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Abstract
The need for better fuel efficiency within the growing aviation sector is increasing every day. Mean-
while conventional aircraft are reaching an asymptote regarding fuel efficiency and therefore the focus
switches to unconventional aircraft. These aircraft have unique challenges whereof one is the structural
connection between engine and aircraft. In this research an automated design methodology is devel-
oped which allows for optimization of such a structure. This design methodology uses a parameterised
computer-aided design (CAD) connected to Python, which can automatically alter the parameters and
make a finite element (FE) model of the design and subsequently run the desired simulations. The
results of the simulations are extracted and post-processed into margins of safety (MoS) using the di-
rect results or (semi-)analytical equations for each individual component. In total five failure modes are
assessed, which are Von Mises stress, displacement of engine, crippling, panel buckling and column
buckling. The most critical MoS and the relation to the parameters is used in combination with an adap-
tive damping parameter to optimize each individual part. This design methodology is tested using the
Flying-V, which is a novel aircraft configuration in the shape of a V, as a reference aircraft. Therefore,
first the requirements, critical loadcases, loads and initial design have been developed based on regu-
lations and previous research regarding the Flying-V and have been used as input for the CAD model
and simulations. The design methodology has proven not be perfect as regions with stress concentra-
tion cause the minimum MoS to be below zero for all iterations and could not be solved within the time
frame of this research. However, the design methodology has proven to be significantly faster com-
pared to a design of experiments used in previous research. Overall it should be noted that there are
still many other limitations regarding this method. These limitations are related to the limited amount of
failure modes used and the fact that it still requires some kind of Design of Experiment, which is time-
consuming. The final mass of an optimized engine mounting structure is estimated to be approximately
40% higher than the design methodology used in previous research, which is due to the higher amount
of details in the design as well as the significant higher estimated mass for the engine. This means that
the current estimated mass for the full engine mounting structure including landing gear and engine is
approximately 22150 kg compared to the estimated 17360 kg before.

Furthermore, an assessment of the influence of the developed design on the crashworthiness of the
Flying-V has been done. This assessment focuses on one of the four main criteria regarding occupant
protection, namely the guarantee of acceptable acceleration and loads sustained by the occupants.
This is done by connecting the engine mounting structure to the developed wing-fuselage structure
of the Flying-V with a tie connection. In order to compare different cases a new variable has been
created, which is based on empirical equations developed by the U.S. Air Force. In addition, a new
method based on moments of inertia has been developed to take the rest of the aircraft into account
without increasing the size and thus computational effort of the simulation. To validate this method,
the wing-fuselage structure has first been extended to fit the structure and results are compared to
previous research. This has shown large, unexpected, differences which could not be explained even
with thorough investigation. Applying the inertia method to the extended fuselage has shown small but
explainable and expected differences, validating that the method has no unforeseen effects on further
results. Simulations using this inertia method and the wing-fuselage with full engine mounting structure
shows an improved performance in crashworthiness as the engine mount also absorbs some of the
energy. Similar simulation without engine shows an even more improved performance, meaning that
engine separation is of interest for the Flying-V. Initial further-reaching investigation into engine sepa-
ration, using a point-mass model, shows that engine separation might be possible without impacting
the Flying-V for crashes without any initial yaw, pitch or roll angle.
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1
Introduction

In the global aviation market airlines have to cope with increasing amount of passengers. Current
projections estimate an increase of 3.6% annually for at least the next two decades [1]. Furthermore, the
pressure from society to reduce the amount of emissions and reduce environmental impact is increasing
every day and thereby having a massive influence on the aviation sector. In order to deal with both,
industry has put their effort in the increase of efficiency in terms of costs, fuel and manufacturing time.
However, for the conventional aircraft shape the fuel efficiency has reached an asymptote and therefore
research is focussed on unconventional aircraft [24]. One of these aircraft is the blended wing body
aircraft by Benad, also nowadays known as the Flying-V and show in Figure 1.1. In the current state
of research it is estimated that this aircraft has the potential to be up to 20% more energy efficient
compared to an Airbus A350 while having the same capacity [31]. For this reason researchers at
Delft University of Technology think it is of most importance to further investigate this concept. As the
configuration of the Flying-V is unprecedented certain challenges needs to be overcome to reach an
feasible and more efficient final design. One of these challenges is the structural layout of the aircraft
which includes the mounting of the engine to the wing-fuselage structure. In addition, the main landing-
gear is located close to the engine and therefore it has been chosen to integrate this into the same
structure, making it even more complex. The first steps regarding this structure has already been done
by Voeten [44] and is shown in Figure 1.2 but a detailed design of the full structure has not been reached
yet. The current design uses simplistic frame elements as overhead beams and joints are represented
with kinematic couplings, which are not representing reality very well.

Figure 1.1: Visualisation of Flying V by E. Wallet. [45] Figure 1.2: Engine mounting structure from Voeten [44],
showing the simplistic overhead beams and lack of joints.

This research is a follow up on Voeten’s research wherein a more detailed and optimized engine mount-
ing structure is developed using an improved automated approach. This should give a better impression
of the mass and thus viability of the current design and also result in a method that can be applied to
other unconventional structures. Furthermore, the effect of the engine mounting structure on the crash-
worthiness of the Flying-V is assessed, which should also give a better impression on the viability of
the Flying-V.
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The report starts with the research objective and question which needs to be answered in Chapter
2. In Chapter 3 the technical specifications of engine and landing gear are given. Furthermore, unique
definitions of the engine mounting structure are explained and design choices and improvements are
mentioned and supported. Chapter 4 contains the different load cases and locations which are used for
the optimization. A detailed description of the model, code overview, post-processing and optimization
method is given in Chapter 5. In Chapter 6 the criteria and finite elements model regarding crashwor-
thiness are described. This chapter also contains an engine-impact model to analyse the possibility of
impact after separation. The results of both the optimization and crash scenarios are given in Chapter
7. Conclusions based on these results are given in Chapter 8. Lastly, assumptions and recommenda-
tions are mentioned throughout this document, which can be found in listed format in Chapter C and
Chapter 8 respectively.
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2
Research Objective and Questions

In this chapter the purpose of the research is stated and motivated. Furthermore, questions are formu-
lated which have to be answered in order to reach the research objective.

2.1. Research objective
The objective of this research is a follow up from previous research related to the Flying-V. Herein an
automated design methodology for the engine mounting structure was developed. However, the full
structure was not considered and the design methodology is only viable for a limited amount of design
parameters. The goal of this research is thus similar as Voeten [44] but worked out more extensively.
This means that the resulting engine mount should be lightweight and also fulfill all regulations and
other set requirements. This way a mass efficient, safe and easily maintainable structure is ensured.
From this the final research objective is as follows:

The goal of the research is the development of a certifiable and lightweight engine mounting
structure and corresponding joints for the Flying-V which comply with all set requirements.

2.2. Research questions
In order to know when above described objective is reached a research question is formulated. Once
this question is answered than the goal of the research is reached. This main research question is as
follows:

How can a lightweight and certifiable engine mounting structure and corresponding joints be
developed for the Flying-V which comply with all set requirements?

The main research question is quite complex and broad and therefore hard to answer accurately and
structured instantly. For this reason the main research question is divided in sub-questions. The sub-
questions that are needed to be answered are as follows:

• What are the critical load cases?
• What are the regulations and requirements regarding engine mounting structures?
• What is the effect of a higher level on detail on the viability of the Flying-V?
• What is a suitable optimization method?
• What is the influence of the engine mounting structure on the viability of the design re-
garding crashworthiness?
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3
Design Improvements

In this chapter the initial designs of the overhead beams and corresponding joints are made which are
optimised using the method described in Chapter 5. These designs are of moderate level of detail,
this means that dimensions, general material choice and occasionally general fastening methods are
specified. Specific details about fastening, such as bolt grades and dimension or type of welding, are
not considered as part of this research but should be assessed in future research.

Recommendation 1 Future studies should consider more in-depth material analysis and specific fas-
tening details, such as fastener dimensions or grade.

Furthermore, the global design of the overhead beams of Voeten [44] is chosen, also shown in Chapter
3.2, as various concepts were already considered and discussed in his research. The current design
is deemed to be the most efficient while also taking all the requirements into account.

3.1. Technical specifications
The engine that has been chosen for the Flying-V is the same engine used in the relevant family member
of the reference aircraft, the Airbus A350. As determined by Oosterom [31], the Flying-V is capable
of family design and therefore it has been chosen to design for the worst case, which is the FV-1000
variant. This aircraft uses the heavier Rolls Royce Trent XWB-97 engine shown in Figure 3.1. This
engine has a length, fan radius and total radius of 5.812, 1.5 m and 2 m respectively, can provide a
maximum take-off thrust and continuous thrust of 431.5 kN and 369.6 kN respectively with a bypass ratio
of 9.6:1 and has a raw engine mass of 7549 kg [19] [14]. However, during operation, the engine does
include other components such as a nacelle and fluids which means that 7549 kg is an underestimate
of the total mass. Therefore, due to lack of additional information, a mass of 10950 kg will be used for
the engine mass which was found by Oosterom [31] using empirical relations by Torenbeek [39].

Assumption 1 The mass of the Rolls Royce Trent XWB-97, including nacelle, is 10950 kg.

Figure 3.1: Visualisation of a Rolls Royce Trent XWB engine from Janes. [19]
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From Figure 3.1 it can be seen that the engine is mounted at two positions, wherein both the front and
the aft mount have three connection points.

Another point of interest is the center of gravity of the engine, as this is the point whereupon most
of the loads act. This information is not available and therefore an educated guess has to be made. In
this research the same assumption made by Voeten [44] and Dotman [11] is used, which is that the
center of gravity is in the center at 1/3rd of the engine’s length due to the size of the fans in the front
and position of the gearbox and pumps.

Assumption 2 The center of gravity is in the center at 1/3rd of the engine’s length.

As both the mass and the position of center of gravity are determined using educated guesses these
should be included in a sensitivity analysis if time allows.

The initial landing gear for the Flying-V is designed by Bourget [4]. Bourget determined the bogie
setup, tyre selection, location, and retraction system based on aerodynamics and stability of the air-
craft. In the research three types of landing gear configurations were considered which differ in wing
dihedral. For this research it has been chosen to use the floor height of 5.5 m configuration as it is the
moderate case. This configuration shows improvements in terms of mass, volume and maintenance
compared to the default case but does not worsen the already bad stability as much as the max dihedral
configuration. The resultant mass (mmlg) and strut length (Lmlg) of a single main landing gear are:

mmlg = 6400 kg Lmlg = 5.3 m

The locations of both the engine and landing gear have been slightly altered by Voeten [44] for structural
reasons. Which are for the FV-900 configuration at:

xengine = 31 m yengine = 4.2 m zengine = 0.8 m

xlanding = 29.3 m ylanding = 4.2 m zlanding = −0.658 m

This results in 59% and 55.8% of the total aircraft’s length for the engine and landing gear respectively
in x-direction and 14% of the aircraft’s span in y-direction.

The effect of these changes on the aerodynamic performance and stability of the aircraft have not
been investigated and will not be done within this research.

Recommendation 2 The effects on stability and aerodynamic performance due to change in location
of landing gear and engine should be investigated in future research.
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3.2. Definitions
As mentioned in the introduction, the Flying-V is unprecedented and so is the structure to mount the
engine and landing gear. This means that the usual nomenclature of components does not hold in all
cases and to avoid confusion a clear definition for each part of the structure is given in this section. In
Figure 3.2, an altered image is shown of the design as made by Voeten [44], wherein with red the new
abbreviations of the nomenclature are added. It should be noted that the curved beam has been split
into two different objects in the new design.

Figure 3.2: Engine mounting structure with definitions altered from Voeten. [44]

In the research of Voeten, the focus was on the skin-stiffened landing gear box (SSLB), while for this
research the focus will be mainly on the overhead structure, which contains of five different beams,
Overhead-1 (OH-1) to Overhead-5 (OH-5). Additionally, the thrust link (TL) is added for clarification as
one might consider OH-1 to also be a thrust link.

3.3. Loadpaths at engine
Each of the engine mounts carry different kind of loads into the structure. In a conventional engine
mounting structure this will be the vertical and side loads for the front engine mount, the vertical, side
and torque loads for the aft engine mount and the thrust loads through the thrust link to the aft engine
mount [34] [6]. For this new design it might be desired to have the front engine mount to carry most
of the loads as this reduces the amount of loads through OH-1 which results in a lighter structure.
However, it is assumed that the engine is not able to transfer these loads to the front engine mount or
the aft mount and therefore no changes are made to the types of loads the mounts are carrying.

Assumption 3 The Trent XWB-97 engine is not able to transfer different kind of loads to the mounts
as it does in existing aircraft.

This means that OH-1 will take bending moments in two directions and both compressive and tensile
loads due to the thrust and thrust reverser respectively. Consequently, OH-2 and OH-3 will be mainly
under shear and bending moments and both OH-4 and OH-5 under bending moments and compressive
and tensile loads.

3.4. Material choice
The material choice is done qualitatively. In previous research of Voeten [44] a similar approach was
used and Ti-6Al-4V was chosen for the overhead beams based on the creep resistance, lower conduc-
tivity and higher stiffness and strength of the material. However, this material also has a higher density
and is more expensive compared to Al-7475 [3], which is mostly used in aircraft structures. Further-
more, most of the loads are subjected at the front of the engine, where the relative cold fan is located
as shown in Figure 3.3. Only the aft part of the engine is where the elevated temperature might cause
issues in the case of aluminium. For these reasons it has been decided that the part from the skin-
stiffened box to the front mount will be made from Al-7475 whereas the part between the front mount
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and aft mount will be made from Ti-6Al-4V. Upon optimization it remains to be checked if this decision
has been favourable in terms of weight and costs or that it is more beneficial if the overhead beams are
made of Ti-6Al-4V. It should be noted that the Young’s modulus and yield strength of Ti-6Al-4V lowers
to 90 GPa and 600 MPa respectively at 400 ◦C [3].

A similar approach have been made regarding the joints. As the function and conditions for the joints
between the skin-stiffened box and overhead beams are similar, a single material is chosen. The cho-
sen material is Al-7475 as it is lightweight, easy processable, cheap and there are no issues regarding
temperatures.

Figure 3.3: Temperature distribution and materials for a turbofan, showing the relatively cold front and hot rear connections.
[35]

Titanium and aluminium have a potential difference, which will cause the aluminium alloy to corrode, it
has been decided to keep these materials as it can be solved in various ways such as applying a non-
conductive layer between the joint [32]. It is of importance that this is going to be investigated more
deeply in future research as corrosion pits are one of the main sources of fatigue cracks in engine
mounting structures. In various instances connection bolts and mounts have been found which were
subjection to corrosion [16].

Recommendation 3 Future research should investigate solutions for the possible corrosion between
aluminium and titanium.

The material properties of Al-7475 and Ti-6Al-4V are noted in Table 3.1 below.

Table 3.1: Material properties of Al-7475 and TI-6Al-4V from [3].

Ti-6Al-4V Al-7475
Young’s modulus (GPa) 115 71.8
Yield strength (MPa) 1050 429
Poisson ratio (-) 0.360 0.337
Density (kg/m3) 4420 2800

3.5. Overhead beams
In this section an initial design is made for the different parts of the overhead structure. No change in
general design has been made as the requirement of an overhead structure comes from the industry.
Engineers must be able to perform maintenance at all possible airports, which means that the engine
must be able to be removed without the need of special equipment, requiring the engine to be supported
from above. However, a design can be made of these beams themselves. All beams of this overhead
structure encounter the same kind of loads, getting larger the closer to the skin-stiffened landing gear
box. This means that all parts of the structure will be of the same variant with different dimensions. This
variant should have a large second moment of area with variable values in two directions and a large
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enough area for the axial loads. Based on this a skin stiffened box structure has been chosen as it is
deemed the most mass efficient method to satisfy the previous mentioned requirements. In addition, it
has the advantage of having enough space for cables, fuel ducts etc..

This structure will contain stiffeners, ribs and skins with varying dimensions, however it has been chosen
to choose one single type of design for all these parts for simplicity. This means that in future research
the structure may be further optimized by having e.g. two different stringer types in the structure.

Recommendation 4 In future studies the structure may be further optimized by having different stiff-
ener or rib designs at different places.

For manufacturing reasons, the angled corner and T-stiffener are chosen for this design. These stiffen-
ers allow multiple manufacturing options to be open as it can both be riveted and welded if necessary.
The angled corner can be used to connect the various plates to each other. The ribs will be made of
sheet metal, with a single circular or oval shape cut out. Around this hole a stiffening element, similar
to an angled corner is placed. This results in a rib that is relatively easy and cheap to manufacture
various sizes of and is also easy to install. The ribs are placed perpendicular to the central axis of the
beam. Figure 3.4 gives an impression of the resultant cross section of an overhead beam.

Figure 3.4: Example of the cross section of an overhead beam.

In order to reduce loads in the overhead beams they have to be located as close to the engine as
possible while still allowing some clearance for the (de-)installing of the engine. This clearance is set
at a minimum of 5 cm, meaning that, apart from the engine mounts, the overhead beams can not be
within 5 cm of the engine. Furthermore, the inlet of the engine may not be obstructed by the beams as
this has a negative influence on the efficiency of the engine.

3.6. Skin-stiffened landing gear box
The original skin-stiffened landing gear box design is from Voeten [44]. This design consists of 8 stiff-
ened plates and is shown in Section 3.2. This part contains the connections of the landing gear and
engine mounting structure and transfers the loads into the trailing edge spar.

However, the design, as designed by Voeten, is not sufficient for the current research. Firstly the
current design is not taking into account the connection of OH-4 and OH-5 with the landing gear box.
Furthermore, the loads will be transferred into the spar at the location of the plates, which means that
the connection plate itself has little function, while adding mass. For these reasons some adjustments
have been made to reach a viable design. The adjustments made are:

1. Openings for the joints of OH-4 and OH-5.
2. Limit stiffeners such that they do not intersect with the joints of OH-4 and OH-5.
3. Removal of the plate at the location for the spar.

Due to the time limit of the research other necessary or beneficial adjustments have not been made
but are listed below for future consideration.

4. The skin-stiffened landing gear box should be made bigger as the used engine in the CAD model
is smaller than the Trent XWB-97 engine.
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5. Making the upper, most inclined, plate single curved. This can greatly reduce the amount of empty
space at the spar-side of the box, reducing the total mass.

Recommendation 5 Adjustments 4 and 5 should be considered in future research.

A figure of the altered design, in non-optimized manner is shown in Figure 3.5.

Figure 3.5: Visualisation of the non-optimized altered skin-stiffened landing gear box.

3.7. Joints
In this section the initial designs of the engine mounts and the joints between overhead beams and the
landing gear skin-stiffened box is described. These joints were in the design of Voeten [44] non-existent
and were represented with a rigid coupling. The joint of the skin-stiffened landing gear box and the spar
has been disregarded completely.

Recommendation 6 The connection between the skin stiffened landing gear and rear spar should be
investigated in future research.

3.7.1. Thrust links and engine mounts
The standard Trent XWB-97 engine contains two attachment points for thrust links. These links carry
the thrust loads into the engine mounts. As described in previous chapter it is assumed that the type
of loads through the engine mounts do not change with respect to the current design. This means that
the design of both thrust links and engine mounts will be excluded from this research. It will however
be investigated if a future engine mount needs a separation mechanism for safe engine release in case
of emergency.

Recommendation 7 In future research the design of the thrust links and engine mounts should be
taken into account.

3.7.2. Joints
The connection between the overhead beams will be done via an additional part, herefrom called joints.
These joints eases the assembly of the structure while also ensuring that the fasteners undergo the
desired, shear, loads. The first joint connects OH-1 with OH-2 and OH-3 and also accommodates
the attachment point for the front engine mount. OH-2 and OH-3 are connected via another joint to
OH-4 and OH-5 respectively. OH-4 and OH-5 are individually connected using another joint to the
skin-stiffened landing gear box. This joint is designed such that it is attached at the side, bottom and
top panel. This ensures that the local moment induced by the thrust or gravity is solved by the top
and bottom panel. For future studies it might be useful to combine the to be designed landing-gear
connection with this joint. A visualisation of these joints, non optimized, are shown in Figure 3.6 from
left to right in the order that they are mentioned.
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Recommendation 8 Future studies should consider to combine the to be designed landing-gear con-
nection with the skin-stiffened landing gear joints.

Figure 3.6: Visualisation of the non-optimized joints.

3.8. Assembly
Above design decisions lead to the designed, non-optimized, engine mounting structure as shown in
Figure 3.7.

Figure 3.7: Visualisation of the total, non-optimized, assembly after all design alterations.
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4
Loads

This section contains information about the load cases that the engine mounting structure will endure
during its life time. From all these load cases the most critical ones are determined and chosen to
size the design. Furthermore, the magnitude, location and orientation of these loads introduced by the
engine and landing gear are determined.

4.1. Load cases
In previous research regarding the Flying-V different lists with load cases have been considered. The
most relevant list of these load cases lists has been made by Voeten [44] and is shown in Table 4.2.
This list is thought to be complete and will thus not be extended within the present research. From this
list Voeten has determined the most critical load cases in order to save computation time. This was
done by comparing the expected magnitude and direction of loads of each loadcase, reducing the list
to the 7 load cases presented in Table 4.1, to be used for sizing. Afterwards Voeten concluded that
of these critical load cases only TO-04, LD-06, LD-08 and CR-05 have significant effect on the final
design. Although the addition of details in the current design might result that the other load cases
become more prominent, it has been decided to continue with these 4 critical load cases to save addi-
tional computational time. This is to compensate the additional run time the model requires due to the
addition of the details. The other three load cases, CR01, CR02 and TO05, will be used as verification
cases by checking the viability of the optimized design.

Different loads are applied n each of these different cases, an overview of the applicable loads for
each case are shown in Table 4.1. Herein are Tcruise and Tmax the cruise thrust and maximum thrust,
which are together with the maximum failure loads, Fyfail and Fzfail determined in Section 4.3. The
loads by the landing gear, Fx, Fy and Fz, are determined in Section 4.2. The factors in front of the Fz

loads in the Fx and Fy columns result from the regulations, more specifically CS 25.479 and CS 25.485.
[13]

Table 4.1: Critical load cases and their corresponding loads.

No. Nz Tx Ty Tz Fx Fy Fz
CR-01 2.5 T_cruise 0 0 N/A N/A N/A
CR-02 -0.75 T_max 0 0 N/A N/A N/A
CR-05 1 T_cruise Fy_fail Fz_fail N/A N/A N/A
TO-04 Nz_cos(t) T_max 0 0 0.25*Fz_cos(t) 0 Fz_cos(t)
TO-05 Nz_28R(t) T_max 0 0 0.25*Fz_28R(t) 0 Fz_28R(t)
LD-06 Nz_OG(t) 0 0 0 0.25*Fz_OG(t) 0.4*Fz_OG(t) Fz_OG(t)
LD-08 Nz_Lat(t) 0 0 0 0.25*Fz_Lat(t) 0.8*Fz_Lat(t) Fz_Lat(t)

11
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Table 4.2: All possible load cases applicable to the engine mounting structure as determined by Voeten [44], with the most
critical loadcases colored red, less critical pink and not critical blank.

No. Operation Critical Load
case Load case description Weight Analysis

type Nz (g) Vz ground
[m/s]

Loading
condition

CR-01 Cruise Y Maximum load factor cruise MTOW Static 2.5 0 Limit

CR-02 Cruise Y Minimum load factor maximum
thrust MTOW Static -0.75 0 Limit

CR-03 Cruise N Failure engine stop MTOW Dynamic 1 0 Ultimate
CR-04 Cruise N Failure engine start MTOW Dynamic 1 0 Ultimate

CR-05 Cruise Y Failure Engine max
imbalance (fan blade loss) MTOW Static 1 0 Limit

CR-06 Cruise N Minimum load factor MTOW Static -1 0 Limit
TO-01 Take-off N Maximum thrust after TO MTOW Static 1.875 0 Limit

TO-02 Take-off N Max thrust during TO MTOW Dynamic Dynamic model
S/A 0 Limit

TO-03 Take-off N Aborted TO (only main gear) MTOW Dynamic Dynamic model
S/A 0 Limit

TO-04 Take-off Y
Most severe bump (1-cos)
just before aborted TO
with maximum thrust

MTOW Dynamic Dynamic model
S/A 0 Limit

TO-05 Take-off Y
Most severe bump San-Fransisco
28R just before aborted
TO with maximum thrust

MTOW Dynamic Dynamic model
S/A 0 Limit

LD-01 Landing N Level-landing sea level 3-point MLW Dynamic Dynamic model
S/A -3.05 Limit

LD-02 Landing N Level-landing high alt 3-point MLW Dynamic Dynamic model
S/A -3.05 Limit

LD-03 Landing N Tall-down landing sea level
2-point MLW Dynamic Dynamic model

S/A -3.05 Limit

LD-04 Landing N Tall-down landing high alt
2-point MLW Dynamic Dynamic model

S/A -3.05 Limit

LD-05 Landing N One gear landing sea level
1-point MLW Dynamic Dynamic model

S/A -3.05 Limit

LD-06 Landing Y One gear landing high alt
1-point MLW Dynamic Dynamic model

S/A -3.05 Limit

LD-07 Landing N Lateral drift landing sea
level 2-point MLW Dynamic Dynamic model

S/A -3.05 Limit

LD-08 Landing Y Lateral drift landing high alt
2-point MLW Dynamic Dynamic model

S/A -3.05 Limit

LD-09 Landing N Braked roll (only main gear) MLW Dynamic Dynamic model
S/A -3.05 Limit

LD-10 Landing N Rebound landing MLW Static Dynamic model
S/A -3.05 Limit

LD-11 Landing N Failure 1 impact on gear MLW Dynamic N/A Ultimate
LD-12 Landing N Failure 2 impact on plane MLW Dynamic N/A Ultimate
GR-01 Ground N Reversed braking MRW Dynamic 0 0 Limit
GR-02 Ground N Towing loads MRW Static 0 0 Limit

4.2. Landing gear loads
The loads introduced by the landing gear have been analysed by Voeten [44]. In this study by Voeten,
a simplified approach is used by assuming a rigid body single degree of freedom system for the landing
gear. Voeten also acknowledges that there are more detailed approaches out there which will result
in more accurate values for the loads. However, these require experimental data which could not be
gathered in the time-span of his research. The current research has a slightly higher level of detail as
Voeten but has a similar time restriction. It is thought that these more accurate values would not add
much value to this research and therefore it has been chosen to use the values for the loads introduced
by the landing gear as found by Voeten. This means that the recommendation already made by Voeten
holds.

Recommendation 9 The loads introduced by the landing gear should be evaluated with more detailed
methods in future studies.

The resultant landing gear forces from the single degree of freedom model for the various types of
runway are shown in Figure 4.1
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Figure 4.1: Landing gear forces determined by Voeten [44], showing the applied forces per load case and emphasising the
criticality of LD-06 and LD-08.

The resultant moments, shown in Figure 4.2, are determined by multiplying the found loads in X and
Y-direction with the maximum stroke minus the occurring stroke.
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Figure 4.2: Landing gear moments determined by Voeten. [44], showing the applied moments per load case and emphasising
the criticality of LD-06 and LD-08.

It should be noted that the negative forces and moments depicted in above figures are not possible in
real life as the runway can not impose a tension force on the landing gear. However, for conservative
reasons, Voeten has chosen to conserve these values.

4.3. Engine loads
The engine is next to the landing gear the main contributor of loads to the engine mounting structure.
Therefore, the loads during both normal operations and those occurring upon engine failure are deter-
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mined in this section.

4.3.1. Operational loads
The operational loads imposed by the engine during normal operations are the thrust, drag, lift and the
gravity. Whereof the lift and drag are small compared to the thrust and gravity and will therefore be
ignored in this research.
Assumption 4 The drag and lift generated by the engine can be ignored during operation.
The gravitational load acting on a single engine is:

Fg = 10950 · 9.81 = 107409.5 N (4.1)

The thrust of this engine varies during the flight and from datasheets of Janes [19] and EASA [13] it
is known that the maximum thrust at take-off which the engine can provide is 431.5 kN and 369.6 kN
continuously.

During cruise, the thrust is equal to the drag and the lift is equal to the weight. The total drag of
the aircraft can be found using Equation 4.2, considering the MTOW of 275000 kg and L/D of 21.2 for
the FV-1000 [31].

D =
MTOW · 9.81

L/D
=

275000 · 9.81
21.2

= 127252.4 N (4.2)

Which results in the thrust of a single engine during cruise of:

T =
D

2
=

127252.4

2
= 63626.2 N (4.3)

The nacelle for this engine also has cascade thrust reversers of the blocker door type [2]. This means
that, using the value of the bypass ratio of 9.6:1, the reversed thrust load is approximately 30% of the
thrust load [30]. Which means that at maximum a reverse thrust of 129.45 kN can be expected.

Next to these operational loads the engine mount also have to handle side loads, which are described in
CS 25.363. This load is independent of other flight conditions and is equal to the maximum load factor
in yawing condition but no less than a factor of 1.33. The maximum load factor in yawing condition can
be calculated by calculating the centrifugal force during the maximum yawing rotational velocity. The
maximum yawing rotational velocity could not be found for the Flying-V nor the Airbus A350. Therefore,
an assessment is done if the rotational velocity to reach a load factor of 1.33 is reasonable. Herein is
m the mass of the engine, r the distance from the center line to the engine.

ω =

√
1.33 ·m · 9.81

m · r
=

√
1.33 · 9.81

4.2
= 1.7625 rad/s

This is a unrealistic high value which means that the load factor of 1.33 is highly likely to not be reached,
therefore the minimum side load on the engine mount, whereupon no failure may occur is;

Fside = m · 9.81 · 1.33 = 10950 · 9.81 · 1.33 = 142879.35 N (4.4)

This value is lower than the loads due to blade loss, described in next section, and will therefore not
result in a more critical load case.

During operation the engine also applies moments onto the mounts, this coming from the engine torque
and gyroscopic loads due to manoeuvres of the aircraft. In order to calculate these moments additional
information is needed, such as engine inertia and manoeuvre rates of the aircraft. This information is,
again, not available. Using the fact that a commercial aircraft has relative small manoeuvre rates it is
assumed that the other load cases are of higher concern even while these values, as described in CS
25.361 and CS 25.371 should be combined with normal flight conditions.

Assumption 5 Engine torque and gyroscopic loads are small compared to the other load cases.

Recommendation 10 In future studies the structure should be reassessed by including the engine
torque and gyroscopic loads in the load cases.
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4.3.2. Engine failure loads
During flight a part of the engine might fail which causes additional loads. In the regulations by EASA,
CS-25.362, is stated which failures and in what extend this should be accounted for.

(a) For engine mounts, pylons and adjacent supporting airframe structure, an ultimate loading con-
dition must be considered that combines 1g flight loads with the most critical transient dynamic
loads and vibrations, as determined by dynamic analysis, resulting from failure of a blade, shaft,
bearing or bearing support, or bird strike event. Any permanent deformation from these ultimate
load conditions should not prevent continued safe flight and landing.

(b) The ultimate loads developed from the conditions specified in paragraph (a) are to be:

• multiplied by a factor of 1.0 when applied to engine mounts and pylons; and
• multiplied by a factor of 1.25 when applied to adjacent supporting airframe structure.

In the corresponding AMC is stated that it is most likely that blade loss causes the most severe loads but
that all cases should be checked for each new engine. In previous work by Voeten [44] the blade loss
case has been analysed which resulted in a maximum centrifugal load of 256354 N. However, Voeten
did not analyse the loads generated by the other specified failures. Additional failures which should
be considered according to CS-520(c)(2) are the failure of shaft, failure or loss of bearing or bearing
support and bird ingestion. Furthermore, it is stated that these loads should be determined by dynamic
analysis. Such an analysis requires a validated engine model supplied by the engine manufacturer,
which is not available for this research. For this reason it has been considered that, for the current level
of detail, a static load occurring during blade loss is the most critical engine failure load.

Assumption 6 A static load of 256354 N during blade loss is the most critical load during failure.

Recommendation 11 In future studies the dynamic loads of blade loss, shaft failure, failure or loss of
bearing/bearing support and bird ingestion needs to be determined.

4.4. Load location
In this section the location of previous determined loads are established and shown in Figure 4.3 for
the engine and Figure 4.4 for the landing gear.

There is no direct information available of the center of thrust for the Trent XWB engines. This means
that the location should be approximated for this research. Since thrust (Tx) is generated by moving
large amount of air, this is mostly done by the fan due to the large by-pass ratio of the engine. In
addition, it is assumed that the center of thrust is along the central axis at the center of the fan.

Assumption 7 The center of thrust is along the central axis of the engine at the center of the fan.

The loads due to imbalance (Ty,Tz), calculated by Voeten [44], is located at the fan as those blades
create the largest centrifugal loads. The remaining loads, such as the gravitational (Fg) or side load
(Fside), are located in the center of gravity of the engine. Remind, that this is assumed to be at 1/3rd of
the engine length.

Figure 4.3: Trent XWB engine with location of loads, adapted from Janes. [19]
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The calculated moments in Figure 4.2 are the perpendicular loads at the connection point of the wheels
multiplied by the length of the shock absorber at any given time. This means that both the force and
moment should be applied after the shock absorber instead of at the connection point of the wheels.
This means that all loads (Fx,Fy, Fz) and moments (Mx,My) are applied after the shock absorber as
shown in Figure 4.4. The used location is approximated using the CAD model of the landing gear by
Voeten.

Figure 4.4: Visualisation of the landing gear with location and direction of loads and moments.

16



5
Model and Post-processing

This chapter starts with a simplification of the model by reducing the number of variables to save com-
putational effort. Afterwards a general overview of the code is given which automatically analyses and
optimizes the design according to methods later discussed within this chapter. Lastly, this chapter also
includes an explanation of the finite element models used for the simulations.

5.1. Reduction of variables
In order to reach an optimized structure it is of importance to identify the parts which have a significant
influence on the final mass and structural performance. This section contains an identification of the
variables which can be fixed to save additional computation time without having a significant influence
on the final mass.

Stiffeners
Apart from the length, widths, thicknesses and shape of the cross section of the stiffener also the spac-
ing and number of stringers can be varied. This means that each additional stiffener, depending on
shape of the cross sections, adds a minimum of 5 variables and each plate an additional 1 for the num-
ber of stiffeners. Only the length of all these variables is initially fixed due to other geometry. In order
to improve manufacturability and save a lot of computational time it has been chosen to use a fixed
cross sectional shape and make the spacing between the stringers equal. This reduces the minimum
number of variables for a single plate to 3. In order to reduce the number of variables even further, it
has been chosen to group the stiffeners in each direction. This means that the number of stiffeners
and their cross sectional properties are constant for stiffeners spaced in the same direction for each
part. Additionally, all corner stiffeners are grouped, reducing the minimum number of variables for the
stiffeners to 8 for each overhead beam and 11 for the skin-stiffened landing gear box.

Skin
Each plate has a width, length and thickness whereof the width and length are fixed due to geometry.
The thickness of the full plate is considered to be constant over the area, which means that 4 variables
for each overhead beam and 7 variables for the skin-stiffened landing gear are added.

It should be noted that it is possible to have a gradually changing thickness along the plate by di-
viding the plate mesh into submeshes. This is not considered for the current research as the time is
limited and the reduction of mass is thought to be relatively small.

Recommendation 12 In future studies a gradually changing thickness of the skin should be consid-
ered.

Joints
The joints used in this design are quite complex shapes but their dimensions are mainly fixed by the
overhead beams and skin-stiffened landing gear box. The only dimensions which are free are the inter-
nal thicknesses. In order to save computational effort it has been chosen to group these thicknesses
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into one single parameter.

Each of above made decisions is considered to have limited impact to the general optimisation and
final mass of the product. However, for a fully optimised design these simplifications should be re-
moved.

Recommendation 13 In future studies each fixed variable to save computation time should be made
free.

5.2. Design workflow
In this section a general overview of the code is made and explained what each part of the code does.
The model uses Object Oriented Programming (OOP). The code is started from the MainEditor which
connects Python to 3DExperience and opens all the required files. The initialisation of the parameters
is done in the Optimiser which alters the model accordingly in each parts own Modifier file and meshes
it using either MeshSFD or MeshSolid depending if it is a skin-stiffened structure or a solid joint. After
meshing the Optimizer starts the simulation using SimulationEditor, which also creates folders for the
raw and processed data. After the simulation is done, the raw data is processed in the Post-Processor
to Margins of Safety (MoS) per failure mode per element. These are further processed in Optimizer,
which is explained in Section 5.5. An overview of above is shown in Figure 5.1.

Figure 5.1: Overview of the automation code, showing the functions of each class and the flow of data between the various
classes.
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As explained in previous sections the structure has various parts with many variables. Some of these
variables overlap between parts, which means that if one variable is changed all relevant parts need
to be updated. Furthermore, it should be build up in a way that it is easy to add or remove parts or
variables in the future. For this reason a tabular method has been chosen, which will be generally
explained. Firstly, all the variables and the variables corresponding to the parts are noted as shown
below.

V ariables = [V 1, V 2, V 3, V 4, V 5]

Parts = [P1, P2, P3]

P1 = [V 1, V 2]

P2 = [V 1, V 3, V 4]

P3 = [V 2, V 4, V 5]

Using the information above, three automated tables are made. Table A consists of the names of the
variables, Table B consists of the values of the variables and Table C consists of zeros and ones. A
zero value in Table C means that the variable has remained unchanged and an one if the variable has
been changed. Table A is used to find the location of the value which needs to be changed in Table
B, while Table C allows the program to only update the necessary parts, saving computation time. An
example of the tables is made using above used variables and parts and shown in Table 5.1. In this
case variables V 1 and V 3 have been altered while the other remain the same.

Table 5.1: Table A, B, and C from top to bottom respectively, showing the method used to take dependencies between parts
into account.

V1 V2 V3 V4 V5
P1 V1 V2 None None None
P2 V1 None V3 V4 None
P3 None V2 None V4 V5

P1 20 10 None None None
P2 20 None 20 30 None
P3 None 10 None 30 15

P1 1 0 0 0 0
P2 1 0 1 0 0
P3 0 0 0 0 0

In the code a distinct difference have been made between inner and outer variables. Inner variables
are variables which have no influence on the outer dimensions such as number of ribs and stiffeners
and their dimensions. For these variables a similar tabular approach have been used for consistency,
but these remain separate, independent, tables.

5.3. Finite element model
In this section a more detailed description of the finite element model depicted in Figure 5.2 is described.
This description contains the type of elements used and the connections between loads and structure
for the different loadcases.
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Figure 5.2: Visualisation of the FE model of the engine mounting structure used for the optimization of the structure, showing
the clamped boundary condition.

5.3.1. Element types
The FE model, shown in Figure 5.2, has a total of three different element types. The panels are sim-
plified to a 2D quadratic surface mesh with a shell section property and the stiffeners to a 1D coating
mesh with a beam section property. The joints are not simplified and are represented with a tetrahe-
dron mesh with a solid section property. These element types have been chosen in such a way that
the computational effort is reduced without having a big impact on the results. This also means that
when the design goes to a greater level of detail that the chosen element types might not suffice.

Assumption 8 Stiffeners and panels can be simplified to 1D coating and 2D shell elements without
having a large effect on the results.

Sectional properties
The 3DExperience software has a set of the most used beam profile sections, which include the used
T-section and angled corner, wherein the dimensions can directly be substituted. However, it is not
intuitive to rotate the beam sections to the desired orientation within the software using Python. For
this reason a general beam profile section has been chosen and the profile properties, such as second
moment of area, are calculated separately, rotated and substituted into the software. For the anti-
clockwise rotation Equation 5.1 to 5.3 are used.

Ixx′ =
Ixx + Iyy

2
+
Ixx − Iyy

2
cos 2θ − Ixy sin 2θ (5.1)

Iyy′ =
Ixx + Iyy

2
+
Ixx − Iyy

2
cos 2θ + Ixy sin 2θ (5.2)

Ixy′ =
Ixx − Iyy

2
sin 2θ + Ixy cos 2θ (5.3)

5.3.2. Connections
The loads and masses are connected using a combination of rigid couplings. Herein a distinction is
made for the loadcases with extended (TO-04, TO-05, LD-06 and LD-08) and retracted landing gear
(CR-01, CR-02 and CR-05). In both cases the coupling at the engine remain the same. Herein are all
loads coupled to the back of OH-1 and the central insert except for the thrust which is only coupled to
the back of OH-1 as discussed in Section 3.3. These couplings are shown in Figure 5.3, the location
of each load in the figure can be found in Figure 4.3.

Assumption 9 The connections represented by couplings are assumed to be relatively rigid compared
to the rest of the structure
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Figure 5.3: Couplings located at the engine, showing the links between engine loads and the engine mounting structure.

The landing gear is simplified and connected via three connections spot to the skin-stiffened landing
gear box. These three connections represent two drag braces and the hydraulic cylinder in the extended
landing gear case. Voeten [44] decided to place the two drag braces under an angle, instead as shown
in Figure 4.4, to get a better distribution of the side loads by the landing gear. Voeten had the coupling
at the end of these braces attached to the full back side, including aft panels, of the skin-stiffened box
while it is unlikely that the landing gear will be connected at these positions. Therefore, it has been
decided to limit the area of these connections to the part shown in Figure 5.4. The drag braces and
hydraulic cylinder are connected to a central point which on itself is connected to the top part of the
shock absorber, where the loads specified in Section 4 are applied. For the retracted landing gear the
same three connection locations are applied but these are connected to the center of gravity of the
retracted landing gear and the mass of the landing gear is added.

Figure 5.4: Couplings for the extended (right) and retracted (left) landing gear loadcases, showing the links between landing
gear loads and engine mounting structure.

All couplings made from a single point to group are of the continuum distribution type with all degrees
of freedom constrained. Furthermore all internal connections, connections between parts, panels etc.,
are done using a tie connection. Lastly, a clamped boundary condition is applied around the edges at
the location of the spar, this can be seen in Figure 5.2.

5.4. Post-processing
In order to reach an optimized structure it is necessary to post-process the results in a way such that it
can be determined if the critical value at a certain node has been exceeded. This is determined using
a document-based approach, which is, as stated by Stefanovich [37], often used in industry for the
engineering of an engine pylon. In this document-based approach a FE model is used to gather the
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internal forces and von Mises stress at each node. Furthermore, the whole model is split into individual
elements (stiffener, skin etc.) with their corresponding nodes. In this way, each element can be opti-
mized individually regarding the individual failure modes. This process is repeated till all elements and
thus the full structure reaches a satisfactory value.

In this section the analytical or empirical relations of the critical value for each individual failure modes
are explained. In addition, it is explained for which element these failure modes are applicable and till
which degree. Due to time limitations it has been decided to only use the same post-processing failure
modes as Voeten [44].

5.4.1. Margin of Safety
The Margin of Safety (MoS) is the main parameter used to determine the safety of a structure. All the
critical values and occurring values are used to calculate the MoS of that specific element. This is done
such that different designs and failure modes can be compared using a normalised parameter and to
easily determine the critical element of the structure. The MoS for each failure mode is calculated using
Equation 5.4 and it is of high importance that for all elementsMoS ≥ 0.

MoS =
Critical

SF ·Occuring
− 1 (5.4)

Herein is SF the safety factor that is applied for a structure. This safety factor is generally dependent
on the part and loading conditions and is specified in the certification specifications of aviation agencies,
in this case CS25 of EASA [13].

Two parts of the certification regarding safety factors are applicable for the engine mounting struc-
ture and are noted below. This means that for the to be analysed cases, a safety factor of 1.5 must be
applied for all cases except the engine failure case (CR-05), which needs a safety factor of 1.0.

• CS 25.303 Factor of safety

Unless otherwise specified, a factor of safety of 1.5 must be applied to the prescribed limit
load which are considered external loads on the structure. When loading condition is pre-
scribed in terms of ultimate loads, a factor of safety need not be applied unless otherwise
specified.

• CS 25.362 Engine failure loads

(a) For engine mounts, pylons and adjacent supporting airframe structure, an ultimate loading
condition must be considered that combines 1g flight loads with the most critical transient
dynamic loads and vibrations, as determined by dynamic analysis, resulting from failure of
a blade, shaft, bearing or bearing support, or bird strike event. Any permanent deformation
from these ultimate load conditions should not prevent continued safe flight and landing.

(b) The ultimate loads developed from the conditions specified in paragraph (a) are to be:
– multiplied by a factor of 1.0 when applied to engine mounts and pylons; and
– multiplied by a factor of 1.25 when applied to adjacent supporting airframe structure.

5.4.2. Time-frame selection
The extraction and post-processing of all the data for each time-step in dynamic loadcases is a com-
putational heavy job. In order to reduce this Voeten [44] decided to extract the von Mises stress for all
time-steps and calculate the corresponding MoS. The time-step whereupon the minimum MoS occurs
is assumed to have the highest nodal forces and thus to be the most critical time-step. Voeten could not
verify the validity of this assumption as a mistake has been made while exporting the results. In other
words, the extracted time-step of the nodal forces and minimum MoS are different from eachother. It
has been decided to do the same assumption, however, if time allows, it will be checked for the final
design if other time-steps results in higher nodal forces.

Assumption 10 For each dynamic loadcase, the time step producing the lowest MoS in the Von Mises
criterion provides the most critical nodal forces.
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5.4.3. Applied criteria
In this section the failure modes and other criteria are explained which are applied within this research.

Von Mises criterion
The yielding of structures happens when the stress at the material is high enough such that the defor-
mation of the material goes from elastic to permanent plastic deformation. These deformations might
influence the function of the structure and could therefore be deemed failed even before fracture. In
order to prevent this the structure should be designed such that the stress does not exceed the yield
strength. This yield strength is dependent on the chosen material and the treatment that it undergoes
during manufacturing. The stress itself is often calculated using the Von Mises criterion, shown in
Equation 5.5. [20]

σMises =

√
1

2
((σ11 − σ22)2 + (σ22 − σ33)2 + (σ33 − σ11)2) + 3(σ2

12 + σ2
23 + σ2

31) (5.5)

If the value from the von Mises stress exceeds the yield strength then plastic deformation occurs. For
the engine mounting structure this is considered a failure as it this might result in unpredictable and
less optimal load paths. Therefore, it is desired that the maximum occurring von Mises stress is a
safety factor below the yield strength as some loads might be underestimated or unforeseen. These
von Mises stresses at each node are directly extracted from the 3DExperience software.

Displacement
In the regulations minor considerations regarding the displacement of the structure are made as shown
below which is further specified in the AMC. In addition CS-25.362, noted in Section 4, specifies that
any permanent deformation from these ultimate load conditions should not prevent continued safe flight
and landing.

• CS 25.305 Strength and deformation

(a) The structure must be able to support limit loads without detrimental permanent deformation.
At any load up to limit loads, the deformation may not interfere with safe operation.

• AMC 25.307 Proof of Structure

(a) be able to support limit loads without detrimental permanent deformation, and:
(b) be able to support ultimate loads without failure.

Above means that for the ultimate limit case (CR-05) post-processing based on yielding is enough
whereas for the limit cases it should be checked if the displacement interferes with safe operation.
Therefore it should first be checked what this safe operations involves. For the engine mounting struc-
ture the only deformation which might affect the operation is the displacement and more specifically
rotation of the engine as this changes the direction of the thrust and thus influences the performances
of the aircraft. In addition, the total displacement should also be limited as the skin-stiffened landing
gear box might affect the air intake of the engine and with that the performance when deformed too
much.

As there are no specifications regarding these deflections and rotations, limits are set which are based
on estimations when the air intake are disrupted. These limits are for simplicity set to be the same in
all directions.

Ulimit = 0.05 m θlimit = 1°

With the set limits in rotation and translation it is assumed that a follower force will have limited effect
on the results.

Assumption 11 Applying a follower force is not required as its effect is limited with the set limit on the
displacement and rotation of the engine.
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Plate buckling
For the post-processing Voeten used panel equations and plane locations to split the panels into sub-
panels and to know which node corresponds to which panel. With the addition of joints, thus nodes
touching eachother, and panels changing orientations and size a new method was required to find
the nodes corresponding to each element. This also meant that all the post-processing code needed
to be rewritten using this, more general, method. This did require quite some time and due to time-
limitations it has been chosen to only include the skin-stiffened landing box for the local panel buckling
as it relatively easy compared to the overhead beams. The overhead beams have variable sized
panels which are orientated differently compared to the global coordinate system and should be split
using information from stiffeners, ribs and joints. For the splitting of the skin-stiffened box panels into
sub-panels only the stiffeners are taken into account. This does mean that local panel buckling is also
taken into account for the nodes which would normally be connected to the joints, making the analysis
more conservative.

Recommendation 14 A general method of splitting panels under a random orientation should be in-
vestigated in future research.

Recommendation 15 Local panel buckling for curved panels should be investigated in future research.

For the local panel buckling similar conditions are used as Voeten [44] did. This means all sub-panels
are considered to be loaded in all three directions, Nx, Ny and Nxy, and being simply supported at all
four sides. Which still seem correct as all three loads are present and can thus occur simultaneously in
a specific sub-panel. Furthermore, although the stiffeners in the corners are changed to angle stiffeners,
instead of T-stiffeners, the sub-panels are still connected to a single flange. This single flange is not
that stiff in the out of plane direction. In addition, it is assumed that every sub-panel is rectangular of
shape. This is considered to be conservative as the size of a sub-panel in reality is always smaller than
the one assumed. An example of the panel with all the unit loads is shown in Figure 5.5.

Figure 5.5: Example of plate with bi-axial and shear loading from Dim [12], illustrating the loads considered for local panel
buckling.

Assumption 12 Sub-panels can be assumed rectangular without underestimating the critical buckling
loads.

The critical buckling load can be found by solving the eigenvalue problem in Equation 5.6. The deriva-
tion is done by Voeten [44].

Aw = NxBw (5.6)
Herein is Ny = αNx and Nxy = βNx with A and B-matrix as shown below.

A =


π4D( a

4b3 + 1
2ab +

b
4a3 ) 0 0 0

0 π4D( 4ab3 + 2
ab +

b
4a3 ) 0 0

0 0 π4D( a
4b3 + 2

ab +
4b
a3 ) 0

0 0 0 π4D( 4ab3 + 8
ab +

4b
a3 )


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B =
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Herein are a and b the length and width respectively as shown in Figure 5.5 and D is as shown in
Equation 5.7.

D =
Et3

12(1− ν2)
(5.7)

The global buckling of the full panels including stiffeners is not included in the research due to time
limits and local buckling is assumed to be more critical.

Assumption 13 Local panel buckling is more critical than global panel buckling.

Crippling
Crippling is a local failure happening in thin walled structures where a part of the structure fails while
the rest is still able to carry the load. This happens for flanges or webs of thin-walled columns with an
effective slenderness ratio smaller than 20. In this case the elements buckle as plates and the critical
crippling stress (σ̄f ) can be found using Equation 5.8. Herein is σcy the yield strength, t and b the
thickness and width of the plate respectively, E is the Young modulus, α and n are empirical constants
determined by experimental data and k depend on the kind of stiffener. [25]

σ̄f
σcy

= αk1−n((
t

b
)(
E

σcy
)

1
2 )2(1−n) (5.8)

In the research it is assumed that the crippling is independent of the length, which can be valid if
the aspect ratio of the plate reaches an asymptotic value. Almost all the stiffeners are relatively long
compared to their width, which supports this assumption.

Assumption 14 The crippling of a flange is independent of the length for all stiffeners.

The values of n = 0.6 and α = 0.8 for aluminium alloys are also used for titanium as no better value
could be found [25]. Due to above assumption the asymptotic k values for the stiffeners can be found
from the Fundamentals of Aircraft Structural Analysis by Curtis [8]. The flanges of the T-stiffener are
clamped on one side and simply supported on the rest which results in a value of k = 5.14, whereas
the web is free on one side and simply supported at the rest which gives k = 0.425. The angled corner
stiffeners are also clamped on one side and simply supported at the rest resulting in k = 5.14

Due to the limited time of the research it has been chosen to exclude the crippling of the curved stiffen-
ers from this research.

Column buckling
Column buckling is the sudden deformation of a column under a compressive load and the lowest
critical buckling load is governed by Equation 5.9 for a straight, simply supported, homogeneous beam.
Herein is Pcr the critical load whereupon buckling occurs, E the Young modulus, I the second moment
of area and L the length of the beam. A simply supported boundary condition has been considered as
it is the most conservative option.

Pcr =
π2EI

L2
(5.9)

The fact that the stiffeners are connected to a panel influences the critical buckling load. This is taken
into account by taking the half of the width of the two connected sub-panels and calculate the additional
second moment of area of this part of the panel. The total compressive force becomes the average
nodal compressive force in the stiffener plus the average compressive force applied at the two half sub-
panels. It should be noted, as mentioned before, that not all sub-panels are rectangular of shape and
thus that the used values are not entirely correct with reality, but this effect is assumed to be limited.
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Assumption 15 The effect of non-rectangular sub-panels have limited effect on the critical buckling
load.

In the case of ultimate load conditions the sub-panels are allowed to post-buckle and the loads through
the sub-panels are redistributed over the columns. The efficient width, which was first the two half sub-
panels decreases when the post-buckling ratio increases. The relation between these two has been
found by Kassapoglou [21] for quasi-isotropic materials and is shown in Equation 5.10.

beff =
1

2 + 1.3(1− Pcr

Px
)

(5.10)

Lastly, crossing stiffeners in the skin-stiffened landing gear box and ribs in the overhead beams provide
additional resistance against column buckling. This means that above given method is a more conser-
vative approach and that improvements can still be made. On the contrary, the Euler-Johnson curve is
not considered which means that for stiffeners with a small slenderness ratio the critical buckling stress
is overestimated. Although this effect is assumed to be small it is still a point to be considered. Above
mentioned points and the column buckling of curved stiffeners are not considered due to the limited
research time.

Recommendation 16 The effect of non-rectangular panels should be taken into account in future re-
search.

Recommendation 17 The effect of crossing stiffeners on the column buckling of a specific stiffener
should be included in future research.

Recommendation 18 The Euler-Johnson curve should be considered in future research.

Recommendation 19 The crippling and buckling of curved stiffeners should be included in future re-
search.

5.4.4. Additional considerations
In this section additional failure modes and considerations are explained which are of importance for
the engine mounting structure but could not be applied at all or fully due to the limited time-frame of the
research. The explanation of these failure modes and readiness for application are of various degrees
but are only added to aid future research.

Fatigue
Fatigue, the process wherein a structure fails due to crack growth under cyclic loading, is a failure mode
responsible for many unforeseen accidents because it happens at stresses below the yield strength
of the material. It is also a failure mode extensively described in EASA CS 25.571 [13], and thus an
important part of the evaluation of the design. The limited time of the research did not allow fatigue to
be included in the post-processing. In order to implement fatigue still some work needs to be done.

Firstly, the design needs to be more detailed. Although the current design is more detailed than Voeten
[44] it is still only concerning the primary elements. The regions of the structure which cause stress
concentrations and are thus critical for fatigue are mostly located in the details which have not all been
designed yet. These details are for example, radii in stiffener cross-section, type of connection and
most importantly the connection the of landing gear. The landing gear gives the highest dynamic loads
and fatigue evaluation will therefore highly be influenced by the connection.

Secondly, there is a need for a new standardised loading spectra. According to Nui [29], the use
of ground to air to ground load cycles are functional as they produce the same fatigue damage to the
structure as if the complete loading spectra was considered. Previous research regarding the Flying
V, Dotman [11] and Nanninga [28], use a similar approach developed by De Jonge et al. [9]. In this
approach is the fatigue loading standardized with respect to the mean stress during flight and ground
operation on the wing itself. The engine mounting structure is a completely different structure, resulting
in different mean stresses. This does not render the method useless but rather a new standardised
loading spectra needs to be designed before this method can be applied. These are however hard to
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design as each runway and flight is different, which means varying stress amplitudes. One can choose
to design such that it will not fail for the maximum stress amplitude however this results in an unnec-
essary heavy and conservative structure. In order to take the varying stress amplitudes into account
the linear cumulative damage hypothesis, also known as Miner rule, was developed. However, there
are significant discrepancies in this rule, and these discrepancies need to be understood in order to get
reasonable fatigue life considerations. Firstly, the Miner’s rule ignores fatigue damage of cycles below
the fatigue limit. These cycles can not cause crack initiation but can surely cause crack propagation.
Furthermore, local effects such as crack tip plasticity and local strain hardening at crack tip are not
taken into account, which would also vary with applied stress. Other theories have been developed
but also these have not sufficient credibility from a physical point of view. If there are a lot of cycles
below the fatigue limit, one could extend extend the slope S-N curve such that stress values below the
fatigue limit can be used to reduce fatigue life [33].

Recommendation 20 In future studies the effects of fatigue on the structure should be considered
once the details are known.

Creep
Creep is a time-dependent plasticity occurring when a material is under a fixed stress at elevated tem-
peratures which could eventually lead to failure. This phenomena normally occurs at temperatures
higher than 50% of the material’s melting temperature (Tm) expressed in degrees Kelvin, and could
be relevant for the parts directly connected to the engine. The temperature and stress might be high
enough at these spots for longer periods of time, e.g. cruise, to have an effect. [23]

Despite high temperature creep (T > 0.6Tm) being the most apparent, this phenomena also occurs at
intermediate (0.6Tm > T > 0.3Tm) or lower temperatures (T < 0.3Tm) for some materials [22]. The
list of these materials include titanium alloys, which are mostly used for engine mounts whereof this
design is no exception.

This failure mechanism has been considered qualitatively for the material but can be assessed nu-
merically in future research.

Recommendation 21 Future research should investigate the effect of creep on the overhead beams.

Imperfections
Although not a failure mode, the introduction of imperfections are of importance as no structure is
perfect. During manufacturing or assembly small initial imperfections could be added which result that
the structure behaviour is less than ideal. Furthermore, small nodal moments, which are also ignored in
this research, can behave as initial imperfections and lower the critical buckling load. It is recommended
to add this to the calculation of the critical buckling loads in the future.

Recommendation 22 Future studies should investigate the effect of initial imperfections on the struc-
ture.

5.5. Proposed Optimization Method
In this section the initialisation of the variables and the proposed method of optimization is discussed.

5.5.1. Initialization
The initialization is based on the final dimensions of Voeten [44]. As the most influential changes have
been made regarding the overhead structure it has been chosen to keep these beams slightly smaller
as Voeten had. However, the dimensions of the skin-stiffened landing gear box has been copied ex-
actly. It has been acknowledged that the stiffener dimensions are out of proportion. Above optimization
does only alter these dimensions proportionally, which means that with current optimization method this
problem will remain. Therefore it has been chosen to alter the dimensions of the stiffeners to more pro-
portional values with approximately same cross-sectional area.

The index in the array for panel thicknesses refer to the numbers in Figure 5.6 below for each part,
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for example [Panel 1, Panel 2, Panel 3, Panel 4]. The order for at the stiffeners are: [End-to-end height,
flange width, web thickness, flange thickness].

1
2
3
4
5
6
7
8

Pa
ne

l n
r.

Figure 5.6: Engine mounting structure with colored panels, illustrating which array index of the panel thicknesses in Table 5.3
to 5.9 belongs to which panel.

Table 5.2: Mass and MoS of initial design.

Parameter Value Type
Mass [kg] 3483 Output
MoS [-] -0.81 Output

Table 5.3: Initial dimensions for OH1.

Parameter Value Type Parameter Value 1 Type
Width 1 [mm] 400 Input Stiffeners 1 dim. [mm] [100, 50, 10, 10] Input
Height 1 [mm] 450 Input Stiffeners 2 dim. [mm] [100, 50, 10, 10] Input
Width 2 [mm] 360 Input Corner stiffener dim. [mm] [75, 75, 10, 10] Input
Height 2 [mm] 390 Input Panel thicknesses [mm] [5, 5, 5, 5] Input
Nr of stiffeners 1 [-] 2 Input Nr of ribs [-] 1 Input
Nr of stiffeners 2 [-] 2 Input Rib thicknesses [mm] 2 Input

Table 5.4: Initial dimensions for OH2.

Parameter Value Type Parameter Value1 Type
Width 1 [mm] 500 Input Stiffeners 1 dim. [mm] [100, 50, 10, 10] Input
Height 1 [mm] 520 Input Stiffeners 2 dim. [mm] [100, 50, 10, 10] Input
Width 2 [mm] 440 Input Corner stiffener dim. [mm] [75, 75, 10, 10] Input
Height 2 [mm] 460 Input Panel thicknesses [mm] [5, 5, 5, 5] Input
Nr of stiffeners 1 [-] 2 Input Nr of ribs [-] 1 Input
Nr of stiffeners 2 [-] 2 Input Rib thicknesses [mm] 2 Input

Table 5.5: Initial dimensions for OH3.

Parameter Value Type Parameter Value1 Type
Width 1 [mm] 500 Input Stiffeners 1 dim. [mm] [100, 50, 10, 10] Input
Height 1 [mm] 520 Input Stiffeners 2 dim. [mm] [100, 50, 10, 10] Input
Width 2 [mm] 440 Input Corner stiffener dim. [mm] [75, 75, 10, 10] Input
Height 2 [mm] 460 Input Panel thicknesses [mm] [5, 5, 5, 5] Input
Nr of stiffeners 1 [-] 2 Input Nr of ribs [-] 1 Input
Nr of stiffeners 2 [-] 2 Input Rib thicknesses [mm] 2 Input

1The index in the array for panel thicknesses refers to the panel numbers shown in Figure 5.6. The dimensions for the
stiffeners are listed as follows: [End-to-end height, flange width, web thickness, flange thickness]
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Table 5.6: Initial dimensions for OH4.

Parameter Value Type Parameter Value1 Type
Width 1 [mm] 500 Input Stiffeners 1 dim. [mm] [100, 50, 10, 10] Input
Height 1 [mm] 520 Input Stiffeners 2 dim. [mm] [100, 50, 10, 10] Input
Width 2 [mm] 520 Input Corner stiffener dim. [mm] [75, 75, 10, 10] Input
Height 2 [mm] 500 Input Panel thicknesses [mm] [5, 5, 5, 5] Input
Nr of stiffeners 1 [-] 2 Input Nr of ribs [-] 1 Input
Nr of stiffeners 2 [-] 2 Input Rib thicknesses [mm] 2 Input

Table 5.7: Initial dimensions for OH5.

Parameter Value Type Parameter Value1 Type
Width 1 [mm] 500 Input Stiffeners 1 dim. [mm] [100, 50, 10, 10] Input
Height 1 [mm] 520 Input Stiffeners 2 dim. [mm] [100, 50, 10, 10] Input
Width 2 [mm] 520 Input Corner stiffener dim. [mm] [75, 75, 10, 10] Input
Height 2 [mm] 500 Input Panel thicknesses [mm] [5, 5, 5, 5] Input
Nr of stiffeners 1 [-] 2 Input Nr of ribs [-] 1 Input
Nr of stiffeners 2 [-] 2 Input Rib thicknesses [mm] 2 Input

Table 5.8: Initial dimensions for SSLB.

Parameter Value1 Type
Panel thicknesses [mm] [6.6, 6.5, 3.1, 1.5, 3.0, 2.2, 11.9, 7.8] Input
Nr of stiffeners 1 [-] 13 Input
Nr of stiffeners 2 [-] 15 Input
Nr of stiffeners 3 [-] 5 Input
Stiffeners 1 dim. [mm] [125, 90, 4, 4] Input
Stiffeners 2 dim. [mm] [80, 80, 7, 7] Input
Stiffeners 3 dim. [mm] [225, 90, 16, 16] Input
Corner stiffener dim. [mm] [250, 140, 9, 9] Input

Table 5.9: Initial dimensions for joints.

Parameter Value Type Parameter Value Type
Thickness OH12 [mm] 30 Input Thickness SSLB4 [mm] 15 Input
Thickness OH24 [mm] 15 Input Thickness SSLB5 [mm] 15 Input
Thickness OH35 [mm] 15 Input Location SSLB5 along panel [mm] 400 Input

Proposed parameter update methodology
There are many ways to optimize a structure which have different level of complexity dependent on
the application and the amount of data. Voeten [44] used the Design of Experiment (DoE) method.
Within this method the limit values of each variable is found and many different designs within these
limits are analysed. To ensure that the full range of possible designs are considered a latin hypercube
sampling can be used, as shown by Voeten. The DoE method is able to find a reasonable design and
spot the desired region of interest however not the most optimal design. Furthermore, it requires an
initial analysis of the limits of each variable and one needs to analyse a lot of designs which are both
time consuming. The amount of possible designs can increase exponentially with the addition of one
extra design variable. Considering that the present design has over 100 additional variables compared
to Voeten’s design, it can be concluded that a good optimization using only the DoE method will be very
time consuming. Based on this it has been decided to use a more progressive optimization method

1The index in the array for panel thicknesses refers to the panel numbers shown in Figure 5.6. The dimensions for the
stiffeners are listed as follows: [End-to-end height, flange width, web thickness, flange thickness]
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which uses the MoS output of the previous design to update the next design. The goal is not to get the
perfect optimization method but rather a method that is faster than DoE, and can be extended in the
future with additional variables without much loss in performance.

The relationship between MoS and variables for each failure mode are known and shown in Equations
5.12 to 5.17. The relationship of the failure mode which results in the smallest MoS will be used to alter
the dimensions of the component according to that relationship and Equation 5.11 below. It should
be noted that these failure modes can differ per component and thus every component is considered
separately and altered simultaneously.

Factor =
1

MoS + 1
(5.11)

The MoS of the von Mises stress is calculated using the data from 3DExperience. The stress is depen-
dent on force and area whereof the former can not be changed. For panels and joints the thickness
will increase whereas for stiffeners all dimensions will increase with a similar factor. It should be noted
that possible stress concentrations can cause negative MoS due to the von Mises criterion but will not
be removed using this method.

MoS + 1 ∼ 1

σMises
∼ A (5.12)

The MoS of the displacement is also calculated using the data from 3DExperience. The displacement
is mainly dependant on the width and height of the cross-section of the overhead beams. Whereof
OH1 influences the relative displacement and OH4 and OH5 the total displacement, this means that
dependant on which criteria a different part needs to be changed. The relationship between those
criteria and the MoS is as shown in Equation 5.13.

MoS + 1 ∼ 1

Ulimit
∼ 1

θlimit
∼ I ∼ bh3 ∼ b3h (5.13)

TheMoS of panel buckling is dependant on three factors, the thickness, aspect ratio and either the width
or length of the panel, dependant on direction. These relationships are non-linear and the aspect ratio
and width or length of panel are affected by the same parameters, which makes it hard to twitch each of
these variables accurately using a single relationship. Therefore, it has been decided to change both
the thickness and the width and length of each subpanel separately for simplicity, thus ignoring the effect
the alteration of one variable had on the MoS when changing the other afterwards. It is thought that
the adaptive damping parameter, explained later this section, will prevent large unnecessary changes
which might follow from this choice. The length and width of a subpanel is changed by adding additional
stiffeners to the design.

MoS + 1 ∼ t3 (5.14)

MoS + 1 ∼ ab (5.15)

The MoS of column buckling is dependant on the second moment of area I, which is dependent on the
cross-section of the stiffener and panel thickness. This relationship is not linear but it is thought that for
this base model it will suffice to consider linear relationship of each variable of the cross-section and
to ignore the panel thickness. One could also change the number of stiffeners to lower the load per
stiffener, but this option has been excluded as it is hard to work into a factor due to changing load paths.
Furthermore, it is deemed less future proof as it is considered less mass efficient when optimizing on
single stiffener level.

MoS + 1 ∼ tw · b · tf · d (5.16)

The MoS of crippling is also dependant on the cross-section and does again not have a linear rela-
tionship. However, also for this failure mode a linear relationship is thought to be sufficient for basic
optimization. A change in number of stiffeners is not considered for this failure mode for similar reasons
as stated for column buckling.

MoS + 1 ∼ tw · b · tf · d (5.17)

The initial dimensions can also surpass the minimum MoS of 0 easily or overshoot this value largely
during the optimization. Therefore, it is of importance to set a range of acceptable MoS, which will
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be 0 < MoS < 1 for this research. This range is thought to save enough optimization time without
losing too much performance in terms of mass. The MoS can also overshoot this desired range many
times, so there might be a need to add an adaptive damping parameter (α). This adaptive damping
parameter is increased each time it overshoots with a fixed value of 0.1 to a maximum of 0.8. The
damping parameter is used to change the values of the variables as shown in Equation 5.18. The
factor n is dependent on the degree of the relationship between parameter and MoS.

tnew = αtold + (1− α) · told · Factorn (5.18)
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6
Crashworthiness

An aircraft is deemed crashworthy if it is able to protect the occupants in the event of a crash. The
main strategy to avoid severe injuries is to use the aircraft structure to absorb the impact energy while
keeping the deformation sufficient such that a survivable volume is kept and evacuation routes remain
free. The novel, eccentric, shape of the cabin’s typical cross section of the Flying-V makes the crash-
worthiness situation unique. A preliminary assessment regarding this topic has been done by Desiderio
[10]. In his research, the effect of ovalization and floor-beam height is analysed using a typical cross
section of a Fokker F-28 Fellowship aircraft, undergoing a vertical drop-test. It was found that more
ovalization and lower floor-beam heights lead to strong increases in the accelerations perceived by the
occupants, mainly due to the reduction in crushable volume and impact time duration. This information
is used as leading parameters in the creation of various designs for the typical cross section of the
Flying-V, which have been analysed in a similar manner as the Fokker F-28.

This chapter contains an follow-up of above described research wherein the engine mounting struc-
ture is connected to the most optimal design found by Desiderio. This is done to analyse the effect
of the engine mounting structure on a crash-situation with retracted landing-gear. Simultaneously, the
effect and possibility of engine separation is investigated. The results from this study are only used
to draw conclusions and make some recommendations. In future studies the results may be used to
optimize either or both structures.

Recommendation 23 In future studies results from the crashworthiness tests may be implemented in
the optimization model.

6.1. Criteria for crashworthiness
In this section the criteria for a crash-worthiness aircraft are discussed. This is done by explaining the
used crash injury criteria and requirements by Desiderio, which follow from the regulations [13] or The
Transport Aircraft Crashworthiness and Ditching Working Group (TACDWG) [40].

6.1.1. Regulations regarding crashworthiness
An aircraft can be seen as crashworthy according to FAA AC20-107B 11.4 if it fulfills the following four,
very general, requirements [43]:

1. Occupants must be protected during the impact event from release of items of mass (e.g., over-
head bins)

2. The emergency egress paths must remain following a survivable crash.
3. The acceleration and loads experienced by occupants during a survivable crash must not exceed

critical thresholds.
4. A survivable volume of occupant space must be retained following the impact event.

Desiderio’s research goal was to get an initial assessment of the crashworthiness characteristics of
the FV in terms of loads and accelerations sustained by the occupants. As this part of the research
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is a follow-up research, with the goal to compare the new result to the result of Desiderio, it has been
chosen to mainly focus on the 3rd requirement as well.

The regulations only state the maximum loads and accelerations that a person may handle in order
to survive the crash with minimal injury. The problem is that in order to show compliance, a model of
both seat and anthropomorphic dummy is required to obtain meaningful results. The TACDWG, a group
consistent of both experts from the industry (Boeing, Airbus, etc.), and research institutes (NASA, the
German Aerospace Center - DLR, among others) recognizes this issue and suggests that other crash
injury criteria could be used to show means of compliance. One of these criteria, also used by Deside-
rio, is the Dynamic Response Index (DRI) and will be further explained in Section 6.1.2. Again, as this
is a follow-up research, only the DRI criteria will be considered as it is the sole criteria used by Desiderio.

In addition, the aircraft-level dynamic crash conditions are not specified. The TACDWG acknowledges
this gap in regulations as well. Based on self-assessments of original equipment manufacturers and
accident studies the TACDWG proposed requirement for the vertical impact velocity is a function of
the aircraft’s maximum take-off weight (MTOW) shown in Figure 6.1. Desiderio uses this function and
the MTOW found by Oosterom [31] to find the vertical impact velocity for the most critical case, the
FV-1000, which results in the first requirement set by Desiderio [10]:

FV1000-CRASH-001: The crash-worthiness properties of the typical section of Flying-V aircraft shall
be evaluated by means of a drop test at a minimum vertical impact velocity of 26 ft/s, with the fuselage
center line horizontal.

Figure 6.1: Function of vertical velocity impact with MTOW, showing a minimum of 26 ft/s vertical impact velocity for the
Flying-V, taken from TACDWG. [40]

6.1.2. Dynamic Response Index
The DRI is a crash injury criteria initially designed to determine the probability of spinal injuries in pilots
subjected to the high-amplitude and short-duration accelerations induced by ejection seats [5]. As DRI,
only requires the acceleration at airframe level, it is relatively easy to calculate in the case of a drop
test. In DRI the total mass acting on the vertebrae is estimated as a point mass in a single degree of
freedom spring-dashpot model with Equation 6.1.

d2δ

dt2
+ 2ζωn

dδ

dt
+ ω2

n · δ = a (6.1)

Herein is δ the degree of freedom, ζ the damping ratio and ωn the natural frequency and a the vertical
acceleration. The corresponding DRI value can be calculated using Equation 6.2, wherein g is the
gravitational constant [5] .

DRI =
ω2
nδmax

g
(6.2)

Stech and Payne [36], considering the 50th percentile of United States Air Force pilots of the time,
found ωn = 52.9 rad/s and ζ = 0.224.
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Desiderio [10] does a good job in explaining the downsides of this method, and mainly the used val-
ues ζ and ωn. However, these downside do not have an influence at the indication of the severity of
an acceleration effect and therefore DRI can still be a good indicator. For this reason, even with the
current values for ωn and ζ, regulators have accepted an DRI lower than 16 as a means of compliance
for crash-worthiness [40]. From this the second and last requirement from Desiderio [10] is set:

FV1000-CRASH-002: The Flying-V typical section shall be designed such that, following the dynamic
conditions specified in FV1000-CRASH-001, an equivalent DRI not greater than 16 units is achieved.

It should be noted that Desiderio specified an equivalent DRI, which is an weighted average of all
the DRIs. In this research the normal DRIs are considered, as it is thought to be illogical to combine
all DRIs into a single value for two reasons. Firstly, it is of interest that all passengers survive, for ex-
ample it is not desired that half of the passengers have a DRI of 5 and the other half has an DRI of 20.
Secondly, it does not show the distribution of the DRIs along the fuselage, losing critical information
about the influence of specific designs.

The addition of the engine mounting structure causes a rotation of the fuselage, this will result in accel-
erations other than the single degree freedom specified in the DRI. In order to take this into account,
the United States Airforce, has developed the relationship in Equation 6.3 for ejection seats. [41]√

(
DRI

DRIL
)2 + (

Gx

GxL
)2 + (

Gy

GyL
)2 ≤ 1 (6.3)

Herein is DRIL the limit DRI, thus 16, Gx and Gy are the acceleration magnitudes to the for and aft
and sideways respectively with GxL and GyL as limit values of these magnitudes. In the cases where
the acceleration component in z-direction is going downwards, than the DRI

DRIL
term shall be replaced

with −Gz

−GzL
.

The unknown limit values (GxL, GyL and GzL) are dependent on the rise time tR and plateau dura-
tion∆t of the acceleration time plot and are calculated based on percentages of peak acceleration. An
example is shown in Figure 6.2. The tables in Figure A.1 to A.6 can then be interpolated to get the limit
values.

Figure 6.2: An example of an acceleration time with the method used to determine the rise time and plateau time. [41]

Again it should be noted that above method is normally used for fighter pilots, which means that for a
normal passenger the limit accelerations are likely lower. Nonetheless, the criteria in Equation 6.3 can
still be used to compare the severity of different cases. Therefore from now on Equation 6.4 below will
be used, wherein SEV is the severity factor. It should be noted that the equation below is conservative
as the maximum DRI, Gx and Gy are considered which do not necessarily happen at the same time.
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√
(
DRI

DRIL
)2 + (

Gx

GxL
)2 + (

Gy

GyL
)2 = SEV (6.4)

6.2. Model
In this section an overview of the model in 3DExperience is given. To simplify the model it is necessary
to estimate the inertial properties of various parts of the aircraft, which is also assessed in this section.

6.2.1. Estimation of inertial properties
As mentioned, with the addition of the engine mounting structure to the structure the center of mass
of the model is not closely aligned with the center of the fuselage anymore. This means that at the
moment of impact an unrealistic rotation will happen, as the inertial properties of the rest of the aircraft
are not taken into account. Modelling the rest of the aircraft is unrealistic as parts of the aircraft are
not designed yet and this will lead to an unnecessary computational heavy model. The approach that
will be used is to couple the inertial properties of these parts to the existing model. This coupling will
consist of two parts, one at each side of the fuselage.

As mentioned before, large parts of the aircraft still have to be designed. This means that the found
inertial properties are a very rough estimation of the inertial properties of the final design. Therefore
some assumptions have been made which have relatively small effect on the properties compared to
simplification of the calculations. The first assumption made is to assume that all non-designed sec-
tions of the aircraft are made from a single material, namely Al2024-T361. This is based on the material
used by Desiderio [10] for the general section of the wing-fuselage. An additional assumption is made
to separate the aircraft in five distinct sections as shown with different colors in Figure 6.3. This leads
to the following assumptions and recommendation:

Assumption 16 All non-designed sections are made of Al2024-T361.

Assumption 17 The aircraft can be divided into five separate sections for a decent indication of the
total inertial properties.

Recommendation 24 In future research, the inertial properties of the full aircraft needs to be deter-
mined more accurately.

Figure 6.3: Different aircraft sections of FV-1000 wherefrom the inertia is calculated, adapted from Oosterom. [31]
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The moments of inertia in this part, unless mentioned otherwise, are from the center of gravity, which
itself is calculated from the global coordinate system. This global coordinate system has its origin in
the nose of the aircraft, with x-axis in the length of the aircraft, y-axis in the span-direction of the aircraft,
and z-axis in the height direction. The initial inertia properties for all sections apart from the red section
has been taken in the local coordinate frame and need to be rotated to the global coordinate system
using Equation 6.5.

IGlobal = R · ILocal ·RT (6.5)

Herein is R the rotation matrix, defined as shown in Equation 6.6.

R =

cos(θ) −sin(θ) 0
sin(θ) cos(θ) 0

0 0 1

 (6.6)

Red section
The red section defined in Figure 6.3 is the model used for the drop-test. Due to symmetric loading
during the test only one side of the aircraft is required which means that no inertial properties need to
be calculated for this part. However, it has been decided to include it for completeness. The inertial
properties can directly be extracted from the 3DExperience software. The found inertia is as follows:

IR =

 166208 153737 −55675.7
153737 386224 16529.8

−55675.7 16529.8 511803

 kgm2 mR = 29229.7 kg

The inertia of the red section has been extracted later in the research and has been taken from a model
already orientated with respect to the global coordinate frame.

Yellow section
The yellow sections are equivalent to Desiderio’s model, the inertial properties of these parts can al-
most directly be extracted from the 3DExperience software. The only thing that needs to be altered is
the length. As the yellow section extends to both sides it is divided into two parts, Y1, towards the front
and Y2 towards the back of the aircraft. The estimated lengths, from Figure 6.3, is 7.3 m for Y1 and
5.9 m for Y2. The extracted inertia matrices from the center of gravity are shown below.

IY 1 =

 50949.4 −11.7733 1.53982
−11.7733 50486.9 5.33309
1.53982 5.33309 91801.9

 kgm2 IY 2 =

 38457.6 43.1495 −5.40272
43.1495 23005.3 0.1704
−5.40272 0.1704 54130.7

 kgm2

These values are in their local system and need to be rotated using Equation 6.5. Depending on the
side of the aircraft this is either clockwise or counterclockwise with the trailing edge sweep angle of
25.5° from Oosterom [31]. Resulting in the final inertia properties for the right (R) side of the aircraft:

IRY 1 =

50854.53 −187.12 3.69
−187.12 50581.77 4.15
3.69 4.15 91801.9

 kgm2 IRY 2 =

35627.21 −5977.19 −4.80
−5977.19 25835.69 2.48
−4.80 2.48 54130.7

 kgm2

mY 1 = 7987.75 kg mY 2 = 10610.6 kg

The location of the center of gravity of each of the sections are as follows:

XY 1 = 18.610 m YY 1 = 5.298 m ZY 1 = −0.371 m

XY 2 = 29.931 m YY 2 = 10.611 m ZY 2 = −0.360 m

Blue section
The blue section is almost equivalent to Desiderio’s model, however the mass of the passengers is
replaced with cargo, which results in a slightly more dense section. The length of the blue section
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is estimated at 12.4 m from Figure 6.3. Extending Desiderio’s model to this length and removing the
passenger inertias results in the following inertia properties for the structure of the cargo section:

I =

 31669.8 116.271 −2.57597
116.271 64144.9 2.64046
−2.57597 2.64046 79773.6

 kgm2 m = 4336.26 kg

However, as mentioned, this structure is filled with cargo. Which is assumed to be a cuboid shape with
dimensions of 12 x 5.8 x 1.22 m and a constant density of 161 kgm−3 [11] [18]. This results that the
cargo has the following inertial properties:

I =

0.40020 0 0
0 2.0237 0
0 0 1.6575

 · 105 kgm2 m = 13670.832 kg

Assumption 18 The blue section contains cargo in a cuboid shape with dimensions of 12.4 x 6 x 2 m
and a constant density of 161 kgm−3.

As the location of the center of gravity of cargo and structure is at the same location the inertia can be
summed up which results in the final inertial properties of the blue section:

IB =

 71689.8 116.271 −2.57597
116.271 266519.0 2.64046
−2.57597 2.64046 245523.6

 kgm2 mB = 18007.092 kg

These values are in their local system and need to be rotated using Equation 6.5. Depending on the
side of the aircraft this is either clockwise or counterclockwise with the trailing edge sweep angle of
25.5°. Resulting in the final inertia properties for the right (R) side of the aircraft:

IRB =

107889.765 75778.535 −1.188
75778.535 230319.035 3.492
−1.188 3.492 245523.6

 kgm2 mB = 18007.092 kg

XB = 38.221 m YB = 14.471 m ZB = −0.367 m

Green section
The green section is the outer wing, the most detailed design available is from Nanninga [28]. From this
research the resultant mass estimate can be found, there is however no information about the moment
of inertia or location of the center of gravity. These values needs to be estimated, which is done using
the simplified mass and inertia estimate of Moulton and Hunsaker [27]. To use these estimates the
research specifies that a 4 digit NACA airfoil is assumed while neglecting twist, camber and dihedral
effects. The resultant moments of inertia at the root of the wing can be calculated using Equations 6.7
to 6.11.

Ixx0
= m · (56b

2κfν0 + κgν3
280κaν0

) (6.7)

Iyy0 = m · (84b · (2bκfν0 tan
2(Λ) + κdν1 tan(Λ)) + 49κeν2 + 3κgν3

840κaν0
) (6.8)

Izz0 = m · (12b · (2bκfν0(tan
2(Λ) + 1) + κdν1 tan(Λ)) + 7κeν2

120κaν0
) (6.9)

Ixy0 = Iyx0
= −δ · b ·m · (4bκfν0 tan(Λ) + κdν1

20κaν0
) (6.10)

Ixz0 = Izx0 = Iyz0 = Izy0 = 0 (6.11)
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Herein ism the mass, Λ the quarter-chord sweep angle, κ the wing planform coefficient, ν the thickness
distribution coefficient and δ the left wing/ right wing sign coefficient.

The thickness distribution coefficients can be calculated using Equations 6.12 to 6.15.

ν0 =
1

60
(40a0 + 30a1 + 20a2 + 15a3 + 12a4) (6.12)

ν1 =
1

60
(56a0 + 50a1 + 40a2 + 33a3 + 28a4) (6.13)

ν2 =
1

980
(856a0 + 770a1 + 644a2 + 553a3 + 484a4) (6.14)
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(6.15)

From Oosterom [31] it can be found that the outer wing is an symmetrical NACA 0012 airfoil. This
means that the following coefficients, from [27], can be used for the calculation:

a0 = 2.969 a1 = −1.260 a2 = −3.516 a3 = 2.843 a4 = −1.015

Which result in the following thickness distribution coefficients:

ν0 = 0.6851 ν1 = 0.4670 ν2 = 0.3958 ν3 = −8.5990

The wing planform coefficients can be calculated using Equations 6.16 to 6.20.

κa ≡ τr(3c
2
r + 2crct + c2t ) + τt(c

2
r + 2crct + 3c2t ) (6.16)

κd ≡ τr(cr + ct)(2c
2
r + crct + 2c2t ) + τt(c

3
r + 3c2rct + 6crc

2
t + 10c3t ) (6.17)

κe ≡ τr(5c
4
r + 4c3rct + 3c2rc

2
t + 2crc

3
t + c4t ) + τt(c

4
r + 2c3rct + 3c2rc

2
t + 4crc

3
t + 5c4t ) (6.18)

κf ≡ τr(c
2
r + 2crct + 2c2t ) + τt(c

2
r + 4crct + 10c2t ) (6.19)

κg ≡ τ3r (35c
4
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2
t + 4crc

3
t + c4t ) + τ2r τt(15c

4
r + 20c3rct + 18c2rc

2
t + 12crc
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3
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2
t + 20crc

3
t + 35c4)

(6.20)

Herein is cr the chord length at the root, ct the cord length at the tip and τr and τt are the percent airfoil
thickness at tip and root respectively.

The values of cr and ct and also Λ are extracted from Dotman [11]. Which estimated these from a
CAD model of the outer mold of the Flying-V. The estimated values are shown below.

cr = 6.0 m ct = 3.2 m Λ = 26°

The airfoil thickness of the outer wing could not be found in previous research, therefore it is estimated
using a CAD model of the outer shape in 3DExperience. The real owner of the CAD model is unknown
as there are many copies of it and there are multiple folders, wherefrom only one can be accessed.
The oldest version available within the folder is from D. M. Atherstone. The estimated thickness at the
root is tr · cr = 3.5 m and tt · ct = 0.3 m, which results in the following percent airfoil thicknesses:

tr = 0.5833 tc = 0.0937
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This results in the following wing planform coefficients:

κa = 101.22 m2 κd = 717.18 m3 κe = 6805.51 m4 κf = 75.51 m2 κg = 14168.64. m4

Substituting all found values, together with semispan length of b = 15.33 m from Oosterom [31] and
mass of 3500 kg from Nanninga [28], results in the following inertia matrix;

IG =

 1.0076 δ · −0.72814 0
δ · −0.72814 0.27802 0

0 0 1.7249

 · 105 kgm2

Herein is δ, 1 or -1, dependent on the right or left wing.

The resultant inertia values are from the root with the local axis system as defined in Figure 6.4. This
means that the inertia values need to be rotated to the global frame. This is done using the same
rotation matrix and method as specified before but with a different angle.

Figure 6.4: Image of an aircraft wing, showing the local axis and the used thicknesses, from Moulton and Hunsaker. [27]

The angle of 37.4° between the outer wing and the global x-axis is extracted fromOosterom [31]. Which
results in the following global inertia matrix at the root of the outer wing, with corresponding mass and
approximate location. The location is approximated using Figure 6.3.

IRG =

 0.0358 −0.5429 0
−0.5429 1.2498 0

0 0 1.7249

 · 105 kgm2 mG = 3500 kg

XG = 42 m YG = 17.5 m ZG = 0 m (6.21)

Purple section
The purple section is the hardest part to estimate the inertial properties as no designs are available.
Furthermore, this is also one of the more important parts as this part houses a lot of heavy systems such
as the nose landing gear, and consists of the, likely, heavy structural joint of the two wing-fuselages.
An rough estimate of the mass can be done but for the inertia it is of high importance how this mass
is arranged. In order to have a somewhat decent estimate, it has been chosen to extend Desiderio’s
model to the desired length and split it in half, as shown in Figure 6.5. In the figure can be seen
that structural elements are split in half and mirroring the element along the split plane will result in a
unsound structure. This means that the found inertia values are unrealistic, but in the current state of
affairs no better method could be thought of. This specifies again the high importance to reconsider
the inertia values of this and other sections in future research. The main landing gear is the sole thing
also taken into account apart from the structure, which is approximated at 8.9 m from the nose at -1.05
m in height direction with half its mass of 640 kg [31] [4].
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Figure 6.5: Visualisation of the model used to estimate the inertia of the purple section.

Recommendation 25 The inertia of all sections, especially the purple section, needs to be recalculated
in the future.

The inertia values are extracted directly from the 3DExperience software and are shown below.

I =

 31875.8 −23153.9 1634.32
−23153.9 101457 620.827
1634.32 620.827 124258

 kgm2

These values are in their local system and need to be rotated using Equation 6.5. Depending on the
side of the aircraft this is either clockwise or counterclockwise with the trailing edge sweep angle of
25.5°. Resulting in the final inertia properties for the right (R) side of the aircraft:

IRP =

0.2678 0.1247 0.0174
0.1247 1.0655 −0.0014
0.0174 −0.0014 1.2426

 · 105 kgm2 mP = 9995.783 kg

XP = 10.530 m YP = 2.821 m ZP = −0.395 m

Super-position
Now all the sections are simplified to a single point with their total inertial properties they need to be
connected to the model. In order to simplify the model even further these points are translated to two
points using the principle of super-position and the parallel axis theorem. These two points are located
at either side of the model, where the purple section and Y1 are connected to one side and Y2 and the
green and blue section to the other side. The position of the two points are;

X1 = 21.452 m Y1 = 6.613 m Z1 = −0.373 m

X2 = 27.920 m Y2 = 9.628 m Z2 = −0.373 m

The inertial properties at each point can be calculated using Equation 6.22, with R = R1x̂+R2ŷ+R3ẑ.

Jij =
∑

(Iij +m(|R|2δij −RiRj)) (6.22)

Using the values in this document results in the following inertial properties:

I1 =

 0.2352 −0.4316 −0.0006
−0.4316 1.4141 −0.0010
−0.0006 −0.0010 1.6305

 · 106 kgm2 I2 =

 0.7971 −1.2917 −0.0198
−1.2917 3.0291 −0.0109
−0.0198 −0.0109 3.7692

 · 106 kgm2

40



6.2. Model R. Koenderink - Engine Integration Flying-V

Only the inertia is added to the model, thus not the mass, as this would lead to higher acceleration
without taking the crash and thus energy absorption of the other parts into account. Figure 6.6 has
been added for clarification.

Figure 6.6: Overview of the applied parallel axis theorem, adapted from Oosterom. [31]

6.2.2. FEA model
The final model for the drop test is shown in Figure 6.7. Some important decisions made by Desiderio,
which also affect this model are itemized below.

• Stiffeners are excluded from the analysis for the wing-fuselage part as Desiderio has determined
that these do not significantly affect the crash characteristics.

• The comparison section is a five-frame one as Desiderio determined there is little to no difference
between a five and six-frames section, which is generally used for certification purposes.

• All joints are made using tie connections.
• General contact interaction properties to avoid element penetration are hard contact for normal
behavior and tangential behavior uses a penalty friction formulation with a friction coefficient of
kf= 0.5.

• The mass of a single passenger is assumed to be 90 kg with a seat of 10 kg, making the total for
a single point mass 100 kg.

• Above point masses are connected using a flexible coupling with the floor structure. These cou-
plings have a stiffness which is assumed to be 3924 N/mm.

• The vertical distance between the point mass and the floor beams has been set to approximately
coincide with the location of the lumbar region of a seated passenger.

Figure 6.7: A depiction of the used drop test model.
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It should be noted that the calculated inertia in previous section are also connected using a flexible
coupling to the skin, spar and longitudinal floor beams with infinite stiffness.

The simulation settings are similar as Desiderio, this means an explicit dynamic analysis and that ev-
ery node of the model, except from the ground, gets an initial velocity of -7.9248 ms−1 as according to
requirement FV1000-CRASH-001. Furthermore, the ground itself is fixed using a clamped boundary
condition and a gravitational load of 9.81 ms−2 is applied to the whole model. Desiderio found that
increasing the number of frames has little effect on the crashing behaviour for normal fuselages and he
only analysed it for a limited number of frames and only considered energy absorption. Therefore first
an analysis will be performed on the extended version of the Flying-V to ensure that only the influence
of the engine mounting structure is taken into account.

As mentioned before, Al2024-T361 is used as the material for the fuselage. The used properties of
this material are noted in Table 6.1 below. It has been noticed that in Desiderio’s model a different A
and B values in the Johnson-Cook hardening model were used than written in the report. Furthermore,
the Johnson-Cook damage model was mentioned in the report but not used in any model. It has been
decided to keep the used value in the model as this is likely the value used to gain the results and also
to check the influence. The Johnson-Cook hardening (B,c,n,m) variables of Ti-6Al-4V and Al-7075-
T651 are given in Table 6.2. The A variable is the yield stress noted in Table 3.1. Al-7075-T651 has
been chosen as no information about the Johnson-Cook variables of Al-7475 could be found and it is
in the same series which should be a decent substitute. In the end it should be checked if the amount
of energy absorbed due to plastic deformation is small enough to validate this choice.

Assumption 19 The Johnson-Cook variables of Al-7075-T651 are similar to those of Al-7475.

Table 6.1: Used material properties for Al2024-T361.

Variable Value Variable Value Variable Value
Density [kg/m3] 2780 c [-] 0 D3 [-] 1.5
Elasticity modulus [N/m2] 7.3*1010 n [-] 0.73 D4 [-] 0
Poisson ratio [-] 0.33 m [-] 0 D5 [-] 0
A [N/m2] 4.2*108 D1 [-] 0.112
B [N/m2] 6.83*108 D2 [-] 0.123

Table 6.2: Johnson Cook properties of Ti-Al6-4V and Al-7074-T651. [42][7]

Variable Ti-Al6-4V Al-7074-T651 Variable Ti-Al6-4V Al-7074-T651
A [N/m2] 1.05*109 4.29*108 D1 -0.090 0.015
B [N/m2] 1.09*109 4.05*108 D2 0.270 0.24
c 0 0 D3 0.480 -1.5
n 0.93 0.41 D4 0 0
m 0 0 D5 0 0

The dimensions and mesh sizes of individual components of the wing-fuselage are the same as used
in Desiderio’s model. These values are shown in Table 6.3 for each component and it can be noted
that these are again slightly different from Desiderio’s report. The mesh size of the engine mounting
structure is 100 mm for all components.

Table 6.3: Thickness and mesh size of different components.

Part Thick. [mm] El. size [mm] Part Thick. [mm] El. size [mm]
Skin 2.5 60 Floor long. beams 2 20
Frames 5.7 20 Spar skin 3 20
Struts 2 10 Spar stiffeners 4 20
Floor beams 2 30 Ground 0.1 200
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6.3. Engine-impact model
In this section an engine-impact model is made in which the post-separation movement of the engine
is modelled for various scenarios. This model is made to get an insight of the possible impact of the
engine with the rest of the aircraft and thus if additional separation mechanisms are needed and if these
will be helpful.

6.3.1. Loads
In order to find the direction of movement of the engine it is of importance to know the loads which are
applied after separation. A total of five loads are applicable in this problem which are defined below.

1. Gravity, this causes a constant acceleration of 9.81 m/s2 towards the Earth.
2. Thrust, it is assumed that the thrust upon separation is zero and remains zero after as no fuel is

available.
3. Lift, any lift that is generated is ignored in this problem as it is assumed to be small.
4. Drag, this is caused due to interaction of the engine with the air during flight. This force is in the

direction of the flow and the resulting acceleration can be calculated using Equation 6.23.

aD =
1

2meng
CDρAengv

2 (6.23)

Herein is meng the mass of the engine, CD the drag coefficient, ρ the density of the air, A the
characteristic frontal area of the engine and v the velocity of the engine with respect to the air.

5. Friction, this is caused by the interaction of the engine with the ground. This force goes against
the direction of the velocity vector and can be calculated using Equation 7.23 for a flat surface.

aF = µ · g (6.24)

Herein is µ the friction coefficient, which is assumed to be constant with velocity and g the gravi-
tational acceleration.

The gravitational load is applied at the defined center of gravity whereas the drag and friction force
are applied at the centroid. This induces a moment and will cause the engine to rotate. The angular
acceleration can be calculated using Equation 6.25 and 6.26.

αD = 6
CDρAengv

2(Lct − Lcg)

meng(L2
eng + 3r2eng)

(6.25)

αF = 12µg
Lct − Lcg

L2
eng + 3r2eng

(6.26)

Herein is Lct and Lcg the length from the nose of the Flying-V to the centroid and center of gravity
relatively, Leng the length of the engine and reng the radius of the engine.

As the engine is rotating this means that the frontal area and drag coefficient are changing with time. To
find this value the shape of the engine, including nacelle, is simplified to a cylinder as a lot of literature
is available for this. The frontal area is easy to calculate for the case that the flow is directly parallel or
perpendicular to the engine. However, when it is under angle around multiple axis it is more difficult to
address it with goniometrics alone. For this reason the unit vector of the flow is used to determine the
amount of area which is affected, which should give an accurate enough frontal area. This can be in
math form found in Equation 6.27.

Aeng =

 πr2eng
2rengLeng

2rengLeng

 · (R2R1


|u(t)+uwind|

|v|
|v(t)+vwind|

|v|
|w(t)+wwind|

|v|

) (6.27)
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Herein are uwind, vwind and wwind the velocity of the wind and u(t), v(t) and w(t) are the velocities of
the engine in x, y and z-direction respectively. |v| is the magnitude of the velocity vector as shown in
Equation 6.28 and R1 and R2 are the rotation matrices shown in Equation 6.29 and 6.30.

|v| =
√
(u(t) + uwind)2 + (v(t) + vwind)2 + (w(t) + wwind)2 (6.28)

R1 =

cos θ cosϕ cos θ sinϕ sinψ − sin θ cosψ cos θ sinϕ cosψ + sin θ sinψ
sin θ cosϕ sin θ sinϕ sinψ + cos θ cosψ sin θ sinϕ cosψ − cos θ sinψ
− sinϕ cosϕ sinψ cosϕ cosψ

 (6.29)

Herein is θ the yaw angle, ϕ the pitch angle and ψ the roll angle of the aircraft at the moment of
separation.

R2 =

cosϕ cosψ sin θ sinϕ cosψ − cos θ sinψ cos θ sinϕ cosψ + sin θ sinψ
cosϕ sinψ sin θ sinϕ sinψ + cos θ cosψ cos θ sinϕ sinψ − sin θ cosψ
− sinϕ sin θ cosϕ cos θ cosϕ

 (6.30)

This time θ, ϕ and ψ are the angular orientations of the engine about the x,y and z-axis with respect to
the orientation of the aircraft.

The drag coefficient of the engine also changes with different orientation and Reynolds number. The
Reynolds number for engine separation is in the order of 107. There is very little information available
about subsonic flow at such a high Reynolds number and especially about inclined cylinders and even
less about cylinders rotated around multiple axis. Literature of single-axis inclined cylinders at lower
Reynolds numbers (103 to 104) show that the drag increases first and decreases again after 45 degrees
being slightly higher at 90 degrees than 0 degrees [15]. Furthermore, other literature shows that the
drag coefficient of cylinder at 90 degrees stabilizes around Re = 107 to a value of CD = 0.7 slightly
lower than at previous mentioned Reynolds numbers [26]. Combining these conclusions would proba-
bly not result in a more accurate simulation as it would be guess work. Due to lack of good data it has
chosen to use a constant value of CD = 0.7 and do a sensitivity analysis afterwards.

6.3.2. Configuration
The moment of separation can occur in various scenarios. Considering the possible fatalities during
impact it is of high importance that all these possible scenarios should be assessed. However, to keep it
simple, it has been decided to keep it with a simple crash with only a horizontal component, without any
initial yaw angle. Furthermore two types of separation are investigated. In first simulation the engine
is separated at both connection types at the same time, dropping horizontally. The second simulation
separates first at the front connection such that a pendular motion is initiated and separates at the aft
mount the moment the engine touches the ground. These two situations are depicted in Figure 6.8.

Figure 6.8: Graphical image of the two cases of engine separation.
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Due to the pendular motion the second simulation starts with an initial velocity, which is equal to the
angular velocity multiplied by the length. The angular velocity can be calculated using Equation 6.31.

v = ω · 2
3
L =

√
2g

L
(cos θ − cos θ0) ·

2

3
L (6.31)

The velocity would be maximal if the engine could be separated once it is vertically. However, the length
of the engine is almost twice the distance between engine and and the distance to the ground which
means that it can not reach that value. The maximum angle that the engine can reach is θ = 61.2◦ ,
substituting this and θ0 = π

2 in the equation above gives an initial velocity of 4.94 m/s, whereof 2.38
m/s in the x-direction. This also shifts the engine slightly backwards and allows friction to happen at
the start of the separation.

Both of these scenarios consider similar flight velocity, air density, wind velocity and pitch and roll
angles. The flight velocity that is going to be considered is the approach velocity which is 70.5 m/s for
the Flying-V 1000 [31]. The approach velocity has been chosen as most fatal accidents occur during
the final approach and landing according to Boeing’s 2022 statistical summary of commercial jet air-
plane accidents [38]. It is acknowledged that this approach velocity is under an angle resulting in a
lower horizontal velocity component, however, for conservative reasons it has been kept this way. This
means that the following velocity is going to be considered:

uini = 70.5 ms−1

The air density that is going to be considered:

ρ = 1.225 kgm−3

The wind velocities that are going to be considered:

uwind = [−15, 0, 15] ms−1

vwind = [0, 0, 0] ms−1

wwind = [0, 0, 0] ms−1

6.3.3. Modelling method
The position of the engine’s center of gravity over will be calculated using Equation 6.32.x(t+ dt)

y(t+ dt)
z(t+ dt)

 =
1

2
· dt2 ·

ax(t)ay(t)
az(t)

+ dt ·

u(t)w(t)
z(t)

+

x(t)y(t)
z(t)

 (6.32)

Herein are x, y and z the position of the engine, ax, ay and az the accelerations at t and u, w and z
the velocity of the engine in x, y and z-direction respectively. The variables t and dt are the respective
timestep

The velocities of the engine can be calculated using Equation 6.33.u(t+ dt)
v(t+ dt)
w(t+ dt)

 = dt ·

ax(t)ay(t)
az(t)

+

u(t)w(t)
z(t)

 (6.33)

These new velocities are used to update the drag acceleration. These accelerations are updated every
time step, dt, and can be calculated as using Equation 6.34ax(t+ dt)

ay(t+ dt)
az(t+ dt)

 =

 0
0

−9.81

+
1

2meng
CDρAeng|v|

u(t) + uwind

v(t) + vwind

w(t) + wwind

+
9.81µ

|u|

u(t)v(t)
w(t)

+

ax(0)ay(0)
az(0)

 (6.34)

Herein are uwind, vwind and wwind the direction of the wind affecting the flow, |v| is the magnitude of the
velocity vector v as shown in Equation 6.28 and |u| is the magnitude of the velocity vector u as shown
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in Equation 6.35. It should be noted that the initial accelerations are only there at t = 0 and are 0 for
the rest of the time. Furthermore, the friction term is there once the engine reaches the ground.

|u| =
√
u(t)2 + v(t)2 + w(t)2 (6.35)

The orientation of the engine is dependent on the rotation of the engine, and can be calculated using
Equation 6.36. Herein is the rotation around the longitudinal axis ignored as this does not change the
geometrical orientation.θ(t+ dt)

ϕ(t+ dt)
ψ(t+ dt)

 =
1

2
· dt2 ·

αx(t)
αy(t)
αz(t)

+ dt ·

ω(t)ζ(t)
ξ(t)

+

θ(t)ϕ(t)
ψ(t)

 (6.36)

Herein are θ, ϕ and ψ the angular orientation, αx, αy and αz the angular accelerations, ω, ζ and ξ the
angular velocity of the engine.

The angular accelerations can be calculated using Equation 6.37.αx(t+ dt)
αy(t+ dt)
αz(t+ dt)

 = 6
CDρAeng|v|

meng(L2
eng + 3r2eng)

· ((R2R1

Lct − Lcg

0
0

)×
u(t) + uwind

v(t) + vwind

w(t) + wwind

) (6.37)

+
12µg

(L2
eng + 3r2eng)|u|

· ((R2R1

Lct − Lcg

0
0

)×
u(t)v(t)
w(t)

) +
αx(0)
αy(0)
αz(0)


Herein are αxini, αyini and αzini the initial angular accelerations and R2 is the rotation matrix similar
to shown in Equation 6.30. It should again be noted that the initial angular accelerations are only there
at t = 0 and 0 afterwards and that the effect of the normal force on the rotation of the engine is ignored.
In order to have a better model this needs to be included to have a better idea of the orientation and
position of the engine. However, for this research it is assumed that after separation for both cases the
engine is directly aligned with the aircraft. This also means that the rotation will be negligible for the
two separation cases.

Assumption 20 The initial rotation after engine separation for the rotational separation case has only
a small effect on the final results.

During the crash, the velocity of the aircraft will change due to air resistance and friction. These need
to be taken into account to find the relative position of aircraft and engine. The position of the aircraft
can be calculated using Equation 6.32 and 6.33 and Equation 6.38 below.ax(t+ dt)

ay(t+ dt)
az(t+ dt)

 =
1

2mc
CDρAc|v|

u(t) + uwind

v(t) + vwind

w(t) + wwind

+
9.81µ

|u|

u(t)v(t)
w(t)

 (6.38)

As mentioned before, in this study the rotation of the aircraft is excluded as only a simple crash scenario
is considered, with an horizontal component, without any initial rotation. Which means that the bulk of
the forces align with the center of gravity and thus does not cause any rotation. Furthermore, the design
is still in its early stages which means that the center of gravity and centroid will shift based on future
design choices, which will deem the calculated rotations inaccurate.

Recommendation 26 In future research the rotation of the aircraft should also be taken into account
which can be done using a similar approach as done for the engine.

The values for mc is from Oosterom [31] and CD and Ac are from Hillen [17].

mc = 275000− 2 · 10950 = 253100 kg

CD = 0.146

Ac = 2050 m2
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Using this the positioning of the aircraft and engine can be found after the separation for all conditions
and several configurations.

Lastly, it is acknowledged that the interaction between engine and aircraft has been ignored. The effect
of the aircraft on the flow interacting with the engine is thought to be significant. However, overall, the
simulations should still give an impression if continuation on the topic of separation for the Flying-V is
necessary.
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7
Results and Discussions

In this section the results from the optimization of the engine mounting structure and mentioned crash-
worthiness analysis of this optimized structure are discussed. This includes a mesh convergence study
for the engine mounting structure and a sensitivity analysis of the crashworthiness analysis in order to
see the effect of some assumptions and variables.

7.1. Mesh convergence
The mesh convergence for the engine mounting structure is done using only TO-04, the initial design
parameters as in Section 5.5.1 and the maximum displacement as comparison value. It has been
chosen to keep the mesh convergence simple and use the same mesh size for all parts. The results
from this mesh convergence study is shown in Table 7.1.

Table 7.1: Results of the mesh convergence study using TO-04 and maximum displacement.

Mesh size [mm] 200 175 150 125 100 75 50
Max displacement [mm] 213.829 159.785 169.792 176.391 190.34 194.661 207.076
Difference [%] - 25.27 6.26 3.89 7.91 2.27 6.38

This shows that the mesh does not convergence as deviations remain larger than 1%, smaller mesh
sizes could not be used due to a limit of elements that the software allows. Previous mesh size analysis
shows a convergence at a mesh size of 150 mm. It seems that this is also the case in this situation
but it diverges afterwards again, this is thought to be the result of the tie connections between parts
however no exact reason could be found. Further investigation requires to replace the tie connections
with a more detailed way which is beyond the scope of this research and therefore it has been decided
to use a mesh size of 150 mm while taking into account that the results may be inaccurate.

Due to time limits it has been decided to use the same mesh size for the engine mounting structure for
the vertical drop-test simulations. For similar reasons no mesh convergence is done for the extended
wing-fuselage of the Flying-V, as this has been done extensively by Desiderio [10]. It is noted that
the engine mounting has a significant effect on the results and thus a new mesh convergence study
is required. However, as it is a comparison study and no exact values are required it was considered
acceptable for this research.

7.2. Engine mounting structure
The optimization of the enginemounting structure took a total of 4 iterations, using a damping parameter
of 0.7. The minimum MoS, average negative MoS, number of elements with a negative MoS and
resultant mass of each iteration is shown in Table 7.2. It should be noted that the number of elements
with a negative MoS counts per loadcase thus an element with a negative MoS in two loadcases counts
as 2 in this parameter. The MoS of each part and the corresponding loadcase and failure mode are
shown for the first and last iteration in Figures 7.1 to 7.3. Similar figures for iteration 1 to 3 can be found
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in Chapter B. It should be noted that the maximum MoS shown is capped at 2 such that the differences
within the desired range remains clear. This means that the real MoS might be higher when a value of
2 is shown.

Table 7.2: Mass, minimum MoS, nr of elements with negative MoS and average negative MoS for each iteration.

Iteration nr. [-] 0 1 2 3 4
Mass [kg] 3485 4240 4591 4707 4890
Min MoS [-] -0.86 -0.39 -0.40 -0.48 -0.64
Nr of elements with negative MoS [-] 61 44 50 49 26
Average negative MoS [-] -0.30 -0.17 -0.13 -0.17 -0.20
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Figure 7.1: Minimum MoS values of panels (left) and stiffeners (right) before first iteration, showing that most panels have a
negative MoS while most stiffeners are within the desired region.
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Figure 7.2: Responsible loadcase for minimum MoS values of panels (left) and stiffeners (right) before first iteration, showing
that every considered loadcase has influence on the optimization of the structure.

Mises

Crippling

Displacement

PanelBuckling

ColumnBuckling

Fa
ilu

re
 m

od
e 

[-]

Figure 7.3: Responsible failure mode for minimum MoS values of panels (left) and stiffeners (right) before first iteration,
showing the criticality of the von Mises stress.
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Figure 7.4: Minimum MoS values of panels (left) and stiffeners (right) of last iteration, showing an overall decreasing MoS
except for the panels with stress concentrations.
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Figure 7.5: Responsible loadcase for minimum MoS values of panels (left) and stiffeners (right) of last iteration, showing that
even after some iterations the critical loadcase remains the same for most elements.
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Figure 7.6: Responsible failure mode for minimum MoS values of panels (left) and stiffeners (right) of last iteration, showing
that von Mises remains the most critical failure mode.

Before the optimization it has been decided to exclude some loadcases (CR01,CR02,TO05) which have
proven to have limited to no effect on the final structure. Therefore, one iteration has been done with
the last iteration in the optimization research to validate this assumption. The result of this verification
is shown in Figure 7.7 to 7.9 on the next page. The minimum Mos remains the same at -0.64 but the
number of element with a negative MoS increase to 46 and the average negative MoS increases to
-0.17.
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Figure 7.7: Minimum MoS values of panels (left) and stiffeners (right) of verification iteration, showing an increase in MoS at
the overhead beams compared to the final iteration of the optimization.
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Figure 7.8: Responsible loadcase for minimum MoS values of panels (left) and stiffeners (right) of verification iteration,
showing that for the final design CR01 is more critical than CR05.
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Figure 7.9: Responsible failure mode for minimum MoS values of panels (left) and stiffeners (right) of verification iteration,
showing that the increased MoS at the overhead beams is due to the displacement criteria.

The final dimensions of the part for the last iteration with the initial input specified in Section 5.5.1 are
noted in Table 7.3 to 7.9 below.

Table 7.3: Final dimensions for OH1.

Parameter Value Type Parameter Value1 Type
Width 1 [mm] 400 Input Stiffeners 1 dim. [mm] [100, 50, 10, 10] Input
Height 1 [mm] 450 Input Stiffeners 2 dim. [mm] [100, 50, 10, 10] Input
Width 2 [mm] 360 Input Corner stiffener dim. [mm] [53.3, 53.3, 7.1, 7.1] Input
Height 2 [mm] 390 Input Panel thicknesses [mm] [7.2, 5.5, 8.8, 10.1] Input
Nr of stiffeners 1 [-] 2 Input Nr of ribs [-] 1 Input
Nr of stiffeners 2 [-] 2 Input Rib thicknesses [mm] 2.8 Input

Table 7.4: Final dimensions for OH2.

Parameter Value Type Parameter Value1 Type
Width 1 [mm] 500 Input Stiffeners 1 dim. [mm] [100, 50, 10, 10] Input
Height 1 [mm] 520 Input Stiffeners 2 dim. [mm] [100, 50, 10, 10] Input
Width 2 [mm] 440 Input Corner stiffener dim. [mm] [53.2, 53.2, 7.1, 7.1] Input
Height 2 [mm] 460 Input Panel thicknesses [mm] [5, 6.2, 5.5, 5.8] Input
Nr of stiffeners 1 [-] 2 Input Nr of ribs [-] 1 Input
Nr of stiffeners 2 [-] 2 Input Rib thicknesses [mm] 3.0 Input

1The index in the array for panel thicknesses refers to the panel numbers shown in Figure 5.6. The dimensions for the
stiffeners are listed as follows: [End-to-end height, flange width, web thickness, flange thickness]
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Table 7.5: Final dimensions for OH3.

Parameter Value Type Parameter Value1 Type
Width 1 [mm] 500 Input Stiffeners 1 dim. [mm] [100, 50, 10, 10] Input
Height 1 [mm] 520 Input Stiffeners 2 dim. [mm] [100, 50, 10, 10] Input
Width 2 [mm] 440 Input Corner stiffener dim. [mm] [49.7, 49.7, 6,6, 6.6] Input
Height 2 [mm] 460 Input Panel thicknesses [mm] [5, 5.9, 6.9, 6.0] Input
Nr of stiffeners 1 [-] 2 Input Nr of ribs [-] 1 Input
Nr of stiffeners 2 [-] 2 Input Rib thicknesses [mm] 2.8 Input

Table 7.6: Final dimensions for OH4.

Parameter Value Type Parameter Value1 Type
Width 1 [mm] 500 Input Stiffeners 1 dim. [mm] [100, 50, 10, 10] Input
Height 1 [mm] 520 Input Stiffeners 2 dim. [mm] [100, 50, 10, 10] Input
Width 2 [mm] 520 Input Corner stiffener dim. [mm] [36.6, 36.6, 4.9, 4.9] Input
Height 2 [mm] 500 Input Panel thicknesses [mm] [5, 6.1, 5, 6.1] Input
Nr of stiffeners 1 [-] 2 Input Nr of ribs [-] 1 Input
Nr of stiffeners 2 [-] 2 Input Rib thicknesses [mm] 1.0 Input

Table 7.7: Final dimensions for OH5.

Parameter Value Type Parameter Value1 Type
Width 1 [mm] 500 Input Stiffeners 1 dim. [mm] [100, 50, 10, 10] Input
Height 1 [mm] 520 Input Stiffeners 2 dim. [mm] [100, 50, 10, 10] Input
Width 2 [mm] 520 Input Corner stiffener dim. [mm] [130.4, 130.4, 17.4, 17.4] Input
Height 2 [mm] 500 Input Panel thicknesses [mm] [5, 5.1, 5, 5.1] Input
Nr of stiffeners 1 [-] 2 Input Nr of ribs [-] 1 Input
Nr of stiffeners 2 [-] 2 Input Rib thicknesses [mm] 1.1 Input

Table 7.8: Final dimensions for SSLB.

Parameter Value1 Type
Panel thicknesses [mm] [12.3, 7.3, 3.4, 2.1, 1.1, 1.6, 13.0, 14.4] Input
Nr of stiffeners 1 [-] 16 Input
Nr of stiffeners 2 [-] 21 Input
Nr of stiffeners 3 [-] 12 Input
Stiffeners 1 dim. [mm] [210.8, 151.8, 6.7, 6.7] Input
Stiffeners 2 dim. [mm] [140.6, 140.6, 12.3, 12.3] Input
Stiffeners 3 dim. [mm] [148.3, 59.3, 10.5, 10.5] Input
Corner stiffener dim. [mm] [93.7, 52.5, 3.4, 3.4] Input

Table 7.9: Final dimensions for the joints.

Parameter Value Type Parameter Value Type
Thickness OH12 [mm] 20.7 Input Thickness SSLB4 [mm] 15 Input
Thickness OH24 [mm] 15 Input Thickness SSLB5 [mm] 15 Input
Thickness OH35 [mm] 12.5 Input Location SSLB5 along panel [mm] 400 Input

1The index in the array for panel thicknesses refers to the panel numbers shown in Figure 5.6. The dimensions for the
stiffeners are listed as follows: [End-to-end height, flange width, web thickness, flange thickness]
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7.2.1. Discussion
The applied method has not proven to be able to reduce all MoS to a positive value. However, it does
not mean that the applied method is inherently bad but rather it is not complete. The applied method
shows that it is able to reduce the number of elements with a negative MoS quite successfully after a
few iterations. The remaining elements are due to a few stress concentrations, mostly occurring at the
tie connections, which could not be solved using the method. The final 26 number of elements are not
the result of 26 stress concentrations but rather due to the location of these stress concentrations and
the fact that an element can be counted more than once if multiple loadcases result in a negative MoS.
The location of most of these stress concentration is at a point where multiple panels and stiffeners
connect and thus share nodes which results that multiple elements have the same MoS. In short, this
means that a single stress concentration causes an increase of a significant amount of elements in the
’Nr of elements with negative MoS’ criteria. Furthermore, these stress concentrations increase in mag-
nitude for some iterations which decreases the minimal MoS and with that also the average negative
MoS even though for most elements the MoS increases. This increase in magnitude is thought to be
due to increase of local differences of in-plane stiffness but this requires further investigation.

The initial results in Figure 7.1 show that most of the panels are below the required MoS whereas
most stiffeners easily within the range. Furthermore, the von Mises criterion is the most critical for most
parts, which might be the result of above mentioned stress concentrations and the fact that only a lim-
ited amount of failure modes are considered for the overhead beams. The results also shows that all
four load cases have an influence on the iterations as all cause a minimum MoS in at least one element
as shown in Figure 7.2 and 7.5. This is not the case in the validation iteration, which also considers the
loadcases not used for optimization. This iteration shows that CR-01 is more prominent and CR-05 is
completely excluded from the picture. Herefrom can be concluded that CR-02 and TO-05 are indeed
less severe and can be excluded in future optimization studies. Furthermore, CR-01 should be added
to the optimization study and CR-05 should be further investigated by analysing more cases as the
structure might already been mostly optimized for this loadcase. The reason that CR-01 became much
more prominent in this study compared to previous might be due to the significant change in estimated
engine mass. Another conclusion that can be drawn is that most of the MoS added by CR-01 this
loadcase are small as the average negative MoS reduces. From Figure 7.4 should also be noted that
a lot of elements are within the desired range of MoS due to grouping of parameters and thus further
mass optimization remains possible.

Although the structure is not fully optimized the current analysis still gives a rough estimation of the
final mass of the engine mounting structure, which is estimated to be in the high 4000s. It is expected
that the final mass will be lower than the last iteration shown in Table 7.2 as the low MoS, due to the
stress concentrations, cause an unnecessary high increase in thickness of stiffeners and panels in
multiple iterations without having effecting these stress concentrations. One could at least conclude
that the resultant engine mounting structure will be significantly heavier compared to 3411 kg found in
previous research, having a negative effect on the viability of the Flying-V.

Lastly, one should realise that this is optimization is only for the initial design parameters. In order to
find the optimal design different starting designs, with different parameter ratios, need to be analysed
as mentioned in Section 5.5.1. This includes other design parameters excluded from the optimization
method, such as material, location of center of gravity of the engine and the location of SSLB5 along
the panel. These parameters were mend to be analysed in an sensitivity analysis, however it has been
decided to exclude this due to the duration of a full optimization loop and the limited additional value to
this research.

Recommendation 27 The connection between the joints and panels should be further investigated in
future studies to prevent stress concentrations.

Recommendation 28 Future research should include abovementioned parameters into their optimiza-
tion analysis.
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7.3. Crashworthiness
The vertical drop test scenario as described in Section 6 is done using an non-optimized engine mount-
ing structure due to the limited time available using a computer cluster. There was access to a bigger
and better computer cluster than TU Delft has till a specific date, which has a big influence on the to-
tal research time due to the size of the simulations. Therefore it has been chosen to first assess the
crashworthiness before optimizing the structure, which can be done on a normal computer. This will
have an impact on the result but this should be limited as the engine plus landing gear are more than
75% of the total mass and the difference between the used 3483 kg engine mounting structure and the
estimated optimized structure is only approximately 5% of the total mass. The used variables are the
same as the initialization noted in Section 5.5.1.

7.3.1. Elongated fuselage
As mentioned before, Desiderio already has shown that additional frames do not affect the crashing be-
havior for 4 to 6 frames for a normal fuselage. Simulations are performed and compared to Desiderio’s
case in an attempt to validate this assumption for the Flying-V. This is a simulation with the extended
wing-fuselage but without the engine mounting structure. The results are shown below in Figure 7.10
and 7.11 and Table 7.10. Herein is Keg the kinetic energy and ED the dissipated plastic energy.
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Figure 7.10: SEV of Desiderio’s model with damage properties, used as the base model.
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Figure 7.11: SEV of elongated model with damage properties, showing a similar distribution but large difference in SEV
compared to the base model.
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Table 7.10: Median SEV and dissipated energy per section for Desiderio’s and elongated simulations, showing a large
difference in energy absorption of frames and floor beams. Note, the values of the components might not add up to the total

energy dissipated, due to rounding errors and the fact that the limited absorption of the spar is excluded.

Energy Desiderio Elong. fuselage
Initial Keg [kJ] 128.83 291.28

Total ED

Keg
[%] 70.74 68.65

-Skin [%] 12.00 9.55
-Frames [%] 33.96 25.18
-Struts [%] 10.19 10.24
-Floor beams [%] 6.39 12.25
-Floor long beams [%] 7.94 10.02

Friction [kJ] 4.59 7.79

Median SEV [-] 1.25 1.30

The simulations of Desiderio initially did not include the damage parameters, which was thought to
have a big effect on the results above as it reduces the stiffness. In order to confirm this hypothesis
simulations are done without the damage parameter and the results are shown in the Figure 7.12 and
7.13 below.
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Figure 7.12: SEV of Desiderio’s model without damage properties, showing a small increase of SEV when damage properties
are considered.

0.77

1.97

SE
V

0.8

1.0

1.2

1.4

1.6

1.8

2.0

SE
V

Figure 7.13: SEV of elongated model without damage properties, showing a small increase of SEV when damage properties
are considered.
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The SEV from the first simulations could have been influenced by other factors. Therefore more sim-
ulations have been done to sort out possible differences. Firstly, the number of passenger rows per
frame has been reduced from 0.7 to 0.6, such that it is constant with Desiderio’s simulation. The results
are shown in Figure 7.14. This simulation was done before any damage parameters were added.
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Figure 7.14: SEV of elongated model with 6 rows of seats and without damage, showing an increase in SEV for a lower ratio
of passenger rows per frame.

As above still does show a difference it is thought that the out-of-plane buckling could affect the results.
Desiderio’s model is smaller which might reduce the stiffness due to above effect compared to the elon-
gated one. Therefore a sliding boundary condition has been added on the continuous elements, such
a skin, spar and longitudinal beams, for both simulations. This boundary condition means that these
elements can not deform out of plane. These simulations are done using the same number of passen-
ger rows per frame and before damage parameters were added. The results of these simulations are
shown in Figure 7.15 and 7.16.
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Figure 7.15: SEV of Desiderio’s model with sliding boundary conditions and without damage, showing a more smooth
distribution and a slightly lower SEV.
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Figure 7.16: SEV of elongated model with 6 rows of seats, with sliding boundary conditions and without damage, showing a
more smooth distribution and a slightly lower SEV.
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Discussion
It was expected that the elongation of the Flying-V had almost no influence as additional mass and sur-
face area are added in a similar relation as the normal fuselage. However, a large difference between
the maximum in Desiderio and the elongated one could be found. It was thought that this could be
due to the larger ratio of frames per passenger row but reducing the number of passenger rows by 1 to
obtain the same ratio increases the SEV instead which was not expected. This increase in SEV is due
to higher deaccelerations which is expected to be due to additional stiffness of the less deformed frame.
Applying a sliding boundary condition makes both cases stiffer at the sides, resulting in a more smooth
distribution of the SEV over the fuselage but still does not make both cases slightly more comparable.
The difference in SEV between Desiderio’s model and the elongated model can be explained due to
the difference in energy absorption of each component but no reason could be found or thought of that
explains the existence of this difference. Therefore the conclusion has been made that, in order to get
accurate results the full fuselage needs to be taken into account.

Above conclusion does not make the rest of the simulations obsolete as the exact values of SEV are
less of an interest. The current method still allows to compare different cases and draw conclusions on
the effect of the differences. Furthermore, it has been decided to continue with 7 rows of passengers
as the reduced loads of 6 rows reduce the validity of the results. In the current design the frame spac-
ing (650 mm) is lower than the seat spacing (892 mm), which means that the ratio between these two
numbers is closer to 0.7 than 0.6. In addition, including the damage properties indeed has a significant
effect on the SEV and should therefore be included in all future simulations. Lastly, it is thought that the
addition of the sliding boundary conditions results in a more realistic simulation, due to the reduction
of deformation at the sides of the model. However, it will not be included in future simulations as a
simulation with boundary conditions resulted in simulation times of almost 52 hours compared to less
than 4 hours without.

The local differences in SEV along the length of the wing-fuselage is likely due to two things. Firstly, dif-
ferent spacing of the seats cause one seat to be directly above a floor beam and another seat between
the floor beams. Secondly, the lack of boundary conditions at the edges allow the wing-fuselage to
rotate more during deformation. This second effect is shown in Figure 7.15 and 7.16, removing these
rotations gives a more anticipated SEV distribution over the fuselage. These figures also show more
evidently that the side of the spar is stiffer resulting in higher SEV values.

7.3.2. Inertia effect
Apart of the elongation, Desiderio also excludes the effect of the rest of the aircraft. This might have
negligible effect if the rotations, even after impact, are minimum. Regardless, it should first be checked
if the added inertia properties influence the results itself. Therefore a simulation is performed of the
elongated simulation with inertia effects and compared with the simulation in previous section. The
results are shown below in Figure 7.17 and Table 7.11. Herein is Keg the kinetic energy and ED the
dissipated plastic energy.
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Figure 7.17: SEV of elongated model with added inertia properties, showing the overall limited effect of the added inertia.
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Table 7.11: Median SEV and dissipated energy per section for elongated and inertia simulations. Note, the values of the
components might not add up to the total energy dissipated, due to rounding errors and the fact that the limited absorption of

the spar is excluded.

Energy Elong. fuselage Elong. fuselage with inertia
Initial Keg [kJ] 291.28 291.35

Total ED

Keg
[%] 68.65 68.11

-Skin [%] 9.55 10.28
-Frames [%] 25.18 26.49
-Struts [%] 10.24 10.35
-Floor beams [%] 12.25 10.87
-Floor long beams [%] 10.02 8.26

Friction [kJ] 7.79 7.39

Median SEV [-] 1.30 1.34

Before the simulation with engine mounting structure is performed a simulation of the effect of the
inertia is done. Therefore, two drop-test are performed of the non-optimized structure wherein one has
the inertia added and the other one does not. The effect of the non-optimized engine mount structure
compared to the optimized structure should have negligible effect on this analysis, as the outcome is
only assessed visually. The final frame of the drop-tests at 0.3 seconds are shown in Figure 7.18.

Figure 7.18: Drop-test of non-optimized model with inertia (right) and without inertia (left) after 0.3 seconds. Emphasising the
need of the added inertia for simulations with engine mounting structure.

Discussion
Figure 7.17 is fairly similar to Figure 7.11 except for two outliers. The median value only increases
slightly, which is likely due to the fact that the inertia does add a little bit of stiffness in a similar fashion
as the sliding boundary condition does, bringing the results closer to reality. The total energy absorption
is similar, the floor beams and floor long beams absorb a little less whereas the frames absorb more.
This can be explained by the restriction of bending of the floor long beams, which then also directly
affect the bending of the floor beams. In the end it can be concluded that the inertia does have slight
positive effect on the results.

On the other hands shows Figure 7.18 that the added inertia indeed has an effect on the final re-
sults when the engine mounting structure is added. This is expected as the additional inertia adds
additional rotational resistance to the relatively quite heavy combination of engine mounting structure,
landing gear and engine compared to the wing-fuselage plus passengers. The rotation is mainly af-
fected around the y-axis due to location of the heavy engine. The effect of the heavy engine on the
difference in rotation around the x-axis is limited, which is as expected as all sections, except for the
outer-wing and partly the cockpit, have a similar cross-section. In addition, the added cargo are located
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close to this axis, having a small effect on the inertia around the x-axis. In short, the model is behaving
as expected with the calculated inertial properties.

The added inertia should not affect the results compared to a simulation with the full model as the
loads relative to the contact area and energy absorption capabilities are not altered. To be ensured
that this is the case, a computationally heavy and more time consuming, simulation could be ran of the
full model and compared in future studies.

Recommendation 29 Validation of the added inertia can be done using a simulation of the full model
in future studies.

7.3.3. Influence engine mounting structure
Using previous simulation a good comparison case have been formed. The results of the drop test
with the engine mounting structure is shown in Figure 7.20 and 7.19 and Table 7.12 below. During
the simulations it was forgotten to specify a set regarding the engine mounting structure, therefore the
percentage of energy used for plastic deformation could not be extracted. The difference between the
sum of all components and the total ED

Keg
is the plastic deformation of the spar and engine mount struc-

ture combined which still allows to compare different designs. This holds for the rest of the simulation
results in this report.
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Figure 7.19: SEV of model with engine, showing a large increase of SEV at the back of the section.
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Figure 7.20: DRI of model with engine, showing that the large SEV in the aft section is due to accelerations in the upwards
direction.
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Table 7.12: Median SEV and dissipated energy per section for inertia and engine simulations, showing that a large portion of
the dissipated energy is due to the engine mounting structure. Note, the values of the components might not add up to the total

energy dissipated, due to rounding errors.

Energy Elong. fuselage with inertia Elong. fuselage with engine
Initial Keg [kJ] 291.35 932.04

Total ED

Keg
[%] 68.11 60.90

-Skin [%] 10.28 11.32
-Frames [%] 26.49 18.77
-Struts [%] 10.35 5.53
-Floor beams [%] 10.87 3.54
-Floor long beams [%] 8.26 6.51
————————- -
Difference 1.41 15.23

Friction [kJ] 7.39 61.91

Median SEV [-] 1.34 1.38

Discussion
The addition of the engine mounting structure to the drop-test almost triples the mass of the structure
and therefore it was expected that the SEV would become way higher and shift more towards the spar.
Instead, the median SEV only increased slightly because after some deformation the landing gear box
also touches the ground and absorbs some of the energy, which can clearly be seen in Table 7.12. The
SEV does not shift towards the spar but rather towards the back. This is due to the gravitational load
of the engine mounting structure causing a slight rotation resulting that the back hits the ground and
thus start deforming first. The additional mass causes such a big deformation that the floor beams hit
the frames resulting in the large decelerations and thus SEV in the back.

The fact that the mass per unit of surface area is constant for the reduced length case does not apply
anymore after adding the engine mounting structure. This ratio does increase with a significant amount
and therefore for more accurate numbers the full model need to be considered. However, the elongated
model still shows the general effect which at this detail of design is considered good enough. It is ex-
pected that the SEV would decrease further when the full model is taken into account as it decreases
above mentioned ratio.

Nevertheless, these results do emphasize the need of a good connection between the engine mounting
structure and wing-fuselage. Currently the connection is made using an unbreakable tie connection
but in reality it will endure high stresses. It has shown that it is beneficial for the crash-worthiness that
it stays attached and is able to absorb some of the loads efficiently.

Lastly, it also means that the Johnson-Cook model properties of the real material needs to be de-
termined as the energy absorption is significant. The assumption that it would be limited was thus
invalid.

7.3.4. Engine separation
A similar simulation as above ran but without the engine mass in order to see the effect of engine
separation on the SEV, these results can be seen in Figure 7.22 and 7.21 and Table 7.13.
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Figure 7.21: SEV of model with engine separation, showing a great reduction in overall SEV except for some outliers.
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Figure 7.22: DRI of model with engine separation, showing that the increase in SEV in the aft section is due to accelerations in
the upwards direction.

Table 7.13: Median SEV and dissipated energy per section for engine and engine separation simulations, showing a significant
reduction in the absorbed energy of the engine mounting structure. Note, the values of the components might not add up to the

total energy dissipated, due to rounding errors.

Energy Elong. fuselage with engine Elong. fuselage with engine separation
Initial Keg [kJ] 932.04 576.85

Total ED

Keg
[%] 60.90 66.22

-Skin [%] 11.32 14.07
-Frames [%] 18.77 27.64
-Struts [%] 5.53 7.94
-Floor beams [%] 3.54 3.78
-Floor long beams [%] 6.51 4.74
————————- -
Difference 15.23 8.05

Friction [kJ] 61.91 48.68

Median SEV [-] 1.38 1.33

Next to the effect on the SEV, it is also of interest if safe engine separation is even possible. Therefore
aforementioned engine-impact model is used for the two explained scenarios and results are shown in
Figure 7.23.
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Figure 7.23: The distance travelled of the aircraft and engines for the different separation cases and wind velocities.
Illustrating a possibility for safe engine separation using the rotated engine case.

Discussion
The separation of the engine results in a higher maximum SEV, however both the median and interquar-
tile range are lower than with engine. The outliers are due to high horizontal decelerations and it should
be investigated how to reduce this in the future. Also in this simulation, thus without the 10 ton engine,
do the floor beams hit the frames resulting in the high SEV in the back. Overall the engine separation
shows to be beneficial and should be considered in future research.

Beforehand it was thought that safe engine separation is almost impossible for the Flying-V. Although
the used model is rather simplistic with quite some assumptions this simulation shows that engine sep-
aration is still a topic of interest for future research. This is primarily due to the fact that the rotated
separation case has friction right from the start, which causes most of the deceleration.

Recommendation 30 Safe engine separation for the Flying-V should continued to be investigated in
future research.

7.3.5. Sensitivity analysis
During the creation of the drop-test model only limited assumptions are done, most coming from the
engine mount structure. It has been chosen to exclude the redesign from this research therefore most
design parameters of the wing-fuselage, such as floor beams, frames, etc., will be excluded from this
analysis. However, it has been decided to do an additional simulation with increased thickness of the
floor struts to exclude the effect of the floor beam and frame touching. Another main uncertainty which
are thought to have a significant influence on the results is investigated within this sensitivity analysis,
which is the drag coefficient value.

The floor struts thickness are increased from 2 mm to 3 mm for all the struts and both the simulation
with engine and engine separation have been redone. The results of the two simulations are found in
Figure 7.24 and 7.25 and Table 7.14. Here again no set was created for the engine mounting structure
thus the difference is used to draw conclusions.
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Figure 7.24: SEV of model with engine and 3 mm struts, showing an overall lower SEV due to reduction of DRI in the aft
section.
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Figure 7.25: SEV of model with engine separation and 3 mm struts, showing an overall lower SEV due to reduction of DRI in
the aft section.

Table 7.14: Dissipated energy per section for engine and engine separation simulations.Note, the values of the components
might not add up to the total energy dissipated, due to rounding errors.

Energy Elong. fuselage with engine Elong. fuselage with engine separation
Initial Keg [kJ] 932.38 577.54

Total ED

Keg
[%] 60.03 64.79

-Skin [%] 10.93 13.27
-Frames [%] 17.98 25.66
-Struts [%] 6.89 9.91
-Floor beams [%] 3.15 3.91
-Floor long beams [%] 6.10 4.42
————————- -
Difference 14.98 7.62

Friction [kJ] 66.83 43.66

Median SEV [-] 1.23 1.16

Above figures show that a thickness of 3 mm for the floor struts indeed results that the floor beams
do not touch the frames. This results in significant a lower median SEV of 1.23 and also a significant
decrease of the interquartile range. However, there is also sharp increase in maximum SEV which is
coming from horizontal components, more specifically the passenger with the largest SEV in model
with engine experiences at its peak an acceleration of 412 m/s2 towards the side. Overall the rest of
the conclusions remain the same, the engine mount structure is still beneficial for the crash-worthiness
and so does engine separation.
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From Figure 7.23 could be concluded that the engine separation is beneficial therefore vertical sep-
aration is excluded from this sensitivity analysis. It has been decided to considered drag coefficients
of 0.6 to 1 with steps of 0.1. The results are shown in Figure 7.26.
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Figure 7.26: The distance travelled of the aircraft and engine for different drag coefficients and wind velocities. Illustrating a
possibility of safe engine separation for drag coefficients of 0.9 and 1.0 in most wind conditions.

From Figure 7.26 can be concluded that for higher CD the separation of the engine becomes really
interesting as the separation for this simplistic case is successful independent of wind velocity.
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8
Conclusions and Recommendations

In this chapter the conclusion regarding the research objective and summarized answers to the re-
search questions are given. Furthermore, all recommendations done for future research throughout
the report are itemized into an overview in chronological order.

8.1. Conclusion
The goal of the research was to develop a certifiable and lightweight engine mounting structure with
corresponding joints for the Flying-V which also complies with all set requirements. In order to an-
swer this sub-questions have been made which have been used to get a complete overview of the
project. These sub-questions have lead to some interesting findings regarding critical loadcases, the
suggested optimization method and the influence of engine mounting structure on the crashworthiness.

From the 25 load cases presented in this report the seven ought to be most critical have been cho-
sen to verify the final design whereof the four most dominant loadcases in previous research were
used to optimize the structure. From this optimization study was found that TO-04, LD-06 and LD-08
are indeed critical loadcases and should be included in future optimization studies. On the contrary,
CR-02 and TO-05 can be excluded from these studies and further investigation is required to determine
if both CR-01 and CR-05 are critical loadcases or if only CR-01 should be considered critical.

The suggested optimization method proved to be only partly successful due to stress concentrations
within the design. Most of the elements got a positive MoS within 4 iterations except for the parts with
stress concentrations. These stress concentrations affect the final mass negatively as the resultant
negative MoS unnecessary influence thicknesses each iteration without solving the stress concentra-
tion. As a result, no direct conclusions can be drawn. However, the suggested method has shown
to be potentially significantly faster than the Design of Experiment method used in previous research.
Furthermore, although no real optimized engine mounting structure could be achieved, it could be con-
cluded that it will be significantly heavier than estimates from previous research. This can be the result
of a larger estimated engine mass, higher level of detail or more likely, a combination of both.

Furthermore, the effect of the engine mounting structure on the Flying-V has been assessed by means
of a vertical drop-test. Therefore, a new method based on inertia has been developed to reduce the
computational effort for a crashworthiness analysis of such a drop-test. This method has proven to
not have a direct influence on the results but does indirectly reduce the ratio of crushable volume and
mass which only allows to use it for relatively fast but conservative estimates, e.g. trends between
designs. The crashworthiness analysis has shown a positive influence of the current engine mounting
structure on the crashworthiness, although further investigation is required. This influence is due to
the absorbance of impact energy by the engine mounting structure self, which reduces the SEV sig-
nificantly. Moreover, preliminary results regarding engine separation show possibilities for the current
design in the simplest cases and also show that significant lower accelerations are experienced, ben-
efiting the viability of the design.
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The developed methods and design does provide a promising starting point that can result in a cer-
tifiable engine mounting structure. However, due to simplifications, not taking into account of certain
failure modes and stress concentrations it is certain that the current structure is not optimal and does
not meet certification at this moment.

8.2. Recommendations
Throughout the report many recommendations for future research were mentioned, and these recom-
mendations are summarized below, in the same order that they were presented in this thesis report.
Although all of these recommendations are valid and need to be done to get a better and more re-
alistic design or design methodology the emphasis should be on number 5. The joint between the
skin-stiffened landing gear box and rear spar is thought to have the largest effect on the viability of the
design during both operation and crash scenarios.

1. Future studies should consider more in-depth material analysis and specific fastening details,
such as fastener dimensions or grade.

2. The effects on stability and aerodynamic performance due to change in location of landing gear
and engine should be investigated in future research.

3. Future research should investigate solutions for the possible corrosion between aluminium and
titanium.

4. In future studies the structure may be further optimized by having different stiffener or rib designs
at different places.

5. Adjustments 4 and 5 should be considered in future research.
6. The connection between the skin stiffened landing gear and rear spar should be investigated in

future research.
7. In future research the design of the thrust links and engine mounts should be taken into account.
8. Future studies should consider to combine the to be designed landing-gear connection with the

skin-stiffened landing gear joints.
9. The loads introduced by the landing gear should be evaluated with more detailed methods in

future studies.
10. In future studies the structure should be reassessed by including the engine torque and gyroscopic

loads in the load cases.
11. In future studies the dynamic loads of blade loss, shaft failure, failure or loss of bearing/bearing

support and bird ingestion needs to be determined.
12. In future studies a gradually changing thickness of the skin should be considered.
13. In future studies each fixed variable to save computation time should be made free.
14. A general method of splitting panels under a random orientation should be investigated in future

research.
15. Local panel buckling for curved panels should be investigated in future research.
16. The effect of non-rectangular panels should be taken into account in future research.
17. The effect of crossing stiffeners on the column buckling of a specific stiffener should be included

in future research.
18. The Euler-Johnson curve should be considered in future research.
19. The crippling and buckling of curved stiffeners should be included in future research.
20. In future studies the effects of fatigue on the structure should be considered once the details are

known.
21. Future research should investigate the effect of creep on the overhead beams.
22. Future studies should investigate the effect of initial imperfections on the structure.
23. In future studies results from the crash-worthiness tests may be implemented in the optimization

model.
24. In future research, the inertial properties of the full aircraft needs to be determined more accu-

rately.
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25. The inertia of all sections, especially the purple section, needs to be recalculated in the future.
26. In future research the rotation of the aircraft should also be taken into account which can be done

using a similar approach as done for the engine.
27. The connection between the joints and panels should be further investigated in future studies to

prevent stress concentrations.
28. Future research should include above mentioned parameters into their optimization analysis.
29. Validation of the added inertia can be done using a simulation of the full model in future studies.
30. Safe engine separation for the Flying-V should continued to be investigated in future research.
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A
Figures of Limit Plots

Figure A.1: Graph to determine GxL for tR ≥ 0.03. [41]

Figure A.2: Graph to determine −GxL for tR ≥ 0.03. [41]
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Figure A.3: Graph to determine ±GxL for tR < 0.03. [41]

Figure A.4: Graph to determine ±GyL for all tR. [41]

Figure A.5: Graph to determine −GzL for tR < 0.04. [41]

71



R. Koenderink - Engine Integration Flying-V

Figure A.6: Graph to determine −GzL for tR ≥ 0.04. [41]
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B
Design Optimization Figures
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Figure B.1: Minimum MoS values of panels (left) and stiffeners (right) of first iteration.
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Figure B.2: Responsible loadcase for minimum MoS values occur of panels (left) and stiffeners (right) of first iteration.
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Figure B.3: Responsible failure mode for minimum MoS values of panels (left) and stiffeners (right) of first iteration.
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Figure B.4: Minimum MoS values of panels (left) and stiffeners (right) of second iteration.
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Figure B.5: Responsible loadcase for minimum MoS values occur of panels (left) and stiffeners (right) of second iteration.
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Figure B.6: Responsible failure mode for minimum MoS values of panels (left) and stiffeners (right) of second iteration.
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Figure B.7: Minimum MoS values of panels (left) and stiffeners (right) of third iteration.
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Figure B.8: Responsible loadcase for minimum MoS values occur of panels (left) and stiffeners (right) of third iteration.
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Figure B.9: Responsible failure mode for minimum MoS values of panels (left) and stiffeners (right) of third iteration.
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C
List of Assumptions

Throughout the report a number of assumptions are stated. For convenience these assumption are
listed in the same order of occurrence below.

1. The mass of the Rolls Royce Trent XWB-97, including nacelle, is 10950 kg.
2. The center of gravity is in the center at 1/3rd of the engine’s length.
3. The Trent XWB-97 engine is not able to transfer different kind of loads to the mounts as it does

in existing aircraft.
4. The drag and lift generated by the engine can be ignored during operation.
5. Engine torque and gyroscopic loads are small compared to the other load cases.
6. A static load of 256354 N during blade loss is the most critical load during failure.
7. The center of thrust is along the central axis of the engine at the center of the fan.
8. Stiffeners and panels can be simplified to 1D coating and 2D shell elements without having a

large effect on the results.
9. The connections represented by couplings are assumed to be relatively rigid compared to the

rest of the structure.
10. For each dynamic loadcase, the time step producing the lowest MoS in the Von Mises criterion

provides the most critical nodal forces.
11. Applying a follower force is not required as its effect is limited with the set limit on the displacement

and rotation of the engine.
12. Sub-panels can be assumed rectangular without underestimating the critical buckling loads.
13. Local panel buckling is more critical than global panel buckling.
14. The crippling of a flange is independent of the length for all stiffeners.
15. The effect of non-rectangular sub-panels have limited effect on the critical buckling load.
16. All non-designed sections are made of Al2024-T361.
17. The aircraft can be divided into five separate sections for a decent indication of the total inertial

properties.
18. The blue section contains cargo in a cuboid shape with dimensions of 12.4 x 6 x 2 m and a

constant density of 161 kgm−3.
19. The Johnson-Cook variables of Al-7075-T651 are similar to those of Al-7475.
20. The initial rotation after engine separation for the rotational separation case has only a small effect

on the final results.

76


	Acknowledgements
	Abstract
	List of Figures
	List of Tables
	Nomenclature
	Introduction
	Research Objective and Questions
	Research objective
	Research questions

	Design Improvements
	Technical specifications
	Definitions
	Loadpaths at engine
	Material choice
	Overhead beams
	Skin-stiffened landing gear box
	Joints
	Thrust links and engine mounts
	Joints

	Assembly

	Loads
	Load cases
	Landing gear loads
	Engine loads
	Operational loads
	Engine failure loads

	Load location

	Model and Post-processing
	Reduction of variables
	Design workflow
	Finite element model
	Element types
	Connections

	Post-processing
	Margin of Safety
	Time-frame selection
	Applied criteria
	Additional considerations

	Proposed Optimization Method
	Initialization


	Crashworthiness
	Criteria for crashworthiness
	Regulations regarding crashworthiness
	Dynamic Response Index

	Model
	Estimation of inertial properties
	FEA model

	Engine-impact model
	Loads
	Configuration
	Modelling method


	Results and Discussions
	Mesh convergence
	Engine mounting structure
	Discussion

	Crashworthiness
	Elongated fuselage
	Inertia effect
	Influence engine mounting structure
	Engine separation
	Sensitivity analysis


	Conclusions and Recommendations
	Conclusion
	Recommendations

	References
	Figures of Limit Plots
	Design Optimization Figures
	List of Assumptions

