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Abstract

Purpose — The purpose of this paper is to present the result of calculations that were performed to estimate the structural weight of the passenger
aircraft using novel technological solution. Mass penalty resulting from the installation of the fuselage boundary layer ingestion device was needed
in the CENTRELINE project to be able to estimate the real benefits of the applied technology.

Design/methodology/approach — This paper focusses on the finite element analysis (FEA) of the fuselage and wing primary load-carrying
structures. Masses obtained in these analyses were used as an input for the total structural mass calculation based on semi-empirical equations.
Findings — Combining FEA with semi-empirical equations makes it possible to estimate the mass of structures at an early technology readiness level
and gives the possibility of obtaining more accurate results than those obtained using only empirical formulas. The applied methodology allows
estimating the mass in case of using unusual structural solutions, which are not covered by formulas available in the literature.

Practical implications — Accurate structural mass estimation is possible at an earlier design stage of the project based on the presented
methodology, which allows for easier and less costly changes in designed aircrafts.

Originality/value — The presented methodology is an original method of mass estimation based on a two-track approach. The analytical formulas
available in the literature have worked well for aeroplanes of conventional design, but thanks to the connection with FEA presented in this paper, it
is possible to estimate the structure mass of aeroplanes using unconventional technological solutions.
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Introduction proportion of viscosity and form drag in the total drag is
between 60% and 70%. In the case of fuselage wake-filling
propulsion arrangement, the airflow around the fuselage is
ingested by a fan mounted at the rear of the fuselage. This
technology allows for the drag reduction as well as the
generation of additional thrust. The aircraft concept using the
PFC technology is illustrated in Figure 1.

Air traffic is responsible for a large part of harmful gases emitted
to the atmosphere; therefore, it is very important from an
ecological and economical point of view to design and create
effective solutions that will help to reduce the environmental
impact caused by aviation. Organisations such as the European
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Figure 1 Turbo-electric propulsive fuselage concept (PFC) investigated in the CENTRELINE project

Electrically driven
fuselage propulsor

analysing and using the most

advanced aerodynamic
technologies as well as the most recent structural solutions.

Structural activities

As part of the CENTRELINE project, the Warsaw University of
Technology was responsible for the structural integration of the
propulsor mounted in the rear of the fuselage and for analysing
modern structural solutions with a potentially beneficial effect on
the aircraft’s total mass. Evaluation of the inventive propulsion
system was based on a selected R2035 reference aircraft. For the
purposes of the CENTRELINE project a parametric 3D
computer-aided design (CAD) model of the structure for the
whole aircraft was created (Goraj, 2018). Model takes into
account changes in relation to the conventional design of the
R2035 aircraft. The main changes are related to the rear mounted
propulsor. Adapting this technology enforces adjustments in the
aft-fuselage load carrying structure and horizontal and vertical
stabilisers arrangement. The use of the technology being the object
of research within the CENTERINE project, in addition to the
potential benefits brings a number of factors that can affect
the final performance of the aircraft in a negative way. One of the
consequences of using an additional propulsion system is the
increase in weight of the load-carrying structure. This subject is
investigated in the project at the Warsaw University of
Technology. The prepared parametric 3D model allowed
checking many different structural configurations. The parametric
CAD representation of the initial PFC design is presented in
Figure 2.

As the activities carried out within the consortium influence
aircraft shaping, the prepared parametric model was a very
important element affecting the efficiency of work on the concept
of aircraft structure. One of the main responsibilities within the
structural task was to prepare the concept of fuselage fan support
structure, ensuring proper strength and stiffness while maintaining
the lowest possible weight of the structure. It was assumed that the
structure will be made entirely of advanced composite materials.
Apart from using additional propulsion, CENTRELINE project
also considers the use of other unconventional structural

Electric power
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technologies, such as, for example, a geodetic fuselage (Goraj,
2018a). The initial structure was subjected to gradual
modifications that resulted in a combination of optimal strength,
stiffness and weight. In an iterative process, the structure concept
with the best weight-to-strength ratio was selected, and several
strength calculations were performed for the load cases identified
in the CS-25 regulations (EASA, 2007).

Mass estimation methods

To evaluate the benefits that could be achieved with the fuselage
BLI, it was necessary to estimate the mass penalty owing to the
additional support structure needed to carry the masses and loads
generated by the propulsor. As the project assumes the preparation
of only the conceptual structure, it is impossible to estimate the
mass only based on the CAD model because many elements
affecting the final result are omitted at this early stage. Only the
representation of the 3D primary-load carrying structure was
prepared, so it was necessary to find a way to extrapolate the mass
of this primary load-carrying structure obtained from FEA into the
mass of the entire aircraft. There are numerous analytical
approaches for estimating aircraft mass known in the literature, the
two most popular are examined next.

Figure 2 Parametric CAD model of the initial PFC design
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Raymer method

The method of mass estimation presented in Raymer (1992) is a
statistical method based on sophisticated regression analysis.
Component mass formulas do not include systems (hydraulics,
anti-icing, etc.), which form separate groups, and their masses are
estimated separately. Systems are not necessarily located in only
one component of the aircraft, which makes it impossible to
determine the total mass of individual components. These
formulas also do not allow the separation of the part of the mass
responsible for the primary load-carrying structure that could be
replaced by the result obtained in the finite element method
(FEM) analysis. The formulas below apply to metal structures;
however, special factors are used to estimate the mass of the
composite structure.

A
Wiing = 0.0368%78 [170:0035 (—

cos2A cosA

"Vfuselage _ 00528}086 (Nz de)0'177L[_0'051 (L/D)70.072q0.241 + Wpress

where:

A = aspect ratio

q = dynamic pressure at cruise, 72
L, = tail length, ft

N, = ultimate load factor

Sr = fuselage wetted area, 2

S,, = trapezoidal wing area, ft*
Wae = design gross weight, Ib

W = weight of feul in wing, Ib

Wress = weight penatlty due to pressurization

= cabin pressure differential, psi (rypically 8 psi)
A = wing sweep ar 25% MAC

A = taper ratio

Torenbeek method

The mass estimation method presented in Torenbeek (2013) is a
quasi-analytical method. One of the fundamental differences from
the formulas developed by Raymer is the inclusion of the system
weights in the individual component, which gives a chance to more
precisely estimate the total weight of main aircraft parts. Another

0.6 —03
100z/c
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very important difference from the point of view of the analysis
described in this paper is the possibility of separating the
component responsible for the primary load carrying structure in
the formula. In the case of Torenbeek’s formulas, it is possible to
replace the load carrying component with the result of an estimate
based on FEM analysis. The following formulas apply to metal
structures, and appropriate coefficients are used for conversion to
composite structures.

I’Vfuselage = Cshelldfzus (lfus + lref) + Qﬂngifdfuslfus
= "Vlcs + I’Vblh + IJVsup

where:

Cinenn = calibration factor for bodies with a single — deck cabin

=60 Nm™>

Q

calibration factor for bodies with a single — deck cabin

160 Nm 2

fuselage width + fuselage height
2

dps = equivalent fuselage diameter, m,

liys = length of fuselage, m

n,, = ultimate load factor

Wi.s — weight of primary fuselage load carrying structure
Wi — weight of the pressure bulkheads

Wy — weight of other support structures

I’Vwing - id T ZAWnid + 1102 I’Vsec

where:

W,q — Primary wing structure weight
Wia — Non — ideal penalties

Weee — Secondary weight components

Each of the previously mentioned constituent consists of several
components, and the exact methodology for their calculation is
available in Torenbeek (2013).

Fuselage finite element analysis

The fuselage analysis was firstly focussed on its rear part
containing the propulsor load-carrying structure and the
fuselage fan (FF) nacelle (Goraj, 2019). As three power
configurations are considered, separate

analyses were
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performed for each configuration. The configurations differ
slightly in the external geometry and the mass of the
components used in the propulsor drive, hence the differences
in the weight of the individual power configurations. The
structure masses for the three power configurations are
presented in the Table 1.

Having the detailed data on the mass of the tail section,
including the FF load-carrying structure, in the next stage,
analyses were carried out to estimate the mass of the whole
fuselage main structure. The analyses carried out so far have
proven that the use of a geodetic fuselage structure can
contribute to significant weight reduction. A comparative
analysis of geodetic and conventional structures is presented in
(Goraj, 2018a).

In the final version of the PFC aircraft structure, the geodetic
layout was used in the cylindrical parts of the fuselage,
excluding the parts where the fuselage joins the wing, owing to
technological difficulties in the production of such structures.
The geodetic structure 1is, therefore, represented by
approximately 60% of the fuselage surface. Similarly, a
geodetic structure layout was used on the cylindrical parts of
the R2035 fuselage.

The outer shell of the fuselage was modelled using two-
dimensional finite elements, while the reinforcing elements
such as ribs, frames and stringers were modelled using one-
dimensional beam elements with specified cross sections. The
monocoque parts of the fuselage were reinforced with frames
and stringers, while the geodetic fuselage sections were
equipped with hoop and helical ribs. The nodes around the
fuselage-wing junction were fixed, as the calculations were
focussed on the fuselage strength. The mesh was composed of
182,036 two-dimensional elements and 60,784 1D elements.

Table 1 Three power configurations aft-fuselage mass comparison

Power configuration Aft-fuselage mass

5.5MwW 490 kg
6.5 MW 646 kg
7.5MW 775kg

Figure 3 Fuselage structure 2D element mesh

Table 2 Fuselage load cases
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The 2D elements are shown in Figure 3, while the mesh of one-
dimensional elements is shown in Figure 4.

Fuselage load identification

The aircraft fuselage is subjected to numerous types of loads
caused by various sources throughout its lifetime. All these
loads are specified in the current CS-25 regulations (European
Aviation Safety Agency, 2007). The fuselage structure must be
able to withstand a variety of load limitations acting
individually and in a combination. Nine critical load cases were
selected and presented in the Table 2. Cases of landing loads
were not analysed, as this would require a detailed design of the
undercarriage attachment structure.

In accordance with applicable regulations for civil transport
category aircraft in the CS25.337, a PFC aircraft will undergo
maximum manoeuvres load factors of —1 to 2.5 during its lifetime.

Another unit type of load is the cabin pressurisation. The
overpressure acting on the fuselage is calculated as a difference
between the maximum flight altitude pressure (FL.410) and the
cabin pressure (7,000 ft altitude).

Both lateral gust loads and elevator deflection loads are
important sources of stresses for the aft-fuselage structure, as
because of the large arm lever, they generate relatively big
bending moment. Values of these loads were derived from
semi-empirical equations from (Lomax, 1996) and applied in
FEM model in % of MAC of VTP and HTP accordingly
(Table 3).

The mass of systems and payload (Seitz et al., 2018b) was
divided into 82 equal mass points, which were distributed
evenly along the length of the fuselage from front to rear
pressure bulkhead. The mass point representing the tail section
equipped with the fuselage fan was placed in the centre of
gravity of that section. All concentrated mass points were
connected to the structure with RBE3 elements (SIEMENS,
2018) so as not to cause artificial stiffening of the structure. In
addition to mass forces generated under the influence of
overloads by concentrated mass points, as mentioned before
other load sources are cabin pressurisation, lateral gust force

Figure 4 Fuselage structure 1D element mesh

Case

Loads

WoONOOUVTEAE WN=

1G + cabin pressurisation

—1G manoeuvre + cabin pressurisation

2.5G manoeuvre + cabin pressurisation

2.5G manoeuvre

1.33 times cabin pressurisation (over pressurisation)
1G + elevator deflection downward

1G + elevator deflection upward

Lateral gust + cabin pressurisation

—Lateral gust + cabin pressurisation
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Table 3 Fuselage unit loads

Unit load Value

Cabin pressurisation 60,4 kPa
Elevator deflection 172 kN
Lateral gust 161kN

acting on the vertical stabiliser and force from the elevator
deflection on the horizontal tail plane. The forces are
transferred to the fuselage structure through one-dimensional
RBE2 (SIEMENS, 2018) elements. Figure 5 presents
concentrated mass points represented by grey cubes and RBE
elements shown by blue lines.

Structural analysis

In the iterative process of finite element structure analysis,
a nonlinear static analysis was performed for all the load
cases mentioned earlier. The purpose of the optimisation
was to obtain a strength ratio (SR) (which is a safety factor
equivalent in laminate analysis) as close to 1.5 as possible.
It was also assumed that the displacements in the most
extreme load case should not be more than 300 mm. The
structure required reinforcement in several of the most
loaded areas, especially in the area of connection with the
wing and in the rear part, where forces from empennage are
introduced. In an iterative optimisation, the goal was to
obtain satisfactory strength and stiffness, but maintaining
the lowest possible weight of the structure. Figure 6 shows
the SR distribution that was generated taking into account
all load cases and all laminate plies. The window and door
cut-outs were not included in the model of entire fuselage;

Figure 5 Concentrated mass points and RBE elements

Figure 6 Strength ratio distribution for the final design

10.000

= 9.294
. 8.588

7.882
7177
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however, a side analysis has shown that such cut-outs have
limited impact on the results (Goraj, 2020).

The presented SR map shows that the part of the fuselage
between the wing attachment and the empennage is
subjected to greater loads, which is reflected by lower
values of the SR coefficient in that area. Apart from
bending shear and tensile loads, the fuselage is also
subjected to a torsional force caused by the empennage,
that does not occur in the front of the fuselage. Figure 7
shows a displacement map for the most demanding load
case (Case 3 from Table 2).

Wing finite element analysis

As part of the structural tasks within the CENTRELINE,
conceptual design and initial strength analysis of the main load-
carrying structure of the PFC aircraft wing were also carried
out. Analysis, similarly, to the fuselage study, lead to the
estimation of the wing mass. After a twist distribution
optimisation, the most extreme case of wing loading was
determined and used in the finite element analysis.

A FEM mesh was prepared based on the shell model of the
wing structure including the external surface, main and
auxiliary spar and transverse reinforcing ribs. Skin, ribs and
spar webs were modelled using shell elements, whereas spar
caps were modelled with beam elements. The finite element
mesh is shown in Figure 8.

Structural analysis
The iterative optimisation process ensured adequate
strength, which was reflected in exceeding the SR value of
1.5. The thickness and fibre arrangement in the composite
structures of individual elements were adjusted to obtain
the required strength while maintaining the lowest possible
weight. The most problematic zone is around the kink,
where loads associated with the mounting of the main
engine are introduced. The SR map for the final wing
structure is shown in Figure 9.

As can be seen in the Figure 9, the most strenuous area is the
zone between the spars, where SR reaches the lowest values. In
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Figure 7 Displacement magnitude in millimetres for the most demanding load case
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Figure 8 Wing FEM mesh

Figure 9 Wing final design SR map
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the whole structure; however, the value of 1.5 was exceeded,
which ensures the safety of the structure, without causing an
unnecessary increase in weight. For the described final version
of the structure, the maximum displacement of the wing tip was
slightly over 4.5 metres, which is a typical value for the
composite aeroelastic wing. The displacement map is shown in
Figure 10.

On the basis of the FEM model prepared, an estimation of
the mass of the PFC aircraft wing primary structure was
performed. The resultant weight of modelled part was equal to
11,415 kg. In addition to the main wing, a separate detailed
analysis was also carried out to estimate the weight of the
centre-wing box. The analysis was described comprehensively
in previous works (Goraj, 2020a). The calculated mass of the
centre-wing box structure is equal to 2,286 kg.
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Figure 10 Loaded wing displacement map (units: millimetres)
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Mass calculation and comparison

Fuselage assessment
The basis for mass calculations of individual components of the
PFC aircraft was the semi-empirical method formulations
developed by Torenbeek (2013). As mentioned before, the
equations describing the mass of the fuselage consist of three
components. The first is responsible for the main supporting
structure, second for the pressure bulkheads, while the third
component contains all other equipment. By adding the value
of the first component obtained in the FEM analysis, with the
other two components calculated based on Torenbeek’s
formulas, the total fuselage mass of the PFC aircraft was
obtained.

According to the Torenbeek method, the fuselage weight is
described by the equation:

‘V;‘m = IVZCS + Wblk + I’V'sup

where W is a component describing the primary fuselage
load carrying structure, i.e. skin, longerons and frames;
Wik is the weight of the pressure bulkheads. In the third
term of the above equation, the symbol W, means weights
of cabin floors and floors support, doors, windows, cargo
hold structures, wheel bays. The fairing around the carry-
through structure and attachment structure for the wing
tail and nose landing gear are included also. Table 4
summarises all mentioned component weights for the three
power configurations of the PFC aircraft.

Table 4 Fuselage components masses for three power configurations

5.5 MW 6.5 MW 7.5 MW
Component 1 12,242 kg 12,389 kg 12,527 kg
Component 2 282kg 282kg 282kg
Component 3 10,218 kg 10,218kg 10,218 kg
Total mass 22,742 kg 22,889kg 23,027 kg

Volume 93 - Number 9 - 2021 - 1412-1420

An analogous analysis was carried out also for the reference
aircraft R2035. The differences between the PFC aircraft and
the reference aircraft are because of the lack of a tail section
equipped with a fuselage fan, and the use of different
empennage layout, thereby generating other forces acting on
the structure. Similarly, to the PFC case, iterative repeated
FEM calculations were carried out to achieve the best
strength-to-weight ratio. The obtained mass of the main
load-carrying structure was combined with the other two
components obtained from the Torenbeek formulas. The
resultant mass was used to estimate the mass penalty caused
by the use of the fuselage fan. Figure 11 presents a
comparison of the fuselage masses of a PFC aircraft of various
power configurations with the fuselage masses of reference
aircraft.

Only the empirical formulas were used to calculate the mass
of the R2000 fuselage, no FEA was performed. As expected,
the R2000 fuselage has of course the highest weight, while the
lowest weight was recorded for the R2035 fuselage structure.
However, it can also be seen that the mass disadvantage of
using PFC is not very large, which bodes promising results in
overall aircraft level assessment. The estimated structure mass
was passed over to the aircraft level assessment of the PFC
utilisation benefits.

Wing assessment
Similar to the fuselage mass assessment, the wing mass
estimation was created by combining the results for the primary
structure obtained in the FEM analysis with semi-empirical
formulas defining the masses of the remaining wing mass
components.

The wing weight is described by following equation
according to Torenbeek:

Wwing = I/VICS + Wnid + I’Vsec

The first term of equation — Wy, — is the weight of primary
wing structure that carries the all the wing loads, which was
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calculated using FEM model described in this report. This
component summarises the masses of the wing and centre wing
section.
The second term of the equation — W ;4 — represents non-
ideal penalties:
+ non-taper, joints and fasteners;
- fail safe and damage tolerance material penalty;
+ engine attachment structure;
+ landing gear attachment structure;
« wing-fuselage connection; and
« manholes and access hatches.

In the third term of the equation — W.. — the secondary
components are included such as:

+ leading edge high-lift devices;

« trailing edge flaps;

« ailerons; and

« spoilers.

Table 5 presents the summary of the wing weight breakdown in
the wing baseline version.

Conclusion

In this paper the methodology was presented leading to more
accurate estimation of the aircraft structure mass at the
conceptual design stage, than in case of using empirical
equations only. The methodology is applicable especially in
case of the aircraft using unconventional structural solutions.
After the introduction describing the project and
assumptions, an approach to the conducted structural analysis
using the finite element method was presented. It described

its

Figure 11 Fuselage structures masses comparison

Fuselage masses [kg]

30,000
25,000
20,000
15,000
10,000

5,000

R2000 R2035 PFC5.5MW PFC 6.5 MW PFC7.5 MW

M Primary Structure M Pressure bulkheads secondary structure
Table 5 Wing weight breakdown
Component Weight (kg)
W 25116
W,ig 3165
Woec 7217
Waying 35498
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how the tested 3D model was created, what type of finite
elements were used and how forces were introduced into the
structure of the aircraft. Analytical methods of estimating the
structure weight known from the literature were presented, and
it was shown how these formulas can be used for a more
accurate estimation combining masses calculated using FEA.
The used methodology allowed for obtaining useful results that
were used in the project at further stages of work, especially
when assessing the benefits coming from FF application. The
presented herein methodology has been applied to both
the fuselage and the wing primary load-carrying structure. The
described calculations have shown that because of the optimal
design, increase in the mass of the structure caused by the FF
installation is not as high as could be expected. The use of
advanced composite materials and the optimal design of the
load paths minimised the mass penalty caused by the use of
fuselage BLI. By combining FEA with semi-empirical
formulas, it was possible to obtain more accurate estimation of
the structure mass at a very early technology readiness level
than when using only available in the literature equations. The
described method is obviously not as accurate as mass
estimation based on an accurate CAD model containing all the
parts of an aircraft, but it is incomparably less labour-intensive
and can be carried out at a much earlier stage of design. The
present method thus shows a reasonable compromise between
accuracy and labour intensity.
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