFC Specific Fuel Consumption
SL Sea Level
SLST Sea-Level Static Thrust
SKF Svenska Kullagerfabriken
SRIA Strategic Research and Innovation Agenda
SST Shear Stress Transport
TAB Technical Advisory Board
TLAR Top Level Aircraft Requirements
ToC Top-of-Climb
TOFL Take-Off Field Length
TRL Technology Readiness Level
TU Delft Delft University of Technology
UHBR Ultra-High Bypass Ratio
WUT Warsaw University of Technology
Symbol Unit Description

α ◦ Angle of attack
β ◦ Sideslip angle
δ m Local boundary layer thickness
Δη - Change in stage isentropic efficiency
ηpd,eff - Effective propulsive device efficiency
ηpol,FF - FF polytropic efficiency
ηPT,FF - FF power train efficiency
Θ ◦ Azimuthal angle
A12 m FF fan face area
A18 m FF nozzle exit area
AR - Aspect Ratio
CL,max - Maximum lift coefficient
D kN Drag
DFF m FF rotor inlet tip diameter
DRef,fus kN Reference fuselage drag
F kN Force
FPFC,bare kN Bare PFC surface forces
FFF,disc kN FF disc force
FN kN Net thrust
fη,PFC,bare - Bare PFC efficiency factor
Lfus m Fuselage length
.

mcorr kg/s Corrected mass flow
NPFPFC,bare kN Bare PFC Net Propulsive Force
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p0 Pa Freestream total pressure
pAIP Pa Local total pressure at FF AIP
pAIP Pa Mean total pressure at FF AIP
p18 Pa Mass flow averaged total pressure at FF nozzle throat
p2 Pa Mass flow averaged total pressure at FF rotor inlet
p3 Pa Total pressure at HPC exit
ps,amb Pa Ambient static pressure
Pco,eff MW Effectvie core engine excess power
Pdisc,FF MW FF disc power
PFF Shaft MW FF shaft power
PC - Total pressure coefficient
PSC - Power saving coefficient
rfus m Radius of fuselage centre section
rhub m FF hub radius
rtip m FF tip radius
SPPT,FF kW/kg FF power train specific weight
T3 K Total temperature at HPC exit
V0 m/s Freestream velocity
W2 kg/s FF mass flow rate
xFF m FF axial position
y m Radial coordinate from fuselage centreline
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Abstract: In the CleanSky 2 ComAir study, subject tests were conducted in the Fraunhofer Flight
Test Facility cabin mock-up. This mock-up consists of the front section of a former in-service A310
hosting up to 80 passengers. In 12 sessions the outdoor/recirculation airflow ratio was altered from
today’s typically applied fractions to up to 88% recirculation fraction. This leads to increased relative
humidity, carbon dioxide (CO2) and Total Volatile Organic Compounds (TVOC) levels in the cabin
air, as the emissions by passengers become less diluted by outdoor, dry air. This paper describes
the measured increase of relative humidity, CO2 and TVOC level in the cabin air for the different
test conditions.

Keywords: aircraft air quality; adaptive ECS; subject testing

1. Introduction

The environmental control system (ECS) is one of the major secondary energy con-
sumers of an aircraft, consuming 3–5% of the power produced by the engines [1]. As
outside conditions in cruise altitude are life threatening, the environmental control system
fulfils a lifesaving function for the passengers by maintaining cabin pressurization and
furthermore maintains a comfortable temperature and air quality.

In most commercial aircraft, the outdoor air used to ventilate the cabin is extracted
from engine compressor stages upstream of the combustion chamber. Due to the compres-
sion, this air, called bleed air, is hot and its temperature exceeds 200 ◦C. An expansion
to cabin pressure and cooling by ram air bring down temperature to an adequate level.
In the mixing chamber, this outdoor air is mixed with HEPA (High Efficiency Particulate
Arresting) filtered recirculation air. From there, the air supply passes through the riser
ducts to the cabin air outlets, from where it enters the cabin [2].

Despite the low outdoor temperatures in cruise (below −50 ◦C) and the relatively thin
layer of insulation between cabin and skin (order of 2–4 inches), the high passenger density
usually leads to a cooling requirement for the cabin. Thus, the ECS primarily supplies air
below cabin temperature. The moisture in the cabin is typically low, because the outside air
is cold and thus dry. The major source for humidification are the passengers themselves,
emitting water by breathing and sweating. Along with this, passengers exhale CO2 and
emit VOCs (volatile organic compounds) as a product of metabolism. Toiletry and cleaning
agents are additional sources of VOCs in the cabin. These compounds are diluted by the
outdoor air, while the recirculation airflow does not alter the composition. Aircraft ECS are
required to comply with target values for both pressure and temperature. Typical values
for the requirements are listed below [3].
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• Minimum cabin air pressure limited to 750 hPa (equivalent to pressure at an altitude
of 8.000 ft. or 2.400 m above sea level)

• Temperature range in the cabin between 18.3 and 23.9 ◦C (65 to 75 ◦F)
• Minimum outside airflow rate per passenger of 3.5 L/s (7.5 cfm)
• Recommendation of 9.4 L/s (20 cfm) total flow, to be met by outside and filtered

recirculated air

The bleed air offtake reduces the efficiency of the engine because some compressed
air is extracted rather than contributing to fuel burn and thrust production. Therefore, a
reduction of bleed air is associated with lower fuel burn. In the building sector, demand
controlled ventilation already today implements a similar philosophy based on reducing
the supply airflow rate to that actually required, thereby avoiding excessive ventilation
and thus energy use. Often, CO2 concentration in the occupied space is used as a feedback
signal for the control of the ventilation system as it is closely correlated with other human
emissions and the occupation density [4]. DIN EN 15251 [5] gives quality criteria for the
indoor air based on CO2 level and states that concentrations below 800 ppm are optimal
and concentrations above 1.200 ppm are not acceptable. Whether these design values can
be directly applied to aircraft is not clear because buildings typically do not have HEPA
filtration in the recirculation air, whereas this is standard for aircraft. A comparison of
building and aircraft ventilation requirements is provided in [6].

A series of measurements taken during commercial flights by Giaconia et al. [7], found
that average CO2 concentrations varied between 925 and 1449 ppm. Unfortunately, the
publication is not clear on whether the CO2 readings were compensated for pressure or not.
Typically, a pressure correction needs to include the factor 1.013/pcabin. [8]. In a similar
approach on 179 domestic US flights Cao et al. [9] found an average CO2 concentration
of 1353 ± 290 ppm in the cabin. The researchers clearly state that sensor readings were
pressure compensated. At the current stage, a review paper on cabin air quality is being
prepared by the authors. This review confirms the magnitude of CO2-concentrations
reported.

In this context, the ComAir study was proposed to further investigate aircraft ventila-
tion strategies and the impact of indoor air quality on passengers’ comfort and well-being.

In today’s aircraft, the adjustment of the ECS to the passenger count is limited to
discrete, manual steps, like switching off an ECS pack or running it on low or high setting,
however no controlled adaption of the flow is implemented. The research performed in
the ComAir project shall give the basic design parameters for the possible future imple-
mentation of an adaptive ECS. This system is investigated in a CleanSky2 project [10]. For
this, the impact of decreased outdoor air intake and increased recirculation flow rate is
investigated in a subject study. Half full and fully booked conditions are investigated to
assess the effect of passenger count.

The ComAir study was approved by the Ethics committee of the Faculty of Medicine,
Ludwig-Maximilians-University, Munich (ID: 19-256) and written informed consent was
obtained from all participants. The tests were performed in November 2019 and thus before
the Sars-Cov-2 pandemic was an issue in Germany. This paper summarizes the resulting
CO2, humidity and TVOC levels measured in a cabin mock-up for the different outdoor air
intakes.

2. Method

To investigate the effect of reduced outdoor air intake and increased recirculation
airflow rate, a randomized controlled study with a total of 559 different participants was
conducted. The study was hosted in the Flight Test Facility (FTF, https://www.hoki.
ibp.fraunhofer.de/vr/virtual-tour_IBP/) located at the Fraunhofer-Institute for Building
Physics IBP in Holzkirchen, Germany.
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2.1. Flight Test Facility Test Setup

In the FTF, a former in-service front section of an A310 is located in a low pressure
vessel (Figure 1a). The cabin (Figure 1b) hosts up to 80 passengers and is surrounded by
crown, forward galley, cockpit, avionics, triangles, cargo and bilge compartments. The
aircraft mock-up consists of the section from nose to front wing box wall (Figure 1c). The
ECS is emulated by a building type air conditioning system with a sub freezer that cools
and dehumidifies the supply air to a dew point of −20 ◦C. Thus, a similar low humidity
level of supply air can be reached as in flight. Air was supplied through ceiling outlets
above the stowage bin and lateral outlets that have been added to better emulate today’s
cabin design. The recirculation air is extracted from the cabin and HEPA filtered with
original filters. A schematic view of the airflow path is shown in Figure 1d.

  
(a) (b) 

 
 

(c) (d) 

Figure 1. (a) Low pressure vessel of FTF, (b) Aircraft cabin mock-up, (c) Aircraft mock-up in the low-pressure vessel,
(d) schematic ventilation pattern.

In the cabin, the temperature stratification was measured at eight locations at heights
of 0.1, 0.6, 1.1, 1.7 and 2.2 m. CO2 and relative humidity were measured at a height of 1.1 m
at these locations (Figure 2). VOCs are pumped from the front left measurement location
on sample tubes and later analyzed by GC-MS (gas chromatography-mass spectrometry)
or by HPLC-DAD (high performance liquid chromatography with diode array detector) in
the laboratory. CO2 sensors were calibrated with 4.000 ppm calibration gas both at ground
pressure (~940 hPa for Holzkirchen due to the place’s elevation) and low pressure of
755 hPa in the vessel and a pressure correction was derived. The outdoor and recirculation
airflow rates were measured with anemometers; a sufficient length of the straight pipe
section to ensure accurate measurement was ensured. The following sensor types and
specifications were used:

• Temperature: Four-wire PT100 thermocouples with an accuracy ±0.1 K @ 20 ◦C
according to DIN EN 60751 [11] class A.

• Humidity: Rotronic HygroClip HC2-C05 sensor with ±1.5% RH [12]
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• CO2: Vaisala GMW20, range: 0–5.000 ppm, accuracy ±2%. Sensors were calibrated
with 4.000 ppm calibration gas both at ground pressure (~940 hPa for Holzkirchen
due to the place’s elevation) and low pressure of 755 hPa in the vessel and a pressure
correction was derived.

• Pumped tubes: samples drawn for 20 to 60 min with flow rates of 0.1 to 1.0 l/min
(depending on target compounds) and analyzed by GC-MS (gas chromatography-
mass spectrometry QP2010 SE, Shimadzu, Duisburg, Germany) or HPLC-DAD (high
performance liquid chromatography with diode array detector, Agilent 1260 Infinity,
Agilent Technologies, Waldbronn, Germany). VOCs were analyzed according to DIN
ISO 16000-6 [13] and carbonyl compounds according to DIN ISO 16000-3 [14].

• Flow rate: Schmidt SS20.500 Sensors 0–35 m/s with an accuracy of ±3% [15].

 

Figure 2. Cabin measurement locations.

2.2. Test Matrix and Sequence

The study investigated four outdoor airflow rates and two occupancy levels: un-
congested/half and fully booked cabin (Table 1). In order to expose a similar number of
subjects to each condition, the uncongested conditions were tested twice while the fully
booked conditions were each tested once. Subjects were blinded to experimental condition
and were only allowed to participate in one test, thus, nobody witnessed two conditions.
The lower outdoor airflow rates were compensated with increased recirculation airflow
rates in order to maintain a constant total flow rate per passenger of 9.4 L/s. The flow rates
were adjusted for each test based on the actual count of subjects in the cabin. As a result,
the fully booked conditions had a higher flow rate at the cabin air outlets than the uncon-
gested conditions. Cabin temperature set-point was 23 ◦C in order to maintain a thermally
comfortable situation. When setting up the test matrix, the following considerations were
made:

• Baseline: Replication of today’s typical CO2 levels reported in aircraft
• ASHRAE: Replication of the minimum requirement for outdoor airflow rate

(3.5 L/s/passenger) set out by ASHRAE 161
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• ASHRAE half: Half the required outdoor airflow rate (1.8 L/s/passenger). Because
the CO2 level follows the inverse of the outdoor airflow rate, this point was chosen
because it was pre-assessed to be in the middle between the ASHRAE and the Max.
CO2 condition.

• Max. CO2: Lowest outdoor airflow rate designed to remain below 5.000 ppm limit [16].

Table 1. Test Matrix.

Conditions Baseline ASHRAE ASHRAE Half Max. CO2

Outdoor airflow rate in L/s/passenger 5.2 3.5 1.8 1.1
Recirculation airflow rate in L/s/passenger 4.2 5.9 7.6 8.3

Total airflow rate in L/s/passenger 9.4 9.4 9.4 9.4
Fully booked (~70–80 PAX) 1 session 1 session 1 session 1 session
Uncongested (~35–40 PAX) 2 sessions 2 sessions 2 sessions 2 sessions

The following names will be used for the different test cases:

• Baseline–uncongested 1 (1st Session)
• Baseline–uncongested 2 (2nd Session)
• Baseline–fully booked
• ASHRAE–uncongested 1 (1st Session)
• ASHRAE–uncongested 2 (2nd Session)
• ASHRAE–fully booked
• ASHRAE half–uncongested 1 (1st Session)
• ASHRAE half–uncongested 2 (2nd Session)
• ASHRAE half–fully booked
• Max. CO2–uncongested 1 (1st Session)
• Max. CO2–uncongested 2 (2nd Session)
• Max. CO2–fully booked

The test sequence is shown in Figure 3. Subject reception and medical pre-screening
was 1h before the test started. After boarding, the pressure in the chamber was reduced
(Figure 4). When flight altitude was reached, the desired ventilation regime was set. Sub-
jects answered psychological and health questionnaires and were tested for performance
in Batteries 1 and 2, and detailed questionnaires on comfort were distributed in the middle
and at the end of the session (Comfort Battery and Battery 2). After test battery 2 the cabin
was repressurized and subjects deboarded.

 

Figure 3. Test sequence.
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Figure 4. Example of Cabin pressure profile.

Only low emitting food (pretzels) and water were served to the subjects to not artifi-
cially alter the VOC composition in the cabin. In a real flight, coffee, tea, juices, alcoholic
drinks and food with higher emission may be served as well. While for the high outdoor
airflow rates, these events are expected to be flushed out quickly from the cabin, the low
outdoor airflow rates show noticeable transient times and thus the effect of such events
would persist longer. Furthermore, possible exhaust ingestion or engine oil (fume) events
were disregarded in this study as it focused on emissions generated inside the cabin.

2.3. Assessment of Air Quality

The assessment of the indoor environment was performed by a trained sensory panel
according to the requirements of ISO 16000-30 [17] and subjects’ ratings via questionnaire
at the end of the session.

For the first test of each condition, a sensory panel consisting of eight trained test
persons entered the cabin and assessed the perceived intensity, the hedonic odor tone
and the odor quality of the cabin air. Their evaluation of perceived intensity (pi) uses of
a comparative scale, that assigns the odor intensity of air to a defined concentration of
acetone (Figure 5). Hedonic odor tone is assessed on a 9 point category scale from −4 (very
unpleasant), via 0 (neither pleasant nor unpleasant) to +4 (very pleasant).

Within the set of questionnaires at the end of exposure (i.e., before descent), all subjects
were asked to:

• rate the smell in the cabin on a five point scale (How would you assess the odor inten-
sity in this flight? no odor; slight odor; moderate odor; strong odor; overwhelming
odor),

• evaluate the air quality with a five point Likert scale (How would you rate the air
quality in this flight? very poor; poor; average; good; very good/excellent)

• assess the acceptability of the air quality with an approach used by [18,19].

Overall, 559 persons representative of flight passengers with regard to sex and age
(283 men, 276 women; mean age 42.68 ± 15.85 years) participated in the study and rated
these parameters.
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Figure 5. Top: Perceived intensity scale, Bottom: Hedonic odor tone scale.

2.4. Test Preparations
2.4.1. Considerations on Heat Balance

Based on the test matrix, some preliminary rule of thumb considerations were made
on the heat balance of the cabin. As cabin cooling is provided by conditioned outdoor
air, it was investigated to which extent the reduced flow of outdoor air is capable to fulfil
this function. In this balance, the recirculation air is not considered, as from a thermal
point of view it is extracted and re-injected into the cabin. For reasons of simplicity, it was
assumed that each passenger brings in 100 W of heat by metabolism, electrical devices
and in-flight entertainment. Neglecting heat losses through the envelope and heat gain
from e.g., fan operation, the required outdoor air temperature entering the mixing box
can be estimated by the equation below. Results of this assessment are summarized in
Table 2. Especially for outdoor flow rates below the ASHRAE requirement of 3.5 L/s, the
required temperature to maintain the cabin thermal balance becomes unrealistically low.
Reaching such low temperatures would require a large ram air heat exchanger and would
only be possible during cruise phase. Therefore, it was concluded that a recirculation heat
exchanger connected to a mobile cooling machine will be needed for the experimental
campaign. Based on the occupancy of 80 passengers, it was estimated that this cooling unit
needs to extract up to 8 kW of heat assuming a close to zero cooling capacity of the lowest
outdoor airflow rate of 1.1 L/s.

Tsupply = Tcabin −
.

Qpax
.

Voutdoor·ρ·cp

with: Tsupply: Supply air temperature of outdoor air in ◦C, Tcabin: desired cabin air temper-
ature (23 ◦C), Qpax: Heat emission per passenger (100 W), Voutdoor: Outdoor airflow rate
per passenger in L/s (norm conditions), ρ: air density (1.2 kg/m3 at norm conditions) and
cp: 1004.5 J/(kg·K).

Table 2. Estimated requirement for outdoor air temperature and estimated cooling power required
in the recirculation air path.

Conditions Baseline ASHRAE ASHRAE Half Max. CO2

Outdoor airflow rate in L/s/PAX 5.2 3.5 1.8 1.1
Required outdoor air temperature 7 ◦C −1 ◦C −23 ◦C −52 ◦C

Recirculation cooling power n/a n/a 4 kW 8 kW
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2.4.2. Subject Safety

High priority was given to the safety of subjects in the cabin. Therefore, a detailed
safety and hazard assessment was performed prior to the subject tests.

To ensure a safe conduction of the tests, a review of fire escape procedures was per-
formed. Unnecessary equipment resulting in burn load was removed and smoke protection
masks were purchased in sufficient number. It was ensured that fire extinguishers were in
place and had a valid seal of approval. Escape maps were reviewed and updated. Prior to
the test conduct, subjects were informed in the use of the smoke masks and the location of
fire escape lanes, similar to the floating vest and exit instructions on a commercial flight.

It was ensured that at least one of the cabin crew had passed a recent first aid course.
Furthermore, a medical doctor was onsite during the entire test carrying a medical emer-
gency valet with him/her.

Prior to the test campaign, the test setup as well as the possibility to enter and leave
the cabin through a pressure lock during low pressure operation was inspected by the local
emergency rescue team.

The expected exposure in terms of CO2 and VOCs was pre-assessed and it was assured
that no regulatory limits were exceeded like e.g., FAR part 25, ref [16].

3. Results

3.1. Flow Rates

Figure 6 shows the flow rate per passenger. Obviously, the outdoor flow rate was
maintained both for the uncongested and the fully booked cases. The total flow rate
was close to 9.4 L/s/passenger for the tests. In the cases “ASHRAE uncongested 2” and
“ASHRAE half uncongested 2” a slightly higher recirculation flow rate was applied because
only a lower number of subjects participated (35 and 34 instead of 40). For the fully booked
“Max. CO2” case, the recirculation fan came to its limit resulting in slightly lower flow rate.

Figure 6. Passenger based airflow rates in the cabin.

Figure 7 shows the total airflow rates in the cabin and thereby proves the adaptive
nature of the selected study approach. Due to the day by day adjustment of the airflow rate
to the passenger count, each day results in different total flow rates and the fully booked
cases have a noticeably higher total flow rate.
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Figure 7. Total airflow rates in the cabin.

3.2. Temperatures

Temperatures were averaged for the entire exposure and for the timeslots the subjects
filled out questionnaires (Figure 8). The cabin temperature and stratification usually were
around ±1.5 K and thus below the limit of 2 K for a class A rating according to DIN EN
ISO 7730 [20], therefore only the average temperature in the occupied zone (0–1.1 m height)
is reported here. The temperature target of 23 ◦C was mostly maintained at ±1 K. It can
be inferred by the measurements that the “Baseline fully booked” condition results in a
colder cabin temperature because subjects were close to the control feedback sensor in the
cabin and sufficient cooling power to react was available. For the “Max. CO2 fully booked”
condition, the available cooling power of the recirculation heat exchanger came to its limit
and therefore temperature in the cabin was higher. For this case, a larger cooling system
than the available one would have been necessary, possibly due to the additional heat
injected by the recirculation fan operating at full speed.

Figure 8. Average cabin temperature.
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3.3. Cabin Humidity

A clear trend of increased cabin relative humidity with decreasing outside airflow rate
is obvious (Figure 9). In the “Baseline” conditions, values around 15% RH were measured
that are well in line with other publications [7,9]. For the “ASHRAE half” and “Max. CO2”
conditions, a gradual increase of relative humidity from test battery 1 over comfort battery
to test battery 2 could be noticed. Due to the low outside airflow rate, the time constant
of the cabin to reach steady-state was higher and thus the build-up phase time increased.
Even at the end of the test, an increase in moisture was still obvious. For the fully booked
case, the total flow rate was higher, and therefore humidity level was closer to convergence
for the “Max. CO2 fully booked” case, compared to the uncongested case at which a
build-up could still be seen at the end of the test (Figure 10). Considering test battery 2 to
be representative of the steady-state conditions reached at the end of the tests for all the
experiments, a maximum value of 33.7% RH was measured in case of the most extreme
condition (“Max. CO2 fully booked”) at a cabin temperature of 25.9 ◦C. This corresponds
to a moisture content of 6.94 g/kg.

Figure 9. Measured average relative humidity in the cabin.

3.4. CO2 Concentration

A clear trend of increased cabin CO2 concentration with decreasing outside airflow
rate is visible (Figure 11). For the baseline case, the content was 1660 to 1721 ppm (pressure
corrected) at the end of the test. For the “ASHRAE half” and “Max. CO2” cases, a gradual
increase over the test time is obvious (Figure 12), similar to the findings for relative humidity
and with a maximum CO2 level in case of “Max. CO2” between 3853 and 4520 ppm.

3.5. TVOCs

TVOC detection was performed by grab sampling and off-line analysis by GC-MS.
Results are shown in Figure 13. The general tendency to increased TVOC levels with lower
outdoor airflow rate is obvious, however less expressed than for humidity and CO2. The
peak in the “ASHRAE half–fully booked” is due to a peak in ethanol. Even though the
subjects were told only to drink water and were observed by the cabin crew, it cannot be
excluded that somebody brought alcoholic beverages on board. The peak in the “Max.
CO2–uncongested 2” condition is due to an event that made it necessary to disinfect the
galley with isopropanol cleaning agent during the test conduction. Generally, VOCs are
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below or within the limits of UBA [4] level 2 (300–1.000 μg/m3, “no relevant objections,
increased ventilation recommended”).

  

 

Figure 10. Transient evolution of relative humidity in the cabin for four different test days with different outside airflow rates.

Figure 11. Measured average CO2 concentration in the cabin (pressure corrected).
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Figure 12. Transient evolution of CO2 concentration (pressure corrected) in the cabin for four different test days with
different outside airflow rates.

Figure 13. Measured TVOC concentration in the cabin air.
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In order to assess whether VOCs could have been absorbed by condensed water in
the recirculation heat exchanger, the drainage valve was opened after each test. Water was
never observed and thus it was concluded that no major condensation occurred.

3.6. Trained Panel Votes

The panel of eight trained persons was used in the cases “Baseline uncongested 1”,
“ASHRAE uncongested 1”, “ASHRAE half uncongested 1” and “Max. CO2 uncongested 1”.
The panel entered the cabin after the comfort battery, slowly walked up and down the aisle
and then left to independently give their votes. Through this short residence time, odor
adaptation is avoided. The result shows no clear trend to increased perceived intensity or
worse hedonic tone. The votes show a distinct intensity of smell and a slightly unpleasant
tone (Figure 14).

 

Figure 14. Assessment of air quality by trained odor panel.

3.7. Subject Votes

In all test cases, subjects were asked at the end of the exposure to assess the smell in
the cabin and the acceptability of air quality. For the “Baseline” and “ASHRAE” conditions,
the votes on smell are quite similar for the uncongested (Figure 15 left) and the fully
booked case (Figure 15 right). For “ASHRAE half” and “Max. CO2”, the fully booked
condition shows less votes for “no smell” and more votes for “slight” and “moderate”
smell perception whereas for the uncongested condition, no systematic difference is found.
Analyses of variance (ANOVA) confirm this: there is no main effect of ventilation regime
but a small main effect of occupancy (F = 2.99, p = 0.08), interaction of both is not significant
(F = 1.72, p = 0.16). That is, the slightly higher level of “slight” and “moderate” smell
perceptions in the fully booked conditions with lower outdoor airflow rates are sufficient
for an overall difference in perception between uncongested and fully booked sessions,
although general levels of smell perception are very low. A similar pattern is found for the
acceptability of air quality. However, analyses of variance for this variable show rather
clear effects; a decrease of acceptability with decreasing outdoor airflow rate (main effect
ventilation regime: F = 3.36, p = 0.019), lower acceptability in the fully booked condition
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(main effect occupancy: F = 5.68, p = 0.017) and an interaction effect between both (F = 3.97,
p = 0.008), denoting that only the fully booked condition shows a linear decrease in the
acceptability ratings. Figure 16 presents estimated marginal means from this analyses.
Nevertheless, the overall acceptability is higher than 75% in all tests performed, and in the
dichotomous approach by Wargocki [18,19] more than 93.4% of all participants rated the
air quality as acceptable (4.1% inacceptable, 2.5 missing).

Figure 15. Smell perception votes for the different outdoor airflow rates. Left: uncongested, Right: Fully booked.

Figure 16. Acceptability ratings on a scale from 0–100 controlled for age, sex, smoking and self-
reported multiple chemical sensitivity of participants.

4. Discussion

This paper shows the effect of lower outdoor airflow rate on cabin relative humidity,
CO2 concentration and TVOC level. The measurements were taken during a subject
study with a randomized controlled design, blinded participants, representative of flight
passengers with regard to age and sex. Thus, the emitted and measured species should be
representative for the flying population.
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The measured data for the “Baseline” condition show to realistically replicate humid-
ity and CO2 levels reported from commercial flights. The TVOC measurement may be
impacted by the used mock-up and the strict behavior rules for the subjects. The votes
on perceived intensity, hedonic tone, smell perception and acceptability thus must be
critically considered with regard to generalizability to “normal” flights. Moreover, results
can only be generalized to spaces where the occupants generate the major emission of
VOCs (bioeffluents).

Nevertheless, the principle of an adaptive ECS operation was successfully proven in
this study. Here, the airflow rate was adjusted to the number of passengers. Future research
should be performed to identify markers in the cabin air that could be used as feedback
signal for a controller. Such a marker could be CO2, however it would not cover e.g., the
event of increased TVOC found by cleaning requirement or the potential consumption of
alcohol as detected in the cabin during this study.

Airflow rates were selected to generate different levels of CO2. Whether these airflow
rates are compatible with other requirements of the aircraft ventilation like e.g., exhaust
airflow rates in the lavatories and galley, cabin pressurization, cooling of avionics, etc. has
been disregarded.

The general trend, to have a higher satisfaction with the environment despite a similar
exposure in the uncongested case compared to fully booked one was even reported for
other comfort parameters in the “Baseline” case, whereas the other three airflow regimes
are currently under evaluation [21].

5. Conclusions

This paper presents the indoor air measurements for different outdoor airflow rates in
a realistic cabin mock-up with subjects in a simulated flight. The major results are:

• Relative humidity, CO2 and TVOC clearly increase with decreasing outdoor airflow
rate

• Singular effects like an ethanol or cleaning agent event showed higher impact on the
TVOC levels than the airflow regime

• Neither a trained sensory panel nor subjects could differentiate smell or acceptability
for the different airflow conditions. Only in a fully booked cabin slightly worse votes
were given at lower outdoor air intake.

• Low outdoor airflow rates necessitate additional cooling capacity in the recirculation
path. This would result in a possible need for redesign of the ECS compared to today’s
architecture.
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Abstract: Ram air–based thermal management systems (TMS) are investigated herein for the cooling
of future hybrid-electric aircraft. The developed TMS model consists of all components required
to estimate the impacts of mass, drag, and fuel burn on the aircraft, including heat exchangers,
coldplates, ducts, pumps, and fans. To gain a better understanding of the TMS, one- and multi-
dimensional system sensitivity analyses were conducted. The observations were used to aid with the
numerical optimization of a ram air–based TMS towards the minimum fuel burn of a 180-passenger
short-range partial-turboelectric aircraft with a power split of up to 30% electric power. The TMS was
designed for the conditions at the top of the climb. For an aircraft with the maximum power split, the
additional fuel burn caused by the TMS is 0.19%. Conditions occurring at a hot-day takeoff represent
the most challenging off-design conditions for TMS. Steady-state cooling of all electric components
with the designed TMS is possible during a hot-day takeoff if a small puller fan is utilized. Omitting
the puller fan and instead oversizing the TMS is an alternative, but the fuel burn increase on aircraft
level grows to 0.29%.

Keywords: thermal management; hybrid-electric aircraft; ram air–based cooling; compact heat
exchangers; meredith effect

1. Introduction

The introduction of (hybrid-)electric powertrains to future aircraft is one of the inno-
vations that could help to achieve the ambitious goal of a 75% reduction in CO2 emissions
by the year 2050 set by the European Commission’s Strategic Research and Innovation
Agenda [1]. Thermal management is one of the key challenges for the successful realization
of such powertrains [2].

Thermal management systems (TMS) were already part of early motorized aircraft,
especially for the cooling of piston engines. When the engine power density increased, air
cooling became insufficient and additional radiators were installed to reject heat from the
oil system to ambiance. The Mustang P-51D and Messerschmitt Bf 109 are examples of
aircraft which had these radiators installed inside a duct with a diffuser and a nozzle to
reduce cooling air drag utilizing the so-called Meridith effect [3]. This principal architecture
of a ram air–based cooling system is still present in modern aircraft systems, e.g., in the
environmental control system [4].

With the introduction of gas turbines, and for turbofan engines especially, engine
thermal management became a less critical issue for commercial aircraft because of the
large, steady airflow that carries most of the engine’s waste heat to ambiance. However,
the continuous increase in turbine entry temperature and the introduction and further
development of new technologies—for example, a gearbox for geared turbofan engines—
have led to increased heat loads in modern aircraft engines. A summary of the development
of engine waste heat and corresponding TMS developments can be found in [5].

Over the last two decades, research in (hybrid-)electric powertrains as an alternative
to gas turbines has significantly increased. One of the key challenges for both realizing
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a theoretical benefit on aircraft level and successfully implementing first demonstrations
is the thermal management of up to multi-megawatt electric powertrains [6,7]. Besides
the high efficiency of electric components compared to gas turbines, they have no natural
large heat rejection system such as the engine exhaust, so only small amounts of heat
can be dissipated naturally via conduction through the structure. Therefore, the TMS
has to manage their entire heat load. Additionally, electric components typically have
low operating temperatures compared to combustion engines, which result in only small
available temperature differences to ambient conditions for the TMS.

In recent research on hybrid-electric aircraft (HEA), the TMS is addressed more fre-
quently and with increasing level of detail. For the NASA STARC-ABL concept, a specific
power of 0.68 kW/kg of the TMS was assumed [8]. A hybrid version of the NASA N+4
Refined SUGAR research platform was designed with a dynamic model of a TMS for both
the electric system and the engine oil system. The system was designed for conditions dur-
ing a hot-day takeoff (HDTO), which, together with a low allowable battery temperature,
resulted in a ram air cooler of about 150 kg. However, a 50% mass reduction was shown for
an increase in battery temperature of 20 ◦F [9]. Further analysis of the concept, including
various off-design points, showed an increase in design mission fuel burn (FB) of 3.4% due
to TMS mass, power, and drag [10]. With additional optimization, such as decoupling the
battery cooling loop, the FB increase was reduced to 0.75% [11]. In [12], a ram air–based
TMS was designed for a vertical takeoff and landing (VTOL) vehicle with steady-state
and transient methods. Sensitivities of key parameters of the developed compact heat
exchanger (HEX) model were shown, as were Pareto fronts for a system optimization
towards minimum system mass and power required by a puller fan. The final TMS of the
VTOL had a mass of 171.63 kg and required 257.6 kW of power.

For HEA, the potential of using existing aircraft surfaces as alternative heat sinks was
investigated, resulting in an indication that smaller aircraft can reject large parts of their
heat load via the skin [13]. In a more detailed investigation, a TMS utilizing recirculating
fuel underneath the wing surfaces for cooling of a 180-passenger short-range HEA was
designed [14]. Despite the promising results, these surface cooling concepts have major
disadvantages, such as the low available cooling power at low flight velocities and the
low amount of coolant in case of fuel cooling towards the end of the mission. Therefore, a
ram air–based TMS was considered for this study.

The research on ram air–based TMS has already developed some sensitivities and
optimization for the compact HEX rather than solely solving the thermal management issue
of one specific HEA. In this study, an even broader approach was chosen. The objective
was threefold: Firstly, a static model of all necessary components for a ram air–based TMS
was developed. Secondly, the overall system sensitivities were studied rather than just
those of the compact HEX. Thirdly, different TMS architectures were optimized towards a
weighted objective function derived from a 180-passenger short-range partial-turboelectric
aircraft. The study will further improve knowledge of ram air–based TMS and their
impacts on HEA. It will thereby enable future studies on HEA to assess their performances
in more detail.

2. Models and Methods

The following section describes all required component models of the ram air–based
TMS. At the end of this section, the partial-turboelectric aircraft and the derivation of its
FB sensitivities for later use as an objective function are presented.

Figure 1 shows an exemplary centralized TMS architecture with all electric components
being cooled in parallel. It requires the following components:

1. Coldplates to receive heat from the electric components and transfer it to the coolant.
2. A compact HEX to reject the collected heat to ambiance.
3. A diffuser to reduce cooling air speed and thereby the cold-side pressure loss of the

compact HEX.
4. Optionally, a puller fan to increase cooling air flow.

200



Aerospace 2020, 8, 3

5. A nozzle to recover some of the momentum of the cooling air and thereby reduce drag.
6. Pipes to transfer the coolant.
7. A pump to recover the pressure loss of the coolant.

AirDiffuser

Heat 
Exchanger

Air

Q1 Qn

Coldplate 1 Coldplate n

Fan

Nozzle

Pump

E-Comp 1 E-Comp n

Figure 1. Centralized parallel thermal management system (TMS).

2.1. Coldplates

Coldplates are flat components with internal liquid flow to cool electronic devices,
such as chips. Research trends towards lower thermal resistances (Rth) of future coldplates—
for example, by decreasing the hydraulic diameters (dH) of microchannels or by integrating
the cooling channels closer to the working parts of the electronics [15]. Here, a simplified
model of a coldplate is used not only for the cooling of the power electronics but also as
a substitute for a model of the internal cooling of electrical machines. Despite the inlet
properties (pressure (p), temperature (T), and heat load (Q)), the model only requires
thermal insulance (rth), maximum junction temperature (Tcp), area density (ρA), and design
pressure loss (Δpdes) as inputs. These can be estimated from existing manufacturer data or
research articles for future coldplate technology. The off-design performance is analytically
derived, assuming straight parallel microchannels with laminar flow. A detailed expla-
nation of the implemented coldplate model is provided in Appendix A.1. To validate the
model, data from a numerical study of a microchannel coldplate is used [16]. The design
point of the model was set to the highest Reynolds number (Re), and for the off-design
performance, the mass flow rate (w) was subsequently decreased. All inputs to the design
model are listed in Table A3 in Appendix A.2. The results of the validation are shown in
Figure 2.
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Figure 2. Coldplate model validation for thermal resistance (left) and pressure loss (right) with data
from [16].

The predicted performances for both parameters (Rth and Δp) are within 2% of the
validation data. The slight inaccuracy stems from the errors made in the visual acquisition
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of the data and the simplifications of the model. For the use in preliminary aircraft design,
the accuracy is acceptable.

2.2. Compact Heat Exchanger

Heat exchangers can be built in many different architectures that have been described
and categorized by different authors, e.g., [17,18]. Models attempting to cover all the
different HEX types are therefore limited to a very low level of detail, which is not sufficient
for the aim of this study to predict mass, dimensions, power, and drag of the TMS. However,
due to the specific requirements of aircraft, only light, compact HEXs are considered. In [19],
the most promising types of HEXs for aircraft applications are summarized as plate-fin heat
exchangers (PFHE), printed circuit heat exchangers (PCHE), and in the future, microchannel
heat exchangers.

There is no hard distinction between these three, as PFHE is a description of the overall
architecture (plates and fins), PCHE is a description of the manufacturing technique (addi-
tive), and microchannel is a description of the layout on the microscopic level. Therefore, a
HEX could match all three categories if it is an additively manufactured PFHE with very
small channels. Thus, from a modeling perspective, it is only one type, which can be de-
scribed as a single-phase, multi-pass, cross-flow HEX in overall counterflow arrangement.
Both design and performance calculations were derived from the detailed procedures
described in [17] for PFHE. Adaptions for the number of transfer units (NTU), the effective-
ness (ε), and the dimensions of the HEX for multipass arrangements were implemented
from [18]. The key equation for core mass velocity (cmv) from [17] then becomes:

cmvdes =
√

2Δpdes ·
[

fcorr

j
ntu
ηo

· Pr
2
3 · 1

ρm
+ 2 ·

(
1
ρo

− 1
ρi

)
+ (1 − σ2 + Kc) · np

ρi

− (1 − σ2 − Ke) · np

ρo
+ (np − 1) · Kbt · σ2

ρm

]−0.5 (1)

with corrected friction factor ( fcorr), number of transfer units on one side (ntu), overall fin
efficiency (ηo), Prandtl number (Pr), inlet, outlet, and mean density (ρi, ρo, and ρm), ratio of
free flow to frontal area (σ), inlet, outlet, and bend loss coefficient (Kc, Ke, and Kbt), and
number of passes (np).

The described algorithm can work with any HEX core as long as the parameters in
Table 1 are given. The Colburn factor (j) and the Fanning friction factor ( f ) depend on Re,
which means a correlation rather than one value has to be given. All other parameters are
geometric and do not change in off-design operation. Three options for the HEX core are
considered:

1. Rectangular microchannels.
2. Offset-strip fins.
3. Louvered fins.

A detailed explanation for the calculation of all parameters in Table 1 for all three
types of HEX core can be found in Appendix B.

2.3. Diffuser, Nozzle, and Pipes

In many TMS models, e.g., the model presented in [12], the diffuser pressure loss
is assumed to be constant. However, at low flight speeds, this simple assumption may
overestimate the actual pressure loss and lead to the necessity of a puller fan. Its installation
should be carefully considered because it usually is less efficient than the main propulsion
devices. Therefore, in this study, a Mach number (Ma) dependent pressure loss model is
used for the diffuser.

A drawing of the two-dimensional diffuser model is shown in Figure 3. It has a
rectangular cross section, an opening angle (θ) in the z-direction, and a constant width
(y-direction). Depending on the flight conditions, there is a pre-entry compression or
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expansion, i.e., A0 	= A1. The changes in fluid properties between the flow cross sections
A0 and A1 are calculated with the isentropic relations. Inside the diffuser, the ideal pressure
recovery factor (c∗p) can be obtained from correlations found in [20]:

c∗p = g1 · g2 ·

⎧⎪⎨
⎪⎩1 − 1.03 · (1 − B)2

AR
2 ·

[
1 − 0.82 · AR

0.07 · B1/(2·AR−1)
]2

⎫⎪⎬
⎪⎭ (2)

g1 is a term depending on Ma and diffuser area ratio (AR = A2/A1), and g2 is a term
depending on Re and relative inlet blockage (B). AR is a corrected AR to account for the
influence of the aspect ratio of the inlet cross section. Using c∗p implies a diffuser with
optimal θ, which for the 2-D diffusers is around 8◦. The outlet pressure is:

p2,s = c∗p · ρ1 · v2
1 + p1,s (3)

If A0 < A1, some air is spilled around the inlet and spillage drag occurs. It can be calculated
according to [21,22]:

Dspill = Kspill · [w1 · (v1 − v0) + A1 · (p1 − p0)] (4)

Kspill is an empirical coefficient accounting for the lip suction effect. Dspill is added to the
internal drag calculated from conservation of momentum equations over the entire system,
i.e., from diffuser inlet to nozzle outlet.

Table 1. Required heat exchanger core parameters.

Name Symbol Unit

Colburn factor j −
Fanning friction factor f −
Hydraulic diameter dH m
Plate space b m
Area density β m2/m3

Fin thickness δ m
Fin thermal conductivity λ f W/(m K)
Ratio finned to total heat transfer area A f /A −

A1 A2

Spillage

A0

x

z

θ 

Figure 3. Diffuser model.

Since the nozzle has a negative static pressure gradient in the flow direction, its total
pressure loss is less sensitive to shape and flow conditions than the diffuser. However, for
the same reasons as mentioned above, it is important to have a pressure loss correlation
sensitive to flow velocity rather than just a constant. It can be calculated according to [23]:

Δpt = Kloss · p1,t ·
[

1 − p1,s

p1,t

]
(5)
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with shape-specific loss coefficient (Kloss) from [23]. Otherwise, the nozzle model uses area
ratios to calculate outlet velocity and isentropic relations for the outlet fluid properties.

The pipe is modeled as a straight circular channel, and the well-known head loss
formulas, e.g., from [24], are used to estimate pressure loss. For turbulent flow, the
correlation from [25] is used to predict the friction factor.

All three models have simple geometric models to estimate their dry masses. In case
of the pipe, a wet mass depending on the coolant is also available.

2.4. Pump and Fan

The puller fan is modeled as a repetition stage according to [22], i.e., the outlet velocity
equals the inlet velocity. Isentropic relations are used to calculate the outlet fluid properties
and compression work.

The pump model is simpler as the fluid is considered to be incompressible. Two
efficiencies are implemented: The hydraulic efficiency (ηhyd) and the electric efficiency
(ηelec). Mechanical power and outlet temperature are calculated as:

Pmech =
Δp · w
ρ · ηhyd

(6)

T2 = T1 + Pmech ·
1 − ηhyd

cv · w
(7)

2.5. Aircraft Fuel Burn Sensitivities

The aircraft used for the TMS design and optimization is designed to carry 180
passengers over a range of 1300 NM at a cruise speed of Ma = 0.68 (initial cruise altitude:
35,000 ft) and features a partial-turboelectric propulsion system.

The propulsion system is composed of advanced turboprop engines and turboelec-
trically driven wingtip propellers (WTPs). A key variable of this propulsion system
architecture is the power split (SP), which is defined as:

SP =
PWTP

PMP + PWTP
(8)

where PWTP is the shaft power of the WTP and PMP is the shaft power of the turboprop
engine’s main propeller (MP). The design power of the electric system is determined by
SP and PMP at the top of climb (TOC) of the aircraft design mission. This electric power
remains constant unless the power of the gas turbine is lower than its TOC power of
the design mission. In this case, PWTP is lowered accordingly to match the desired SP.
Further details about the propulsion system and aircraft are provided in [26]. The aircraft
investigated in [26] and this study is visualized in Figure 4.

Figure 4. Aircraft design for SP = 30%.
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To achieve an optimized TMS design on aircraft level, the impact of the variation of its
most important parameters on an aircraft objective optimization variable is required. For
this purpose, the sensitivity of the partial-turboelectric aircraft’s FB (block fuel) to varying
mass and drag increments due to the TMS integration was derived for three SP values (10%,
20%, and 30%). Regarding the additional mass of a TMS (mTMS), the operating empty
mass (OEM) was gradually increased to include an assumed mTMS of up to 1000 kg. In
the same manner, the wing profile drag was increased to include an assumed TMS drag
(DTMS) of up to 1000 N since an integration into the wing was found to be reasonable.
Consequently, every combination of mTMS and DTMS represents a new aircraft design. The
resulting aircraft FB sensitivities for the three SP variations are similar in their relative FB
changes (ΔFB values) to the FB of the respective baseline aircraft design. An exemplary
FB sensitivity is presented in Figure 5.
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]
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Figure 5. Aircraft FB sensitivity for SP = 30%.

Starting from the baseline aircraft design for SP = 30%, Figure 5 shows an increase
in ΔFB of approximately 1.5% for a mTMS increment of 1000 kg and approximately 3.6%
if DTMS is increased by 1000 N. These FB gradients of ΔmTMS and ΔDTMS are almost
independent of each other, which leads to a sensitivity plane with only minimal curvature.

3. System Sensitivity Analysis

The following section investigates an aircraft FB sensitivity to all relevant parameters
of the system. It establishes a general understanding of the system and verifies the imple-
mentation of the models. Additionally, computational costs in the following optimization
(see Section 4) are reduced when parameters with low sensitivity can be set to a constant
value. The sensitivity analysis is conducted at TOC conditions. However, HDTO conditions
are more challenging for the TMS and are considered later in Section 4.2. SP = 30% is used
for the sensitivity analysis. The trends shown in this section are also valid for the other SP
values. The heat loads of the design and the off-design point are shown in Figure 6.

Power electronics include inverters, rectifiers, and protection switches. The absolute
values are rather close due to the aforementioned strategy of keeping the electric power
near its maximum throughout the mission. In takeoff, the generator has a higher efficiency
because of a better position in the operational characteristics and therefore less waste heat
than in design. A 50%-water-glycol mixture is chosen as the coolant to cope with the low
ambient temperatures at high altitudes.

3.1. One-Dimensional Sensitivities

The one-dimensional sensitivity analysis considers the sensitivity of each parameter
isolated, i.e., only one parameter is varied at a time. In Section 3.2, some coupled or multi-
dimensional sensitivities are discussed. The parameters considered for the one-dimensional
analysis are summarized in Table 2 and the results are shown in Figure 7.
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Figure 6. Design and off-design (HDTO) heat loads for SP = 30% for one powertrain.

Table 2. Parameters considered in the one-dimensional sensitivity analysis.

Parameter Symbol Unit Default Value

Coldplate surface temperature Tcp K 370
Heat capacity ratio HEX cold to hot side C∗

R − 1.0
Coldplate coolant inlet temperature T1 K 275
Pressure ratio HEX cold side Πc − 0.95
Hydraulic diameter HEX cold side dH,c mm 10.0
Coldplate effectiveness εcp − 0.4
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Figure 7. One-dimensional sensitivity analysis.

The default values from Table 2 are located at the intersection of all lines in Figure 7.
The default values for each parameter are the median values of the respective parameter
range. They are mostly not located at the middle of the resulting sensitivity line, indicating
a higher sensitivity of the parameter to one end of the range. Increasing Tcp by 30 K from
370 K to 400 K, for example, results in roughly a 0.07% decrease in ΔFB, whereas decreasing
it by 30 K to 340 K results in an approximate 0.3% increase in ΔFB.
Tcp and εcp have the highest proportionality with ΔFB. Increasing either one of them
directly results in an increase of ΔT across the HEX, which leads to a decrease in HEX size.
Both parameters cannot be freely chosen, but Tcp is constrained by the allowed operating
temperature of the electric component and εcp by the possible size of the coldplate. High
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εcp values require a longer length of stay of the cooling fluid inside the coldplate, which
causes an increase in the size of the coldplate for constant heat loads.

All other parameters have an optimal value with a minimum in ΔFB inside the given
range. Decreasing C∗

R to values lower than 1.0 is a direct increase of wc. This improves the
cold-side heat transfer coefficient (αc), which results in a slightly smaller and lighter HEX;
however, the corresponding increase in drag leads to an overall increased ΔFB. Increasing
C∗

R past 1.0 has the opposite effect. The increased wh causes an increased hot-side length
(Lh) of the HEX to achieve the same T1. This allows a shorter cold-side length (Lc) and
thereby less drag. There is a limit to this effect—it will eventually result in an increase in
drag again due to an unnecessarily large HEX area.

Πc has a higher drag than OEM sensitivity. Low Πc values directly result in more
drag but also allow slightly lighter systems due to the increased cold-side flow velocity and
thus higher αc. The increased drag towards very high Πc values originates in the diffuser.
Very low face Ma are required for the HEX, leading to a large diffuser with larger internal
losses and also larger spillage.

Decreasing T1 further from the default value requires a more effective HEX, i.e., a
larger HEX with increased Lh and Lc. Besides becoming heavier, the increased Lc also
results in more drag for the system. At constant Πc, an increased Lc requires a smaller face
Ma with the above-described consequences for the diffuser. However, T1 should not be
infinitely increased either. Large T1 values require large wh values, a constant C∗

R, and large
wc values, resulting in a steep increase in drag.

dH,c is inversely proportional to mass because αc increases with decreasing dH,c. A
very small dH,c leads to increased FB since for constant Πc a very low face Ma is required,
which again causes large diffuser losses and consequently drag, as mentioned above.

3.2. Multi-Dimensional Sensitivities

The results of Figure 7 may not be used to observe the optimal value for each parameter.
This would only be possible if they were independent of each other. In reality, they are
linked to each other via various interdependencies. Some of the more interesting ones are
shown in Figure 8. Contrary to Figure 7, the lines in Figure 8 are lines of constant parameter
values—e.g., along the dotted lines of the left image, Πc has a constant value, which is
indicated on the left side of each line.

The study settings are the same as in Table 2, except for the indicated parameters. On
the left side dH,h and Πc are varied. Varying Πc shows the same curve shapes for each dH,h
as in Figure 7. The minimum in ΔFB shifts. For dH,h = 4.5 mm, the best Πc would be about
0.94, whereas for smaller dH,h, the ideal Πc value increases slightly to about 0.96 for dH,h =
0.5 mm. dH,h shows a rather clear trend indicating that lower dH,h values always result in
less ΔFB. This statement is only valid as long as Πc can be appropriately chosen. If, for
example, Πc is fixed at 0.9, the best dH,h value would be roughly 2 mm.

The main reason for the effects described above is the influence of dH,h on the HEX
cold-side ratio of the free flow to the frontal area (σc). A larger dH,h increases the hot-side
channel height (if the channel aspect ratio is not changed) and therefore decreases σc. If Πc
is left constant, the flow velocity in the cold-side channel is also about constant. However,
due to the lower σc value, the face Ma must be smaller since a lower σc results in a higher
difference between frontal and free flow velocity. Therefore, the diffuser must be larger,
resulting in more drag. The system mass always decreases with decreasing dH,h because of
an increased αh and a more compact HEX.

On the right, the effects of varying dH on both cold and hot sides of the HEX are
shown. Again, reducing dH,h results in less ΔFB in every case. The reason is the same as
described above. The optimal dH,c value depends heavily on the chosen dH,h. For a large
dH,h, a larger dH,c should be chosen. A small dH,c with a large dH,h results in small σc values
with its negative effects on drag as described above. For the lowest considered dH,h of
0.5 mm, the best dH,c value is about 5 mm. The factor between dH,h and the corresponding
best dH,c value varies between 2 and 10. This large difference can be attributed to the
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different fluid properties, especially the large difference in thermal conductivity between
water and air.
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Figure 8. Two-dimensional sensitivity analysis of the hot-side hydraulic diameter with the cold-side
pressure ratio (left) and the hot-side hydraulic diameter with the cold-side hydraulic diameter (right).

For TMS-equipped aircraft, a few interesting conclusions can be derived. The general
trend in HEX design towards smaller dH is only beneficial for the aircraft on the hot side if
the drag is considered. Studies only focusing on HEX masses will still find smaller dH,c
beneficial. For practical reasons, dH,h can be reduced far easier than dH,c. The smaller the
dH , the higher the risk of congestion, and the greater the drop in performance for the HEX.
The hot side is a closed loop, and therefore the fluid can be kept very pure through regular
exchange and the incorporation of filter systems, thereby minimizing said risk. On the
cold side, ambient air has to be used. The implementation of a filter would directly result
in more drag and is therefore not a feasible option. With optimal dH,c, values of more
than 5 mm for maintenance are less of a problem than dH,c values of only a millimeter or
less. Due to its obvious trends, dH,h does not need to be considered as a free variable but
rather as direct input constrained mainly by manufacturing techniques for the optimization
studies in Section 4 if mass, drag, and FB are the only relevant metrics.

3.3. Heat Exchanger Size

While mass, drag, and FB are the most relevant metrics for the aircraft performance,
the system size cannot be neglected since the TMS has to be integrated into the aircraft. The
influences of dH,h and dH,c on the three HEX dimensions Lh, Lc, and stack height (Hstack)
are shown in Figure 9. The study settings are equal to those in Figure 8, except for a smaller
range of considered values for both dH .

Clearly, dH on both sides has a direct influence on overall HEX dimensions. In any size
constrained optimization problem, dH,h should therefore be considered as a free variable as
well. Increasing dH,h results in an increase of Lh because Πh is kept constant. To have the
same pressure drop for a lower fh, Lh needs to be higher. As a consequence of the increased
Lh, Hstack is reduced because Q is also constant. Without a reduction in Hstack, the total heat
exchange area would be larger, and therefore Q would be higher than actually required.
Increasing dH,c shows an analogue trend.
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Figure 9. Heat exchanger size sensitivity in three dimensions: hot-side length, cold-side length, and
stack height over hot- and cold-side hydraulic diameter.

4. Design and Off-Design Optimization for the Application Case

This section uses the previously gathered knowledge to design and optimize TMS for
the application case of a HEA (here, “hybrid” refers to power hybridization) described in
Section 2.5. The section is divided into design, off-design, and multi-point design.

4.1. Design Point Optimization

The settings of the study have already been described in the previous sections. The
design point of choice is the TOC, which is also the design point of the gas turbine. The
aircraft has been designed with three different SP values, so a TMS was designed for each
of them. Free variables for the optimization were dH,h, dH,c, Πh, Πc, CR, (A0/A1)di f f , and
T1. The cumulative optimization results of two identical TMS (one for each powertrain) are
shown in Figure 10.
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Figure 10. Design optimization results for different SP variations.

For each SP, multiple designs for different Tcp were made, as Tcp is subject to electric
component technology and therefore not certainly known. SP values were imposed by the
aircraft studies [26], and the given range of Tcp was chosen to include current electric com-
ponent technology. Results are shown for mTMS, DTMS, and ΔFB, which was the objective
function of the optimization. As expected, all three parameters grow with increasing SP
and decreasing Tcp. The exponential behavior towards decreasing Tcp was also anticipated
from the results shown in Figure 7. DTMS gets reduced to almost 0 N when increasing Tcp
to 400 K, due to the Meridith effect. The heat rejected by the HEX is recovered as thrust
and compensates for the pressure loss of the TMS. If even higher Tcp values are possible,
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the aircraft FB sensitivities have to be extended towards negative drags, i.e., thrust from
the TMS.

With state-of-the-art electric components, i.e., motors, generators, and power elec-
tronics, a Tcp of 380 K is realistic. For the three different SP values, ΔFB is 0.09%, 0.15%,
and 0.19%, respectively. There are several reasons for these very low values. Firstly,
SP is not very large, and therefore Q stays relatively low (see Figure 6). Secondly, the
partial-turboelectric architecture only includes electric components with comparably high
maximum operating temperatures. If a large battery or fuel cell is included in the pow-
ertrain, the TMS design becomes more complex and will likely have a higher impact on
ΔFB. Thirdly, the currently implemented system mass estimations have to be refined in a
more detailed analysis. So far, redundancy is not considered. Additionally, the technology
assumptions for the HEX have been rather optimistic, with wall thicknesses for the plates
assumed at 0.5 mm and for the fins at 0.1 mm.

Fourthly, integration of the TMS has not been considered in the design yet. For
Tcp = 380 K and SP = 30%, the HEX would measure Lc × Lh × Hstack = 0.48 m × 0.73 m ×
0.18 m. The diffuser and nozzle would be 2.2 m and 0.9 m long, respectively, resulting in
an overall cold-side system length of 3.5 m. If needed, the diffuser could be shortened,
trading efficiency. The current model (see Section 2.3) only allows diffusers with θ = 8◦. In
this case, a fuselage integration seems feasible, but cargo space would be reduced. Another
option could be the installation on top of the wing near the root, but it would possibly
require additional cowlings, resulting in additional mass and drag.

It is worth noting that the numeric optimization resulted in ΔFB values of less than
0.2% for SP = 30% and Tcp = 380 K, whereas even the best values in the sensitivity studies
(see Figures 7 and 8) were above 0.4%. While the difference in percentage points is not of
large relevance to the aircraft in this case, the relative difference achieved through numeric
optimization is remarkable, i.e., a reduction of more than 50%.

4.2. Off-Design Point Optimization

An exemplary off-design optimization was conducted for Tcp,des = 380 K and SP =
30%. The objective function was the electric power required to drive the TMS (PTMS),
which includes the power for the hydraulic pump and the fan. The efficiencies of the pump
ηhyd and ηelec were assumed to be 0.75 and 0.95, respectively, and the fan efficiency (η f an)
was set to 0.50. In a more detailed study, proper maps should be implemented for pump
and fan efficiency to accurately predict their behavior with changing operating conditions.
Variables of the study were the international standard atmosphere (ISA) temperature
deviation (ΔTISA) and the differences between cooling fluid outlet and inlet temperatures
of the electric components (ΔTcp). The results are shown in Figure 11.
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Figure 11. Off-design optimization at takeoff for a TMS designed for Tcp,des = 380 K and SP = 30%.

Hot days are a particular challenge for the TMS because the available ΔT between
cooling fluid and ambient is smaller. Raising ΔTISA results in an exponential increase in
required fan pressure ratio (Π f an). ΔTcp is an operational parameter that can be controlled
via Ppump. A lower Ppump results in a smaller wh, and thereby a higher ΔTcp. A higher ΔTcp

210



Aerospace 2020, 8, 3

value does require a larger Π f an because the ΔT between hot-side HEX inlet to outlet is
larger, and therefore a higher αc is needed. PTMS follows Π f an almost directly because
Ppump is at a different order of magnitude, i.e., only 1.1 kW and 0.5 kW for ΔTcp = 10 K
and 15 K, respectively. The large difference between Ppump and Pf an is due to the fact that
the pump compresses an incompressible fluid, and the compressor a compressible one.
About 25% PTMS can be saved on a hot day by choosing the lower ΔTcp value.

PTMS has not been considered in the aircraft FB sensitivities. During the majority of
the mission, the fan is not required and could either be removed from the flow path or set to
idle. The takeoff segment is rather short compared to the overall mission length, and even
if the maximum load of 60 kW is required, the impact on the powertrain is negligible. The
generators have a combined power of more than 2 MW, and some of the PTMS is actually
converted to useful thrust, as seen by the negative drag values of up to −150 N.

4.3. Multi-Point Optimization

From the previous section, the question arises of whether it is possible to design a
TMS without the additional puller fan. Though its impact on ΔFB is negligible, it is still an
additional component with costs and requirements for certification and maintenance. To
answer the question, a multi-point study was conducted that combined the previous design
point with an additional constraint to achieve the required cooling power in off-design as
well. The objective function was again ΔFB—the same as in Section 4.1. The results are
shown in Figure 12.
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Figure 12. Multi-point optimization for a TMS for Tcp,des = 380 K and SP = 30%.

Three different off-design fan pressure ratios (Π f an,od) were investigated. If Π f an,od
is 1.0, no fan installation is required. For the larger values of Π f an,od, all results form
horizontal lines for lower ΔTISA. This implies that the optimal design is only dependent
on the design point, and the additional off-design constraint is met because Π f an,od is
oversized. Only when ΔTISA increases beyond a certain threshold, the off-design constraint
becomes relevant.

If no fan is installed (Π f an,od = 1.0), the constraint is relevant even at low ΔTISA,
immediately resulting in a larger TMS with increased ΔFB. ΔFB grows exponentially with
ΔTISA. It is certainly possible to design the TMS without the puller fan, however, assuming
a maximum ΔTISA of 25 K, ΔFB would increase from 0.19% to 0.29%. In absolute numbers,
this difference is negligible, but for a TMS with a larger FB impact, it could be better to
install the fan. Using a puller fan also has the advantage of an additional degree of freedom
for the system that can help to better adapt to operational changes.

5. Conclusions and Outlook

Ram air–based thermal management systems (TMS) were investigated regarding their
overall impacts on an aircraft’s fuel burn. Fuel burn sensitivities were derived from a
180-passenger short-range partial-turboelectric aircraft equipped with wingtip propellers
by adding an assumed TMS design drag and mass to it.
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A TMS model consisting of coldplates for heat acquisition, pipes and pumps for
hot-side heat transfer, a two-pass cross-flow plate-fin heat exchanger for heat rejection, and
a diffuser and a nozzle for cold-side flow velocity control was developed. Variations of
one- and multi-dimensional parameter sensitivities were used to gain an understanding of
the system. The system reacted very sensitively to seven parameters that were selected as
free variables for a numeric optimization.

Alternating the hydraulic diameter of the main heat exchanger on both sides was
shown to be one of the most effective ways to control the overall system dimensions and
therefore manage the integration problem.

TMS optimization studies were conducted. It was found that increasing electric
component junction temperature to about 400 K could eliminate parasitic drag from the
TMS in cruise entirely. For a more realistic temperature of 380 K, additional fuel burn for
an aircraft with 30% power split was 0.19%. The system could withstand hot-day takeoff
conditions with the help of a small puller fan installed behind the main heat exchanger.
Alternatively, oversizing the TMS removed the need for a puller fan but increased additional
fuel burn to 0.29%.

In the future, the mass of the system should be re-investigated. Redundancy con-
siderations are most likely going to cause an increase in system mass of up to 100%. In
this study, only rectangular channels were considered for the heat exchanger core. Other
options, such as offset-strip fins and louvered fins should be considered in the future.
Additionally, integration of the TMS, including secondary mass and drag increases, will
be discussed in the future. The integration of the TMS seems to be one of the largest
challenges. In concrete aircraft applications, this problem should be addressed and possibly
solved in a synergistic manner—e.g., by installing the ram-air inlets behind an open rotor.
Additionally, adaptive nozzle geometries are an idea to better adapt TMS performance in
different operating conditions.
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Abbreviations

HDTO Hot-day takeoff
HEA Hybrid-electric aircraft
HEX Heat exchanger
ISA International standard atmosphere
MP Main propeller
NASA National Aeronautics and Space Administration
OEM Operating empty mass
PCHE Printed circuit heat exchanger
PFHE Plate fin heat exchanger
TMS Thermal management system
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TOC Top of climb
VTOL Vertical takeoff and landing
WTP Wingtip propeller

Roman Symbols

A Area m2

AR Diffuser area ratio −
AR Corrected diffuser area ratio −
b Heat exchanger plate space m
B Diffuser inlet blockage −
cp Specific heat capacity at constant pressure J/(kgK)
c∗p Ideal diffuser pressure recovery factor −
cv Specific heat capacity at constant volume J/(kgK)
C Absolute heat capacity W/K
CR Heat capacity ratio (Cmin/Cmax) −
C∗

R Side-specific heat capacity ratio (Ch/Cc) −
cmv Core mass velocity kg/(m2s)
dH Hydraulic diameter m
D Drag N
f Fanning friction factor −
FB Fuel burn kg
g Diffuser pressure recovery geometry factor −
j Colburn factor −
Kbt Bend loss coefficient −
Kc Inlet loss coefficient −
Ke Outlet loss coefficient −
Kloss Nozzle pressure loss coefficient −
Kspill Spillage coefficient −
L Length m
m Mass kg
Ma Mach number −
np Number of passes −
ntu Number of transfer units on one side −
NTU Number of transfer units −
p Pressure Pa
P Power W
Pr Prandtl number −
q Area-specific heat flow rate W/m2

Q Heat flow rate W
rth Thermal insulance m2K/W
Rth Thermal resistance K/W
Re Reynolds number −
SP Power split %
t Channel width m
T Temperature K
U Overall heat transfer coefficient W/(m2K)
v Velocity m/s
V Volume m3

w Mass flow rate kg/s

Greek Symbols

α Heat transfer coefficient W/(m2K)
δ Fin thickness m
Δ Difference −
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ε Heat exchanger effectiveness −
ηo Overall fin efficiency −
Φ Aspect ratio −
Π Pressure ratio −
ρ Density kg/m3

ρA Area density kg/m2

σ Heat exchanger ratio of free flow to frontal area −
θ Diffuser opening angle deg

Subscripts

c Cold
cond Conductive
conv Convective
corr Corrected
cp Coldplate
cs Cross section
des Design
f Finned
h Hot
i Inlet
m Mean
o Outlet
od Off-design
s Static
spill Spillage
tot Total

Appendix A. Coldplate Model

Appendix A.1. Model Description

For the coldplate design model, all input and output parameters are listed in Table A1.
The input parameters have to be estimated or obtained from manufacturer data.

The area-specific heat load (qdes) is calculated from the thermal insulance (rth,des) and
the coldplate surface temperature (Tcp,des) [27,28].

qdes = (Tcp,des − Ti,des)/rth (A1)

The outlet temperature (To,des) can be obtained from the effectiveness (εdes). The eval-
uation of fluid properties inside a heat exchanging device is conducted at an average
temperature (Tm):

To,des = (Tcp,des − Ti,des) · εdes + Ti,des (A2)

Tm = (Ti + To)/2 (A3)

The specific heat capacity of the cooling fluid (cv) is a function of Tm and pi (the pressure
drop is neglected here as cv has a much larger temperature than pressure sensitivity) and
is evaluated from the CoolProp fluid database [29]. The required mass flow (wdes) can be
calculated from Qdes and the area of the coldplate (Acp) from qdes:

wdes = Qdes/(cv · (To,des − Ti,des)) (A4)

Acp = Qdes/qdes (A5)

The dry mass is then calculated from the area density (ρA):

mdry = Acp · ρA (A6)
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The product of the overall heat transfer coefficient and heat exchange area ((UA)des) is
required for later off-design calculations (note: Ades 	= Acp since Acp is the coldplate base
area and Ades the inner channel surface area). It is calculated from the number of transfer
units (NTU). The NTU–ε relation for heat exchanging devices with a heat capacity ratio of
Cr = 0 is found in many thermodynamic textbooks, e.g., [24].

NTUdes = − ln(1 − εdes) (A7)

UAdes = NTUdes · cp · wdes/Acp (A8)

Finally, the outflow pressure (po) is calculated:

po,des = pi,des − Δpdes (A9)

Table A1. Design parameters for the coldplate model.

Parameter Symbol Unit

Inputs

Inlet pressure pi,des Pa
Inlet temperature Ti,des K
Effectiveness εdes −
Heat load Qdes W
Coldplate surface temperature Tcp,des K
Thermal insulance rth,des m2K/W
Area density ρA kg/m2

Pressure drop Δpdes Pa

Outputs

Design mass flow wdes kg/s
Outlet pressure po,des Pa
Outlet temperature To,des K
Area-specific heat load qdes W/m2

Coldplate area Acp m2

Dry mass mdry kg
Number of transfer units NTUdes −
U-A product (UA)des W/K

In off-design calculations, the dimensions of the coldplate are fixed. Only fluid inlet
conditions (Ti, pi, wod) vary, as does the off-design heat load (Qod). All input and output
parameters of the off-design model are listed in Table A2.

Since Acp has been defined in the design model, the off-design area-specific heat flow
(qod) can be calculated:

qod = Qod/Acp (A10)

Tm is calculated from (A3), and cp is obtained from tabulated data. The off-design mass flow
(wod) is determined from (A4) with off-design inputs. The off-design coldplate temperature
(Tcp,od) can be determined from the off-design effectiveness (εod).

NTUod = (UA)od/(cp · wod) (A11)

εod = 1 − e−NTUod (A12)

Tcp,od = qod/hod + Tm (A13)

With (UA)od = (UA)des. This will be proven in the following paragraph.
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Table A2. Off-design parameters for the coldplate model.

Parameter Symbol Unit

Inputs

Inlet pressure pi Pa
Inlet temperature Ti K
Outlet temperature To K
Heat load Qod W

Outputs

Off-design mass flow wod kg/s
Outlet pressure po Pa
Coldplate temperature Tcp,od K
Area-specific thermal resistance rth,od m2K/W
Effectiveness εod −

The area is constant as no geometries are changed. For a coldplate, U is comprised of
conductive (αcond) and convective (αconv) heat transfer coefficients. αcond does not change
in off-design situations because material and thickness are constant. The change in thermal
conductivity of the material (λ) is neglected because the mean material temperature is not
expected to differ greatly between design and off-design. αconv can be calculated from:

αconv = Nu · λ/dH (A14)

with Nusselt number (Nu) and hydraulic diameter (dH) [30]. Microchannels provide
compact, light-weight coldplates with the ability to absorb very high qdes as required by
modern chip generations. The flow in such small channels is typically laminar due to the
very small dH [31]. In laminar flow, Nu is constant regardless of the flow velocity [24]. For
this model, laminar flow is assumed in all operating points. To ensure this assumption
is true, the coldplate should always be designed for maximum mass flow, and off-design
operating points should have smaller mass flows (wdes > wod). dH is also constant as it is a
fixed geometry. Neglecting the T-p dependency of λ the equity of both αconv follows:

αconv,des = αconv,od (A15)

Udes is known from (A7). If the temperature differences between design and off-design
are large, the λ-T-p sensitivity can be accounted for by means of a ratio λod/λdes. The
off-design thermal insulance (rth,od) is:

rth,od = (Tcp,od − Ti)/qod (A16)

Since no exact geometry is known from the design model, the off-design pressure loss
(Δpod) has to be derived from its design counterpart and the design/off-design w-ratio:

Δpod = f (Δpdes, wdes/wod) (A17)

In general, Δp can be calculated from [24]:

Δp = h · ρ · g (A18)

with head loss (h) and gravitational constant (g). The head loss is [32]:

h = f · L · u2/(dH · 2 · g) (A19)
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with friction factor ( f ), flow length (L), and flow velocity (u). In laminar flow, f is a function
of Re and a channel geometry depending constant (cgeom) [24]:

f = cgeom/Re (A20)

Re = u · dH/ν (A21)

with kinematic viscosity (ν). Combining (A18)–(A21) results in:

Δp = cgeom · L · u · ρ · ν/(2 · d2
H) (A22)

cgeom, L, and dH do not change from design to off-design conditions; the difference in ρ and
ν is neglected so that:

Δpod/Δpdes = uod/udes (A23)

u = w/(ρ · Acs) (A24)

with flow cross section area (Acs). Again, Acs stays constant, and the difference in ρ is
neglected, finally resulting in:

Δpod = Δpdes · wod/wdes (A25)

po,od can now be calculated via (A9).

Appendix A.2. Coldplate Validation Design Inputs

Table A3. Design inputs for coldplate validation.

Parameter Unit Value

T1,des K 294
εdes − 0.47
Qdes W 100
Tcp,des K 330
rth,des m2K/W 2.88 × 10−5

Δpdes Pa 50 × 103

Appendix B. Compact Heat Exchanger Core Model

This section describes how the core geometry parameters and Colburn factor (j) and
Fanning friction factor ( f ) for the different core surfaces of a compact heat exchanger are
calculated.

1. Rectangular microchannels. j and f are calculated according to the methods de-
scribed for rectangular channels in [24]. Of the parameters in Table 1, dH and δ are
used as known inputs, and the other parameters are calculated. The aspect ratio of
the channels is also an input and defined as:

Φ = b/t (A26)

with channel width (t). Starting from (A26) and the definition of dH :

dH =
4Acs

P
(A27)

with channel cross section area Acs and perimeter P, rearrangement leads to:

b = dH · 1 + Φ
2

(A28)
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In a similar fashion, using basic geometry and regarding the sidewalls of the channels
as fins results in:

A f /A =
Φ

Φ + 1
(A29)

with finned area A f and total heat exchange area A. The area density is defined as:

β =
A
V

(A30)

with core volume V. Combining (A26), (A27), and (A30) concludes after some rear-
rangements in:

β =
4 · (1 + Φ)

dH · (1 + Φ) + 2 · Φ · δ
(A31)

2. Offset-strip fins. The model for this core is entirely based on [33]. j and f correlations
were directly adapted and used within the given limits. For offset-strip fins, the fin
length (L f ) is required as an additional input parameter. The missing geometries were
derived from Figure 1 in [33]. If offset-strip fins could be realized without additional
material on the top or bottom b, A f /A, and β could be calculated from (A28), (A29),
and (A30), respectively. With enhanced manufacturing techniques, it may become
possible. Hence, for this model, the additional material thickness on the top and
bottom is neglected.

3. Louvered fins. The correlation for j was directly implemented from [34] and for f
from [35]. b is used as a direct input for this model. A f /A and β were calculated with
(8.76–8.84) from [17]. Additional input parameters to be considered here are louver
angle, louver pitch, and louver cut length, which should be selected carefully within
the valid ranges given in [34,35].
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17. Shah, R.K.; Sekulić, D.P. Fundamentals of Heat Exchanger Design; Wiley-Interscience: Hoboken, NJ, USA, 2003.
18. Kays, W.M.; London, A.L. Compact Heat Exchangers, 3rd ed.; Krieger: Malabar, FL, USA, 1998.
19. Sundén, B.; Fu, J. Heat Transfer in Aerospace Applications; Academic Press: London, UK, 2017.
20. Pittaluga, F. A set of correlations proposed for diffuser performance prediction. Mech. Res. Commun. 1981, 8, 161–168. [CrossRef]
21. Malan, P.; Brown, E.F. Inlet drag prediction for aircraft conceptual design. J. Aircr. 1994, 31, 616–622. [CrossRef]
22. Bräunling, W.J.G. Flugzeugtriebwerke: Grundlagen, Aero-Thermodynamik, Ideale und Reale Kreisprozesse, Thermische Turbomaschinen,

Komponenten, Emissionen und Systeme, 4th ed.; VDI-Buch; Springer: Berlin, Germany, 2015.
23. Walsh, P.P.; Fletcher, P. Gas Turbine Performance, 2nd ed.; Blackwell Science: Oxford, UK, 2008.
24. Incropera, F.P.; DeWitt, D.P.; Bergman, T.L.; Lavine, A.S. Principles of Heat and Mass Transfer, 7th ed.; International Student Version

ed.; Wiley: Singapore, 2013.
25. Haaland, S.E. Simple and Explicit Formulas for the Friction Factor in Turbulent Pipe Flow. J. Fluids Eng. 1983, 105, 89. [CrossRef]
26. Pohl, M.; Köhler, J.; Jeschke, P.; Kellermann, H.; Lüdemann, M.; Hornung, M.; Weintraub, D. Integrated Preliminary Design of

Turboelectric Aircraft Propulsion Systems. 2021. Manuscript in preparation.
27. Matsuda, M.; Mashiko, K.; Saito, Y.; Nguyen, T.; Nguyen, T. Mico-Channel Cold Plate Units for Cooling Super Computer; Fujikura:

Tokyo, Japan, 2015.
28. Advanced Thermal Solutions. The Thermal Resistance of Microchannel Cold Plates. Qpedia Therm. Emagazine 2012, 2012, 6–9.
29. Bell, I.H.; Wronski, J.; Quoilin, S.; Lemort, V. Pure and Pseudo-pure Fluid Thermophysical Property Evaluation and the Open-Source

Thermophysical Property Library CoolProp. Ind. Eng. Chem. Res. 2014, 53, 2498–2508. [CrossRef] [PubMed]
30. VDI-Wärmeatlas. Mit 320 Tabellen, 11th ed.; VDI-Buch; Springer: Berlin, Germany, 2013.
31. Denkenberger, D.C.; Brandemuehl, M.J.; Pearce, J.M.; Zhai, J. Expanded microchannel heat exchanger: Design, fabrication, and

preliminary experimental test. Proc. Inst. Mech. Eng. A J. Power Energy 2012, 226, 532–544. [CrossRef]
32. Nakayama, Y.; Boucher, R.F. Introduction to Fluid Mechanics; Butterworth Heinemann: Oxford, UK; Boston, MA, USA, 1999.
33. Wieting, A.R. Empirical Correlations for Heat Transfer and Flow Friction Characteristics of Rectangular Offset-Fin Plate-Fin Heat

Exchangers. J. Heat Transf. 1975, 97, 488–490. [CrossRef]
34. Chang, Y.J.; Wang, C.C. A generalized heat transfer correlation for Iouver fin geometry. Int. J. Heat Mass Transf. 1997, 40, 533–544.

[CrossRef]
35. Chang, Y.J.; Hsu, K.C.; Lin, Y.T.; Wang, C.C. A generalized friction correlation for louver fin geometry. Int. J. Heat Mass Transf.

2000, 43, 2237–2243. [CrossRef]

219





aerospace

Article

Advanced Materials and Technologies for Compressor Blades of
Small Turbofan Engines†

Dmytro Pavlenko 1,*, Yaroslav Dvirnyk 1,2 and Radoslaw Przysowa 3

Citation: Pavlenko, D.; Dvirnyk, Y.;

Przysowa, R. Advanced Materials and

Technologies for Compressor Blades

of Small Turbofan Engines. Aerospace

2021, 8, 1. https://dx.doi.org/10.3390/

aerospace8010001

Received: 5 November 2020

Accepted: 16 December 2020

Published: 22 December 2020

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional claims

in published maps and institutional

affiliations.

Copyright: © 2020 by the authors. Li-

censee MDPI, Basel, Switzerland. This

article is an open access article distributed

under the terms and conditions of the

Creative Commons Attribution (CC BY)

license (https://creativecommons.org/

licenses/by/4.0/).

1 Mechanical Engineering Department, National University “Zaporizhzhia Polytechnic”, 64 Zhukovskogo st,
69063 Zaporizhzhia, Ukraine; dvirnyk@gmail.com

2 Motor Sich JSC, 15 Motorostroiteley Ave., 69068 Zaporizhzhia, Ukraine
3 Instytut Techniczny Wojsk Lotniczych, ul. Księcia Bolesława 6, 01-494 Warsaw, Poland;
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Abstract: Manufacturing costs, along with operational performance, are among the major factors
determining the selection of the propulsion system for unmanned aerial vehicles (UAVs), especially
for aerial targets and cruise missiles. In this paper, the design requirements and operating parameters
of small turbofan engines for single-use and reusable UAVs are analysed to introduce alternative
materials and technologies for manufacturing their compressor blades, such as sintered titanium,
a new generation of aluminium alloys and titanium aluminides. To assess the influence of severe
plastic deformation (SPD) on the hardening efficiency of the proposed materials, the alloys with
the coarse-grained and submicrocrystalline structure were studied. Changes in the physical and
mechanical properties of materials were taken into account. The thermodynamic analysis of the
compressor was performed in a finite element analysis system (ANSYS) to determine the impact
of gas pressure and temperature on the aerodynamic surfaces of compressor blades of all stages.
Based on thermal and structural analysis, the stress and temperature maps on compressor blades
and vanes were obtained, taking into account the physical and mechanical properties of advanced
materials and technologies of their processing. The safety factors of the components were established
based on the assessment of their stress-strength characteristics. Thanks to nomograms, the possibility
of using the new materials in five compressor stages was confirmed in view of the permissible
operating temperature and safety factor. The proposed alternative materials for compressor blades
and vanes meet the design requirements of the turbofan at lower manufacturing costs.

Keywords: turbofan; unmanned aerial vehicles; cruise missile; aerial target; axial compressor; blade;
titanium alloy; aluminium alloy; titanium aluminide; safety factor

1. Introduction

Currently, one of the most promising areas in the aerospace and defence industry
is the development of unmanned aerial systems for various purposes. They are based
on unmanned aerial vehicles (UAVs) of both reusable and single use. Ukrainian [1] and
global manufacturers offer gas-turbine engines for UAVs of various types [2,3]. While
full-scale turboprops and turbofans, as a rule, are based on engines designed for manned
aircraft [4], small turbofans are custom-made [5,6]. They typically have a compact and
simplified single-shaft structure, determined by the tactical and technical characteristics of
the platform [7].

Small turbofan engines (Table 1) are designed for target drones (Streaker, Lakshya) and
cruise missiles such as R-360 Neptune, Kite, Kh-55, Tomahawk and Harpoon. Their main
performance characteristics include a short life cycle (if used as weapons), small size and
weight and, as a result, high thrust-to-weight ratio. Also, operation on an unmanned
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platform contributes to the fact that they are not subject to the aviation safety regulations.
Such engines are produced by JSC Motor Sich, SE Ivchenko Progress and a number of
foreign firms. Engines of this class have thrust in the range of 1.9–4 kN, a low bypass ratio
and a small dry mass not exceeding 60–85 kg. At the same time, to ensure high efficiency,
such turbofan engines rotate at several tens of thousands of revolutions per minute, which
imposes special requirements on the design of their components and selection of materials.
First of all, they should exhibit high specific strength under static loads and a relatively
low manufacturing cost. At the same time, their durability, due to the short life cycle and
lack of pilot, is not of prime importance.

Table 1. Small gas-turbine engines. Data from minijets.org, uasresearch.org, wikipedia.org and [2,3,8].

Producer Model Thrust Weight Thrust Length Diameter Platform
kN kg /Weight mm mm

Turbomeca Arbizon IIIB2 4.02 115 3.56 1361 421 Otomat missile
Microturbo TRI 60-30 5.70 61 9.53 841 343 Apache missile
Teledyne CAE J402-CA-702 4.20 63 6.85 762 317 MQM-107D Streaker
HAL PTAE-7 3.72 65 5.83 1270 330 Lakshya PTA drone
Mitsubishi TJM4 2.84 56 5.19 1092 355 Subaru drone
Williams Int. F107WR402 3.11 66 4.60 1262 305 BGM-109 Tomahawk

Motor Sich MS-400 3.92 85 4.70 850 320 R-360 Neptune missile
Ivchenko Progress AI-305 3.04 61 5.08 650 232 Ultra light aircraft
Soyuz R95-300 3.55 100 3.62 850 315 Kh-55 missile
Saturn 36MT 4.54 100 4.63 850 330 Kh-59 missile
Price Induction DGEN 380 2.55 85 3.06 1126 469 Personal Light Jet

In small turbofan engines both radial and axial compressors are used. Currently,
various types of titanium alloys are successfully used for manufacturing the blades and
vanes of axial compressors [9,10]. The most common are VT6 (Ti-6Al-4V), VT3-1 (Ti-
6.7Al-2.5Mo-l.8Cr-0.5Fe-0.25Si) and VT8 (Ti-6.8Al-3.5Mo-0.32Si). For compressor stages
with increased air temperature along the gas path, heat-resistant titanium alloys of the
VT25 (Ti-6.8Al-2.0Mo-2.0Zr-2.0Sn-l.0W-0.3Si) type are used [11,12]. For the last stages
of the compressor, taking into account the temperature level, heat-resistant nickel-based
alloys such as Inconel 718 (EP718-ID) and similar are used. A common drawback of
these materials, along with the high cost and energy costs of production, is their poor
machinability. Having a combination of the properties necessary for the compressor blades
of a manned aircraft’s engine, they are redundant when used on UAVs. This leads to the
increased cost of engines and UAVs in general. To meet the requirements for UAV power
plants, it is necessary to introduce new materials and technologies, which reduce their
manufacturing cost.

There are several modern technologies which can be used for manufacturing gas
turbines for UAVs [13]. With regard to compressor blades, a number of candidate materials
is considered, for example, sintered powder alloys; rare earth aluminium alloys; alloys
based on titanium aluminides and others [14,15].

At present, only surfaces of compressor blades are hardened [16], primarily by laser
shock peening [17]. However, surface hardening does not modify the inner structure of
the alloy. Therefore, to significantly increase the strength and ductility of aircraft materials,
severe plastic deformation (SPD) technologies are used [18,19] but the size of produced
ingots is still limited. What is more, for each compressor stage, there are limitations both
in the operating temperature and mechanical properties which have to be met by the
introduced materials.

In this work, to reduce the manufacturing cost of a selected small turbofan engine,
alternative materials and technologies for producing compressor aerofoils are introduced
and evaluated. To ensure structural integrity, the static safety factor is assessed for the
blades and vanes of individual stages, taking into account their operating temperature. The
key objectives of this work include material selection, strength testing, airflow simulation
of the compressor to obtain pressure fields on aerofoil surfaces of all stages as well as gas
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temperature and finally the structural analysis of components which evaluates their stress
and static safety factor.

2. Materials and Methods

2.1. Twist Extrusion

Various SPD methods [20,21] are introduced to improve mechanical, physical, and
functional properties of metals and alloys by forming their submicrocrystalline struc-
ture [22,23]. Twist extrusion (TE) is a variant of the simple shear deformation process that
was introduced by Beygelzimer [24]. Under TE processing, a prismatic billet is extruded
through a twist die.

In this work, a number of standard and powder metal alloys (Table 2) sourced from
various contractors were processed with TE. The titanium billets were made from annealed
VT8 rods of increased quality, 32 mm in diameter (GOST 26492-85), produced by VSMPO-
AVISMA Corporation. Sintered titanium was synthesised in laboratory by pressing and
subsequent vacuum sintering of powder mixtures based on PT5 titanium powder (TU
U14-10-026-98) produced by the Zaporizhzhia Titanium-Magnesium Plant. The grain size
was 160–500 μm [25].

Table 2. Analysed alloys, their composition and related publications.

VT8 (Ti-6.8Al-3.5Mo-0.32Si), OST 190013-81, GOST 26492-85, [25–31]

Composition % mass Impurities % max

Ti Al Mo Sn Si C Fe Zr O N H

base 5.8–7.0 2.8–3.8 ≥0.4 0.2–0.4 0.1 0.3 0.5 0.15 0.05 0.015

γ-TiAl (Ti-46Al-5Nb-2W), [32–34]

Ti Al Nb W

Base 44–47 4.2–5.5 1.5–2.5

7055+Sc (Al-Zn-Mg-Cu-Sc), OST 190013–81, [35–40]

AI Zn Mg Cu Zr Sc Fe Mn Si Ti Cr Ni

base 6.8–8.4 1.5–2.5 1.6–2.9 0.1–0.5 0.1–0.25 0.13 0.01 0.03 0.01 0.01 0.01

The billet (Figure 1) was 70 mm long with the cross-section of 18 × 28 mm. It was
placed in a matrix with a helical channel of rectangular cross section with an angle of the
helix inclination to the TE axis. The extrusion pressure was FP = 1600 MPa for all the
studied alloys. To increase their plasticity, back pressure BP = 200 MPa was applied to the
front end of the billet. To transmit back pressure, a deformable medium was used, which
was either a mixture based on the low-melting glass or a copper billet [41].

There are different approaches to modelling and optimising the TE process [42,43],
usually based on FE methods. Calculations and experiments are aimed to obtain high plas-
tic strain and uniform ultrafine grains [21]. In this work the Beygelzimer’s approach [41,44]
is followed. The total relative shear deformation Λ per pass was calculated as follows [41]:

Λ =
2√
3

tan γmax, (1)

where γmax is the maximum inclination angle between the twist line and the extrusion axis.
As the deflection angle of the helical channel was 45° for all investigated materials, the
total shear deformation per pass was approximately 1.15. Five TE passes were carried out,
so the total relative shear deformation of the billet was 5.77.
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Figure 1. Deformation of a porous billet by twist extrusion: 1—before TE; 2—deformation zone;
3—after TE, FP—forward pressure, BP—back pressure.

The porosity of the specimens was measured by the hydrostatic weighing method
(GOST 18847-84) and by analysing the micrographs of metallographic specimens (GOST
9391-80) [45]. In the first case, the specimens were submerged into distilled water, whose
temperature was measured by a mercury thermometer. There was no porosity in specimens
made of VT8 titanium alloy. After TE, a slight (within a few percent) increase in porosity was
observed, which could be associated with an increase in the number of crystal lattice defects.

For the investigation of structure and the fractographic analysis of fracture surfaces,
a NEOPHOT light microscope and a JEOL scanning electron microscope was used [46].
The average grain size in the samples after five TE passes was in the range of 200–500 nm
for titanium alloys [45]. The grain size in the original material was 150–300 μm.

2.2. Sintered Titanium

One of the well-known methods of reducing the manufacturing cost of the axial
compressor is using sintered titanium alloys [47,48] but their residual porosity and low
ductility are the reasons for which up to now they are used in aircraft engines for a
narrow circle of lightly loaded, non-critical components. Therefore, powder materials
need consolidation and grain refinement, which can be effectively achieved by the SPD
process of high-pressure torsion (HPT) [49,50]. However, HPT can produce only very small
samples which cannot be used for manufacturing compressor blades. Therefore, our recent
paper [51] uses the physical similarity of the processes occurring in a thin layer of material
during HPT and TE to simulate twist extrusion with the available HPT data.

In this work, among others, alloys synthesised from a mixture of selected powder
components [25,52] were evaluated. Doped elements (pure Al, Mo and Si metals) were
mixed with the matrix titanium powder in a mixer drum at 60–80 rpm to ensure the
required chemical composition of the test alloy after sintering. The powders were subjected
to single-action compaction in rigid dies at room temperature. The compaction force was
730–760 MPa. The compacts were sintered in vacuum in the range of 1250–1270 °C with an
isothermal holding time of 2.5–3 h and cooled down in the furnace in vacuum.

Our previous paper [46] showed that the characteristics of sintered titanium alloys
subjected to SPD in some indicators exceed similar values for regular alloys in cast and
deformed states. The preliminary structural analysis of blades made of sintered titanium
with subsequent SPD confirmed that their safety margin meets the operating conditions [53].
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However, an important factor that limits the use of alloys in the compressor design is the
elevated temperature caused by air compression in the gas path. Also, given the high
rotational speed of the engine, close to 40–50 thousand revolutions per minute, stress
analysis results depend heavily on the calculated pressure field. As the information on the
operating temperature and pressure in the compressor stages of small turbofan engines is
very limited [54,55], air flow and thermal analysis is performed in this work.

2.3. Aluminium-Based Alloys

Aluminium alloys with lithium and scandium are well suited to be used in turbofan
engines, given their high specific strength which exceeds those of titanium alloys [35–37].
SPD effectively hardens the cast structure of aluminium, so it could be used instead
of homogenization annealing [40,56]. However, it is necessary to take into account the
operating temperature of components since the heat resistance of aluminium alloys is
significantly lower than that of titanium and nickel ones.

Intermetallic Fe3Al-based alloys could potentially substitute more expensive super-
alloys and creep-resistant steels. They are characterized by a combination of interesting
functional characteristics such as excellent resistance to oxidation, sulfidation and carburiz-
ing, good resistance to seawater corrosion, wear, erosion, or cavitation, and high strength
to weight ratio [57,58].

In this work, a variant of the standard aerospace aluminium alloy 7055+Sc was used
(Al-Zn-Mg-Cu-Sc). It was obtained in laboratory by melting with the additive of scandium.
Its initial porosity was 3–4% and it reduced to less than 1.5% after TE.

Lightweight, heat-resistant and weldable alloys based on titanium aluminides [34]
make it possible to design more efficient compressors. These materials offer a number of
unique properties—low density, relatively high melting point, high modulus of elasticity,
resistance to oxidation and fire, high specific heat resistance, and so forth. They are well
suited for the last stages of compressor blades but their effectiveness is controversial.
On one hand, due to the combination of specific strength and heat resistance, they can
replace traditional nickel-based alloys [33,59]. On the other hand, the technology of
their manufacturing and processing is quite energy-intensive, which makes them cost-
ineffective in the case of small turbofan engines. While heat explosion is a significantly
cheaper technology to synthesise such materials [60], their mechanical properties are not
satisfactory for aircraft components, in particular for aero-engines.

In this case, a promising, cost-saving technology for the preparation of semi-finished in-
termetallic γ-TiAl alloys for aircraft, in particular compressor blades, was self-propagating
high-temperature synthesis and subsequent TE of the initial ingots [32]. The initial porosity
of the γ-TiAl alloy was 35–40% and it decreased to 4–5% after TE.

Taking into account that this technology not only reduces the cost of manufacturing
compressor blades, but also increases the level of their mechanical characteristics, assessing
the possibility of their use in the design of engines for UAVs is important.

2.4. Strength Testing

To determine the mechanical properties of alloys, 11 mm × 11 mm × 56 mm billets
were used to produce standard tensile samples in accordance with GOST 1497-84. Strength
testing was carried out on the INSTRON 8802 servohydraulic machine under programmed
loading at room and elevated temperature. Five reference samples, mass-produced from
VT8 alloy bars, were measured to validate the test procedure. The extensometer span was
25 mm. The specimen test portion strain was controlled with an accuracy of 1 μm. The
accuracy of stress measurements in the specimen cross-section was ±3 MPa. Extensometer
and spring dynamometer readings were ADC-processed and sampled with a rate of
Δt = 0.01 s [25,61]. The actual tensile testing covered more than three specimens for each
case.

Table 3 presents the physical and mechanical properties of considered blade materials.
The last column shows that materials subjected to TE become less heat-resistant because
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intensive grain grow begins at a lower temperature. The ratio of Young’s modulus and
material ultimate strength to density characterises the specific stiffness and specific strength
of the material. From the point of view of strength, for the production of aircraft engine
components, the most promising materials are those with the maximum values of the
specified characteristics. This makes it possible to ensure not only a high level of their
strength reliability (safety factor), but also a decrease in the mass. It is known that reducing
the rotor mass is one of the best ways for improving the design of a gas turbine, since it
effectively reduces the level of dynamic loads and vibration [62].

Taking into account that the analysed technologies for obtaining ingots for compressor
components (powder metallurgy and severe plastic deformation) lead to a change in the
indicated characteristics of materials at the level of 10%, they were not considered as a
criterion for choosing a production technology. At the same time, when choosing a material,
preference was given to that material, the specific stiffness and strength of which is higher
while ensuring equal safety margins.

Table 3. Mechanical and physical properties of the alloys considered for compressor aerofoils.

E ρ UTS σ0.2 ν E/ρ UTS/ρ Tmax °C
Material MPa kg/m3 MPa MPa Nm/kg Nm/kg

VT8 (1.20 ± 0.05) e5 4520 ± 198 980 ± 42 850 ± 38 0.30 26.5 e6 0.22 e6 500+20

VT8_spd (1.08 ± 0.04) e5 4400 ± 201 1250 ± 34 1150 ± 44 0.38 24.5 e6 0.28 e6 460+20

VT8_spk (0.95 ± 0.04) e5 4000 ± 226 700 ± 40 450 ± 42 0.10 23.8 e6 0.18 e6 500+20

VT8_spk_spd (1.10 ± 0.05) e5 4400 ± 180 1040 ± 35 960 ± 36 0.32 25.0 e6 0.21 e6 460+10

γ-TiAL (9.50 ± 0.43) e4 4200 ± 189 720 ± 32 650 ± 29 0.30 22.6 e6 0.17 e6 750+20

γ-TiAL_spd (8.50 ± 0.38) e4 4100 ± 166 920 ± 30 880 ± 36 0.34 20.7 e6 0.22 e6 680+10

7055+Sc (6.90 ± 0.30) e3 2700 ± 121 75 ± 3 60 ± 3 0.33 2.6 e6 0.03 e6 120+20

7055+Sc_spd (6.20 ± 0.30) e3 2680 ± 114 203 ± 7 180 ± 7 0.35 2.3 e6 0.08 e6 100+10

UTS—ultimate tensile strength, SPD—alloy of a submicrocrystalline structure formed by TE SPK (sintered metal
powder)—alloy obtained by powder metallurgy methods.

2.5. Modelling the Compressor

The effectiveness of the use of candidate materials for manufacturing blades and
vanes was evaluated for an axial compressor with the geometry representative of small
turbofan engines. The stress-strain state of compressor components was estimated by a
coupled Finite Element (FE) Analysis which included a flow calculation and stress analysis.
The obtained pressure and temperature fields were applied directly to aerofoil surfaces to
determine the stresses and strains in components [63–65]. The analysis was performed for
a 6-stage axial compressor (Figure 2). The fan is not considered in this paper as its blades
are too large for SPD technology and also sintered alloys do not provide the necessary level
of strength.

The profile section of the first compressor stage is shown in Figure 3. The geometry of
the compressor blades corresponds to the standard aerodynamic profile of NACA 7404-
7405 AIRFOIL. The total number of blades in the compressor stages is given in Table 4.

Using the Unigraphics NX system, models of blades and vanes (one pair per each
stage) were built. To develop the aerofoil profile, the surface modelling method was
used, while for roots, the method based on Boolean operations with geometric primitives
(Figure 4). To create finite element models, an ICEM CFD grid generator was used. The
mesh models of the blades consisted of 15,000–18,000 hexagonal SOLID 186 elements.
ANSYS Workbench version 2019 R3 was used for the calculations. Blades were fixed at the
root plane.
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Figure 2. Axial compressor.

(a) hub section (b) tip section

Figure 3. Profile of the first stage blade.

(a) compressor aerofoils (b) 1st stage blade root

Figure 4. Structural model.

Table 4. Number of compressor blades.

Compressor Stage R1 R2 R3 R4 R5 R6

Number of blades 37 43 59 67 73 81

2.6. CFD Model

Temperature along the compressor gas path and pressure on the aerodynamic surfaces
of the blades was determined by flow calculation in Ansys CFX with the finite element
method. The CFD model of the compressor inter-blade channel was obtained by arranging
the domains of each compressor stage in the axial and radial directions. To build a mesh of
the compressor flow, the TurboGrid grid generator was used (Figure 5). Volumetric finite
elements intended for CFD calculations were used. To reduce the required computing
power, one blade was modelled for each compressor stage with the cyclic symmetry along
the boundaries of the domain (Figure 5c). The boundary conditions were set in the form of
total inlet pressure, mass flow at the compressor outlet, and rotational speed (Figure 5d).
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(a) vane (b) tip clearance (c) gas path

(d) boundary conditions

Figure 5. Airflow model of the compressor.

An interface between stationary and rotating regions (Stage Mizing-Plane) was defined
on the mating boundaries of regions belonging to different steps, which allows for the
interpolation between mating grids. A satisfactory criterion for the convergence of the
calculation was the value of the mean square residual at the level of 10−6. This convergence
was achieved at 1200–1400 iterations. We used the SST (Menter’s Shear Stress Transport)
k−ω model of turbulence [66,67], as the most accurate and reliable for flows with a positive
pressure gradient when flowing around profiles. At the inlet and outlet of the compressor,
the mass flow rate and temperature corresponding to the engine emergency operation were
set. The the simulation results were validated according to the methodology described
in Reference [68].

2.7. Thermal Structural Analysis

To assess the stress-strain state of the components and temperature distribution, the
results of the flow calculation were used. The aerodynamic surfaces of the blades (pressure
and suction sides) were loaded with the pressure and temperature fields obtained as a
result of preliminary flow calculation.

Typically, both static and fatigue strength are evaluated for new components [69,70]
which requires reliable material data to check the safety factor. It includes the endurance
limit of laboratory samples at operating temperature, the amplitude of alternating stress
at the time of failure, as well as the effective coefficient of stress concentration and the
magnitude of their variation. Considering that when analysing the suitability of new
materials, these data were not available, the static safety factor (SF) was evaluated with the
following formula [71]:

SF =
σ0.2

σMises
, (2)

where σ0.2—conditional yield strength of the blade material, σMises—maximum value of
the von Mises stress in the compressor blades.

3. Results and Discussion

Figure 6 shows the calculated pressure fields on blade surfaces, and the flow tempera-
ture. The flow temperature was used as the initial data for thermal analysis as the boundary
condition of the third kind to calculate the surface temperature of the blades (Figure 7). The
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obtained operating temperature of the compressor blades makes it possible to evaluate the
suitability of the considered materials. Given that the blade has a relatively small profile
thickness, the temperature distribution over the cross-section was considered uniform.

(a) pressure field (b) temperature field

Figure 6. Pressure and temperature field on blade surfaces.

Figure 7. Temperature field for blades and vanes of stage 6.

The calculated stress distribution in the aerofoils (Figure 8) made it possible to evalu-
ate candidate materials and processing technologies in view of their structural integrity.
Values of maximum equivalent stress and static safety factor of blades and vanes made
from advanced materials and technologies are given in Tables 5 and 6. Materials with safety
factor less than the threshold of 1.1 cannot be used in the particular stage [72]. This value
was selected by the manufacturer on the basis of industrial experience and reliability data.
Under certain conditions, such a low SF threshold is acceptable in aircraft components,
especially for unmanned and single-use platforms.

Analysing the obtained data, we can conclude that the candidate materials and pro-
cessing technologies can be used for manufacturing compressor components. Considering
that material selection by the temperature and strength criteria is complicated due to the
variety of limiting factors, nomograms were developed for this purpose (Figures 9 and 10).
It can be noted that VT8 alloy is limited to rotor stages 1–2 in terms of its strength reliability.
The use of SPD methods expands the scope of its application up to the 7th stage; however,
in terms of the temperature limit, VT8 usage is limited to blades of the first five stages.
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Figure 8. Von Misses stress in blades and vanes made from VT8_spk_spd in engine emergency mode.

Table 5. Equivalent stress and static safety factor of blades made from candidate materials.

Rotor Stage R1 R2 R3 R4 R5 R6

σmax SF σmax SF σmax SF σmax SF σmax SF σmax SF
Alloy/Process MPa MPa MPa MPa MPa MPa

VT8 480.2 1.77 481.1 1.77 805.8 1.05 893.3 0.95 717.6 1.19 864.5 0.98
VT8_spd 481.9 2.39 451.6 2.25 802.4 1.43 859.4 1.34 718.4 1.60 889.4 1.29
VT8_spk 477.2 0.94 517.3 0.87 801.2 0.56 938.6 0.48 719.9 0.63 882.2 0.51
VT8_spk_spd 481.7 1.99 474.2 2.02 804.3 1.91 886.0 1.08 717.4 1.33 872.2 1.10
γTiAl 483.6 1.34 473.6 1.37 803.1 0.81 892.3 0.73 717.2 0.91 873.5 0.74
γTiAl_spd 483.6 1.82 462.9 1.90 801.3 1.10 877.3 1.00 717.5 1.23 885.5 0.99
7055+Sc 460.0 0.13 451.1 0.13 789.8 0.08 877.0 0.07 717.0 0.08 922.4 0.07
7055+Sc_spd 460.0 0.39 450.9 0.40 789.0 0.23 868.7 0.21 717.3 0.25 928.3 0.19

Table 6. Equivalent stress and static safety factor of vanes made from candidate materials.

Stator Stage S1 S2 S3 S4 S5 S6

σmax SF σmax SF σmax SF σmax SF σmax SF σmax SF
Alloy/Process MPa MPa MPa MPa MPa MPa

VT8 8.8 96.2 45.5 18.7 54.0 15.8 133.5 6.4 140.6 6.1 142.4 6.0
VT8_spd 8.9 129.7 43.6 26.4 53.8 21.4 128.4 9.0 140.8 8.2 146.5 7.9
VT8_spk 8.8 51.3 48.9 9.2 53.7 8.4 140.2 3.2 141.1 3.2 145.3 3.1
VT8_spk_spd 8.8 84.6 44.8 16.7 53.9 13.9 132.4 5.7 140.6 5.3 143.6 5.2
γ-TiAl 8.9 73.0 44.8 14.5 53.8 12.1 133.3 4.9 140.5 4.6 143.8 4.5
γ-TiAl_spd 8.9 98.9 43.7 20.1 53.7 16.4 131.1 6.7 140.6 6.3 145.8 6.0
7055+Sc 8.5 7.1 42.6 1.4 52.9 1.1 131.0 0.5 140.5 0.4 151.9 0.4
7055+Sc_spd 8.5 21.3 42.6 4.2 52.9 3.4 129.8 1.4 140.6 1.3 152.9 1.2

It can be inferred that the strength of the blades of all compressor stages made of
sintered titanium, is below the acceptable threshold (SF = 1.1). Therefore, they cannot be
used, despite the significantly lower manufacturing cost in comparison with an alloy in
a deformed state. However, the use of SPD methods, due to the elimination of porosity,
the formation of a submicrocrystalline structure in the entire cross-section and the homog-
enization of alloying elements, contributes to a significant increase in strength and, as a
consequence, the expansion of their application to all stages.

At the same time, the operating temperature of the submicrocrystalline alloy is lower
than one with the standard structure which does not allow for their use in 6th stage blades
(Figure 9). Considering that the compressor vanes experience a load only from the flow, the
field of application of the VT8 alloy is limited only by its operating temperature, regardless
of the technology of production and processing. Despite the great strength, the sintered
titanium processed with TE, in comparison with the regular sintered alloy, has the operating
temperature lower by 40 °C, which may limit its use. Taking into account the lower cost of
obtaining sintered titanium alloys, their use is the most rational in the blades of the first
five stages.
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Figure 9. Material maximum temperature vs the operating temperature of compressor stages.

(a) Rotor (b) Stator

Figure 10. Rotor and stator stages for which the strength and temperature limits of materials are met.

Aluminium alloys with a coarse-grained and submicrocrystalline structure accord-
ing to the thermal criterion can be applied only to blades of the first and second stages.
However, a safety factor assessment indicates that their application is limited to stator
vanes. At the same time, modern aluminium alloys can be used to make vanes without
SPD processing, which reduces the manufacturing cost. Given the low weight and cost
of aluminium vanes compared to titanium ones, the replacement of the material is justi-
fied. Moreover, the well-known problems of aluminium alloys, such as low hardness and
resistance to sand erosion, are an uncritical factor for UAV engines.

Alloys based on titanium aluminides are the most heat resistant of the considered
ones, which predetermines their use for manufacturing blades of the last compressor stages.
From the point of view of the permissible operating temperature, this alloy can be applied
to blades of all stages regardless of their structural state (Table 3). At the same time, from
the point of view of strength reliability for blades, their use is allowed up to stage 2 without
additional strain hardening and up to 3rd stage with TE processing (Table 5).

For all stator stages, the safety factor of vanes made from titanium aluminides is
higher than the threshold (Table 6). Thus, this alloy can be used for manufacturing vanes
of stages 5 and 6, for which, due to temperature limitations, lighter titanium alloys may
not be applicable. Nevertheless, the replacement of more heat-resistant Inconel 718 alloys
with titanium aluminides would reduce the weight of gas turbine engines.

It should be noted that the considered temperature limitations of submicrocrystalline
alloys are associated with the onset of recrystallization processes. Considering that this
processes take a relatively long time, exceeding the mission time of single-use UAVs (cruise
missiles, disposable reconnaissance vehicles, aerial targets, etc.), this restriction can be
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removed for such turbofan engines. In this case, their maximum allowable temperature
will be similar to alloys in a coarse-crystalline state. The calculated values of the safety
factors for compressor components made from considered alloys and technologies let us
propose their field of application (Figure 11).

Figure 11. Materials recommended for individual compressor stages.

4. Conclusions

The analysis of the thermal and stress-strain state of the compressor blades and vanes,
in combination with the tensile testing of the candidate alloys, made it possible to develop
recommendations for their use:

1. It was found that the vanes of the first fifth stator stages can be made of sintered VT8
titanium alloy without strain hardening. Respectively, the blades of the first fifth rotor
stages can be made of sintered VT8 titanium alloy, subjected to SPD processing.

2. 7055+Sc aluminium alloy, regardless of the use of TE, can be used to make vanes of
the first two stages.

3. Titanium aluminides (γ-TiAl) processed with TE can be used for the blades of stages
1–3 and all stator stages. Considering the lower cost of sintered titanium compared to
γ-TiAl alloy, it is reasonable to use it only for the 6th-stage vanes.

4. None of the candidate materials are suitable for making 6th-stage blades, so a super-
alloy such as Inconel 718 has to be used instead.

The thermal and structural analysis of this high-speed axial compressor shows that
its blades are extremely loaded up to the strength and temperature limits of the available
alloys. Taking into account that the change in the physical and mechanical properties of
materials can affect not only the stress-strain state of the blades but also their dynamic
characteristics, the natural frequencies of blades need to be evaluated in the next stage
of research. For the compressor under study, Campbell diagrams and the surge margin
will be calculated. Also, the damping properties of alloys in various conditions should
be analysed.
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Abbreviations

The following abbreviations and symbols are used in this manuscript:

ν Poisson’s ratio
ρ density
σ0.2 conditional yield strength
σMises von Mises stress
BP back pressure
E Young’s modulus
FP forward pressure
p pressure
SF safety factor
T temperature
CFD computational fluid dynamics
FE finite element
HPT high-pressure torsion
IGV inlet guide vanes
JSC join-stock company
rpm revolutions per minute
SE state enterprise
SPD severe plastic deformation
SPK sintered metal powder
SST Menter’s Shear Stress Transport model of turbulence
TE twist extrusion
UAV unmanned aerial vehicle
UTS ultimate tensile strength
VT8 Titanium wrought alloy
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69. Bȩdkowski, W. Assessment of the fatigue life of machine components under service loading—A review of selected problems.
J. Theor. Appl. Mech. 2014, 52, 443–458.

235



Aerospace 2021, 8, 1

70. Mehdizadeh, O.; Zhang, C.; Shi, F. Flow-Induced Vibratory Stress Prediction on Small Turbofan Engine Compressor Vanes
Using Fluid-Structure Interaction Analysis. In Proceedings of the 44th AIAA/ASME/SAE/ASEE Joint Propulsion Conference &
Exhibit, Hartford, CT, USA, 21–23 July 2008; American Institute of Aeronautics and Astronautics: Reston, Virigina, 2008; pp. 1–8.
[CrossRef]

71. Bhandari, V. Design of Machine Elements; Tata McGraw-Hill Education: New Delhi, India, 2010.
72. Mulville, D.R. Structural design and Test Factors of Safety for Spaceflight Hardware; Technical Report; Technical Report NASA-STD-

5001; NASA: Washington, DC, USA, 1996.

236



aerospace

Article

Advanced Passenger Movement Model Depending
On the Aircraft Cabin Geometry

Marc Engelmann *, Tim Kleinheinz and Mirko Hornung

Bauhaus Luftfahrt e.V., Willy-Messerschmitt-Str. 1, 82024 Taufkirchen, Germany; tim.kleinheinz@tum.de (T.K.);
mirko.hornung@bauhaus-luftfahrt.net (M.H.)
* Correspondence: marc.engelmann@bauhaus-luftfahrt.net; Tel.: +49-89-3074-849-55

Received: 12 November 2020; Accepted: 16 December 2020; Published: 20 December 2020

Abstract: The aircraft cabin and boarding procedures are steadily increasing focus points for both
aircraft manufacturers and airlines, as they play a key part in the customer experience. In the German
research project AVACON (AdVAnced Aircraft CONcepts), the boarding procedure is assessed using
the PAXelerate boarding simulation. As the project demands an increased level of detail concerning
the passenger movement model, this publication introduces an improved methodology. Additions to
the model include the development of a method capable of describing the passenger walking speed
in dependence of the surrounding objects, their proximity as well as the location of other passengers
within the cabin. The validation of the model is performed using the AVACON research baseline
and an Airbus A320. The model is then applied to an altered version of the Airbus A320 with an
extended aisle and to a COVID-19 safe distance scenario. Regarding the results, an extended aisle
width delivers boarding times reduced by up to 3%, whereas the COVID-19 assessment delivers a 67%
increase in boarding times. Concluding, the integration of the newly developed model empowers
PAXelerate to simulate a more detailed boarding process and enables a better understanding of the
influence of cabin layout changes to an aircraft’s boarding performance.

Keywords: boarding; simulation; cabin; aircraft; passenger; movement; Covid-19

1. Motivation

The aircraft cabin is steadily becoming more important for both aircraft manufacturers and airlines,
as it is the most prominent aspect of an aircraft that passengers are in contact with during a commercial
flight. In regards to this, the boarding performance of an aircraft plays a key part in the customer
experience and enables cost saving potential by reducing the critical path and thus turnaround time at
the airport [1,2].

An important aspect of today’s aircraft operational research is optimizing the boarding procedure
and uncovering options for a reduction in boarding time while increasing passenger comfort throughout
the process [2–4]. In alignment with this focus, the boarding process is assessed during the course of the
German research project “AdVanced Aircraft CONcepts” (AVACON). The project’s target is to develop
a mid-range aircraft concept with a projected entry into service in the year 2028 [5]. A secondary target
is to strengthen the interdisciplinary connections within the German aerospace industry.

Throughout the course of the project, multiple design iterations of the aircraft concept are
performed. For each of these concepts, the boarding process performance of the corresponding cabin
layout has to be assessed. To do so, Bauhaus Luftfahrt is applying the PAXelerate boarding simulation
tool to the different cabin concepts. As the project demands a greater level of detail for PAXelerate
regarding the passenger movement, a novel methodology was both created and implemented into
PAXelerate and is now introduced in the scope of this publication.

In order to assess different cabin layout modifications and changes to the passenger behavior
throughout the project, it is required to model the passenger movement in more detail than previously.

Aerospace 2020, 7, 182; doi:10.3390/aerospace7120182 www.mdpi.com/journal/aerospace
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Especially the location of cabin monuments (e.g., lavatories, galleys, or cabin dividers) and their
respective impact as well as other passengers within the cabin are of increased interest. The target
is thus to develop a model capable of describing the passenger walking speed depending on the
surrounding objects and their proximity. Other passengers walking ahead or already seated and their
influence on moving passengers are also taken into consideration. The following Figure 1 depicts the
modelling approach for this problem. It is based on the fundamental assumption that every object in
proximity of the passenger, its dimensions as well as its location in relation to a walking human affects
the resulting walking speed. The challenges of this modelling approach are, as depicted in Figure 1,
the determination and modelling of the influence of all objects such as arm rests of seats, overhead bins,
the ceiling as well as other passengers already seated or preceding the walking passenger. Specifically,
the strength and range of these different influences as well as their interaction with each other has to be
determined and properly dimensioned.

Figure 1. Schematic highlighting the influence of all surrounding objects and passengers on a walking
passenger as the basic concept behind the modelling approach.

In recent developments, the global COVID-19 pandemic has also put the spotlight on the aircraft
cabin and the health risks its passengers are exposed to. These risks are especially high during the
boarding and de-boarding procedures where moving passengers walk within close proximity of each
other. This is why airlines have introduced several measures that aim to reduce these risks by requiring
masks at all times [6], reducing on-board catering options, and restricting passenger movement during
flight [7]. During the boarding specifically, passengers are asked to keep a safe distance while queueing
and to adhere to the given boarding sequence (e.g., boarding in zones) [8]. Prior to cabin entry,
a mandatory temperature screening or even a COVID-19 test can be required [9]. All these measures
can increase the turnaround time of a typical aircraft by up to 15 min [10].

This situation has triggered research interest in different aspects of the boarding process and
their implication on the infection risk of passengers. For example, different suggestions regarding the
boarding strategy have emerged. These include back-to-front [10] or window-to-aisle boarding [11],
a new reverse pyramid boarding [12] as well as restrictions to hand luggage and a safe distance between
passengers [13].

The target for the new movement model of PAXelerate is to enable a more precise boarding
process simulation, taking into account the aircraft cabin geometry and other passengers in proximity.
Furthermore, it aims to provide a better control over the passenger walking behavior itself. These aspects
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will advance the new movement model compared to the previous implementation and can enable
PAXelerate to contribute to the understanding of a future pandemic-proof boarding scenario.

2. Literature Review

Passenger flow simulations are the preferred tool for assessing and optimizing congested and
crowded areas with regard to fast movement and safety. The following is an examination and
assessment of various simulation frameworks regarding their implementation of passenger walking
speed calculation depending on the environment and other people. Depending on the research purpose
of the simulations, the concepts differ strongly. This is especially true concerning the modelling of
human movement within the environment. Therefore, simulations focusing on the boarding of aircrafts
are covered first.

An overview of existing passenger flow simulation frameworks focusing on an aircraft and
terminal application is listed in Table 1 below. Aspects of the simulation by Fuchte as well as MASim
by Richter found application in the development of PAXelerate.

Table 1. Overview of existing passenger flow simulation frameworks [14].

Name Author Year Purpose Simulation Type

Cast Cabin Airport Research Center [15] - Aircraft boarding Agent-based
MASim Richter [16] 2007 Aircraft boarding Agent-based
PEDS Marelli et. Al. [17] 2008 Aircraft boarding Cellular automaton

- Schultz [18] 2010 Airport terminal Discrete event simulation
TOMICS DLR [19] 2011 Aircraft boarding Agent-based

- Fuchte [20] 2014 Aircraft boarding Agent-based
airExodus Fire safety engineering group [21] 2015 Aircraft evacuation Agent-based
PAXelerate Bauhaus Luftfahrt [14] 2016 Aircraft boarding Hybrid agent-based

All of these simulation frameworks are either not published or only available for commercial
use, thus preventing any examination of their passenger movement model. However, there are
other simulation types that include a detailed human movement model such as for simulations of
crowded places, e.g., events or public transport infrastructures. Depending on the particular situation,
different approaches to simulate humans interacting with the environment find application. Passenger
flows at events such as concerts, where many people move towards a common exit, are often modelled
following gas kinetic analogies, whereas simulations for public transport facilities use approaches with
a focus on the simulation of passengers as individuals [22]. In addition, these simulations vary in
their modelling of the environment and the shape of the human body [23]. Finally, video recordings
are applied to derive parameters or attributes of human individuals and surroundings from real-life
tests [24].

2.1. Categorization

In general, simulation models can be categorized depending on their characteristics. This includes
distinguishing between macroscopic and microscopic as well as discrete and continuous models [25].
Rather than modelling the behavior of each individual, macroscopic simulations model the passenger
flow as a whole [22]. In contrast, microscopic models calculate no overall states of passenger flows,
but rather simulate every passenger as an individual. An overview of the different model types can be
seen in the following Table 2.
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Table 2. Overview of different passenger simulation types.

Macroscopic
Simulation

Microscopic Simulation

Social Force Model Cellular Automaton Agent-Based

Foundation

Partial differential
equations describe
variables such as
density, speed and
flow [26].

Individual modelling of passengers and characteristics. Models differ in
modelling of interactions between individuals and the environment as well as the
level of spatial discretization and modelling depth. [26]

Passenger behavior is
modelled by motion
equations [27].
The individual is
acting based on
external forces. The
walking speed
depends on the sum of
all external forces [22].

Discretization of space
(rectangular or
hexagonal cells) and
time. Walking behavior
is defined by rules and
states for each cell [26].
Movement directions are
limited. All passengers
are modelled the same.

Autonomously acting
agents with specific
characteristics such as
gender or age that interact
with one another.
Pathfinding and
movement are derived by
unique characteristics.
Agents often have a cost
minimization target. [22]

Human Model

Analogies from fluid
dynamic particle
flows with circular
body shape.

Modelled in a
continuous space in
the shape of flat disks.

Modelled as single or
multi cell sized. Shape
can be rectangle or
hexagon if multi cell
shaped. [22]

Passenger models are not
bound to specific concepts
of spatial discretization or
continuous spaces.

2.2. Obstacle Interaction

There are different existing concepts for passenger-obstacle interactions in passenger flow
simulations [28]. In social force models, the interaction between passengers and obstacles (e.g., seats,
galleys or lavatories) is modelled using forces that act on the passenger. The driving forces for a
desired walking speed and the attraction towards a goal are superimposed by braking forces of
nearby obstacles.

Regarding cellular automata, a cell is only blocked by one passenger or obstacle at a time. Thus,
a passenger cannot make a step on a cell occupied by an obstacle. Passengers can however access a cell
next to an obstacle. To prevent this, an influence area around obstacles can be introduced by combining
a cellular automaton and a social force model [22]. Here, forces that would act on a passenger are
converted into potential fields around obstacles that decline with increased distance. The passenger
walking speed and direction can then be adapted according to this potential.

Other models use velocity-based approaches adapted from computer graphics and animations
to anticipate collisions between passengers and obstacles by using speed vectors to recognize
possible conflicts and adapt the vectors accordingly. Other approaches calculate three-dimensional
distances, sometimes only in the field of vision of a passenger, to detect obstacles and avoid collisions.
These methods require more computing power than the aforementioned methods [28].

To achieve the most realistic results, the behavior of passengers close to obstacles can also
be assessed using real-life experiments. This may include the reaction time from the perception
of an obstacle in a certain distance to initiating an avoidance maneuver. To simplify test setups,
these assessments could also be conducted with the aid of virtual reality [29].

2.3. Passenger Interaction

Passenger interaction is based on the same concepts as obstacle interaction. However, forces,
potentials, or three-dimensional distances are not only calculated for static objects but for moving
passengers. This requires a recalculation after each location change as well as in the integration of
novel aspects such as overtaking. Additionally, interactions between two passengers are not restricted
to collision avoidance. Weidmann [30] discusses the influence of passenger density on walking speed.
The relation between walking speed and density can be explained by the two effects of maintaining
personal space and speed as function of step length and frequency.
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Passengers demand personal space free of other individuals (and objects) for comfort [29]. To keep
this personal space free, passengers tend to evenly spread over a given space and prefer to reduce their
walking speed rather than compromising their personal space.

The walking speed is a function of individual step length and frequency of steps [30]. With increasing
density, the available space for each passenger decreases. The step length and/or frequency will be reduced
and walking speed will decrease. Above a certain density, the remaining space for every passenger is just
sufficient to stand, but it is no longer possible to walk.

3. PAXelerate

After the introduction of different crowd simulation types and modelling approaches, this chapter
introduces the open-source passenger flow simulation PAXelerate [31]. It is based on a 2D agent-based
modelling approach with aspects of a cellular automaton (see Section 3.2). It has been developed by
Bauhaus Luftfahrt as a boarding assessment tool and provides fast and easy results for the boarding
performance of both conventional and novel cabin layouts. The underlying algorithm for the simulation
is called the cheapest path A Star and operates in a grid-based cabin representation [14,32].

3.1. General

For the AVACON project, support for the CPACS file format [33] has been integrated into
PAXelerate. This enables a fast import and integration of various aircraft concepts into the tool via an
interface. CPACS, which can “hold data from a variety of disciplines considered in an aircraft design
process” [34] is a common language for aircraft design and can contain information on the shape and
structure of the fuselage as well as the size and positioning of monuments and seats within the cabin.

PAXelerate comprises the CAFE cabin designer and simulation module (Figure 2), with the latter
one being the focus of this publication. It enables the batch simulation of cabin scenarios generated with
Monte Carlo based passenger and boarding properties and also contains movement and pathfinding
models. The cabin input required for the simulation is delivered by the cabin configurator module,
which allows for an import, modification and export of CPACS files. Additionally, common design
rules and CS25 conformability can be assessed.

 
Figure 2. PAXelerate module structure.

3.2. Current Movement Model

The currently implemented movement model of PAXelerate is based on a cellular automaton
approach with a grid of nodes, where each node contains various properties. The cabin is discretized
in the x-y-plane and the distance between neighboring nodes is currently set to 10 centimeters.
Other distances are configurable as well. This delivers a node grid with a 10 by 10 nodes per square
meter resolution of the cabin area along its width and length axis.

Each node contains properties defining its location comprising an x and y value as well as various
other parameters such as whether the node represents an obstacle or a passenger is currently located
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on the node. An obstacle represents an object within the cabin that interacts with a passenger during
the pathfinding and walking processes. This can be a galley, a lavatory, a seat or any other object
located on the cabin floor. Additionally, each node contains a value providing information on the
difficulty for a passenger to walk on the node. This is called the potential and makes the PAXelerate
movement model a hybrid of a social force model and a cellular automaton. Each object in the cabin is
surrounded by this potential with a linear gradient, creating a map. This motivates the passenger to
keep a distance to objects, as the difficulty of using these nodes is higher compared to nodes with a
larger distance to obstacles. The cheapest path, meaning the path with the lowest total sum of cost
potential in all nodes being used for walking, is determined by an A star algorithm operating with the
cheapest path condition.

The walking behavior of the passengers itself is modelled in a simplistic way, where the speed is
derived by an age-speed-distribution. After a delay with a duration of the theoretical time needed
to reach the next node position, the passenger object is moved one node ahead. No external factor
has any influence on the walking speed, but the size and amount of luggage a passenger is carrying
decreases the walking speed by a predetermined factor. A minimum distance to other passengers in
combination with a check if the next scheduled node plus the minimum distance is already occupied
delivers the decision to stop walking and wait for the preceding passenger to clear the path. Lastly,
an acceleration and deceleration procedure consisting of a basic linear equation influences the walking
speed when approaching the minimum distance mentioned above.

Summing up, the movement model in PAXelerate consists of an agent-based approach for the
modelling of passengers and their characteristics, while the movement itself is based on a cellular
automaton approach with a grid of nodes and discretized steps within the simulation bounds.
The obstacle avoidance aspects are derived from a social force model, creating a hybrid model,
as explained in Section 2.2.

4. Novel Movement Modelling Approach

For the AVACON project, a new approach advances the movement model previously implemented
in PAXelerate. The new design aims to calculate the walking speed of a passenger within the cabin as
a function of its surroundings and other passengers, as seen in Figure 1. Two challenges have been
identified in this regard, with the first being the modelling of the impact of three-dimensional objects
on the walking speed of passengers at every moment and every position within the cabin. The second
challenge is the modelling of the influence of other, already seated and walking, passengers within the
cabin environment on the walking speed. The following sections will give an overview of both aspects
of the novel model.

4.1. Methodology

Ideally, the distance between each geometry surface of every element within the cabin and the
passenger itself has to be calculated at every time step of the simulation in order to get an exact
measurement of the surroundings of a passenger. The problem therein is the immense computational
effort required to calculate 3D distances of every object surface to every passenger as well as all
passengers amongst each other. As the procedure has to be repeated for every time step, there is
a need for a more simplified approach, which can reduce the calculation effort by increased model
abstraction, while yielding sufficient information for a reasonably accurate simulation. The solution to
this problem lies in the structure of the PAXelerate boarding simulation, which consists of a discretized
cabin area built out of a grid of nodes. As these nodes represent a specific location, each node can also
contain the distance information to the closest cabin monument. It is thus possible to pre-calculate the
distance of every node within the cabin to the closest monument in advance of a batch simulation,
thereby reducing the required number of calculations to just one. This can be done given that no cabin
monument changes position throughout the simulation loops.
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Concerning the model abstraction, an additional measure has been taken. Looking at the human
body, four distinctive elements of the human body were defined for modeling the influence on a
human’s walking behavior in a constricted space. Those body parts are the knee, hip, shoulder and
head, each positioned at a different height and each exposed to a different layout of the cabin at the
respective height. As listed in Table 3 below, the cabin model is thus in a first step divided into four
layers, with each layer comprising of a different grid of nodes and each representing the cabin and the
containing objects at a specific height above the cabin floor. The lower three layers contain information
on the position and size of cabin monuments at the specific height, whereas the upper ceiling layer
contains information about the cabin ceiling height as well as the size and position of the overhead bins.

Table 3. Division of the cabin into multiple layers.

Layer Name Start Height [m] End Height [m] Purpose

Ground layer 0.0 0.65 Passenger and
object modellingMid layer 0.65 1.10

Top layer 1.10 Cabin height
Ceiling layer - - Ceiling contour

The selection of the different heights is based on four neuralgic body parts of the human body
during walking. This includes the knee in the ground layer, the waist in the mid layer as well as the
shoulders and head in the top layer. The height of the layers is designed to surround the specific
neuralgic point, based on average human body dimensions as seen in Table 4 and in relation with the
given cabin elements such as seat objects.

Table 4. Neuralgic human body points [35].

Body Point Mean Height Female [m] Mean Height Male [m] Layer

Knees 0.46 0.50 Ground
Waist 0.84 0.89 Mid

Shoulders 1.33 1.44 Top

4.2. Modelling of Passengers

Inside the grid-based cabin layout of the PAXelerate boarding simulation, passengers are modelled
as discretized rectangular shapes. At each of the different heights of the three modelling layers,
the passenger is represented with a different size within the grid. As can be seen in Figure 3 below,
the top layer body shape consists of the shoulder dimensions, the mid layer consists of the waist width
and depth and the ground layer contains the knee width and depth. All values are based on the data
seen in Table 5 below.

Table 5. Neuralgic human body points [35] (* estimated).

Body Layer
Width [m] Depth [m]

Female Male Female Male

Knees *
Mean 0.34 0.34 0.22 0.24

deviation 0.02 0.02 0.02 0.02

Waist
Mean 0.3427 0.3418 0.2271 0.2486

deviation 0.0224 0.0203 0.021 0.0207

Shoulders
Mean 0.4301 0.4912 0.2394 0.2432

deviation 0.023 0.026 0.0211 0.0215
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Figure 3. Representation of the human body and luggage within the simulation grid.

The values used in the simulation are, as PAXelerate uses a Monte Carlo approach for all
anthropometric data, generated individually for each passenger from the mean and deviation values
of a normal distribution.

A potential carry-on luggage is amended to the human body at respective height layer (see luggage
nodes in Figure 3 above). The luggage options currently implemented contain a backpack extending
the shoulder and waist depth and a shoulder bag extending waist width. Additionally, the options
contain a cabin trolley extending the knee depth backwards if pulled or in front if pushed. Lastly,
a combination of multiple carry-on luggage items is also taken into account.

During the course of the boarding simulation, the carry-on luggage is considered an integral part
of the human body up to the point of luggage stowing. Additionally, every luggage carried by the
passenger decreases the walking speed by a certain factor.

4.3. Modelling of Cabin Monuments

The following Figure 4 highlights the seat dimensions used for the discretized shape of cabin
seats at the different height layers. As the width of a seat is almost identical at the armrest and floor
level, the same dimension is used for the lower two layers. The top width is smaller due to the
slimmer backrest dimensions. Considering the depth of the seats, each layer has a different dimension,
beginning at the floor level with the base footprint size, continuing to the middle layer, where the
armrest dimension is critical and ending at the top width of the seat, consisting of the backrest depth.

Figure 4. Dimensions of a typical aircraft seat used for the different layers.
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Figure 5 depicts the transition of the cabin seat into a discretized rectangle inside the PAXelerate
node grid for each of the different layers. All other cabin monuments such as lavatories or galleys are
modelled in the same way. However, monuments with a vertical wall are modelled with the same
dimensions in each of the layers. The overhead bins are not considered cabin monuments and are thus
not included in this modelling approach but rather dealt with in a separate fashion as described in a
later section.

Figure 5. Transition to discretized seat dimensions for each layer.

4.3.1. Influence Area of Cabin Monuments

In order to estimate the effect of the distance of objects to a passenger, each cabin monument
inside the simulation grid is surrounded by a potential ϕnode, creating a so-called influence area
(see Equation (1)). This is the core method of reducing the computation effort by pre-calculating the
linear distance between objects for each simulation step. This is feasible, as each node knows its own
position to the closest object in advance. A passenger walking through the nodes within this influence
area will decrease their walking speed depending on the node’s properties and the pre-calculated
distance value dclosest stored within the node. The potential correlates to the linear interpolation between
ϕmin and ϕmax in dependence of the inverse distance to the object.

ϕnode(d) = f (dclosest,ϕmin, ϕmax) (1)

The value of ϕmin and ϕmax were chosen in order to comply with boarding times published
by Airbus [36] or parameters extracted form video sequences by Steiner and Philipp [37]. In fact,
it requires real-life experiments to determine the detailed impact of different obstacle types on passenger
walking speed.

As can be seen in Figure 6 below, the potential is cut off at a specific distance dthreshold of the object.
This is based on the assumption that after surpassing a given distance, no effect on the walking speed
can be detected and thus a computation and storing of these values is obsolete and would reduce the
computation performance.

245



Aerospace 2020, 7, 182

Figure 6. View of the potential, representing the impact on passing objects.

Figure 7 shows the potentials surrounding a group of seats at two different heights, one representing
the lower parts of the seats and one representing only the backrests and their surrounding potential area.

Figure 7. Exemplary potential around a group of seats.

The only time this node grid changes throughout a simulation is when a passenger is seated
onto a seat. This increases the potential surrounding the respective seat by raising the ϕmax value,
thus integrating effects on the walking behavior of passengers by others already seated.

4.3.2. Modelling of the Overhead Bins and Ceiling

The ceiling layer is similar to other layers but further includes the ceiling height at a certain
location as highlighted in Figure 8. The head and shoulder clearances are thus additionally stored at
each node covered by the ceiling-layer.
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Figure 8. Depiction of the ceiling and overhead bin layer. Shown here is the cross-section of the
AVACON research baseline (ARB) [5].

4.3.3. Calculating the Effect of Close Objects on the Walking Speed

At first, the sum of all potentials that act on a passenger while walking over a node is calculated
for each step. All nodes occupied by the passenger, as seen in Figure 3, represent the current position
of the passenger. Each node can have a certain potential ϕnode in each layer from nearby objects
(see Figure 6). These potentials are first summed up over all occupied nodes of one layer and then over
all layers from i = 0 . . . n, where n is the amount of layers in the model. Finally, the mean potential
ϕObstacle is calculated by dividing this sum by the total number of nodes Nobstacle occupied in all layers
(see Equation (2)). This results in a potential ϕObstacle averaged over all nodes in all layers occupied by
a passenger.

ϕObstacle =

∑n
i= 0 (

∑
ϕnode,i

)∑n
i= 0 Nobstacle.i

. (2)

The same equation covers the low ceiling and overhead bin effects, but additionally the vertical
distance between head, shoulders, and ceiling is considered within the function for ϕCeiling as well.
The sum ofϕObstacle from Equation (2) and the potential of the ceilingϕCeiling is divided by the maximum
potential ϕmax defined in Section 4.3.1 (see Equation (3)). This value is then subtracted from 1 and
multiplied with the free walking speed vo (see Section 4.4.1). This results in the walking speed with
obstacle interference vobstacle.

vobstacle = vo ∗
(
1 − ϕObstacle + ϕCeiling

ϕmax

)
. (3)

4.4. Impact of Passengers

4.4.1. Fundamental Relations

The modelling of the interaction between passengers and their impact on the walking speed
is derived from the social force and cellular automaton hybrid approach explained in Section 3.
In general, the walking speed of a human in a crowded area—where free, unrestricted walking is not
possible—depends on the crowd density. This approach is based on the so-called fundamental diagram
by Weidmann [30] as described in Section 2.3. The diagram is based on the following Equation (4),

247



Aerospace 2020, 7, 182

where vo = 1.34 m/s is the free walking speed and ρhuman, max = 5.4 m−2 is the density of humans at
which a standstill occurs.

v (ρhuman) = v0 ∗
{

1 − exp
[
−1.913 ∗

(
1

ρhuman
− 1
ρhuman, max

)]}
. (4)

The resulting graph, depicting the walking speed in dependence of the density of people per
square meter, can be seen in Figure 9. As depicted, the walking speed reaches zero at a density
of 5.4 people per square meter, resulting in a standstill. Free walking speed is maintained up to a
density of roughly 0.4 people per square meter, after which a steeper decrease in walking speed can
be observed.
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Figure 9. Walking speed in dependence of crowd density according to [30].

Generally, there are other implementations of a walking speed and human density dependency
such as for example the one used by Richter [16] and seen in the following Equation (5). The model
introduced in this paper however is based on the concepts introduced by Weidmann as his model has
no case differentiation and consists of a single continuous equation.

v (ρhuman) = v0 ∗
⎧⎪⎪⎨⎪⎪⎩

1, ρhuman < 0.8 m−2(
0.032 ∗ ρ2

human − 0.37 ∗ ρhuman + 1.27
)
, ρhuman ≥ 0.8 m−2 (5)

4.4.2. Transition to Model for PAXelerate

As shown in Equation (4), the passenger density ρhuman inside the cabin is the only unknown
variable that has to be determined. A widespread approach is to divide the simulated area into smaller
parts and calculate the passenger density by dividing that area by the number of passengers inside [16].
However, this force-based approach of applying a walking speed depending on an external variable
contradicts the principle of independence of each passenger in PAXelerate’s agent-based approach.

Furthermore, today’s aircraft cabins usually offer narrow corridors for walking, which are often
too tight to allow overtaking or counterflow. Future cabin layouts are, excluding modifiable seat
designs which can temporarily alter the aisle width [38], unlikely to increase aisle widths due to space
and cost considerations. Additionally, passengers always prefer lane formation when walking in the
same direction such as in aircraft cabins [27].

Due to this lane formation, a passenger is mainly influenced by the others walking directly ahead.
Other passengers any further ahead or behind have no direct influence on the walking speed, as they
are not directly perceived. Looking at a passenger individually, the critical area concerning crowd
density effects and thus the area in which a passenger perceives others is solely the area directly in
front. Consequently, the distance to the passenger in front determines the density experienced when
walking in lane formation. The density can ultimately be seen as the free space in front of a passenger.
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If this space decreases, a passenger has to adapt the step size and slows down to avoid approaching
the passenger ahead. The area of such as personal space is equal to the reciprocal of the density as seen
in Equation (6).

Apersonal =
1

ρhuman
. (6)

Using the model of Weidmann and his assumptions regarding the needed lateral space while
walking wlateral = 0.71 m, a rectangular personal area can be defined together with the distance in
walking direction d according to the following Equation (7).

Apersonal (d) = wlateral ∗ d. (7)

Using Equations (6) and (7), the following Equation (8) can be derived. This equation delivers a
dependency between the human density according to Weidmann and the personal space of a passenger.

ρ (d) =
1

Apersonal(d)
=

1
wlateral ∗ d

. (8)

When integrating Equation (8) into Equation (4), the following Equation (9) results. The corresponding
graph can be seen in Figure 10. It depicts the dependency between the distance to a preceding passenger
and the resulting walking speed.

vpassenger (d) = v0 ∗
{

1 − exp
[
−1.913 ∗

(
d ∗wlateral − 1

ρhuman, max

)]}
. (9)

Figure 10. Walking speed in dependence of the distance to the preceding passenger.

The equation above also delivers the distance of dmin = 0.26 m, corresponding to a density
ρhuman = 5.4 m−2 and representing the minimum distance at which a standstill occurs. The curve is of
asymptotic nature for v0 = 1.34 m/s, where 95% of v0 are reached at dmax = 2.47 m and 99% of v0 are
reached at d = 3.65 m. For performance and simplification reasons, the maximum considered distance
for a potential influence of preceding passengers is thus selected to be at the 95% v0 line. The two
values of maximum and minimum influencing distance result in the rectangular of Figure 11 below.
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Figure 11. Schematic of the influence area of a walking passenger. The walking speed depends on the
distance d to a preceding passenger and if it is within the rectangle defined as the influence area.

Combining the information from Equation (9) as well as Figures 10 and 11, a passenger is in the
free walking mode and is not influenced by any preceding passengers on the same path up to a distance
of 2.47 m. This is explained by the fact that up to a distance d of greater than 2.47 m, the resulting
vpassenger of Equation (9) is nearly constant. From 2.47 m down to a distance of 0.26 m, the walking
speed will gradually slow down according to Equation (9). This can also be seen in the transition from
a low to a high impact on the walking speed as seen in Figure 11. At a distance of 0.26 m, vpassenger of
Equation (9) equals 0 and the passenger comes to a standstill until the passenger in front increases the
distance beyond the threshold.

4.4.3. Implementation of Model into PAXelerate

The shape, position, and personal influencing area of a passenger is saved in a discretized way,
as seen in Figure 11. The influence area is saved by applying a potential in the same way as for obstacles
to each node within the rectangle. A node can save the potential of more than one passenger. If a
passenger steps on a node that is part of such an influence area of other passengers, the speed factor
is calculated according to Equation (9) if both passengers are walking. If the preceding passenger is
already seated, the potential is rather used for the calculation of the factor and the other passenger is
regarded as an obstacle. If different passengers have an influence on the current position, the most
influencing passenger is determined by algorithms searching for the highest potential and considering
the current orientation of the involved passengers. The speed factor is calculated only once by
calculating an average footprint shape and not for each layer separately.

4.5. Model Summary

Information about nearby obstacles and influencing passengers are saved as a property for each
node. At each step, the effects of nearby objects and other passengers on the walking speed are
calculated separately. Finally, as seen in Equation (10), the lower speed, hence the higher and more
influential speed factor is chosen to calculate the walking speed for the next step.

vcurrent = min
(
vobstacle

∣∣∣ vpassenger
)
. (10)

Generally, the approach chosen for the movement model was selected because it builds on the
foundation of PAXelerate as a hybrid cellular automaton and agent-based simulation. The obstacle
interaction is based on a social force approach and the interaction between passengers in the constricted
aisle is based on an adapted walking speed and human density relation. Finally, the following Table 6
provides an overview of changes to PAXelerate regarding the new movement model implementation.
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Table 6. Comparison of old and new passenger model in PAXelerate.

Aspect Old Model New Model Section

Model dimensions 2D cabin floor 3D cabin using multiple stacked
2D layers Section 4.1

Passenger shape 2D rectangle
Distinctive rectangle shape in each

stacked cabin layer at neuralgic
body points

Section 4.1

Movement model

“Stop and go” using free
walking speed when path is
unobstructed and stopping
when preceding passengers
reach a threshold distance

Adapted speed and crowd density
relation by Weidmann using the

personal space around individuals

Section 3.2,
Section 4.3

Influence of other
passengers Collision avoidance only

Walking speed is decreased by all
passengers in proximity,

depending on their state (seated,
standing, or walking)

Section 4.3

Obstacle influence
Considered only for collision
avoidance during initial path

finding process

Obstacles decrease walking speed
of passengers in their proximity
depending on obstacle shape in

each model layer

Section 4.2

5. Validation

This chapter presents the validation of the new movement model implemented for the AVACON
project and is introduced in this paper. It comprises of a default boarding simulation loop with default
passenger properties. As cabin layouts, the AVACON research baseline as well as an Airbus A320 type
aircraft are selected.

5.1. AVACON Research Baseline

The AVACON research baseline (ARB) is a mid-range aircraft and the foundation of the AVACON
project and is based on a Boeing 767 aircraft [5]. The corresponding cabin layout can be seen in
Figure 12 below. In a related paper regarding PAXelerate and the AVACON project, the PAXelerate
boarding simulation has been applied to this reference aircraft with a variety of different boarding
doors and strategies [39].

Figure 12. Cabin layout depiction of the AVACON research baseline.

Due to the Monte Carlo approach used for all passenger properties within PAXelerate
(see Section 4.2), the simulation is non-deterministic and rather delivers a normal distribution
of boarding time results. The following input parameters in Table 7 are used for the assessment of both
the old and new movement models using the ARB aircraft.

Table 7. Overview of the input parameters used in the boarding simulations.

Parameter Value Unit

Passengers 255 -
Discretized cabin grid resolution 10 × 10 Nodes per m2

Boarding doors Front left -
Number of simulation loops 100 -

Load factor 100 %
Boarding sequence Random -

Boarding rate 18 Passengers per minute
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The following Figure 13 shows the boarding time distribution of the two models. Each dot
represents a boarding time result for the respective model, whereas the bounds of the colored boxes
represent the 25th and the 75th percentile, respectively. A horizontal line within the boxes represents
the mean boarding time. For the old model, the execution of 100 simulation loops resulted in an
average boarding time of 16:27 (mm:ss) for this twin aisle aircraft with 252 seats and the standard
deviation accounted to 34 s. In comparison to this, the new version of PAXelerate incorporating the
novel movement model and keeping all other settings resulted in a boarding time of 20:56 with a
standard deviation of 54 s. This represents both longer boarding times compared to the previous
implementation as well as an increased simulation uncertainty as represented by an increased box
height in Figure 13 and an increased standard deviation. For reference, official boarding process
times for an Airbus A330 (which has a comparable cabin to the ARB) suggest ~25% higher values
compared to the old PAXelerate simulation [1]. The new results thus still lie within in an acceptable
range. A further investigation into the cause of this increase will be performed in the future, but the
fine-tuning of the model parameters for a single-aisle A320 style aircraft and the overall slowing of
passenger movement are expected to have a strong influence.

 
Figure 13. Boarding times of the ARB when using the different movement model implementations.

As a statistical test for the results of the two boarding simulation models, the Welch two-sample
t-test has been chosen as both result samples are normally distributed (Shapiro-Wilk normality test)
but differ in their variance (f-test). The resulting p-value of <2.2 × 10−16 proves that the two models
and their respective boarding time results are significantly different.

5.2. Airbus A320

As mentioned, the model parameters were first calibrated and fine-tuned for an A320 style aircraft,
thus potentially explaining the deviations in the AVACON research baseline results. The parameters
and settings for this validation remain unchanged compared to Table 7, but the total number of
passengers in the cabin layout depicted in Figure 14 accounts to 180.

Figure 14. Cabin layout depiction of an Airbus A320-200.

As highlighted by the boxes in Figure 15 below, the simulation of the previous model results in an
average boarding time of 15:36 with a standard deviation of 43 s using the old model. The new model
results in a boarding time of 16:26 with a standard deviation of 47 s. Using the Welch two-sample t-test
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for a statistical test, the p-value of 7.874 × 10−9 proves that the two models and their boarding time
results are significantly different. The results show that the new model increases the boarding times
slightly. This behavior is again explainable by the overall reduction in passenger movement speed due
to the new movement model.

Figure 15. Boarding time distribution of an Airbus A320 with the new movement model.

5.3. Summary

The following Table 8 highlights the results of the validation for both the AVACON research
baseline aircraft and the Airbus A320 type aircraft.

Table 8. Overview of the validation results.

Validation Case Source Mean Boarding Time (min) Standard Deviation [min]

AVACON ARB
Old model 16:27 00:34
New model 20:56 00:54

Airbus A330 Manufacturer data [1] ~25% higher than old model -

Airbus A320
Old model 15:36 00:43
New model 16:26 00:47

Manufacturer data [36] ~19 min -

The validation performed for this paper is able to show the applicability of the model to boarding
simulations and the ability to generate better results compared to the previous implementation as the
delta to official references decreases. In order to assess unconventional aircraft cabin concepts where
no existing data is available, real world experiments and measurements need be performed for the
determination of influence factors for the various cabin monuments. This can for example be done by
recording a boarding procedure at an airport [37] or even using virtual reality to get a more detailed
insight into humans moving within a virtual 3D cabin space [29].

6. Application and Implications

After the completed validation of the model for existing scenarios, PAXelerate can now be used
to look at a customization of the cabin layout or passenger behavior changes. The actual scenarios
assessed below include a modification of the aisle width and of the overhead bin location for an Airbus
A320. Concerning the passenger behavior, a currently relevant topic is the impact of COVID-19. As a
safe distance of 1.5 to 2.0 m to other people should be maintained at all times, this suggestion can also
be applied to the boarding process [40]. As the new model is capable of controlling this minimum
distance to preceding passengers, an initial assessment of the impact of such a regulation will be
performed below using an Airbus A320.

6.1. Changes to Cabin Geometry

The following assessment is based on a default Airbus A320 configuration. The modification to the
cabin consists of an increase in aisle width of 25% or 50%, respectively. This results in a corresponding
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shift of the overhead bin location as well as an increase in fuselage width. All model parameters except
the number of passengers remain the same compared to Table 7. The resulting average boarding time
of 50 iterations is 16:08 min with a standard deviation of 00:54 min for the 25% increase scenario and
15:55 min with a deviation of 00:55 for the 50% increase scenario. While the differences in the mean
boarding times for the 50% wider aisle are significant (Welch two sample t-test p-value = 0.002068),
the deviation in boarding times for the 25% wider aisle scenario is insignificant (p-value = 0.08598).

The slight decrease in average boarding times for the 50% change highlights the potential for an
increased aisle width, as passengers might feel less constricted in a wider aisle, thereby reducing the
mean boarding times by up to 3%. The effect of overtaking possibilities in combination with a wider
aisle has not been considered. The true impact of this aisle widening depends on the parameters used
in the potential of every node within the model. A deviation to the simulation result may thus occur
after real life experiments have been executed and tweaked parameter values have been integrated.
Nevertheless, the results indicate an effect of the altered cabin geometry on boarding times and lead
the way for the model to evolve and improve with future versions of PAXelerate.

6.2. Changes to Passenger Behavior

In order to assess the passenger movements due to the COVID-19 restrictions, the model is
adapted to include a minimum distance between passengers of dmin = 1.75 m, shifting the graph
of Equation (9) along the positive x-axis. All other properties remain unchanged compared to the
validation scenario of the A320. The decision for an Airbus A320 and against the ARB is because short
distance travel seems to be the likelier option for a reemerging commercial flight schedule in the short
term as intercontinental travel will be restricted for a longer period of time [41,42].

The average boarding time for 50 iterations is 27:30 min with a standard deviation of 1:19 min.
The significance of this deviation is proven by a Welch two sample t-test with a p-value of 2.2 ∗ 10−16.
This represents an increase in boarding times of 67.4% compared to the reference case presented in the
validation chapter. The reason for this increase is partly explainable by the reduction of simultaneous
actions being performed by passengers. Fewer passengers can stow luggage or enter the aircraft
per time step, as the distance between passengers is 6.5 times higher, resulting in increasing overall
boarding times. As the boarding process lies on the critical path of the turnaround process for most
scenarios [1], an increase in boarding times by this amount will lead to an extended airport turnaround
duration and a negative economic impact. This result highlights the risks and effects of the application
of this minimum distance regulation.

As the minimum distance requirement might also be enforced during flight, a suggested vacant
middle seat in every seat group is another option to be considered [40]. The following assessment
thus combines the boarding process with a safe distance and an empty middle seat in each seat group,
limiting the time two passengers come in very close contact to each other. For a study with 50 iterations,
the average boarding time results in 16:23 min with a standard deviation of 37 s. The deviation
of this result compared to the reference is insignificant (Welch two sample t-test p-value = 0.8092).
This shows that, with the reduced amount of passengers, the boarding sequence has on average the
same duration as the reference scenario. However, as only 120 passengers can board the airplane,
thus reducing the load factor to 66%, the economics of such a scenario render the application in a real
world scenario questionable.

As mentioned in Section 1, there are different other suggestions for boarding procedures with
reduced interaction between passengers such as a window to aisle boarding, rear to front boarding [40]
and even more unconventional concepts [10–12]. These scenarios distribute the passengers throughout
a boarding process in a way that reduces the total amount of contact with already seated passengers.
However, they can cause increased boarding times or aisle areas with high interference between
passengers, as shown in a recent publication for the AVACON research baseline [39].
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6.3. Overview

The following Table 9 highlights the results of the application for both the cabin modifications
and the passenger behavior adaptions performed for this publication. All assessments are conducted
using an Airbus A320 cabin.

Table 9. Overview of the assessment results.

Airbus A320 Scenario Average Boarding Time (min) Standard Deviation (min) Delta (%)

Reference 16:26 00:48 -
Aisle width + 25% 16:08 00:54 (−1.8)
Aisle width + 50% 15:55 00:55 −3.1

Safe distance 27:30 01:19 +67.4
Safe distance + vacant

middle seats 16:23 00:37 (−0.2)

7. Summary

The integration of the newly developed model empowers PAXelerate to simulate a more detailed
boarding process and enables a better understanding of the influence of cabin layout changes to the
aircraft’s boarding performance. This allows for the identification of critical aspects of a cabin layout
such as a local narrowing of the aisle and therefore gives cabin designers the opportunity to tackle
potential issues in an early design phase.

In general, the potential for a swifter boarding process by changing aspects of the cabin layout,
such as altering the aisle width or relocating cabin monuments, may enable airlines to quicken
the turnaround process without high effort. Passengers on the other hand may feel less crowded
during the boarding procedure as potential bottlenecks can be removed in advance by rearranging
monuments. Lastly, the model introduced in this paper also enables insight into potential paths for
future improvements of the design of the AVACON project’s next aircraft iterations and their respective
cabin layouts.

Concerning the COVID-19 assessment, it can be said that the suggested measures may effectively
reduce close contact to other passengers. However, considering the vast economic impact of these
measures by increasing boarding times or reducing the aircraft’s capacity, other mitigation methods
such as an increased hygiene level or facial masks may be economically a less harmful measure to
enable a safe and economic future travel scenario.

8. Future Work

The initial implementation of the new passenger movement model has proven to be a valuable
addition to the PAXelerate boarding simulation. Specific aspects of the boarding simulation and the
movement model in particular provide the potential for future model improvements. As mentioned
previously, this includes the adjustment of the factors and parameters used in the novel movement
model based on real world measurements and experiments during a boarding sequence, monitoring
the impact of cabin monuments and their placement on the walking speed of real humans. This task
will be dealt with during the next steps of the simulation framework enhancement.

Regarding the PAXelerate boarding simulation as a whole, the implementation of an advanced
luggage handling and overhead bin storage model is of high priority. This includes a more realistic
luggage model, incorporating the sizes and weights of luggage and their respective positioning inside
the luggage bins by passengers. The size and position of the luggage bins play a crucial role, as there
might not always be an empty luggage bin close to the passenger’s seat, thus delaying or complicating
the luggage stowing procedure and the flow of passengers.

Lastly, a more detailed analysis of COVID-19 related parameters such as exposure time and
distance between passengers will be introduced in the future, assessing potential paths for an infection
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risk reduction throughout the boarding process. This may also benefit novel methods for the luggage
stowing procedure as well as the de-boarding of the aircraft.

Author Contributions: Conceptualization, methodology, validation, writing and visualization, M.E.; methodology,
validation and visualization, T.K.; supervision, M.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received funding as part of AVACON, a research project supported by the German
Federal Ministry for Economic Affairs and Energy in the national LuFo V program. Any opinions, findings,
and conclusions expressed in this document are those of the authors and do not necessarily reflect the views of the
other project partners.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

Abbreviations

AVACON AdVanced Aircraft CONcepts—LuFo research project
PAXelerate Boarding simulation developed by Bauhaus Luftfahrt
CPACS Common Parametric Aircraft Configuration Schema
CAFE Cabin And Fuselage Environment, module of PAXelerate
Symbols

ϕ Potential of a node
ρ Density of humans
v Walking speed of a passenger
d Distance to preceding passengers on the aisle
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