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1 MISSION ANALYSIS 1

The aviation industry is of paramount importance in the world as it helps to connect continents, countries and cultures within a
few hours. Whether it is for work, cargo transport or leisure, aviation has demonstrated to be the fastest and most efficient way to
travel long distances. The industry is constantly growing with the increasing demand. As part of this large and prolific industry,
the regional jet market bases its fleet mainly on design from the early 1990s such as the 50-seater Canadian Regional Jet (CRJ)
or the Embraer (ERJ) 145. In the next 20 years, it is forecast that about 2000 new regional aircraft could be needed [!], giving
the opportunity to design more efficient aircraft in terms of fuel burn, and thus in terms of CO; emissions, and economics than

existing options.

In this context, the American Institute of Aeronautics and Astronautics (AIAA) posted a request for proposal to design a family of
regional aircraft with fuel consumption 20% better than existing alternatives, with a comparable manufacture cost [1]. A 50-seat

and 76-seat variant are requested. In this context, the MWET (pronounced "mouette"!

in French) crew developed the conceptual
design for MWET-50 and MWET-76: two high-wing regional aircraft that feature Movable Wingtips and an Electric Taxiing
system (MWET). With those innovations, both aircraft successfully fulfill the requirement concerning the fuel reduction, while

remaining in the range of the cost of similar regional aircraft.

The Covid-19 pandemic has undeniably a big impact on aviation industry and regional jets are no exception. According to a
study from the Oliver Wyman firm [2], 2021 will not be any better than 2020. Although a growth is inevitably going to happen,
a 10 years period is announced as the time needed to recover from this crisis and reach back the pre-pandemic situation. In this
particularly difficult context, airliners might be less inclined to spend money on any aircraft, which is why efficiency is very

important.

The markets on which the recovery seems to be the fastest are developing economies of Asia and the Middle East, which
were already those with the most potential during the pre-Covid period. This report also forecasts that in the 2030’s, they will
experience the biggest traffic growth. In China, it is important to point out that domestic travel has already returned to pre-
pandemic levels since end of 2020. For this reason, the market that will be targeted by the MWET family, planned in the 2030’s,

will be mainly Asia, although Europe and America can still be interesting potential market later on.

The MWET aircraft family is aimed to enter the aeronautical market as a new regional airliner family composed of a 50-seat
configuration and of a stretch derivative which will be able to transport 76 passengers. The entry in service is planned for 2030.
The chosen engine will therefore need to be available no later than 2029. The objective of this new generation of airliners is to be

at least 20% better than existing 50-seat regional jets in 500 n mi block fuel per seat. Table 1.1 summarizes the main requirements

't means "seagull" in French. The bird from which the flapping winglets were inspired. This bird is also very common at the Belgian coast, thus introducing
a reference to the country where MWET was designed.
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that the design will have to meet in order to comply with the Request for proposal (RFP).

Passenger capacity 50 76
Design range [n mi] 2000 >1500
Cruise Mach number 0-78 [R] 0.78 [R]

0.8 [O] 0.8 [O]
Wing span [ft] ICAO Code B! ICAO Code B
Cruise altitude [ft] > 32000 > 32000
Takeoff distance [ft] <4000 <6000
Landing distance][ft] <4000 <6000
FAA Certification FAA 14 CFR Part 25 [3], (§343) | FAA 14 CFR Part 25

Takeoff Requirements || FAA 14 CFR 25.121 [3], (§121) | FAA 14 CFR 25.121

Table 1.1: Summary of performance required and achieved by the MWET family of aircraft. [R] denotes the requirements and
[O] the objectives.

Within the scope of reducing the family production costs and fuel consumption, series of design objectives have been defined in
order to impose a design guideline. This will allow to make choices for the different components of the airplane. These design

objectives, determinant for the choice of the innovations, are:
* minimizing the production costs by maximizing the commonality between both configurations;
* minimizing the operating costs;

» make the aircraft reliability equal to or better than that of comparable configuration.

Figure 2.1 illustrates the general design methodology that guided the MWET design. The starting point for the conceptual
design is to analyze the mission: based on the kind of aircraft that must be designed and the specific requirements, similar
aircraft are studied in order to have a global view of the design. Different configurations have been compared, and choices
were made to design an aircraft that best suits the mission. Based on an initial guess for the total weight, an initial sizing of
each component is made. The stability is studied. The position of the wing and the tail is adjusted until the aircraft the static
margin of the aircraft is in an acceptable range of values. If no configurations allow to have a stable aircraft, the conceptual
design is updated. Afterwards, performances are evaluated. This iterative process is repeated until the designed aircraft fulfill all

requirements and has optimized performance.

When the conceptual design of the aircraft is over, the preliminary design can begin. It consists in a more accurate evalua-
tion of various parameters like the drag or the aeronautical loads. The design of the internal structure of the aircraft is also

investigated.

!International Civil Aviation Organization (ICAO) has defined a requirement for regional airliner family named Code B which imposes the total span of any

regional aircraft to be lower than 78.74 ft. in taxiing.
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Figure 2.1: Flowchart of the conceptual design methodology (adapted from [4]). Solid arrows denote a choice from the design
team while dashed arrows mean a logical follow-up.

3 Configuration

3.1 Existing Configurations

The first step in the design of a new aircraft is to study existing configurations which meet more or less the same requirements
and which correspond to the same category of aircraft. It allows to have a global idea of what is done or not in the market
and why. It gives also a first approximation of different parameters which are needed at the early stages of a design such as an

estimation of the take-off gross weight.

Since the request for proposal imposes a regional aircraft family design which consists in two configurations, one of 50-seat and
the other of 76-seat, existing aircraft from several aircraft family are reviewed to determine the MWET family general design

choices and to begin the design. Some of these configurations are illustrated in Figure 3.1.

Based on these configurations, an optimal trade-off can be found in order to fulfill as much as possible the request for proposal.
Throughout the design of the MWET family, these different existing configurations were used as benchmarks so that its main

parameters could always be compared with theirs.
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Figure 3.1: Different aircraft configurations: Mitsubitshi MRJ100 (top left), Embraer E-jet family (top right) and Bombardier
CRIJ family (bottom). [5—7]

(4] [©]

Passengers 50 50 50
MTOW [Ib] 48501 53000 56200
Max. payload [1b] 12755 13100 12820
Max. fuel [Ib] 11322 14305 12010
Takeoff field length [ft] 7448 6290 3206
Landing field length [ft] 4593 4029 3687
Max. cruise speed [KTAS] 461 464 495
Range [nmi] 1550 1700 2000

Table 3.1: Typical 50-seats regional airliners.

(4] (V]

Passengers 72 75 76
MTOW [Ib] 82012 84500 70637
Max. payload [1b] 19848 19995 19060
Max. fuel [1b] 20580 19450 14700
Takeoff field length [ft] 5190 6072 4165
Landing field length [ft] 4029 5120 4003
Max. cruise speed [KTAS] 472 472 497
Range [nmi] 2100 2000 2000

Table 3.2: Typical 76-seats regional airliners.
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High-wing. Three main wing configurations are available: low, mid or high-wing aircraft. The different configurations have

their advantages and disadvantages. The choice of a high-wing is the more adapted for several reasons:

e Since MWET-50 and -76 are regional aircraft, they will not cross the sea for a long time thus an emergency landing in
water can be avoided in case of failure. This usually non-negligible advantage of low-wings is not valid in this case and

therefore, the high-wing configuration can be taken into account given that it has many advantages.

* The ground clearance is better. The engines can thus be placed such that interference effects with the wing are small. In
addition, flaps can be bigger which is advantageous since the requirements in terms of take-off and landing distances are

more restrictive than similar aircraft.
* It keeps the engine away from debris or rocks in case of emergency landing on rough terrain.
* A shorter landing gear is required, thus reducing its weight.

* The landing gear can be placed in the fuselage instead of the wings. Therefore, it reduces the loads applied by the wings

on the fuselage.

Flexible Winglets. Many aircraft feature winglets but it exists many variants such as raked wingtips, canted winglets or wingtip
fences to name a few. The particularity of the wing of the MWET aircraft is that it includes winglets with a semi-aeroelastic hinge,
named flexible winglets. This innovative technology is based on a process of biomimicry which takes inspiration from albatross
flights. Indeed, this type of bird is able to lock or unlock its wingtips as desired according to the flight conditions, which means
that if they want to travel long distances without losing too much energy, they lock them. Inversely, if they face wind gusts, they
unlock their wingtips to better surf through them. This device has two main functions. The first one is that it enables a span
during the flight larger than the one restricted by ICAO Code B, because the winglets are folded up at 90° during taxiing to reduce
the span under this restriction. The second one is that it enables a larger aspect ratio than conventional regional aircraft since the
static and dynamic loads produced by the increase of span are almost not transferred to the main wing thanks to this innovative

hinge, as explained in the AlbatrossOne project [10-16].

Among the multiple empennage configurations available for aircraft, a T-tail is chosen for MWET-50 and -76. This tail
configuration is popular among business jets and transport aircraft. The Bombardier CRJ200, Embraer ERJ 145 and the British

Aerospace 146 (BAe 146), which are well-known regional aircraft, indeed have a T-tail.

This tail configuration presents many advantages. The vertical tail is located as far as possible from the disturbed airflow coming
from the wing and the fuselage, and of the engine exit flow. It improves the performance of the empennage and its control

surfaces. The lower influence of the wing on the horizontal tail also results in reduced vibration on the tail and thus less fatigue,
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increasing the lifetime of the empennage. In addition, the horizontal tail acts as a end-plate for the fin, allowing a reduction of

the empennage drag.

However, the T-tail configuration also has drawbacks. A T-tail is heavier than the conventional tail configuration because the fin
has to support the horizontal tail. In addition, the particular location of the horizontal tail with respect to the wing influences the
stall characteristics. The horizontal tail can be caught in the wing wake at stall or post-stall. This phenomenon is called deep stall
and can have dramatic consequences when it occurs. The perturbed incident airflow decreases the efficiency of the horizontal tail
and of its control surface, reducing the contribution of the horizontal tail to the longitudinal stability. The aircraft must thus be

stable enough to recover from stall even if the horizontal tail is blanketed by the wing wake.

In general, high-wing aircraft use either turboprop engines or turbofans. Without considering their efficiency, the former are
suitable for short flights from short runway while the latter allow to fly at higher cruise velocities and at a higher ceiling altitude.
In order to respect all requirements, the final choice is in favor of the use of turbofans. In general, engines of regional aircraft
are either mounted under the wings or aft-mounted. The high-wing configuration lead to the latter choice in order to avoid the
distorted airflow endured by aft-mounted engines. Moreover, a promising sustainable aviation fuel is considered. It is indeed

identified as one of the key elements to reduce the Greenhouse Gas emissions in the aviation domain.

The environmental impact has to be taken into account when designing a new aircraft. A lot of research are published con-
cerning the use of as many electrical systems as possible in the aircraft. The MWET family is designed to be eco-friendly. A
lot of fuel is consumed during taxiing. This consumption increases year by year due to the increasing number of passengers
and thus the increasing number of aircraft at the airport. Typically, the busier the airport, the more time an aircraft spends on
the ground. The duration is assumed to be around 30 minutes per flight. Moreover, the turbofan engine that is used today is
optimized for flying and not to power the aircraft during taxiing on the ground and that could lead to more fuel consumption
especially for medium-haul aircraft that spend more time in taxiing compared to the actual length of the flight. Consequently,
an electrical taxiing system is used for the MWET family. It will allow to decrease the fuel consumption on the ground and to
reduce carbon emissions (CO,NO,,CO, etc). Another target of the MWET family by using the ETS electrical taxiing system is
to be completely autonomous and able to taxi in and taxi out without using any ground services and infrastructure. According
to interplex [17], this solution would help to reduce the traffic at the airport, improve flight punctuality, save more time during

ground taxiing, and finally contribute to maximize the capacity at the airport.
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Figure 3.2: Three-views representation of MWET-50, dimensions in feet (black = common values for both configurations).
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Figure 3.3: Three-views representation of MWET-76, dimensions in feet (black = common values for both configurations).
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Figure 3.4: CAD of the MWET-50 in flight and taxiing configuration.
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Figure 3.5: CAD of the MWET-76 in flight and taxiing configuration.
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The first step of the wing design is to estimate the lift force that the wing will have to produce based on a first guess of the
take-off gross weight. As soon as the objective is determined, the geometric parameters can be evaluated following the needs
and the requirements imposed by the AIAA Design competition [1]. The methodology which guides the entire wing design is
illustrated in Figure 4.1.

! Review of existing .
H R .
Cruise conditions| ! regional aircraft

Takeoff gross weight [——» Est!matlon of ﬂ.le lift . [€——> Surface  Dihedral Twist Tap.e r
coefficient needed in cruise ratio !
A i
: D SR LRl N
' ICAO code B|—/>» Span Estimation of geometric parameters Estimation of the lift E ;

! E—
! and drag produced by ,

: the wing b
: Aspect b

ratio Sweep

5 NO i
: Review of I j Enough lift 2 2»------- Co
1 lAlbatrossOne (Airbus) '

' Review of

' high-subsonic airfoils
: A
NO

YES :

Y.

Airfoil choice

Stable for
lift coefficient
estimated ?

Lift-to-drag
close to the
optimum ?

Incidence angle
acceptable ?

Fix geometry

Figure 4.1: Wing design methodology; solid arrow means "determine", a dashed arrow means "change".

In order to design an optimal regional aircraft family with very similar characteristics for both configurations, it is interesting
to design a single wing for MWET-50 and -76 to drastically reduce the manufacturing cost. Figure 4.2 illustrates a schematic of
the entire wing planform. Furthermore, based on the general choices stated in Section 3.2, another main objective is to design a
wing whose induced drag is considerably reduced compared to similar existing configurations. The objective is to decrease the

MWET aircraft’s fuel consumption.

Span. Based on existing configurations of regional airliners (Section 3.1) and in order to comply with the ICAO Code B, the

wing span of the MWET family is set at 68.9 ft when the flexible winglets are folded up at 90°, i.e. during the taxiing phase. The



4 COMPONENT DESIGN 11

18.8

Figure 4.2: MWET-50 and -76 wing planform [ft]. MAC is the mean aerodynamic centre and c is the chord.

wing is designed to exceed this requirement in flight, as the winglets unfold. Following Castrichini’s research [ 10], which claims
that flexible winglets enable an increase in the wingspan by about 25% at the expense of an increase in the loads carried by the

fuselage of only 4%, the wing span when the winglets are unfolded reaches 91.9 ft.

Aspect ratio. As it will be explained in details in Section 4.1.c, the flexible winglets enable to reach a higher aspect ratio
than similar aircraft without increasing the loads transferred to the fuselage. That has the direct consequence of considerably
reducing the induced drag compared to its competitors. Indeed, according to the design team of Airbus’s AlbatrossOne [12],
flexible winglets allow to double the wing aspect ratio of an Airbus-like aircraft without the usual detrimental impact on loads
and handling qualities. Henceforth, the aspect ratio is set at 14.5 since the common aspect ratio for a regional airliner is between

7 and 9 (Section 3.1).

Wing area. The wing area can be deduced from the aspect ratio and the span. This results in a total surface of 581.25 ft2, which

is in the same range as the other regional airliners comprising 50 to 76 seats.

Taper ratio. The choice is based on a very common value among high-subsonic aircraft [18]. A taper ratio A = 0.3 enables
to approach an elliptical lift distribution, which is the configuration that minimizes the induced drag produced by the wingtip
vortices as shown by Prandtl in the lifting line theory [19]. The resulting chord lengths are respectively 12.81 ft at the root and

3.84 ft at the tip of the winglets.

Twist angle. The washout angle prevents the wing tip to stall before the wing root. It is thus necessary to apply one on the
MWET aircraft family. A common value for the twist angle is -3° for high-subsonic aircraft [18],and provides adequate stall

characteristics.
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Anhedral angle. The value of the anhedral angle is chosen based on common values that are applied on other high-wing

aircrafts [18]. Therefore, the anhedral is equal to 3°.

The choice of the airfoil is driven by the velocity at which the aircraft flies during cruise, as it is the longest phase of the
flight. A supercritical airfoil is the most consistent choice for a high-subsonic flight because it has the particularity to increase
the drag-divergence Mach number, so that an excessive increase in drag is prevented even in the case of a cruise speed very close

to the critical Mach number.

Moreover, one important characteristic of airfoil families is that they are designed to fly in the range around their optimal angle
of attack in order to stay in their drag bucket. This optimal angle of attack is close to 0°. A particularity of supercritical airfoils
is that this additional constraint is all the more true since the drag increases much faster than common airfoils as the angle of
attack moves away from the optimum. Indeed, the example of the NASA SC(2)-0714, as it will
be further discussed, can be used to illustrate that when the lift coefficient exceeds the design lift coefficient (i.e. ¢; = 0.7), the
drag coefficient blows up, which has a negative impact on the performance of the aircraft. Therefore, it is preferable to give an
incidence angle to the wing as close as possible to 0° so that in cruise, i.e. when the angle of attack of the aircraft is 0°, the drag

remains small as can be seen in Figure 4.3.

Figure 4.3: Experimental data for the NASA SC(2)-0714 airfoil presenting the lift, drag and moment coefficients as a function
of the angle of attack for various Reynolds number, at M = 0.72 [20].

The next step is to find an airfoil that would give to the aircraft the required lift force to ensure equilibrium at mid-cruise and
full-payload (i.e. design point) as it is defined in [4] for a small angle of attack. Therefore, the NASA supercritical airfoil
family is investigated by comparing the evolution of the lift-to-drag coefficient with respect to the lift coefficient and also the lift
coefficient curve with respect to the angle of attack, for MWET’s 3D wing with different NASA supercritical airfoils. Among

them, the NASA SC(2)-0714 stands out as the wing produces the required lift at very small angles of attack, and its thickness
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ratio of 14% provides some room for fuel storage as well as some robustness. The curves from Figure 4.4 are built thanks to
empirical correlations [4] which enable to take into account all the geometric parameters as well as the airfoil’s geometry (i.e.
NASA SC(2)-0714) [20]. One main equation can be defined to link the 2D lift coefficient of the airfoil with the 3D one of the

entire MWET aircraft, recalled below;

21
CLw = [aroot - (Ot

2 IOI‘OOI
B2+ 1 +< 2 )2
pAR Pira cosAg PAR

+ aorEaip)| “1.1)

2r

Where B3 is the compressibility factor, AR is the aspect ratio, ¢; o is the 2D lift curve slope, Ag is the corrected sweep angle by j3,
Q00 18 the angle of attack at the wing root, Qo is the zero-lift angle of attack of the airfoil, 0, is the local aerodynamic twist

and &, ip is the aerodynamic twist which is equal to geometric twist in the MWET aircraft.
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Figure 4.4: Lift-to-drag coefficient with respect to the lift coefficient (left) and lift coefficient with respect to the angle of attack
(right) of the 3D wing with the NASA SC(2)-0714 with empirical correlations.

It can be seen that for the lift coefficient at the design point (i.e. required to ensure equilibrium at full-payload and mid-cruise [4]),
the lift-to-drag ratio is close to the maximum one that can be provided by the wing. Moreover, the lift curve with respect to the
angle of attack (Figure 4.4 (right)) illustrates that the wing can provide the required lift coefficient at an angle of attack almost
equal to zero, which is expected. To summarize, the chosen airfoil is the NASA SC(2)-0714. Its characteristics are gathered
in Table 4.1, where ( %)max is the maximum thickness ratio, ¢} ¢ is the 2D lift curve slope, o, is the angle of attack for which
the airfoil produces no lift, ¢; 4y is the 2D maximum lift coefficient reachable by the airfoil before stall and, finally, ¢, is the

moment coefficient with respect to the quarter-chord.
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Figure 4.5: Geometry of the wing profile section [20]. Table 4.1: Characteristics of the wing profile section [20].

Sweep angle. The cruise Mach number is chosen with respect to the mission requirements at 0.8. Since the MWET family
will fly in a transonic regime, it may occur that at some points of the wings, the flow becomes sonic, which would alter the
performances of the aircraft if it exceeds its drag-divergent Mach number. That is why on all transonic aircraft, a sweep angle
is applied. Indeed, when the wings are effectively swept backward, the velocity actually seen by these stays close to the design

Mach of the airfoil, which is the point at which it is the most efficient. Therefore, the sweep angle can be evaluated as:

A4 = arccos (MDESIGN> ~ 25.8°. 4.1.2)
CRUISE

Incidence angle. The angle (i) at which the wing is fixed on the fuselage is determined based on design point defined above.

It is chosen in order to keep the fuselage parallel to the flow during most of the flight to minimise its drag force. A first

approximation has been determined thanks to empirical correlations [4] in order to demonstrate that the wings are in the good

range of angles of attack. However, more accurate values of these angles of incidence will be computed in the aerodynamic

analysis of the wings (Section 5.2). Table 4.2 summarises those results.

Angle of incidence [deg] 0.58 1
Lift coefficient in cruise [-] 0.4 0.46
3D lift coefficient derivative [rad '] 7.9 7.9

Table 4.2: First approximation of the angles of incidence and characteristics of the wings of MWET-50 and MWET-76 with
empirical correlations; the required lift coefficients are determined to ensure equilibrium at mid-payload and mid-cruise.

From these results, it can be deduced that the wings are in the good range of angles of attack given that both angles of attack stay

in the drag bucket around 0°.
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The use of flexible winglets is mainly based on the work of Castrichini and Wilson with their project AlbatrossOne at Airbus
Company [15]. A major concern of the current aircraft market is to reduce the CO; emissions of the future generation of aircraft
but also their fuel consumption. A serious obstacle for the fuel consumption reduction of aircraft is induced drag, inversely
proportional to the aspect ratio of the wing [19];

i

| = 4.1.
Cpi= —po (4.1.3)

where Cp ; is the induced drag coefficient, C; the lift coefficient, AR the aspect ratio and e the Oswald efficiency factor.

Therefore, a quick way to significantly reduce this drag component is to increase the aspect ratio. However, on common air-
craft, the larger the aspect ratio, the larger the loads at the wing-fuselage junction which implies that it has to be drastically
reinforced. Consequently, this unavoidable reinforcement has a direct negative impact on the aircraft weight and thus, on its

performance.

The biomimicry enabled to develop the idea of a flexible winglet. It has been demonstrated by Castrichini and Wilson that the
dynamic loads produced by the increase of the span could be alleviated by the hinge’s flexibility of the winglets. Indeed, the
static and dynamic loads to which the winglets are subjected are almost not transferred to the main wing as the aircraft "surfs"
through wind gusts. Airbus’ engineers illustrate in their case study that a 25% increase in span using flexible winglets resulted
in almost no increase in loads (about 4%). Obviously, this increase in span would directly increase the aspect ratio for a same

surface, thus considerably decreasing the induced drag which is the objective of this innovative technology.

In the case of MWET, the flexible winglets and more particularly the hinge stiffness is designed to transfer exactly the necessary
lift in cruise such that the winglets are just in continuity of the wing during this phase of flight. It means that in case of gusts or
manoeuvres, the pressure differentials on the winglets result in higher or lower loads than the ones for which the rigidity of the
hinge has been designed, thus they fold up or down. Another particularity of the flexible winglets it that they can be folded up at

90° in taxiing and at the airport. The different phases of the winglets are illustrated in Figure 4.6.

Figure 4.6: Different states of the flexible winglets from gate-to-gate.

Load alleviation, however, is only possible if the hinge line forms an angle with respect to the free stream [10]. An optimal value
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for this so called flare angle will thus have to be computed in next researches. Because such an angle is introduced, the most
efficient position of the winglets in terms of drag is when they remain almost flat, as shows Figure 4.7. The hinge therefore needs
to be designed such that this configuration is reached during cruise conditions. The following graph is built using a Steady Vortex

Lattice Method code taking into account a compressibility correction. [21,22].
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Figure 4.7: Evolution of the lift-to-drag coefficient ratio with respect to the deflection angle of the winglets with a hinge perpen-
dicular to the quarter chord.

The objective of the hinge design is to estimate the torsion stiffness as well as the initial position of the torsion spring that
is placed at the hinge. These estimations will enable to determine if the hinge is reasonable and feasible or if it is impossible
to design such torsion spring. The flexible winglets and the hinge are represented in Figure 4.8 with all the forces that act on
it.

Torsion moment Lift force
Lpw

L Clean wing j th | |
Wing@

Weight
Wrew 11

Figure 4.8: Simplified schematic of the winglet with its hinge.
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Two situations, denoted by (I) and (II), can be highlighted.

I. The moment equilibrium is reached i.e. when the relation (4.1.4) is verified. In the MWET case, the moment equilibrium

is wanted when 6 = 0.
II. The initial position of the torsion spring i.e. no force acts on the winglet.

Therefore, the moment equilibrium at the hinge can be written as,
K(efeo) = Lrw - lrw — Wrw - by, “4.1.4)

where K is the torsion stiffness of the spring, 0 is the position of the winglet at equilibrium, 6y is the initial position of the spring,

Lpw is the lift force, Irw is the lift lever arm, Wry is the winglet weight and ly is the weight lever arm.

As stated previously, 8 = 0, the equation can be rewritten as follows;
—Kk6y = L-lpw —Wrw - lw (4.1.5)

From then on, the weight of the winglet is estimated to Wgy = 355.7 1bf based on the Section 4.9 by multiplying the total weight
of the semi-wing and the ratio between the winglets surface and the total wing surface. Concerning the lever arm of the weight,
the location of the center of gravity of the winglet is needed. However, it is still unknown at the stage of the design so it can be

approximated to one third of the winglet length.

The second term that has to be determined is the moment due to the lift force. Since the wing of both MWET aircraft are not
placed at the same incidence angle on the fuselage, the moment due to the lift generated by one winglet is different for the two

aircraft. The software FLOW which is used in Section 5.2 can be used to determine the moment due to lift force.

MWET-50

MWET-76

~ 14851
~ 19942

Table 4.3: Different values of the moment generated by one winglet at the hinge.

Since all the moments are known, the Eq. 4.1.5 can be simplified for both configurations in,

K6y = —13490 ft.Ibf, for MWET-50
(4.1.6)
K6 = — 18581 ft.Ibf, for MWET-76

The torsion stiffness (k) and the initial position (6p) of the spring can be tuned in order to obtain an initial position which tends

to 0 while keeping a reasonable rigidity.
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Figure 4.9: Evolution of the torsional stiffness of the hinge with respect to its initial position for MWET-50 and MWET-76.

Based on these results, a comparison can be performed with the range of torsion stiffness proposed by the team working on the
AlbatrossONE. They test some hinges with torsion stiffness from 7-10* to 7-107 %gf [10]. Henceforth, it can be concluded that

the range of stiffness illustrated in Figure 4.9 is quite conclusive and reasonable. The manufacture of such a torsion spring is

realistic.

Another parameter that could be interesting to estimate is the mass of the hinge. The aim is to investigate the structural loads
that the hinge could generate at the wing root, which could counterbalance a part of the lift during cruise as the engines do. A
way to proceed is to review the commercialized torsion springs [23], which is done in Figure 4.10 (left) in order to determine an
acceptable value of stiffness by unit of mass. From then on, a graph can be built up to illustrate the evolution of the mass spring
with respect to the initial position of the spring. Thanks to the spring market review, it is concluded that a value of approximately

1681 ,{;:lrzg is a potential value that could be reached. It is important to keep in mind that the review of the commercial spring

market has been performed thanks to spring catalogs which propose industrial springs made of heavy materials such as steel
for example. Therefore, the mass of the hinge system is overestimated since lighter materials can be especially developed for

aeronautical applications.
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Figure 4.10: Evaluation of the spring mass with respect to its initial position thanks to a market review and definition of the
configuration for both MWET-50 and MWET-76.
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As a conclusion, the mass of the hinge could be determined thanks to a market review of commercialized torsion springs for 50-
and 76-seat configurations. It is chosen that the same torsion spring is used for M WET-50 and MWET-76 to continue to minimize
the production costs by increasing the commonality between the two aircraft. In order to keep the added mass on the wing as low
as possible while keeping the initial position as close as possible from 0°, the mass of the torsion spring is equal to ~ 46 Ib as can
be seen in Figure 4.10 in the right graph. Consequently, the spring’s initial position of the MWET-50 is -10° and the MWET-76’s

is -13.8° which stays in the range that has been defined in Figure 4.7. To summarize, the hinge characteristics are recalled in the

Table 4.4.
Initial position [°] -10 -13.8
Torsional stiffness [ft.Ibf/rad] 7.7e+04
Hinge mass [1b] 46

Table 4.4: Principal characteristics of the hinge mechanism.

However, the configuration I. is determined based on the cruise conditions corresponding to the design point (i.e. at full-payload
and mid-fuel) but the equilibrium position varies if the MWET aircraft are flying in off-design conditions. Henceforth, the flexible

winglets have to fold up or down in order to return in moment equilibrium with respect to the hinge.

For this reason, it is important to check that the equilibrium positions stay around 0° to minimize the increase in drag in off-design
conditions with the chosen hinge characteristics as it has been shown in Figure 4.7. Two critical cases are considered to prove
that even if the flight conditions is changed, the equilibrium positions are close from 0° and thus, that the drag remains small. The
first one is the case of a full-payload and full fuel flight and the second one is the hypothetical case with no fuel and no payload.
In order to determine the lift moment produced in those two cases, FLOW is used. The latter is a full potential equation solver
which will be described in more details mater. Since the hinge characteristics are known, the Equation (4.1.4) can be reassessed
to determine the new equilibrium positions with respect to the one evaluated thanks the design point for both aircraft. The results

are illustrated in the Figure 4.11.
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Figure 4.11: Evolution of the winglet deflection angle with respect to the flight conditions for both configuration using FLOW.
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It can be concluded that even if the flight is in off-design conditions, the deflection angles with respect to the equilibrium position
based on the design conditions stay small such that the drag is not significantly increased. Indeed, from Figure 4.7 and 4.11, it
can be computed that the lift-to-drag ratio does not vary more than ~ 5% with respect to the design point when MWET-50 and
MWET-76 are flying in off-design conditions. Consequently, it can be deduced from these results that the hinge is well-designed

for the MWET flight cases.

As a conclusion, the hinge design is approximated as being a torsion spring, thus further investigations will have to be performed
in order to determine exactly what it is needed and which type of mechanism will be used. In addition, it is important to proceed

to an aeroelastic study of the wing with the flexible winglets to assess the behavior of them in a subsonic flow.

The empennage is composed of two parts: the horizontal tail and the fin. It ensures the trim, stability and control of the aircraft.
The horizontal tail provides longitudinal trim by compensating the pitching moments coming from several sources, such as the

wing. The fin counteracts yawing moments to ensure lateral stability.

The sizing methodology of the empennage is inspired by [18] and [24]. The empennage is designed with the optimizing tool
of EXCEL. The objective is to minimize the drag and the weight of the empennage, while fulfilling the static stability and trim
requirements. The limits used for this optimization have been chosen with statistics from similar aircraft and typical ranges of
values given in [18] and [24]. It is common for aircraft families to reuse the wing and empennage from an aircraft family to

another, as it can be seen, for example, in the Embraer ERJ family.

The horizontal tail design results from an iterative process between the geometrical parameters and the longitudinal equilibrium.
The force equilibrium equation and the pitching moment around the center of gravity (CG) equilibrium equation are reminded in
Equations (4.2.1) and (4.2.2). xc¢ is the distance between the nose of the aircraft and the center of gravity of the aircraft, x4c, the
distance between the nose of the aircraft and the aerodynamic center of the wing, ¢ is the mean aerodynamic chord of the wing
and I is the distance between the center of gravity and the aerodynamic center of the horizontal tail. The last ratio is also called
the tail volume coefficient. Given that the horizontal tail has a symmetrical airfoil, its moment coefficient is null (Cy,; = 0). Both

equations are adimensional and the moment are considered positive when the aircraft pitch up.

Cr, +Crp F —mg=0 (4.2.1)

Cy +Cr,, &2 4G, —Cpp L =0 (42.2)

In the following section, the limits used for the optimization are specified and the final results given are the ones resulting from

the iterative process described earlier.

The geometry of the empennage of MWET-50 and -76 is the same. The geometry of the horizontal tail is shown in Figure 4.12.

The geometry of the fin is shown in Figure 4.13.
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12.3

5.8

Figure 4.13: MWET-50 and -76 fin planform [ft].

Span. According to statistics gathered on similar aircraft (EMB 145, CRJ 200, etc), it appears that the horizontal tail span is
usually about a third of the wing span while the fin span is about a sixth of the wing span. A 20% margin is used to derive the
limits used for the horizontal tail and the fin design. The span of the horizontal tail (br) is of 27 ft and the span of the fin (bf) is

11.5 ft.

Aspect ratio. The aspect ratio of the horizontal tail is often included in [3;6] [4], and for the fin of a T-tail it is included in

[0.7;1.2] [18]. The aspect ratio is ARt = 6 [-] for the horizontal tail and ARr = 1.16 [-] for the fin.

Tail area. The ratio of the horizontal tail surface and the wing surface is often included in [0.2;0.4] [4]. In addition to this limit,
the horizontal tail surface has to be consistent with the chosen aspect ratio. This latter condition is also valid for the fin surface.

The surface of the horizontal tail is S7 = 122.10 ft2 (St /S = 0.21) and the surface of the fin is Sp = 130.64 ft2.

Taper ratio. The horizontal tail taper ratio is often similar or lower than the wing taper ratio and is usually included in [0.3;0.6]

[24]. Given those two conditions, the only value possible for the taper of the horizontal tail is Ay = 0.3 [-]. The taper of T-tail fin
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is included in [0.6;1] [18]. Ap = 0.7 [-] finally came out of the iteartive process.

Sweep angle. The sweep angle at quarter chord of the horizontal tail has to be at least 5° higher than the one of the wing to
avoid shock waves, and, for transport jets, it never exceed 40° [18]. The quarter chord sweep angle of the fin is often of about

30° to 40° [4]. The quarter chord sweep angle of the horizontal tail is A4 7 = 31° and the one of the finis Aj /4 7 = 35°.

Twist angle and dihedral angle. The horizontal tail hardly ever features a twist angle and a dihedral angle. For the sake of
symmetry, the fin is never twisted and never has a dihedral angle. They are thus set to 0° for both the horizontal tail and the fin

for both MWET-50 and -76.

Tail volume coefficient. A last criterion that is often used in empennage design is the tail volume coefficient. This coefficient
is a non-dimensional measure of the aerodynamic effectiveness of the tail. Some methodology for empennage design [25] are
entirely based on this coefficient. For the MWET family of aircraft, the tail volume coefficient was used as the last limit in the

optimization process to verify that the horizontal tail and the fin are well-designed.

_ Srl —  Srl
v, — Srir _OFIF

and Vi SD

= 4.2.3)
"7 Semac

The tail volume coefficient is defined for the horizontal tail and the fin in Equation (4.2.3), where I7 r is the lever arm of the
horizontal tail/fin with respect to the center of gravity, St r is the tailplane surface, S is the wing surface, cmac is the wing
aerodynamic chord and b is the wing span. In the final configuration of the empennage, the coefficients are given in Table 4.5.
According to Raymer [ 18], for a T-tail, the typical tail volume coefficient can be reduced by 5% for the horizontal and vertical
tail due to the end-plate effect and the improved flow. This criterion is met for MWET-50. The tail volume coefficient is larger for
MWET-76 given the larger lever arms, but is close to the typical range of values. This ratio takes its importance in the equilibrium
equations. The fact that the ratio is slightly out of the range for MWET — 76 is not an issue as long as the equilibrium criterion

is fulfilled.

Vr [-] 1.18 1.38 [0.95; 1.2]
Vr [-] 0.09 [0.07; 0.09]

Table 4.5: Horizontal and vertical tail volume coefficients for MWET-50 and MWET-76.

The geometry of the empennage is far less complex than the one of the wing, because less critical. While the wing produces
almost all the lift needed to allow the aircraft to fly, the horizontal tail produces just the required amount of lift needed to keep
the aircraft in a trimmed configuration. The lift coefficient of the horizontal tail is most of the time close to zero during cruise.
To decrease the manufacturing cost, symmetrical airfoil of the NACA four-digit family are commonly used for the horizontal
tail. The thickness of the airfoil is taken the lowest possible for three main reasons. First, a thinner airfoil lowers the weight of

the horizontal tail, which is important so that the fin can support it. Then, flight condition in cruise are close to the transonic
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regime, which means that shocks can occur. A thin, swept wing (or horizontal tail in this case) is less likely to generate shocks.
Finally, the thinner the airfoil, the lower the drag. The optimizing process depicted earlier leads to the choice of a NACA-0008

airfoil.

To preserve the symmetry of the aircraft, symmetrical airfoils of the NACA four-digits family are used for the fin. The airfoil of
the fin has to be thicker than the one of the horizontal tail to provide enough mechanical strength to support the horizontal tail,
while remaining thin enough to avoid increasing dramatically the drag and the weight of the aircraft. A NACA-0012 is finally

selected. The characteristics of the airfoils of the horizontal tail and the fin are summarized in Table 4.6.

Maximum thickness ratio, () (%] 8 12
maxTrF

2D lift curve slope, ¢j o - [rad '] 6.02 6.11

Zero-lift angle of attack, Oy 1 [deg] 0 0

Maximum 2D maximum lift coefficient, Clmaxyp [-] 1.2 1.55

Moment coefficient (w.r.t quarter-chord, ¢p, . [-] 0 0

Table 4.6: Characteristics of the horizontal and vertical tail profile sections [26]

The control surfaces are essential for the control of the aircraft. The lift can be adapted to the needs of the aircraft to remain
in equilibrium or perform a manoeuvre by deflecting the control surfaces. Their design is mainly based on statistics but also on
the requirements concerning the take-off and landing distances. The validity of the design can be verified for a critical case of

flight.

Several flaps configurations can be used. Ranking them by increasing aerodynamic efficiency but also increasing mechanical
complexity, it exists split, plain, single-slotted, double-slotted or Krueger flaps, to name a few. At first, the maximum lift
coefficient of the wing must be determined, in order to quantify by how much the flaps must increase the lift. To do so, a

correlation from [4] is used:

(Crmax)root T (ClmaX)tip
2

CLmax = cOs A 4 0.95 = 1.6245 [-], 4.3.1)

where (C/max)roor = (Crmax )y because the airfoil remains the same along the span. Then, based on the methodology described in
an open educational resource for Hamburg Open Online University (HOOU) [27] and assuming that the kinematics of the flaps
does not influence much their performance, one can obtain a value of the increase of the maximum lift coefficient provided by

the flaps AC; 4x, f using the formula

ACIA,max,f =ki ky (Acl,max) base [-1, (432)
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where (Achmax) is the maximum increase in the lift coefficient for a flap with a 25% flap chord at a reference flap angle, k; is

base
a correction factor which takes into account a relative flap chord that has a value other than 25%, and k; takes into account a flap

deflection that differs from the reference value.

Still based on the methodology of [27], the increase in 3D lift coefficient can then be expressed in terms of the 2D lift increase,

accounting for the sweep angle and the surface of the flaps:

WS gy, (4.3.3)

Sw.
ACL,max,f' = ACl,max,f SW

where Acj gy, 7 is obtained from Eq. (4.3.2), K, is an empirical correlation factor for taking into account wing sweep, and SLWf

is the area ratio for the flaps (Sw s considers the area of the flaps as if they covered the entire chord).

It is decided that the use of doubled-slotted flaps without any leading-edge device is the best configuration. They provide
sufficient lift coefficients to take-off and land safely within the requirements, contrarily to single-slotted flaps which make it
impossible to respect approach speed category C (< 141 kts). Furthermore, the addition of slats was assessed following the
methodology described in [27]. Even though the combination of single-slotted flaps and slats increases the performance in terms
of take-off and landing with respect to double-slotted flaps, the mechanical complexity and cost of such leading edge devices

make this increase not worth it. Finally, the use of double-slotted flaps is in line with what is done in the industry [28].

The length of the flaps is set to 19.7 ft so that they cover the maximum span available, considering that some space must be left
for the ailerons and high-lift or control devices cannot be mounted on the flexible winglets. Moreover, a small security margin
of 0.8 ft is left between the flaps and the fuselage. The flap-chord ratio is 30%, while the deflection angles are set to respectively
20° and 50° in takeoff and approach. Those values are in line with the optimal ones for double-slotted flaps, as stated in [27].
The resulting increase in maximum lift coefficient is thus maximized for a given area ratio and sweep angle. This lift coefficient

increment leads to the values of Crna.x Which are summarized in Table 4.7.

Maximum lift coefficient in cruise (Cr, max clean - 1.62
Maximum lift coefficient at take-off (Cr, max) 2.17
Maximum lift coefficient in approach (CL max) app 2.43

Table 4.7: Maximum lift coefficients of the wing with 19 ft long and 30% chord double-slotted flaps, deflected by 20° at take-off
and 50° in approach.

In the design of the ailerons, four main geometric parameters have to be determined: the aileron planform area (S,), the aileron
chord over span ratio (2—2), the maximum up and down aileron deflection (64 max) and the location of the inner edge of the
aileron along the wing span (b,;). Figure 4.14 illustrates geometrically the link of these different parameters on a standard wing.
However, as it can be observed in Figure 4.2, the MWET wings are composed of two parts: the first one is the clean wing and

the second one is the winglets. Therefore, for the sake of roll controllability, the ailerons should be placed before the hinge with
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Figure 4.14: Geometry of the ailerons on the MWET semi-wing.

respect to the wing root.

Some statistical data have been collected on a series of airliners concerning the geometric parameters of an aileron [24]. There-

fore, some guidelines about the aileron design can be deduced and are summarized in Table 4.8.

As illustrated in Figure 4.2, it is assumed that the flaps and the ailerons can be placed side by side based on the assumption that

the mechanisms do not need space in between.

From this point, the length of the ailerons (b,) can be arbitrarily set from the end of the flaps to 0.8 ft before the hinge to keep
room for the hinge of the winglets and then, b, = 16.4 ft. Moreover, the location of the inner edge of the aileron (b,;) is also
known from the assumption that has just been made which is equal to 50.8 ft. To finish, the aileron-to-wing-chord ratio is set
at 30% to keep the ailerons in alignment with the flaps, which also have a ratio of 30%. Although this value is higher than
statistical data computed thanks to a large range of airliners, it stays close from the general guidance (cfr. Table 4.8). With all

these parameters, the ailerons surface can be computed thanks to following equation;

b,
. + X Za
5, =2 x (Cimer 62("““) 2 A 881, (4.3.4)

Wwith Cinner and couter respectively the chord at the inner and outer edge of the aileron. The statistical range of the geometrical

parameters [24] can be compared with those which are estimated.

Aileron-to-wing-area ratio %“ [-] 5-10% 15%
Aileron-to-wing-chord ratio %“ [-] 15-25% 30%
Aileron-to-wing-span ratio %“ [-] 20-30% 18%
Inboard aileron-to-wing-span ratio % [-] 60-80% 55%
Maximum deflection angle & 6a max +30° +30°

Table 4.8: Comparison of the aileron’s geometric parameters with statistical values determined on existing airliners.
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From Table 4.8, it can be deduced that thanks to the choices that are made on the ailerons’ geometry, the MWET ailerons are
almost in the same range as its competitors. Indeed, the aileron-to-wing-area ratio and the aileron-to-wing-chord ratio are a
little bit higher than the common range but they are compensated by a lower aileron-to-wing-span ratio and also a lower inboard
aileron-to-wing-span ratio. However, it is not a problem because engineers from Airbus who are working on flexible winglets

claimed that this innovative technology enabled a better roll control which would help the ailerons for the turns [16].

Elevators ensure longitudinal control. They are fully described by four main geometric parameters: the elevator planform area

(SE), the elevator chord (cg), the elevator span (bg) and the maximum up and down elevator deflection (£06g max)-

For the sake of simplicity, the geometrical parameters of the elevator are normalized with the geometrical parameters of the
horizontal tail. The design of the elevator of the MWET family of aircraft is based on statistics coming from general cases and

similar aircraft. The arbitrarily chosen ratios are summarised in Table 4.9 and the actual dimension of the elevators are shown in

Figure 4.12.
Elevator-to-tail-area ratio % [-] 15-40% 27%
Elevator-to-tail-chord ratio z—g [-1 20-40% 30%
Elevator-to-tail-span ratio 2% -] 80-100% 90%
Maximum deflection angle 8. £ +20°-425° +25°

Table 4.9: Comparison of the elevator’s geometric parameters with statistical values determined on existing airliners [ 18] [24].

The rudder is the control surface located on the fin. It is responsible for the aircraft lateral control. Its geometry is fully
described by four main geometric parameters: the rudder planform area (Sg), the rudder chord (cg), the rudder span (br) and the

maximum up and down rudder deflection (£0g max)-

Once again, those values are expressed as ratios with respect to the fin parameters for the sake of simplicity. MWET-50 and -76
use a swept rudder, which is the same for both configurations. The rudder is designed following the methodology described in
section 12.6 of [24]. This methodology leads to the rudder geometry described in Table 4.10. Those ratios are compared to usual

values. The actual quantities of the rudder are shown in Figure 4.13.

The design of the rudder is validated by considering a critical case of flight. The most critical case for the rudder of a twin-engine
engine aircraft is the case of an asymmetric thrust, so the case of a take-off with one engine inoperative. The rudder deflection
needed to counteract the moment coming from the remaining engine is estimated with Equation (4.3.5). T, is the thrust of the
remaining engine, yr is the distance between the remaining engine and the fuselage centerline and V is the lift-off velocity. Gy,
is the aircraft yawing moment coefficient due to rudder deflection derivative. It depends strongly on the fin size and the fin

moment arm. The angle of deflection of the rudder needed for the case of a take-off with one engine inoperative is lower that the
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maximum angle allowed for both MWET-50 and -76.

Tyt
= 435
o —1pV2SbCy, 3
Rudder-to-fin-area ratio g—‘; [-1 15-35% 37.2%
Rudder-to-fin-chord ratio E—‘F‘ [-] 15-40% 40%
Rudder-to-fin-span ratio :’,—‘F‘ [-] 70-100% 93%
Maximum deflection angle 8.« 7 +30°-4+40° +40°

Table 4.10: Comparison of the rudder’s geometric parameters with statistical values determined on existing airliners [24].

The propulsion system is an important part of the design. On the one hand, the provided thrust has to power the aircraft during
all phases of the flight with a special focus on the critical phases such as takeoff with one failing engine. On the other hand, the

weights of the engines, the fuel and the nacelles directly affect many other components including the stability.

Firstly, a discussion about the sources of energy to power an aircraft is performed. New technologies are coming up to reduce

the greenhouse gas emissions (GHG) of the aeronautical world.

Sources of energy. Carbon-based fuels such as kerosene or gasoline have been used for decades in aviation thanks to their high
energy density. However, they are a major contributor to GHG emissions. The MWET family of aircraft has been developed such
that they are more efficient and they reduce GHG emissions. The latter goal could potentially be achieved using different sources

of energy such as hydrogen, sustainable aviation fuel, solar energy transformed in electricity stored in batteries.

In the near future, most of these technologies would have been hardly implemented in regional aircraft. The available quantity of
information, studies and data have not allowed to consider them to power an aircraft of this size, except for sustainable aviation
fuel (SAF) which is frequently used blended with kerosene fuel since 2008 [29]. The final decision has been to use an existing
turbofan with this mixing fuel powering the engines. It allows to decrease the impact of the aircraft on the environment. Following
the International Air Transport Association (IATA), SAF have been identified as one of the key elements in helping achieve
emissions reduction goals in the aviation sector [30]. Considering the availability of sustainable aviation fuel, some airports have

already made the first move to offer the possibility to airlines to use SAF during their flights such as Oslo airport [31].

Certifications. For now, the SAF is a drop-in replacement to conventional jet fuel. These fuels are defined such that they are
entirely fungible with conventional kerosene requiring no adaptation of engines or associated delivery infrastructure. This is
verified by the American Society for Testing and Materials (ASTM) certifications such as D1655/7566 respectively for aviation

turbine fuels [32] and for aviation turbine fuels containing synthesized hydrocarbons [33]. They also make sure that any fuels
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used by the industry are, in fact, sustainable from feedstock to function. At the same time, prescreening tools” and procedures

are now developed to minimize cost, fuel volume, program risk, and time requirements [35].

Performance. In a recent lifecycle analysis of greenhouse gas from renewable jet fuel production, De Jong et al. [36] have
reported that it is possible to achieve significant emissions reductions with new sustainable aviation fuels conversion pathways
compared to the actual certified production processes. Thanks to more freedom in the production processes, fuel’s composition
can be adapted in order to reduce GHG emissions or to improve performances. For example, by obtaining higher specific
energy and energy density. Indeed, Kosir ef al. [37] have studied a subset of sustainable aviation fuel, high-performance jet
fuel, that improves the value and performance of the fuel while reducing greenhouse gas emissions and remaining within drop-in
operability, safety limits and ASTM constraints. At the same time, Feldhausen et al. [38] have shown that there could even
be general performance benefits from addition of biofuel with improved GHG emissions while minimizing the cost that is still

higher than actual Jet A fuel for now.

Cost. In order to reduce the high cost that mainly comes from the production technologies, the development of technologies
that maximize carbon conversion efficiencies for a reduced cost is essential. Tanzil et al. [39] have conducted detailed techno-
economic analyses of six SAF production technologies in. At the end, they have proposed a new scheme for SAF production that

could result in yields close to those needed to achieve cost targets.

In conclusion, this drop-in technology is promising to reduce significantly greenhouse gas emissions for a cost that is expected to
decrease during the next years. At the same time, performances could even be improved compared to actual kerosene fuel. For all

these reasons, it can reasonably be assumed that sustainable aviation fuel will be available worldwide for future clients.

First, a quick market analysis is performed. A good indicator for engine selection is the choices that have already been made
for similar aircraft. Given all certifications considering the sustainable aviation fuel and the drop-in technology, the engine can be
selected from similar existing aircraft. A few of them are presented in Table 4.11. The maximum thrust values are taken from the
manufacturers datasheet and expressed in terms of uninstalled thrust. In this work, the installed thrust has been computed using
the assumptions from [4] and [18] which provide, in the worst case, a loss of thrust of around 8% compared to the uninstalled

value at static sea level.

The weight, as well as the fuel consumption, are critical parameters for the engine selection. As a matter of fact, the engines are
designed specifically for the cruise and, consequently, they consume the least amount of energy during this segment. However,
regional missions have a short haul, and thus a short cruise. For example, the increase of weight, and thus of the total fuel
needed, coming from an heavier but less consumptive engine, could not be compensated during cruise. A compromise between

the weight and the specific fuel consumption has to be made.

Another useful parameter is to ensure that the provided thrust allows the aircraft to fly at all the phases of the flight. As a matter of

ZPrescreening novel SAF candidates refers to testing or predicting key fuel properties and performance metrics before entering the formal ASTM D4054
Standard Practice for Evaluation of New Aviation Turbine Fuels and Fuel Additives [34].
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Table 4.11: Engines for similar aircraft.

fact, the total available takeoff field length and the cruise velocity requirements represent critical design points as the engine must
provide enough thrust to reach these requirements. The takeoff field limit is the most critical case in term of available thrust,
as the MWET family aircraft must perform this phase of flight taking into account an event of one engine failure. The latter
requirement leads to a lower bound of static takeoff thrust around 21,400 1bf and 22,400 Ibf using balanced field length of 4000
ft and 6000 ft for the MWET-50 and -76 respectively with an obstacle clearance height of 50 ft. Regarding the amount of thrust
needed to perform the cruise segment at Mach 0.8 and at a cruise altitude of at least 32,000 ft, the 50- and 76-seats configuration

must provide at least 3591 1bf and 4032 Ibf in order to perfectly compensate the drag force acting on the aircraft.

After a comparative analysis between the different possibilities of engines for the MWET aircraft family, two existing config-
urations of the PurePower PW800 from the new family of Pratt & Whitney are finally chosen. These engines are the PW812D
and PW814 respectively for the MWET-50 and -76. The trade-off analysis is available in Table 4.12. As it can be seen in the
Table 4.12 that the CF34-3 and AE3007A1 do not respect the maximum required takeoff field length in the event of one engine

failure above the decision speed (OEI section 5.4.a).

According to MTU Aero Engines [40], the PW800 series comes with numerous improvements. A double digit improvement
(-10%) is expected for the fuel consumption, the environmental emission (NOX, etc), the engine noise and, finally, the operating
cost with respect to similar thrust-class engines available on the market. It also has the significant advantage of providing 40%

less scheduled maintenance and demanding 20% fewer inspection. The PW800 is designed for long range business jets, regional
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PWS812D 3206 /3868 3687 7625 12,010 56,200
CF34-3 +15.5% / +29% -15.8% +17.7% +14.4% -3.1%
AE3007A1 +12.6% /+-23.3% -14.6% +16.1% +13.3% -3.3%
PWS814 4165 /5003 4003 9400 14,700 70,637
CF34-8 -1.6% / -2.5% +2.8% +21.2% +16.2% -1.3%
PW1700G -1.5% /-7.1% +7% +3% +2.3% +3.1%
Pearl 15 +0.5% / -0.4% +5% +4.4% +3.7% +4.4%

Table 4.12: Comparison between selected engines for MWET-50 (upper part) and -76 (lower part) with respect to similar regional
used turbofan engines. The red values represent requirements that are not respected.

airline like MWET and single aisle aircraft. The engine is composed of 24 blisked fan blades. The gear-less PW800 shares a

common core with the larger geared PW1000G which leads to a significant reduction of the dry mass.

The announced specific fuel consumption of the listed engines in the table 4.11 are evaluated, by manufacturers, at Mach 0.8
for an altitude of cruise around 35,000 ft. As the mission cruise altitude for the MWET aircraft family is around 32,000 ft, a
correction must be applied on the specific fuel consumption in order to be closer to the reality. This TSFC can be computed as a

function of the Mach number as developed in [41],

TSEC = TSFCyV6(1+M)" 4.4.1)

where TSFCj is the static sea level ISA installed thrust SFC,
the exponent # is equal to 0.8 in order to fit with experimen- 0.63 -
tal results obtained for high by-pass ratio turbofans (BPR > 5) 062 1
and 0 is the temperature ratio. TSFCy is around 0.4 1b/1bf/hr 0611

for current turbofan engines. Actual engines are developed to

o
o
T

consume the least amount of fuel in cruise condition. How-

SFC [Ib/Ibf/hr]

ever, resulting from this design point, the consumption at sea 0.58 MWET76!  MWET50

level is far from the optimum. The specific fuel consump- 057

tion for the MWET aircraft family is rounded to 0.56 1b/Ibf/hr 056 ___/
in the MWET aircraft family cruise altitude. The specific fuel 058 06 07 08 00 N 1

consumption depends on the altitude, the velocity reached and Throttleratio [-]

on the throttle ratio. The effect of the latter on the fuel con- Figure 4.15: Specific fuel consumption in function of the throttle
ratio at 32,000 ft and Mach 0.8.

sumption is represented in the Figure 4.15 for a steady cruise

flight. It can be seen that the optimal point takes place around 90%, where the SFC is minimal. The red lines on the figure 4.15

characterized the needed throttle ratio to perfectly compensate the drag acting of the aircraft during the cruise for the 50- and

76-seats configuration. It can be seen that the applied thrust in cruise condition will be close to the optimal point for both aircraft

of the MWET family meaning that the fuel consumption is minimal.
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In this preliminary design study, the variation of the maximum available thrust in function of the altitude and the Mach number
represents an unknown. However, using the thrust model of modern two-shaft turbofan engines developed by [42], an approx-
imation of the available thrust for all the different flight segments can be found. These values are shown in the Figure 4.16 for
each MWET seats configuration. For the sake of readability, only four Mach number are represented: the static case (Mach 0),
the cruise one (Mach 0.8) and a range in which the takeoff will take place (between Mach 0.1 and 0.2). Using this method and as
it can be seen in the Figure 4.16, the available thrust in cruise condition for the PW812D takes place around 2150 1bf per engine
while the PW814 is equal to 2510 1bf. Regarding the thrust produced by the engines at takeoff, the PW812D will deliver a mean
value, evaluated at 70% of the liftoff velocity [43], of 9740 1bf per engine. Similarly, the PW814 delivers in average 11,125

Ibf. These values allow the MWET aircraft family to respect the requirements and the expected performance as shown in the

Table 4.12.
35000 -
MWET50 | MWET76
! ——Mach0 ---MachO
801000 - ——Mach 0.1 - - -Mach 0.1
Mach 0.2 - - -Mach 0.2
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£ 20000
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Available thrust per engine[Ibf]

Figure 4.16: Available thrust per engine in function of the flight altitude and velocity.

The results shown in Figure 4.16 will be used to determine (in addition to the takeoff field length at sea level and the performance
during cruise flight) the needed takeoff field length at 5000 ft above the sea level, the climb and turn performance as well as the

performance for the alternate mission.

In this section, the different parts of the fuselage are presented in detail. More than containing the passengers, it contains
the crew, the pilot, the on-board computer and the cargo compartment for the luggage. The landing gear are also in the cargo

compartment during the flight. The first three sections presented here are the different portions of the fuselage.

The cabin is divided into four different parts in order to be properly studied.
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Seat part. To define a correct length for the seat, Gudmundson’s book [25] is used. The seats are modeled in order to be
comfortable for a 6.2 ft person and to validate the AIAA requirement [1]. The latter gives a length for the seat of 30 in. The
seat width is set to 20 in and the height is set to 55 in. All the seats are arranged in a two by two disposition. This disposition
is chosen for its optimization of space. The aisle, of 20 in, is placed in the middle and thus there is no need for high ceiling on
the side. For the MWET-50 there are 13 rows (with the last one with only 2 seats) and for the MWET-76 there are 19 rows of

seats.

The diameter of the fuselage is determined by the size of the
seats. In order to get a headroom of 6.6 ft and to be able to
put 4 seats and the aisle, the interior diameter has been fixed
to 114 in. The exterior diameter has been defined by taking
the addition of the interior diameter and 4% of the interior
diameter. It finally gives an exterior diameter of 118.6 in. This

result is visualized in Figure 4.17.

Door part. The first door is the entrance door and is put just
after the cockpit part. It is 60 in long to be able to put exit
door of type A. This space is also used by the crew during
the flight. The second door is of type I and is placed in the

tail. Figure 4.17: Schematic of the cabin [in].

Bathroom part. Two lavatory are needed, following the
regulation given by CFR [3], when there is more than 50 pas-
sengers. Both lavatory box are placed in a face to face position just after the seat part. They will be 2 seats wide and 38 in long.

They can be visualized in Figure 4.18.

Crew part. This part takes into account the seats of the crew as well as the crew material (meal, drink, ...). It is 60 in long but
does not take part in the cabin length. This part is put into the tail to reduce the length of the plane. Two exit doors of type I are

put there too. In this way, the number of exit doors corresponds to the regulation given by CFR [3].

The cockpit has a length of 16.4 ft to be 1.5 longer than the exterior diameter of the fuselage [4]. This is a condition in order to
have a correct pressurization. The design of the cockpit is inspired from the Mitsubishi Spacejet [44] as it is the most advanced
streamlined design present on the market, but is not as long. The window size and disposition has been defined to get a field of

view for the pilot of: 12° down in the flight direction; 40° up in the flight direction; 130° on the side.
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The tail has a length of 19.7 ft to be 2 times longer [4] than the exterior fuselage. It has a conical shape, and its end has the

shape of peak. The up-sweep angle is 13.4°3. The closure angle is 24°.

The final length of the fuselage are respectively 75.8 ft and 92.2 ft for MWET-50 and MWET-76.

v |

Figure 4.18: Fuselage of MWET-76 with arrows to show where the door are positioned .

The configuration is presented in Figure 4.18. The hold volume is sufficient for the luggage of each passenger and landing gear.
It is estimated at 459 ft* (681.5 ft> for MWET-76) by taking the section area of the cargo-hold and multiply it by the cabin length.
266 ft3 are allocated for the luggage for the MWET-50 and 396 ft? for the MWET-76, 87 ft> for the landing gear and the remained

volume is used to stock the fuel.

The avionics includes all electronics, such as the antenna and radar, the communication system, the navigation system, and all

the instrument needed to control the aircraft.

In the cockpit, the avionics are related to the navigation and communication. For the communication, the pilot need a set of
headset and an audio controller is also placed in the cockpit to manage the communication. The rest of the communication
especially the antenna can be placed in the tail. The other instruments placed in the cockpit are related to the navigation. The
on-board computer, the navigation system, some gyroscope or movement sensor are also present. All these instruments are

displayed on screen on the dashboard. An head-up display can be used with Enhanced Vision System. The data recorder, also

3defined in more details in the landing gear part
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known as the black box, can also be placed in the cockpit part. This one will record all the data of the flight and the audio. It is
used in case of a problem during the flight to know what happened. Both seats inside the cockpit have a control system in order

to fly the aircraft.

On the outside of the plane some systems included in the avionics are used. First of all, the light are an important part. Due to
the CFR reglementation [3] lights are needed (anti-collision lights) on the wing to be visible at night or inside clouds and also
for the landing. The other system that is needed on the wing but also on the rest of the plane is an anti-ice system. This one can
be an electro-thermal system [45]. It is composed of a system of wires that will heat the surface of the plane and deice it. It can
be placed on all parts of the aircraft, including the engine and its blades. All these avionics can be provided by only one society

like Thales-Aeropsace [46] that has already provided family aircraft like CRJ or Boieng.

Sensors and system are required for the aircraft to be capable of VFR and IFR flight with an autopilot. VFR stand for Visual
Flight Rules and IFR stands for Instrument Flight Rules. In VFR fly, the the visual meteorological conditions [3] (VMC) need to
be maintained. The instrument need for this are an airspeed indicating system, an altimeter, a compass, an accurate watch (need
to contain hours, minutes and second) a turn and slip indicator and finally an outside air temperature indicator. With the IFR, the
flight can take place in zero visibility conditions from take-off to landing but need a flight plan. The waypoints and the airways

have to be established. A minimum radar vectoring altitude and a well-known air traffic is also needed.

The landing gear helps support the aircraft on the ground and allows it to taxi, take off and land. In this section, the design
and positioning of the landing gear are discussed. In addition, the number and the size of the tires and the shock absorption

mechanisms are presented.

A fuselage-mounted tricycle landing gear has been chosen for the MWET family of aircraft. This configuration has several
advantages. For example, it gives stability on the ground and improves forward visibility on the ground. However, the high wing
regional aircraft has a fairing to retract the landing gear. Then, an oblique retractable landing system is used to have a small

fairing that could decrease the drag force during a cruise.

The landing gear’s length must be sufficient to avoid hitting the tail during take-off. The angle theta 0 is the angle off the
vertical from the main wheel position to the aft center of gravity. According to Raymer [18] to prevent the tail from hitting
the ground in tricycle configuration, it must be always greater or equal than tip back angle ¢;, and it should fall between 16-25
degrees. However, if the center of gravity is too far forward then the aircraft tends to nose over while if it is too far back the

aircraft will ground loop. A typical value of takeoff angle of attack o, is ranged between 10-15° and the formula can be written
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Figure 4.19: Landing gear configuration

as:

1

Oto = a [(Cl,max)cruise = Cicruise — p(cl,max)takefoff] “.7.1)
o

where p is a margin approximated 0.15. The distance between the main gear and nose gear, which is called the wheelbase, B, has
a major influence on ground controllability and ground stability of aircraft. Due to ground mobility, for example, steering during
taxiing, the total weight W carried by the nose gear is between 8 to 15% while for the main gear it ranges between 85 to 92%.
According to Curry [47], to have the first estimation of wheelbase B it was assumed that the static force at nose gear F,, = 10% of

the gross weight and the static force at main gear F,,, = 90% of the gross weight. The formulas can be written as:

By, B
F,=—W d F,=—W. 4.7.2
m=p an =g (4.7.2)
The wheel track (7) is the distance between the right main

gear and left main gear and it has been arranged in a way

that the aircraft can not roll over during ground turn or due to

Wheelbase

a sudden wind. The overturn angle ® often ranges between
25° <O < 63° [24]. A 60° has been chosen to compute the

wheel track for both aircraft.

05T He,
and tan(®)=——"— (4.7.3)
©) Ly - sin O4rack

Otrack = tanh

Figure 4.20: Front view of the undercarriage.

The wheel track geometrical relation can be seen in Fig-
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ure 4.20.

The turning radius (Equation 4.7.4) are defined as the distance between the center of rotation and the various part of aircraft and

it is as a function of gear steering angle 8 which is assumed to be 60°.

b
r=Ttan(90° — ) + 3

(4.7.4)

Height of landing gear [ft]
Max angle at take off [deg]
Angle 0 [deg]

Distance from sweep back to the main gear AB [ft]

Lm [ft]

Wheelbase [ft]
Overturn angle O [deg]
WheelTrack [ft]
Turning radius [ft]

Table 4.13: Geometrical parameters of tricycle landing gear.

12.32
20
15
3.8

29.5
60
10.6
21

3.6
10.7
25
19
3.96
39.7
60
11
26

The main gear has to support 90% of aircraft’s gross weight and the nose gear has to support the remaining 10% [1&]. In order

to design the tires, the maximum static load on the gears is divided by the number of tires and a 25% growth factor is added to

avoid costly redesign and to increase the safety in case of critical situation. The selected dimensions of tires from Michelin [48]

can be seen in Table 4.14.

Main gear Nose gear | Main gear Nose gear
Max static load [1b] 15350 3668.1 22500 5000
Tire diameter [in] 29 17.9 36 17.9
Tire width [in] 9.50 4.45 12 5.75

Table 4.14: Wheel geometry of the landing gear.

By reviewing Raymer’s book [ 18], the oleo-pneumatic shock strut is selected because it has the highest efficiency of all shock

absorber types and also has the best energy dissipation. However, to design the shock absorber, some parameters have to be

assumed. The vertical velocity (or "sink velocity"), Vyertical, at touchdown is assumed 6.7 mph for most aircraft, the efficiency of

the fixed orifice { is ranged between 0.65-0.8, the efficiency of tire {; is taken at 0.47 and the gear load factor for the commercial
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aircraft is N = 2.7 and §; is the stroke of tire. The stroke is computed as:

szertical Cf
= Lvetical _ 3 g 475

Note that this equation is independent of the weight of the aircraft and it should be increased by 1 in for safety margin then, S =

0.08 [ft]. Typically, the total length of Oleo is selected 250% of S [18] .

The material selection of the landing gear is critical since it is subjected to a large load during landing and it has to handle the
entire weight of the aircraft on the ground. Therefore, The factors that were taken into consideration to select the material for

landing gear are listed below:

» High strength density ratio * High fracture toughness
* Good corrosion resistance * High fatigue resistance

Composite materials are started to be used in some components of aircraft since it has high strength density ratio. Therefore, a
new type of landing gear is demanded to avoid the constraints mentioned above. The most potential candidate that is selected
is Titanium Metal Matrix Composite since it has high corrosion resistance and lightning strike resistance. According to
RW [49], the results show that one could reduce the weight of landing gear by 32% but the cost increases two times production

cost compared to the steel metal but the production cost will also be reduced in the near future. Some properties can be seen in

Table 4.15.
Fibre Silicon Carbide
Fibre strength [ksi] 478.4
Fibre stiffness [ksi] 47862.5
Price [$/Ib] 200

Table 4.15: Properties of titanium matrix composite.

The electric taxing system is aimed to reduce fuel consumption of aircraft during taxiing on the ground. Although, a lot of
weight will be added to the total weight of the aircraft. First, it is good to highlight that total fuel that can be saved by ETS system
depends on many factors, such as the type of aircraft, the total timing of taxiing, and the flight distance. Starting with the system
arrangement, a direct drive motor is used to save a lot of mass that comes from the gearbox. On the other hand, the positioning of
the motor was chosen to be on the main wheel, since this latter has a high vertical load, which gives good traction. Moreover, the
main wheel has a robust structure that can accommodate the system more easily. A Permanent Magnet Synchronous Motor was
selected for our system since this motor is known to have higher efficiency, higher torque density, higher power density compared

to other types of motors, and also easy to construct and maintenance. Starting to compute the power needed to drive the aircraft
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at ground Newton’s Law is used. The total force subjected to aircraft is:

Ftotal = Finertia + Froll + Faerodynamic + Fslopc (48 1)

Where Faerodynamic 18 the drag force and is assumed to be zero since it is very small, Froy = 1348.85 Ibs is the friction, Fyope =
899.24 1bs is the force due to slope of the runway which is assumed 1.5 %. Moreover, the average velocity at the ground and
the distance needed to cover was set as a constrain where vgroung has been assumed 18 mph (approximately 16 knots) and the
distance to cover taxi in and taxi out is estimated 754 ft. According to Safran [50], the total time of taxi in and taxi out has been
taken as an average of 30 minutes, it could be more in busier airport. Then, the power needed for MWET-50 is 180 hp while for
MWET-76 is 200 hp and it is computed as:

P =V Foal (482)

To power the electric taxiing system, a trade-off has been made between the Lithium-ion battery and APU. Table 4.16 is shown
the total weight of the system in case of using the APU of aircraft and Lithium battery. The system arrangement can be seen in

the Figure 4.21.

Weight of two motors and cabling [Ib] 641 641 641 641
Weight of two power converters [Ib] 158 180 158 180
Additional weight of APU [Ib] 125 / 167 /
Additional weight of battery [Ib] / 943 / 1178

Approximated total weight of ETS [Ib] || 924 1764 966 2000

Table 4.16: Estimated weight of the ETS system powered by APU and Lithium-ion battery.

Torque density [in-1bs/Ib] || 307.577
Rated torque [in-Ibs] 73012.5
Mechanical power [hp] 100.5

Figure 4.21: Illustration model of the ETS system. Table 4.17: PMSM motor properties
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Adding about 1000 Ibs weight to power the aircraft in case of using APU and 2000 Ibs in case of using Lithium-ion battery
would lead to a large increase in the amount of fuel consumed during the flight as in a short haul mission the total weight of
fuel is really dependent of the takeoff weight. However, this system is used and developed to reduce fuel consumption when the
aircraft is on the ground. The Table 4.18 shows the comparison between the MWET-50/-76 using an ETS system, powered by the
APU or by batteries, and the same aircraft without this device.

First, the fuel consumed by the aircraft during taxiing is computed. At this moment, the SFC is assumed equal to 1.5-SFCy;y
( [18]) as the engines are in ground idle configuration, approximately 5% of the static takeoff thrust at sea level [51], and far
away from their optimal operation point. For both cases, the total time spent on ground is assumed equal to 20 minutes (14 for
taxi-out and 6 for taxi-in), which is not the worst announced case by Safran [50]. For the case where the ETS is used, the engines
start-up is set around 3 minutes before the takeoff phase meaning that the ETS performs alone the motion of the aircraft during
the previous minutes. Similarly, regarding the taxi-in, 3 minutes are needed to cool-down the engines just after landing before to

shut-down the engines and use the ETS. The consumption for a typical APU is around 300 lbs/hr.

The total fuel consumed during taxi-in and taxi-out can be estimated knowing an approximation of the specific fuel consumption

at ground idle thrust.

Start & Taxi-out [Ib] 495 157 118 575 174 135
Taxi-in [Ib] 221 118 103 256 135 120
Cruise fuel [1b] 7426 7625 7613 9263 9400 9534
Total fuel per flight [Ib] 12400 12010 12046 15180 14700 14826

Table 4.18: Comparison between MWET-50/-76 aircraft without and with an ETS system.

Based on the Table 4.18 APU has been selected to power the ETS system where the total fuel that could be saved represents
3.2% of the total amount of fuel consumed which describes a money save of 310 and 381 dollars per flight respectively for the
MWET-50 and -76 (price of fuel given in the section Cost analysis). This could save several hundreds of thousands of dollars
per aircraft per year. However, this value can be increased in busier airport where the aircraft can take much more time during
taxiing. On the other hand, there are other advantages of using this system. For example, the traffic flow on apron and at gates
could be improved. Moreover, by using ETS system the towing tractors could be removed and this would save a lot of space in

the airport.

The weight estimation of an aircraft is one of the most important steps of the conceptual design. The aircraft must be designed
so that it can perform its intended mission carrying its intended payload. The weight estimation of each component relies on three
different methods: empirical correlations [ 8], analytical solutions, and results from the CAD model. The takeoff gross weight

Wy can be decomposed on the one hand in a useful load part which includes occupants, fuel, freight, and on the other hand in an
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empty weight part, including the structure, the engines, the landing gear, the fixed equipment and the avionics. Considering the

payload requirement of the AIAA synthetized in Table 4.19, the desired payload can be established as expressed in Table 4.20

including two pilots and their baggage supported by two flight attendants for the 50- and the 76-passengers configurations.

On board passenger
Pilot & cabin crew
Payload per passenger

Payload per pilot

200
190
40
30

Table 4.19: AIAA payload requirements.

Passengers 50 76
Pilots 2 2
Cabin crew 2 2
Total payload [lbs] 12820 19060

Table 4.20: MWET payload.

Regarding the empty weight, it accounts for 55% and for 52% of the maximum takeoff weight of the MWET-50 and -76 respec-

tively. For the sake of comparison, these weight fractions are in accordance with similar regional jet/midsized aircraft with 2

turbofan engines as expressed in [

1.

The weight of each component of the design can be computed using statistical equations based on regression analysis [18].

Components weights are depicted in the Table 4.21. The wing weight takes into account the estimated weight of the winglets

Wing [1b] 4772 4772
Empennage [1b] 923 923

Fuselage [1b] 5986 7823
Landing gear [Ib] 2227 3087
Propulsion system [1b] 7672 7672
Flight control system [1b] 999 1110
Auxiliary power unit [1b] 1153 1239
Instrument system [1b] 248 262

Hydraulic system [Ib] 677 833

Electrical system [1b] 1646 1912
Avionics system [Ib] 1235 1810
Fuel & oil system 417 524

Furnishings [Ib] 2525 3700
AC & deicing [1b] 891 1210
Empty weight [1b] 31370 36877
Zero-fuel weight [1b] 44190 55937
Fuel weight [1b] 12010 14700
Takeoff gross weight [Ib] || 56200 70637

Table 4.21: Weight description of each component of the fixed design for the MWET-50/-76 using the empirical correlations

developed in [18].

as well as the guessed mass of the springs system used to fix the stiffness of the winglets in cruise and taxiing conditions
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(section 4.1.d). The propulsion system characterizes the installed configuration of the engines on the aircraft. This takes into
account the weight of each engine, the nacelles and the starter. The fuel system represents the fuel tanks. In the same way, the
auxiliary power unit, in this study, incorporates the APU for normal use of a regional aircraft and the required additional weight
in order to integrate a electric taxiing system inside the aircraft. This additional weight was already mentioned in section 4.8 for

both 50- and 76-seats configuration.

The components of the aircraft and their respective weight have just been computed. Different flight configurations have to
be taken into account by varying the payload and the fuel quantity. In fact, the fuel quantity decreases during the flight and the
payload can vary from a flight to an other. The variation of the center of gravity is important to determine if the plane follows
the stability requirements during the flight. The positioning of the components of the plane should aim to reduce as much as
possible the variation of the center of gravity of the plane. Then by putting the reference frame to the nose of the aircraft, the
center of gravity of these ones are gathered in the Table 4.22 and represented in Figures 5.1 and 5.2. The different configurations
are defined as: at maximum take-off weight (MTOW), at mid-payload and mid quantity of fuel (mid-cruise), at the end of the

cruise on the fuel reserve and mid-payload (end-cruise) and totally empty (empty).

XCGyrow [ft] 39.3 48.5
XCGmid—cruise [{] 39.5 48.8
XCGend-cruise [T 39.6 48.9
XCGempyy [ft] 39.7 493

Table 4.22: Position of the center of gravity for the different flight configurations.

The moments and products of inertia for the MWET family are assessed in the aircraft frame of reference with the CAD model.
The longitudinal axis is the x-axis, the transversal axis is the y-axis and the vertical axis is the z-axis. The system is placed such
that the x axis is located on the fuselage centerline. The values for the mid-cruise and mid-payload configuration are summarized
is Table 4.24. Those values will be used in the equations of motion of the aircraft to asses its dynamic stability.

129,890 | 377,282 | 476,104 | 103 | -26,877
133,800 | 713,460 | 811,140 | -37.5 | - 42,755

MWET-50
MWET-76

-5
4

Table 4.24: Moments and products of inertia of MWET-50 and -76 at mid-cruise and mid-payload [Ib-ft?].

The stability of an aircraft is defined as the ability to remain or return in its equilibrium position after a perturbation. Of course,

its flight dynamics must be such that unexpected phenomena do not lead to violent perturbations of the flight. On the other hand,
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& Center of mass of the aircraft | 2.  Engines 5. » Landing gear 8. e Fin
o Neutral point 3. e Seats + passengers | 6. ¢ Wings 9. ¢ APU
1. o Instruments 4. o Fuselage 7. o Fuel + luggage | 10. e Horizontal stabilizer

Table 4.23: Legend of Figures 4.22 and 4.23.
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Figure 4.23: Center of gravity, neutral point and static margin variation for the MWET-76
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the aircraft should not be too stable to remain maneuverable. Therefore, the stability is a compromise between the safety and

maneuverability.

The static stability is computed using the wind axis system following Kroo’s methodology [53]. The longitudinal stability is
characterized by the static margin, K, defined as the distance between the neutral point and the center of gravity normalized by

the mean aerodynamic chord. It means that

aCp
K,=h,—h=— . 5.1.1
n ="y 9CL. (.1.1)

The center of gravity of the aircraft can be found in the section 4.9. The neutral point is defined as the position of the center of
mass where the aircraft would be neutrally stable (where K,, = 0%). It is computed by considering the contribution of the wing,

the tail and the fuselage.

The neutral point of the MWET-50 and of the MWET-76 are represented in Figures 5.1 and 5.2 respectively and are shown in the
table 5.1.

H |
| 407 | 498

Table 5.1: Position of the neutral point from the nose of the aircraft.

According to the Federal Aviation Administration (FAA) [4] requirements for a T-tail, the aircraft are designed to obtain results

in the range K, € [5 — 20]% to ensure enough maneuverability and stability at each moment of the flight.

Only the critical values of the center of gravity are kept to compute the static margin. They correspond to the MTOW and empty
cases (defined in section 4.9. The static margin are gathered in the Table 5.2 and are represented in Figures 5.1 and 5.2.

|
Knyrrow [%] 20.0 19.2

14.8 7.4

Knempey [%]

Table 5.2: Static margin for different flight and loading configurations.
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Figure 5.1: Static margin and center of gravity variation of the MWET-50 along the longitudinal direction.



5 AIRCRAFT ANALYSIS 44

CG
19.2% | b | 7.4%
AC 2% 1 | 7:4%  Np
¢ 1 1 g
47 48 49 50
! l ! : ! : — 1 5 [ff]
474 48.5 493 49.8

Figure 5.2: Static margin and center of gravity variation of the MWET-76 along the longitudinal direction.

The directional stability is the tendency of the aircraft to return to its original direction in with respect to to the freestream. In

other words, it describes the stability in yaw. Mathematically, the requirements can be expressed as

o,
ﬁ_aﬁ

C, >0, (5.1.2)

and C, =0if B =0. Cnﬁ is the yawing moment derivative with respect to the sideslip angle . Similarly to the longitudinal

stability, a compromise has to be made to be stable and maneuverable enough. The values for the total directional stability must

stand in the range of [0.04 0.4] rad~! [24].

In order to obtain the total yaw moment derivative of the plane, the contribution of the wings, the fuselage and the fin have to be
summed such as:

G, =G,

B }’[le"/yY +C

nB. fus + C

5.1 (5.13)

By following again Kroo’s methodology [53], these contributions can be computed. As the aircraft have high-mounted wings,
the wing contribution is set to Cug,, = —0.017. The fuselage effect causes a destabilizing yawing moment of Cog s = —0.165

and C,

0B fus = —0.220 for the MWET-50 and MWET-76 respectively. Finally, the fin is designed to ensure a sufficient stabilizing

contribution in order to fit in the range [0.04 0.4] rad~! [24]. The contribution of the fin is equal to C, Bofin = 0.499 and C, Bofin =
0.560 for the 50 and 76 passengers aircraft respectively. It gives the total directional stability of the aircraft and they are gathered
in Table 5.3.

H
Ca, [rad ] H 0317 \ 0.323

Table 5.3: Total directional stability.

The dynamic stability is defined as the time history of an aircraft response after it has been disturbed [52]. The linearized

equations of motion of a rigid spacecraft can be written with a state-space formulation as:

x = Ax+ Bu, (5.1.4)
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where x =[uvw p qr ¢ 6 y|T is the system states vector. The system states are the velocities and the angular velocities of
the aircraft, relatively to the aircraft’s center of gravity in its geometrical axes. u contains the system inputs, so the primary
aerodynamic control surfaces deflection with respect to the trim condition. Therefore, the input vector is finally defined as
u = [€ n {]T, where the inputs are respectively the ailerons, elevators and rudder deflections. A is a matrix that contains
the stability derivatives of the aircraft and its moment of inertia, which were reminded in Table 4.24. B contains the control
derivatives. The aerodynamic and control derivatives are computed following the USAF DATCOM methodology [54], which is
based on empirical correlations derived from experiments lead over a panel of various aircraft configuration by the US Air Force

(USAF).

It is common to assume that the pitch stability is decoupled from the roll and yaw stability. This way, the dynamic stability
is divided into two parts, each having its own set of equations: the longitudinal stability and the lateral stability. Once the
stability derivatives are assessed, the eigenvalues of A are computed for both longitudinal and lateral stability the the two aircraft
configurations for the configuration mid-payload at mid-cruise. They are summarized in Table 5.4 and Table 5.5. Both MWET-
50 and -76 are dynamically stable; the real part of each eigenvalue is negative. The null eigenvalue present among the lateral

eigenvalues for both aircraft depicts the fact that the aircraft have almost no restoring force in the roll direction.

The natural modes of the MWET family of aircraft can be analyzed through the eigenvalues of A.

-1.021 + 2.167i || 0.000 + 0.000i -0.735 + 1.283i || 0.000 + 0.000i
-1.021 - 2.167i || -3.829 + 0.000i -0.735 - 1.283i || -3.719 + 0.000i
-0.001 + 0.053i || -0.025 + 0.000i -0.002 + 0.051i || -0.112 + 0.000i
-0.001 - 0.053i || -0.304 + 1.322i -0.002 - 0.051i || -0.236 + 0.585i
-0.304 - 1.322i -0.236 - 0.585i

Table 5.4: Eigenvalues of A of MWET-50. Table 5.5: Eigenvalues of A of MWET-76.

An aircraft undergoes two longitudinal modes: the short-period oscillation mode and the phugoid mode. They are both
oscillatory modes and are fully described by a natural frequency (o [rad/s]) and a damping ratio ({ [-]). Table 5.6 summarizes
those two quantities for MWET-50 and -76. The response of MWET-50 and -76 can be compared to requirements for handling
qualities from MIL-F-8785C. Those requirements were first destined to US military aircraft, but they can be used for the sake of
comparison to civil aircraft [24]. The frequency of the short-period mode is slightly smaller than the MIL-F-8785C, especially
for MWET-76. That is not an issue given that MWET is not designed to specifically satisfy those requirements. The order of

magnitude remains acceptable for civil aircraft.
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Wy & @p Cp
MWET-50 2.401 1.42 0.058 | 0.054
MWET-76 1.482 1.066 | 0.058 | 0.049
Flying qualities [24] || [2.5; 3.8] | [0.3; 2] / >0.04

Table 5.6: Natural frequencies (rad/s) and damping ratio (-) of the longitudinal modes of MWET-50 and -76.

From the eigenvalues of the matrix A, it can be seen that there is three lateral modes. The roll subsidence mode and the spiral

mode are non oscillatory modes. They are characterised by a time constant:

1
T= ﬁ’ (5.1.5)
which units are in seconds. The third lateral mode is the Dutch roll. 1t is an oscillatory mode is thus defined by a natural frequency

(wy [rad/s]). The characteristics linked to the lateral mode for MWET-50 and -76 are shown in Figure 5.7 and compared to

requirements [24]. The flying qualities are respected for all lateral modes.

T Ts Wy

MWET-50 0.261 40.15 1.35
MWET-76 0.268 8.88 0.631
Flying qualities [24] <14 / >0.4

Table 5.7: Time constant (s) and natural frequencies (rad/S) of the lateral modes of MWET-50 and -76.

The aerodynamics of the MWET family of aircraft were first evaluated based on an analytical approach with empirical cor-
relations during the conceptual design stage. A numerical study is performed in this section in order to validate or update the
results which have been determined with the analytical approach, but also perform a deeper analysis. The aerodynamic analysis
is carried out using the software FLOW, developed by A.Crovato [55]. FLOW is a finite element solver of the full potential equa-
tion for compressible flows. Its accuracy when control surfaces are modeled has never been assessed, so this study is restricted
mainly to cruise conditions. In the scope of this analysis, 4 models are built: the isolated wing, the isolated horizontal tail and

the combination of the wing and the horizontal tail for MWET-50 and MWET-76.

The first one enables to verify that the wing behaves as expected, in terms of lift generation and lift-to-drag ratio. The second one,
together with the wing-horizontal tail models, allows to quantify the downwash effect of the wing on the tail, and to check the
incidence angles as well as the overall aerodynamic performances of the aircraft. It is important to note that the lift coefficients of
the wing and the tail in cruise have been determined by solving the equilibrium equations of the entire aircraft for the mid-cruise

full-payload case, as further detailed in Section 4.1.
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Furthermore, a detailed drag study is conducted based on the component build-up method with the equations described by
Raymer [18] and Torenbeek [43]. This analysis aims to evaluate the participation of all the drag sources and illustrate this

detailed drag evaluation to better understand which sources of drag are the most significant compared to others.

Wing. The aerodynamics of the wing must be thoroughly verified because it is the largest lifting surface of the aircraft, thus
the largest source of induced drag. Therefore, the optimization of the wing lift-to-drag ratio is a key parameter in its design.
Figure 5.3 (left) shows the lift coefficient curve in function of the angle of attack in cruise conditions, using empirical correlations
and FLOW. It enables to reassess the slope of the 3D lift coefficient as well as the incidence angle of the wing. Moreover, the
lift-to-drag resulting from the simulations using FLOW is also compared with the analytical one in Figure 5.3 (right). The value
of the profile drag used to plot it is a result from the analytical drag study, which is detailed in the next subsection. Those results

are displayed in Table 5.8.

The results are quite close to each other, which suggests that the wing is designed based on accurate estimations. Indeed, it
can be observed that both lift coefficient slopes from the analytical and numerical results are close which confirms the validity
of MWET wing design. Moreover, it confirms that the lift is accurately computed in FLOW. Since it models the physics of the
problem better than empirical correlations by solving the full potential equation, and considering that the lift is not much affected
by the inviscid nature of FLOW, the numerical solutions can be trusted in terms of lift. Although the lift-to-drag ratio is smaller
than expected, due to an underestimation of the induced drag with the empirical correlations, it remains close to the optimum.
The design point is thus well defined. Henceforth, it can be concluded that the results obtained with FLOW confirm the relevancy

of the conceptual design but also all the choices that have been made in previous sections concerning the wing.
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Figure 5.3: Lift coefficient with respect to the angle of attack (left) and lift-to-drag coefficient with respect to the lift coefficient
(right) of the wing with both empirical correlations and FLOW.
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Empirical | FLOW || Empirical | FLOW
Angle of incidence [deg] 0.6 0.6 1 1
Lift coefficient slope [rad -1 79 8.6 79 8.6
Lift-to-drag ratio [-] 30 24.5 30.5 26

Table 5.8: Angles of incidence and characteristics of the wings of MWET-50 and MWET-76 with empirical correlations and
FLOW. The values highlighted in blue are the final ones.

Another parameter that can be verified is the moment coefficient of the wing, as well as the location of the aerodynamic center. To
do so, the evolution of the moment coefficient with respect to the angle of attack at the assumed aerodynamic center is reviewed.
As can be seen in Figure 5.4, the slope is small so the aerodynamic center computed during the conceptual design phase is a
good approximation. Moreover, the moment coefficient remains close to the predicted value from experimental data [

] and

thus does not need to be re-evaluated. The values are reminded in Table 5.9.
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Figure 5.4: Moment coefficient at the aerodynamic centre
with respect to the angle of attack based on experimental
data and FLOW.

Table 5.9: Characteristics of the wing, as shown in Fig-
ure 4.2.

Finally, the spanwise lift distributions of the wing in cruise conditions for both aircraft can be compared with the elliptical one,
in order to verify how far or close the lift distribution is from the optimal one. The graphs in Figure 5.5 show that, close to the
root, the curves are close to each other, despite a smaller lift at the junction between the wing and the fuselage. Then, due to the
linear taper, the distribution diverges from the elliptical one and the lift force finally tends to zero towards the tip, matching with

the ideal lift distribution once again.
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Figure 5.5: Lift distribution along the span of the wing in cruise conditions for MWET-50 (left) and MWET-76 (right).

Tail. The wing performs as expected, thus its influence on the horizontal tail and the overall aerodynamic characteristics of
the aircraft can be studied. First, the downwash effect is assessed using FLOW, as well as the incidence angle of the horizontal
tail so that it generates the lift ensuring longitudinal equilibrium taking into account this downwash. To evaluate this downwash
gradient, the lift slope of the tail in the wing-tail model, which corresponds to Cy ¢, (1 — 5—2), is simply compared with the slope
C1o; obtained using the isolated tail model. The downwash angle is evaluated with FLOW by fixing a lift coefficient for the tail,
and comparing the corresponding angles of attack in the disturbed flow case (wing-tail model) and the undisturbed flow case

(isolated tail model). Since the downwash is caused by the lift, FLOW is trusted for the reasons previously mentioned. Table 5.10

summarizes the results.

Analytical | FLOW || Analytical | FLOW
Lift coefficient slope [rad -1 3.38 4.98 3.38 4.98
Angle of incidence [deg] -1.26 —0.8 0.62 0.2
Downwash angle € [deg] 1.04 0.8 1.17 0.77
Downwash gradient j—é [-] 0.368 0.16 0.353 0.133

Table 5.10: Angles of incidence and characteristics of the tail of MWET-50 and MWET-76 with empirical correlations and FLOW.
The values highlighted in blue are the final ones.

The downwash effect over the tail was slightly overestimated with the correlations, such that the incidence angle of the tail in both
configurations must be adapted. Based on these results, it can be deduced that the T-tail’s geometry is well-designed. Indeed,
the choice to use a T-tail to reduce as much as possible the influence of the wing on the flow effectively seen by the tail proves

conclusive as the downwash effect remains quite small compared to other types of tail which are placed closer to the wakes of

the wing.

Aircraft. The overall lift coefficient is provided by the wing and the tail, and Figure 5.6 shows the contribution of each in cruise

conditions with respect to the angle of attack of the aircraft, for both configurations.
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Figure 5.6: Lift coefficient contributions of MWET-50 (left) and MWET-76 (right) with respect to the angle of attack with FLOW.

The tail of the aircraft clearly produces negative lift to ensure equilibrium of the aircraft, so that it reduces the total lift coefficient
with respect to the one provided by the wing when the fuselage is parallel to the flow. However, it does not account for much of

the lift, because the tail’s purpose is mainly to stabilize and control the aircraft.

The drag is computed using the component drag build-up method. This method consists first in computing the skin friction
coefficient, Cy, of each element. It includes the wing, the fuselage, the two parts of the tail and the engines. These Cy are
multiplied by a form factor and an interference factor before being added together to get the zero-lift drag coefficient Cp,. To
this, a miscellaneous drag coefficient is added to get the minimum drag coefficient. To obtain the final drag coefficient, the

induced drag is added to the sum.

The skin friction coefficient is computed by assuming that we have a flow containing part of laminar flow and part of turbulent

flow. The equation to compute the skin friction coefficient in these two different parts are presented by Equation (5.2.1).

1.32 4
Cflam = 3 8 and Cfturb = 25(8) 55 0.65 (521)
VR, (log;o (Re))™™° (1+0.144M2)™

In our case all the streamlined body like wing and tail were considered with 10% of laminar flow and the fuselage and engine

with 5% [18].

These two factors will be different for each component and differ also depending on the book used. The correlations from
two different books are used and and compared. The first book used is Torenbeek’s book [43] and the second one is Raymer’s

book [18]. The equations are different but the final result of the drag coefficient will be similar. The result obtained are presented
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Figure 5.7: Contributions of each component in the zero-lift Drag coefficient [ 18]

in Table 5.11.

Wing 1.42 1.59 1 1
Horiz. tail 1.19 1.45 2 1.04
Fin 1.21 1.48 2 1.04
Fuselage 1.18 1.15 1 1
Engine 1.25 1.14 1 1.3

Table 5.11: Form and interference factors for the MWET-50.

The zero-lift drag coefficient is obtained thanks to the Equation (5.2.2) :

X (Cp x FF X IF X Syet )
Sref

Cp, = (5.22)

Each component of the plane will contribute to the Cp,, and their contribution is shown in Figure 5.7.

The result obtained for the MWET-76 do not change except for the fuselage drag but this change is negligible.

The miscellaneous drag contains all the drag that is not taken into account by the component drag build-up method. It contains
the drag that could come from antenna, pitot tube, sharp corner, inlet or outlet, etc. There is two additional drag to take into
account. Firstly, the landing gear does not enter completely inside the fuselage, a fairing is needed. This one will add a drag
coefficient equal to 0.00045. Secondly, the case where the landing gear are out of the fuselage also need to be taken into account
for the landing and take-off. The values are present in the following Tables 5.14 and 5.15 corresponding to these cases. The
leakage drag also needs to be investigated. It is due to the inlet and outlet of the engine. This one is estimated to account for 2%

of the parasite drag.
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The induced drag is the drag generated by the lift created by the wing and tail. It can be computed for different cases. The
lift coefficient change depending on whether the design is done full/mid-payload or full/mid-fuel. Different configurations are

possible and are presented in Table 5.12.

Mid-payload, mid-fuel 0.0036 0.0050
Full-payload, full fuel 0.0057 0.0085
Full-payload, mid-fuel 0.0051 0.0069
Empty, reserve-fuel 0.0029 0.0040

Table 5.12: Induced drag.

The total drag coefficient is the sum of all the different components explained earlier and the wave drag. The result for the two

reference books and the two aircraft are presented in Table 5.13.

Ch, 0.02051 | 0.019651 | 0.022061 | 0.02081
Cp,.. || 00009 | 00008 | 00009 | 0.0009
Chyye || 00008 | 00008 | 00010 | 0.0010
C, 0.0051 | 0.0051 | 00069 | 0.0069
Cp 0.0273 | 0.0264 | 00309 | 0.0296

Table 5.13: Final drag coefficient in cruise configuration with full payload and mid-fuel.

It can be observed that there is a difference in the results obtained with the equation coming from the Raymer’s book [18]
or the Torenbeek’s book [43]. This difference can be easily explained by the fact that these two sources do not make the
same hypothesis. It has been shown by the polytechnic institute of Virginia [56] that equations coming from the Torenbeek
overestimate the drag coefficient, while the equation coming from the Raymer underestimate it compared to results obtained
during wind tunnel test. A better approximation could be an average of the two values. Knowing this, the value for the drag

coefficient are Cp, 1.5, = 0.0269 and Cp,, ., = 0.0303.

The total drag coefficient can also be computed for the take-off and landing configurations, where the flaps deflection create an
addition to the zero-lift drag such as the landing gear. The induced drag will also change because the lift is higher thanks to flap

but also due to the ground effect. Tables 5.14 and 5.15 below show the results.
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Cp, 0.02051 | 0.019651 | 0.022061 | 0.02081
Ch. 0.0029 0.0029 0.0034 0.0034
Chpy,, 0.0156 0.0112 0.0112 0.0156

Cp,.. || 00008 | 00007 | 00008 | 0.0007
C, 0.1537 | 0.1560 | 0.1537 | 0.1560
Cp 0.1935 | 0.1904 | 0.1956 | 0.1921

Table 5.14: Drag coefficient in Take-off condition.

Ch, 0.02051 | 0.019651 | 0.022061 | 0.02081
Cp | 00029 | 00029 | 00034 | 0.0034
Cp,, || 00312 | 00446 | 00312 | 0.0446

Ch,iee 0.0011 0.0013 0.0011 0.0014
Ch, 0.1837 0.1968 0.1837 0.1968
Cp 0.2394 0.2653 0.2415 0.2670

Table 5.15: Drag coefficient in Landing condition.

When one engine has a failure, an additional drag can be observed. This one is due to the engine-off and from the rudder that
is deflected. When one engine fails, the thrust is no longer symmetric, this is why the rudder is deflected to compensate this
asymmetry. Moreover, as the engine is off,we can take as a first approximation that there is no more inlet from it and it is seen
as a vertical plate. In reality, the engine still have inlet but no more compression. The additional drag coefficient caused by this

engine failure is of 0.0375 for the MWET-50 and 0.0233 for the MWET-76.

In FLOW, only the pressure drag (composed of the induced and the wave drags) is calculated since it solves inviscid flows. The
wing produces the majority of this pressure drag, as it is shown in Figure 5.8. This is particularly true for MWET-76, since the

tail is placed such that it produces less negative lift than for MWET-50.
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Figure 5.8: Pressure drag coefficient contributions of MWET-50 (left) and MWET-76 (right) with respect to the angle of attack
with FLOW.

As a result, it is convenient to compare the pressure drag of the wing with the one calculated analytically. Figure 5.9 shows
that there is a significant difference between the numerical and the analytical analysis: the pressure drag calculated with FLOW
is bigger, resulting in a larger drag of the aircraft. This difference is quantified in Table 5.16, in which the values of the total

drag coefficient presented with the subscript FLOW are the sum of the analytical viscous drag and the pressure drag from the

simulations.
10 %107 i i i i i i i i i
— —e—Flow
'f,‘ or —e—Empirical |
T gl Cruise MWET-50 \
i) ¥ Cruise MWET-76
BT
‘é,’ o Cp p,analy. [-] 0.0059 0.0079
S . Cpp flow [-] 0.00831 0.00944
S st
% Al Relative error +41% +19%
g sl Cpanaly. [-] 0.0270 0.0305
'é 24 Cp fiow [-] 0.029415 0.03209
1 e S S S S Relative error +9% +5%
-1 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1
Wing angle of attack [deg]
Figure 5.9: Pressure drag coefficient with respect to the Table 5.16: Comparison of the pressure drag and total
angle of attack of the wing with empirical correlations and drag coefficients of MWET-50 and MWET-76 using em-
FLOW. pirical correlations and FLOW in cruise conditions.

This difference in pressure drag probably comes from an overestimation of the wave drag in FLOW. Indeed, it does not consider
boundary layer calculations, thus the strength of the shock wave on the wing is bigger than in the case of viscous calculations,
resulting in a larger wave drag. Given the magnitude of the errors, it is thus safer to trust empirical correlations for the drag, such
that the total drag is calculated using the Cp, and Cp_, . from Table 5.13 (averaged between the books). The Cp,,,,. as well as the

Cp; are also calculated using the empirical correlations from the book, in which the C; comes from FLOW. The final values of
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the total drag for both aircraft in cruise conditions:

Copmersy = 0.0265 &  Cpyyyprrs = 0.0302

Finally, using the total drag of the aircraft and the lift presented before, the drag polars and the lift-to-drag ratios of MWET-50
and MWET-76 can be obtained.

18 T T T T T T 0.038
—e—MWET-50
167 | —e—MWET-76 M 1 0.036 -
1 Cruise i:% i 0.034
'3' 12+ f.' 0.032 |
—10r © o003
2 =
-B 8 g 0.028
& s}
;7'_._ 61 @ 0.026
5 a
4r 7 0.024 -
2F 1 0.022 [
0 : : : : : : 0.02 : : : : : :
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 0.1 0.2 0.3 0.4 05 0.6 0.7
Lift coefficient [-] Lift coefficient [-]
Figure 5.10: Lift-to-drag ratio of both MWET-50 and Figure 5.11: Drag polar of both MWET-50 and MWET-76
MWET-76 with respect to the lift coefficient. with respect to the lift coefficient.

As expected, the lift-to-drag ratios of both MWET aircraft are further from the optimal point than those for the wings (shown in
Figure 5.3. Indeed, since the lift is mainly generated by the wing, when considering the whole aircraft the drag increases due to
the large amount of drag brought mainly by the fuselage and the engines, while the lift remains nearly the same. Therefore, the
lift-to-drag ratio is considerably reduced. However, these types of ratio are quite good if they are compared to those of similar
aircraft, and they are quite close from the optimum. In addition, the drags of the MWET aircraft family remain in the drag bucket

and thus close to the maximal lift-to-drag ratio for a given lift coefficient.

One of the main purpose of the aircraft’s structure is to withstand the applied loads. These loads come from the weight, thrust,
inertial loading and aerodynamic loading, but also from various other sources, such as shocks at landing. In order to characterize
the acceptable flight conditions avoiding any harm to the structure and allowing to keep control of the aircraft, two diagrams are
presented in this section for each aircraft: the Placard diagram and the flight envelope. Considering the most critical point of the
flight envelope, the fuselage loading is then studied to determine the number of stringers and the thickness of the skin for both
fuselage and wing. Moreover, the material selection is performed. An analytical analysis and a Finite Element Method analysis

are then performed and compared in order verify that the chosen configuration sustains the applied loads.
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This diagram determines the speed at which the airplane should fly depending on the altitude. The Placard diagrams of

MWET-50 and MWET-76 are represented respectively in Figure 5.12 and 5.13.

The design cruising altitude is located under the stratospheric limit and above the turbulence zone. In this case, it is set to 32,000
ft. The design cruise speed V( is the speed that the airplane would reach if the engines were operating at 100% of their power.
This is not the case in practice, as such a percentage is generally only used for takeoff. This design cruise speed is thus determined
based on the maximum thrust of the engines and on the drag. The maximum installed thrust of both engines of MWET-50 at
cruise altitude is 4297 1bf. That of MWET-76 is 5013 1bf. The drag coefficient is computed as explained in Section 5.2.b, taking

into account the fact that the wave drag varies with altitude. Using the expression of the divergence-drag Mach number from [51]:

KA 1 (t) Cy,

B T R 3.1
c 10cos’ A, /4 (5.3.1)

My = -
4 Cos Acss c08% Ay

where n = 2.5, k4 = 0.95 is the airfoil technology factor, (%) = 0.14 the thickness-to-chord ratio, and A./4 = 25.84 the sweep

angle at quarter-chord.

® Ichruise < Mdd:

ACp,,, = 0.002 <l+n W)l (5.3.2)
o If Meruise > Myg: 2
ACp,,, = 0.002 (1 + ;M""> (5.3.3)
with AM = 0.05. The total drag coefficient is then obtained as follows:
c

Cp =Cpo+ ST AR + ACpw (5.3.4)

where AR is the aspect ratio and e the Oswald factor. With p., = 0.027 b/t and Swings = 581.25 ft%, one finds:
Ve = o Twax (true airspeed) (5.3.5)

1
2 Peo Swings Cp

= VC,MWET— 50 = 495 knots and VC,MWET-76 = 497 knots

Above the design altitude, the Mach number has to be kept constant in order to avoid getting close to the sonic condition, which
could create shocks due to compressibility effects. Below the design altitude, one wants to keep the drag constant, such that the
equivalent velocity is constant, i.e. the true airspeed decreases with decreasing altitude. The equivalent velocity at sea level is
equal to:

Ve, sea level = M Ve (5.3.6)
Po

which is equal to 292 knots for MWET-50 and to 293 knots for MWET-76. The maximum velocity can also be represented in the
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Placard diagram. Indeed, the airplane can reach a velocity higher than the design cruise speed during a dive. This corresponds to
the design dive speed Vp which is approximated by 1.25 x Vi, as suggested by the Federal Aviation Regulation (FAR) [57]. The
ceiling is at 47,300 ft for MWET-50 and 39,500 ft for MWET-76, as computed in Section 5.4.

‘ Celing
42500 =
39500 | Stratospheric limit
 Design altitude
30000 E3OOOO*
o) )
3 3 20000 r
= 20000 =
< <
10000 ¢ 10000 f
—— Design cruise velocity —— Design cruise velocity
/—D&ign dive velocity /—D@ign dive velocity
170 493 616 836 1045 170 495 618 839 1049
True airspeed [ft/g] True airspeed [ft/g]
Figure 5.12: Placard diagram for MWET-50. Figure 5.13: Placard diagram for MWET-76.

The maneuver envelope shows the evolution of the load factor as a function of the airspeed. In particular, it is the equivalent
airspeed that is used here, in order to get rid of the dependency on the altitude. These envelopes are represented in Figures 5.14
and 5.15. The corresponding design airspeeds and load factors verify the conditions from paragraphs 25.333 to 25.341 of the

Federal Aviation Regulation (FAR) [57].

The maximum and minimum load factors are determined from the FAR. The latter leads to npmax = 2.5 and npi, = —1. At speeds
lower than Vi, the airplane can stall at a load factor smaller than np,x. The relation between the load factor and the stall speed
depends on the maximum lift configuration Cy, max:

£ _ pOngsCL max
w 2w

n= (5.3.7)
The stall speed Vy; is the speed below which the plane cannot sustain cruise in steady level flight. Idem for Vo except that
it corresponds to the case where flaps are down, thus allowing a lower stall speed. The design maneuvering speed V, is the
maximum velocity at which maximum deflection of control surfaces is authorized. Indeed, if it was done at a velocity higher

than Vy4, the load factor could become higher than the maximum load factor ny,x, which could damage the airplane.

The gust effect quantifies the increase in load factor due to a sudden vertical gust. The equivalent gust velocity U, at cruise
altitude is £44 ft/s at an equivalent velocity of the airplane equal to Vp or V¢, and £22 ft/s at Vp. The gust load factor is

expressed as:

14 PoVeSFCL o plancUe

ng=1+An= W

(5.3.8)
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with
0.88 2w
= K and pg=-————
534u PCLa plane cS

(5.3.9)

The gust entering velocity Vp is the minimum speed that the aircraft should have if gust is expected to happen. Indeed, below this
velocity, a gust could bring the aircraft much higher than the stall line, and the pilot could lose control of it. V¢ has to be high
enough compared to Vp in order to have a sufficiently large zone where the aircraft can be flown safely. This is expressed by the

following condition: V¢ > Vp+1.32U,

The limit load factor is the maximum expected load factor that the aircraft could experience. It is equal to 2.93 for MWET-50
and 2.56 for MWET-76. Although, the aircraft has to be able to withstand an ultimate load factor nyjimate = 1.5 X njimi¢ for three

seconds and to be operated until landing.

nuI timate

4+ nultimate

Load factor n [-]
Load factor n [-]

-2
127 201 292 365 143 226 293 366
Equivalent airspeed [KEAS] Equivalent airspeed [KEAS]
Figure 5.14: Maneuver (blue) and gust (red) Figure 5.15: Maneuver (blue) and gust (red)
envelopes for MWET-50. envelopes for MWET-76.

For each of the relevant critical points, the aecrodynamic loads are computed. These critical points are A(Veq = V4, n = 2.5),
C(Vc, 2.93), D1(Vp, 2.5) and D2(Vp, -0.20) for MWET-50, and A(V4, 2.5), C(V¢, 2.56), D1(Vp, 2.5) and D2(Vp, -0.20) for
MWET-76. The computation of the aerodynamic loads is based on an iterative process involving a vertical equilibrium and an

equilibrium of moments around the center of mass:

Ip0 = dyL+dyT+dsp Dg+dwp Dw —dr P+M (5.3.10)

L = nW-Tsin(a—p)—P, (5.3.11)

where dy is the horizontal distance between the aerodynamic center of the wing and the center of mass of the aircraft; dwp is the
vertical distance between the two latter points; dy, is the distance between the axis of the engines and the axis of the fuselage;
dpp is the vertical distance between the center of mass and the body drag center; dr is the horizontal distance between the center

of mass and the aerodynamic center of the horizontal tail.
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Figure 5.16: Aerodynamic loads.

The expression of the maximum pitch acceleration @ is given in paragraph 25.331 of the Federal Aviation Regulation [57]:

~ 39n

€q

P

(n—1.5) (5.3.12)

T is the maximum thrust of the engines, Dp the drag on the fuselage, Dy the drag on the wing and M the pitching moment of
the aircraft. The three latter quantities depend on the angle of attack. So at each iteration on ¢, the only unknowns are L and P,
respectively the lift of the wing and the lift of the tail. The lift coefficient can be computed from the lift. From the Cr-« curve,
the angle of attack of the next iteration can then be deduced. My, is the total moment coefficient on the rear fuselage around the
longitudinal axis. The latter results only from the fin load, as the tailplane torque due to asymmetric slipstream is ignored. This

leads to the results gathered in Table 5.17 and 5.18, where the most critical case is highlighted in blue.

A 25 201 1.5 -2.4e+04  1.8e+05 5.8e+05 6e+05 -6e+05
C 2.93 292 -0.5  -5.5e+04  3.7e+05 1.2e+06 8e+05 -1e+06
D1 2.5 365 -1.5  -8.6e+04  5.8e+05 1.9¢+06 7e+05 -le+06
D2 || -0.21 365 25  -8.5e+04  5.8e+05 1.9e+06 4e+04 -1le+06

Table 5.17: Aerodynamic loads for the 50-seats configuration.

A 25 226 0.6  23e+03  2.2e+05 7.3e+05 8e+05 -8e+05
C 2.56 293 -0.9  -1.7e+04  3.8e+05 1.2e+06 8e+05 -1e+06
D1 2.5 366 -1.9  -4.3e+04  5.9e+05 1.9¢+06 8e+05 -le+06
D2 || 0.027 366 -3.4  -6.9e+04  5.9e+05 1.9e+06 8e+04 -1le+06

Table 5.18: Aerodynamic loads for the 76-seats configuration.

In this section, the structural loads are first computed. Then a material selection with primarily design are presented. Finally,

a numerical analysis is performed to compare it to the analytical results.
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First, the shear distribution and the moments that are differentiated from the loads subjected to the fuselage are presented. The
computation is presented by assuming that the stringers are only subjected to bending stresses while the skin is subjected to a
shear flow that is caused by shear forces and torsion. Starting by a section of interest from the fuselage, the weight distributed

and the cross section area are illustrated in Figures 5.17, 5.18 and 5.19.

Wempennage
Wpayload

Figure 5.17: Representation of the rear fuselage including the two studied section AA” and BB’ and the weights.

Wpayload 1s a distributed load including the weight of luggage and Wempennage is @ concentrated load. Q; and Q3 are the resultant
of load distributions. The fuselage loads are studied at section AA’, so just after the position of the wing and at section BB’,
located just before the empennage as it is illustrated in Figure 5.17. Both sections are assumed to have the same circular

dimensions.

Y ¥ V V VY VYV ¥V V¥V )

NANNN

"

\4

W_empennage
W_paylaod

Q1 Q2
Figure 5.19: Representation of cross-
Figure 5.18: Idealization of the rear fuselage with the weights distribution. section axis.
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Then, the shear forces and the bending moments on the cross-section AA’ and BB’ can be computed using Equation 5.3.13:

7} = —Ffin
T, = (SFy4r — P)cos (oc,- — iwing)
M, = —Mpyselage (5.3.13)

My = BMpp — P d cos (0 — iwing)

M. =Find

where P is the lift force of tail, 7, is the orient angle of the wing, Fy, is the fin load, SFy 4/ is the shear force along z-axis due
to the weight distribution, BM, 4/ bending moment coming from the weight distribution along cross-section, o is the incident
angle of attack which depends on the envelope choice, and d the distance between the aerodynamic center of the tail and the

cross-section. The effect of the various loads for both types of aircraft are presented in Table 5.19 and 5.20.

A 25  -5.0e+04 59e+04  6.5e+06 2.4e+06 2e+07
C 256  -8.5e+04 6.5e+04 1.7e+07 4.3e+06 4e+07
D1 2.5  -1.3e+05 6.9e+04  1.7e+07 6.8e+06 6e+07
D2 0.027 -1.3e+05 1.6e+04 1.7e+07 6.7e+06 6e+07

Table 5.19: Structural loads for different points of flight envelope at section AA’.

A 25  -5.0e+04 5.6e+04  6.5e+06 1.6e+06 2e+07
C 256  -8.5e+04 6.2e+04 1.1e+07 3.5e+06 4e+07
D1 2.5 6.6e+04  6.6e+04 1.7e+07 6.0e+06 6e+07
D2 0.027 -1.3e+05 1.6e+04 1.7e+07 6.7e+06 6e+07

Table 5.20: Structural loads for different points of flight envelope at section BB’.

The most critical loads are observed for MWET-76 and at section AA’. For this reason, the structural design is developed consid-

ering this section.

The aerospace industry has always been a driver for innovation in the material industry. Material selection in aeronautics is a
critical task since it influences every part of aircraft, such as the fuel consumption, the operational performance, the safety, the

maintenance, the recycling, etc. The material selected for the fuselage, tail and wing MWET are based on some constraints listed

below
* high yield strength * resistance to corrosion
* low density * toughness
¢ durability * damage tolerance

* high fatigue cycle * recyclable material
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Composite materials take an important place in the new generation of aircraft. More and more major components are made
up of composite because of its competitive properties. One particular standout material is carbon-fiber reinforced polymer
monolithic (CFRP). This material is composed of carbon-fiber embedded in a plastic resin, which gives an higher strength-to-
weight ratio than metal and a good resistance to fatigue and corrosion. It is lighter than aluminum, stronger than iron, for a similar
resistance. According to Airbus [58], the reduction in weight can go up to 30%, enabling the aircraft to carry more passengers,
consume less fuel and fly further. Moreover, CFRP could save the operation of maintenance since the material does not corrode

or rust.

In this section, the stress distribution and the bending moments of the fuselage due to a non-symmetrical distribution lift load
are presented. First, the complex structure model is idealized to a simpler model in order to simplify the computation of the

moment of inertia by replacing stringers with booms as it is illustrated in Figures 5.20 and 5.21.

Figure 5.20: Cross section of stringers distribution. Figure 5.21: Cross section of booms distribution.

Then, from the idealized situation, stringers have a small constant cross-section area compared to the fuselage. Consequently,
the assumption was made to have direct stresses on stringers while the skin is sustaining only shear forces. The cross-section of
the fuselage has a circular symmetrical shape where a part is subjected to tensile stress and the other part is in compression. Both

parts are separated by a neutral axis. The expression of stress can be written as:

M Ly — M, Iy, Myl — M.y,

O = ( )y—( )z (5.3.14)
Iyl — I Iyl —IZ
Due to the symmetrical shape, I, = 0, and the expression becomes
M, M,
O = —2— —y. (5.3.15)
Lyy I

On the other hand, the computation is based on the yield strength and shear strength of CFRP multiplied by the safety factor
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S = 1.5 to provide the maximum value that stresses are allowed to reach [59].

O = 2l = 16000 — 50,000 [psi] 16
(5.3.16)

Ty = 24 = 4780 _ 31900 [psi]

The rear fuselage is composed of frames that give the shape of the structure to prevent the fuselage from buckling. The safe
distance between the frames for the composite fuselage structure is 25 inches. The stringers are arranged in equal space with the
same cross-section area. The safe distance between the stringers could range between 5.9 to 7 inches [60]. More spacing distance
reduces the number of stringers and the total weight of aircraft. By taking into account the used material, a distance of 7 inches is
assumed. This corresponds to 52 stringers connected to the fuselage skin panel. The loads undergone by the frames are assumed

low and are thus neglected. Therefore, the minimum dimensional area of stringer B is computed using Equation 5.3.17:

M, M, 1
Buin = (=27 — (5.3.17)
min = T ) G
with the moments of inertia,
Ns ringers
Iy = Zizll y Zz2
(5.3.18)

Nslringers 2
L, = Z,’:l Vi

My, M, are the bending moments on the fuselage and y and z are the positions of stringers with respect to the centroid. Then, the

minimum stringer area obtained for MWET-50 and MWET-76 is By, = 0.093 inZ.

The skin must resist the shear flow which is the summation of the maximum shear flow due to 7y, 7, and the shear due to the

torque which is constant along the section. The maximum shear flow can be expressed as

i+ & I M

1 i X
=q - Ly 55t —r 53.1
a = 3p2Yi™ 3pt 2(xD?/4) (5.3.19)

By taking the maximum shear load in each envelope, the value is substitued in Equation 5.3.19 to get the maximum shear flow

in the skin. Therefore, the thickness of skin can be obtained by the formula:

¢ > dmax (5.3.20)

Tmax

Considering the thickness is uniform, the value t = 0.14 inches is obtained for both aircraft.

Due to the use of composite, rivets cannot be used as assembly method. Bonding is thus preferred as it is common for joining

composite structure.

Summary of the dimensions of the structural design of the fuselage:
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Stringers 0.093 in® 52
Skin 0.13 in /
Frame 0.13in /
Figure 5.22: Fuselage stringer geometry [in] . Table 5.21: Summary of the dimensions of fuselage’s components.

In this section, the same methodology as the one performed for the fuselage is applied to the wing. However, the cross-section
is not symmetrical anymore. First, the reaction forces and the moments are evaluated at the wing root section, which is the critical
zone since it leads to the largest stresses. The primary study is based on the idealization of stringers to booms to simplify the

computation. Finally, a finite element analysis is performed with STEMENS NX 12 software to compare the results.

The loads applied to the wing can be shown in Figure 5.23 where L and D,, are the aerodynamic force decomposed in lift and
drag at the aerodynamic center, W is the self weight of the wing applied at the center of gravity including the weight of the
installed engine and M is the moment applied around the aerodynamic center. The study is based on a half-span wing, only half

of the loads are imposed.

L/2 A

Figure 5.23: Forces and moments acting on the airfoil in the section at the root.

The equilibrium equations on the airfoil at the root section are shown in Equation 5.3.21:

T, = (% — %) sin (@ + Goot) — %cos (o + Oroot)
E = (% — %) COS (a + aroot) + % Sin(OC-l- aroot)
My =M)2 (5.3.21)

My =[5 sin (0 + Qoor) + § €08 (0 + Qhoor) | yac + 23 €08 (0 + Otroot) Y6

M,

[2 cos (0 + Qroor) + & 8in (& + Ooor) | yac + " sin (& + Groot) YeG
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Their values at the different points of the flight enveloppe defined in Section 5.3.c are represented in Table 5.22 for MWET-76

only as they are more critical.

A 2.5 5.7e+04  4.0e+04 3.2e+06 1.8e+06 Te+05
C 256 -3.8¢+04 6.3e+04 5.5e+06 -2.1e+06 3e+06
D1 25 -7.5e+04 1.6e+03 8.5e+06 -2.9¢+06 1le+06
D2 0.027 1.7e+03  -9.5e+03  8.5e+06 5.9e+04 -3e+05

Table 5.22: Structural loads for different points of flight envelope at wing root section for M WET-76.

As in the fuselage, the material used for the wing’s structure is carbon-fiber reinforced plastic. The values of yield strength

Oyield and shear strength Tyielq are the one expressed in Equation 5.3.16. The following assumptions have been made:

- Due to the fact that wings are identical for both MWET-50 and MWET-76, the study can be simplified. As aerodynamic

and structural loads are more critical for the 76 seats configurations, the structural design is only performed for the latter.
- A bending moment induces only direct stress carried by the booms only.

- Torque and shearing loads cause only shear stress carried by the skin.

- The position of the centroid is computed by Equation 5.3.22 with y;, z; the position of the booms from the leading edge.

Zﬁvbooms Ai}’i Z;vbooms AiZi
Ye = Nbooms L= Nobooms (5322)
Z,’ CA; Z,’ CA;

First, the idealized wing section is illustrated in Figure 5.24. This one is split into three cells divided by two spars to allow good
resistance against the loads. The first spar is located at the aerodynamic center and the second one at the aileron junction. The
third cell is assumed to sustain no shear flow. Actually, it is composed of control surfaces that are not designed to sustain loads.

Finally, the spacing distance between the stringers is 3.9 inches resulting in a number of 43 booms.

Figure 5.24: Representation of the idealized airfoil where the green line is the skin, the two vertical lines are the spars and the
dots represent the stringers.
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Direct stress From the bending moments M, and M, the direct stresses are computed in Equation 5.3.23 in order to determine

the area of the booms B with y and z the position from the centroid.

MLy, — M1,
Lyl —I2

¥z

My, — M.,
Lyl; — Iy,

o = (1/B)]( D= ) (5.323)

Because the section of the wing is not symmetrical the non-diagonal moment of inertia are not equal to 0. The Equation can be

seen below.

Ny 2
Zi booms 2

Ly = Z

IZZ — Z?’booms y12 (5324)

Nooms
Iyz = Z,’ b (yi-zi) = Izy

From the maximum yield strength of CFRP, the area of the booms can be computed thanks to Equation 5.3.25.

Ojax = BOyy (5.3.25)

It results that the area for the booms is fixed to 0.31inches?.

Shear stresses By considering the torque M, and the shear loads 7, and T, the thickness of the skin can be determined as it is

assumed to carry shear stresses only.

The wing section can be considered as a closed thin-walled section for which the shear flow is computed by cutting each cell

close to the spar. Noting that the equations are taking into account the taper of the wing.

1 Tweb —1 Twcb s I -T,Web —1I, ‘Tweb s
qo(s) = _Fe Ry ZI i yIzzy / tdirecto2dS + Z ZiA; | — Xy ez ; 7 )IZZZ / tdirect 2dS + Z ZiA; (5.3.26)
yytzz T dyz 0 i:s;<s yytzz 7 Ayz 0 i:5;<s

where fgirect sz = 0 as the skin is assumed to carry shear stress only. The change of shear flow induced by a boom is expressed in

Equation 5.3.27.

. o L TMO [, TV Ly TV — I, TV
qu —q’ _ fzte ,szy Lz — Yy Ty )12 z Bryr (5.3.27)
Lyl — Iyz Lyl — Iyz

where
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Then a corrected shear flow is added and obtained from the momentum balance and the twist rate compatibility in Equation 5.3.29
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and 5.3.30 respectively.

yrl—zrTy=Mc =Y [ qopds+ Y 245400+ Y yPI— Y Z/P] (5.3.29)
¢ Jeelle celle boom j boom j
1 . i o . i
0,=———|—¢" (0);_;+4'(0) +§1§ q[j ds— g (0)1;" (5.3.30)
2A;, UREF celli f s

where Uyef = 840 ksi is the shear modulus of CFRP and [ is a non-dimensional length defined as:

. i+1 d
! :/ I (5.3.31)
g Href
Finally, the total shear stress is obtained thanks to Equation 5.3.32
q=q,+¢q(0) (5.3.32)

Then, the thickness can be obtained from the relation between the total shear fluxes and the shear strength of CFRP in Equa-
tion 5.3.33.

f = Gmax/ Tmax (5.3.33)

From this analytical study, a thickness of 0.118 inches has been chosen by simplicity for the skin, the spars and the ribs.

Assembly method About the assembly method, the use of composite induces that rivets can not be used to assemble the
stringers and the skin. Instead, bonding is preferred. The latter is a common method for joining composite structures. It is

designed to be a permanent joining method, like welding metal.

Dimensions summary This sums up the results obtained in the structural design of the wing of the aircraft.

Figure 5.25: Wing stringer geometry [in].

Skin
Stringers
Spars
Ribs

Table 5.23: Summary of the wing structure components.

0.118 in
0.31 in?
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0.118 in
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Most analytical results are supported by a numerical analysis. For that reason, a finite element model has been implemented

in order to compare the results obtained from the study of the fuselage and the wing.

The model representing the fuselage in Figure 5.26 is composed of frames equally spaced covered by the skin. Then stringers
are added to reinforce the structure. The latter are composed of 1D elements of type CBEAM with a Z cross-section of area
0.093in?. The frames and the skin are discretized by quadrangular 2D elements of type CQUAD4 for which thicknesses are
0.131n for both of them. Noting that assembly constraints such as the windows, intersection between parts for example are not

taken into account.

Figure 5.26: Representation of the CAD model and the mesh of the fuselage

In order to simplify the numerical simulations, the fuselage is studied between section AA’ and BB’ from Figure 5.17. It is
assumed to be clamped on the side just after the wing. On the other extremity, the forces and moments resulting from the
empennage have to be taken into account. Therefore, they are composed of the lift on the tail, the force on the fin and the weight
of the empennage. They are modeled as three moments applied to the last frame at section BB’ and a force to take into account
shear loads. Moreover, the studied section is subjected to the total weight of the payload including luggage, passengers. It has

been divided into components applied to each frames in order to represent a load distribution.

The resulting stresses are represented in Figure 5.27 and 5.28 for the direct and shear stresses respectively.

Figure 5.27: Maximum direct stresses [Ib/in2]. Figure 5.28: Maximum shear stresses [1b/in?].

From this analysis, the stresses evaluated in this section are compared to the one obtained analytically. In the analytical part, it
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has been observed that the most critical section was located at AA” whereas stresses are concentrated in section BB’ numerically.

It mainly comes from the fact that the fuselage is assumed to be clamped on one side.

An other observation is that the maximum stress is concentrated on the section where the loads from the empennage are applied.

For this reason, this frame will especially have to be reinforced at the junction between the fuselage and the empennage.

Finally, the results are compared to the one obtained through the analytical analysis and are represented in Table 5.24. Results
are of the same order for both direct and shear stresses. Nonetheless, Figure 5.28 shows that the skin sustains also part of the

direct stresses unlike the assumption made in the analytical study.

Max. direct stress [psi] 47,892 44,028
10,877 14,611

Max. shear stress [psi]

Table 5.24: Comparison of the maximum stress between analytical and numerical analysis for the MWET-50 fuselage.

To further improve the simulations, the effect of the windows or the exact distribution of the payload could be considered.

To perform the finite element analysis, half of the wing is considered due to its symmetry with respect to the fuselage center.
It permits faster computation. The internal structure of the wing is represented in Figure 5.29 and its characteristics are gathered
in the table 5.23. The wing is fixed at its root and it is assumed that the control surfaces are not considered as load carrier so do

not contribute to the wing stiffness.

Figure 5.29: Internal structure of the MWET family wing. The ribs are in blue, the spars in green, the skin in white and the
stringers in orange.
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The worst-case flight condition for the wing is the point D1 (see Table 5.18) for the MWET-76 aircraft. As the wing is the same
for both aircraft, only this case is taken into account in the structure simulation. The lift distribution has been imposed but also,
the self-weight of the wing, the engine mass and the thrust have to be taken into account. The fuel tank is considered as empty,
which leads to higher loads and a more critical condition. It gives the loaded wing in Figure 5.30. The results are split into direct

and shear stresses.

Figure 5.30: Maximal direct stress (left) [Ibf/in’] and maximal shear stress (right) [Ibf/in?] on the MWET-76 worst-case.

As expected analytically, it can be seen that the stress distribution decreases along the spanwise direction and the results obtained
seem plausible. As it could be predicted, the direct stress is highly compensated by the stringers while the skin and the spars
sustain the majority of the shear stress. However similarly to the fuselage, a fraction of the shear stress is sustained by the
stringers whilst the skin and spars sustain the direct stress. The maximal and minimal values are higher than the one given
in Table 5.25 because of some singularities at the corner of the rib and the spars. However, the maximal and minimal values
displayed with the legend are the limitation of the material with a security factor of 1.5. It can be seen that near the root of the

half-wing, the direct stress is higher so the wing must be reinforced at the root and at the wing fixation.

Max. direct stress [psi] 36,072 36,260
31,900 32,630

Max. shear stress [psi]

Table 5.25: Comparison of the maximum stress between analytical and numerical analysis for the MWET-76 half-wing.

Table 5.25 shows the difference of maximum stress obtained analytically and numerically. For both, the finite element model
gives a bit higher stress than in the analytical method. The difference can be due to analytical assumptions but also from load
concentration in the finite element model. Also, it can be noticed that the values obtained with the finite element model gives

maximal values which are higher than the security stresses given above but are below the yield stress of the material.

Lastly, the displacement of the wing induced by the critical loading is shown in Figure 5.31. The displacement obviously

increases along the span wise direction and reach its maximum at the wing tip. At this position, the amplitude is quite high but
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because of its material, the wing is really flexible. It can be compared to the Boeing 787 Dreamliner (at its span ratio) which is

also made of carbon-fiber reinforced polymer [61].

Figure 5.31: Wing displacement [ft] in the case D1 of the MWET-76.

An optimization and an improvement of the wing structure can be made by reinforcing the root which is a critical zone by adding
stronger stringers and a thicker skin to reduce shear and direct stress to fit in the security range. Also, it can be recalled that the
flexible winglets wasn’t modeled in the finite element model but this mechanism is used to reduce the direct stress at the root of
the wing as explained in the section 4.1. Then an advanced modelization can be performed to study this case. Finally, it can be
seen that there is no strong stress starting from the middle of the wing. Therefore, a decrease of the skin and rib thickness should

be conceivable to reduce the mass, the fuel consumption and the flying cost.

The request for proposal requires a maximum takeoff field length of 4000 ft and 6000 ft for the 50- and 76-passengers regional
aircraft respectively, with an obstacle clearance of 50 ft to a runway with dry pavement (sea level ISA + 18°F day) for both con-
figuration. This upper bound of takeoff field length must be respected even if during the takeoff phase the aircraft is subjected to

one engine failure beyond the decision speed. The methodology that has been followed is fully described in [ 18] and [25].

During the ground roll, the horizontal forces which act on the aircraft are the thrust produced by the engines, the drag and the
friction force due to the contact of the wheels with the pavement. Assuming a flat and dry pavement made of concrete and asphalt
leads to a friction coefficient 4 = 0.03 (-) as mentioned in [4] and in [18]. In order to respect the FAR part 25 requirements for
the takeoff phase of a commercial airliner, the liftoff velocity (minimum threshold speed at which the pilot can attempt a liftoff
maneuver) will be assumed equal to Vyo = 1.1 Vi, while the climb velocity (minimum required speed to clear the obstacle with

the climb angle) is equal Vo, = 1.2 Va1 The ground roll distance, expressed by the Eq. 5.4.1, results in the required distance
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to achieve the acceleration from the null to the liftoff velocity. During this phase, the drag experienced by the aircraft depends

mainly on the deflected flaps and the deployed landing gear.

Xg = /Vf 2 4 av 5.4.1)
vi w(T—D—p(W-L))
However, in case of an engine failure occurring during takeoff, the rudder will be deflected to compensate the yawing moment
produced by the asymmetry of the thrust. The rudder deflection and the inoperative engine will both lead to an increase of the
drag. An analytical expression to estimate this increment of drag is developed in [4]. The drag forces encountered during the
takeoff phase are computed and shown in the section 5.2.b. If the failure is encountered before the decision speed Vi, by definition
of this threshold, the braking devices are applied and the takeoff is aborted. In the opposite case, as the aircraft needs enough
velocity to attempt a climb in order to clear the mandatory obstacle of 50 ft, an increment of ground roll distance, X/, will be
added to reach V¢, starting from Vro. The decision speed for both MWET seats configuration is evaluated at 1.07 - Vi using
the equation 5.4.1 with u = 0.4 (-) (ground friction and the activation of the braking devices) and V; = 0. The decision speed is

determined by defining the balanced field length as the total needed length of the runway with one engine inoperative.

Then, rotation leading to liftoff is initiated and is assumed to take place within 2 seconds. This maneuver is effectuated at Vo

for an all operative engine takeoff and at V- after the increment of ground roll for one engine inoperative takeoff.

The transition phase (denoted TR) consists of the acceleration from Vrg to Vcr, during a circular arc path whose radius, R,
is function of the mean velocity and the load factor. The covered horizontal and vertical distances (Xtr and htr) during this
maneuver are,

Xtr =Rsiny and hrr = R(1 —cosY) (5.4.2)

where the climb angle can be computed as, knowing the drag Dy, acting on the aircraft and the available thrust produced by the

engines Ty,

. Tlo - Dto
= —_— 4.
Y = arcsin < W ) (5.4.3)

to

Finally, the takeoff field part required to clear the obstacle of 50 ft at the end of the runway can be computed as,

hobstacle - hTR (5 4 4)

Xcop =
L tany

The takeoff phase continues with a climb which keeps the velocity and the angle at the end of the transition phase until an altitude

of 1500 ft.

Considering double slotted-flaps deflected at 20°, which produce a maximum lift coefficient of 2.17 [-] as mentioned in Table 4.7,
and the stall velocity at takeoff which results from the application of these high lift devices, the takeoff distances for both MWET
configurations can be computed. Each segment of the takeoff phase at sea level is shown in the figure 5.32 and the total distances

are synthesized in Table 5.26. The AIAA also requires to show the respect of the performance requirements at takeoff for an
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altitude of 5000 ft above sea level (ISA + 18°F). These performances are shown in the Table 5.26.

Note that the climb angles for a normal takeoff are computed equal to 15° and 13° respectively for the MWET-50 and the
MWET-76. As mentioned in [18] and [25], a typical climb angle at takeoff for an airliner is included between 10° and 15°.
However, in an event of one engine failure, these climb angles will be reduced to 5° and 4.8° due to the increase of the drag

and the loss of power. These values respect the minimum climb gradient of 2.4% (= 1.38°) imposed for 2-engines airliner by the

FAR2S.
Climb
Veo
Liftoff ‘\
Start Begins to rotate V10 %
V=0 ‘ | h g 1|50t
TR e
_____________ o
XG XR XTR XcL
Figure 5.32: Takeoff phase.
MWET-50 2381 825 3206 (< 4000) 3612
MWET-50 (OED)* 3123 745 3868 (< 4000) 3990
MWET-76 3240 925 4165 (< 6000) 4711
MWET-76 (OEI) 4232 801 5033 (< 6000) 5711

Table 5.26: Total takeoff distances for the MWET-50/-76 aircraft.

In this section, the climbing performances of the MWET aircraft family is evaluated. Both configurations are required to reach

their cruise altitude within 200 nmi travelled.

During this part of the flight, assuming that the thrust is aligned with the aircraft velocity and that no turn is initiated, the equations

of motion can be written as

T = 1pCpV2S+Wsiny, (5.4.5)

L=WcosY, (5.4.6)

30EI: One Engine Inoperative above decision speed.
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where 7 is the angle of climb (AoC).

Solving Equations (5.4.5) and (5.4.6) then allows to obtain the vertical component of the velocity, also called Rate of Climb
(RoC). It is common to represent this parameter, as well as the corresponding angle of climb (AoC) as a function of the airspeed

and of the altitude. This is done in Figures 5.33 and 5.34 and with a few assumptions:
* The drag is computed using the assumption of parabolic drag;
* 7vis considered small;

¢ The maximum available thrust is used in order to illustrate which RoC can be achieved.
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Figure 5.33: Representation of the achievable rate of climb [ft/min] for MWET-50 (left) and MWET-76 (right).
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Figure 5.34: Representation of the angle of climb [deg] for MWET-50 (left) and MWET-76 (right).

The service ceiling altitude, the higher point for which RoC = 100 ft/min, can therefore be computed for each aircraft, as well as
other useful climb quantities such a as the maximum rate of climb, RoCpx, its associated airspeed Vy and angle of climb AoCy,

the maximum angle of climb, AoCpax, and its associated airspeed Vx. They are all summarized in Table 5.27.
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Service Ceiling [ft] 42,500 39,500
RoCppax [ft/min] 5624 5297.6
Vy [kts] 301.3 317
AoCy [deg] 10.6 9.5
AoCyax [deg] 14.7 12.9
Vx [kts] 141.9 159.2
RoCx [ft/min] 3645.7 3600

Table 5.27: Relevant quantities for the climb computed at sea level.

In order to estimate the distance traveled to reach 32,000 ft, the initial cruise altitude, it is first required to compute the time

necessary to climb that high. The definition of the vertical velocity gives

dh

dt = —.
RoC

(5.4.7)

Furthermore, it can be assumed that the rate of climb varies linearly with respect to the altitude (k) [18]. It leads to

%) hy hy
[a= [ ae= | (5.48)
I3t hy ROC hy a(hihl‘)+v\1i

and the time required to go from altitude #; to h;4 | is then given by

1 (ROC),‘Jrl 1 (ROC)H,]
Ati=ti 1 —ti=-1 = 1 . 5.4.9
i a (RoC); %OIQ 1 (RoC); ( )

By decomposing the climb into short piecewise linear segments, the time to climb can be computed. In order to estimate the

minimum value, it must be assumed that the aircraft is climbing at Vy, corresponding to the maximum rate.

Finally, from the definition of the horizontal velocity

dx
Vy=— 5.4.10
h dt ) ( )
a similar equation to (5.4.9) can be derived. The result is given by (5.4.11) and can be solved for Ax;.
1 V)i
Aty =tip —t; = n V)it (5.4.11)

5206 " ),

An estimation of the time necessary for a climb at Vy at maximum thrust capability starting at 1500 ft (end of takeoff phase)
and the corresponding distance traveled is presented in Table 5.28. Although it does not constitute a very precise value as the
real climb strategy will be different (weather,...), it still shows that the distance traveled is a lot less than 200 nmi. A quite high

margin is available.
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Time to climb [min] 10.5 12

Distance traveled [n mi] 56.5 68.3

Table 5.28: Time required and distance traveled during this time for a climb at Vy from 1500 to 32,000 ft.

This section has the purpose to study the turn of the aircraft, at a constant velocity and altitude. For this purpose, the method-
ology described by Raymer [ 18] is followed. In this maneuver, the horizontal component of the lift allows this aircraft to turn, as

showed by Figure 5.35.

Figure 5.35: Level Turn geometry, from [!8].

In this particular case, the thrust remains equal to the drag and the lift equals the weight times the load factor :

w
sin @
T=D (5.4.13)

L=nW =

(5.4.12)

where ¢ is the bank angle, i.e. the angle between the lift and the horizontal direction. The associated turn radius R can then be

computed from the horizontal component of the lift and is given by

VZ

Figure 5.36 represents the minimum turn radius that is needed as a function of velocity. This curve was computed by solving
the equations of motion at cruise altitude using the maximum thrust that the engine can produce. Alongside the minimum radius
are represented curves corresponding to constant load factor and to a stall limit. It can be observed that turning at constant speed

with the minimum turn radius is never sufficient to undergo a limit load factor of 2.5. At lower speed tough, stall needs to be
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taken into account by turning at a higher radius.

x10*

Turn Radius [ft]
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Figure 5.36: Constant velocity turn performances for MWET-50 (left) and MWET-76 (right), computed at 32,000 ft. The red part
of the curve represents the limitation on the turn radius due to stall, the blue part is the minimum required turn radius. The green
marker is placed at cruise conditions. The vertical line is the stall speed.

At cruise conditions i.e. at an equivalent velocity of 275 knots, the MWET aircraft family is therefore perfectly capable to turn
at constant speed and with no altitude change. The maximum turning rate Yinax the aircraft can achieve and the corresponding

bank angle @max, load factor 7, and turn radius Ry, are summarized at Table 5.29.

Pmax [deg/s] 2.6 2.3
Nax [ft] 15 1.42
Dmax [deg] 41.6 44.6
Runin [ft] 17,640 19,590

Table 5.29: Relevant quantities for the level turning flight computed at 32,000 ft (Mach 0.8).

In case of all engine inoperative due to failure, glide performance of an aircraft are vital information to the pilot in order to
safely attempts a landing in the closest airport. This section assesses the computation of the glide range and sink rate from cruise
altitude to ground for each aircraft of the MWET family. Following the methodology presented in [18] and [25], first, the best

glide speed can be determined as,

W 1 517.4 ft/s, MWET-50
N _ 5.4.15
Bo pS \/ Cp, -emAR (54-15)

5722 ft/s, MWET-76

where W, the aircraft weight, is taken at the beginning of the cruise segment and Cp, is computed in case of all engine failure.

Then, the pilot orients the aircraft in order to maximize its glide ratio and reach the maximal glide range. The former can be
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computed by,
L 1 17.44, MWET-50
( D) - = (5.4.16)
1
max 4 /4Cpy zAR 16.97, MWET-76
so that the latter can be expressed as,
I 92.3 nmi, MWET-50
Rglige = h- (D) = (5.4.17)
e 89.8 nmi, MWET-76
where £, the altitude, is 32,000 feet. The rate of descent (ROD) or sink rate of the aircraft in this situation is given by,
1778 fpm, MWET-50
ROD = Vi - sin (arctan < )) = (5.4.18)
glide

2020 fpm, MWET-76.

The request for proposal requires a maximum landing field length of 4000 ft for the 50-passengers aircraft configuration and
6000 ft for the 76-passengers one with both an obstacle clearance of 50 ft to a runway with dry pavement (sea level ISA + 18°F
day) at maximum landing weight. Moreover, both airplanes, MWET-50 and MWET-76, must respect a approach velocity category
C (< 141 knots). Similarly to the total takeoff field length, the total landing distance can be broken into several segments where

different aerodynamic forces act.

The first segment is the approach distance, X (equation 5.4.19), needed to clear the imposed obstacle at the beginning of the
landing phase with an approach velocity Vo = 1.3 Vi, which must respect the mandatory approach speed category mentioned
earlier. Note that for transport aircraft, the approach angle, ¥,, should not be steeper than 3° (0.052 rad). This angle is computed
following the equation 5.4.20 where Dj,nq is the drag force acting during this phase and 7iqj. is the flight idle thrust. The latter,
for a turbofan aircraft, is assumed at 20% of the static takeoff thrust [51]. The obtained approach angles are between 2°and

3°.

hobstacle - hF

X, — obstacle 7 F (5.4.19)
tany,
Diand — T,
¥, = arcsin <M> (5.4.20)
VVland

The next segment, called flare, consists of a flare with deceleration from the approach velocity to the touchdown one in order
to smoothly touch the runway with the main landing gears. The flare horizontal distance Xr and flare vertical distance hp are
expressed as,

Xp=Rsiny, and hp=R(1—cosy,) (5.4.21)

where R is the circular radius of the flare trajectory and function of the load factor and of the speed. When the aircraft has touched
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the ground, a free roll of approximately 2 seconds is assumed [ 8] before applying the braking systems. The resulting free roll

distance XgR is the one travelled during this time-lapse with the touchdown velocity.

Finally, the braking distance, Xp, starts when the braking devices are applied. It ends when the aircraft is completely stopped.
During this segment, the thrust provided by the engines is the idle thrust and is approximated as equal to 5% of the static takeoff
thrust as mentioned in [51] and [18]. The runway is assumed to be flat and dry, made of concrete and asphalt which leads to a
friction coefficient 4 = 0.4 [-] with applied braking systems. The equation 5.4.1 can be used to determine the braking distance

with V; as the touchdown velocity and V; equal to zero.

Considering double slotted-flaps deflected at 50° which produce a maximum lift coefficient of 2.43 [-] as mentioned in Table 4.7
and the stall velocity at landing which results from the application of these high lift devices, each segment is represented in the
figure 5.37 and the total landing distances for both MWET configurations are synthesized in the Tab. 5.30. The AIAA requires
also to show the respect of the performance requirements at landing for an altitude of 5000 ft above the sea level (ISA + 18°F).
These performances are shown in the Table 5.30 where stall velocities, at seal level, of 121 knots and 137 knots are computed

respectively for the MWET-50 and the MWET-76. These values respect the approach velocity category C.

Approach
1.3 Vg
Touchdown End
2 r VD Brakes V=0
Q lied
50 ft s | app e |
O hF
L U
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XA XFR
Figure 5.37: Landing phase.
MWET-50 1368 2319 3687 (< 4000) 4033
MWET-76 1123 2880 4003 (< 6000) 4442

Table 5.30: Landing distances for the MWET-50/-76 aircraft.

The Request for proposal requires a short-haul range of 2000 nmi for the 50-seats configuration and at least 1500 nmi for the
76-seats aircraft. In order to be competitive with the other regional aircraft families (ERJ and CRJ series), the MWET-50, as well
as the -76, are both designed to reach 2000 nmi. For the sake of safety, a mandatory requirement on the extra fuel to carry in case
of close intended airport is defined by the FAR25 and must be added to the mission fuel. It requires, under commercial regulation,

a additional cruise range of 100 nmi in order to reach the closest airport with a 30 min of additional loiter for daytime flights
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under visual flight rules (VFR), and 45 min under instrument conditions (IFR) after attempting to land at the intended destination.
The worst case is set with the IFR conditions. The mission and reserve requirements are synthetized in the figure 5.38.
The knowing specific fuel consumption in cruise (SFC.yise ), described in the section 4.4.c, is used to compute the range covered

by the aircraft during the cruise segment with the Breguet equation (Equation (5.4.22)) and the endurance time of this segment

(Equation (5.4.23)),
R Vemie Cp <Wstamm'se> (5.4.22)
SFCcruise CD Wend cruise
1 CL (‘/Vstart cruise )
oL G (Wearenise (5.4.23)
SFCcruise CD Wend cruise

where W stands the weight and V for the velocity. This equation is computed under the assumption of a cruise Mach number of
0.8 for both aircraft, at an altitude of 32,000 ft. The lift and drag coefficient are averaged over the whole cruise segment what
represents approximately the values obtained for the case full-payload mid-fuel. These values are mentioned in section 5.2.a and

5.2.b respectively for the lift and drag coefficient in cruise condition.

With all these parameters, the cruise range and endurance are computed and presented in Table 5.31. Note that the descent flight

segment is included in the cruise one.

1950 251
1940 250

MWET-50
MWET-76

Table 5.31: Range and endurance for both MWET aircraft.

Knowing the needed distance to reach the cruise altitude starting from the end of the takeoff phase (detailed in Table 5.28), the

total range for both aircraft is slightly higher than 2000 nmi.

10
9 11
12
13
1 14 15
Main mission ; Alternate mission

Main mission Alternate mission

1 - Taxi 9 - Divert Climb + Accelerate

2 - Take off 10 - Divert Cruise [M0.8 @32 000 ft for 100 nmi]

3 - Climb + Accelerate 11 - Descent [to 5000 ft]

4 - Cruise [M0.8 @32 000 ft for 1950 nmi] 12 - Loiter [45 min]

5 - Descent [to 10 000 ft] 13 - Approach

6 - Loiter [5 min] 14 - Land

7 - Approach 15 - Taxi

8 - Land

Figure 5.38: Mission requirement
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In order to obtain the payload-range diagram, the fuel capacity of both aircraft must be known. The fuel volume Vyye can be

expressed, using empirical correlation [53], as :

L .
with 7= @ (5.4.24)

Viwel = 0.54 -
fuel (1+2)?2 (

~

s2, <t) 4+AVT+AMT
root

by \C

c ) root

where S,,,, represents the wing surface without the winglets (494.7 ft2), b,,,, the span without the winglets (68.9f7) and A the
taper ratio. The winglets are not taken into account in the fuel volume computation for the sake of structural integrity and given

the defined use of this system.

As a result, the maximum amount of fuel that can be stored in the wings is 1651.7 US gallons. The needed amount of fuel
(main + alternate mission) in order to cover a range of 2000 nmi with the maximum admissible number of passengers is 1793
US gallons and 2194 US gallons respectively for the MWET-50 and -76. The reserve fuel represents 23% and 22% of the total
amount of fuel respectively for the 50-seats and -76 configuration. However, knowing the available volume in the fuselage and
the allocated volume for the storage of the landing gear as well as the luggage (section 4.5.d, the maximum fuel volume that can

be stored inside the aircraft can be computed. These values are shown in the Table 5.32.

1651.7 912.6 1793 2564.3
1651.7 1473.7 2194 31254

MWET-50
MWET-76

Table 5.32: Fuel volume management for both MWET aircraft in [US Gallon].

The MWET aircraft family is designed to carry the maximum admissible payload over a range of at least 2000 nmi. However,
the maximum fuel volume is reached if the number of passengers decreases. So the maximal range R* at the maximum takeoff
weight (MTOW) is achievable by a reduction of 42% and 34% of the number of passengers respectively for the MWET-50 and
-76. The ferry range of the aircraft (Ryy,x) is reached when all the passengers are removed and when the fuel tanks are full-filed
meaning that the aircraft flies at its maximum operating weight. A general representation of the payload-range diagram is shown
in the Figure 5.39 where the values obtained for each aircraft are synthetized in the Table 5.33. TOW stands for Take-Off Weight,

ZFW means Zero Fuel Weight and MFW characterizes the Maximum Fuel Weight.

3148 (29 pax)
3265 (50 pax)

3373 (0 pax) 31,370 44,190 56,200
3643 (0 pax) 36,877 55,937 70,637

MWET-50

2000
MWET-76

2000

Table 5.33: MWET aircraft family range.
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Figure 5.39: Payload-Range diagram of the MWET aircraft family.

The overall goal of the MWET-50 aircraft is to be at least 20% better than existing 50-seat regional jets in 500 nmi block
fuel per seat. Regarding the existing 50-seat regional aircraft, the ERJ145 has a fuel consumption per seat per nautical mile of
0.0215 (US gallon) while the CRJ200 is a bit more consumptive with a consumption around 0.023 (US gallon) [&] [9] (these
values are taken from flights of approximately 500 nmi). Using the performance of the MWET-50 described earlier, as well as
the knowledge and approximation of the specific fuel consumption for the considered engines, the amount of fuel required to
perform each segment is computed. The total amount of fuel to perform a 500 nmi block is evaluated at 2815 1bs. By converting,
the weight of fuel in volume using the kerosene density (p = 6.7 Ib/US gal), the onboard volume of fuel is equal to 420.15 US
gallons which represents a consumption of 0.0168 US gallon per seat per nautical mile. The relative difference with respect to
the concurrent aircraft is included between 22% and 28.5%.

Regarding the fuel consumption for a 1000 nmi block fuel, the ERJ145 consumes 0.020 US gallon per seat per nmi, the CRJ200,
0.021 US gallon. Considering a 1000 nmi range to cover with the MWET-50, the consumption per seat per nautical mile is

computed equal to 0.0148 US gallon, i.e. respectively 26% and 29.5% lower than the reference aircraft.

Similarly, the same analysis can be performed for the 76-seats aircraft. The ERJ170 consumes 0.021 US gallon of fuel per
seat per nautical mile while the CRJ700 has a consumption of 0.022 US gallon [9] [62]. The MWET-76, for a 500 nmi block
and 76 passengers, consumes 3650 lbs of fuel which represents a volume of 544.8 US gallons and a consumption of 0.0143 US
gallon per seat per nautical mile. This results in an improvement between 32% and 35% with respect to the two previous regional
aircraft with the same number of passengers and 500 nmi.

The fuel consumption for a 1000 nmi block fuel decreases to 0.018 and 0.019 US gallon per seat per nmi respectively for the
ERJ170 and the CRJ700. To perform a flight over the same range, the MWET-76 consumes 0.012 US gallon per seat per nautical
mile (-33% and -37%).

The Figure 5.40 represents the repartition of the fuel consumption during the required mission (2000 nmi) of the MWET family
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Figure 5.40: Repartition of the fuel consumption for the MWET family aircraft over 2000 nmi.

The aim of the trade-off is to validate the design of the MWET aircraft family by comparing it with other design. First, the
wing of MWET is compared to a more regular wing, meaning a wing with an usual aspect ratio. Then, the influence of a 10%
variation of the MWET wing geometry on different metrics, such as the total weight, the fuel weight or the performance, is
investigated. The weight is one of the most critical parameters for aircraft design. The total amount of fuel needed is also of
primary importance, firstly because the request for proposal [ 1] imposes that the aircraft should be at least 20% more efficient
than existing aircraft in terms of fuel consumption, and secondly because fuel is expensive and polluting. Those two parameters

have the highest weight for the following trade-off studies.

Thanks to its innovative flexible winglets, the MWET aircraft family presents a very long and thin wing compared to existing
regional aircraft. The choice to use flexible winglets for MWET is justified by the fact that they allow to set a high aspect ratio
for the wing. To increase the aspect ratio decreases the induced drag produced by the wing and thus increases the lift-to-drag
ratio. In theory, given that the induced drag force decreases, a decrease in the fuel weight needed to perform a 2000 nmi range is

expected, which would help meeting the RFP requirements [1].

This section is dedicated to prove that, at the end, the use of flexible winglet is justified. To do so, a comparison with a more

common wing is performed. The span of the common wing is set at the maximum value allowed at the ground by the ICAO
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Code B, 24 m. The aspect ratio is set to a regular value for regional aircraft, AR = 9 [-]. The taper ratio, the twist and the sweep
angle at quarter chord are kept the same as the ones of MWET. From then on, a new wing surface (S = 688.54 ft*) and mean

aerodynamic chord (¢ = 9.58 ft) can be deduced.

Different metrics for the weight and the performance of the aircraft with a regular wing are shown in Table 6.1. The surface of the
common wing is larger than the one of MWET, leading to better performance at take-off and thus a lower take-off field length. In
the landing phase, the induced drag is much higher, improving the braking of the aircraft and decreasing the distance needed to
land safely. However, if the performance are globally enhanced, the total amount of fuel needed to achieve the 2000 nmi range is
increased by 13.9% for the 50-seats configuration and by 12.6% for the 76-seats configuration. In other words, the use of flexible
winglets allows to save about 13% of fuel which is not negligible. From an economical point of view, that represent a saving of
1328.928 per flight for the 50-seats configuration and of 1468.47$ per flight for the 76-seats configuration. To conclude, the use
of flexible winglets for the MWET aircraft family wing design leads to economic and eco-friendly aircraft, given the reduction

of pollutants coming from the reduction of the fuel burnt.

Total Weight [Ibs] 57,562 | +2.4% | 72,235 | +2.3%
Fuel for a 2000 nmi range [Ibs] 13,686 | +13.9% | 16,552 | +12.6%
Take-off field length [ft] 2903.5 | -9.4% 3698 | -11.2%
Take-off field length OEI [ft] 3967 +2.6% 4869 -3.2%
Landing distance [ft] 2691 -27.0% 3126 -21.9%

Table 6.1: Regular wing data and relative difference with respect to MWET

In this subsection are compared different properties of the MWET aircraft family when main geometric parameters are changed.
A 10% variation is considered for the wing surface and the wing aspect ratio. The impact on the total weight of the aircraft, the
amount of fuel needed to satisfy the range, several performance quantities and the static stability margin is investigated. Results

are presented in Tables 6.2 and 6.3 for each configurations.

Wing surface. Decreasing the wing surface allows to decrease the total weight of the aircraft and the amount of fuel needed.
However, the performance for take-off and landing are negatively affected. The distance required for the take-off and the land-
ing increases, which means that longer runways are needed. This last aspect induces more constraints on the hosting airport,
reducing the number of clients that could be interested in the MWET family of aircraft. This increase is critical for the 50-seats
configuration. The required 4000 ft of maximum field length is indeed not respected for the one engine inoperative case. In the
same way, the needed landing distance is close to the maximum imposed field length (around 40 ft of the limit) for the MWET-50.
Moreover, the approach velocity of the MWET-76 does not respect the mandatory approach category C. In addition, the static

stability margin in the worst configuration (maximum take-off weight) is out of bounds.

The opposite scenario occurs when the wing surface increases: the performance are enhanced but the total weight and the required

amount of fuel increase. In addition to those bad scores for the weight and the fuel, increasing the surface while keeping the
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aspect ratio constant leads to a span that does not satisfy the limit imposed by the AIAA request for proposal [1].

Aspect ratio. Increasing the wing aspect ratio, AR, theoretically increases the lift-to-drag ratio. However, the initial AR of the
MWET family of aircraft is already larger than usual. A 10% variation leads to an enormous and heavy wing, affecting negatively
the weight of the aircraft. This increase of weight counteracts the reduction of fuel needed to perform the flight mission. The
effect of a larger AR on the fuel consumption is reduced due to an heavier wing. Moreover, the maximal landing distance
for the 50-seats configuration (4000 feet) is not respected when a higher aspect ratio is used, and neither is the static stability

requirements.

A 10% decrease of the AR seems to be a good solution at first sight. Some performance are improved while other are less good,
leading to neither a worse or better configuration. However, the lift-to drag ratio is decreased; lower AR leads to higher induced

drag. More fuel is required for the flight. As the fuel is considered as a critical parameter, the solution is rejected.

Variation -10% 0 10% -10% 0 10%
Value 516.67 581.25 635 13.05 14.5 15.95
Total Weight [1bs] -1.0% 56,200 +1.1% -0.2% 56,200 +0.3%
Fuel for a 2000 nmi range [1bs] -1.8% 12,010 12,010 -0.8%
Take-off field length [ft] 3206 -6.0% -0.3% 3206 +0.1%
Take-off field length OEI [ft] +6.7% 3868 -4.7% 3868 -0.5%
Approach velocity [KEAS] 121 -4.1% +0% 121 +0.82%
Landing distance [ft] +6.7% 3687 -5.9% -8.2% 3687 +11.5%
Service ceiling [ft] -0.5% 42,500 +0.5% -2.8% 42,500
Distance traveled during climb [n mi] +0.9% 56.5 -0.9% 55.6 -2.7%
Static Margin K, [%] 17.6-24.1 148-20 10.6-15.1 | 11.3-158 14.8-20 157-21.9

Table 6.2: Variation table for MWET-50°.

Variation -10% 0 10% -10% 0 10%
Value 516.67 581.25 635 13.05 14.5 15.95
Total Weight [Ibs] -0.9% 70,637 +0.9% -0.1% 70,637 +0.1%
Fuel for a 2000 nmi range [1bs] -1.6% 14,700 14,700 -1.2%
Take-off field length [ft] 4165 -6.5% -0.2% 4165 +0.1%
Take-off field length OEI [ft] 5033 -6% 5033 -0.7%
Approach velocity [KEAS] +4.4% 137 -11.7% -1.5% 137 -0.7%
Landing distance [ft] 4003 -6.2% -5.1% 4003

Service ceiling [ft] -0.5% 39,500 +0.5% -2.7% 39,500

Distance traveled during climb [n mi] 68.3 -1.3% 68.3 -3.7%
Static Margin K,, [%] 151-285 74-192 69-176 | 7.8-18.6 74-192 12.7-244

Table 6.3: Variation table for MWET-76.

5The green denotes the positive impact, the yellow the negative impact and the red shows when the metrics are out of the requirements.
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This section intends to provide an estimate of the costs of the MWET aircraft family. For this purpose was used a modified
version of the DACPA IV method, presented by Raymer [18]. The costs are predicted thanks to technical data, such as maxi-
mum velocity and empty weight, combined with cost estimating relationships (CERs). Fudge factor were also assumed using

recommendations.

The production rate is assumed to be ranging from 4 to 10 aircraft per month. Over a 5 year period this gives 240 to 600

aircraft.

Note finally that the cost of living is taken into account thanks to the consumer price index (CPI) factor that can be obtained
from [63]. The results of CERS, in 2012$, were therefore adapted in 2021$ by applying a 1.15 CPI factor. A steady 2.5%

inflation rate was then assumed based on in order to estimate the price of the aircraft in 2030.

These are fixed costs that include engineering, production tooling, flight test and development support. They are summarised

in Figures 7.1 and 7.2 for different production quantities.

As both aircraft share a lot of components, the engineering and tooling hours required will be lower than they would have been
if the two airplanes were totally independent. For this purpose, those hours , obtained thanks to the DACPA IV model, were
decreased by 20%. This value seems reasonable because overall, the number of hours required for engineering and tooling are

160% those that would have been needed for a single aircraft.

Figure 7.1: Non recurring unit costs for MWET-50, computed for different production scenarios.
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Figure 7.2: Non recurring unit costs for MWET-76, computed for different production scenarios.

The recurring costs correspond to the production of the aircraft itself. Their main contribution are due to manufacturing,

material costs, quality control, avionics, engines and the interior.

The costs for different production quantities are displayed at Figures 7.3 and 7.4, while Figure 7.5 represents the Flyaway cost

i.e. the cost of the next aircraft to be produced.

Figure 7.3: Recurring unit costs for MWET-50, computed for different production scenarios.
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Figure 7.4: Recurring unit costs for MWET-76, computed for different production scenarios.

Figure 7.5: Flyaway unit costs of the MWET aircraft family, computed for different production scenarios.

Even tough aircraft are sold at a higher price than they actually cost, they do not generate profit immediately. A certain number

of them needs to be sold in order to cover the fixed costs. This number, also referred as break-even point, is given by

N Total Fixed Costs
~ Unit Sell Price — Unit Flyaway Cost’

(7.3.1)

The sell price is chosen as the sum of the total fixed cost and variable costs divided by the number of units to be produced, to
which are added a 15% profit as well as a 10% liability insurance. As it can be observed in the previous sections, the costs are
greatly influenced by the number of aircraft to be produced. In this section, a production number of 600 units within 5 years was

chosen. This corresponds to a rate of 10 aircraft/month.
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In the end, the MWET aircraft family price, in 2030, can be estimated to $57,000,000 for the 50-passengers configuration and
$63,000,000 for its 76-passengers variation. Those results are comparable to the CRJ-200 and ERJ-145 prices, respectively equal
to $64 and $63,000,000. [64]

As for the break-even point of the aircraft, it depends on the production quantity once again. For a production of 600 units, it

would be reached as soon as 327 units for MWET-50 and 336 for MWET-76.

If the aircraft price is important, the costs relative to its utilization play a very important role in the decision process about

whether it is worth buying or not. It is therefore crucial to estimate a them as well.

In this case, costs are mainly due to maintenance in general, to the crew salary, the consumable quantities such as oil and fuel,
insurance and even depreciation. An estimation of those costs over one year, assuming 4200 hours of flight, can be found in
Figure 7.6. Assuming depreciation is not part of the hourly rates of aircraft utilisation, the other costs leads to respectively
$4830 / $5250 per flight hour for MWET-50/76. The fuel cost includes the gain due to the electric taxiing system (310 and
381$/light, discussed in the dedicated section) and was evaluated using a price of 5.3 $/US gallon in order to compare with
existing configurations. As a title of comparison, the operating cost of the CRJ-200 and ERJ-145 are equal to 4850 and 5550

$/hour. [64]

Figure 7.6: Yearly costs of the MWET aircraft family
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In response to the AIAA’s request for proposal, the MWET crew presented an efficient, economic and eco-friendly regional
aircraft family composed of the 50-seaters MWET-50 and the 76-seaters MWET-76. 1t is innovative through the use of flexible
winglets, which allow a longer and thinner wing than the concurrence resulting in a decrease of the induced drag produced by
the aircraft. Moreover, in an era where ecology is taking a significant place, not only in aviation, but in the whole engineering
industry, the use of an electric taxiing system is a real advantage for the image of the MWET family, in addition to saving

fuel.

The design has been carried out throughout the academic year, where firstly the conceptual design was made. Starting from the
requirements, as well as a complete and relevant documentation about regional aircraft, the various component of the aircraft, such
as the wing, the empennage, were carefully thought and designed. The final design presented here results from a complex iterative
process, which started from rough approximation and ending with a matured version of the MWET aircraft, that successfully
fulfill the numerous requirements. The MWET aircraft family is more economic than the other regional aircraft as it allows to

save more than 20% of fuel for several case of ranges!

The preliminary design went on with a deeper analysis of the aircraft with effective tools. The aerodynamic loads were computed
and compared to validate several aspects of the design. The structure itself of the aircraft was designed and analyzed with a finite

element method to provide a strong and effective family of aircraft.

The static stability, as well as the dynamic stability, was investigated and demonstrated. The performance of the aircraft was
analyzed and optimized for several stages of the flight. It was proven that the MWET aircraft family is 20% less fuel consumptive
than its competitors, which is a tremendous advantage, from an economical point of view, as well as from an ecological point of
view. For the sake of comparison, a trade-off study was conducted and examined critically on several aspect of the aircraft, such
as the flaps, the engines and the geometry of the wing. Finally, a complete analysis of the cost was made to prove that the MWET

aircraft family can economically compete with existing airliners.

In conclusion, MWET is innovative and ecological. By meeting all the requirements of the AIAA, this new regional airliner family

is ready to enter the next phases of the design, which consist in deeper and more precise CFD analysis.
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