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SUMMARY

Innovative Vertical Take-off and Landing Aircraft Design (InVADe) was developed as a Design Synthesis Exercise
(DSE) project. This environmentally friendly aircraft will be capable of operating in densely populated areas and
will offer swift, point to point transportation. InVADe is designed to transport 10 people 2000 km at 600 km/h,
while employing VTOL capabilities. It is expected to be flying by 2030.

Studies have shown that a large potential corporate market exists for such an aircraft. Alternative markets include
medical rescue operations, military, and offshore engineering. Assuming a market share of 1.9%, 500 units will
be sold over 20 years. The associated unit cost are calculated to be 6.55 million EUR. This unit cost uses a con-
servative estimate of the achievable market share. A still realistic market share of around 10% would result in a
significant drop in the unit cost. With a sales price of 10.0 million EUR, a yearly return of investment of 9.1% can
be achieved. An operating cost of 1,374 EUR per hour, enables a lower price per passenger than regular business
class tickets, as long as InVADe carries four passengers or more.

The configuration of InVADe is chosen in such a way that a higher lift-to-drag ratio is attained in comparison to
other VTOL aircraft. The design of InVADe consist of a 14 m fuselage, canard, two tilting ducting fans and main
wing placed at 9.4 m from the root with a span 13.3 m. The main wing houses two ducted fans which are used
during VTOL manoeuvres. During cruise the fans are closed off using a shutter mechanism to reduce drag. In-
VADe employs four lift-generating components. During VTOL operations, the four ducted fans provide the lift.
During conventional flight the wing, canard, fuselage and two front ducts generate lift. The shape of the main
wing consists of a squared part, housing the ducted fans, and a tapered outer wing section. The aspect ratio of the
main wing is 6.19. During transition high lift devices enable InVADe to safely perform transition at a speed of 60
m/s.

Two turboshaft engines, housed in the fuselage, provide 3.5 MW of power to four electric generators, which in
turn transmit power, via electric cables, to electric motors mounted in each duct. The motors then each power
individual fans inside the ducts, which, together deliver enough thrust to lift the aircraft vertically off the ground.
After take-off - in transition - while the front ducted fans tilt to provide thrust, shutters close off the ends of the aft
duct, inside the wing. The rate of climb reaches a maximum of 19.8 m/s at sea level and the cruise speed of 600
km/h is reached at 75% power. The range varies depending on the payload from 1,082 km to 2,986 km.

Three different structural sections of the aircraft were designed: the wing structure, canard, and front ducts. The
outer section of the wing features a wing box, whereas the inner section is outfitted with two main spars and a
load carrying structure for the duct. In total, this structure has a weight of 191 kg per wing. For all structural
elements, Aluminium 2024-T4 was used for its high endurance limit, good manufacturability and low embodied
energy. The design is outfitted with a canard and a single vertical tail, sized for stability and control during flight.
During hover and transition, stability augmentation systems are employed.

A sharp focus on sustainability, especially on noise and CO2 emissions, motivated the design team to come up
with innovative solutions and push the boundaries of the design to meet the needs of a future aerospace industry
with lower environmental impact. With a CO2 emission rate of 2.04 kg/km, comparable with other modern, small
business aircraft, InVADe offers a significantly lower environmental impact, particularly for short flights, since it
practically eliminates the need for getting to/from the airport. In the vertical take-off and landing phases, the to-
tal noise Sound Pressure Level (SPL) produced, after abatement measures, is as low as 80.7 dB at 100 m distance.
This is comparable to the noise of a passenger car as heard from alongside a highway.

The resulting design is an innovative aircraft that will compete with existing modes of business air travel, while
offering a significant advantage over the aforementioned. Its aircraft performance characteristics, such as cruise
speed, range, rate of climb, and emissions are on par with some of the most modern business jets. Its VTOL capa-
bilities, low noise levels, and swift, versatile, point to point transport options will make InVADe a smart choice for
the future business traveller.

The scope of this design project includes the preliminary design of InVADe. A more detailed look into the subsys-
tems, followed by flight testing and manufacturing, are to be performed after this report. Specific recommenda-
tions for further development include, among others: a more detailed ducted fan design, a study on the feasibility
of active winglets, and a deeper investigation on the electric propulsion system, including alternative methods of
energy storage.
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1
INTRODUCTION

In today’s world, fast, point to point transport is in high demand. High speed air travel is often only possible in
between airports, which requires additional transport to and from the airports. Existing helicopters do enable
point to point air travel, but can only fly at a limited maximum speed. Hence, a more time efficient method of air
travel for the business market is worth investigating. Fast, inter-city, direct air travel can be achieved if an aircraft
is able to take-off and land vertically, and, in addition, achieve high speeds during cruise. The preliminary design
of such an aircraft is the challenge of a team consisting of ten students throughout the course of the Design Syn-
thesis Exercise (DSE). The Project Objective Statement (POS) defined as: "Impress the DSE tutor and coaches by
designing an innovative & quiet VTOL business aircraft in 10 weeks with 10 students", describes the project def-
inition. Following the POS, the Mission Needs Statement (MNS) was defined as: "Transport 10 people 2000 km
point to point at 600 km/h employing VTOL capabilities with 100 m noise level of at most 70 dB, flying by 2030".
Finally, the working title for the project and the design was established: InVADe (Innovative VTOL Aircraft Design).

This Final Report covers the progress of the preliminary design phase of the InVADe four ducted fan aircraft. The
aim of this report is to elaborate on the final state of the design resulting from this phase. The design is supported
by technical work in the fields of propulsion, aerodynamics, stability and control, structures and performance.

First the reader is given insight into the background of the project. Therefore, Chapter 2 recaps the mission re-
quirements and profile, which were set in the Mid-Term Report [29]. The market analysis, performed to research
the marked needs, is described. A summary is given of the concept selection process that took place before the
preliminary design phase. Chapter 3 contains the overall picture of the design, giving insight in the exterior and
interior design, lift distribution and a current weight estimation of the aircraft.
Then, Chapters 4 to 8 delve into the technical aspects of the design. Chapter 4 describes the aerodynamic param-
eters and calculations relating to the design. The design of the propulsion system is found in Chapter 5, which
includes calculations on engine power and noise. Chapter 6 begins by laying out the structural design framework,
and describes the structural design of specific parts in the aircraft. Next, Chapter 7 elaborates on stability and
control aspects of the aircraft during each phase of flight. Then, Chapter 8 discusses the overall performance of
the aircraft.

Chapter 9 elaborates on the development analysis including operations, logistics and manufacturing. In addition,
the chapter contains the risk assessment, as well as a Reliability, Availability, Maintainability and Safety (RAMS)
analysis. Chapters 10 and 11 include analyses on the costs and sustainability of the aircraft. Next, in Chapter 12,
compliance of the aircraft with respect to the given requirements is checked. Finally, the report is concluded in
Chapters 13 and 14.
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2
BACKGROUND

This report is the fourth and final report for the ’Design of an innovative VTOL business aircraft’. This chapter
summarizes what has been done in the previous reports so far in order to reach the final design. First, the mission
requirements for InVADe are introduced and the mission profile associated with the aircraft is described. Then, a
brief introduction into the market needs is made and finally the process up until this final report is described.

2.1. MISSION REQUIREMENTS
This section presents all client and team requirements for the InVADe project. Table 2.1 contains all client re-
quirements and Table 2.2 contains all team requirements, identified according to the following scheme:

X X −Y Y Y Y −##

XX is ‘Ct’ for client requirements and ‘Tm’ for team requirements. YYYY is ‘cons’ for constraints and ‘tech’ for
technical requirements. ## is the requirement ID number following its subdivision. The requirements are split up
into into killer, driving, and secondary requirements.

Table 2.1: Client constraints and technical requirements

Req. ID Description Type
Killer Driving Secondary

Ct-cons-01 Range of 2000 km with 1000 kg payload after a VTOL take
off from sea level/ ISA+15 ◦C ambient conditions, including a
landing and take-off halfway

(

Ct-cons-02 Payload 10(+2) passengers (100 kg+15 kg per person) (
Ct-cons-03 Cockpit crew 1 (2 optional) (
Ct-cons-04 Design cruise speed 600 km/h at 75% maximum cruise rating (
Ct-cons-05 Service ceiling 7000 m (
Ct-cons-06 Achieve a rate of climb 9 m/s (
Ct-cons-07 Very low noise levels (urban area operations) equal or less than

70 dB within a 100 m distance during take-off and landing
(

Ct-cons-08 Unit cost below 8 000 000 EUR (
Ct-cons-09 Average unit cost according to the expected production of 500

units over 20 years
(

Ct-cons-10 First flight in 2030 (
Ct-cons-11 Design for 20000 flight hours (
Ct-cons-12 CO2 emissions lower than 2.5 kg/km (
Ct-cons-13 Comply with corresponding CS23 or CS29 regulations (
Ct-tech-01 VTOL capability (
Ct-tech-02 End-of-life disposal plan (
Ct-tech-03 Investigation into production facilities and their possible loca-

tions
(

2.2. MISSION PROFILE DIAGRAM
The following section summarises the mission profile and its different phases, according to Requirements Ct-
cons-01, Ct-cons-06, and Ct-cons-05.

3
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Table 2.2: Team constraints and technical requirements

Req. ID Description Type
Killer Driving Secondary

Tm-cons-01 Take-off and land from 15x15 m helipad (
Tm-cons-02 G-forces between 0.6 g and 1.4 g (
Tm-cons-03 Minimum seat pitch of 90 cm and a seat width of 48 cm (
Tm-cons-04 Minimum cabin height of 170 cm (
Tm-cons-05 Specific range of 1.25 km/kg (
Tm-cons-06 Storage space for 12 times cabin luggage (60x45x25 cm) (
Tm-cons-07 Cabin temperature range of 20-24 ◦C (
Tm-cons-08 Cabin altitude of at most 2000 m (
Tm-cons-09 Operational temperature range from -50 to +90 ◦C (
Tm-cons-10 Operating cost of less than 1800 EUR per flight hour [19] (
Tm-cons-11 Dispatch reliability of at least 98% [24] (
Tm-cons-12 Less than 5.75 days of maintenance downtime per 100 flight

hours [25]
(

Tm-tech-01 Easy to control by pilots and aerodynamically stable during
operation

(

Tm-tech-02 Accommodate lavatory and partial galley (
Tm-tech-03 Include state-of-the-art fly-by-wire technology and glass cock-

pit avionics
(

Tm-tech-04 Maximise business productivity by providing power sockets
and internet connection

(

Tm-tech-05 Comfortable and safe (de)boarding (

The first section will introduce the different operating phases. The next section will address the reserve fuel re-
quired to ensure loiter or redirection. Finally, the corresponding mission profile diagrams are presented in Figure
2.1.

2.2.1. OPERATIONAL PHASES
The mission consists of a number of different phases, namely: warm-up, take-off, transition, climb, cruise, de-
scent, possibly loiter/redirection, transition and landing/shut-down, which can also be seen in Figure 2.1. For a
detailed description of each of these phases the reader is referred to the Midterm report [29]. Some values, like
the climb and descent rates and the times that certain phases take were changed since then. The new values are
set and presented in Section 8.5.

2.2.2. RESERVE FUEL
FAR regulations [38, 39] state that helicopters are required to have a minimum fuel reserve when beginning a
flight; it should be enough to be able to fly at normal cruising speed for 20 minutes in VFR conditions (§91.151) or
30 minutes in IFR conditions (§91.167).

Therefore, three mission profiles are possible, as shown in Figure 2.1:

The top figure shows a regular mission: No redirection or loiter is needed. This leaves enough reserves at all
times during the flight.

The middle figure shows a mission where the reserves were used up on the first trip. In this case it is possible
to refuel at the landing site to make sure there is enough fuel for the second trip and a reserve.

The bottom shows the situation where the reserve was used up on the first leg and there is no refuelling possi-
ble. In this case the flight plan has to be changed in order to refuel during the second trip to make sure that there
are always enough reserves on board. It is safe to assume that there is always a refuelling opportunity available
within a 500 km radius [29].



2.3. MARKET ANALYSIS 5

1000 km 1000 km 30 min

1000 km 30 min 1000 km

1000 km 30 min 500 km 500 km

Figure 2.1: Mission profile diagram

2.3. MARKET ANALYSIS
The VTOL business aircraft is to be designed to seat 10 people, with a range and speed much higher than that of a
helicopter and most likely lower than that of a business jet. It is clear that the market for a VTOL aircraft will grow
out of the existing market for business jets and corporate helicopters of comparable sizes.

A VTOL aircraft matching the given requirements is ideal for those customers who wish to transport a small group
of people from an office building, for example, to another location as fast as possible. It may be slower than a
traditional business jet but its VTOL capabilities remove the need to travel to an airport, often through heavy city
traffic or by helicopter transfer. It is faster, flies further and is most likely quieter and less expensive to operate
than the existing corporate helicopters. Currently the midway between business jets and corporate helicopters is
chosen as the only potential market. Other roles such as patrol, search and rescue (S&R), and emergency medical
services (EMS) are neglected here. There is most likely a potential market for a successful civilian VTOL aircraft in
these roles, but this is outside the scope of this Design Synthesis Exercise.

Extrapolation of expected helicopter and business jet values yields a potential market for some 26,500 VTOL busi-
ness aircraft over the span of 20 years, worth more than $450 billion. Averaging the price in the potential market
and adjusting roughly for inflation, a unit price of about $20 million can be used as an estimate. In that case, sales
of 500 aircraft over 20 years would lead to a market share of only 1.9%, a rather realistic slice of the cake, yet still
$10 billion in revenues. For a more elaborate market analysis the reader is referred to the Baseline Report [28]. A
market outlook is also presented in Section 10.4.

2.4. CONCEPT SELECTION PROCESS
This section outlines a short recap on the procedures taken during the previous two phases of the project. Prelimi-
nary concepts for the design of the InVADe aircraft were investigated and traded off based on the set requirements.
To get more insights into the preliminary concepts and the work performed in the Baseline and Mid-Term Report,
the reader can refer to these two reports, [28], [29].

2.4.1. CONCEPT CREATION & FEASIBILITY CHECK
During the baseline reporting, the group started the concept formation of InVADe by a brainstorm session; this
resulted in a list of 18 VTOL concepts. The brainstorm session was followed by further research on the plausibility
of these technologies. Through a preliminary feasibility check, the non feasible ideas were excluded from the
concepts. Hence, a list of 8 preliminary concepts was formed to be further developed as potential and practical
concepts for the design of InVADe. These concepts are shortly described below:
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1. 4 Ducted Fans
Based on the Bell X-22 aircraft; an aircraft with 4 tilting ducted fans.

2. Deflected Slipstream
The idea is to deflect the slipstreams from the engines downwards to approximately 90 degrees with respect
to the horizontal flow, to achieve upward thrust at take-off.

3. Hexplane
A three-surface aircraft powered by six independent tilting propeller engines.

4. Blended Wing Body (BWB)
Comparable to the tiltrotor, the BWB concept has two tilt rotors placed within the wing.

5. Heliplane
A fixed wing aircraft with a helicopter rotor mounted on top of it

6. Joint Strike Fighter BWB
Based on the propulsive system found in the F35B, a VTOL fighter jet developed in the Joint Strike Fighter
program. This concept combines that engine with a blended wing body.

7. Tiltrotor
Based on the V280 aircraft; using two powered rotors mounted on rotating engine pods at the tips of a fixed
wing.

8. Tiltrotor with retracting blades, TRAC
Based on the tiltrotor concept. However, unlike a conventional tiltrotor, it uses retracting blades which
allow the rotor to optimise for hover and cruise by varying the blade size.

2.4.2. PRELIMINARY TRADE-OFF
Having introduced the 8 practical InVADe concepts, they were further examined to acquire more knowledge on
the main characteristics of each concept. This was done in order to investigate the extent to which they could fulfil
the requirements set by the clients and the airworthiness regulations. Once the concepts were further elaborated,
a preliminary trade-off was performed, on the basis of the 10 criteria which emerged from the requirements.
These criteria were as follows:

1. Noise 6. Cost
2. Speed 7. Transition
3. Weight 8. Propulsive Efficiency
4. Readiness 9. Redundancy
5. Controllability & Stability 10. Complexity

For the trade-off, all eight concepts were graded based on their compatibility with the criteria introduced above.
The following three concepts with the highest overall scores in the trade-off were selected for further investigation
for the final design of InVADe:

1. 4 Ducted Fans

2. Helipane

3. TRAC

2.4.3. FINAL THREE CONCEPTS
The three final possible concepts for InVADe, mentioned above, entered the Mid-Term report. In the Mid-Term
report the three concepts were investigated into more depth. Through initial Class I weight estimations and sizing,
general sizing parameters of these concepts were determined. With deeper studies, estimations of key character-
istics of each concept such as speed, weight and cost was determined. This was done such that it gave the group
the proper concept-based knowledge required to compare all three concepts and select the most appropriate
concept for the design of InVADe.

Below, a more detailed description of the final three concepts is shown, along with an illustrations of all concepts.

4 Ducted Fans
The 4 Ducted Fans concept, which was primarily based on the Bell X-22, has like the name suggests four ducted
fans. These fans can be tilted to transform the aircraft from a vertical flying machine into a horizontally flying one.
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The fans are powered using a series of drive shafts and gear boxes which transfer the power generated by the two
turboshaft engines to the fans. An illustration of this concept is shown in Figure 2.2.

Figure 2.2: Illustration of the 4 Ducted Fans concept

Table 2.3: 4 Ducted Fans Preliminary
Calculations

Parameter Value Unit

1. Noise 76 dB
2. Unit Cost 8.43 M EUR
3. Weight 8,105 kg
4. Specific Range 1.12 km/kg
5. Operating Cost 2,216 EUR/h

Heliplane
The heliplane is simply a fixed wing aircraft with a helicopter rotor mounted on top of it. In this way, the vehicle
can really perform a take off as a helicopter would and after that, fly as a normal aircraft. In the latter the rotor
can be used as a stop rotor or as an autogyro. This layout is illustrated in Figure 2.3. Outcomes from preliminary
calculations are presented in Table 2.4

Figure 2.3: Illustration of the Heliplane concept

Table 2.4: Heliplane Preliminary Calcu-
lations

Parameter Value Unit

1. Noise 86 dB
2. Unit Cost 7.62 M EUR
3. Weight 7,761 kg
4. Specific Range 1.43 km/kg
5. Operating Cost 2,032 EUR/h

TRAC
The TRAC concept is based on the tiltrotor aircraft, which generates lift and propulsion by using turboshaft en-
gines. The engines are mounted at the tip of a fixed wing. The most comparable aircraft for the TRAC concept
are the AgustaWestland AW-609 and V-22 Osprey. The two turboshaft engines can be rotated upwards and down-
wards to perform take-off and cruise flight, respectively. An illustration of this concept is given in Figure 2.4.

Figure 2.4: Illustration of the TRAC concept

Table 2.5: TRAC Preliminary Calcula-
tions

Parameter Value Unit

1. Noise 92 dB
2. Unit Cost 7.28 M EUR
3. Weight 7,029 kg
4. Specific Range 1.54 km/kg
5. Operating Cost 1,923 EUR/h

2.4.4. FINAL TRADE-OFF
The final trade-off consisted of the comparison of the final three InVADe concepts, based on the modified trade-
off criteria, shown below:

1. Noise 6. Unit Cost
2. Readiness Level 7. Safety
3. Control & Stability 8. Operating Cost
4. Specific Range 9. Complexity
5. Weight 10. Sustainability
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The result, after performing a sensitivity analysis to validate the trade-off methodology, presented the 4 Ducted
Fans concept as the winner and thus the appropriate concept for the InVADe aircraft; it was followed by the He-
liplane in second place. This concept is further investigated and designed in this report to produce a preliminary
design for InVADe.

2.4.5. FINAL DESIGN
Up until this moment, the design of the 4 Ducted Fans concept is based on the design of reference aircraft like the
Bell X-22 and Curtiss-Wright X-19. Although these designs would be able to fulfil the mission requirements set by
the client and the engineering team, the design would not employ new, innovative technologies. It was decided
to innovate both internally and externally, not just for the sake of employing new technologies, but to improve
existing weaknesses of the existing designs. Therefore, the shortcomings of the reference aircraft were examined.
These reference aircraft include the Bell X-22, Curtiss-Wright X-19 and the Doak VZ-4. The result of this analysis
yielded the following deficiencies:

• Small Range

• Low Payload-to-MTOW ratio

• Low Lift-to-Drag ratio

As it can be seen in Figure 2.5, comparing to the initial 4 Ducted Fans concept (Figure 2.2) , the two rear fans are
no longer placed at the tip of a rectangular straight main wing; in the new design, the rear fans will be housed
inside the main wing, which is now a tapered wing and of a trapezoidal shape. With this new design, the rear fans
will no longer be tilting during transition, thus they will only be used during take-off and landing, and will not
assist the two front fans during cruise flight.

Figure 2.5: Illustration of the final 4 Ducted Fans design during VTOL operations
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INVADE DESIGN

The following chapter will present the final design of InVADe. The first section will present the weight estimation.
The weight estimation can be subdivided in a Class I and Class II weight estimation. The subsequent sections
elaborate on the exterior and interior design of InVADe. Finally, the last section discusses the lift division.

3.1. WEIGHT ESTIMATION
Throughout the course of the project all weight estimation methods in aircraft design are categorised in so-called
classes. Four different classes can be distinguished in terms of aircraft design [73]. These classes are listed below.

• Class I: Early Conceptual Methods

• Class II: Conceptual Methods

• Class III: Preliminary Design Methods

• Class IV: Detailed Design Methods

The scope of this project limits itself to a Class I and Class II weight estimation, as any more refined estimations
would require a detailed design of the subsystems, which is not done in this preliminary design. The Class I weight
estimation was performed using the fuel fraction method outlined by Roskam [101]. Additionally, the statistical
based set of empirical formulae developed by Torenbeek [113] will be used for the Class II weight estimation.
The following section will outline the characteristics of the Class II weight estimation and aims at explaining the
iterative process which resulted in the final weight estimates. Below a small recap on the Class I weight estimation
is given. For a more detailed description, the reader is referred to the Mid-Term Report [29].

3.1.1. CLASS I WEIGHT ESTIMATION
The Class I weight estimation was performed using the fuel fraction method. A fuel fraction is the ratio between
the weight at the end and the weight at the beginning of a particular flight phase. For example, the fuel fraction
for cruise flight is defined by Equation 3.1.

F F cr ui se =
(

Wend

Wbeg i n

)
cr ui se

(3.1)

The fuel fraction method revolves around one important equation, namely Equation 3.2. Using this equation
one can make a first order estimate of the MTOW of the to be designed aircraft. From requirements the value for
the payload weight can be derived. The fuel fraction method can be used to compute the mission fuel fraction
(F F mi ssi on) and the reserve fuel fraction F F r eser ve . The mission fuel fraction indicates the ratio between MTOW
and Maximum Zero Fuel Weight (MZFW). It is assumed that the MZFW is attained at the end of the mission
profile, which is described in section 2.2. The reserve fuel fraction F F r eser ve is ratio of reserve fuel over total fuel.
A regression analysis of the relation between MTOW and OEW of reference aircraft will yield the values for the
coefficients C1 and C2. The remainder of this subsection will elaborate on the fuel fraction method. For more
information on how the regression analysis was performed, the Mid Term Report can be consulted [29].

WMT OW = C2 +WPayl oad

1−C1 − (1−F F mi ssi on) · (1+F F r eser ve )
(3.2)

The value of the mission fuel fraction is computed by product of all fuel fractions of the corresponding flight
phases. The sequence of fuel fractions was determined in the section on the mission profile (2.2) and can be seen
in Equation 3.3.

9
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F F mi ssi on =F F st ar t ·F F t ake−o f f ·F F tr ansi t i on ·F F cl i mb ·F F cr ui se ·F F descend ·F F tr ansi t i on ·F F l andi ng ·F F shutdown ·
F F st ar t ·F F t ake−o f f ·F F tr ansi t i on ·F F cl i mb ·F F cr ui se ·F F descend ·F F loi ter ·F F tr ansi t i on ·F F l andi ng ·
F F shutdown

(3.3)

First, the cruise fuel fraction (F F cr ui se ) is computed using the following parameters as input in Equation 3.4:
range (Ra), lift-to-drag ratio (L/D), specific fuel consumption (SFC ), propeller efficiency (ηp ).

Ra =
(

ηp

g ·SFC

)
cr ui se

·
(

L

D

)
cr ui se

· ln(F Fcr ui se ) (3.4)

Second, the loiter fuel fraction (F F loi ter ) is computed using Endurance (En), lift-to-drag ratio (L/D), specific fuel
consumption (SFC ), propeller efficiency (ηp ) and loiter speed (Vl oi ter ) as input in Equation 3.5.

En =
(

ηp

V · g ·SFC

)
loi ter

·
(

L

D

)
loi ter

· ln(F Fl oi ter ) (3.5)

The values of the remaining fuel fractions are determined using Roskam [99]. The decision was made to use the
fuel fractions which are derived for regional turboprop aircraft. The values that Roskam suggest for the fuel frac-
tions of different mission phases are listed below. Unfortunately, literature did not provide a value of the transition
fuel fraction (F F tr ansi t i on). It was estimated that this parameter has a value of 0.995 for both types of transition,
i.e. transition from hover to climbing flight and vice versa.

• F F st ar t = 0.990

• F F t ake−o f f = 0.995

• F F cl i mb = 0.985

• F F descent = 0.985

• F F l andi ng = 0.9975

• F F shutdown = 0.9975

• F F tr ansi t i on = 0.995

Moreover, the mission reserve fuel fraction F F r eser ve has to be determined. FAA regulations ([38] and [37]) state
that an aircraft should have a minimum of 40 min and a helicopter a minimum of 30 min of extra fuel aboard to
facilitate loiter or redirection in IFR conditions. In order to calculate the mission reserve fuel fraction, the assump-
tion is made that the amount of reserve fuel is proportional to the loiter time fraction. The loiter time fraction is
defined as loiter time divided by the total mission time. Calculations have shown that the mission will last for
a maximum of 3.3 hours. Therefore, the loiter time fraction was computed to be equal to 0.15. Because of the
aforementioned assumption, F F r eser ve f uel was estimated to have a value of 0.15.

Using data from the regression analysis in combination with the values for the mission fuel fraction (F F mi ssi on
and the reserve fuel fraction F F r eser ve one can estimate the value for MTOW using Equation 3.2. Following that,
the OEW can be estimated using Equation 3.6. Finally, the amount of fuel can be estimated by subtracting the
OEW and payload mass from the MTOW, as is indicated in Equation 3.7.

WOEW =C1 ·WMT OW +C2 (3.6)

WFuel =WMT OW −WOEW −WPayl oad (3.7)

3.1.2. CLASS II WEIGHT ESTIMATION
The Class II weight estimation is based on empirical formulae derived from statistical reference data. As was
advised by Dr. ir. R. Vos the Torenbeek method was used. In contrast to the Class I weight estimation the Class II
weight estimation uses a large number of design characteristics as input. The weights of the following component
groups are estimated by the Torenbeek method for the category ’Transport Aircraft’:

• Fuselage

• Furnishings

• Engines

• Main Wing

• Haudralics/Electrics

• Fuel Tanks

• Canard

• Flight Controls

• Main Landing Gear

• Avionics

• Pressurisation System

• Powerplant Controls

• Vertical Tail

• Noise Landing Gear

• Oil System

• Paint

• Oxygen Systems
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The above mentioned component groups are typically all groups a conventional aircraft is comprised of. However,
in case of InVADe extra component groups are added which are listed below. Based on reference data, the value
of these components and system were estimated.

• Front Ducts

• Back Ducts

• Tilt Mechanism

• Electrical Drivesystem

Finally, by taking the sum of all component groups one can estimate the value of the OEW. By rearranging the
formula given in Equation 3.6, one can derive Equation 3.8. Using this equation, the corresponding value of the
MTOW can be estimated. Finally, the fuel weight can be estimated using Equation 3.7.

WMT OW = WOEW −C2

C1
(3.8)

3.1.3. CLASS I-II ITERATION

The Class II weight estimation uses the outputs of the Class I weight estimation. However, the loop can be com-
pleted by redirecting the output of the Class II weight estimation and using it as an input for the Class I weight
estimation, as explained in the next paragraph. If the output of the Class II converges once a number of n cycles
are performed, one can assume the system is stable.

Although the MTOW and OEW are not directly used as input in the Class I weight estimate, a method was devised
that enabled the incorporation of new output data into the next cycle. Equation 3.2 is used to compute the MTOW
in the Class I weight estimate. One can see the inputs include the coefficients a and b. The coefficients a and b are
derived from the regression analysis of several data points illustrating the ratio of OEW and MTOW of reference
aircraft. These reference aircraft include the Bell X-22, Doak VZ-4 and Curtiss-Wright X-19. In order to make an
iterative calculation possible, a MATLAB script was written that performs a regression for each cycle. During each
new cycle, the output of the previous Class II estimate was added as another reference aircraft to the regression
analysis.

In total, a number of 100 cycles were performed. Already after the 20th cycle the output values of MTOW and
OEW do not vary more than 0.1%. Hence, it can be concluded that the values converge and the system is stable.
Figures 3.1a and 3.1b indicate the value of MTOW and OEW throughout the first 20 cycles of the iterations. The
final values of MTOW and OEW were determined to be 8290 kg and 5510 kg respectively. Table 3.1 indicates the
weights of the main component groups.

(a) MTOW per iteration (b) OEW per iteration

Figure 3.1: Weight estimation iteration results



12 3. INVADE DESIGN

Table 3.1: Components weights and percentage of OEW of InVADe according to Class II weight estimate

Component Group Weight [kg] Percent [%] Component Group Weight [kg] Percent [%]

Fuselage 732 13.3 Main Landing Gear 169 3.0
Front Ducts (inc. motors) 600 10.8 Avionics 120 2.1
Aft Ducts (inc. motors) 600 10.8 Pressurisation System 101 1.7
Furnishings 548 9.9 Tilt Mechanism 100 1.7
Electrical Drive System 500 9.1 Power Plant Controls 99 1.7
Engines 450 8.2 Vertical Tail 96 1.6
Main Wing 308 5.6 Equipment 38 1.6
Hydraulics/Electrics 257 4.7 Nose Landing Gear 38 0.6
Fuel Tanks 247 4.5 Oil System 32 0.5
Canard 245 4.4 Paint 23 0.4
Flight Controls 195 3.5 Oxygen Systems 11 0.2

3.2. EXTERIOR DIMENSIONS
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Figure 3.2: Technical drawings of InVADe

Figure 3.2 shows the exterior dimensions of an InVADe aircraft. Additional renders are presented in Appendix A.7.

3.3. INVADE INTERIOR DESIGN
The internal design of InVADe compromises several aspects. These are presented in the list below and will be
elaborated upon in the next sections.

1. Cabin layout

2. Cockpit layout
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3. Fuel system

4. Engines and electrical systems

3.3.1. CABIN LAYOUT

To size the inside of the fuselage the following parameters need to be set: flight deck length, door size, seat size,
cabin size.

Table 3.2: Details of cabin components and the corresponding source

Component Value Unit Source

Flightdeck length 2.5 m La Rocca[71]
Door size 1.22x0.61 m CS23 [35]
Aisle width 0.38 m CS23 [35]
Emergency exit 0.48x0.66 m CS23 [35]
Galley 0.76x0.92 m Torenbeek [113]
Toilet 0.92x0.71 m Torenbeek [113]
Seat pitch 0.90 m Requirement Tm-cons-03
Seat width 0.48 m Requirement Tm-cons-03
Baggage compartment 0.81 m3 Requirement Tm-cons-06

2 m1.75 m1.60 m

Figure 3.3: Cross-section of the cabin

In Figure 3.4 two cabin layouts are presented. Both layouts provide space for 10 passengers, a toilet, baggage
compartment and small galley. The main difference between the two cabin configurations is the placement of
the toilet, baggage compartment and galley. Configuration 1 (upper) locates the toilet and baggage in the back,
while the galley is situated in the mid cabin. Configuration 2 (lower) is favourable since the passengers in this
configuration are placed closer to the aircraft’s center of gravity. Also more space is created for the wing structure
with configuration 2.

Both configurations exhibit a main entrance and emergency exit as is obliged by the CS-23 regulations. Also
the minimum aisle width of 0.38 m is taken into account. To ensure a comfortable head space the aisle floor is
lowered, providing a cabin height of 1.75 m. The seat level is 0.15 m higher than the aisle floor creating room
enough for the fuel tanks stored below (subsection 3.3.3). This is all illustrated in Figure 3.3. The seats are as-
signed such that the requirement on seat pitch is maintained. The cabin currently leaves room for wider seats
than required, or other furniture such as small tables. The cabin also offers enough space to incorporate space for
Wi-Fi equipment and power sockets. In terms of material use in the cabin design, degradable composites [20] are
a good possibility to ensure sustainability of InVADe.
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Figure 3.4: Two possible cabin layouts

3.3.2. COCKPIT LAYOUT

The cockpit design of the InVADe aircraft will incorporate a glass cockpit, in order to accommodate the digital
instrument displays and gauges that will be installed. The flight deck has a length of 2.5 m, with room behind the
pilots to store avionics systems and flight control computers.

As stated by CS-29 regulations, subpart CS 29.773(a)(1), " Each pilot compartment must be arranged to give the
pilots a sufficiently extensive, clear, and undistorted view for safe operation " [34]. Since InVADe has a canard up
front, the nose cone will be densely packed with structural elements and control lines. Also a weather radar is
placed in the nose cone. This limits the space available for a window in the bottom of the cockpit. To ensure the
pilots have sufficient sight during vertical landing and take-off, a camera will be installed, enabling a clear view on
the ground. With the glass cockpit installed, this camera view can easily be projected on one of the center screens
in the cockpit, while keeping important screens like the Primary Flight Display (PFD) active.

For control, the aircraft will be equipped with a Fly-by-Wire system. This means that no mechanical wires or
rods are present and all control inputs will be send digitally to the corresponding control surfaces. The benefit
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of this system is that every input of the pilot can be processed in a flight computer, checking if the input can be
achieved and how the corresponding control surface should deflect. Especially with the configuration of InVADe
such a system is very convenient to control the thrust generated by each engine and regulate the transition phase
in terms of control. To provide input to the system the pilot has a joystick and a trust lever similar to the Airbus
cockpit philosophy [4].

The cockpit will contain two Primary Flight Displays (PFD) which display the artificial horizon, speed and alti-
tude. Two Multi Function Displays (MFD) can be used for navigation, engine gauges and the camera view upon
landing and take-off. A Flight Computer Unit (FCU) will be used to program the autopilot. A general cockpit
layout can be seen in Figure 3.5. A more detailed drawing of the sidestick is shown in Figure 3.6.

PFD PFD
MFD

MFD

FCU

Figure 3.5: Basic cockpit layout Figure 3.6: Joystick functions

3.3.3. FUEL SYSTEM
Fuel used by the aircraft is stored in four tanks. Two tanks are located underneath the cabin, and two more are
present in the wings. As the aircraft center of gravity (c.g.) position is more or less in the fuselage center, the fuse-
lage contains a large part of the fuel. It is favourable to have a large percentage of the fuel close to the aircraft c.g.
position . This way the fuel burn will have only a minor influence on the aircraft c.g. location.

When fully loaded, the aircraft will contain 2,090 L of Jet A-1 fuel. To estimate the required space for fuel tanks, this
number is slightly increased. From the AE2101 lecture slides [72] it was estimated that 4% of the fuel tank volume
is taken up by systems. Also, a margin of 5% volume is required to account for fuel expansion during operations.
The remaining 91% of tank volume is fuel. Taking this into account, the total volume required for fuel tanks is
2,297 L.

A total amount of 1,290 L of fuel will be stored under the cabin floor. The fuel tanks are indicated in Figure 3.3 as
the shaded triangular areas below the cabin floor. The remaining 1,007 L is stored in two main wing tanks. These
are located outboard of the ducts to relieve the bending loads of the wing during flight.
The fuel is fed to the engines powering the aircraft.

3.3.4. ENGINES AND ELECTRICAL SYSTEMS
The power plant is detailed in 5.5 and consists of two turboshaft engines, four generators, cables for distribution,
a battery pack, and four electric motors.

The engines weigh 180 kg each and are roughly cylindrical with a diameter of 66 cm and a length of 124 cm.
They are located in the top of the tail cone with air inlets located in the wing-fuselage intersection. The gener-
ators have the same diameter as the engines. Two generators are connected to the shaft of each engine and are
located to the rear. The length of one generator is 21 cm and they weigh 95 kg each.

The main cables run from the generators to the electric motors. A large amount of secondary cabling will also
be needed for all the small electric components in the aircraft. The weight is estimated to be 25 kg and it is dis-
tributed over the aircraft, thus has little effect on c.g. location.

The electric motors are each located in the hubs of the fans, where they are assumed to use the full diameter.
The front motors weigh 103 kg each and are 61 cm long, the aft motors weigh 90 kg and are 34 cm long.
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The battery pack is located in the tail cone of the aircraft and weighs 119 kg with a total volume needed of 0.25 m3.

3.4. LIFT DIVISION
For the InVADe aircraft, five parts are selected to produce lift during flight. These parts, the main wing, canard,
fuselage and the two ducted fans in the front, will produce the total lift needed during the flight phase. The process
of dividing the lift to these specific parts is shown in Figure 3.7. From literature it can be stated that the fuselage of
the Piaggio Avanti II generated 20 % of the total lift of the aircraft [45]. Therefore, the design of InVADe’s fuselage
will be an aerodynamic airfoil shape similar to the Avanti. As an assumption, 10 % of the lift is assumed to be
obtained by this fuselage design. The remaining 90% is then divided over the other areas. According to the scissor
plot obtained from the control & stability, the lift that shall be produced by the main wing is set to be 70%. The
remaining 20% of the lift is then divided over the canard (15.1%) and the ducted fans in the front (4.9%), based on
the amount of lift that can be generated by the ducted fans as will be explained below. A total overview of the lift
division can be found in Figure 3.8.

Figure 3.7: Lift division process

The total lift during cruise can be found by simplifying Equation 3.9 to Equation 3.10 using the following assump-
tions:

• Horizontal flight, γ = 0

• Horizontal flight, dγ
d t = 0

• Thrust points in direction of velocity, αT = 0

W

g
V

dγ

d t
= L−W cosγ+T sinαT (3.9)

L =W (3.10)

Canard
15,9 %

Duct
4,1 %

Fuselage
10,0 %

Main wing
70,0 %

Figure 3.8: Division of lift between components
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Looking at the mission profile, three different flight phases can be defined which are important for aerodynamic
aspects. First, the transition phase, that is the phase after vertical take-off and in front of the conventional climb,
as well as the phase after the conventional descend and in front of the vertical landing manouvre. Secondly, the
climb/descend phase, which includes a conventional climb and descend profile. And last, the cruise flight phase,
which is basically horizontal steady flight. For VTOL design, it is assumed that the transition phase is the critical
flight phase. Therefore the wings are designed with respect to both cruise and transition characteristics. In order
to distribute the lift components on the aircraft, a lift division has been set up, which can be found in Section 3.4.
In the pages that follow, the aerodynamic design process will be described. Starting with some general aerody-
namic relations, the aerodynamic characteristics for the main wing, canard, front ducted fans and vertical tail are
computed. Then, a drag estimation is performed in order to find drag coefficients for each specific part of the
aircraft. An analysis on the vortex generation of the main wing and canard is done, resulting in implementation of
winglets to the design. At the end of this section a table with all the results is given. Finally, this chapter is closed
with a verification and validation plan.

4.1. GENERAL EQUATIONS
In order to compute the general aerodynamic parameters for the aircraft, some basic equations are used. Each
parameter will be discussed briefly below and results can be found in Section 4.9.

Aspect ratio

The aspect ratio (AR) is defined as a ratio of wing span (b) and wing area (S) and gives an indication of the slen-
derness of the wing. In general, the AR of the canard should be higher than that of the wing in order to stall first.
A relation for aspect ratio (AR) can be found in Equation 4.1.

AR = b2

S
(4.1)

Taper ratio

The taper ratio λ, being the ratio between the tip chord (ct ) and the root chord (cr ), is defined as in Equation 4.2.
The main reason for adding taper to the wing is to affect the spanwise lift distribution of the wing. Increasing the
taper ratio, that is increasing the tip chord length, results in more lift generated at the tip.

λ= ct

cr
(4.2)

Reynolds number

The non-dimensional velocity, the Reynolds Number (Re), is defined as a ratio of inertia force and viscous force
(µ). A relation for this number can be found in Equation 4.3.

Re = ρ ·V · 1
2 (ct + cr )

µ
(4.3)

Dynamic pressure

The kinetic energy per unit volume of a fluid particle is defined as the dynamic pressure (q̄). A relation for this
quantity can be found in Equation 4.4.

17
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q̄ = 1

2
·ρ ·V 2 (4.4)

Mean aerodynamic chord

The mean aerodynamic chord (MAC) of a wing planform is an aerodynamic parameter which is used in aerody-
namic and stability analysis for aircraft design. The MAC is defined as the chord of an imaginary airfoil which
would have force vectors throughout the flight range identical with those of the actual wing. To calculate the
length of the MAC (c̄), Equation 4.5 is used. The spanwise position of the MAC (Ȳ ) is then defined by Equation
4.6.

c̄ = 2

S

b/2∫
0

c2d y (4.5)

Ȳ = b

6
·
(

1+2λ

1+λ
)

(4.6)

4.2. MAIN WING
In this section the aerodynamic wing design will be discussed. First the methodology used is described and vi-
sualised. Then, a 2D analysis is done in order to select an appropriate airfoil for different parts of the main wing.
From this 2D analysis, some 3D characteristics are translated. By having the wing lift coefficients defined, High
Lift Devices can be selected as described in Section 4.2.5. Finally, the results of these analyses can be found in
Section 4.9.

4.2.1. METHODOLOGY
To start designing a wing, the lift that the wing should generate must be defined. As a first estimate, the lift has
been set equal to the weight during both transition and cruise phases, as shown in Equation 3.10. Having the
weight defined, the design lift coefficient can be computed by the use of Equation 4.8, with factor kc = 0.9 because
of the canard configuration. Having the design lift coefficient, the maximum lift coefficient in both transition and
cruise phase can be calculated using the general lift formula which can be found in Equation 4.7. By knowing the
design (CLdes ) and maximum (CLmax ) lift coefficients, an appropriate airfoil can be selected as is done in Section
4.2.2. For the main wing, as well as the canard, it is assumed that the lift force acts at a quarter chord length of the
wing. The wing area can be computed as a function of lift coefficient (CL) and the lift. Finally, aspect ratio and
wing span will follow from the wing area. This whole process is visualised in Figure 4.1.

Figure 4.1: Wing design process

CL = 2L

ρ ·V 2 ·S
(4.7)

CLdes =
kc

q̄
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S

)
end cr ui se

]}
(4.8)

4.2.2. AIRFOIL SELECTION (2D ANALYSIS)
In this section the airfoil selection process for the main wing will be discussed. The wing is designed to be a lifting
surface. In order to understand how this lift force is generated, the wing cross section, that is the airfoil, must
be studied. To determine the airfoil for InVADe an airfoil from a database by NACA & Eppler can be selected.
Alternatively, a modified airfoil can be designed. Since the design of the airfoil is a complex and time-consuming
process, the selection method is preferred.
To select an airfoil, the following aerodynamic parameters are needed:

• Airfoil design lift coefficient (Cldes
)

• Airfoil maximum lift coefficient (Clmax )

• Reynolds number (Re)
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To determine the lift coefficients (2D) of the airfoil (Cldes
), first the lift coefficients (3D) of the main wing (CLdes )

must be determined. This value can be obtained by the use of Equation 4.9. The maximum lift coefficient (Clmax )
of the airfoil is assumed to be equal to the maximum lift coefficient (CLmax ) of the wing (Equation 4.10) [103].

Cldes
≈CLdes (4.9)

Clmax ≈CLmax (4.10)

The main wing planform is divided in two sections, the outer and the inner. The inner section of the wing houses
the ducted fans and the outer section consists of a conventional airfoil. Hence, two types of airfoils are selected
for the main wing. This is done in order to design the main wing as much conventional as possible. Because of the
ducts inside the inner section, the main wing would be of weird shape if a constant taper was introduced instead
of two separate airfoils. To select a proper airfoil for the main wing, the following selection criteria are used [103]:

• The airfoil with proper design lift coefficient (Cldes
)

• The airfoil with highest maximum lift coefficient (Clmax )

• The airfoil with lowest minimum drag coefficient (Cdmi n )

• The airfoil with highest lift-to-drag ratio ((Cl /Cd )max )

OUTER WING SECTION

For the outer section of the main wing, as defined in Figure 6.1, the following required aerodynamic design pa-
rameters are determined by the use of Equations 4.9 and 4.10 which are used for the airfoil selection process:

• Cldes
= 0.2

• Clmax = 1.6

Thus for the airfoil selection one has to look for the NACA airfoil section that yields a design lift coefficient of 0.2
and a maximum lift coefficient of 1.6. To make selection process faster, a graph of maximum lift coefficient (Clmax )
versus design lift coefficient (Cldes

) for several NACA airfoil from Aircraft Design-A System Engineering Approach
[103] is used. According to this graph, for a design lift coefficient of 0.2 and a maximum lift coefficient of 1.6 the
following NACA profiles can be selected: 63(2)-215, 64(1)-212, 65(2)-215. These airfoils are evaluated at Reynolds
number (Re) of 3 million. To evaluate the aerodynamic parameters of these airfoils at a Re of 17.2 million in cruise,
XFLR5 is used. In Table 4.1 the results of evaluation of the aerodynamics design parameters for the three NACA
profiles are compared against each other.

Table 4.1: Comparison of NACA profiles

No. NACA Clmax Cdmi n Cldes
(Cl /Cd )max αs (deg) (t/c)max (%)

1 63(2)-215 1.6339 0.00617 0.2 131 22.5 15
2 64(1)-212 1.6954 0.00656 0.2 130 19.5 12
3 65(2)-215 1.5855 0.00686 0.2 125 22.1 15

As mentioned before, the criteria as stated in Section 4.2.2 are used for the selection of the airfoil. Applying these
selection criteria on these three evaluated airfoil will result in an airfoil to be used for the outer wing section. As
can be seen form Table 4.1 the three airfoils have the same design lift coefficient. Comparing now the (Clmax ) value,
one can see that the NACA 63(2)-215 fulfils the required (Clmax ) value of 1.6. This airfoil has the lowest (Cdmin ) value
which yield highest maximum speed compared to other to airfoils. Also it has the highest (Cl /Cd )max value which
yields highest endurance and higher stall angle which yield lowest stall speed. Therefore the NACA 63(2)-215 is
selected for the airfoil of the outer wing section of InVADe. Figure 4.2 shows the cross section of NACA 63(2)-215.
In Figures 4.3a and 4.3b the graphs of the Cl -α and Cl -Cd are shown.

Figure 4.2: NACA 63(2)-215 airfoil for InVADe
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(a) Cl -α curve (b) Cl -Cd curve

Figure 4.3: Outer wing section characteristics

INNER WING SECTION

The inner section of the main wing is where ducted fans are placed. The ducts makes the selection of airfoils
from existing NACA series very difficult. The ducts require a constant thickness over chord range. An airfoil with
constant thickness over wide range of its chord length is difficult to find, therefore a new airfoil is designed. The
design of the new airfoil is based on the NACA 12121 series which has a maximum thickness to chord ratio of 21
%. This airfoil is modified such that it has constant thickness for the chord length where the ducts are placed. For
this modification XFLR5 is used to modify the shape of the airfoil such that the upper and lower part of the airfoil
contains a flat part. The resultant shape of this airfoil is shown in Figure 4.4.

Figure 4.4: Inner wing section airfoil based on NACA 12121

Using XFLR5 the aerodynamic performance of this airfoil was investigated. The result are shown in Figure 4.5.

(a) Cl -α curve (b) Cl -Cd curve

Figure 4.5: Inner wing section characteristics

4.2.3. 3D LIFT CHARACTERISTICS
In order to get from the Cl −α to the CL −α curve, Equation 4.11 is used from Raymer [96]. Analysing the outer
section of the main wing, the lift curve slope and stall angle in 3D can be computed. From this formula a lift curve
slope of 0.09 1

deg is found. The stall angle is defined in Equation 4.12 and is computed to be 18.12 degrees, with
∆αCLmax

equals to 1.5. Analysing the wing during transition phase, the inner section of the wing will be disturbed
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in generating lift as the shutters of the main ducts will be opened. When the aircraft is approaching the transition
point, the shutters will open in such a way that first half of the duct is opened, so that the other part still generates
lift (see Figure 4.6). Because of the turbulent flow, it is assumed that that specific part of the wing, namely the half
of the duct, is generating half of its actual lift. Although this is a rough estimate, it suffices for a first estimation
of this lift component. Because this value is estimated, it is included in the risk assessment as can be found in
Section 9.4.

CLα =
2π · AR

2+
√

4+
(

AR·βM
η

)2 (
1+ tan2Λ0.5C

βM
2

) (4.11)

αs =
CLmax

CLα
+α0L +∆αCLmax

(4.12)

Figure 4.6: Duct half closed during transition phase

4.2.4. LIFT DISTRIBUTION
To determine the lift distribution of the main wing, lifting line theory is applied. This theory is applied to de-
termine the lift generated along the span by the wing (lifting surface) without the use of Computational Fluid
Dynamics (CFD). Using the lifting line theory method as explained in Aircraft Design [103], the lift distribution of
the wing and canard is determined. For this method the geometry (chord and span) and the aerodynamic prop-
erties (α0 and Clα ) of the wing and canard must be known, which can be found in Section 4.9. In this method the
one half of wing is divided into (N) segments and for each the corresponding angles χ which are a function of the
lift distribution along one half of the wing. This angle varies between 0 for the last segment and 90 degrees for the
first segment. The lift distribution is determined by using the lifting line relation as described in Equation 4.13.

µL(α0 −α) =
N∑

i=1
Ai sin(iχ)

(
1+ µLi

sin(χ)

)
(4.13)

The parameter µL in Equation 4.13 can be determined as follows:

µL = Ci ·Clα

4b
(4.14)

In this equation Ci denotes the mean geometric chord of a segment, Clα the lift curve slope of segment(1/rad),
and b the wing span. By using Equations 4.13 and 4.14, the coefficients Ai can be obtained. Afterwards Equation
4.15 used to determine the lift coefficient of each segment:

CLi =
4b

Ci

∑
Ai sin(iχ) (4.15)

Using this equation the lift distribution of half span of the wing is plotted. In Figure 4.7 the lift distribution for the
wing can be found. As the effect of the two different airfoils isn’t analysed in detail yet, the lift distribution as in the
figure is still preliminary. It is assumed that the influence of two different airfoils will affect the lift distribution,
but this needs to be tested by wind tunnel tests or flow analysing programs.
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Figure 4.7: Lift distribution curve of the main wing

4.2.5. HIGH LIFT DEVICES
In this section, the methodology for selecting the high lift devices (HLDs) is explained. In order to size these
HLDs, a step-by-step approach is used which will be explained by Figure 4.8. Having set the difference in CL max ,
the suitable HLD device or combination of these devices can be selected. To do this, the chord fractions according
to Raymer need to be set. This is done by Equation 4.16, being a function of the chord fractions. By knowing these
values, Equation 4.17 can be used to find the so-called flapped area (Sw f ). As a result, the use of fowler flaps is
found to be the most optimal solution.

Figure 4.8: High lift devics selection process

∆Cl max = 1.3 · c ′

c
= 1.3 ·

1+
∆c
c f

c f

c

 (4.16)

∆CL max = 0.9∆Cl max

Sw f

S
cosΛhi ng e_l i ne (4.17)

4.3. CANARD
For designing the canard wing, the same procedure as in Section 4.2.1 is used. Figure 4.1 shows the procedure of
the canard wing design. In the next section an appropriate airfoil will be selected and from that, 3D parameters
will be computed.

4.3.1. AIRFOIL SELECTION (2D ANALYSIS)
The modified canard airfoil, as in Figure 4.9, has a camber value of 1.60 % chord at maximum position of 42 %
chord and thickness of 10.75 % chord at maximum position of 39 % chord. In order to prevent wing stall, it is
required for the canard to stall first. This will automatically result in pitch down of the aircraft. As mentioned in
4.2 the outer wing section stall at an angle of attack of 22.5 degrees. This means that the canard will stall first since
the angle of attack of 21.1 degrees at the maximum lift coefficient is lower than that of the outer section of the
main wing. In Figures 4.10a and 4.10b the 2D characteristics of this canard airfoil are shown.

Figure 4.9: Selected airfoil for canard
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(a) Cl -α curve (b) Cl -Cd curve

Figure 4.10: Canard airfoil characteristics

4.3.2. 3D LIFT CHARACTERISTICS

To get the slope of the 3D CL −α curve, Equation 4.11 is used. The slope of this curve is computed to be CLα =
0.089 1

deg . The corresponding stall angle is computed to be αs = 17.4deg.

4.3.3. LIFT DISTRIBUTION

Using the same method as in Section 4.2.4, a lift distribution diagram for the canard has been generated as can be
found in Figure 4.11.

Figure 4.11: Lift distribution curve of the canard

4.4. FUSELAGE DESIGN
With respect to the sizing of the wings, the fuselage is designed in such a way that it produces 10% of the total lift
of the aircraft. This value is based on a reference fuselage profile of the Piaggio Avanti. Although, Piaggio claims
that their fuselage is able to generate 20% of the lift [45]. As a first estimate, half of this percentage is used to design
the fuselage. The four lifting surface design balances lift over a larger surface arrea, which contributes to both the
aerodynamics as well as stability & control. All wing surfaces produce postive lift and will therefore contribute
to the design. The unique fuselage design of the Piaggio Avanti contains a single continuous aerodynamic curve,
which reduces the drag dramatically. A detailed visualisation of the fuselage can be found in Section 3.2.

4.5. FRONT DUCTED FANS
In this section the aerodynamic analysis on the front ducted fans is described. First, the methodology to define
the lift generation by the ducts is elaborated on. Then, the lift generating area is defined, followed by the airfoil
selection of the front ducted fans. Results relating to these calculation can be found in Section 4.9.
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4.5.1. METHODOLOGY
As the front ducts are providing the thrust during cruise and transition flight phases, the profile of the ducts is
designed in such a way that it will produce lift. The top part of the duct, that is the upper part during cruise flight,
contains an airfoil. In the following section the lift generating area of the front ducts is defined. Secondly, a brief
explanation can be found on the lift generated by the ducted fans in front. In the last part, a summary of all the
important parameters with respect to the lift contribution of the ducts can be found.

4.5.2. LIFT GENERATING AREA
The distance covered by the airfoil is shown in Figure 4.12 as a function of θduct . By knowing this angle θduct , the
surface area of the lift generating part of the ducted fan can be defined as can be found in Equation 4.18.

Figure 4.12: Definition lift generating area of duct

Sduct =
(
π · dduct

2 ·θduct

180

)
· lduct (4.18)

4.5.3. 2D AIRFOIL ANALYSIS
To select an airfoil for the front ducted fans it is assumed that the airfoil must have a design lift coefficient of ap-
proximately 0.1 which is lower than that of the main wing and the canard. Furthermore at zero angle of attack it is
not providing any lift. Therefore a symmetrical airfoil has been chosen for the front ducts which starts generating
lift at an angle of attack of 1 degree. The shape of this airfoil is shown in Figure 4.13. The characteristic curves of
this airfoil can be found in Figures 4.14a and 4.14b.

Figure 4.13: Front ducts airfoil

(a) Cl -al pha curve (b) Cl -Cd curve

Figure 4.14: NACA 64-114 airfoil characteristics
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4.6. VERTICAL TAIL
In this section the aerodynamic analysis of the vertical tail is described. First, a brief methodology description is
given, followed by an elaboration of the airfoil selection process.

4.6.1. METHODOLOGY
Having obtained the geometric parameters from the control & stability calculations, in Section 7.2.2, the tail pro-
file can be selected. This selection is done based on the surface area and length of the vertical tail.

4.6.2. 2D AIRFOIL SELECTION
To select an airfoil for the vertical tail, it should be noted that it also has vertical tail lift coefficient. One of the basic
aircraft design requirements is the symmetry about xz plane of the aircraft. To ensure this symmetry, the airfoil
of the vertical tail plane should be symmetric. Also since the vertical tail plane must be clean of compressibility
effect, the Mach number there must be lower than the Mach number at the wing. To achieve this, the airfoil of the
vertical tail must be thinner than the wing airfoil. When the outer part of the main wing has maximum thickness-
to-chord ratio (t/c)max of 0.15 (15 %), a symmetrical airfoil with maximum thickness-to-chord ratio (t/c)max of
0.09 (9 %)can be selected for vertical tail [103] . The selected airfoil will be NACA 0009 airfoil, as shown in Figure
4.15 .

Figure 4.15: Selected NACA 0009 airfoil for vertical tail

4.7. DRAG ESTIMATION
In this section the drag force of the whole aircraft is estimated. First, the methodology is provided, including the
division of the aircraft in parts. Then, for each part the relating drag coefficients are computed. Results relating to
the calculations performed in this section can be found in Section 4.9.

4.7.1. METHODOLOGY
In order to determine the drag, the drag coefficient of the whole aircraft should be obtained. To do so, the aircraft
is sub-divided in specific parts:

• Fuselage

• Main Wing

• Canard

• Vertical Tail

• Nacelles, that is the fairing around the front ducts

• High Lift Devices

For these parts, the relating zero-lift drag coefficient is computed in the sections below [102]. From this zero-lift
drag coefficient, together with the lift coefficient of that specific part, the drag coefficient can be computed. Then,
from these values the total aircraft drag can be calculated.

4.7.2. FUSELAGE
Similar to the design of the Piaggio P.180 Avanti fuselage design, the fuselage of InVADe will be designed in such
a way that it is optimised for aerodynamic efficiency. The fuselage will be shaped in such a way that it promotes
laminar flow. Using Equation 4.19, the drag of the fuselage is computed to be 0.00013.

CDo, f usel ag e =C f · fLD · fM · Swet , f

S
(4.19)

Where C f is the non-dimensional skin friction coefficient, determined by the use of the Prandtl relationship for
laminar flow in the following equation:

C f =
0.455(

logRe
)2.58 (4.20)

fLD , the fuselage length-to-diameter ratio is defined as in Equation 4.21, with l f and d f being the fuselage length
and diameter respectively.
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fLD = 1+ 60(
l f

d f

)3 +0.0025
l f

d f
(4.21)

Then, parameter fM is used to correct for the Mach number the aircraft is flying at. This value is a function of the
Mach number only as can be found in Equation 4.22.

fM = 1−0.08M N 1.45 (4.22)

The wetted area of the fuselage is computed by the use of the CATIA model.

4.7.3. MAIN WING, CANARD AND VERTICAL TAIL
As the main wing is a lifting surface, having a Reynolds number relative to the chord length of the wing, the zero
-lift drag coefficient can be computed by the use of Equation 4.23, where ftc being a function of the maximum
thickness ratio as defined in Equation 4.24. Regarding the zero-lift drag of the canard wing profile, the same
method as for the main wing is used, with respect to the canard. As the vertical tail is, just like the canard and the
main wing, a lifting surface, the same method can be used to estimate the zero-lift drag. Therefore the zero-lift
drag of the vertical tail profile is calculated to be 0.0020, the same method as for the main wing.

CD0,wi ng =C fw ftcw fM

(
Swetw

S

)(Cdminw

0.004

)0.4

(4.23)

ftc = 1+2.7

(
t

c

)
max

+100

(
t

c

)4

max
(4.24)

4.7.4. NACELLES
As the air flow is in direct contact with the engines, a method needs to be found to reduce the engine drag. The
front ducts will be covered by nacelles, which function as an aerodynamic cover of the fans. Therefore, the zero-
lift drag estimation, consists of the same equations used for the fuselage. As the nacelle length-to-diameter ratio
is lower than two, it is assumed to be two for the calculations.

4.7.5. HIGH LIFT DEVICES
HLDs are used to enable the aircraft to generate more lift at low airspeeds. These devices will produces a lot of
drag as well. To estimate the zero-lift drag created by the HLDs, Equation 4.25 is used, with

c f

c being the fraction
between the average flap chord and the average wing chord. δ f is defined as the deflection angle of the flaps in
degrees. The zero-lift drag generated by the HLDs is calculated to be 0.0174.

CD0, f l ap =
(

c f

c

)
0.00018

(
δ f

)2 (4.25)

4.8. VORTEX ANALYSIS
The vortices that are active when the aircraft is flying will be analysed in this section. This section is split up into
two paragraphs discussing the wake vortices generated by the ducted fans as well as the vortices due to the lift
that is generated by the wings. From literature some assumptions on wake vortices are made in order to select the
most optimal wing planform. Then, a simple model is used to visualise the tip vortices on both the canard and
the main wing.

4.8.1. WAKE VORTEX
One of the most important steps in establishing the aircraft’s planform is the effect of the propulsion system on
the wing. As the outlet air stream of a propulsion system is disturbed with respect to the inlet stream it has a
negative contribution to the aerodynamics of the aircraft. From literature, the downstream of a ducted fan con-
tains wake vortices [127] [6]. These vortices contain so-called fan swirls, which reduce the propulsive as well as
the aerodynamic efficiency [126] [111]. The contribution of these swirls can be complied with by adding an extra
factor to Bernoulli’s equation. Another option is to use a flow straightener after the fan in order to minimise the
wake vortex.
Although the analysis above is based on a small amount of literature, the findings suggest that the airflow down-
stream of a ducted fan will affect the laminar flow over a wing, which is placed after the propulsion system. There-
fore it can be said that the most efficient configuration of wings and propulsion system is as follows:

• A low-wing canard in front of the aircraft

• Two mid-wing placed ducted fans, one on both sides of the aircraft

• A high-wing placed main wing
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Now, the number of limitations is reduced to a minimum by using this configuration. As the canard produces a
downwash, the inflow of the ducted fans will not be influenced to a large extent. Since the ducts are positioned
at mid-wing level and the main wing at high-wing level, the effect of the outlet stream of the ducts is minimised.
This wing planform is visualised in Section 3.4.

4.8.2. WING TIP VORTEX
The effect of wing tip vortices can be modelled using the simple model represented in Figure 4.16a. This model is
based on the lifting-line theory, where each component is modelled as a separate horseshoe vortex [70]. Trailing
vorticity will be generated by the change in bound circulation on the wing. This vorticity then rolls up from the
tip. Vorticity can be defined as a function of the angular velocity of a small volume in space. In a velocity field, the
curl of the velocity is equal to the vorticity as defined in Equation 4.26. The vorticity is related to the circulation of
the flow along a closed path by the Stokes equation.

ξ= 2ω=
(
δw̄

δy
− δv̄

δz

)
i +

(
δū

δz
− δw̄

δx

)
j +

(
δv̄

δx
− δū

δy

)
k =∇×V (4.26)

(a) Lifting-line vortex model (b) Vortex model main wing

Figure 4.16: Lifting-line and main wing vortex models

According to the model shown in Figure 4.16a, Equations 4.27, 4.28, 4.29, 4.30, 4.31 and 4.32 can be defined. As
the main wing consists of two different airfoils, two different functions for the circulation have been set up.

Γi nner = Γ0, i nner

(
b

2
+ y

0.35b

)
, f or −0.35b < y < 0 (4.27)

Γi nner = Γ0, i nner

(
b

2
− y

0.35b

)
, f or 0 < y < 0.35b (4.28)

Γouter = Γ0,outer

(
0.15b + y

0.15b

)
, f or −0.15b < y < 0 (4.29)

Γouter = Γ0,outer

(
0.15b − y

0.15b

)
, f or 0 < y < 0.15b (4.30)

Γcanar d = Γ0,canar d

(
bcanar d

2
+ y

0.5bcanar d

)
, f or −0.5bcanar d < y < 0 (4.31)

Γcanar d = Γ0,canar d

(
bcanar d

2
− y

0.5bcanar d

)
, f or 0 < y < 0.5bcanar d (4.32)

From this vortex model, the induced velocity of the canard at the main wing can be determined by the use of the
Biot-Savart equation, defined in Equation 4.34. With χA and χB calculated from Equation 4.33,

χA =χB = tan−1 ·
(

xwi ng −xcanar d

bcanar d /2

)
(4.33)

the induced velocity of the canard, Vcanar d becomes:

∆Vcanar d = Γ

4πb

(
cosϕA +cosϕB

)
(4.34)
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Next, the strength of the vortex wake at spanwise position y, corresponds to the local change in bound circulation
dΓ
d y .
As it is difficult to predict the exact vortices created in this stage of the project, this section can be elaborated
on in future detailed design phases. Therefore, as a recommendation, this model can be visualised using CFD
programs.

4.8.3. WING TIP DEVICES
As a result of generating lift, wings produce air motion. This air motion causes circulation in the downward di-
rection below the wing and upward outboard of the wing tips. Because of this, the lift vector of the wing will be
directed slightly backward, resulting in an increase of induced drag. In order to reduce the drop in the aircraft’s
performance due to wing tip vortices, the aircraft’s flow field needs to be changed. Wing tip devices can be used
for that purpose. These devices help reduce the effective angle of attack of the wing through the induction of
downwash. As a result, the fuel burn will decrease as well, resulting in a payload and/or range increment.

In recent years, there has been an increasing amount of literature on wing tip design. Several studies from Boeing
and Airbus claim that their own type of blended winglet designs, winglets and sharklets respectively, result in
a drop of induced drag, emissions as well as community noise [46]. Although, the winglets will only influence
the noise during horizontal flight, that is the time between transition after departure and transition after cruise,
it is still a useful feature to have in an aircraft. Summarising, winglets will add a positive contribution on the
sustainability of this aircraft design. As there are lots of wing tip devices, the most suitable solutions for InVADe
will be discussed below.

BLENDED WINGLETS

To reduce the total kinetic energy of the flow field of the wing, upward-swept extensions can be mounted on
the wing tips. This is the blended winglet principle. A large ratio, together with a smooth chord variation in the
transition section, increase the geometric wingspan of the aircraft [95].

RAKED WING TIP

Raked tips are beneficial for unloading tips without reducing the tip chords that much. Because raked wing tips
are commonly used on long haul high speed aircraft only, this may not be the ideal option for InVADe.

ACTIVE WINGLETS

Recently Tamarack Aerospace [112] came up with a new type of winglet design. This winglet, the active winglet, is
supposed to offer weight-saving aerodynamic improvements to the aircraft design. As this solution is still new, a
lot of research can be done in the coming years. Therefore, as a recommendation, research can enable the use of
this type of winglets for InVADe.

INVADE WING TIP DESIGN

For now, based on devices that have been researched, the blended winglets are used for InVADe. Although, as
mentioned above, new types of winglets that will improve the design can be studied.

4.9. RESULTS
All calculated aerodynamic parameters can be found in Table 4.2.

4.10. VERIFICATION
XFLR5 was used for airfoil selection. This program computes the aerodynamic parameters including lift coeffi-
cient (Cl ), drag coefficient (Cd ) and moment coefficient (Cm) of the airfoil. To verify the results of XFLR5, JavaFoil
is used. When comparing the result of JavaFoil with XFLR5, a difference of approximately 25 % was found for
maximum lift coefficient for a Reynolds number of 17.2 million. This difference can be explained by the fact that
JavaFoil gives quite inaccurate results when the airfoil is analysed beyond stall. Moreover, JavaFoil does not model
the laminar separation bubble phenomenon and flow separation. The results are incorrect if either of those errors
occur. Therefore XFLR5 is preferred over JavaFoil, and is used primarily.

The aerodynamic parameters are calculated using Raymer’s [96] and La Rocca’s [103] methods. The results of
these methods can be verified with Roskam [99]. However, Raymer and La Rocca are reliable sources, these results
should be checked in the next phase.

4.11. VALIDATION PLAN
In this validation plan several methods to validate the results obtained from the aerodynamics chapter are de-
scribed. First the computational fluid dynamics (CFD) principle is described, together with the specific topics
that can be validated using this principle. Next, wind tunnel testing is discussed. Finally, value checking, based
on reference aircraft data is performed.
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Table 4.2: Results Aerodynamics

Parameter Symbol Value Unit

Aircraft
Lift over Drag Ratio L/D 9.17 -
Lift Coefficient Aircraft CL ai r cr a f t 0.22 -
Drag Coefficient Aircraft Cruise CDai r cr a f t 0.0244 -
Drag Coefficient Aircraft Transition CDai r cr a f t 0.0418 -
Zero-Lift Drag Coefficient Fuselage CD0, f usel ag e 1.2983 ·10−4 -
Zero-Lift Drag Coefficient Wing CD0, wi ng 0.0020 -
Zero-Lift Drag Coefficient Canard CD0,canar d 0.0035 -
Zero-Lift Drag Coefficient Tail CD0, t ai l 0.0057 -
Zero-Lift Drag Coefficient Nacelles CD0, t ai l 0.0078 -
Zero-Lift Drag Coefficient HLDs CD0, t ai l 0.0174 -
Drag Force Cruise Dcr ui se 8,344 N

Main Wing
Aspect Ratio AR 6.19 -
Wing Span b 13.3 m
Wing Area S 28.64 m2

Wing Loading W/S 223.3 kg/m2

Taper Ratio λ 0.41 -
Root Chord cr 4.9 m
Tip Chord ct 2.0 m
Oswald Factor e 0.846 m
Mean Aerodynamic Chord length c̄ 3.66 m
Maximum Lift Coefficient Outer Part CL max 1.63 -
Maximum Lift Coefficient Inner Part CL max 1.86 -
3D Lift Curve Slope CLα 0.09 1

deg

3D Stall Angle αst al l 18.12 deg

HLDs
Flapped Surface Swf 5.2 m2

HLD Lift Coefficient ∆CL max 0.3 -
Maximum Deflection Angle δ f 25 deg

Canard Wing
Aspect Ratio AR 6.95 -
Wing Span b 7.68 m
Wing Area S 8.49 m2

Wing Loading W/S 146.6 kg/m2

Taper Ratio λ 0.41 -
Root Chord cr 1.3 m
Tip Chord ct 0.91 m
Oswald Factor e 0.831 m
Maximum Lift Coefficient CL max 1.55 -
3D Lift Curve Slope CLα 0.089 1

◦
3D Stall Angle αst al l 17.4 deg

Front Ducted Fans
Angle Lift Generating Area θduct 120 deg

4.11.1. COMPUTATIONAL FLUID DYNAMICS
By the use of the verified MATLAB code and a verified conceptual model, CFD simulation can be performed in
order to validate the values computed in the mathematical analysis. As CFD uses mathematical equations in the
code, it is possible to contain errors, this should not be the only way to validate. The vortex model, as described
in Section 4.8, can be analysed by the use of CFD in order to get a good visualisation of the flow behaviour at the
wing tips.

4.11.2. WIND TUNNEL TESTING
Validation of several parts of the aircraft can be done by wind tunnel testing. To do so, accurate wind tunnel
models shall be designed. To minimise the uncertainty of the simulation outcomes, the models must be to scale
with respect to the actual design, so that the the performance of the actual design can be translated from the test
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results. The Reynolds number of the scale model should be the same as for the large object when working under
its design conditions (principle of dynamic similarity). The lift curves generated with XFLR5 and JavaFoil can be
validated using wind tunnel test data. This can be done by analysing the points on the airfoil where turbulent flow
occurs.

4.11.3. VALUE CHECKING
The drag parameters obtained from the calculations in Section 4.7, can be validated through the use of reference
aircraft data [49]. The drag coefficient of InVADe is within a range between the Learjet 24 and Cessna 182 as can
be found in Table 4.3.

Table 4.3: Drag coefficient checking

Parameter InVADe Learjet 24 Boeing 787 Cessna 182

CD 0.0244 0.022 0.024 0.027

4.11.4. EFFECT OF ASSUMPTIONS ON RESULTS
As, for this preliminary design process, some simplifying assumptions were made, the effect of this assumptions
should be analysed. For transition, it is assumed that the aircraft’s lift equals its weight. Although, during transi-
tion, the aircraft does not fly horizontally, but climbs or descends. Therefore there won’t be a 100% force equilib-
rium between lift and weight. As a result, the values obtained are not 100% accurate. To start the detailed design,
a more accurate estimation should be done in order to get more precise values.
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PROPULSION

InVADe’s propulsion systems are discussed in this chapter. First, the design of the fans and the ducts will be
discussed in Section 5.1, which is followed by the analysis on the required engine powers in various phases of the
flight, presented in 5.2. Next, Section 5.3 includes an analysis on the noise emissions of InVADe, followed by a
discussion of possible mitigation methods in Section 5.4. Last, in Section 5.5 the power plant design is considered.
This includes a trade-off between options, sizing of all relevant components and finally engine selection.

5.1. DUCTED FAN DESIGN
Being the key components of the InVADe aircraft, the design of the ducted fans is considerably important. During
the Midterm report [29], as it was briefly mentioned in Section 2.4.3, the design of the InVADe aircraft was mainly
based on the Bell X-22 design, shown in Figure 5.1. The final design of the ducted fans in the Mid-term indicated
a fan size of 2.95m.

Figure 5.1: Bell X-22 cut-out drawing [42]

However, as elaborated in Section 2.4.5, this design was changed and as a final design, the rear fans were housed
within the main wing and will not be tilting during transition. Thus they are only used for vertical take-off and
landing. Also the front and rear fan diameters are not identical anymore. The rear fans are now larger in diameter,
thus producing a larger portion of the thrust at take-off, and only the front fans will be used during the cruise. An
illustration of the final design is shown in Figure 2.5.

The division of thrust produced by the front and the rear fans, as explained in more details in Section 7.3.2, indi-
cated after several iterations that 65 % of the thrust at take-off is produced by the rear fans and the other 35 % by
the front fans; whereas the front fans are purely responsible for the propulsion during the cruise flight.

Following the new InVADe design and the division of take-off thrust, new fan diameters were selected for the front
and the rear fans. As elaborated in Section 5.4, a smaller fan diameter will result in a higher noise level; thus the
attempt was to have the largest fan which could fit into the design, however, the size of the fan is limited due to
aerodynamic issues and available space. This is mainly true for the rear fans in the main wing. In order to select
the proper fan sizes, several iterations were performed; these included iterations regarding the division of thrust
at take-off and the location of the center of mass, elaborated further in Section 7.3.2, and also various iterations

31
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using the BEM approximation for ideal twist from Prouty [[94], p. 15], in which the fan diameter, the required
thrust and the propeller rpm were tested. Following these iterations, a front fan diameter of 1.95 m and a rear fan
diameter of 2.45 m were selected for the final design.

For the BEM approximation, Equation 5.1 is used; it relates several parameters such as fan diameter, pitch angle,
number of blades and the propeller rotational speed, rpm to the total propeller thrust:

T = ρ

2
(Ω ·Rb)2 ·Nb · cb ·Rb ·CLα

(
θt −φt

2

)
(5.1)

where T is the total propeller thrust, ρ is the air density, Nb is the number of blades,Ω is the rotational speed, Rb
is the radius of the blade, c is the blade chord, CLα is the slope of the airfoil curve, θt is the pitch angle at the blade
tip, andφt is the inflow angle at the tip. For this purpose, 50 was selected as the number of propeller blades in each
fan, and the blade pitch angle was selected at 23 degrees, based on the Bell X-22 design [10]; through iteration of
parameters such as fan diameter, rpm and blade chord, the BEM theory resulted in the best compromise between
noise emissions, complexity and structural size. The corresponding fan rpm’s were 1,440 and 1,575 rev/min for
the rear and front fans, respectively. It also resulted in a blade chord of 0.05 m for all fans. The corresponding
noise level will be outlined in Section 5.3.

5.1.1. CONTRA-ROTATING FANS
The possibility of using contra-rotating fans was investigated. The concept consists of two fans mounted axially,
one behind the other, which rotate in opposite directions and are driven by a single engine.

This set-up takes advantage of the fact that the front fan, produces a tangential flow that can, in this case, be
used by the second fan to produce extra thrust. Furthermore, it can eliminate asymmetrical torque caused by a
single fan or propeller. Contra-rotating propellers have shown to be between 6% and 16% more efficient when
compared to simple propellers [117].

The main issue with this concept is the increased noise emission it causes. It has been found that a contra-
rotating propeller set-up will be at least 10 dB louder than a similar simple propeller [117]; even more in the
higher frequencies, which cause the most nuisance. For that reason, contra-rotating fans have been deemed not
appropriate for the current design, which has a very strict noise requirement.

5.2. POWER REQUIREMENTS
With the size of the fans selected in Section 5.1, the next step is to determine the required power during different
phases of the flight, namely take-off/landing, transition and cruise. This is done using aerodynamic relations that
relate the characteristics of the fan and the aircraft to the performance parameters throughout each flight phase.
These influencing parameters include duct size, number of ducts, aircraft weight, drag and velocity.

5.2.1. TAKE-OFF
The analysis of performance and the required power during the take-off phase of the flight is done by examining
the characteristics of this phase and relating the produced thrust to the required power. For this purpose, the
momentum theory is applied [22]. Based on this theory,

Ti

Pi
= 2

Ve
= 2

√
ςA ·ρ · ARp

Ti
(5.2)

in which Ti is the static thrust in N, Pi is the ideal induced power in W, Ve is the duct exit velocity, ςA is the ratio
of the exit area of the duct to the area of the fan, shown in Figure 5.2, ρ is the air density, and AR is the area of the
fan.

Figure 5.2: Flow through a ducted propeller [22]
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From Equation 5.2, one can write Pi as a function of Ti , as follows:

Pi =
T 3/2

i

2 ·√ςA ·ρ · AR
(5.3)

For a free propeller, ςA from Equation 5.3 equals 1/2, whereas for a ducted propeller ςA starts from a minimum
of 1 for a straight duct; implementing the ςA ratios of free and ducted propellers indicates that the lift efficiency,
Ti /Pi increases by 41.4 % in a ducted propeller [22]. This beneficial effect of the duct around the fan is already
implemented in Equation 5.3.

To calculate ςA for the front and the rear fans, Equation 5.4 is used:

ςA = Ae

AR
=

(
Ds

D f

)2

(5.4)

with Ae is the duct exit area, Ds is the diamter of the duct, which is 3 cm larger than D f , the diameter of the fan,
for structural clearance purposes. This leads to values of 1.05 and 1.06 for ςA,r ear and ςA, f r ont respectively.

As Pi refers to the power required by a an idealised actuator disc regardless of the drag of the actual blades, the
actual power required, PR is thus higher than Pi . The ratio of Pi to PR is known as the figure of merit (FM) given
in Equation 5.5; this ratio is affected by the number of blades per propeller and whether the propeller is dual or
single rotation [82].

F M = Pi

PR
(5.5)

As explained in Section 5.1, the number of blades for the current design is 50. Comparing this value to the test
results on FM ratios [82], a FM value of 0.85 is used throughout this chapter.

Substituting Equation 5.3 into Equation 5.5 will result in PR rewritten as a function of Ti :

PR = T 3/2
i

2 ·F M ·√ςA ·ρ · AR
(5.6)

where:

AR =
π ·D2

f

4
(5.7)

Implementing Equation 5.7 into Equation 5.6 leads to a final expression for PR :

PR = T 3/2
i

F M ·
√
ςA ·ρ ·π ·D2

f

(5.8)

Having obtained the equation for PR , one will only have to determine Ti which is the only unknown variable in
Equation 5.8. To estimate the amount of vertical thrust required for vertical flight, the ratio of thrust available at
take-off, T, to the maximum take-off weight, W, is required to exceed 1.0; for an acceptable response, a T/W ratio
of 1.1 is used [96]. With the WMT OW in kg, this gives a total required thrust at take-off of:

Tshr =
T

W
·WMT OW · g (5.9)

Tshr is the total thrust which is obtained by the ducted fans onboard, WMT OW is the maximum take-off weight,
and g is the gravitational acceleration of 9.81 m/s2 at sea level. The subscipt ’shr’ for the thrust refers to the fact
that this thrust is produced by ’shrouded’ fans. Using a modified version of the momentum theory [82], Tshr can
be related to the thrust of an unshrouded fan via:

Tshr

Ti
= 1.26 ·

(
Ds

D f

)2/3

(5.10)

Thus, Ti can be calculated using Equations 5.9 and 5.10, and then substituted in Equation 5.8 to yield PR in terms
of Tshr :
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PR =
T 3/2

shrp
2 ·F M ·Ds ·pςA ·ρ ·π (5.11)

Thrust & Power Division Per Rear & Front Fans

Due to the division of the thrust at take-off, Tshr will not be identical for the front and the rear fans. Taking
the thrust portion of each fan into account, Tshr and the resulting PR per fan at take-off can be calculated using
Equations 5.12 and 5.13:

Tshr f an
= Tpor · T

W
·WMT OW · g (5.12)

where Tpor is the portion of the take-off thrust produced by each fan. Hence, the power required by the engine
per fan is given by:

PR f an =
Tshr f an

3/2

p
2 ·F M ·Ds f an ·pςA, f an ·ρ ·π (5.13)

Results

Applying Equations 5.10, and 5.12 to 5.13, Ti , Tshr and PR for the rear and the front engines can be computed.
Tables 5.1 and 5.2 represent the input and the output parameters emerging from these equations, respectively:

Table 5.1: Momentum theory inputs

Input Parameter Symbol Value Unit

Rear Fan Area Ratio ςA,r ear 1.05 -
Front Fan Area Ratio ςA, f r ont 1.06 -
Air Density ρ 1.225 kg/m3

Front Fan Diameter D f f r ont
1.95 m

Rear Fan Diameter D f r ear 2.45 m
Figure of Merit FM 0.85 -
Front Duct Diameter Ds f r ont 2.01 m
Rear Duct Diameter Dsr ear 2.51 m
Maximum Take-Off Weight WMT OW 8290 kg
Portion of Tshrtot produced by rear fan Tporr ear 32.5 %
Portion of Tshrtot produced by front fan Tpor f r ont 17.5 %

Table 5.2: Momentum theory outputs

Output Parameter Symbol Value Unit

Front Shrouded Thrust Tshr f r ont
15.7 kN

Rear Shrouded Thrust Tshr r ear 29.1 kN
Front Static Thrust Ti f r ont 12.2 kN
Rear Static Thrust Ti r ear 22.7 kN
Front Required Power PR f r ont 403.3 kW
Rear Required Power PRr ear 813.4 kW

In summary, the total Tshr and PR at take-off are given below:

Tshrtot = 2 ·Tshr f r ont
+2 ·Tshrr ear = 89,457[N ] (5.14)

PR tot = 2 ·PR f r ont +2 ·PRr ear = 2,433.3[kW ] (5.15)

Power check at take-Off
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So far, the total required power from the engines and the produced shrouded thrust at take-off have been cal-
culated. Next, the estimation of the required power for vertical climb is found using Equation 5.16 [77]:(

P

Ph

)
r eq

= Vc

2 ·Vi
+

√
1− (

Vc

2 ·Vi
)2 (5.16)

where P is the available power, Ph is the necessary power during hover, ( P
Ph

)
r eq

the required power ratio at take-

off, Vc is the climb velocity which is given in the project requirements as 9 m/s, and Vi is the induced velocity at
hover, given by Equation 5.17.

Vi =
√√√√2 ·Tshr f an

ρ ·π ·D2
f

(5.17)

where Tshr f an
is the shrouded thrust per fan. From Equation 5.16, only the induced velocity is yet unknown. Us-

ing the Tshr f an
shown in Table 5.2, Vi is calculated per front and rear fans and the P/Ph is calculated to be 1.09

and 1.08 for the front and rear fans respectively, which gives an overall required P/Ph value of 1.085 for the aircraft.

In order to examine the excess power available onboard at take-off, the ratio of proportionality of the thrust pro-
duced by a ducted fan to the power required [82] can be used, Equation 5.18:(

P

Ph

)
avai l

= (
Tav

WMT OW
)

3
2 (5.18)

With
(

P
Ph

)
avai l

the available power ratio at take-off, and Tav the available thrust onboard at take-off. Using Tshrtot

from Equation 5.14,
(

P
Ph

)
avai l

equals 1.15. Comparing the required power ratio and the available excess power

ratio during take-off, one can conclude that the power available meets the requirements during the take-off ma-
neuvres.

5.2.2. CRUISE
To determine the required power during cruise flight, one will need to make use of the total drag of the aircraft, as
the required power is given by:

PRcr ui se = D ·Vcr ui se (5.19)

where PRcr ui se is the power required during cruise flight, D is the total drag of the aircraft and Vcr ui se is the cruise
velocity of the aircraft.

Next, to consider the efficienty of the engines onboard, the propulsive efficiency of the engines must be accounted
for. For this purpose, a propulsive efficiency of 0.9 is used [108]. Using this efficiency, the required available power
is calculated using Equation 5.20:

P Acr ui se =
PRcr ui se

ηpr op
(5.20)

with ηpr op the propulsive efficiency, set at 90 %, to account for future propulsion improvements of propellers
[108].

The project requirements state that the aircraft should be flying at a cruise speed of 600 m/s while using 75 %
of its maximum cruise rating; hence, the maximum rated power for cruise, Pmaxr ated can be computed as:

Pmaxr ated = P Acr ui se

0.75
(5.21)

In order to use the above equations, the only unknown variable being D needs to be computed first; from Section
4.9, D equals 8,344 N.

Next, substituting the values of D andVcr ui se into Equation 5.19 and subsequent solving of Equations 5.20 and
5.21 leads to the following:

PRcr ui se = 1,390.7 kW

P Acr ui se = 1,545.2 kW
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This gives a maximum rated power of 2,060.3 kW required for cruise flight.

5.2.3. TRANSITION
In order to reduce the complexity of the calculations regarding this phase of the flight, the methodology is sim-
plified such that the the method in Section 5.2.2 can be applied to determine the required power during the
transition. For this purpose, Equations 5.19 & 5.20 are used once again, with D in Equation 5.19 now referring to
the total drag during the transition; this is calculated using the following:

D = Dpar +Di nd (5.22)

where Dpar is the parasite drag and Di nd is the induced drag, calculated using Equations 5.23 and 5.25 respec-
tively:

Dpar =CD0 ·S · q̄ (5.23)

where CD0 is the zero lift drag of the aircraft, S is the wing area, and q̄ is the dynamic pressure, calculated using
Equation 5.24:

q̄ = 1

2
·ρ ·Vtr (5.24)

with Vtr the velocity during transition in m/s.

Next, the induced drag is given by:

Di nd = CLmax
2

π · AR ·e
· q̄ ·S (5.25)

where CLmax is the maximum lift coefficient, AR is the Aspect Ratio, and e is Oswald factor.

Equations 5.23 to 5.25 are derived from the aerodynamic analysis presented in Section 4.9. The values used are
summarised in Table 5.3.

Table 5.3: Input Parameters for Drag Calculations

Input Parameter Symbol Value Unit

Zero Lift Drag CD0 0.0321 -
Wing Area S 37.13 m2

Air Density at 100 m ρ100 1.213 kg/m3

Transition Velocity Vtr 60 m/s
Max Lift Coefficient CLmax 1.9 -
Aspect Ratio AR 6.19 -
Oswald Factor e 0.846 -

Among the parameters in Table 5.3, some are dedicated to the transition phase; CD0 is higher with respect to the
CD0 of cruise, since it also includes the effect of the high lift devices which will be active during transition. Also,
CLmax is used in the calculations, since the maximum CL will be used to perform the transition at the low speed.
These values are derived and elaborated in Chapter 4.

Using these input parameters in Equations 5.22 to 5.25 and substituting Vtr and the resulting D into Equations
5.19 and 5.20 leads to the required power during transition by an engine:

PR tr = 1,223.8[kW ] (5.26)

Considering the propulsive efficiency of the engines, the total required power to be available on-board is thus
equal to:

P Atr = 1,359.8[kW ] (5.27)
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5.2.4. VERIFICATION
Throughout Sections 5.2.1 through 5.2.3, calculations were initially performed via an analytical approach, in
which the results were obtained by analytically evaluating the results from the formulas described in these sec-
tions. Next, to verify the results, a Matlab script was written to numerically obtain the results and verify if they
matched those obtained from the analytical analysis.

The analytical results differed from the numerical by only about 3%. Hence, the results from the analysis can be
considered reliable.

5.2.5. VALIDATION
In order to validate the numerical results for the power requirements, the design parameters of a reference aircraft
can be used and substituted into the numerical analysis used in this section; obtaining the practical values of the
reference aircraft would validate the numerical approach used. For this purpose, the Bell X-22 aircraft is used as
the reference aircraft.

To perform the validation, several X-22 related parameters [10] were used; these are shown in Table 5.4:

Table 5.4: Input Parameters for the X-22 Power Calculations

Input Parameter Symbol Value Unit

Wing Area S 39.56 m2

Air Density at 7500 m ρ7500 0.5566 kg/m3

Cruise Velocity Vcr ui se 111.11 m/s
Aspect Ratio AR 3.86 -
Fan Diameter D f 2.13 m
Fan Rotational Speed Ω 2650 rev/min
Duct Diameter Ds 2.19 m
Maximum Take-Off Weight WMT OW 8170 kg
Blade chord bc 25 cm
Thrust to Weight Ratio T/W 1.35 -

The X-22 aircraft had a WMT OW of 8170 kg, which is only 120 kg lighter than InVADe. This aircraft had fan diam-
eters of 2.13 m, and a rotational speed of 2650 rpm. The next step in the validation procedure was to insert these
values into the Matlab code used for the numerical analysis and compare the results. The outcomes from this
analysis are summarised in Table 5.5:

Table 5.5: Outcomes of the X-22 numerical analysis

Input Parameter Symbol Value Unit

Total Shrouded Thrust Tshr tot 108.2 kN
Shrouded Thrust Per Fan Tshr f an

27.05 kN
Total Power Required at Take-Off PR tot 3.35 MW

Required ’Power to Hover Power’ ratio
(

P
Ph

)
r eq

1.19 -

Available ’Power to Hover Power’ ratio
(

P
Ph

)
avai l

1.56 -

Required Power at Cruise PRcr ui se 0.36 MW

The outcomes shown above can now be compared. The X-22 had four turboshaft engines, each delivering 945 kW
of power [10], resulting in a total power of 3.78 MW. Comparing this with the PR tot of 3.35 MW from the numerical
analysis, it can be seen that the results are in fact in accordance with the actual maximum power on board at
take-off, and the real design covers the required take-off power.

The values for
(

P
Ph

)
r eq

and
(

P
Ph

)
avai l

were also examined. To be able to take-off, the aircraft had to be able to cover

its requirement for
(

P
Ph

)
r eq

. From the analysis, the values for
(

P
Ph

)
r eq

and
(

P
Ph

)
avai l

came out to be 1.19 and 1.56

respectively, proving that the aircraft has the ability to take-off vertically, and thus validating the method used for
power check at take-off.

Lastly, in order to validate the BEM theory used, X-22 parameters such as D f , WMT OW , T/W, and bc were substi-
tuted into the BEM theory. Using 3 as the number of blades and an rpm of 2650, the Tshr f an

was calculated to
be 27.7 kN, which is 1.02 times the value of Tshr f an

(27.7 kN); with such a small divergence from the Tshr f an
, the

validation of the numerical analysis and the results in this section can be validated.
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5.3. NOISE CALCULATION
The noise produced by a ducted fan VTOL aircraft comes from a few different sources, such as engine, fan, air-
frame, and gear boxes. Of particular importance to the calculations are the engine noise and fan noise.

ENGINE NOISE

Statistics about engine noise are difficult to find. For a turboshaft engine, a useful empirical approximation is
given in Mantle [82]:

SPL30 = 72+8.2log(P ) (5.28)

where SPL30 is the ’Sound Pressure Level’ as measured from a distance of 30 meters from the source, and P stands
for the shaft power [hp] delivered by the engine. A prediction for SPL at 100 meters follows from the conversion

SPL100 = SPL30 −20log

(
100

30

)
(5.29)

It must be noted that the estimate is based on engines built in 1980. Hence, it is necessary to account for the
trend of decrease in noise emissions of aero engines from 1980 to 2030, when Invade is expected to fly. As can
be seen in Figure 5.3, ACARE predicts a 10 dB decrease in noise levels of turbofan engines from 1995 to 2020 [44].
Extrapolating that graph to include the decrease from 1980 to 1995 and from 2020 to 2030, by applying the same
trend, a 20 dB drop can be expected from the 1980 level to the 2030 level.

Figure 5.3: ACARE engine noise level prediction

A further attenuation of 3 dB is applied to account for the fact that the engines will be housed inside the fuselage,
where acoustic treatment can be applied to reduce noise.
Then, adding together all noise from both engines, a final engine noise is determined.

FAN NOISE

Fan noise can be estimated using the principles of a turbofan engine [83], where in this case, only the fan stage
part is taken into account.
The energy flux per unit area (ΦE ) can then be calculated using:

ΦE = HT ṁ

Aa
(5.30)

where the annulus rotor area Aa is derived from the fan and hub diameters. The total enthalpy HT can be read
from an ideal gas chart, corresponding to a discharge total temperature, which in turn is calculated through the
use of the pressure ratio and isentropic relations. Finally, ṁ represents the mass flow through the fan.

Next, Figure 5.4 is used to find the overall power level (OPL), using the energy flux per unit area, calculated in
Equation 5.30.

Once the value of OPL is determined from Figure 5.4, Equation 5.31 can be used to calculate the Sound Power
Level, PW L, corresponding to the value of OPL:

OPL = PW L−10log
Aaω

NB

(
DH

DF

)2

(5.31)
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Figure 5.4: OPL vs energy flux

where ω represents the fan rotational speed in rad/s, NB is the number of blades, and DH and DF are the diame-
ters of the fan hub and fan outer diameter, respectively.
The SPL level at 30 m from the source is then given by:

SPL30 = PW L+D I −20log(R)−10.5 (5.32)

Where D I stands for the directivity at the angle of maximum noise. From experimental data, a value of D I = 5 is
used [83]. Furthermore, R refers to the distance from the source, measured in feet.

Finally, as was done for engine noise, Equation 5.29 can be used to convert SPL30 to SPL100.

The result is the SPL for each fan. It must be pointed out that the final design uses different fan diameters and
rpm for the front and aft fans, which will lead to different noise emissions for front and aft. For the combination
of four fans, the levels can be added together in the logarithmic scale, yielding to the total SPL for all fans.

TOTAL NOISE

The last step before arriving at the Total noise would be to add the noise caused by the engines to the fan noise.
However, if indeed, as was done in the calculations, the attenuation due to the housing of the engines in the fuse-
lage, as well as the expected improvement of noise emissions of future engines are taken into account, then the
resulting engine noise of 69 dB is 20 dB (or a factor of 100) lower than the fan noise. For that reason, engine noise
is neglected in the noise calculations from this point on.

Even though the extrapolation of Figure 5.3 to include the decrease from 2020 to 2030 may seem too optimistic,
it should be realised that the extrapolation to this period results in only 4 dB further reduction in engine noise,
which when compared to the overal fan noise of 88.7 dB, will have no significant effect (only 0.1 dB) and can thus
be neglected. Finally, the total noise emission of the aircraft, considering only the open fan noise, and without
accounting for duct shielding attenuation, is estimated at 88.7 dB.

5.3.1. VERIFICATION AND VALIDATION

To verify the results, the noise was calculated again using an alternate method. This script, written by Pinker [93]
outputs decibel levels for observers at varying angles from the source. Figure 5.5 shows the results of the alter-
nate method, where the maximum noise, at the 130 degrees direction reads 89.7 dB. The results obtained using
this method agree well with the ones obtained using the original method, with only about 1 dB discrepancy. This
lends credit to the results of the original method.

For a validation plan, it would be relevant to use data from InVADe’s closest existing match, the Bell X-22, and
check that the results for noise level at 100 meters obtained using the empirical method match the actual values
measured from the aircraft. However, partly due to its military application, data and parameters for the X-22 are
not readily available. Neither is there enough reliable data on other ducted fan prototypes. If, during further de-
velopment of InVADe, relevant data from the above mentioned aircraft becomes available, such validation would
be valuable in confirming the noise estimation.
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Figure 5.5: Noise in SPL around the fan (alternate method)

5.4. NOISE ABATEMENT
On the previous section, the noise emission of the aircraft was estimated using empirical approaches, based on
a basic fan configuration and without any shielding effects of the duct on the noise produced by the fan. In the
previous section, the result, 88.7 dB, substantially exceeds the initial requirement of 70 dB. Although the require-
ment is virtually impossible to reach for such a large aircraft using current or near-future technology, there are
some abatement measures that can be taken that will bring the final noise level to a more tolerable level. These
are presented in the following sections.

5.4.1. DUCT SHIELDING
An immediate advantage of using ducted fans is the noise shielding or damping effect provided by the ducts them-
selves. This effect can provide a substantial attenuation, and should not be ignored. However, attenuating effect
of shielding on the noise level is notably difficult to predict. Although it is the subject of ongoing research, there is
currently no empirical method that can be applied to estimate the amount of shielding attenuation delivered by
a certain duct configuration. Since no reliable source could be obtained for this value, it was only estimated that
the shielding can provide a 2 dB attenuation to the fan source noise. This value is conservative, and it is taken into
account that shielding limited to where the duct is present around the fan. For the aft ducts, although the duct
can partially shield the directions of maximum noise, not all angles of propagation can be properly shielded. As
for the narrower, longer front ducts, the shielding effect is more thorough.

5.4.2. DUCT INTERIOR LINING
In order to further improve the noise attenuation of the duct, a special lining can be applied to the inside of the
duct that will absorb certain frequencies of the sound emitted by the fan, and thus contribute to reduction of the
overall noise emission. Experiments conducted with efficient noise treatment liners in the exhaust duct showed
a further reduction in the overall noise level of 3-4 dB [51]. The liner is especially effective for high tip speed fans,
and the specific acoustic liner material and configuration should be selected according to the frequency range of
the emitted noise [84]. Therefore, if the proper acoustic liner material is selected, it is estimated that this tech-
nique can provide a 3 dB attenuation of the noise of all four ducts. Figure 5.6 shows some examples of acoustic
lining, as applied to a turbofan engine. Again, it is taken into account that the rear ducts do not provide thorough
damping for all directions.

5.4.3. FORWARD SWEPT/INCLINED BLADES
Research has been done on the benefits of applying forward swept blades for noise reduction of a ducted fan.
One effective noise source is the interaction of the rotating blades with the incoming small-scale which results in
unsteady blade forces. This mechanism of noise generation is concentrated at the front part of the profile and
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Figure 5.6: Examples of acoustic lining configurations taken from a turbofan engine

can thus be alleviated by sweeping the leading edge [9]. Other noise sources are the turbulent boundary layer
and its interaction with the blade’s trailing edge. Ffowcs Williams and Hall [64] discovered that the presence of a
scattering half plane in a turbulent fluid largely increases the noise generated and that the intensity is dependent
on the angle between the flow and the plane (the blade’s trailing edge sweep angle) [9]. According to experimental
data, applying forward sweep to the blades can reduce the overall noise level of the fan by 3 to 4 dB. For the current
design, this technique is considered a viable and effective way of further reducing the noise emissions. Therefore,
a high forward sweep of 50 degrees [89] is applied to the rotor blades, providing an estimated reduction of 3 dB
to the overall noise emission of the aircraft, when compared to a baseline blade design with no sweep. Figure 5.7
shows a schematic of the swept blades.

Figure 5.7: Schematic of proposed swept fan blades [9]

5.4.4. FINAL NOISE RESULTS & ANALYSIS
By applying all three techniques to the design, it is estimated that a combined reduction of 8 dB, with respect to
the open fan noise level, can be achieved. This brings the overall noise level for the aircraft down to 80.7 dB at 100
m distance. Noise results are displayed on 5.6.

Table 5.6: Final Noise results for InVADe

Parameter Unit Result

Passengers [-] 10
MTOW [kg] 8,290
RPM front ducts [rev/m] 1,575
RPM aft ducts [rev/m] 1,440
Number of blades per fan [-] 50
SPL front ducts [dB] 80.8
SPL aft ducts [dB] 84.0
Total abatement [dB] 8
Final Overall SPL100 [dB] 80.7

While final overall SPL is still very much above the initial requirement set by the client, it can be considered quite
an achievement for an aircraft of this size. A similar payload helicopter, the Eurocopter EC155 [58], for example,
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produces 90.2 dB at 100 m. The Bell X-22, a concept aircraft with a similar duct configuration and MTOW, exhibits
a SPL of 105.8 dB at 100 meters [10]. Moreover, studies suggest that SPL values around 80 dB are safe for humans,
and will not cause any permanent damage if exposure does not exceed 16 hours per day [47], which is far beyond
the expected duration of the take-off and landing phase, estimated at no more than three minutes.

If one wishes to produce an aircraft with noise levels below 70 dB, the aircraft needs to be designed with a lower
payload. Preliminary estimates using the current methods suggest that if the aircraft were designed to carry only
four passengers, it could be scaled down to a point where the noise emissions would be very close to meeting the
70 dB requirement. Table 5.7 summarises the noise results for a hypothetical, scaled down version of InVADe for
four passengers, including the same noise abatement values as the original version.

Table 5.7: Noise results for a hypothetical, scaled down 4 passenger version of InVADe

Parameter Unit Result

Passengers [-] 4
MTOW [kg] 3,000
RPM front ducts [rev/m] 910
RPM aft ducts [rev/m] 1,240
Number of blades per fan [-] 50
SPL front ducts [dB] 67.3
SPL aft ducts [dB] 75.4
Total abatement [dB] 8
Final Overall SPL100 [dB] 71.0

5.5. POWER PLANT
Unlike more conventional aircraft engines such as turbofans and turboprops, ducted fans do not incorporate a
turbine as a power plant. Also, due to the location and shape of the ducts in the aircraft, there is no room to put a
turbine or piston engine close-by. Due to the power and weight involved the choice of turbine engines is obvious
due to their high power-to-weight ratio.

This section details the selection and design of the power plant system and its components. First a trade-off
between power plant options is done, followed by detailed design of components in Section 5.5.2 and engine
selection in Section 5.5.3.

5.5.1. POWER PLANT TRADE-OFF
There are three foreseeable methods to drive the fans: mechanically through a shaft, electrically by a motor, and
electromagnetically via the duct. This last method was not examined in detail due to a lack of information and
readiness of the technology, though it would save weight from motors or shafts and would allow a more efficient
duct design.

The mechanical system needs engines that efficiently drive a set of shafts and gearboxes. For that reason dual
turboshaft engines were envisioned, a type of turbine that mainly produce shaft power. Two engines are prefer-
able for redundancy, common practice for helicopters of comparable size to the InVADe aircraft. This system of
turboshafts, drive shafts and gearboxes is reasonably similar to the CH-47 Chinook with its tandem rotors, shown
in Figure 5.8.

The electric system needs electrical energy to either be stored in some form of fuel cell or battery, or a turboshaft-
generator combination. Basic calculations with an expected 2030 battery capacity of 400 Wh/kg [87] show total
battery mass in the area of 14,000 kg. As Jet A-1 kerosene has a much higher energy density of at least 42.8 MJ/kg
(11,888 Wh/kg) [12] the turboshaft-generator combination is clearly more effective even with the efficiency losses
involved in converting mechanical energy to electrical and back again.

The electric and mechanical options for transmitting power were traded off according to their estimated total
weight. Other issues were identified but neglected, as in the end of this section. An electric power plant of this
scale hasn’t been applied before and lightweight electrical components needed for such a large amount of power
aren’t yet designed. The Boeing 787’s 1 MW of electrical power [1] comes close enough to expect the technology
to be mature by 2030, however. Efficiently transferring the electrical currents involved and shielding sensitive
components from the electromagnetic interference created will be a challenge. The mechanical option has not
been applied to this degree since the Bell X-22 and will involve a large number of sensitive drive shafts and gear-
boxes. The layout out of the aircraft does not facilitate efficiently placing the engines to minimise the amount of
gearboxes necessary.
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Figure 5.8: CH-47 Chinook drive train schematic [50]

MECHANICAL SYSTEM

Figure 5.9 shows helicopter drive train weights related to their input power, from Weden and Coy [123]. Linear
extrapolation gives the relation shown in Equation 5.33. Here P is the power in kW and W the weight in kg.

Figure 5.9: Linear regression of helicopter drivetrain weight (R2=0.97)

Pdr i vetr ai n = 2.87 ·Wdr i vetr ai n (5.33)

The data used for Equation 5.33 is from the 1980’s but has a high correlation (R2=0.97) and includes two versions
of the CH-47 Chinook. Helicopters generally have a shorter distance between their engines and rotors and they
have fewer rotors/fans to drive. This effect is assumed to cancel out any weight decrease since the 1980’s. The
total loss in the mechanical system was estimated in the order of 5%.

The weight of an auxiliary power unit (APU) large enough to power aircraft systems during engine failure is esti-
mated from the Hamilton Sundstrand T-62T-46-2 [52] APU which powers the V-22 Osprey. This is multiplied by a
factor 2 for installed versus dry weight from Torenbeek [113]. The breakdown is shown in Table 5.8.

ELECTRICAL SYSTEM

For the electric option another method had to be used. As motors and generators are technically very similar
components both were estimated using an expected power-to-weight ratio. For electric generators and motors
an estimated 2030 value of 10 kW/kg is used, explained further in section 5.5.2. Losses of 15% are assumed, cor-
responding to 90% efficiency on the generators and 95% on the motors. Weight of cabling was estimated at 25 kg
from the density of high power copper cabling.
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The mass of the generators is determined by the maximum total power in the system, whereas the motors are
determined by the maximum power for each duct. For the front ducts this is the cruise power, for the aft ducts it is
the power needed to provide 65% of the necessary take-off thrust. This value was determined for stability reasons
in section 7.

Instead of an APU a back-up electrical system is envisioned for this option. The batteries are designed to provide
50% of the highest power requirement for 2 minutes, and the energy density is again expected to reach 400 Wh/kg.
The breakdown is shown in Table 5.8.

Table 5.8: Comparison of Electrical and Mechanical power plant schemes in kg

Component Weight

Generator 300
Front motors 228
Aft motors 200
Cabling 25
Batteries 190
Turbines 492
Total 1435

Component Weight

Drivetrain 981
APU 150
Turbines 492
Total 1623

TRADE-OFF

As shown in Table 5.8, the power plant options were purely selected based on the weight involved. Other trade-off
criteria could include cost and sustainability but were neglected due to a lack of available data. For both systems
the engine weight was assumed equal to that of two GE CT7-8A5s [36]. Due to the weight benefit the electric op-
tion was selected, which will be developed in more detail in the next section.

Other benefits of electric propulsion include the innovation demonstrated by implementing such a new system
and the perceived sustainability associated with electrical power. Business aviation is the primary niche for the
aircraft and such indirect benefits can make a difference in sales.

5.5.2. ELECTRONICS
To get the power produced by the turboshaft engines to the ducts a number of components are needed, as was
hinted at in the power plant trade-off. Mechanical energy is converted to electricity by a set of generators. It is
then transferred to all the ducts at a relatively high voltage to reduce losses, and converted back to mechanical
energy by a set of electric motors. This covers propulsion, but a number of other components are needed to power
flight systems and connect the back-up batteries, among others. Selection of all these components will be done
in this section.

ELECTRIC MOTORS

Each fan contains one electric motor in its rotor hub. Fan thrust is varied by changing rotor rpm. Thus direct drive
induction motors are most suitable. These are assumed to be tailor-made for InVADe during sizing. These motors
have no need for a gearbox and rpm output varies with input electrical frequency according to Equation 5.34 [30].

nmotor = 120 · f̄

Np
(5.34)

Here nmotor is the rotational speed in rpm, f̄ is the supplied frequency in Hz and Np is the number of magnetic
poles in the motor. Motor efficiency is assumed to be 95%, based on expert advice [3]. The motors will run on
three-phase AC power. Using an estimated average of 1500 rpm for the fan (see Section 5.1), conventional 400 Hz
aircraft power [1] gives 32 poles needed per motor. This is not an unconventional value for motors [21] and no
further analysis was done into precise electrical specifications.

The power-to-weight ratio was estimated based on the fact that induction motors and generators are physically
almost identical. With the method applied in the next section, 10 kW/kg was assumed. This value is uncertain for
large scale application according to an expert [3]. However, alternative developments such as High-Temperature
Superconductor (HTS) motors for aircraft applications have been predicted to reach as high as 25 kW/kg. These
HTS motors also offer efficiencies up to 99.9%, though requiring significant cooling [114]. Clearly some improve-
ment over modern values may be anticipated and 10 kW/kg is used for sizing. For sizing the Enstroj EMRAX 228
[33], shown in Figure 5.10 is used and upscaled, that has a peak power-to-weight of 8.2 kW/kg nowadays. Its di-
mensions of 0.228 m diameter and 0.086 m length lead to a volume power density of 28.5 MW/m3. The motors
are assumed to be roughly cylindrical to fit in the fan hubs.
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Figure 5.10: Enstroj EMRAX 228 dimensions [32]

For the front motors the power available at cruise is leading, 1030 kW per motor. The hub diameter of 0.40 m
leads to a motor length of 0.61 m. As the front duct length is 1.07, this motor length is reasonable. The weight is
estimated to be 103 kg per motor. The take-off power available of 904 kW drives the aft motor design. The hub
diameter of 0.50 m leads to a estimated aft motor length of 0.34 m. The wing thickness is 1.03 m at the rear fans,
so this motor length is somewhat short. 10 kW/kg gives a weight of 90 kg per motor.

Whether electric motors can be upscaled this simply is unknown. Thus calculations were also performed with
exisiting EMRAX 228 motors applied in parallel to provide enough power. Its maximum rpm rating of 4000 and
efficiency of 93-96% [33] match system requirements. The resulting length is 0.89 m for the front ducts and 0.78 m
for the aft ducts. The power-to-weight ratio is still assumed to improve before 2030 and thus does not significantly
affect the weight.

GENERATORS

For redundancy 4 generators are chosen, 2 per turboshaft engine. These will be cross-linked so that 3 generators
can still power the whole aircraft. This is kept in mind during final sizing, so the generators must be able to handle
4/3 times their normal maximum load. Hawsey et al [53] researched generators for electrical aircraft in 1989, the
most promising of which reached 11.7 kVA/kg. Assuming a power factor of 0.8 this leads to a power-to-weight
ratio of 9.36 kW/kg. This technology has not progressed rapidly since 1989 so a value of 10 kW/kg is assumed
for 2030. Based on the same data from Hawsey et al [53] a volume power density of 13.5 MW/m3 is estimated.
Generator efficiency was estimated at 0.95 using expert advice [3].

The total power output needed from the generators equals the maximum power output of the motors divided
by the motor efficiency: 2,846 kW. To make sure 3 generators can power the entire aircraft, 3794 kW total power
is needed or 949 kW per generator. The power-to-weight ratio gives 95 kg weight per generator. A cylindrical
shape is again assumed, and the diameter is matched to the final engine selected in Section 5.5.3. With this
diameter of around 0.66 m, the length needed for a cylindrical shape is 0.21 m per generator. Using the GE CT7-
8A5 [36] turboshaft as an example, rpm’s in the range of 19855-24350 can be expected. This varying rpm makes
an induction generator the best choice. Induction generators can also be used as motors [115], therefore the
turboshaft engines will be started by providing battery (or external) power to the generators.

BATTERIES

During initial design the possibility of battery-assisted take-off was explored. Though current power requirements
make this ability redundant, battery power can still be used as a back-up in the case that one turboshaft engine
fails. As InVADe is already an All-Electric Aircraft [18], using battery power as a back-up for the turboshaft engines
is more efficient than separately installing a conventional auxiliary power unit (APU) with a turbine and generator
included.

The batteries are estimated to have to replace the maximum power of one turboshaft for a period of two minutes.
This requirement mainly ensures safe landing if failure occurs in VTOL flight. Turboshaft engines also have a two
minute one engine inoperative (OEI) rating, as will be discussed in Section 5.5.3, that is significantly higher than
their continuous rating. Thus 50% of the total maximum power includes a comfortable safety margin. For OEI
conditions in cruise flight calculations are performed in Chapter 8.
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Battery specific energy is estimated to be 400 Wh/kg, based on current state-of-the-art cell technology from Envia
Systems [87]. This same cell has an energy density of approximately 190 kWh/m3. 50% of the take-off (generator)
power is 1423 kW, which gives a total energy draw of 47.4 kWh. The total mass of the batteries is 119 kg, and the to-
tal volume is 0.25 m3. Batteries generally work at around 3 VDC. Though the system voltage is not yet determined,
the batteries will have to be combined in multiple parallel sets to reach the needed voltage. An inverter is needed
to convert DC to AC and a rectifier is needed to recharge the batteries with AC power, these will be examined in
more detail in section further on.

Further analysis into energy storage must be done in detailed design. Hydrogen fuel cell technology is promising
for All-Electric-Aircraft [18] and is perceived as more sustainable than battery technology.

POWER DISTRIBUTION

Though not a part in the strictest sense, the power distribution network is a critical subsystem for electrical
propulsion. The maximum generated power is 2,846 kW, and even if the power factor is assumed to be 1, this
still means 2,846 kVA. Conventional aircraft power systems use 115 VAC power, and the Boeing 787 with its 1 MW
of electrical power uses 230 VAC [1]. With 230 V and the power factor and losses ignored, this gives a current of
12.4 kA. Equation 5.35 relates heat power to current and resistance of wiring via a mechanism known as Joule
heating.

Pheat = I 2
wi r e ·Rwi r e (5.35)

Here P is power, I is current and R is resistance. The largest type of copper wiring in the American Wire Gauge
(AWG) system, 0000 gauge, has a resistance of 0.161 Ω/km [41]. Estimating 8 m distance for wiring to the front
ducts (this wiring has the highest power over the longest distance during cruise flight), the heat power is 198 kW.
With an estimated 25 m3 of cabin air, and a volumetric heat capacity of 0.001297 J/cm3K yields an estimated tem-
perature increase of 6.1 K/s. This is far beyond the amount of heating an air-conditioning unit can work with and
more elaborate power distribution is needed.

The Boeing 787 [1] would have a heat power of 24.3 kW in the same model, though this is assuming the same total
resistance in the system. Clearly the power distribution on board is more complicated than one thick cable as 24.3
kW is still unacceptable and the related 4.35 kA of current creates a strong magnetic field. Electromagnetic inter-
ference (EMI) is a major problem in modern aircraft [74] [26] though much research exists into EMI filtering [78]
and shielding [80]. Filtering is done by including purpose-made electronics in the power circuit, while shielding
is done both around the cabling and generators that cause EMI and the sensitive electronics that are affected by
it. For further calculations 460 VAC power is assumed. This is a multiple of common aircraft voltage 115 and 230
[1], facilitating component design in a later stage yet also decreasing current needed for the same power.

No further analysis was done into the power distribution on InVADe. The issues that must be handled are clear,
and the 787 has solved comparable issues. It is assumed that by 2030 the technology needed will be commonplace.
Spreading the power across multiple cables and routing them to avoid interfering with sensitive electronics will
both decrease heat loss and EMI effects.

OTHER COMPONENTS

Components for InVADe that are common to other aircraft include the environmental control system (ECS),
avionics, anti-icing, in-flight entertainment systems, motors for landing gear and control surfaces etc. Practi-
cally all modern aircraft use a combination of 28 VDC, 270 VDC, 115 VAC and 230 VAC for various systems [1]. A
bus bar is generally used for the main voltages, to which the various components are then connected.

Motors for control surfaces, landing gear, and fuel pumps use 270 VDC [1] power. This requires use of a trans-
former and a regulator (a so called transformer regulator unit (TRU) from the 460 VAC the power system uses. As
the environmental control system is expected to be relatively powerful, this will also use 270 VDC. Conventional
aircraft batteries charge on 28 VDC, but for the high power expected in InVADe 270 VDC is expected. Future, more
powerful, avionics are expected to run at 270 VDC instead of 115 VAC. Legacy components such as anti-icing, fuel
management systems, lighting and smaller neglected systems use 28 VDC.
The total power draw of all these components is estimated to be in the order of 100 kW and at this stage is not
taken into account in the design. All the components discussed in the previous sections are assembled into an
Electric Block Diagram in Appendix A.4.

5.5.3. ENGINES
Engine sizing and selection depends largely on the maximum power needed during the mission. During early
design this was assumed to be the take-off phase, however with a more sophisticated approximation of the thrust
from the ducted fans and iterated values for drag during cruise the balance shifted. Also, in practice turboshaft
engines have multiple ratings (for sea level). The lowest rating is the continuous rating, used for cruise calcula-
tions. The take-off (TO) rating is often significantly higher. For the CT7-8A5 used in the trade-off in section 5.5.1
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the continuous rating is 1608 kW and the TO rating is 1964 kW [36].

POWER RATING FOR SELECTION

From section 5.2 the power required during cruise is 1391 kW. This gives 1545 kW power available (needed) with
a propulsive efficiency ηpr op of 0.90 . The 75% rating in requirement Ct-cons-04 means that the system must be
able to deliver 2060 kW to the front fans. The power only has to pass through the generators and motors, all of
which have an efficiency of 0.95. The total efficiency is 0.90, thus the engine must produce 2283 kW. This is also
shown in Table 5.9. The efficiency of turboprop and turboshaft engines decreases with air density, as given by
Soban [108] in Equation 5.36.

Pal t

PSL
=

(
ρal t

ρ

)0.7

(5.36)

Table 5.9: Power outputs and efficiencies of electrical system from fan to engine

Step Efficiency Power [kW]

Electric motors 0.95 2060
Distribution 1 2168
Generators 0.95 2168
Engines - 2283

Here Pal t is the engine power at cruise altitude, PSL is the engine’s sea level rating and ρal t the air density at the
cruise altitude. With a ρal t of 0.6582 kg/m3 and ρ of 1.225 kg/m3 [63], PSL is determined: 3,526 kW.

ENGINE SELECTION

The 3,526 kW given in the previous section means 1,763 kW cruise rating for the turboshaft engine to be selected.
This rating is some 150 kW above the range of ratings offered by major western manufacturers, including Pratt
& Whitney, GE Aviation, Rolls-Royce plc, and Turbomeca. This range of engines is intended for medium-sized
helicopters which cuts off slightly below the InVADe MTOW. Larger engines exist for heavy helicopters, but are
2-3 times more powerful than needed. CS-23 limits single-engined aircraft to 5,670 kg MTOW [35], thus a single
powerful turboshaft is not an option.

Figure 5.11: Photo of GE CT7-8 [60]

The GE CT7-8A5 engine (see Figure 5.11) used in the power plant trade-off (Section 5.5.1) is rated at 1,608 kW
continuous power, too low for application on InVADe. It was certified in November 2004 [36] and has a specific
fuel consumption (SFC) of 0.274 kg/kWh [65]. It is quite common for engine manufacturers to design a new vari-
ant within existing engine series for a new aircraft design. It is thus likely that by 2030 a new variant of the CT7
turboshaft engine will be able to produce enough power for the same installed weight. For reference, an overview
of CT7-8A5 performance data is given in Table 5.10.

A promising development is the ATEC HPW3000, a new military turboshaft being developed for the U.S. Army’s
Improved Turbine Engine Program (ITEP). The target power is 3,000 shp (2,237 kW) and ATEC claim 25% more
fuel efficiency and 50% more power than the current engine (GE T700, military version of the CT7 series) for the
same weight [8]. Initial production is scheduled for 2022-2023 [122]. Applying this technology to replace the com-
mercial CT7 engine would result in a rated power of 2,412 kW and a SFC of 0.206 kg/kWh for the same weight of
249.5 kg. The development timeline of the AgustaWestland AW609 and its Pratt & Whitney PT6C-67A turboshaft
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Table 5.10: CT7-8A5 engine data [36]

Length Width Height Dry Max. 5 Min. Cont. 2-Min. SFC
weight cont. power TO power OEI power OEI power

123.9 cm 66.0 cm 63.5 cm 245.9 kg 1608 kW 1964 kW 1897 kW 2043 kW 0.274 kg/kWh

engines [66] demonstrates that it is feasible to apply this future engine in the InVADe design by 2030. InVADe has
no use for a total 4,824 kW of power and a scaled down engine option will most likely be available. Scaling down
from 2,412 kW to the 1,763 kW needed linearly results in the weight decreasing from 245.9 kg to 180 kg.

If the HPW3000 technology is not ready for 2030 and an improved version of the CT7-8A5 (or alternative engine) is
not certified either, the client will have to accept a compromise. Overpowered engines may be fitted into the de-
sign, negatively affecting weight and all parameters related to it via the snowball effect. If the CT7-8A5 is installed
in its current state, cruise speed must be decreased to 582 km/h for 75% rating or the rating must be increased to
82% at a cruise speed of 600 km/h.

5.5.4. SUMMARY
Table 5.11 contains all relevant parameters discussed in this section.

Table 5.11: Summary of power plant parameters

Component Number Power needed [kW] Weight [kg] Efficiency Dimensions (LxWxH) [m]

Front motors 2 1030 103 95% 0.61x0.40x0.40
Aft motors 2 904 90 95% 0.34x0.50x0.50
Generators 4 949 95 95% 0.21x0.66x0.66
Batteries - 1423 119 - 0.25 m3

Cabling - - 25 - -
Engines 2 1763 180 (Equation 5.36) 0.124x0.66x0.635
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STRUCTURES & MATERIALS

One of the main challenges in the design of InVADe was to ensure its structural integrity. In this chapter the work
which was done on the structural design will be presented. The scarce resources were used to preliminary de-
sign those parts that are critical and must be developed in non-conventional ways due to the design of InVADe.
These parts include the main wing structure, the canard structure, supporting structure for the ducted fans and
the duct-fuselage connection. In addition, design proposals for two other critical systems are given. These critical
systems comprehend the landing gear, fuselage-wing connection and the shutter system for the rear ducts.

Wherever possible, conventional designs were chosen for the load bearing structure. Therefore, the canard is out-
fitted with a thin wing box. The supporting structure for fans will be comprised of I-beams. However, due to the
large cut-out for the back ducts, special measures had to be taken. In order to effectively transfer loads between
the wing and the fuselage it was decided to place a wing box in the outer wing section. The load carrying structure
in the inner wing section is composed of two spars that transfer the loads between the outer wing section and
the fuselage. A preliminary sketch of the load bearing structure in the main wing can be seen in Figure 6.1. The
cut-out in the wing box is only there to illustrate the presence of the stringers. As will be explained throughout the
chapter, a total mass of structural elements per wing was estimated to be 191.1 kg.

Figure 6.1: Preliminary sketch of the load bearing wing structure

This chapter will outline the design principles, designs and design proposals for the above mentioned parts. The
first section will present the structural design framework. This framework will elaborate on the load analysis, in
which the load factors for the different phases are determined. A distinction is made between gust load factors
and load factors described by CS-23. The framework will also describe the material choice for structural ele-
ments. Finally, the section will discuss the general assumptions and equations. Section 6.3.3 until 6.5 describes
the preliminary designs of the main wing structure, canard, fan supports and the duct-fuselage connection. In
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each section, the methodology, reference frame, results and verification is discussed. Section 6.7 outlines design
proposals for critical parts including the fuselage-wing connection and the shutter system for the rear ducts. The
proposed validation procedure is described in section 6.6. The recommendations for the structural design of
InVADe can be found in section 14.3.

6.1. STRUCTURAL DESIGN FRAMEWORK
Throughout the design of structural components one must incorporate a number of factors and constraints.
These are explained in the following section and can be subdivided in the following subsections: load factors,
material selection, general assumptions and general equations.

6.1.1. CRITICAL LOADS AND LOAD FACTORS
While in operation the structural components of InVADe will be exposed to different load factors. This subsection
aims at identifying the maximum range of load factors that will occur. In order to determine the maximum range,
one must calculate the critical load factors. These are typically either the manoeuvre load, the gust load or the
crash loads. Crash load requirements do not apply to the parts that are designed in the following sections. The
reason for this is that only parts that could injure, or need to protect the passengers in case of a crash landing
should be able to remain intact after a crash. Examples of these vital structures include the cabin interior and
fuselage structure. This leaves the manoeuvre and gust loads to be computed. The computation of the load
factors is performed using methods described by the CS 23 regulations [35].

MANOEUVRING LOAD FACTOR

According to CS 23.337 [35] the positive limit manoeuvring load factor is described by Equation 6.1. The symbol
W signifies the maximum take-off weight in pounds. With a maximum take-off weight of 8,290 kg this results in a
manoeuvring load factor of +2.95. The negative load factor may not be less then -0.4 times the positive load factor,
resulting in -1.18. In order to find the ultimate manoeuvring load factor the load factors have to be multiplied with
the safety factor of 1.5 [35]. The ultimate manoeuvring load factors are therefore +4.42 and -1.77.

nL = 2.1+ 24,000

W +10,000
(6.1)

GUST LOAD FACTOR

Bad weather conditions and turbulence are able to impose greater load factors on the aircraft than the load factors
computed in the previous section. Gusts can suddenly increase the angle of attack and airspeed experienced by
the lift-generating surfaces and therefore cause high loads. The gust load factors can be computed using Equation
6.2, 6.3 and 6.4 which are given in CS 23.341.

The gust load factor was computed for different speeds (V ), using different gust velocities (Ude ) between 25 and 66
feet per second at the cruising altitude of 6,000 m. The value of CLα can be computed for different Mach numbers
using the DATCOM method [69]. All other parameters of the aircraft are known: air density at sea level ρ0 = 1.225
kg/m3, gust velocity Ude = 25/50/66 ft/s, weight at the end of the cruise segment W = 74,752 N, total wing surface
(main wing and canard) S = 37.13 m2, air density at cruise altitude ρ = 0.6582 kg/m3, mean aerodynamic root
chord c = 3.66m and g = 9.81 m/s2. It can be seen that the resulting gust loads depend strongly on the wing load-
ing W /S, altitude and velocity of the aircraft. Additionally the maximum possible accelerations that the wing can
produce are calculated for every velocity.

nL = 1± kg ·ρ0 ·Ude ·V ·CLα

2 · W
S

(6.2)

kg = 0.88 ·µg

5.3+µg
(6.3)

µg = 2 · W
S

ρ · c ·CLα · g
(6.4)

Combining the possible accelerations (the solid curves), the limit and ultimate manoeuvre loads (dotted hori-
zontal lines), the gust loads for different speeds (dashed or dotted curves) and the stall, cruise and dive speed
(dashed vertical lines) in a graph for the whole speed range gives the graph shown in Figure 6.2. From this graph
the maximum design loads as well as the flight envelope are derived.
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Figure 6.2: Gust and manoeuvre load factor versus velocity

Figure 6.2 indicates that after applying a safety factor of 1.5 the highest load factor to be expected are the gust
loads at cruise speed with a load factor of +4.93 and -1.93. The structure therefore needs to be able to handle
these load factors in order to ensure safe operations in the whole flight envelope (subsection 8.3).

6.1.2. MATERIAL SELECTION
The choice of material for the structural elements that will be used throughout the report is based on five key
criteria. These criteria, listed below, were used as guidance during the selection of material used in the structural
elements of InVADe.

• Strength-to-weight ratio

• Endurance limit

• Material and production costs

• Manufacturability

• Sustainability

The first decision entailed the choice between two materials often used in the aerospace industry, namely com-
posites and metal alloys. Composites are usually glass fibre or carbon fibre reinforced polymers. Occasionally,
aramid fibers are used. Metals used in the aerospace industry are mostly aluminium alloys. However, titanium,
steel or magnesium alloys are used when the qualities of composites or aluminum do not suffice.

Due to their high material cost aramid fibers and titanium were discarded. Steel was rejected due to the low
strength-to-weight ratio. Finally, magnesium alloys were dropped because of its low strength-to-weight ratio and
poor fatigue resistance. At this point, aluminium alloys and glass/carbon fibre composites are the two materials
which are not discarded. To decide between these materials their strengths and weaknesses were examined. The
results of this analysis can be seen in Table 6.1. Using engineering judgement aluminium alloys were chosen due
to its low costs, easy manufacturing, sustainability and sufficient mechanical properties.

Table 6.1: Strengths and weaknesses of composite of aluminium alloys

Composites Aluminium Alloys

Strengths High ultimate strength Relatively low costs
Low weight Well known fatigue characteristics
Few geometrical constraints Good manufacturability

Recyclable
Weaknesses High material cost Lower ultimate strength

Expensive and complicated manufacturing More geometrical constraints
Fatigue is hard to predict
Not recyclable
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Based on the fact good fatigue characteristics are essential to the structural design of the load bearing compo-
nents, the choice was made to use aluminium alloys. Since the four fans and two gas turbines will create high-
frequency vibrations, a large amount of loading cycles will occur. Hence, a high fatigue resistance of the the ma-
terial is important. Therefore, Aluminium 2024-T4 was the most suitable aluminium alloy. Although Aluminium
2024-T4 has a lower strength-to-weight ratio than many other aluminium alloy, the resistance to fatigue qualities
are excellent. The endurance limit of 2024-T4 is given as 138 [MPa] [67]. Therefore, the material won’t fail for as a
long the stresses are below this level. In other words, fatigue is brought back to an absolute minimum. All parts
will be designed such that their maximum Von Mises Stress is below that 138 [MPa], resulting in a safe-life design
of the main structural elements.

Additionally, the usage of the same alloy for all structural elements facilitates the end-of-life disposal require-
ments. The manufacturability of Aluminium 2024-T4 is good and in comparsion to composites Aluminium 2024-
T4 has a low production cost.

6.1.3. GENERAL ASSUMPTIONS
A total of eight general assumptions (GAs) are made to facilitate the stress and buckling analysis of the load-
carrying structures in the wing, canard and ducted fans. These assumptions are valid for any method used
throughout this chapter. Assumptions which apply to only a certain component are listed in their respective
section.

GA1: Weightless wing The wing structure, including all subsystems and fuel, are assumed to be weightless. This
will increase bending moments, shear forces and torsional forces as weight serves as a load relief. Nonetheless,
the weight of the wing is low compared to the amount of lift generated. Preliminary calculations based on the
results of the Class II weight estimation show this ratio is equal to 9%.

GA2: Absence of drag force The total drag force on one wing equals approximately 700 N. During cruise the
wings generate a total lift of 48.8 kN, or 24.4 kN per wing. Since the drag force equals 3% of the lift per wing, the
stresses generated by the drag are negligible.

GA3: Load carrying structure does not warp If the wing structure were to exhibit a change in geometry due to
the stresses, the stress distribution will change. To facilitate the preliminary analysis of the load bearing structures,
warping is neglected.

GA4: Material is isotropic The material is assumed to have the constant properties. These properties include
Young’s Modulus, yield stresses and density. In reality, these properties are not constant and deviations exist due
to material imperfections, manufacturing and processing.

GA5: Resultant lift force acts on the quarter chord line Indepedent of local properties of the wing, the lift force
is assumed to act on the quarter chord line.

GA6: Resultant lift force is proportional to the local chord length The local force is calculated using the ratio
between the local chord and the lift force. This ratio is set equal to the wing loading. Hence, formula 6.5 can be
applied. In this equation W /S is equal to the wing loading, c(i ) to the chord length at section i and z(i ) to the
width of section i .

L(i ) =W /S · c(i ) · z(i ) (6.5)

GA7: Direct stresses The direct stresses in the load carrying structures is comprised of bending stresses only.
No normal stresses are present.

GA8: Skin does not carry loads All loads are carried by the load-bearing structure. The skin of the wing does
not carry any loads.

6.1.4. GENERAL EQUATIONS
This subsection will elaborate on the general equations (GEs) that are used throughout the design of the structural
elements. All formulae are derived from Megson [86].
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GE1: Centroid The centroid of a cross-section with respect to a given axis can be determined using Equation 6.6.
For example, if one were to calculate the centroid with respect to the y-axis, the total area is defined as At , a
number of N separate areas as A and the y-coordinate as y .

ȳ =
∑N

i=1 Ai yi

At
(6.6)

GE2: Moment of inertia The second moment of inertia around the x-axis Ixx can be calculated using Equation
6.7. The height of a part (y-direction) of a cross-section is defined as h and the width (x-direction) as w . The
symbol A stands for the area of the respective part and yc is the distance in y-direction between a part of a cross-
section and the centroid. If the parameters are changed accordingly, Equation 6.7 can be used to compute the
values of Iy y and Izz . If the structure does not have an axis of symmetry, the product second moment of inertia
Ix y is non-zero. Using Equation 6.8 one can compute this value.

Ixx =
n∑

i=1

1

12
wi h3

i + Ai y2
ci (6.7)

Ix y =
n∑

i=1
yci xci Bi (6.8)

GE3: Bending stress The bending stresses can be computed using Equation 6.9. The moment around the x-axis
and y-axis are define as Mx and My respectively. Sinc the drag force is assumed to be zero, Mx will be zero. If the
structure is symmetric around atleast one axis, the product second moment of inertia is zero. If one of the latter
statements occurs, Equation 6.9 will be greatly simplified.

σz =
My Ixx −Mx Ix y

Ixx Iy y − I 2
x y

x + Mx Ixx −My Ix y

Ixx Iy y − I 2
x y

y (6.9)

GE4: Shear flow One can calculate the shear stress for an idealised boom structure using Equation 6.10. Is has
been assumed that the skin carries shear stress only. Therefore the direct stress carrying skin tD is equal to zero.
Since only a lift load is present Sx can be neglected. Thus the shear stress is only dependent of the shear force in
y-direction Sy , the boom area, the second moments of inertia, the distance to the neutral axis in y-direction yr
and if the section is asymmetrical also the product second moment of inertia and the distance to the neutral axis
in x-direction xr .

qs =−
FSx Ixx −FSy Ix y

Ixx Iy y − I 2
x y

[∫ s

0
tD xd s +

n∑
r=1

Br xr

]
−

FSy Iy y −FSx Ix y

Ixx Iy y − I 2
x y

[∫ s

0
tD yd s +

n∑
r=1

Br yr

]
+qs,0 (6.10)

GE5: Shear stress Shear stress can be computed by dividing the local shear flow qs by the local thickness t , as is
depicted in 6.11.

τ= qs

t
(6.11)

GE6: Von Mises stress The Von Mises stress is often used to indicate if the yielding of the structure wil occur.
The wing structure will yield when the Von Mises yield stress is greater than the material yield stress. However,
because all forces other than the lift force are neglected, only the terms σ11 and τ12 will be nonzero.

σv =
√

0.5((σ11 −σ22)2 + (σ22 −σ33)2 + (σ11 −σ33)2)+3(τ2
12 +τ2

21 +τ2
31) (6.12)

GE7: Buckling Although a web or flange might have sufficient strength to withstand certain shear and bending
stress levels, buckling might still occur. Therefore, Equation 6.13 and 6.14 must be used to verify if the stress val-
ues do not exceed the critical stress levels for buckling in the web. Likewise, 6.15 can be used to check the stress
levels in the flange. In these equations, E , νe represent the Young’s Modulus and Poisson’s ratio respectively. The
local thickness and width are signified by t and w respectively. The symbol ks denotes the shear buckling stress
coefficient and is dependent on the aspect ratio of the plate and boundary conditions. Similarly, kb and kc desig-
nate the bending-buckling coefficient and compressive-buckling coefficient.

τcr = π2ks E

12(1−νe
2)

(
t

w

)2

(6.13)
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σcr = π2kbE

12(1−νe
2)

(
t

w

)2

(6.14)

σcr = π2kc E

12(1−νe
2)

(
t

w

)2

(6.15)

When a section has to cope with potential critical bending and shear stresses, it is important to look at the com-
bined loading. This can be done by calculating the margin of safety (MoS), which can be done by using Equa-
tion 6.16 in which τ and σ are the actual shear and bending stress respectively. The value should be preferable
be zero, because then the plate is not over designed. However, the value should not be below zero, otherwise the
plate will buckle earlier than predicted.

MoS = 1√(
τ
τcr

)2 +
(
σ
σcr

)2
−1 (6.16)

6.2. WING BOX
The following section will elaborate on the design of the wing box found in the outer section of the main wing.
First, an explanation of the calculation method is presented, followed by the reference system definition. Sub-
sequently, the results of the stress and buckling analysis are elaborated. Finally, the reader is presented with the
verification of the calculation method.

6.2.1. METHODOLOGY
The first step is to divide the wing box in sections with respect to the z-axis. Bending and shear stresses will be
determined in each section. The stress calculation method is based on idealising the complex structural cross-
section of a wing box into a specific amount of booms, which are concentrations of area. The direct stress in each
boom is assumed to be constant and they are are located at the mid-line of the skin. Figure 6.3 gives a visualisa-
tion of a cross-section idealised by booms. Note that the areas of the booms and the skin thickness of all parts are
not yet defined at this stage.

Figure 6.3: Visualisation of a wing box cross-section idealised by booms

The skin of the wing box is mainly effective in resisting shear, but carries some direct stresses as well. However,
applying idealised structure methods it is assumed that the booms carry all the direct stresses and the skin all
shear stresses. Summarising, the following assumptions are applied:

• The booms carry direct stresses only

• The skin carries shear stresses only

BOOM SIZING AND SECTION PROPERTIES

The sizing of the booms, thus calculating the area of the booms, can be done using Equations 6.17 and 6.18. In a
non-idealised structure the thickness of the skin adjacent to the boom is defined as t̄D , which is the direct stress
carrying skin. The parameter b̄ is the perpendicular distance between the boom i and boom i+1. The ratio σ2

σ1
can

be determined by dividing the y-coordinate of the second boom by the y-coordinate of the first one. The second
equation is used for calculating the boom area of the second boom. Note that to determine the boom area, one
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should take all the booms into account, which are directly connected to the boom for which the area is to be
determined. Thus in the case of a rectangular wing box, shown in Figure 6.3, the number of equations needed is
two. The resultant value from the two equations can be superposed to get the right boom area. The centroid of
an idealised cross-section can be calculated by using Equation 6.6. For an idealised structure, only the area and
location of the booms should be taken into account.

B1 = td b̄

6

(
2+ σ2

σ1

)
(6.17)

B2 = td b̄

6

(
2+ σ1

σ2

)
(6.18)

SHEAR STRESS EQUATIONS

One starts with calculating the shear stress by cutting a wall between two booms. A wall adjacent to the cut sec-
tion will be the first wall for which the basic shear stress will be calculated. This is composed of all the terms in
Equation 6.10 except for the qs,0, which is the shear flow due to torsion. The basic shear stress in the next wall is
equal to the separate calculated basic shear stress plus the basic shear of the previous and so on.

The total shear flow can be obtained by adding the torsional shear flow to the basic one. The torsional shear
flow can be computed by taking the moments around the point where the line of action of the local shear force
crosses the neutral axis. The moment caused by a certain wall is equal to the basic shear flow of the wall times its
length and the perpendicular distance to the point crossing. The torque created by qs,0 by Equation 6.19. In this
equation A is the enclosed area. When setting the moment to zero one can determine the only unknown, namely
qs,0. When the direct stresses and the shear stresses are known, the Von Mises yield stress can be calculated using
Equation 6.12.

MT = 2Aencl ·qs,0 (6.19)

BUCKLING OF WING BOX COMPONENTS

As was explained in paragraph 6.1.4 on buckling, one should not only look at the Von Mises stress to determine
the critical thicknesses and geometry of a structural element. Buckling must also be accounted for. The critical
compression buckling stress, for the lower and upper plate, can be determined using Equation 6.15. Similarly,
the critical bending buckling stress and shear buckling stress in the right and left side can be determined using
Equations 6.14 and 6.13 respectively.

During flight the upper panel of a wing box is in compression. To improve the properties regarding the buckling
of the upper plate of a wing box, one can place stiffeners along the z-axis of the wing. This increases the t/w value
in Equation 6.15 since the value of w is decreased. It was assumed that the stringers divide the upper and lower
skin in sections which are simply supported at the edges. The edges of the right and left side of the wing box were
assumed to be clamped. The resulting Kc , Kb and Ks are given in Table 6.2.3 [16].

6.2.2. REFERENCE SYSTEM
The reference system used for the stress calculation is shown in Figure 6.4a. The origin is located in the centre
of gravity of the root section, which is assumed to be symmetrical about the x- and y-axis. The origin of the axis
system does not change if the section should be made asymmetrical about the two axis, which would result in
a different centre of gravity location. The z-axis is directed outward of the paper. Further, the variables of each
section are shown in the figure, namely the thickness t and the width and the height of a certain section. The
reference system, looking down at the wing planform, can be seen in Figure 6.4b. One could introduce a taper, a
sweep angle or a combination of them both.

6.2.3. RESULTS STRESS AND BUCKLING ANALYSIS
The parameters used for the stress calculation for the outer wing box of the main wing and the canard are shown
in Table 6.2.3.

The thicknesses are proportional to the width or the height of the box. The factors in the skin thickness definitions
were determined by performing a first weight optimisation in which the factors were varied together with the size
of the stiffeners and the amount of stiffeners. The lightest combination, that still met the Von Mises yield stress
and the buckling criteria, was chosen.

The iteration started of with an initial guess followed by 2500 iterations. Every time an iteration fulfilled the re-
quirements, it was compared to the weight of a configuration that also fulfilled them in front of it. This gave 6
different configurations, which are shown in Figure 6.5. The weight is on the right y-axis. On the left axis is the
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(a) The axis system on the root section. The positive z-axis is
pointing out of the paper. This is the reference system used
during this whole section. The right side of the box is the lead-
ing edge and the left side the trailing edge.

(b) The axis system looking down at the planform of the wing.
The positive y-axis is pointing out of the paper.

Figure 6.4: Reference systems

margin of safety (MoS) regarding the critical bending and shear stress for the right side of the wing box. By push-
ing the limit for a minimum amount of weight, the MoS decreases as well. Optimally this margin is zero, because
then the maximum limit has been reached (Note that the safety factors are already included). The optimisation
gave a final MoS of 0.0058, which was calculated using Equation 6.16.

Figure 6.5: Weight optimisation Wing Box and resulted Margin of safety for the right skin

The resulted stresses of the final configuration are shown in Figure 6.6a. The highest direct and shear stresses
occur near the root. Figure 6.6b shows the Von Mises stress at every location on the wing box. The highest stresses
are located at the leading edge near the root.

In the stress calculations the maximum gust load was taken into account, see section 6.1.1. However, one should
also keep the negative gust load in mind. The stress calculations for the latter case have been performed as well.
The result was that extra stringers needed to be placed on the bottom skin to withstand buckling during negative
gust loading.

Figures 6.6c and 6.6d show the critical buckling stresses for the right side, which is about the same as for the left
side, and the top side of the box, respectively. The critical bending stress in the right skin is very large comparable
to the critical shear stress. It therefore can be concluded that the thickness determination of the right skin, which
is true for the left skin as well, is not effected by the bending stress at all. Further, the Von Mises Yield stress is
definitely not reached in the right and left side. Thus the thicknesses of the left and right side are driven by having
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Parameter Symbol Main wing Canard Unit

Wing Loading W/S 223.3 146.6 [kg /m3]
Half the span b 1

2
2.77 3.84 [m]

Leading edge sweep Λ 19 1.28 [◦]
Width root wr oot 3.18 0.6 [m]
Height root hr oot 0.47 0.12 [m]
Width tip wt i p 1.28 0.42 [m]
Height tip ht i p 0.26 0.086 [m]
Thickness top skin ttop 0.0004·wi 0.0021·wi [m]
Thickness bottom skin tbot tom 0.00063·wi 0.0018·wi [m]
Thickness right skin tr i g ht 0.0095·hi 0.0123·hi [m]
Thickness left skin tle f t 0.0067·hi 0.0094·hi m]
Shear bucklling coefficient Ks 8 8 [-]
Buckling coefficient Kb 24 24 [-]
Compression buckling coefficient Kc 4 4 [-]
Corner stiffener area Acs 400e−6 400e−6 [m2]
Stringer area on top and bottom skin Ams 100e−6 100e−6 [m2]
Number of stringers on the top skin Nst 24 8 [-]
Number of stringers on the bottom skin Nst 8 6 [-]
Weight W 91.8 42.1 [kg]

Table 6.2: Input parameters to compute the stress distribution in the wing box

Parameter Symbol Value Unit

Wing Loading W/S 250 [kg /m3]
Half the span b 1

2
3 [m]

Leading edge sweep Λ 19 [◦]
Width root wr oot 0.6 [m]
Height root hr oot 0.12 [m]
Width tip wt i p 0.3 [m]
Height tip ht i p 0.06 [m]
Thickness top skin ttop 0.001·wi [m]
Thickness bottom skin tbot tom 0.001·wi [m]
Thickness right skin tr i g ht 0.02·hi [m]
Thickness left skin tle f t 0.02·hi [m]

Table 6.3: Comparison cross-section

no shear buckling.

The thickness of the top skin and the amount and size of the stringers are driven by the the critical bending stress
and the Von Mises yield stress. The fatigue stress to have a safe life (Section 6.1.2), should never be reach with this
configuration, because the maximum Von Mises stress is 129 MPa. One can come closer to the 138 MPa stated in
section 6.1.1, by decreasing the step size of the variables in the optimisation process.

The same optimisation has been done for the canard. The results are shown in Figures 6.7a, 6.7b, 6.7c and 6.7d.
The maximum Von Mises stress is 137.5 MPa and is therefore still under the fatigue stress given in section 6.1.2.
This time the thickness of the left and right skin is mainly driven by the Von Mises yield stress. The margin of
safety of the right skin is 0.15. The compressive buckling stress drives, together with the Von Mises yield stress,
the thickness of the upper skin and the amount of stringers and the cross-sectional area of those. The weights of
the wing box of the wing and the canard are presented in Table 6.2.3.

6.2.4. VERIFICATION
To determine the validity of the method, a simple rectangular cross-section, of which the geometry is given in Ta-
ble 6.2.4, has been investigated. The input input wing loading is given as well. So-called unit tests were performed,
which is checking step by step instead of comparing the final results. The difference between the numerical solu-
tion and the analytical one (formulas presented in Megson [86]) was determined for the moments of inertia, the
bending moment and shear force and the shear stress and direct stress.
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(a) The maximum shear, bending and Von Mises stress along
the span of the wing box.

(b) The Von Mises yield stress distribution in the wing box of
the wing.

(c) The critical stresses compared to the maximal stress per
section in the right skin.

(d) The critical bending stress compared to the maximal
bending stress per section in the top skin.

Figure 6.6: Stresses in the wing box of the wing

During the analytical solution, the structure was assumed to be thin-walled, which is safe to make if the ratio of
half the height over the thickness of the bottom or top of the box is bigger than 10. According to Megson [86] the
error will only be 6% to a maximum. Further, the direct stresses will could be higher, because when using thin-
walled the moment of inertia will be smaller.

The results are shown in Table 6.2.4. As can be seen the difference is minimal and thus the numerical solution
can be used to determine the stresses. The given shear flow max is the shear flow created by the local shear force,
which is for the root 11.5 N (When dividing the wing in 300 sections). To check whether or not this calculation of
local shear force is correct, one can simply sum up all the local shear forces and compare them to the wing loading
time the total area. This is shown in the table as well. The difference is again minimal.

6.3. MAIN SPARS
The following section will elaborate on the design of the main spars found in the inner section of the main wing.
The spars are shaped as I-beams and are only connected to each other by the fan hub supports. However, during
the following analysis the assumption is made this support does not carry anu loads. This section will describe the
reference system first, followed by the methodology. Subsequently, the results of the stress and buckling analyses
are presented. Finally, the verification results are presented.

The spars must be designed for the most critical load case. The two load cases which are considered are cruise
flight and VTOL manoeuvres. For cruise flight a maximum load factor of 5.1 is calculated, whereas this factor
is only 1.1 for VTOL manoeuvres. The total bending moment in cruise conditions has a peak value of 380 kNm.
During VTOL manoeuvres a maximum bending moment of 40 kNm is encountered. Two reasons can be identified
to explain the large difference between these values. First and foremost, the ultimate load factor is 78% greater
during cruise. The second reason involves the moment arm. During cruise this moment arm can be as large as 6
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(a) The maximum shear, bending and Von Mises stress along
the span of the canard. (b) The Von Mises yield stress distribution in the wing box of

the canard.

(c) The critical stresses compared to the maximal stress per
section in the right skin.

(d) The critical bending stress compared to the maximal
bending stress per section in the top skin.

Figure 6.7: Stresses in the wing box of the canard

m, whereas the moment arm of the duct has a maximum of 2.735 m. In conclusion, the critical load case is cruise
with the maximum gust load factor. Therefore the spars will be sized based on cruise flight loads.

6.3.1. METHODOLOGY
A substantial part of the methodology used in the design of the main spars is identical to the methods used in
the design of the wing box. Therefore, the reader is referred to subsection 6.2.1 on the idealisation principles,
boom sizing and buckling respectively. Since the airfoil dimensions remain constant throughout the length of the
section, the height and width of the spars remain constant. This will enable the transition of the loads from the
outer wing skin to the spars as the spars are always in contact with the skin. In order to keep weight to a minimum
the skin thickness of flanges and web decrease linearly along the length of the section and its proportional to the
z-coordinate of the section.

The factors in the skin thickness definitions were determined by performing a first-order weight optimisation in
which the factors were varied over a certain range. The lightest combination with the lowest margin of safety for
the web that still met the Von Mises yield stress and the buckling criteria was chosen.

In the stress calculations the maximum gust load was taken into account, see Section 6.1.1. However, one should
also keep the negative gust load in mind. The stress calculations for the latter case have been performed as well.

6.3.2. REFERENCE SYSTEM
To calculate the stresses in a load bearing structure, one must define a reference system. The reference system
used in the calculation of the stresses in the main spars can be seen in Figure 6.8a. Using a top-view perspective,
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Parameter Numerical (Idealized structure) Analytical (Thin- walled) Unit

Ixx 3.281e-6 3.283e-6 [m4]
Iy y 7.337e-6 7.344e-6 [m4]
Ix y 0 0 [m4]
Shear f or ce 3.3146e3 3.3109e3 [N ]
Bendi ng Moment 4.4035e3 4.4145e3 [N m]
σmax 8.0573e7 8.0679e7 [Pa]
qmax 62.3170 62.3707 [N/m]
Tot alLi f t 3.3136e3 3.3109e3 [N]

Table 6.4: Numerical and analytical solution comparison for the root of the verification wing box

the reference system can be seen in Figure 6.8b. The origin of the system is located at half the chord length at the
root at a height of a tenth chord as measured from the bottom skin.

Figure 6.8a and 6.8b also indicate the main dimensions of the spars, whose height and width were sized using
constraints of the airfoil shape and duct geometry.The height and width were sized such that the spars connect to
the upper and lower skin at all times, in order to facilitate the transfer of pressure loads on the skin.

(a) The reference system relative to the root section. The posi-
tive z-axis is pointing out of the paper.

(b) The reference system looking down at the planform of the
inner section of the wing. The positive y-axis is pointing out of
the paper.

Figure 6.8: Reference systems

6.3.3. RESULTS STRESS AND BUCKLING ANALYSIS

Because of the location of the spars, 74% of the lift generated by the inner section of the wing is carried by the
leading edge spar. Hence, the remaining 26% of the lift generated is carried by the trailing edge. In order to com-
plete the systems, the boundary conditions at the tip of the spars were calculated using data from the wing box
calculations in section .

Figure 6.10a indicates the margin of safety of the web in the leading edge spar and trailing edge spar. Both spars
were subjected to 4096 different combinations of thicknesses for the upper flange, web and lower flange. Since the
imposed stresses are greater in the leading edge spar, less combinations sufficed all conditions and hence only 989
iterations are plotted. Since the stresses in the trailing edge spar are smaller, more combinations of thicknesses
sufficed all conditions. In the end, the thickness distribution with the smallest positive margin of safety was
chosen for each spar. The webs have a margin of safety of 0.04 and 0.06 for the leading edge and trailing edge
respectively. A margin of safety of close to 0.0 might seem unsafe. However, one must remember this margin of
safety was computed for the absolute maximum load case with a safety factor of 1.5.
The following results were obtained using a total of 200 sections with 707 booms each. Using the material prop-
erties described in subsection 6.1.2 on material selection, the maximum Von Mises stress must be limited to 138
MPa. The shear, bending and Von Mises stress for the leading edge spar and trailing edge spar are plotted in Figure
6.10b and 6.10c respectively. A graphical representation of the Von Mises stress in both spars is given in Figure
6.9. The maximum Von Mises stress equals 101 Mpa in the leading edge spar, and 71 MPa in the trailing edge. The
main parameters of the spars are summarised in Table 6.5.
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Parameter Symbol Leading Edge Spar Trailing Edge Spar Unit

Wing Loading W/S 223.3 223.3 [kg /m3]
Half the span b 1

2
2.375 2.375 [m]

Leading edge sweep Λ 0 0 [◦]
Width root wr oot 0.49 0.49 [m]
Height root hr oot 0.465 0.465 [m]
Width tip wt i p 0.49 0.49 [m]
Height tip ht i p 0.465 0.465 [m]
Thickness top flange skin tt f 0.0014·wi 0.0009·wi [m]
Thickness web skin tw 0.00092·wi 0.00088·wi [m]
Thickness bottom flange skin tb f 0.0014·wi 0.0004·wi [m]
Shear bucklling coefficient Ks 8 8 [-]
Buckling coefficient Kb 24 24 [-]
Compression buckling coefficient Kc 5.5 5.5 [-]
Weight W 50.4 29.3 [kg]

Table 6.5: Input parameters to compute the stress distribution in the main spars

The reason why the maximum Von Mises stresses do not approximate 138 MPa closely is because other constraints
is in place. These constraints are the buckling criteria. Using Equation 6.13 and 6.14 the shear buckling stress and
bending buckling stress were computed for the web. In order to be conservative the web was assumed not to be
clamped, yet simply supported would be too conservative. The shear buckling stress proved to be critical for for
the decision of the thickness distribution in the web.

Figure 6.9: A graphical representation of the Von Mises stress in both spars

In addition to buckling of web, buckling of the upper flanges due to compressive stresses was also examined.
Equation 6.15 was used to compute the compression buckling stress for the flange. The assumption was made
that the flange is divided in two separate plates, with the division made at the location where the web intersects
with the flange. This results in two plates, clamped at the connection with the web and simply supported at the
free end. Using those assumptions, a value of kc was chosen. Buckling due to compression stresses turned out
to be critical and was therefore driving for the thickness distribution of the trailing edge spar. This resulted in a
lower local Von Mises stress of maximum 71 Mpa.
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(a) Margin of safety of the web versus the number of iterations
(b) Maximum shear, bending and Von Mises stress along the
span of the leading edge spar

(c) Maximum shear, bending and Von Mises stress along the
span of the leading edge spar

(d) Critical buckling bending stress compared to the maximal
bending stress per section of the top flange

(e) Critical buckling shear stress compared to the maximal
shear stress per section of the web

(f) Critical buckling bending stress compared to the maximal
bending stress per section of the web

Figure 6.10: Stresses in the main spars

6.3.4. VERIFICATION
To ensure the numerical model accurately represents the analytical equations, a total of seven unit tests are per-
formed. Dependent on the parameter, these unit tests compute the values at predetermined locations along the
length of both spars or cross-section. Cross-sectional properties that are calculated for six different sections in-
clude cross-sectional area, moment of inertia, shear force and bending moment. Properties that vary within each
cross-section are shear flow, shear stress and bending stress and are calculated for predetermined locations on
the cross-section at two different locations along the wing. The author must note the parameter inputs, including
thicknesses, are not those of the final spars.
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The verification was performed using a total of 1,000 cross-sections with 3,007 booms each using preliminary
thickness distributions. The results can be seen in Table 6.6. In reality, each unit test was conducted for atleast
6 different sections. In order to keep the table concise, not all results are depicted in this report. The numerical
solution approximates the analytical solution to a deviation of 0.2%, excluding the bending moment and bending
stress. However, due to significance these deviations can be neglected. For the bending moment and bending
stress the deviation equals 4.15± 0.05%. Since the value of the bending stress is linearly dependent on the bending
moment, it can be concluded the error is related to the bending moment calculation.

Table 6.6: Verification data main spars

Cross-Sectional Area [m2]
Leading Edge Trailing Edge

Analytical Numerical % ∆ Analytical Numerical % ∆

0·N 1.11 10−2 1.11 10−2 0.0 0.66 10−2 0.66 10−2 0.0
1·N 0.70 10−2 0.70 10−2 0.0 0.32 10−2 0.32 10−2 0.0

Moment of Inertia [m4]
Leading Edge Trailing Edge

Analytical Numerical % ∆ Analytical Numerical % ∆

0·N 4.78 10−4 4.76 10−4 0.1 2.41 10−4 2.39 10−4 0.2
1·N 3.17 10−4 3.14 10−4 0.1 1.18 10−4 1.16 10−4 0.2

Shear Force [N ]
Leading Edge Trailing Edge

Analytical Numerical % ∆ Analytical Numerical % ∆

0·N 1.50 105 1.50 105 0.0 0.59 105 0.59 105 0.0
1·N 0.43 105 0.43 105 0.0 0.22 105 0.22 105 0.0

Shear Flow [N /m]
Leading Edge Trailing Edge

Analytical Numerical % ∆ Analytical Numerical % ∆

0.25·N 1.65 105 1.65 105 0.0 0.79 105 0.79 105 0.0
0.5·N 1.28 105 1.28 105 0.0 0.64 105 0.64 105 0.0

Shear Stress [N /m2]
Leading Edge Trailing Edge

Analytical Numerical % ∆ Analytical Numerical % ∆

0.25·N 2.57 107 2.57 107 0.0 1.31 107 1.31 107 0.0
0.5·N 2.32 107 2.32 107 0.0 1.25 107 1.25 107 0.0

Bending Moment [N m]
Leading Edge Trailing Edge

Analytical Numerical % ∆ Analytical Numerical % ∆

0·N 2.67 105 2.56 105 4.1 1.14 105 1.09 105 4.1
1·N 0.033 105 0.032 105 4.1 0.033 105 0.032 105 4.1

Bending Stress [N /m2]
Leading Edge Trailing Edge

Analytical Numerical % ∆ Analytical Numerical % ∆

0.25·N -9.26 107 -8.87 107 4.2 -8.48 107 -8.13 107 4.1
0.5·N -5.80 107 -5.56 107 4.2 -5.93 107 -5.67 107 4.1

6.4. FAN HUB SUPPORT

This section deals with the supports that hold the fans and electric motors in place and connect the hub to the
ducts surrounding the fan. The cross section of the beams is chosen to be an I-beam, since this is a very effi-
cient cross section when bending is the dominant load. The hub is held by four beams which are assumed to be
clamped on the hub and have a pin connection at the duct or wing spars. This has the advantage that the whole
propulsion unit can be easily taken off for maintenance and it also avoids that bending moments are introduced
into the spars or ducts around the fan. Additionally these connectors can be designed in such a way that they
dampen the vibrations of the fan. As an example, lugs with damping mechanisms can be found on certain aircraft
and rocket launchers and reduce the propagation of vibrations significantly.
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6.4.1. METHODOLOGY

The first step in the sizing of the fan hub supports is the computation of the shear forces and bending moments.
For the rear ducts these are the thrust load and bending moment during vertical take-off and landing. Further-
more, during flight gust load factors must be applied. For the front ducts the thrust forces and moments during
take-off are calculated as well as the loads during cruise combined with the extreme values of the gust load.

An optimisation algorithm is used to find the lightest cross section that fulfils the requirements and constraints.
The calculation starts by determining the forces and moments. Next the area moment of inertia of the cross sec-
tion is calculated using Equation 6.7. Subsequently, the shear stresses and bending stresses are calculated using
Equations 6.11 and 6.9 respectively. In order to check to check if the maximum predetermined stress level of 138
MPa is not exceeded, the Von Mises stress is calculated and multiplied with the safety factor.The two most critical
points on the cross section, the center of the flange and the center of the web, are subjected to this calculation.
After the optimisation algorithm finds the smallest cross sectional area that fulfils the requirements the weight is
calculated.

INPUTS FRONT DUCTS

With a thrust to weight ratio of 1.1, a MTOW of 8,290 kg and assuming 15% of the total thrust per front fan the
thrust force in take-off is up to TT O = 21,130N .In cruise each fan produces Tcr = 4,172N of horizontal thrust.
Additionally the maximum vertical gust load causes a vertical force of Fg u9037N (assuming a weight of 280 kg
for the hub, fan and electric motor and a gust load factor of 3.29). Since the gust loads can be handled in ten-
sion/compression by the vertical supports these loads only cause very low stresses of about 6 MPa, making the
take-off the driving load case.The length of the struts from the hub to the duct is 0.77 m.

Restrictions for the cross section are a maximum height of 100 mm due to the limited space, a minimum thickness
of 3 mm (to resist high velocity impacts of objects and buckling) and a maximum width of 50 mm (to make sure
that the airflow is not disturbed more than necessary).The maximum stress is set as 138 MPa in order to avoid
fatigue problems. Lastly the web of the beam is checked for the limit buckling load.

INPUTS MAIN WING DUCTS

Using a thrust to weight ratio of 1.1, a MTOW of 8,290 kg and assuming 35% of the total thrust per rear fan the
thrust force in take-off is TT O = 31,310N .During cruise the fan does not produce any thrust, therefore the maxi-
mum force acting on the structure is the weight of the fan and electric motor assembly, which is assumed to have
a weight of 2943 N, multiplied by the maximum guest load factor in cruise of 3.29: Fcr = 9,682N . It is clear that the
structure needs to be sized for take-off loads.The distance from hub to the connection point at the spars is 1.08 m.

Restrictions for the cross section are a maximum height of 150 mm, a minimum thickness of 3 mm and a maxi-
mum width of 50 mm, for the same reasons as mentioned before.The maximum stress is again set as 138 MPa in
order to avoid fatigue problems. Lastly the web of the beam is checked for the limit buckling load using Equations
6.13 and 6.14.

6.4.2. REFERENCE FRAME

The reference frame is a 2D x-y Cartesian coordinate system. The x-axis runs horizontally through the center of
the cross section and the y-axis runs vertically through the center of the cross section. The cross section can be
mirrored about both axis.

6.4.3. RESULTS STRESS AND BUCKLING ANALYSIS

These inputs and restrictions result in I-beams with the following characteristics:

Table 6.7: Characteristics of the fan support struts

Front Ducts Rear Ducts

Flange size 37 mm wide / 13 mm thick 40 mm wide / 16 mm thick
Web size 74 mm high / 3 mm thick 118 mm high / 3 mm thick
Maximum stress (incl. safety factor) 137.2 MPa 137.5 MPa
Mass (per duct) 10.1 kg 19.6 kg
Critical shear/bending buckling stress 677 MPa / 2032 MPa 327 MPa / 981 MPa
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Figure 6.11: Cross section of the struts in the rear and front duct respectively, in millimeters respectively

A plot of the margin of safety versus the number of iterations for the struts in the front duct can be seen in Figure
6.12. The plot for the rear ducts is not shown here since it uses the same method and optimization with different
inputs which results in a nearly identical plot.

Figure 6.12: Margin of safety versus number of iterations for the struts in the front duct

The weight could be reduced further by tapering the structure towards the outside of the duct where the bending
moment decreases. This is not done because these are very essential parts that should also be able to withstand
high speed collisions with debris of unknown impact force.The limit buckling load for both cross sections are way
higher than the design stress and therefore no issue.

6.4.4. VERIFICATION
In this method no discretisation or simplification methods is used, when compared to an analytical calculation
by hand. Hand calculations were done to verify the code and produced the same results.

6.5. DUCT-FUSELAGE CONNECTOR
Another important structural element is the connection between the fuselage and the front ducts. Since the front
ducts are tiltable and used in VTOL and cruise the connection between the duct and the fuselage need to be de-
signed for a number of different load cases, just like the fan hub support.

The connector is a 0.3 m long tube that is fixed to the fuselage on the one end and with a big bearing on the other
end where the duct is connected. A shaft runs through the inside of the tube that is connected to the duct and
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transfers the torque for the tilting of the duct while the outer tube transfers all the loads from the duct to the rest
of the aircraft. An aerodynamic fairing is added to the back of the tube to house cables and decrease drag.

6.5.1. METHODOLOGY
The design starts by analysing the forces and moments that have to be considered for the different situations,
which are similar to those for the fan hub support analysis. During take-off the connector needs to handle the
force and moment created by the vertical thrust. During cruise it needs to handle the forward thrust, the gust
loads but also the lift created by the ducts.

The area moment of inertia I is calculated based on the outer (Do) and inner (Di ) diameter with:

I =π · D4
o −D4

i
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(6.20)

The bending stress is calculated using Equation 6.9. Since it is a round cross section the shear flow Equation 6.10
was adapted for polar coordinates by using y = r ·sinθ and d a = r ·dθ (θ being the angle between the radius vector
and the horizontal) resulting in this equation for the shear flow:

qs = S

I
·R2

o · t ·cosθ (6.21)

After the bending and shear stresses are calculated they are added using the von Mises yield criterion. For the
cruise case two different shear forces and bending moments in different directions need to be added.Lastly the
point with the highest stress is determined and this stress is multiplied with the safety factor.

INPUTS

The vertical thrust force during take-off can be computed to be TT O = 21,130N (each front duct produces up to
24% of the total thrust, depending on the c.g.).During cruise each fan produces Tcr = 4,172N of horizontal thrust.
The force due to a gust load is Fg u = 9,682N (assuming a duct mass of 300 kg and a gust load factor of 3.29) and
the lift of the duct is Fl d = 1,568N .The moment arm of the force is 1.275 m.

To limit the aerodynamic drag the outer diameter of the tube is set at 200 mm. The maximum stress to ensure no
fatigue damage is 138 MPa.

6.5.2. REFERENCE FRAME
The reference frame is a 2D x-y Cartesian coordinate system. The x-axis runs horizontally through the center of
the cross section and the y-axis runs vertically through the center of the cross section. The cross section can be
mirrored about both axis.

6.5.3. RESULTS STRESS AND BUCKLING ANALYSIS
The only variable which is left and which is also the result of this calculation is the thickness of the tube. Dur-
ing the analysis it turned out that again the take-off condition was critical, even though during cruise flight three
forces act on the structure at the same time. The reason for this is that the gust load and lift always act in opposite
directions and thereby reduce each other.

The optimal tube thickness is chosen as 9.3 mm which results in a maximum von Mises stress (including safety
factor) of 137 MPa and a mass of 2.38 kg per connector. Since there is only one variable there is no need for a
computerized optimization process.

6.5.4. VERIFICATION
Just like the fan hub support no simplifications or discretisations were used. Hand calculations during the verifi-
cation therefore resulted in the same results.

6.6. VALIDATION WING STRUCTURE
This section discusses a proposal on how the validation of the wing box could be performed. First, it is advised to
do different unit tests, in which the properties of parts of the wing box will be determined separately. Finally, the
complete wing box should be tested. After that, some suggestions of other tests, which are not directly connected
to the numerical calculations are given.

6.6.1. STATIC COMPRESSION AND TENSION TESTING UPPER AND LOWER PLATE
The upper plate of the wing box has to deal mainly with compression loads. Thus the upper plate should be tested
separately in a compression bench from which the critical compression stress and ultimate stress can be deter-
mined. Tension testing is not needed, because the maximum tension stresses during negative gust are lower in
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the upper plate than the maximum compression forces during maximum gust load.

A mismatch in the resulted buckling stress and the calculated one could have a couple of reasons. First, the cho-
sen compression coefficient was not correct. Second, there has been no real lower limit for the cross-sectional
area of the stringers, so that they still divide the plate in different sections. This can be investigated doing the
compression test. However, no real research has been done in this subject yet. It is recommended to investigated
this fist rather then start testing it immediately 14.3.

The lower plate will mainly be under tension, thus it should be tested performing a tension test. However, the
lower plate needs to have a certain resistance against buckling as well, because of the negative gust loading 6.1.1.
Thus the lower plate has to be tested for compression as well.

Another aspect that can be tested during the compression tests is the rivet spacing. Up to now the rivet spacing
has not been mentioned. It is therefore recommended to do more research regarding the rivets 14.3.

6.6.2. STATIC BENDING TESTING MAIN SPARS
A single spar can be exposed to a static bending load. The bending moment on a spar is known and therefore
one can validate the critical bending, shear and compression stresses. Again, differences could occur because
of wrongly selected coefficients. However, the coefficients were chose in a very conservative, or pessimistic way.
Therefore the critical bending stresses are probably higher.

A difference in ultimate stress could possibly be caused by a manufacturing fault. For example if the I beams are
welded, a weld imperfection could cause the spars to fail earlier than predicted. (Note that research still needs to
be done on the manufactering process of the different parts 14.3.

6.6.3. STATIC BENDING TESTING COMPLETE WING STRUCTURE
After the units tests are performed, the complete wing structure should be tested to investigate how all the dif-
ferent parts work together as a whole. Differences in calculated stresses and measured stressed could be again
because of manufacturing faults.

6.6.4. STATIC LOAD AND FATIGUE TESTING JOINT
One of the extra tests that need to be performed is the fatigue test for the joint between the main spars and the
wing box. The wing will be vibrating a lot, especially during the transition phase. The wing fans are causing
vibrations and the wing is vibrating because of aerodynamic forces. The joint is thus very fatigue sensitive and
should be tested by putting it under cyclic loads. Possible solutions for the joint are given in section 14.3.

6.6.5. CRACK TESTING
Finally, the strength of the structure should be investigated once there is crack initiation. The different parts first
need to be tested in unit tests, only this time create a small crack in critical spot of that part.

6.7. DESIGN PROPOSALS
The following section will present the design proposals for the three critical systems that due the limited resources
could not be designed in the same detail as the components described earlier in the chapter. In this section, the
landing gear, fuselage-wing connection and shutter system are elaborated on. Each subsection will present the
reader with a brief description of the functionalities of each component. In addition, a design strategy is given.

6.7.1. LANDING GEAR
This subsection aims at explaining the functionality, loads and preliminary sizing in relation to the landing gear.
The decision was made to size the landing for a conventional landing. This way, if the transition were to fail or
power were to be lost, a conventional landing could be performed without landing gear failure. Five different
functions for the landing gear can be identified [119].

• Absorb landing shocks and taxiing shocks

• Provide ability for ground manoeuvring

• Provide braking capability

• Allow for aircraft towing

• Protect ground surface

The landing gear must be sized to handle different loads, which include vertical loads due to the touchdown rate
and rough surface taxiing. Additionally, the landing gear must be able to handle longitudinal loads due to spin
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up, braking and rolling friction. Finally, lateral loads can occur due to crabbed landing, cross-wind taxiing and
ground turning.

The first step in the preliminary sizing of the landing gear is the definition of the type of landing gear. Since the
cruise speed of the aircraft exceeds 150 Kts, the landing gear will be retractable. Although this will add to the
complexity of the mechanism and will induce a weight penalty, the increase in aerodynamic efficiency is likely to
outweigh these disadvantages. Nonetheless, drag estimates must be performed to check if this statement is valid.
InVADe will feature a landing gear design that is similar in concept to the landing gear of AgustaWestland’s AW609
for the reason that wheel track must be large as possible to improve roll stability. An indication of the landing gear
is depicted in Figure 6.13.

Figure 6.13: Landing gear configuration of InVADe, based AgustaWestland’s AW609 landing gear

A rough weight and balance statement resulted in a noise landing gear that is positioned at 2.5 m from the nose
and rotates clockwise as seen from the door side of the aircraft. The main landing gear is positioned at a distance
of 9.5 m from the root and pivots outwards of the fuselage. Additionally, the maximum static load on the main
landing gear and nose landing gear is 88.6 kN and 43.9 kN respectively. These numbers were calculated using a
safety factor of 1.5. Multiple load cases were analysed to find the highest static load per landing gear unit.

Using the static load distribution, one can start designing the main landing gear and nose landing gear. The list
below describes the remaining steps in the Class I method for landing gear sizing. Once these steps are completed,
a preliminary design of the landing gear is the output and one can consult Class II sizing methods to refine the
design.

• Decide on strut disposition

• Calculate the maximum static load per strut

• Decide on the number of wheels used

• Select tire size based on statistical values

• Position the tires in the general arrangement of the aircraft

• Check if gear can be retracted into designated volumes

6.7.2. FUSELAGE-WING CONNECTION
As was explained in section 4.8 on vortex analysis, a high wing configuration is preferable in terms aerodynamic
efficiency. Structurally, a low wing cuts through areas highly loaded in compression and, therefore, imposes a
greater penalty to skin panels in the case of a high wing. On the other hand, a high wing produces greater penal-
ties to the frames than a low wing. Nonetheless, the decision was made to implement a high wing in the design of
InVADe.

Figure 6.14a shows a conventional carry-through structure of a high wing structure. Due to the fact that the fuse-
lage of InVADe has a cross-section of 2 m and the spars have a height of 0.465 m, a carry-through construction
would impose considerable limitations on the inside cabin volume. In order to solve the problem, the wings
could be lifted by atleast 0.4 m to enable a carry-through section without compromising the space in the passen-
ger cabin. In return, this solution would decrease the aerodynamic efficiency of the aircraft.

Another option features a forging bulkhead forging displayed in 6.14b. Using a large forging will eliminate the
off set needed to house the structure and offers a strong structure on which other structural elements can be at-
tached. For example, one could think of a stiffening structure between the front ducts and the forging bulkhead.
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Additionally, the trailing spar can be connected using a conventional carry-through structure as this spar is posi-
tioned far enough backwards to not perturb the passenger cabin.

(a) Conventional carry-through structure
(b) Circular bulkhead structure

Figure 6.14: Fuselage-wing connection in a high wing configuration

No quantitative studies have been done for the implementation of a bulkhead forging in commercial business
jets. Although successful applied in military aircraft such as the F-16 and F-35, further research must point if the
advantages of a bulkhead forging outweigh the disadvantages in case of a VTOL business jet.

6.7.3. SHUTTER MECHANISM
The ducts in the main wing need to be open during take-off and landing and closed during cruise flight. To achieve
this a number of different options were investigated. The requirements for the shutter mechanism are:

• Needs to handle the aerodynamic loads

• Should be as compact and light as possible

• Should enable partial opening/closing

• Should create a smooth surface in flight and not obstruct airflow too much when opened

It was decided to use a system of eight flaps on the upper and lower side that either cover the duct, or when they
are turned 90◦ make it possible for the airflow to pass through the duct. In order to provide a smooth transition, as
many flaps as possible are ideal. However, a large number of flaps increases the complexity of the system. There-
fore, a midway value of eight flaps was chosen. Further research should point out the most efficient number of
flaps. Each flap consists of a skin panel attached to a rod. This rod will take most of the loads and also act as an
axle when the flaps are opened or closed.

The flaps are directed in flight direction. This has the advantage that they obstruct the airflow less and it also
makes it possible to only open the duct partially during transition to avoid loosing too much lift immediately.
Moreover this system is relatively easy to implement, does not take up much space and is proven by Ryan XV5a
concept.

Connecting these rods to the main spars also improves the stiffness and strength of the wing structure at this point
and could result in lower stresses and a lighter design of the two main spars.
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STABILITY & CONTROL

In this chapter InVADe’s stability and controllability will be assessed. To start the analysis, first an understanding
of the center of gravity (c.g.) of the aircraft is needed. This will be covered in 7.1 explaining the determination
of the empty aircraft c.g and various loading diagrams. Next, the cruise phase will be discussed in Section 7.2.
The canard and wing will be sized and positioned for stability and controllability. A final revision of the center of
gravity is done based on the new input from the canard size and wing position. Then, the vertical tail is sized and
dynamic stability is discussed. A subsection on control during cruise closes this section. Section 7.3 discusses the
stability and control during hover as Section 7.4 does for transition.

7.1. CENTER OF GRAVITY

The location of the c.g. of the aircraft has a big effect on its stability and control aspects. It is primarily composed
of the c.g. positions of all parts of the aircraft and their individual weights. These parts contribute to the aircraft
empty weight. Their weights and positions are fixed; therefore they sum up to a fixed c.g. position for the empty
aircraft.

In addition, the c.g. position is influenced by the payload and fuel on board the aircraft. These contributions
however, are variable during operation, so the c.g. position varies as well. Payload, i.e. the amount of passengers
and their baggage, is different for each individual mission. Also, passengers may want to move around the aircraft
during flight. Fuel is burned throughout the mission, which means that its weight varies over each mission. This
has another significant contribution to the variation of the c.g. position. These contributions lead to a c.g. range
over which the aircraft should be both stable and controllable in all flight modes.

Both contributions are examined in the following subsections.

7.1.1. CENTER OF GRAVITY OF THE EMPTY AIRCRAFT

As mentioned above, the c.g. of the empty aircraft will be derived from the individual weights and locations of
components. The weights of the main components were calculated with the Class II method in section 3.1 of the
structures chapter. Locations of the components were then estimated to establish a first estimate for the aircraft
c.g. Where most components have a fixed position, independent of the position of the main wing, some com-
ponents are positioned dependent on the wing. These systems are the wing structure, the fuel tanks in the wing,
and the fans in the wing. As a first estimate the main wing is placed at the very rear of the aircraft and the canard
completely in the front. In Section 7.2.1 an optimum canard surface area and wing position are found to account
for the c.g. shift.

The c.g. of the whole aircraft should be positioned such that there is equilibrium between the thrust of the front
fans and the thrust of the back fans. Originally a division of 30% - 70 % (front - rear) was set; resulting in a c.g.
position relatively far to the rear of the aircraft. During the placements of the subsystems like engines and elec-
tronics this was considered as much as possible. However, at a certain point the subsystems could not be moved
backwards. A division of 35% - 65% (front - rear) was set, which is what the propulsion units are sized for in Sec-
tion 5.1. This will be an important figure during the hover phase which influences the thrust division needed. In
the end Figure 7.1 and Table 7.1 summarise the final weights and locations of the various components.
The next step is to find out how the center of gravity moves during operations.

71
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Figure 7.1: Top view of InVADe with the final c.g. positions of the various weight components

Table 7.1: Final weight components and corresponding locations, relative to the aircraft nose

Component Weight Location

Canard 245 kg 0.6 m
Nose Landing Gear 38 kg 1.75 m
Avionics 120 kg 2 m
Tilting Mechanism 100 kg 2.9 m
Front Fans 600 kg 2.9 m
API 140 kg 4.75 m
Oxygen 11 kg 4.75 m
Fuel tanks fuselage 132 kg 6 m
Fuselage 732 kg 6 m
Furnishing 548 kg 6 m
Flight Controls 195 kg 7 m
Hydraulics/Electrics 257 kg 7 m
Main Landing Gear 169 kg 9.5 m
Electrical Systems 500 kg 10 m
Back Fans 600 kg 10 m
Fuel tanks wing 116 kg 10.4 m
Wing 308 kg 10.4 m
Engines 450 kg 10.6 m
Vertical Tail 96 kg 12 m

7.1.2. CENTER OF GRAVITY SHIFT DURING OPERATIONS
This section outlines how the variations of payload and fuel distribution over the aircraft affect the c.g. position.
To evaluate these variations, a loading diagram is constructed as discussed by La Rocca [73]. This diagram is
constructed from all possible c.g. positions under different loading cases.
A loading diagram consists of three main contributions:

1. Baggage/Cargo. The baggage compartment provides storage space for 12 pieces of luggage of 60x45x25 cm.
This is a fixed weight which does not change during flight. In terms of loading it would be preferable if the
baggage compartment is located in the front of the aircraft. This way the passengers loading will be better
situated around the c.g.

2. Passengers. The cabin provides seating space for 10 passengers, excluding the pilots. Since the number
of passengers is relatively small, the pilots will also be taken into account for the loading of the aircraft.
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In terms of passenger loading, passengers can either take their places from front to back, or back to front.
Both cases are investigated. Seat and cabin baggage compartment positions follow from the aircraft internal
layout in section 3.3.1.

3. Fuel. Fuel is stored in the various fuel tanks in the aircraft. Similar to passenger loading, the influence on
the c.g. position is different when the front fuel tanks are filled or emptied first, or the aft tanks. Fuel tanks
located in the wing change in position as soon as the wing is relocated.

To account for passenger movements, landing gear extensions, previous assumptions and other influences, a suit-
able loading margin is selected. This margin extends the c.g. range both forward and rearward. According to La
Rocca [73], a margin of 2% is common for passenger aircraft.

Figure 7.2: Loading diagram with the wing positioned such that the LEMAC position is 8.20 m

Figure 7.2 illustrates the loading diagrams as discussed above. To keep the loading as close to the empty aircraft
c.g. as possible, it was decided to store the fuel partially in the fuselage. This results in smaller c.g. range which
has a positive effect on the canard sizing.
Using three different loading diagrams for different wing locations, a c.g. range for the various wing positions can
be established. Each loading diagram has a minimum and maximum c.g. location represented as the x location
over the mean aerodynamic chord (MAC). The positions are defined relative to the Leading Edge of the Mean
Aerodynamic Chord (LEMAC) of the wing. Combining these minimum and maximum c.g. locations for various
wing locations generates a c.g. range plot (Figure 7.3). This plot will be used in the canard sizing and final wing
positioning.

7.2. CRUISE
In this section the stability and control in cruise will be analysed. First the canard and wing are sized and po-
sitioned respectively to ensure stability during cruise. With this new data a revision of the c.g. is made and the
locations for the weight components are fixed. Next, the vertical tail is sized for one engine inoperative and a pre-
liminary dynamic stability analysis is carried out. The section concludes with a brief discussion on how to control
the aircraft in cruise.
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Figure 7.3: C.G. range based on the loading diagrams for various wing positions

7.2.1. CANARD SIZING AND WING POSITION
This section elaborates on the process of wing positioning and canard sizing. To determine these parameters,
the loading diagram and scissor plot will be used as tools. First step is to create loading diagrams for different
positions of the wing. By shifting the wing forward or backward the loading diagrams will change. For each of the
loading diagrams a minimum and maximum location of the c.g. is determined, creating a range of minimum and
maximum c.g. locations for different wing positions. One example loading diagrams was presented in Figure 7.2.

With the c.g. range calculated, a scissor plot is needed to determine the final wing position and canard size. A
scissor plot consists of two lines, one representing the controllability limit and the other the stability limit. The
convenience of a scissor plot is that it allows the designer to select an optimal canard size and wing position for
both stability and controllability. It is important to note that the stability curve is generated for cruise speed,
whereas the controllability curve is generated for transition speed. For a complete understanding of all the equa-
tions involved with a scissor plot, it is highly recommended to read the corresponding lecture slides [73]. These
provide methods to derive most of the quantities in these equations.
The two main equations involved with a scissor plot are shown in Equations 7.1 and 7.2. These equations form
c.g. limits that need to be satisfied to be both stable and controllable.

x̄cg = x̄ac −
Cmac

CL A−h

+ CLh

CL A−h

Sh lh

Sc̄

(
Vh

V

)2

(7.1)

x̄cg = x̄ac +
CLαh

CLα

(
1− dε

dα

)
Sh lh

Sc̄

(
Vh

V

)2

−S.M . (7.2)

Here, x̄cg is center of gravity divided by the Mean Aerodynamic Chord (MAC). The location of the aerodynamic
center x̄ac is also divided by the MAC. In addition, all positions are relative to LEMAC. CLα is the lift gradient of
the complete aircraft, which is determined using Equation 7.3.

CLα =CLαA−h
+CLαh

Sh

S

(
1− dε

dα

)(
Vh

V

)2

(7.3)

Using estimation methods described by La Rocca [73], input values for the c.g. limits are obtained. These are
shown in Table 7.2. The resulting scissor plot can be seen in Figure 7.4. The parameters involved with the scissor
plot are explained and shown in Table 7.2.

To derive an optimal canard area and wing location from the scissor plot, the shift in c.g. should be taken into
account. By taken the c.g. range into account stability and controllability can still be ensured during shifts in
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Figure 7.4: Scissor plot of InVADe, showing the controllability and stability c.g. limits

the aircraft c.g.. The c.g. range graph from Figure 7.3 is used to achieve this. By overlaying the c.g. range with
the scissor plot a canard size and wing position can be determined. In Figure 7.5 the result of the overlay can
be seen. Both graphs are shifted such that both lines of c.g. range graph intersect the curves of the scissor plot
horizontally. This intersection then fixes the location of the LEMAC and canard area over wing area Sh/S which
can be read from the y-axis. The Sh/S position is indicated on the left axis, the LEMAC position on the right axis.

Figure 7.5: Overlay of the scissor plot with the c.g. range plot.The black line shows the intersection of the front
c.g. limit with the controllability curve, at the same Sh/S and LEMAC where the back c.g. limit and stability curves
intersect.

The final values of the sizing are presented in Table 7.2. Also, the final c.g. limits corresponding to the LEMAC
position are given.

7.2.2. VERTICAL TAIL SIZING
The vertical tail is sized using a one engine inoperative (OEI) scenario. To check if this method provides a realistic
value for the vertical tail area, tail areas of reference aircraft are compared.
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Table 7.2: Results of the wing positioning and canard sizing

Input parameters for scissor plot Symbol Value Unit

Location of aerodynamic center (a.c.) of aircraft without canard x̄ac 0.0685 -
Pitching moment coefficient at aerodynamic center Cmac -0.384 -
Lift coefficient of aircraft without canard, at transition speed CL A−h 0.953 -
Lift coefficient of canard, at transition speed CLh 1.55 -
Distance between canard a.c. and aircraft without canard a.c. lh -8.89 -

Ratio between airspeeds at canard and main wing Vh
V 1 -

Lift gradient of the canard CLαh 5.25 1/rad
Lift gradient of the wing minus canard CLαA−h 7.65 1/rad
Downwash effect of wing on canard dε

dα 0 -
Stability Margin S.M . 0.02 -
Mean Aerodynamic Chord c̄ 3.66

Output parameter Symbol Value Unit

Location of LEMAC (LEMAC) xLE M AC 8.20 m

Ratio between canard and wing areas Sh
S 0.30 -

Canard surface area Sh 8.49 m2

Front c.g. limit xcg , f 6.66 m
Back c.g. limit xcg ,b 7.23 m

ONE ENGINE INOPERATIVE

Usually, a OEI scenario means that one of the engines of the aircraft fails. For this aircraft this means that one of
the fans fails to provide thrust. To maintain control, the other fan provides maximum thrust to keep the airspeed
such that the aircraft can still fly. However, this induces a yawing moment, which is to be countered by the vertical
tail. The vertical tail needs to be sufficiently large to achieve this. The method is given by La Rocca [73] and uses
several parameters such as, Peq , Sr , S, WT O to size the tail. Figure 7.6 shows the graph used to size the vertical
tail. Once the parameter on the x-axis is determined, the y-axis value is read from the graph using the curve for 2
engine aircraft. The x-axis value is determined using Equation 7.4

Figure 7.6: Reference data curve for the sizing of the vertical tail for OEI condition [73]

xaxi s value = ye

lv

[PeqCLmax ]

WMT OW −Wpmax

(7.4)

Here, ye is the lateral distance of the engine from the center line [m], lv is the distance between the c.g. and the
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vertical tail aerodynamic center [m], Peq is the maximum power that can be produced by one front duct, in horse-
power [hp] as used in the graph, WT O is the Maximum Take-Off Weight [kg], Wpmax is the maximum payload [kg].

With this value for the x-axis, the graph in Figure 7.6 provides the value for the y-axis. Equation 7.5 is then used to
relate this value to design parameters of the vertical tail:

yaxi s value = kδr kv

(
Sr

S′
v

ARv cosΛr

) 1
3 S′

v

S
(7.5)

Here, kδr and kv are obtained from Figure 7.7, Sr is the rudder area [m2], S′
v is the area of the tail not covered by

the rudder [m2], ARv is the aspect ratio of the vertical tail [-], Λr is the rudder hinge line sweep [◦], S is the wing
area [m2].

The value for kδr is selected for a rudder deflection δrmax = 30◦ which is not to be exceeded [73]. Sr and S′
v depend

on the amount of tail chord that is taken up by the rudder, cr udder . They are linked to each other, and the total tail
area Sv , by Equations 7.6:

Figure 7.7: Sizing of the rudder surface area [73]

Sr = Sv cr udder
Sv

′ = Sv (1− cr udder )
(7.6)

According to La Rocca [73], cr udder is approximately 0.30 to 0.35 of the tail chord. An optimum value for this was
found to be 0.31 for the given configuration. The hinge line sweep is estimated by using Equations 7.7 given by La
Rocca [72]:

tanΛr = tanΛv − (1− cr udder )
2Crv

bv
(1−λv )

ARv = 2bv
crv (1+λv )

(7.7)

which combine into Equation 7.8

tanΛr = tanΛv − (1− cr udder )
4(1−λv )

ARv (1+λv )
(7.8)

Combining Equations 7.6 with Equation 7.5, the y-axis value from Figure 7.6 is used to determine the final vertical
tail area Sv . An aspect ratio ARv of 1.9, a taper ratio λv of 0.3 and a leading edge sweep Λv of 35° are common
initial sizing values for vertical tails [73]. Table 7.3 shows the input values applied, and the resulting vertical tail
area.

REFERENCE AIRCRAFT

To verify the 6.77 m2 obtained using the one engine inoperative sizing method, the tail volume coefficient sizing
method is used. This method is presented in the AE3201 System Engineering & Aerospace Design course [73]. A
tail volume coefficient V̄v is a non-dimensional indication of tail size of an aircraft. An average value for this is
determined from values of reference aircraft. Reference tail volume coefficients are obtained from Roskam [100]
and are classified either within the ’Twin Engine Propeller’ or ’Regional Turboprop’ class. The reference aircraft
and their corresponding tail volume coefficients are listed in Table 7.4. In addition to the reference aircraft values,
a typical value for two engine turboprop aircraft estimated by Raymer [96] is included in the list.
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Table 7.3: Results of the vertical tail sizing using the OEI scenario

Input parameter Symbol Value Unit

Engine spanwise position ye 1.98 m
Vertical tail arm lv 4.5 m
Maximum power produced by one duct Peq 1.56 · 103 hp
Vertical tail type parameter kv 1.0 -
Rudder deflection constant kδr 1.05 -
Rudder chord partition cr udder 0.31 -
Aspect ratio ARv 1.9 -
Leading edge sweep Λv 35 ◦
Taper ratio λv 1.9 -

Output parameter Symbol Value Unit

Resulting vertical tail area Sv 6.77 m2

Table 7.4: Final weight components and corresponding locations

Aircraft Tail Volume Coefficient

Beech 1900D 0.076
Conquest I 0.071
Shorts 360 0.091
CASA C-212 0.072
Fokker F27-200 0.077
Cessna 402 0.080
DHC-6 0.077
Raymer 2 engine turboprop aircraft [96] 0.080

Average coefficient 0.078

This resulting tail volume coefficient is used to calculate the vertical tail area. This is done using Equation 7.9.

Sv = V̄v Sb

lv
(7.9)

Here, lv is the length between the c.g. position and the aerodynamic center (a.c.) of the vertical tail [m]. The result
of this method is presented in Table 7.5. The resulting value is somewhat smaller than the OEI method, yet the
value is comparable. The result of the OEI method is therefore concluded to be realistic.

Table 7.5: Results of the vertical tail sizing using reference aircraft

Input parameter Symbol Value Unit

Vertical tail volume coefficient V̄v 0.078 m
Wing area S 28.64 m2

Wing span b 13.3 m
Length between c.g. and a.c. vertical tail lv 4.5 m

Output parameter Symbol Value Unit

Vertical tail area Sv 6.35 m2

7.2.3. DYNAMIC STABILITY
Once the static stability is analysed, the oscillatory responses of the aircraft to disturbances is investigated. The
analysis of dynamic stability is useful because the dynamic response of the aircraft can be simulated for various
eigenmodes. Eigenmodes are particular movements the aircraft can experience after a disturbance which need
investigation to see if the motions are stable. This means that disturbance induced motions disappear without
pilot interference. A division can be made between symmetrical and asymmetrical motions. A list of the five
eigenmodes and a short explanation is presented below. Short period and phugoid both are symmetrical. The
Dutch roll, aperiodic roll and spiral are asymmetric motions. CS23.181 [35] states requirements for some of these
motions in stick fixed position. Stick free is beyond the scope of this report.

Short period The short period is a quick oscillatory mode, which tends to damp out in a number of seconds.
In this mode, the aircraft pitches up and down rapidly in response to a disturbance, such as a short elevator
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deflection. CS23.181(a) states that these motions should be ḧeavily damped.̈

Phugoid The phugoid is a slow exchange of kinetic and potential energy. The aircraft is given a pitch angle,
resulting in a higher altitude but smaller airspeed. Due to the smaller airspeed the aircraft will pitch down, descent
again, gain airspeed, and the process starts over. This motion is generally a very slow motion with low damping.
This motion should, according to CS23.181(c) "not be so unstable as to cause an unacceptable increase in pilot
workload or otherwise endanger the aeroplane."

Dutch roll The dutch roll is a motion where yaw and roll are combined. The motion is started with a yaw and roll
to the left/right which the aircraft will try to recover. Doing so, the aircraft overshoots the equilibrium position and
the process continues until it is damped out. A quantitative requirement is given by CS23.181(b): the oscillations
m̈ust be damped to 1/10 amplitude in 7 cycles̈.

Aperiodic roll Aperiodic roll is simply a roll motion. Of interest is the settling time of the roll rate. It can be
investigated how quick the aircraft damps out the rolling motion.

Spiral A spiral can be started by a small disturbance bringing the aircraft in a rolling position. It the aircraft is
unstable in spiral mode, the roll motion and airspeed continue increasing.

To analyse the motions described above, the equations of motion for an aircraft are used. For a derivation of these
equations of motion refer to the Flight Dynamics Lecture Notes [88]. A thorough understanding of this reference
is recommended to be able to fully understand the following content. The equations of motion are linearised and
decoupled into symmetric equations of motion, and asymmetric equations. In addition, the results are written in
non-dimensional form, as explained by Mulder et al [88]. The resulting symmetric equations of motion are given
in matrix format in Equation 7.10:


CXu −2µc Dc CXα CZ0 0

CZu CZα +
(
CZα̇ −2µc

)
Dc −CX0 CZq +2µc

0 0 −Dc 1
Cmu Cmα +Cmα̇Dc 0 Cmq −2µc K 2

Y Dc




û
α
θ
qc̄
V

=


−CXδe−CZδe

0
−Cmδe

δe (7.10)

and the asymmetric equations of motion are given in Equation 7.11:


CYβ + (CYβ̇

−2µb)Db CL CYp CYr −4µb

0 − 1
2 Db 1 0

Clβ 0 Clp −4µbK 2
X Db Clr +4µbKX Z Db

Cnβ +Cnβ̇
Db 0 Cnp +4µbKX Z Db Cnr −4µbK 2

Z Db




β
ϕ
pb
2V
r b
2V

=


−CYδa

0
−Clδa−Cnδa

δa+


−CYδr

0
−Clδr−Cnδr

δr

(7.11)

Equations 7.10 and 7.11 contain a vast variety of coefficients all describing the aircraft’s response around a certain
axis, for a certain input. These coefficients are also known as stability derivatives. To derive these coefficients
one needs to know the geometry and weight of the aircraft as well as the flight conditions. A number of stability
derivatives can be determined using the DATCOM program, as discussed in the next section. For the remaining
derivatives, analytical methods are used.

DATCOM METHOD

Because the aircraft has a non-standard configuration, stability derivatives from conventional aircraft can not be
used as a reference. The stability derivatives will have to be derived from scratch. To calculate stability character-
istics of a certain configuration the DATCOM program can be used. This program was developed by the US Air
Force in the 70’s but is still a powerful tool to do these sort of calculations.

DATCOM enables the user to program a desired geometry into the program. This way main characteristics as
the fuselage, wing, horizontal tail (canard), vertical tail and engines can be entered as input. Although the pro-
gramming itself is a difficult task, eventually an entire aircraft can be programmed. Ailerons, elevators and flaps
can also be added if this is required for the design. A picture of the DATCOM model of InVADe can be seen in
Figure 7.8.
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Figure 7.8: DATCOM model of InVADe

Once the aircraft is programmed, one can choose the flight condition for which the calculations need to be per-
formed. A Mach number, altitude, speed and angle of attack range can be entered resulting in output for CL , CD ,
Cm and the stability derivatives. A complete list of outputs and inputs for the DATCOM program can be found in
the DATCOM handbook, Volume I[85]. Examining the outputs DATCOM gives for InVADe, the values for CL ,CD
and Cm seemed unrealistic. As can be seen in Table 7.6 the values show a strange rise from 4.0 to 6.0 degrees.
The results were compared to results from proven DATCOM models of Cessna Citation II and Boeing 737. These
models did not show the jumps. A possible reason for this is the unconventional configuration of the aircraft.
DATCOM is built to analyse conventional aircraft, and originally did not allow the use of canard configurations.
Also, the large front ducts may have a considerable influence.

Table 7.6: DATCOM results for CL , CD and Cm with InVADe model

α CD CL Cm

-2.0 .013 -.330 -1.1752
.0 .014 .479 1.1886
1.0 .015 .583 .8942
2.0 .018 .431 -.6612
3.0 .022 .352 -1.8818
4.0 .029 .600 -1.5521
6.0 .050 1.401 .5312
8.0 .079 1.246 -2.0389
10.0 .118 1.610 -1.9689
12.0 .161 2.207 -.4033
14.0 .202 1.842 -1.2071
15.0 .220 1.895 -1.2334

Although the data for CL , CD and Cm cannot be trusted in this stage, the stability derivatives do show more logical
values. In Table 7.7 the derivatives generated by DATCOM are shown. For an understanding of what the deriva-
tives mean physically it is advised to read the AE3202 Aerospace Flight Dynamics & Simulation reader [88]. Figure
7.9 provides a first insight in the meaning of the lateral stability derivatives.

Table 7.7: DATCOM results for the stability derivatives at α = 0, compared to established values for the Cessna
Ce500 Citation

Coefficient Value InVADe Value Citation

CYβ -7.672E-01 -9.896E-01
Clβ -1.795E-01 -7.720E-02
Cnβ 1.878E-01 1.638E-01
CYp -9.601E-04 -8.700E-02
Clp -3.008E+00 -3.444E-01
Cnp -2.752E-04 -1.080E-02
Clr 2.526E-01 2.800E-01
Cnr -5.284E-01 -1.930E-01
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Figure 7.9: Explanation of asymmetric stability derivatives and their physical meaning [88]

A verification of the stability derivatives was done by comparing the values to those of a Cessna Ce500 Citation
[88]. On the right side of Table 7.7 it can be seen that most coefficients are in the order of magnitude of that of the
InVADE model. However, coefficients associated with roll (p) differ significantly from that of the Citation. This
could be a direct result of the large wing planform of InVADe. Another reason could be a bug in DATCOM itself
due to the unusual design. It is recommended that this difference is investigated in future work on the InVADe
project to make sure these coefficients are correct.
An alternative program that may be used for the calculations is AVL [27], a freeware program from the Mas-
sachusetts Institute of Technology (MIT). The program uses an extended vortex-lattice model to determine aero-
dynamic properties of lifting surfaces and slender bodies, including stability derivatives. Howeverm due to time
constraints, no full use of this program was made to provide adequate results.

METHODS TO DETERMINE REMAINING STABILITY DERIVATIVES

The AE3202 Aerospace Flight Dynamics & Simulation reader [88] provides analytic methods to estimate the values
of several remaining stability derivatives. Some can be assumed 0; others are estimated using basic relations.
Table 7.8 shows the methods used to determine the remaining values for stability derivatives. Also, mass and
inertia parameters are determined. A Class I method from Roskam [101] is used to estimate the aircraft mass
moments moments of inertia Jxx , Jy y and Jzz . Equations 7.12 are used, where radii of gyration Rx , Ry and Rz

are used for twin engine propeller aircraft as given by Roskam [101]. These values are: Rx = 0.34, Ry = 0.29 and

Rz = 0.44.

Jxx = b2W Rx
2

4g

Jy y = l 2W
Ry

2

4g

Jzz =
(

b+l
2

)2
W Rz

2

4g

(7.12)

RESULTING RESPONSES

With all the coefficients known, an analysis is done of the 5 different eigenmodes. Using methods described by
Mulder et al [88], Equations 7.10 and 7.11 are converted into a so-called ’state-space system’. Once in this format,
the equations are programmed into a MATLAB script used to simulate the response of the state-space system,
using elevator, aileron and rudder deflections. Once again, the reponses are verified against the response of a
Cessna Ce500 Citation, using the previously stated stability derivatives.
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Table 7.8: Longitudinal and some lateral stability derivatives and remaining parameters. The resulting values are
compared to established values for the Cessna Ce500 Citation [88]

Longitudinal stability derivatives InVADe
value

Citation
value

Remaining lateral
stability derivatives

InVADe
value

Citation
value

CX0 = W sinγ0
1
2ρV 2

0 S
0 (γ0 =
0)
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≈ 0 0 0
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0.13 0.4653 CYr =CYvα

(
Vv
V

)2 Sv lv
Sb 0.345 0.4300

CXα̇ ≈ 0 0 0 Cnβ̇
≈ 0 0 0

CXq ≈ 0 0 0

CZ0 =−W cosθ0
1
2ρV 2

0 S
-0.31 -1.1360 Other values

CZu =−2CL -0.63 -2.2720 µc = m
ρSc̄ 122 102.7

CZα =−CLα −CD -5.0 -5.16 µb = m
ρSb 34.3 15.5

CZα̇ =−CNhα

(
Vh
V

)2
dε
dα

Sh lh
Sc̄ 0.21 -1.43 KX

2 = Jxx
mb2 0.0289 0.012

CZq =−2CNhα

(
Vh
V

)2 Sh lh
Sc̄ 7.3 -3.8600 KY

2 = Jy y

mc̄2 ; 0.300 0.980
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2 = Jzz
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Cmα =CNwa
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c̄ −CNha

(
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dα

)(
Vh
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2

Sc̄2 0.51 -3.7000

Cmq =−1.1 ·CNhα

(
Vh
V
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2

Sc̄2 -9.8 -7.0400

Figure 7.10: Short period response to a 10° pulse elevator deflection of 1 second.

First, a 10◦ pulse elevator deflection is used to start the short-period mode. In Figure 7.10 the angle of attack and
pitch rate responses are shown. In comparison to the Citation, InVADe’s oscillations are rapid and highly damped.
Nevertheless, both motions show a similar path. When analysing the inputs, it was found that the inertia parame-
ter KY

2 differs significantly from the value of the Citation. Also, other aircraft stated in the Flight Dynamics reader
[88] have values of this parameter above 1. It is therefore likely that the estimate is not valid. However, during
detailed design, more accurate estimates of the aircraft inertia may be made.

Next, a small step elevator input is provided to both aircraft to analyse the phugoid. The response in Figure
7.11 shows the airspeed increase and the pitch attitude of both aircraft. As expected, a slow oscillation is present,
where velocity increases as the pitch angle decreases. In comparison, InVADe’s motion has almost double the
period of the Citation, and half the amplitude. This is no problem though, as the pilot now has plenty of time to
react to the motion, and it is stable.
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Figure 7.11: Phugoid response to a 0.3° step elevator deflection

Dutch roll is initiated by a very short pulse rudder deflection of 10°. Figure 7.12 shows the resulting roll and yaw
rates of the aircraft, showing the typical behaviour of a Dutch roll. As the aircraft roll at their maximum speed,
their yaw rate is at the equilibrium position, and vice versa. Both aircraft show a decent result, where the roll and
pitch rates damp out swiftly. By analysing the peaks of the yaw rate, it was found that, while the motion starts
with a roll rate of 0.0297, at the fourth peak the roll rate reaches a maximum value of 0.00085. This is 2.9% of the
initial value, achieved within 3 periods. In comparison: within 3 periods the amplitude for the Citation drops from
0.0343 to 0.0022. The corresponding percentage is 6.4%. Using this estimate, the CS23 requirement concerning
Dutch roll is satisfied for InVADe.

Figure 7.12: Dutch roll response to a 10° pulse rudder deflection of 0.1 s

Finally the spiral and aperiodic roll eigenmodes are examined. These motions are examined by initiating a roll by
a 10° aileron deflection. At t = 2 s, the aileron is put back at 0°. The resulting roll angle and roll rate are examined
in Figure 7.13. A clear difference between the aircraft is the difference in roll rate. This can be explained by the fact
that InVADe has relatively large wings during cruise. Thus a high Clp value was estimated by DATCOM. Another
difference is the stability of the spiral motion, visible in the roll angle plot. It has an extended time period, which
shows that for the Citation, the roll angle keeps increasing. This means that, following an initial roll angle, it is
tumbling into an unstable spiral. This is correct: the aircraft is designed unstable in spiral. Yet this is acceptable
as long as the pilot has sufficient time to react. In comparison, InVADe rolls back to its initial state and is thus
spirally stable.
The aperiodic roll of both aircraft takes place as expected. The roll rate damps out immediately, even faster for
InVADE than for the Citation, which shows a small oscillation in the roll rate.
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Figure 7.13: Spiral/aperiodic roll responses to a 2° pulse aileron deflection of 2 s

In conclusion, the dynamic stability analysis shows positive results for the current InVADe design. All eigenmodes
are damped out swiftly and they are stable. The CS23 specifications for the eigenmodes are therefore satisfied.
Further refinement is necessary, in order to establish more accurate stability derivatives. Also, more reliable mass
moment of inertia estimates are required.

7.2.4. CONTROL
Flight control relies on different techniques throughout a mission. In cruise flight, control surfaces are used,
while during hovering flight, differential thrust is employed. During transition, a mix of these mechanisms is used
depending on the airspeed. It is, however, desirable to have a single control system for the pilot such that, inde-
pendent of the flight mode, pilot input results into the same manoeuvre. To this end, a Fly-By-Wire control system
is employed in the aircraft, which regulates the mix of deflections of the control surfaces, and thrust differentials.
At cruise speed, aircraft control is provided by control surfaces. These are parts of the wing, canard and vertical
tail that are deflected, such that the flight direction of the aircraft is controllable. Three types of control surfaces
are used for the aircraft: elevators, flaperons and a rudder.

Elevators Elevators are used for pitch control. These control surfaces are located on the rear end of the canard.
When deflected downwards, they increase the effective camber of the canard. This increases the lift generated by
the canard, causing a pitch-up moment. Upwards deflection decreases the canard lift and generates a pitch-down
moment.

Flaperons The ailerons are combined with the flaps in order to save space in the outboard wing. This is done so
that full use of the outboard section is made for high lift devices usable for transition. By asymmetric deflection
of these flaperons, a lift difference is generated between the left and right wings, causing the aircraft to roll.

Rudder The rudder is situated on the vertical tail. It provides directional control, enabling the aircraft to fly
straight during crosswinds, and to overcome the OEI discussion in section 7.2.2. The size of the rudder has been
determined for this condition.

7.3. HOVER
During hovering flight the aircraft is lifted into the air solely by thrust provided by the engines. This section dis-
cusses stability and control aspects of this flight mode. Starting from a free-body diagram, the aircraft is analysed
in static equilibrium. Next, hover controlstatic stability is analysed qualitatively. Stability is discussed last.

7.3.1. FREE-BODY DIAGRAM
Figure 7.14 shows a Free-Body Diagram (FBD) of the aircraft in hovering flight, viewed from the side. Only two
types of forces are acting on the aircraft: thrust forces and weight. Aerodynamic loads are negligible for this state,
as the airspeed is very low during hovering flight. Four thrust forces act on the aircraft; two from the front ducts
and two from the back ducts. This FBD shows the longitudinal balance of the InVADe aircraft. T f f and Tb f are
the thrust produced by the sums of both front and back fans respectively.
From this equilibrium state, Equations 7.13 are derived. This is done by summing up forces in vertical direction
and moments around the center of gravity.
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Figure 7.14: FBD of the aircraft in hover, in longitudinal equilibrium

∑
Fz : T f f +Tb f −W = 0∑

Mcg : T f f (x f f −xcg )+Tb f (xb f −xcg ) = 0
(7.13)

These equations show a relation between the duct positions relative to the center of gravity, and the different
thrust values produced. Now the produced thrust can be divided over the front and the back engines. This is done
such that the moment equation in Equation 7.13 is satisfied. To this end it is useful to define a total thrust Ttot al
as the sum of ·T f f and ·Tb f (in this case equal to W ). By combining this with the moment equation, Equations
7.14 are obtained.

T f f

Ttot al
= xb f −xcg

xb f −x f f

Tb f

Ttot al
= xcg −x f f

xb f −x f f

(7.14)

These equations express the division of thrust over the front and back fans as a function of the center of gravity
position. As the center of gravity position changes during operation, the thrust ratios change accordingly. It is
therefore necessary to identify the thrust ratios for the center of gravity limits determined in Section 7.2.1. If the
accompanying thrust values cannot be achieved by either the front or the back ducts, either the center of gravity
range or the propulsion layout needs to be revised.

Table 7.9 shows the resulting forces required to balance the aircraft. The last determined c.g. positions were
used as input values. However, these values differ from the distribution taken as a starting point as described in
Section 7.2.1. The front fans take up more power than determined in Section 5.2.1; the back fans, on the contrary,
require less power. This should not be an issue in further design as this would just require a new design iteration.
In addition, the front fans are currently sized to provide sufficient thrust during cruise flight. The main result
would be that the back fan is over-designed.

Table 7.9: Thrust ratios and forces required to balance the aircraft in hover

T f f

Ttot al

Tb f

Ttot al
T f f at MTOW [kN] Tb f at MTOW [kN]

Front c.g. limit (xcg = 6.66) 0.47 0.39 38.4 42.9
Back c.g. limit (xcg = 7.23) 0.53 0.61 31.9 49.5

7.3.2. CONTROL
Control during hover is provided by the fans. Control methods used on quadrotors are applied to the aircraft. The
power supplied by the turboshaft engines is divided over the ducts. By altering the power distribution, differential
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thrust is generated. Thus, the aircraft can be rolled and pitched. Yaw control is possible by altering the torques
produced by the electric motors powering the fans. A qualitative assessment of these control methods by means
of Free-Body Diagrams is provided in this section.

When powering the fan, a torque is exerted on the fan shaft to keep it spinning. Therefore, a reaction torque
is also acting on the aircraft for each fan. Increasing the fan thrust requires a higher torque. The reaction torque
exerted on the aircraft increases as well. This phenomenon can be used to yaw the aircraft, as is commonly done
in quadrotor aircraft.

This method requires that the fans spin in certain directions. The two front fans should be counter-rotating,
as well as the two back fans. However, a front fan and a back fan on one side of the aircraft should spin in opposite
directions. This will be demonstrated when discussing yaw control. Figure 7.15 shows three FBDs that describe
the motion. To maintain vertical equilibrium, the aircraft base thrust values T f f and Tb f counter the weight W of
the aircraft. But in addition, the thrust differentials should also add up to an equilibrium. Equation 7.15 describes
this condition: ∑

Fz :∆T f f ,1 +∆T f f ,2 +∆Tb f ,1 +∆Tb f ,2 = 0 (7.15)
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Figure 7.15: Free-body diagrams used to analyse control methods

ROLL CONTROL

A rolling moment is provided by providing differential thrust. To roll to the aircraft to the right, thrust is de-
creased at the right side fans, and increased by the same amount on the left side engines. Figure 7.15(a) shows
the corresponding FBD. Here, ∆T f f and ∆Tb f are thrust differentials generated by the front and back front ducts
respectively. The applied rolling moment around the x-axis is composed in Equation 7.16:

Mr ol l i ng = 2∆T f f (ycg − y f f )+2∆Tb f (ycg − yb f ) (7.16)



7.3. HOVER 87

PITCH CONTROL

By increasing the thrust provided by the front ducts, and decreasing the thrust from the back ducts, the aircraft is
pitched up. From Figure 7.15(b) the corresponding pitching moment is derived, resulting in Equation 7.17:

Mpi tchi ng = 2∆T f f (xcg −x f f )+2∆Tb f (xcg −xb f ) (7.17)

YAW CONTROL

As opposed to the other two maneuvers, yaw control comes from the reaction torques exerted by the fans on the
aircraft. Figure 7.15(c) shows how these torques add up. By applying a more powerful torque on the left front
fan by increasing it’s thrust by ∆T f f , a yawing moment ∆MT f f ,1 is generated. To prevent vertical acceleration, the
right front fan needs to reduce it’s thrust by ∆T f f . This reduces the exerted torque by the right front fan. If the
fans are counter-rotating, the reduction of this torque generates an additional yawing moment ∆MT f f ,2 .

Now, however, a rolling moment is also generated around the x-axis. To prevent this from occurring, the right
back fan increases its thrust by ∆Tb f . Therefore, it’s reaction torque increases by ∆MTb f ,2 . The left back fan de-
creases its thrust by the same amount, and it’s torque by ∆MTb f ,1 .

If the fans are spinning as illustrated in 7.15(c), all reaction torques add up to a resulting yawing moment. This
results in Equation 7.18:

My awi ng =∆MT f f ,1 +∆MT f f ,2 +∆MTb f ,1 +∆MTb f ,2 (7.18)

To prevent rolling moments from occurring, Equation 7.19 must hold:∑
Mx : 2∆T f f (ycg − y f f )−2∆Tb f (ycg − yb f ) = 0; (7.19)

MOVING THE AIRCRAFT

Vertical motion is attained by increasing or decreasing the total thrust. This must be done such that the balance
discussed in section 7.3.1 is maintained. Horizontal motion follows from a combination of manoeuvres.

Forward velocity is achieved by pitching the aircraft nose-down. Once the aircraft is slightly pitched, the aircraft is
no longer in static equilibrium. Figure 7.16 shows this state. A net horizontal force exists, accelerating the aircraft
in longitudinal direction. By increasing the thrust force, the weight force is countered. Altitude is maintained,
while the aircraft accelerates forward. Then, by pitching the aircraft back, the balanced state returns, while the
aircraft maintains its forward velocity and drifts forward. The motion is terminated by pitching the aircraft nose-
up (and increasing total thrust), slowing the aircraft down again.
In a similar manner, lateral motion is attained by rolling the aircraft.
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Figure 7.16: FBD of the aircraft in hover, pitched nose-down
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7.3.3. STABILITY
Next, the effect of a disturbance on the equilibrium state is discussed. To investigate this, the aircraft is analysed
at a general pitch angle θ (the disturbed state) rather than in equilibrium. This state is shown back in Figure 7.16.
The forces provided by the ducts are independent of θ. The moment equilibrium does not change then. This
means that the disturbance is not counteracted, but also not intensified. Hence, the aircraft is neutrally stable in
an idealised case.

However, an exact estimate of the center of gravity is very hard to obtain. In addition, as shown in section 7.1,
the center of gravity shifts. The slightest disturbance (e.g. passenger/pilot movement, movement of flaps or the
landing gear) may influence this. In this case, the aircraft balance is disturbed and it tips over. The aircraft has
therefore an unstable response to a center of gravity shift. This requires either a very good pilot or a stability aug-
mentation system guiding the pilot.

Dynamic stability is another important issue in hovering flight. Two main differences are present in compari-
son to cruise flight. First, the aerodynamic forces and moments acting on the aircraft are very small. Second,
gyroscopic influences of the propulsion system have a significant influence.They also couple longitudinal and
lateral/directional motion.
Kohlman [22] provides a discussion of dynamic stability of V/STOL aircraft during hover. A short summary is
presented here. Three relevant cases were analysed:

1. Case 1: Negligible gyroscopic and aerodynamic effects, no initial rotation

2. Case 2: Non-negligible gyroscopic angular momentum about the X-axis and Z-axis, no aerodynamic effects
or initial rotation

3. Case 3: Initial rotation rate about the Z-axis (yaw), no gyroscopic or aerodynamic effects

Case 1 results in uncoupled longitudinal and lateral/directional motions that are neutrally stable. When inves-
tigating case 2, it is found that gyroscopic influences lead to another neutrally stable response. However, this
response is oscillatory. The associated frequency f̄ with this response is given by Equation 7.20:

f̄ =
√

Jxx h̄2
x −2 · Jxz h̄x h̄z + Jzz h̄2

z

Jy y (Jxx Jzz − Jx x
2)

(7.20)

A problem with this mode is that unstable Pilot-Induced Oscillation (PIO) has a high probability of occurrence.
Since the aircraft fans are counter-rotating, the angular momentum terms h̄x and h̄z are negligible during stable
hover (hence, no oscillations are present). Then the result is the same as in case 1. But when the aircraft yaws,
the reaction torques from the engines differ. This means that the fans spin at different angular rates and that a
non-negligible angular momentum term exists. Then this oscillation becomes an issue again.
At an initial yaw rate, stability depends on the mass moments of inertia of the aircraft. For yaw, if Jxx < Jzz < Jy y ,
or if Jy y is the ’middle’ moment of inertia, then the motion is dynamically unstable. Otherwise, the response is a
neutrally stable oscillation. This result can be extended to initial roll and pitch rates. If for roll, Jxx is the middle
moment of inertia, rolling is dynamically unstable. For pitching this holds if Jy y is the middle moment of inertia.

To summarise, most responses are neutrally stable, sometimes in an oscillating mode. An initial rotation may
even produce an unstable response. This means that inherent dynamic stability will not be achieved by this air-
craft, even when aerodynamic influences are neglected. These may seem unimportant, but according to Kohlman
[22], aerodynamic forces and moments caused by gusts and inlet induced flow are small, but have a considerable
effect on stability. It is recommended that for dynamic stability, additional augmentation systems are investi-
gated.

7.4. TRANSITION
A critical part of the flight is the transition phase. It is the phase that connects hovering flight and conventional
flight, in which the aircraft switches from powered lift to wing lift, or vice versa. When the aircraft is hovering,
transition is initiated by slowly rotating the front ducts forward. Hence, a horizontal thrust component is gen-
erated, accelerating the aircraft. As the airspeed increases, the lifting surfaces of the aircraft take over the lifting
capability from the fans,

7.4.1. FREE BODY DIAGRAM
Analysis on the transition phase is performed by setting up a FBD. This FBD is shown in Figure 7.17. It shows the
thrust forces and aerodynamic forces and moments acting on the aircraft. The shown aerodynamic center is of
the complete aircraft. The aircraft is flying at an angle of attack α. The front duct is tilted at an angle of attack αT .
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Figure 7.17: Free body diagram during the transition phase

In static equilibrium (i.e. no accelerations present), Equations 7.21 are derived from the free body diagram.∑
Fx : T f f cosαT = D∑
Fy : T f f sinαT +L+Tb f =W∑

Mac : Mac = T f f sinαT (x f f −xac)−W (xcg −xac )+Tb f (xb f −xac)

(7.21)

If aerodynamic forces and moments are given for a certain airspeed and angle of attack, these equations are used
to determine the thrust forces from the engines to keep the aircraft balanced. Also, the required front duct angle is
determined. After combining the equations and some rearranging, Equations 7.22 are obtained. These relations
are used to analyse the equilibrium state of the aircraft at different velocities.

Tb f = Mac+L(x f f −xac )+W (xcg −x f f )
cosα(xb f −x f f )

tanαT = W −L−Tb f cosα
D+Tb f sinα

T f f = 1
sinαT

(W −L−Tb f cosα)

(7.22)

7.4.2. EQUILIBRIUM ANALYSIS
If equilibrium can be achieved at all aircraft velocities, a controlled transition is possible. Although estimated
values of CL are available, realistic drag and moment coefficients are difficult to estimate. The presence of an
opened fan-in-wing requires a thorough analysis using a CFD model or a wind tunnel test. This means that a
decent equilibrium analysis is not possible at this design stage.

7.5. VERIFICATION AND VALIDATION
In the Stability & Control analysis there is a thin line between verification and validation. Especially regarding the
stability derivatives not a lot of values are presented and the model has to be verified and validated using the same
coefficient values.

7.5.1. VERIFICATION
Up to this point in the design process, verification has mainly revolved around performing unit tests and system
checking. For the scissor plot, the outcome was cross checked against example results from the AE3201 System
Engineering and Aerospace Design [73] and found reasonable. Concerning stability derivatives, the AE3202 Flight
Dynamics - Lecture Notes [88] was consulted and coefficient values were compared to that of several reference
aircraft. Although some differences were presented, the coefficients were found to be in the same order of magni-
tude as that of reference aircraft. As an additional verification the AVL program [27] of MIT can be used.
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7.5.2. VALIDATION
Throughout the calculation progress, results have been extensively compared to reference aircraft. The vertical
tail sizing method has been checked with values of that of the Aerospatiale N 262. In terms of stability deriva-
tives validation, the Cessna Ce-500 Citation has been the main comparison aircraft as was shown in Subsection .
Although significant differences show up in the stability derivatives, the resulting eigenmode responses showed
promising results. Also one should remember that InVADe has a canard configuration. This results in positive
coefficients for CZα̇ , CZq and Cmα̇ , compared to negative coefficients for a normal aircraft configuration.



8
PERFORMANCE

This chapter presents the relevant performance characteristics for an aircraft of this class. The characteristics are
described in order of flight phases. Section 8.1 assesses InVADe climb performance and resulting service ceiling.
Speed ranges are discussed in Section 8.2 and 8.3 presents the flight envelope. Fuel and emissions are calculated
in Section 8.5 and finally an overview is shown in Section 8.8.

8.1. CLIMB PERFORMANCE
Climbing flight begins immediately after the transition. The unsteady rate of climb (ROC) when climbing to cruise
altitude while accelerating can be calculated with the formula for unsteady climb [120]:

ROC = P A −PR

Wcl
· 1

1+ V
g · dV

d H

(8.1)

Doing this calculation for the whole speed range and different altitudes results in Figure 8.1. The highest line is
the ROC at sea level, the other lines are the ROC in steps of 1,000 m up to the service ceiling of 7,000 m. The climb
rate requirement of a maximum climb rate of 9 m/s at sea level is shown as a dotted line. According to CS 23.65
the climb speed should be at least 1.2 times the stall speed. The stall speed for every altitude was computed and
using the factor the minimum climb speed was set and indicated by a dot on the line in the graph.

Figure 8.1: Rate of climb at cruise power

As can be seen in the graph the maximum rate of climb at sea level is 19.8 m/s, therefore the climb rate require-
ment is reached successfully. The maximum rate of climb that can be reached at cruise altitude is 9.2 m/s, this is
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at speeds much lower than the cruise speed though.

With these climb speeds a climb from sea level to cruise altitude takes about 7.3 minutes when flying at the opti-
mal rate of climb, which lies between 54 and 76 m/s. During a normal mission the aircraft will fly at higher speeds
though, which will decrease the rate of climb.

8.1.1. SERVICE CEILING
The service ceiling is the maximum altitude at which a climb rate of 0.5 m/s can be reached.
For InVADe this criteria results in a service ceiling of 12,050 m at cruise power. Operating at this altitude however
introduces more challenges: a stronger pressurised fuselage is needed and fatigue loads of the fuselage would
also increase. Additionally a high service ceiling is only of limited use for short range business aircraft, since on
short trips it is not worth it to climb to high cruise altitudes. Therefore, in the scope of this preliminary design, the
service ceiling, set by the requirement, is limited to 7,000 m.

8.2. CRUISE AND MAXIMUM SPEED
Requirement Ct-cons-04 states a cruise speed of 600 km/h at 75% engine power. The power plant was sized (in
Section 5.5.3) in order to meet this requirement and therefore the cruise speed that can be reached at cruise alti-
tude is 600 km/h.

At 100 % engine power the maximum speed that can be achieved at cruise altitude can be calculated with the same
method to be 661 km/h. The engines were sized to reach this power at cruise altitude, and hence can produce even
more power with denser air, following Equation 5.36. The electronics however were sized for 100% engine power
at cruise altitude and cannot handle more, therefore 100% engine power can only be used at cruise altitude or
higher.

8.3. FLIGHT ENVELOPE
From Figure 6.2 the flight envelope can be derived. The flight envelope is important information for the design
team as well as for the pilot later during operation. It shows the possible accelerations at every airspeed (which
is useful to analyse climbing and manoeuvring abilities) and also the limits which have to be respected during
operation.
The Flight envelope showing the limit manoeuvre and gust loads of InVADe is displayed in Figure 8.2.

Figure 8.2: Flight envelope of InVADe

The gust loads depend, amongst others, on the density, which in turn is a function of the altitude. This means
that the gust loads increase at lower altitudes. Therefore the pilot cannot be allowed to fly at the full cruise speed
before the aircraft has reached it’s cruising altitude of 6,000 m. This however is no big issue since the speed during
the climb to cruising altitude is lower for better climb performance than the cruising speed at which the highest
loads occur.

8.4. PAYLOAD-RANGE DIAGRAM
The requirements demand a maximum payload of 1,300 kg and also a range of 2,000 km (including a landing in
between) with a payload of 1,000 kg. Therefore the maximum payload of 1,300 kg and the point of 2,000 km range
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and 1,000 kg payload are fixed on the graph. The points of maximum range with 1,300 kg payload and without
any payload (the ferry range) need to be determined.

To find these two points the Breguet range equation and fuel fractions from the Class I weight estimate were used
to find a range value that corresponds to the decreased fuel weight (in case of 1,300 kg payload) and the decreased
MTOW (in case of 0 kg payload). The outcome is 1,082 km range with full payload and 2,986 km range with zero
payload and is presented in Figure 8.3. All the ranges include a landing and take-off in between. If there was no
stop in between the total range of the mission can be increased.

Figure 8.3: Payload-range diagram of InVADe

8.5. FUEL AND EMISSIONS
With the engine selected in Section 5.5.3 a more detailed fuel calculation can be done and particulate emissions
can be estimated. First the mission must be worked out in more detail from the calculations in this chapter.

Both take-offs and landings are assumed to last for three minutes, including transition. This takes into account a
small provision for engine start-up and taxiing at the three separate locations. The hover power setting of 2,995
kW is used here.

The mission’s unsteady climb rate is assumed as 1,000 ft/min (5 m/s) to provide the passengers with a comfortable
flight experienced without too quick changes in cabin air pressure. At the same rated power as cruise (75% max-
imum power) this allows for a forward speed of 130 m/s. Climbing to 6,000 m takes 20 minutes, and the aircraft
travels 156 km.

The aircraft’s cruise speed is 167 m/s, using 1,712 kW power available (75% of the power corrected for altitude).
Excluding climb and descent, 766 km must still be travelled which takes 76.6 minutes.

The expected rate of descent is assumed as 2,000 ft/min (10 m/s), again due to passenger comfort. Around 530
kW of engine power is needed to maintain an average forward speed of 130 m/s again. Descent takes 10 minutes
and the aircraft travels 84 km. Figure 8.4 gives an overview of the mission profile used for calculation.

The predicted specific fuel consumption (SFC) in 2030 is 0.206 kg/kWh. As a back-up, calculations were also per-
formed with the current-day value of 0.274 kg/kWh. The future value yields fuel and CO2 masses of 1,295 kg and
4,080 kg respectively, meaning 1.54 km/kg fuel and 2.04 kg/km CO2. Both are well under the requirements set in
Section 2.1. The fuel mass is also somewhat lower than the value used for the weight estimation after accounting
for reserve fuel. Current-day values are 1,723 kg of fuel and 5,427 kg of CO2, thus 1.16 km/kg fuel and 2.71 kg/km
CO2. These results fail to meet the requirements. Clearly stagnation in terms of engine technology would have a
negative impact on the performance of InVADe.

CO2 emissions were calculated as 3.15 times the fuel burn, assuming complete combustion of kerosene [91].
Nitrous oxide (NOX), unburned hydrocarbons (HC), carbon monoxide (CO) and non-volatile particles/soot (PM)
emissions were calculated with a method developed by Rindlisbacher [97]. This method determines emissions
indicators (EI) in g/kg from the power available in shaft horsepower, derived from large amounts of data and split
up into categories for single or dual engine helicopters. The results per single phase and for an entire mission are
shown in Table 8.1.
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Figure 8.4: Mission profile of InVADe

Table 8.1: Overview of fuel burn and particulate emissions per singular phase and total for entire mission

Parameter Unit Take-off Climb Cruise Descent Landing Total

Power kW 2,995 1,712 1,712 530 2,995 -
Duration minutes 3 20 76.6 10 3 225
Fuel kg 30.9 117.6 450.2 18.2 30.9 1295
CO2 kg 97.2 370.3 1418.3 57.3 97.2 4080
NOX kg 0.72 2.01 7.69 0.16 0.72 22.6
HC kg 0.015 0.105 0.403 0.058 0.015 1.19
CO kg 0.017 0.124 0.474 0.070 0.017 1.41
PM kg 0.009 0.047 0.178 0.005 0.009 0.49

8.6. ONE ENGINE INOPERATIVE
The aircraft’s performance must be assessed in the case that one of the turboshaft engines or electric motors fails
during cruise. These calculations were done the same way as for normal operation, only the available power was
assumed to be half of the cruise power normally available.

Rate of climb Since the rate of climb depends on the difference in power available (which is halved) and power
required (which stays the same) it drops significantly. The results can be seen in Figure 8.5. The top line is again
the rate of climb at sea level and the lines below show the performance for every additional 1000 m altitude. The
dots indicate the minimum allowed rate of climb (1.2 times the stall speed).

Figure 8.5: Rate of climb with one engine inoperative
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The maximum rate of climb with only one engine is 7.6 m/s at sea level (compared to 19.8 with both engines) and
climbing to 6,000 m would take a minimum of 25.8 minutes.

Service ceiling The altitude at which a rate of climb of 0.5 m/s can be reached with only one engine is 7,200
m. This means InVADe is still able to cruise at its design cruise altitude of 6,000 m which enables it to deviate
efficiently to an alternative airport.

Cruise speed Using one engine at the normal cruise rating of 75% at the cruise altitude of 6,000 m results in a
cruise speed of 476 km/h. When 100% engine power is used this can be increased to 524 km/h.

8.7. EMERGENCY LANDING
Accounting the unlikely event of malfunction of the tilting mechanism or failure of any other system which com-
promises the aircraft’s ability to land vertically, InVADe is designed such that it is able to perform a conventional
(emergency) landing on a runway or landing strip. In this section the runway length during conventional landing
is analysed. To find the runway length, the approach and landing speeds need to be determined first. According
to CS 23.73 the approach speed is 1.3 times the minimum speed in landing configuration and the touch-down
speed is 1.2 times this speed. Using the minimum speed of 38.5 m/s in landing configuration this results in an
approach speed VA of 50.1 m/s and touch-down speed VT of 46.2 m/s.
Having calculated these numbers and assuming the friction coefficient at maximum brake power (µbr ) equals to
0.4 [121], the landing runway length can be found by the use of Equation 8.2.

s = W

2g
· (−VT )2 · 1

−D̄ −µbr
(
W − L̄

) (8.2)

The runway length needed (s), to land the aircraft with full payload after dumping fuel, equals to 301 m. This short
distance can be explained by the low speed that is possible in landing configuration. According to regulations,
the available runway length for landing should be 166.7 % of the runway length needed. The available runway
length to perform a safe landing equals to 502 m. Then, for rainy conditions, another 15 % extra runway length is
required. To be able to perform a safe landing with wet runway conditions, the runway length should be at least
577 m.
Checking these numbers with some relatively small airports in and around the Netherlands (Table 8.2), it can be
concluded that even while having wet runway conditions, InVADe is able to land at all of these airports.

Table 8.2: Landing Distance Available (LDA) for small airfields within the Netherlands [61], Germany [5] and
France [106]

LDA (m)
Lelystad Airport 1,250
Den Helder 1,275
Seppe Airport 830
Hilversum 700 (grass)
Weeze 2,440
Mönchengladbach 1,200
Lille Lesquin 1,580
Reims Prunay 1,020

8.8. PERFORMANCE DATA OVERVIEW
Table 8.3 shows an overview of the most important performance figures during normal operation and also for the
one engine inoperative condition.

Table 8.3: Performance data overview

Normal Operation One Engine Inoperative Unit

Fan Power available 13,910 6,955 kW
Cruise Speed 600 476/524 km/h
Maximum Rate of Climb at Sea Level 19.8 7.6 m/s
Minium Time to Cruise Altitude 7.3 25.8 minutes
Service Ceiling 12,050 (limited to 7,000) 7,200 (limited to 7,000) m
Range at 1,300 kg / 1,000 kg / 0 kg Payload 1,082 / 2,000 / 2,986 not applicable km
Specific range 1.54 - km/kg
CO2 production 2.04 - kg/km





9
DEVELOPMENT ANALYSIS

This chapter begins with a description of the Operations and Logistics. Next, a plan for manufacturing is devel-
oped, followed by a plan for Assembly and Integration. After that, the risks are assessed, as well as the Reliability,
Availability, Maintainability, and Safety (RAMS). Finally, in the last section, a Sensitivity Analysis is performed for
the design.

9.1. OPERATIONS AND LOGISTICS
In this section, the operational and logistical aspects of the InVADe aircraft will be addressed for two phases of
the aircraft operation. These two operation phases are the ground and the airborne operation. First the ground
operation phase of InVADe is discussed in 9.1.1. After that the airborne operation phase is discussed in 9.1.2.

9.1.1. GROUND OPERATION PHASE
The ground operations of the InVADe aircraft include maintenance, cleaning, restocking, refuelling, pre-flight
checks, etc. Appendix A.5 shows a detailed flow diagram for these operations. Ground operations are performed
after landing the aircraft or after it has been taken out of the hangar for a new mission. These starting points are
indicated as rectangular boxes with bold lines. They terminate when the aircraft is put in the hangar or takes off.
Ground operations are led by the Operations Center (OC). This is an idealised body that leads all personnel in
ground operations; in practice the structure will vary from client to client.

When the aircraft has landed and the passengers have deboarded, it is possible that another mission is to be
performed immediately. Otherwise, a cleaning crew takes care of cleaning the cabin. Next, a check is done if
any (mandatory) scheduled maintenance is needed. When necessary, it is performed as soon as possible to keep
availability high. If a new flight is scheduled, cleaning will generally be skipped and the cycle for a new mission
will be performed.

When a new mission is started, the first step is refuelling the aircraft.This is the responsibility of the refuelling
personnel. If the aircraft was stored in a hangar, it is transported to the helipad and the pilot’s work begins. The
actions described here are generally performed by the copilot but - as requirement Ct-cons-03 dictates 1 or 2 crew
members - the term ’pilot’ is used here.

First, the pilot restocks the galley if needed. This is normal in business aviation, where the copilot is generally also
the cabin attendant. Second, the pilot is responsible for checking the cockpit. This includes:

• Batteries, needed to power the aircraft’s systems when grounded before the Auxiliary Power Unit (APU) is
started.

• Multi-purpose Control Display Unit (MCDU), including the Flight Management Computer (FMC), which is
needed for navigational purposes.

• Flight Controls, including the aircraft primary controls such as control yoke (roll and pitch), rudder pedals
(yaw) and throttle (thrust).

• Avionics, including the communication equipment and navigation equipment (VOR, GPS, NDB).

If any issues are found within the cockpit, the defect is reported to the OC, which will dispatch a mechanic. Next,
the pilot is responsible for checking the exterior of the aircraft. This entails the following steps:

• Checking for damages by performing a walk around. The pilot checks for large visible damages on the
wings, engines, landing gear and the fuselage. If the case arises that the pilot finds a damaged part, he will
inform the OC and a mechanic will be sent to inspect.
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• After inspection by the mechanic, the pilot and maintenance crew decide together whether the specific part
should be replaced or fixed or if it can be scheduled for later maintenance.

9.1.2. AIRBORNE OPERATION PHASE
Airborne operation phase involves airborne of the aircraft and their logistic support for execution of operational
mission. The airborne operation is basically the mission profile of the InVADe aircraft as described in the Midterm
report [29]. During each mission phase the pilot keeps contact with Air Traffic Control (ATC). ATC directs the
aircraft through the airspace and warns the pilot of other aircraft in the vicinity. It also gives the pilot clearance to
take-off or land the aircraft.

9.2. MANUFACTURING
A well-developed manufacturing structure is essential for aircraft production. The infrastructure should provide
access to research and development facilities as well as equipment and advanced manufacturing facilities. The
manufacturing location should have access to an adequate transportation infrastructure. Aircraft manufacturing
is defined as the integration of materials, components and systems of other manufacturers with the subsystems
within the aircraft itself. The mechanical structure, that is the total package of the system is developed by the
manufacturer, contains the choices made with respect to the design, materials and production technologies [11].
In this section the main focus lies on the manufacturing process of the wing boxes of InVADe. The more gen-
eral parts of InVADe are comparable with conventional aircraft and will therefore not be discussed in this report.
Finally, the Lean Manufacturing process will be described.

9.2.1. WING BOXES
The manufacturing of the wing boxes is divided into two main topics, namely sheet forming and joining methods.
To define a joining method that will be used for the wing boxes, some analysis is done on the effects of several
methods on the aircraft weight, maintainability and sustainability as is elaborated in Chapter 11.

SHEET FORMING

Forming, a process that starts off with typical half-fabricates like sheet and plate metals, transforms the half-
fabricate into a part that can be used for the product. The aluminium sheet, the half-fabricate, will have a small
thickness in order to be formed into a stringer, spar or web. Single curved parts with a small bend radius, including
stringers, are manufactured by the use of rubber forming. Rubber forming can be done with a moderate accuracy
and keeps at least one side of the part without surface damage. Another advantage is the low cost operation, the
rubber forming press is a universal tool which can be used for forming of several aircraft parts. Although, the cycle
time is quite long and the press force needed is very high, this type of forming is preferred for manufacturing of
stringers and spars of the wing box.

RIVETING

Riveting, a concept based on transferring loads through the use of loaded pins, is a common used joining method
in aerospace industry. This concept is reliable due to the widespread use and extensive documentation. Next
to that, these joints can be easily inspected and repaired. However, rivet joints are fatigue sensitive. Stress-
concentrations can start fatigue cracks near the rives holes. Due to the fact that rivets cause small undulations of
the surface, this riveted surface won’t be totally smooth. Regarding sustainability, this method will be preferred
over adhesive bonding, since a rivet can be recycled as a whole, where adhesive bonding cannot. To join the
stringers to the webs of the wing box, solid rivets are used. The technique is based on plastic deformation of the
rivet shaft. Having the holes drilled and aligned, the rivet is placed and the protruding tail end is deformed into
manufactured rivet head. This deformation then results in the expansion of the shaft in the rivet hole.

BOLTING

Another principle which uses pin-loaded joints is known as bolting. This method will be used to join the web
spars of the wing box with the vertical webs of the wing box. Reason for this choice is based on the fact that this
region in the wing box, is set to be fatigue sensitive. Therefore this part should be easily accessible and replaced
when needed. The use of bolts is more expensive than rivets, but they can be loaded in shear and tension.

9.2.2. LEAN MANUFACTURING
Lean Manufacturing, a way of thinking and acting, should focus on increasing the customer value all the time. The
ultimate goal is to provide perfect value to the customer, having generated zero waste. But Lean Manufacturing
is not only a manufacturing based philosophy, but a organisation based philosophy. Eliminating waste along
entire value streams, results in less human effort, less space, less capital and less time to make products [76]. To
be able to eliminate waste, the lean system needs to be knowledge-driven. Having good knowledge of the entire
production process will result in recognition of waste. Waste is all that used resources, but does not contribute to
the value of the product.
In a production process, different forms of waste can be identified. These forms are: overproduction, waiting
time, work in progress (WIP), processing waste, transportation, movement, rework and underutilising people.
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VALUE IDENTIFICATION

Value is defined as the way various stakeholders find worth, utility, benefit or reward in exchange for their respec-
tive contribution to the enterprise. The stakeholders, defined in this project as the buying customers and business
partners, have set their requirements as described in Section 2.1.

VALUE PROPOSITION

Having defined the requirements, a plan for to create value according to these requirements can be developed.
Based on these values, value streams can be generated. In this way people can contribute their resources to the
value stream in order to create value. As part of the value proposition, a compliance matrix has been set up. This
is done to show the the needs are met, in order to create confidence and commitment of the stakeholders. This
compliance matrix can be found in Chapter 12.

VALUE DELIVERY

Value delivery is defined as adding value at every step of this value stream and delivering it to the stakeholders
[11]. At this point, the value is delivered to both the stakeholders within the value stream and stakeholders that
will use the product.

JUST-IN-TIME

Just-In-Time (JIT) is a system for producing and delivering the right items, at the right time and in the right
amounts [11]. As InVADe is a design who’s needs are analysed in the market analysis in Section 10.4 the pro-
duction of this aircraft will be limited. Since this product is new in the business market, it is decided that the
production of this aircraft connects best to the JIT principle. This means having no big stocks, but producing the
parts that are needed just in time. This reduces cost and therefore waste. This decision is based on reference
aircraft production lines such as Airbus [116] and Boeing [107].

9.3. ASSEMBLY AND INTEGRATION PLAN
In order to increase the production efficiency, line assembly of the aircraft is used. In the first stages of the assem-
bly line, small subsystems are build. Then, outsourced parts like engines and avionics are ordered. By outsourcing
parts of the process, the focus on core competencies increases. With this, a risk in controllability of the supply
chain arises. Small assemblies are started to build the wings, tail, flight deck and interior cabin. Finally, the major
components of the aircraft are assembled in the last stage of the assembly line.

9.3.1. PRODUCTION INTEGRATION PLAN
The InVADe production integration plan includes both the production and assembly processes. Parallel man-
ufacturing will be performed in order to reduce the production time. Outsourced parts will be ordered from
specific companies and will be added in the assembly at a later stage in order to minimise the risks of damaging
such components. Generally, the production process takes place within the Netherlands in order to stimulate the
Dutch economy. A flow diagram describing the assembly line can be found in Figure 9.1.

Figure 9.1: Assembly line InVADe

9.3.2. PRODUCTION FACILITY LOCATION
The location of the production facility has a large influence on direct labour and manufacturing overhead costs
and therefore on the unit cost as well. A couple of reasons will be presented.
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Transportation costs and available infrastructure Ideally the location of the facility would be in the centre
of the market of the InVADe aircraft, which is primarily Europe and North America, as was concluded in the
Market Analysis in Section 10.4. Minimising local motion is not only beneficial for the overhead costs, but for
the environment as well. Of course the infrastructure around the facility should support the transportation of the
necessary people, materials and products. Further, raw materials should be easily available.

Government regulations and labour skill The amount of rules that needs to be obeyed and the amount of
taxes that needs to be paid influences again the manufacturing overhead costs. Therefore, placing the facility in a
country with low taxes and a minimum amount of regulations is beneficial for the unit costs of the InVADe aircraft.
Further, the direct labour costs is important. However, the employees should have enough skills to manufacture
the aircraft.

The location of the production facility will be in Europe or in North America. Overall, these regions do not lack in
infrastructure. When looking at the taxes, Turkey has the lowest [124]. But, according to Accenture [109], Turkey
is lacking in skilled labour. However, Turkish companies are participating in the production of the F35 [79], thus
they must be skilled. Switzerland, the US and Canada are other interesting locations, for their low corporate taxes
as well. On the other hand the wages, especially in Switzerland are high comparable to the wages in Turkey [104].
The numbers are presented in Table 9.3.2. All mentioned countries are possible locations of the factory. Turkey
has the lowest taxes and the wages, but more research is necessary regarding the labour skill. When the labour
skill is at an acceptable level, Turkey seems the most promising location for the production facility.

Country Corporate Taxes [%] Wages [$]

Turkey 25 3,123
Switzerland 29 6,323
The United States 27 4,980
Canada 32 4,792

Table 9.1: Wages and Taxes of possible factory locations

9.4. RISK ASSESSMENT
Throughout the next phase of the development and also throughout its operational lifetime, InVADe will be ex-
posed to a number of development risks and operational risks. These risks are described in this section and
possible mitigation methods are introduced to decrease the effects and the severity of these risks.

9.4.1. DEVELOPMENT RISKS
During the further development several aspects need special attention. To discover which issues need more re-
sources in the next phase of the design development, risks are identified and visualised in a risk matrix. Table 9.2
shows the identified development risks divided in 5 categories. First the general development risks are defined,
and then an assessment of department specific development risks is made.
Having introduced the risks above, next they are placed in a development risk matrix. Figure 9.2 visualises the
severity and probability of occurrence.

Figure 9.2: Development risks visualised in the risk matrix



9.4. RISK ASSESSMENT 101

Table 9.2: Further development risks

Risk Number Risk

General development risks D1 Issues with CS-23 certification
D2 Overrun of the unit cost
D3 Overrun of the production schedule
D4 Overrun of the development budget
D5 New market insights
D6 Range requirement failure
D7 Safety issues
D8 New insight into the characteristics & performance parameters
D9 Geopolitical issues

Aerodynamics D10 Lift loss due to opening of the shutter mechanism
D11 Flow issues due to interaction of components

Structures D12 Simplifications made are no longer applicable
D13 New insight into the weight estimation

Propulsion D14 Noise limits exceeded
D15 Overrun on the emission requirements
D16 Failure of the 155 kW power increase per engine by 2025

Stability & Control D17 New insight into Stability & Control behaviour during
hover/transition

As can be seen in the risk matrix in Figure 9.2, six of the identified development risks are in the high risk region.
This means that during the further development of InVADe more resources will be required to deeper investigate
and mitigate the possible consequences of these risks. For this reason, below a more detailed description of these
risks is given, with an elaboration on their nature of occurrence and their consequences.

D1 - Issues with CS-23 certification
The InVADe design set out to be certified within the CS-23 regulations. If for some reason InVADe can not be
certified the consequences will be catastrophic since it will not be allowed to fly. More resources will have to be
applied to investigate the CS-23 regulations and make sure that the InVADe is designed in compliance with the
CS-23 requirements.

D3 - Overrun of the production schedule
If at any point during the development of InVADe significant delays are introduced, it will be very difficult to reach
the 2030 deadline with no extra countermeasures implemented. These delays can result in postponing the deliv-
ery of the aircraft. This way not only more costs are introduced into the production and possibly the final unit
cost, but also resulting in unsatisfied customers and stakeholders. Due to the more complexity and novelty of the
current design, the likelihood of this risk is set higher compared to other conventional commercial aircraft. The
consequence is set as critical since various parties will influence negatively of a production delay.

D10 - Lift loss due to opening of the shutter mechanism
Up until now, the aerodynamics department has taken into account a factor for the loss of lift due to the shutter
mechanism. As discussed in Section 4.2.3, this factor accounts for the disturbed airflow during the opening of the
shutter mechanism. However, to make sure that this factor is correct and enough lift is generated during tran-
sition, more advanced computing techniques like Computational Fluid Dynamics (CFD) should be used. Also
wind tunnel testing could help with a better understanding of the phenomenon around the main duct shutter
mechanism during transition.

D11 - Flow issues due to interaction of components
From the layout of the current design, flow disturbance may take place due to the interaction of the canard, the
front ducts and the main wing; to avoid the interaction of these surfaces, further research has to be done exam-
ining the direction of the flow. Wind-tunnel tests can help determine if the current design raises any concerns
regarding the clean air flow. Due to the need for this further study, the likelihood is set at likely. Since the be-
haviour of the airflow is uncertain as this stage the consequence is set to critical.

D13 - New insight into the weight estimation
Advancing to more complex weight estimation techniques using Finite Element Methods (FEM), a more precise
component weight can be determined. As a result, the Class II weight estimation needs to be updated which
will affect all the other departments. Since this advanced weight estimation is likely to add weight to various
components a probability of likely is assigned.The consequence is set as critical since especially Propulsion and
Aerodynamics will have to revise all calculations and sizing.
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D17 - New insight into Stability & Control behaviour during hover/transition
At this moment the canard is sized and the wing positioned to achieve adequate stability and control during flight.
Transition and hover however are still complicated phases within the flight. First calculations show that stability
and controllability can be guaranteed in this phases. With new insights into these phases it might be possible
that extra controllers need to be added to make InVADe stable and controllable. Since hover and transition are
complex dynamic phases it is likely that new insight will occur during further development. These new insights
can be critical as new control computers need to be added to ensure the stability and controllability of InVADe.

9.4.2. OPERATIONAL RISKS
Having defined and ranked the risks in further development of the InVADe aircraft, in this section a number of
operational risks which are specific to the current design will be discussed. This list is made specific only to this
design and thus does not include common operational risks such as communication failure, fuselage decompres-
sion, fire and ground collision, which are considered of the same importance and consequence as commercial
aircraft. The InVADe-related operational risks are shown in Table 9.3.

Table 9.3: Operational risks

Risk Number Risk

O1 Lightning strike
O2 Fatigue
O3 Tilting mechanism failure
O4 Fan failure
O5 Electrical system failure
O6 Generator failure
O7 Control system failure

The operational risks O1 to O7 are mapped into the operational risk matrix, shown in Figure 9.3:

Figure 9.3: Operational risks visualised in the operational risk matrix

O1 - Lightning strike
What makes this design more vulnerable to lightning is the fact that during take-off, landing and transition the
ducts will be facing upwards and the electrical motor at the duct will be vulnerable to direct hits by the lightning
strike, thus showing a high risk of electrical failure within the aircraft. This results would be catastrophic for this
risk. Methods to shield the ducts and the aircraft itself during flight will need further investigation to reduce the
consequences of this risk.

O2 - Fatigue
Due to the nature of the InVADe design, fatigue should be considered as an important phenomena. To account
for this, the structure department already implemented various measures to reduce the influence of fatigue. Vi-
brations however remain an issue which need further investigation to make sure the occurrence of this event is
limited.

O3 - Tilting mechanism failure
The failure of the tilting mechanism can cause critical conditions for the aircraft during its flight. However, In-
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VADe is designed to minimise the likelihood of occurrence of this malfunction. If failure occurs during cruise,
InVADe can continue its flight and perform a conventional landing. If the failure occurs during transition, control
of the aircraft will become harder and thus lead to a critical consequence for this failure risk.

O4 - Fan failure
Since in the design of the ducted fan, the fan blades are directly in contact with the open air, bird strike or light-
ning strike can directly hit the blades. Also mechanical failure could cause malfunctioning of the fan. InVADe is
designed such that it can continue its flight with one inoperative engine, thus defined as a moderate risk on the
risk matrix. The aircraft will have the chance to terminate its flight with 3 remaining engines, however continua-
tion of the flight to the original destination should not be performed.

O5 - Electrical system failure
Even though InVADe will be designed such that the likelihood of failure in the electrical system should be very un-
likely, the need for a redundant system is strongly felt. This is mainly because of the nature of this failure, which if
occurred, would result in a catastrophic condition in which the aircraft components will not acquire the required
electrical power to function properly.

O6 - Generator failure
Since four generators are present in InVADe the severity of one generator failure is negligible. The aircraft will still
be able to continue its flight. Since four generators are present the probability of occurs is set to unlikely.

O7 - Control system failure
Although the probability of occurrence of a complete control system failure is very unlikely, the consequences
can be catastrophic. Especially during hover and transition InVADe is more vulnerable because of the complex
control system needed to make control and stability possible.

9.5. RELIABILITY, AVAILABILITY, MAINTAINABILITY AND SAFETY
In this section, the reliability, availability, maintainability, and safety (RAMS) characteristics of InVADe will be
evaluated. First, a definition is given about each pillar of the RAMS method, followed by an analysis of the concept
for each of these pillars.

9.5.1. RELIABILITY
Reliability is defined as the probability that a system will perform in a satisfactory manner for a given period of
time when used under specific operating conditions. Since some of the concepts incorporated in InVADE are
absolutely critical, reliability will be an important parameter to take into account. Especially if complex new tech-
nologies are introduced, the pre-set level of reliability will be more difficult to reach than with a conventional
aircraft. In general, a design using complex new technologies will decrease the reliability level, whereas a design
with proven technology will increase it.

The reliability is defined as a natural logarithmic function of the failure rate (λ) and time (t ). This relation is
defined in Equation 9.1. The failure rate differs for specific subsystems within the aircraft itself and is defined to
be the inverse of the Mean Time Between Failure (MTBF) as in Equation 9.2.

Rel i abi l t y = e−λt (9.1)

λ= 1
MT BF

λt =λ1,λ2,λ3, ....,λn

(9.2)

Structurally, the reliability of InVADe will be high in comparison to reference aircraft. The wing box, spars and
other structural elements have been designed such that the endurance limit is not exceeded during even the most
extreme flight conditions. These conditions contain the maximum gust load and a safety factor of 0.5. An issue
of concern are the high frequency which originate in the fan-in-wings. Although joints between its structure and
the main load bearing structure damping is present, fatigue might occur due to the high number of load cycles.
Although an electric drive system has not been incorporated in an commercially available VTOL business jet, it
does offer advantages over a mechanical system. Fatigue and wear are decreased to a minimum by eliminating
the need for driveshafts and gearboxes. Rosero [98] and Elhafez [31] indicate that electrical actuation can be
considered reliable. Since AC electric engines are used, no moving parts other than the coil are present. The
absence of other moving parts increased the reliability in comparison to DC electric engines.
The operational evaluation (OPEVAL) of the V-22 Osprey shows important design points, which are likely to faced
during the development of InVADe:

1. Proprotor System
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2. Flight Controls

3. Flight Control Computers

4. Drive System

9.5.2. AVAILABILITY
Availability is defined as the probability that a system will be ready or available when required for use. In order
to quantify the availability, one must define which activities and phases cause the system to be unavailable. Fol-
lowing that, an assessment can be made on whether these activities cause the downtime to be in excess of the
proposed limits.

The availability is described as a fraction of the MTBF and the Mean Time To Repair (MTTR). This relation is set
in Equation 9.3.

Avai l abi l i t y = MT BF

MT BF +MT T R
(9.3)

InVADe will be considered unavailable if the aircraft is not ready to perform a certain mission when it is required.
Events and restrictions which can lead to the aircraft being unavailable include, for example, system failure, main-
tenance, unacceptable flight conditions, noise restrictions, and unavailability of crew.

System failure will inherently lead to unavailability of the aircraft. Depending on the severity of the failure and the
level of maintainability, the aircraft can be repaired within an acceptable time frame.

Obviously, inadequate fuel facilities will ground the VTOL business jet, hence reducing the availability. During
a typical mission InVADe will often serve to central business districts equipped with helipads, where competent
fuelling facilities might not always be available.

Maintenance is essential to the safety and reliability of any given aircraft, or any system for that matter. Through-
out the lifetime of the aircraft, maintenance will reduce the availability. Since the average customer is likely to use
the business jet for short-range trips on a regular basis, longer periods of inactivity are not acceptable and hence
the MTTR should be brought back to a minimum.

Unacceptable flight conditions are comprised of bad weather conditions, legal orders restricting flight, and other
flight restrictions. Unavailability due to bad weather conditions can be avoided by making the flight envelope of
the VTOL aircraft as large as possible. The flight envelope shown in Figure 8.2 indicates under which conditions
the aircraft can be flown. Although not examined in this report, flight conditions during which hover can be per-
formed are expected to be critical. More research on this matter is required to determine under which conditions
InVADe can safely perform VTOL manoeuvres.

Special attention must be paid to the noise restrictions. A VTOL business jet is most likely to operate services in
between central business districts, often areas where strict noise restrictions are in place. If noise restrictions of
less than 80.7 dB at 100 m distance are in place, InVADe will not be able to operate.

Unless a crew is on constant standby, the aircraft might not always be able to perform any given mission. Nonethe-
less, this constraint is fully dedicated to the operation side of the aircraft, not to the engineering and design side
of the project.

Active clients within the business jet market require a high availability of the products they buy. A typical cus-
tomer will plan the usage of the jet on short notice and hence low availability will be unacceptable. Therefore, the
system should have a high level of reliability. If these levels can not be reached, the product is unable to satisfy the
customer’s needs.

9.5.3. MAINTAINABILITY
Maintainability is a design parameter intended to reduce repair time, as opposed to maintenance, which is the
act of repairing or servicing an item or equipment. Maintainability can be defined as the probability that a failed
item or piece of equipment will be restored to an acceptable working condition within an acceptable period of
time. In general, a more complex system will lower its maintainability. This section will outline possible hazards
regarding the maintainability, which can be ran into whilst InVADe will be in operation.

The maintainability is defined as a natural logarithmic function of the repair rate (µ) and time (t ). This relation
is given in Equation 9.4 below. The repair rate itself, is defined as an inverse function of the mean time till repair
(MTTR) as can be found in Equation 9.5.
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M ai nt ai nabi l i t y = 1−e−µt (9.4)

µt = 1

MT T R
(9.5)

The U.S. Department of Defense released a document [23] in 2001 describing the flaws and inaccuracies of the
maintainability of the V22 Osprey. In this report, several recommendations are made within this domain. A criti-
cal part of any VTOL aircraft is the nacelles. The V22 is designed such that the two nacelles are positioned on the
wing tip. The nacelles were made as compact as was technically possible, to ensure the drag component of the
nacelles was kept to a minimum. This approach resulted in nacelles with a low maintainability.

During the development of InVADe a similar problem can be expected. Many components related to propulsive
systems are purposely kept as compact as possible to reduce the overall drag coefficient of the aircraft. Examples
of this include the tilt mechanism between the front duct and the implementation of the lift fans in the main
wings. Due to the limited space available in the wing, systems such as the fuel tanks and HLD actuator devices are
positioned such that the space within a wing is used optimally. For these reasons the maintainability of InVADe is
expected to be low in comparison to conventional business aircraft.

The document by the U.S. Department of Defense [23] provides the reader with the following recommendations
on the maintainability:

• More quick-access panels

• High-reliability alternatives to the Mini Mark fastener

• User-friendly inspection access for critical parts and other exceptions to the flight control system redundancy
design requirement

• Shortening of the hydraulic lines between switching valves and swash plate actuators

As these recommendations point out, the nacelle of the V-22 was adequate while functioning, but did not have an
acceptable level of maintainability. From the V-22 Osprey program it can be learnt that the engines compartments
are going to be a critical issue within the domain of maintainability.

In addition to the fact that the compactness will be an issue, it is expected that the structural integrity of the main
structure will be a point of concern with regards to the maintainability. There is a high probability that the design
will be compact, resulting in a poor accessibility of major structural components. Examples of this include the
bearings in the tilt mechanism. As the mechanism will be subjected to different loads throughout the entire flight
cycle. Unless the entire mechanism is disassembled, the bearings can be accessed.

Poor maintainability might arise from the fact that InVADe will be on of the first commercially available VTOL
business jets. Regular business jets have been around since the 1950’s and have been trialled and tested. Further-
more, maintenance for these jets has evolved into a full-scale industry, with companies like Jet Aviation and TAG
aviation offering specific maintenance services. Since the aircraft will most likely incorporate new technologies,
maintenance providers will likely struggle to provide their services. Concluding, the maintainability of the VTOL
business aircraft will be low.

9.5.4. SAFETY
Safety is the freedom from hazards to human and equipment. The VTOL capability of the aircraft introduces more
risks since to achieve this capability, the system has become more complicated than a regular aeroplane.
Engine failure during take-off or landing in a tilt rotor configuration, a certain redundancy is needed such that
both rotors remain powered. If an engine stops working, the aircraft can tip over as was the case during an ac-
cident with the Bell XV-15 in 1992. InVADe employs a set of batteries which have enough capacity to power the
electric engines for two minutes during take-off or landing.
The report of the V-22 Osprey program [23] reflects on the safety of the V22 using accidents from the past. The
most important safety risks are summarised in the list below:

1. Failure of automatic flight control system during transition could cause loss of control.

2. Loss of transition capability.

3. Bad signal to the flight control system could cause improper flight control response and loss of control.
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4. Failure of the gearbox could lead to the loss of an engine resulting in loss of control.

One can see most safety risks are related to the transition phase. During the transition phase of InVADe is the
shutter mechanism is critical system. If the mechanism were to fail during transition the balance of the aircraft
will be disturbed, with catastrophic consequences. For a variety of reasons the shutter mechanism could jam after
the cruise flight is completed. Although transition is impossible under those conditions, a conventional landing
can still be performed.
Failure of the fans is another safety risk that must be examined in more detail. Due to the distribution of the loads
and the location of the center of gravity, the aircraft will remain its stability in the case of a front duct failure. How-
ever, an unstable situation will occur if one of the back ducts fails. At this stage the exact geometry and actuators
of the mechanism have not been defined yet. Therefore, no specific mitigation manners can be given at the time
of writing.

Another risk which is not related to mechanical failure is electromagnetic interference. As the engines consume
more power than any reference out there, electromagnetic interference might disturb the functionalities of the
avionics equipment. In turn, this will negatively influence the flight characteristics of the aircraft. The severity of
this issue is still unknown and more research should be conducted on the matter.
In summary, because the aircraft has VTOL capability, complex systems are added to the design which, if not
engineered thoroughly, can cause additional safety issues. Regardless of which concept is chosen for the VTOL
aircraft, the transition phase will safety-wise remain a difficult phase, if not the most difficult part.

9.6. SENSITIVITY ANALYSIS
This section will describe a general sensitivity analysis for InVADe. In the Mid-Term Report [29] a sensitivity
analysis was performed for the trade-off results. This section will give a more general approach and discuss three
points which had a major influence on InVADe. The three points were selected for their leading role in the design
and their sensitivity within the design process.

9.6.1. WEIGHT
The MTOW of the aircraft is an input for every calculation performed within the departments. A small increase
in the weight can lead to a chain of recalculations resulting the redesign of wing planform, canard size, engine
power, and many other parts, which will, in turn, increase the weight of the aircraft once more, leading to another
redesign and so on. Because of this instability, weight is selected as one of the main sensitivity pillars, meaning a
change in this parameter will have substantial consequences for the entire design.

9.6.2. WING PLANFORM
Setting the wing area as a decision variable, the wing planform of the aircraft will be affected. As many aspects
of aircraft design are subject to the snowball effect, the change of one parameter in the design phase will affect
large parts of the design. Moreover, the optimal strategy should be to minimise the weight of InVADe without
influencing the aircraft characteristics. Changing the wing area will affect the wing span and/or the wing’s aspect
ratio. Increasing the wing area slightly will increase the wingspan in order to keep the same slenderness ratio of
the wing. Likewise, the control & stability of the aircraft will be affected. Increasing the wing area results in a
larger moment contribution in the moment equation. With respect to the structures side of the design, a larger
wing area will lead to a heavier structure, resulting in a larger aircraft weight. Because of this increase in weight,
the aircraft will need more thrust to be able to generate enough lift during flight, which requires a more powerful
engine.

9.6.3. MAIN DUCT DIAMETER
A fairly large diameter for the main duct was required in order to keep the noise levels as low as possible. A
decrease in duct diameter will lead to a lighter and thinner wing and better aerodynamic characteristics. Then, a
more conventional airfoil can be chosen. From that, a less disturbed airflow will occur near the wing and therefore
the wing will generate more lift. Thus, the wing area of the main wing can be decreased, having a positive influence
on the weight as well. If weight is decreased, the same process as in the section above will be started, affecting
all other departments, like structures, control & stability, propulsion, and performance. However, a decrease in
duct diameter would pay a huge toll in increasing noise emissions. On the other hand, if the ducts were increased,
there would be a reduction in noise emissions, but would also cause major problems for the other departments,
which would result in a much heavier design.
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This chapter details the cost estimation and market outlook for InVADe. This was done after all design parameters
were fixed and is thus the last major set of variables that were determined. First the unit cost estimation will be
presented. The results from that are used to determine the sales price and calculate the return on investment.
Next the operating costs are calculated. Finally a market outlook is presented in Section 10.4.

10.1. UNIT COST

The methods used in the mid-term report [29] to calculate unit and operating cost were mainly based on large
passenger aircraft and thus gave a decent approximation, but a more accurate method was later needed. For the
cost estimate of the more detailed, final design the Eastlake method was used. This method is presented by Gud-
mundsson [49] and is specifically developed for small business aircraft. Compared to the earlier used methods
this method uses more inputs that are specific to the design which should increase the accuracy. Additionally the
numbers are very recent (2012).

Gudmundsson’s unit cost estimate method is based on the DAPCA IV methodology, just like the method from
Raymer [96], however it is strongly modified and updated. A detailed breakdown of the different costs that make
up the unit cost is shown in Appendix A.6. An useful feature of this method is that it takes into account the regu-
lations under which the aircraft will be certified (part 23 or 25), especially since the InVADe design is close to the
maximum take off weight for CS 23 (8,618 kg [35]) this is an interesting feature.

The most important inputs are the number of aircraft that are expected to be sold, maximum speed and the air-
frame weight of each aircraft. Additionally aircraft characteristics like tapered / untapered wing, pressurised /
unpressurised fuselage, retractable / fixed landing gear, the percentage of composite parts, the type of flaps and
engine horsepower are used as inputs. For parts that are bought in large amounts from suppliers, such as avion-
ics, engines and in our case also electrical components, a quantity discount factor (QDF) is implemented which
reduces the cost of these parts.

Based on a quoted price from Enstroj [33], the purchase price for the electric motors is estimated as 116,000 EUR
per aircraft. Assuming the same price for the generators, 6,300 EUR for batteries [48] and 2,000 EUR for cabling
the electric propulsion components add up to 240,300 EUR per aircraft without the QDF. Cost for designing, im-
plementing and testing the electric system are already accounted for in the engineering cost.

The added complexity of the tilting and shutter mechanism and flight controls is accounted for by the higher air-
frame weight, nevertheless an extra 10% is added to the engineering hours. Flight testing costs are also increased
by 20% and three flight test aircraft are assumed to account for extra VTOL and transition testing. A CPI inflation
factor [17] of 1.01 is used to convert from 2012 to 2013 currency and a factor of 0.74 converts the price from USD
to EUR.

The result is a unit cost of 6.55 million EUR. 1.813 million of that are sunk costs (such as research and develop-
ment, tooling, testing and certification) and 4.736 million are marginal cost (manufacturing, materials, quality
control, engines, electric propulsion system and avionics). The cost of the different elements of the cost break-
down structure and bought parts are presented in Table 10.1.

107
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Table 10.1: Break-down of the unit cost per aircraft

Cost Element Cost [EUR]

Engineering 1,165,994
Development Support 107,916
Tooling 494,117
Flight Testing 45,697
Manufacturing 2,354,204
Quality Control 313,109
Material 1,024,722
Avionics (incl. QDF) 42,048
Engines (incl. QDF) 844,482
Fans (incl. QDF) 5936
Electric Propulsion (incl. QDF) 151,714

Total 6,549,943

The certification basis (CS 23 or CS 25) makes a significant difference in the unit cost estimate. Using CS 25 instead
of CS 23 increases the unit cost by 10.8% (7.256 million EUR). This shows that it is important to keep the MTOW
below 8,618 kg during the design process, to confirm to CS 23 requirements [35] and avoid significant cost overrun.

The unit cost reduces further when the number of sold aircraft increases, but it also increases if the number of sold
aircraft is lower than expected. If more aircraft are sold parts can be bought cheaper in bulk and the engineering,
testing, tooling and certification costs can be spread over more aircraft. A graph showing the effect of this on the
InVADe unit cost is shown in Figure 10.1.

Figure 10.1: Unit cost depending on number of produced aircraft

10.2. SALES PRICE AND RETURN ON INVESTMENT
After considering the prices of business jets and helicopters and the unit cost the sales price is set at 10 million
EUR, for more detail see the baseline report [28]. This corresponds to a 52% mark up of the unit cost price. This
value is relatively high compared to conventional aircraft programs according to Irwin and Pavcnik [62] and Lanier
Benkard [75]. However, for a complicated and innovative project like this the likelihood of an increase in develop-
ment cost (and therefore an increase in unit cost) is significant. In case the unit cost increases too much the sales
price will have to be adjusted accordingly.

With the variable and fixed unit cost and the sales price known the profit can be calculated. These numbers can
be used to further calculate the profit margin, the multiple (the ratio of total profit over total investment), the
break even point (Equation 10.1 [49]) and the yearly return on investment (RoI). The results are shown in Table
10.2.

NBE = tot al f i xed cost

uni t sal es pr i ce −uni t var i abl e cost
(10.1)
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Table 10.2: Investment metrics for InVADe

Total development cost 906,863,000 EUR
Unit production cost 4,736,000 EUR
Unit cost 6,550,000 EUR
Unit price 10,000,000 EUR
Total profit 1,725,028,000 EUR
Mark-up 52.0 %
Profit margin 34.5 %
Multiple 1.90 -
Break even point 172 Aircraft
Yearly ROI 9.51 %

10.3. OPERATING COST
The Gudmundsson [49] operating cost method for business aircraft is different from the method for general avia-
tion in that it accounts for better maintenance and professional crew cost.

The most important inputs are flight hours per year (assumed to be 750), the relation of maintenance to flight
hours depending on the level of complexity of several subsystems), fuel flow, number of engines and crew and
of course prices and salaries of fuel and personal. The method includes the cost for maintenance, storage, fuel,
insurance, engine overhaul and crew. Additionally depreciation was added to these costs since this makes up a
significant part of the total operating cost and makes it easier to compare the operating cost to civil flights. An-
other alteration that was made is a 30% increase in airframe maintenance cost due to the complexity of the VTOL
specific subsystems such as the tilting and shutter mechanisms. At the end a CPI inflation factor [17] of 1.01 is
used to convert from 2012 to 2013 currency and a factor of 0.74 converts the price from USD to EUR.

The result is a cost of 920 EUR per flight hour excluding depreciation and 1,374 EUR per hour including depreci-
ation, which means that the operating cost requirement is met. A break down of the Operating cost can be found
in Table 10.3.

Table 10.3: Operating cost contributions

Cost Element Cost [EUR/hr]

Maintenance 216
Storage 12

Fuel 254
Insurance 203

Engine Overhaul 11
Crew 224

Depreciation 455

Total 1,374

Prices for short range business class tickets from Amsterdam with KLM to less popular destinations are estimated
to be 389 EUR per flight hour per passenger per January 2014 (see Table 10.4). Based on this price the InVADe
aircraft can be operated for a lower price per passenger than regular business class tickets as soon as it carries
four passengers or more. Additionally since direct transport using InVADe saves time compared to public air
traffic and t i me = mone y [43] InVADe can save a company oodles of shillings.

Table 10.4: Destinations and price per passenger per flight hour

Destination Price [EUR/pax/hr]

Bremen 389
Stavanger 370
Oslo 330
Hannover 433
Birmingham 395
Geneva 356
Leeds 456
Gothenburg 384

Average 389
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10.4. MARKET OUTLOOK
This section elaborates on the market analysis of a VTOL business aircraft. Its main aim is to establish the compet-
itive cost for the product and the volume for the market. In this analysis, two existing markets will be evaluated,
namely the market for medium business jets and the market for corporate helicopters. This evaluation includes
predictions for these markets, establishment of a new market for VTOL business aircraft, and, lastly, foreseen
market share.

10.4.1. EXISTING MARKETS & FORECASTING
The VTOL business aircraft will be designed to seat 10 people, with a range and speed much higher than that
of a helicopter and probably lower than that of a business jet. It is clear that the market for a VTOL aircraft will
grow out of the existing market for business jets and corporate helicopters of comparable sizes. In terms of these
requirements, business turboprops seem rather comparable. However, mode of usage is important, as are direct
and indirect costs associated with the aircraft.

A VTOL aircraft matching the given requirements is ideal for those customers who wish to transport a small group
of people from an office building, for example, to another location as fast as possible. It may be slower than a
traditional business jet but its VTOL capabilities remove the need to travel to an airport, often through heavy city
traffic or by helicopter transfer. It is faster, flies further and most likely is quieter and less expensive to operate
than the existing corporate helicopters. In the analysis below, the midway between business jets and corporate
helicopters is chosen as the only potential market.

BUSINESS JETS

Teal group’s Richard Aboulafia [105] predicts 13,879 business aircraft (including turboprop) sales in 2013-2022
worth 310.3 billion USD. Of this amount, 10,249 are traditional business jets worth 249.5 billion. Bombardier’s
2013 market forecast [15] predicts worldwide sales of 24,000 business jets in 2013-2032 worth 650 billion USD, of
which 18,500 units are light to medium jets worth 357 billion. Figure 10.2 illustrates the market growth over this
timespan. These jets range from the 7 passenger Learjet 40 to the 19 passenger Challenger 850, a range mostly
equivalent to ’traditional jets’ in Teal’s forecast. According to FindTheBest [40] the Learjet costs around 8.1 million
and the Challenger about 25.2 million. At both ends speed and range is considerably higher than for InVADe,
though no VTOL capability is offered.

Figure 10.2: Bombardier’s business jet market forecast for 2013-2032 [15]

CORPORATE HELICOPTERS

Honeywell states an expected market of 4900-5600 helicopters sales worldwide from 2013-2017, up from 4300
in the previous five-year-span [56]. 38% of these are corporate helicopters. No prediction in terms of market
value is made. The Teal group [118] predicts 10,308 civil helicopter sales from 2013-2022. Assuming the division
of corporate helicopters is the same, this number matches up well with Honeywell’s estimate. The total value
is estimated to be 60.3 billion USD, resulting in an average price of 5.85 million USD per helicopter. This is a
relatively low price compared to business jets. A VTOL business aircraft would most likely be a bit more expensive;
a reasonable trade-off for vastly improved speed and range, of course.
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FORECAST RELIABILITY

Jets Bombardier’s 2009 forecast [13] predicts 12,400 business jet sales from 2009-2028 or 620 average per year.
Their 2013 forecast shows on average 550 sales per year from 2009-2012. Their forecasting is assumed to be accu-
rate as constant sales per year is a gross simplification. The Teal group’s 2009 outlook [2] states 9,300 business jet
sales predicted from 2009-2018, which is comparatively high. For this reason Bombardier’s estimate is leading in
further analysis.

Helicopters Honeywell’s 2008 outlook [55] predicted 4450 sales, fairly close to the 4300 realised. Their 2003 out-
look [57] predicted 2600, where their 2008 outlook states 3000 sales realised. These numbers are close enough for
predictions in this sector, especially when the 2008 economic crisis and its impact on sales is considered. No pre-
vious Teal group estimates were found for comparison, however the company is well-known for their aerospace
analyses. The Honeywell estimate is leading in further analysis but the market value estimated by Teal is usable.

REGIONAL MARKETS

A division of Bombardier’s expected deliveries over distinct regions is presented in Figure 10.3. This depicts the
expected sales in the periods 2013-2022 and 2023-2032 for each region and for all sizes of business jets. The figures
show that North America and Europe will still be the largest markets in 2032 and are also the largest in terms of
absolute growth. For further design and marketing, the focus should still be on these markets. Fast growing
markets such as India (153% over 20 years) will follow, and most likely no significant adaptation of the InVADe
aircraft will be needed.

Figure 10.3: Bombardier’s business jet market forecast for 2013-2032 [15]

10.4.2. BUSINESS VTOL MARKET
Bombardier’s estimate of 18,500 aircraft worth 357 billion USD over 20 years is used for business jet prediction.
Conservatively extrapolating Honeywell’s forecast and Teal’s value prediction, a helicopter market in the area of
8000 aircraft over 20 years is expected, with a total worth of some 47 billion USD.

Optimistically speaking, this means there is a potential market for some 26,500 VTOL business aircraft over the
span of 20 years, worth more than 400 billion USD. The VTOL business aircraft is slated to be produced by 2030 -
just before these estimates end. Thus, assuming that as always the market will keep growing, the actual potential
market in the 2030-2049 period should be even larger. Averaging the price in the potential market and adjusting
roughly for inflation, an average unit price of about 15 million USD follows. In that case, the sale of 500 aircraft
over 20 years would lead to a market share of only 1.9%, a rather realistic slice of the cake.

At this moment no direct competition exists in the VTOL aircraft market itself. Existing VTOL aircraft are all built
for military service, such as the Bell Boeing V-22 Osprey, the Harrier Jump Jet and the Lockheed Martin F35-B. The
only comparable aircraft to nearly be on the market is AgustaWestland’s AW609, of which they expect to sell 450
[60] for around 29 million USD. Expecting an expanding market, one might say that this shows 500 to be on the
low end for the VTOL business aircraft. However, AgustaWestland had only 80 orders by 2010 [60] and they may
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not reach 450 after all.

The sale price for an InVADe aircraft is 10 million USD, as explained in Section 10.2. This is somewhat higher than
the average price of 5.85 million per helicopter, and low in the range of 8.1-25.2 million for jets in this outlook. The
price chosen positions InVADe right in the middle, just as its performance does. The AW609’s higher price may be
explained by higher unit costs, but as the technology used in civilian VTOL applications will definitely mature by
2030, the cost for such aircraft is expected to decrease significantly. The client may consider aiming for a higher
market share than 1.9%, in this case the unit price will also drop according to Figure 10.1.

10.4.3. ALTERNATIVE MARKETS
Other roles such as patrol aircraft, S&R and EMS were neglected for this market outlook. There is most likely
a potential market for a successful civilian VTOL aircraft in these roles, but design for this is outside the scope
of this DSE. The aircraft would need multiple design modifications to optimize it for each role. Several distinct
possible markets are detailed below.

• EMS: Emergency Medical Services (EMS) roles are generally fulfilled by helicopters as they require VTOL
capabilities. Possible missions include Search and Rescue (SAR) for coastguards and conventional EMS for
hospitals. Honeywell [56] expects this usage to account for 19% of helicopter sales. EMS would require an
extra door for stretcher access.

• Oil&Gas: The oil and gas sector makes extensive use of helicopters to transport personnel to and from oil
rigs and ships. Honeywell expects this sector to account for 9% of civil helicopter sales. This is also the
most profitable industry there is, and as t i me = mone y (see Section 10.3), an industry that would gladly
pay more for a faster VTOL aircraft. Practically no adaptation to the design should be needed for this sector.

• VIP: No figures are available as to the size of the VIP VTOL market, however this market overlaps largely
with the corporate helicopter and business jet market and thus with the business VTOL market. The interior
layout of the aircraft is usually adapted to the wishes of the owner in this sector.

• Utility: Possible utility role for law enforcement and military purposes. The AW-609 was also proposed
for this role in its UV-609 variant [60]. Missions include border patrol, combat SAR, troop transport etc.
Possible market size is unknown, however the military market is significantly larger than the civil market
[118].

• UAV ISR: The Piaggio P.1HH Hammerhead [92] is a new Unmanned Aerial Vehicle (UAV) development for
Intelligence, Surveillance and Reconnaissance (ISR) roles, developed from the P.180 Avanti. If this program
succeeds, a UAV variant of InVADe may be considered. Its VTOL capabilities should provide a clear niche in
the mid-size UAV market, though lower fuel efficiency than the P.180 may prove an issue.
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SUSTAINABLE DEVELOPMENT STRATEGY

This chapter explains the principles behind Sustainable Development and how they were applied to the InVADe
design. The World Commission on Environment and Development (WCED) defines Sustainable Development as
development that meets the needs of the present without compromising the ability of future generations to meet
their own needs [125].

The three main phases that can be identified in the design and production of a new aircraft are: production,
operation, and end-of-life (EOL). Production as a phase is related to all possible environmental impacts that may
occur during production of every single component of the aircraft and the assembly of these parts. Operation is
the phase when the aircraft is in use and thus relates to every routine and non-routine operation performed on or
by the aircraft during its life. EOL entails disposal and/or reuse of aircraft.

11.1. PRODUCTION
Production of any item may have strong environmental effects and a typical aircraft is no exception. Aircraft are
generally made of large amounts of aluminium and/or reinforced fibres, contain lots of electronics, need a lot of
chemical treatment, and require a lot of man hours to assemble. As such, their production has links to environ-
mental, economic and social sustainability.

The main areas to focus on in terms of environmental sustainability are CO2 and particulate emissions during
production. These are mostly caused during production of (metal) components, a very energy intensive process.
This also ties in with embodied energy, another metric for environmental sustainability. In order to make the
design more sustainable, embodied energy and CO2 production values have been considered when trading off
materials for the final design.

The assembly process must, however, also be optimised to minimise environmental impact. Scrapping and pro-
duction of waste, for example from packaging, must be reduced or re- cycled. Hazardous chemical substances
must also be avoided in all phases of the production process. In order to account for these factors on InVADe,
Lean Manufacturing is applied. Lean Manufacturing focusses on economy of resources and waste. For sustain-
ability, that means minimising impact on the environment. A detailed explanation of Lean Manufacturing for the
production process of InVADe can be found in Section 9.2.2.The location of the manufacturing facility should be
strategically chosen in order to minimise the need for transportation of people and materials. Less locomotion
means not only a decrease in cost, but also less emissions on the ground.

11.2. OPERATIONS
The most important sustainability parameters that can be measured pertaining to the operations of the aircraft
are noise and particulate emissions. "The aviation industry has constantly strived to reduce emissions of CO2,
NOx, and noise. Achievement of any one of these three parameters is challenging enough, but to achieve all three
simultaneously requires considerable ingenuity, coupled with a clear understanding of the trade- offs that exist
between them." [44] These are accounted for in the design in the form of strict requirements that were set early
on; namely, noise and CO2 emissions. These are explained in the following subsections.

11.2.1. NOISE
The impact of noise on the environment is not limited to a mere inconvenience for people living nearby. Accord-
ing to Passchier-Vermeer, exposure to noise constitutes a health risk. There is sufficient scientific evidence that
noise exposure can induce hearing impairment, hypertension and ischemic heart disease, annoyance, sleep dis-
turbance, and decreased school performance [90]. For that reason, and keeping in mind that InVADe is designed
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to fly in densely populated areas, a strict noise requirement was set by the client, and a strive for minimising noise
emission was a principal driving factor in the entire design. Reducing noise drove the design of the ducts and
fans, for example. The duct diameter, operational rpm, pitch, chord, and number of blades were all optimised
for noise reduction during Take-off and Landing. Moreover, noise mitigation measures were applied to further
reduce noise. These are explained in Chapter 5.

11.2.2. CO2 EMISSIONS
A crucial aspect for sustainability of an aircraft is its particulate emissions. Client Requirements stipulate a limit
for the CO2 emissions at no more than 2.5 kg/km, thus the focus of this analysis.

It is important to note, however, that other particulate emissions, such as NOx , SOxO, soot, and even water
vapour, also have an impact on the environment. Figure 11.1 exposes the composition of a kerosene fuelled jet
exhaust. Assuming the current turboshaft engine, in order to minimise CO2 emissions, the following should be
addressed:

• Aircraft and Engine Technology - Intuitively, a more fuel efficient engine and aircraft will exhibit lower over-
all emissions. Fuel efficiency in aircraft is usually measured in specific range; a measure of how many kilo-
metres the aircraft can fly on 1 kilogram of fuel. With sustainable design in mind, the team stipulated a
minimum specific range at of 1.25 km/kg. The constraint reinforced a strive, throughout the design, for
lower drag, lower weight, and higher engine efficiency.

• Fuel - For its high energy density and high flash point, Jet A is the fuel of choice for most current aircraft,
although it is ultimately not a sustainable fuel. According to D. Lister [91], "There would not appear to be
any practical alternatives to kerosene-based fuels for commercial jet aircraft for the next several decades.
Reducing sulphur content of kerosene will reduce SOxO emissions and sulphate particle formation."

• Operations - According to the Advisory Council for Aeronautics Research in Europe [44], improved oper-
ational practices and optimised aircraft deployment across a network may have the potential to reduce
fuel-burn by about 5%, through measures such as better flight planning, speed management, selection of
appropriate aircraft, equipment weight reduction and taxiing with one engine shut down after landing. Im-
proved air traffic control resulting in more direct routes and reduced delays could reduce overall fuel burn
by 6-12%.

Figure 11.1: Composition of Jet Exhaust

11.3. EOL DISPOSAL PLAN
A plan for EOL (End of Life) Disposal is vital if one wishes to reduce the environmental footprint of an aircraft.

In general, the amount or weight of material that needs to be disposed of should be minimised. For that pur-
pose, the use of materials with a higher specific strength, such as composites instead of aluminium, would be an
obvious choice. However, according to C. Arnold and S. Alston [7], the production of composites has a factor of
six more impact on the environment. Furthermore, composites cannot be recycled as easily as aluminium and,
therefore, have a substantial impact on the EOL sustainability. The structural components of InVADe are made
primarily of aluminium alloys. The material’s durability and recyclability make it a smart choice when consid-
ering sustainability and a disposal plan for the aircraft. This was an important consideration when selecting the
materials for structural components of the concept aircraft.

As for the non-structural parts, specifically in the aircraft’s interior, there is more freedom to select sustainable
materials. Natural fibres represent a traditional class of renewable materials which, nowadays, are experiencing
a great revival, and the components obtained from these are mostly used to produce non-structural parts for the
automotive industry such as covers, car doors panels and car roofs [81]. InVADe’s interior features all possible
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non-structural parts, such as seats, insulation, walls, linings, carpets, etc. made from natural fibre reinforced ma-
terials. Natural fibres such as flax, hemp, and corn fibres, are not only biodegradable, but also are light weight,
inexpensive, and require significantly less energy in production, when compared with glass fibre, for example, as
can be seen in Figure 11.2 [20]. As such, the impact on the environment upon disposal can me minimised, with-
out compromising the interior design and comfort for the passengers.

(a) Weight comparison (b) Cost comparison

(c) Energy required for production

Figure 11.2: Comparison of different fibre characteristics [20]

Aircraft that exit operations often contain parts that are still usable on existing aircraft. Examples are flight instru-
ments, electronic components, wiring, panels, etc. Some components may need to be repaired, and all should be
recertified, yet many parts have the potential to be reused as spare parts for aircraft in service. Companies exist
that can make revenues of disassembling aircraft and selling spare parts [59]. Keeping this in mind, wherever pos-
sible, components can be selected which can, at the end of the aircraft’s lifetime, be re-installed in other aircraft.

In conclusion, EOL disposal is very important in the design of a vehicle. In the aircraft industry a demand for spare
parts exists and companies exist that profit from dismantling and recycling aircraft. This is however simplified if
generally used parts are selected for the design, which has been considered in the InVADe design. Most leftover
material after the end of its operation can be either recycled, reused, or is biodegradable.

11.4. INVADE SUSTAINABILITY
The importance of sustainability in this design is evident in the requirements for the project. Limits on noise and
CO2 emissions forced the design team to come up with innovative solutions and push the boundaries to meet the
needs of a future aerospace industry with a focus on reducing impact on the environment.

The value for CO2 emission rate was calculated in Chapter 8.5 as 2.04 kg/km. This value meets the requirement
set in Section 2.1. The Learjet 45, a modern business jet with similar payload, has a slightly lower fuel emission
rate of 1.766 kg/km [14]. Considering the bigger picture, however, the fact that InVADe provides point to point
transportation, reduces not only travel time, but also emissions, since it practically eliminates the need for get-
ting to/from the airport. Therefore, it offers significant advantages in the sustainability aspect, particularly for
short flights, which is very often the case for business travel.

Although the noise emissions do not meet the requirement, a brief comparison in Section 5.4 shows that InVADe
can be considered a quiet aircraft, when compared to aircraft of similar weight and configuration. Moreover, re-
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search suggests that reasonable exposure to noise levels around 80 dB does not cause damage to the human ear
[47].

InVADe features a fully electric power transmission. One of the main reasons for selecting this over a conventional
mechanical configuration, has to do with sustainability. The current design relies on turboshaft engines, using Jet
A fuel, for power generation. The reason for this configuration instead of, for example, simply carrying a battery
is that this kind of fuel packs a much higher energy density, the amount of energy that can be stored per kilogram,
than a battery can currently store. A comparison of energy density and specific power contained in currently
available power systems is given in Figure 11.3. However, with future advances in technology, more sustainable
power sources, such as solar power or hydrogen cells, may become a viable means of generating or storing energy
on board the aircraft. What makes the InVADe concept appropriate for transportation looking towards a greener
future is the fact that its electric power transmission can easily accommodate an alternative, more sustainable
electric generator or cells, as long as its energy density is high enough to provide the power required, while being
light enough to be carried on board.

Figure 11.3: Energy density and specific power of currently available power systems [68]
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REQUIREMENTS COMPLIANCE

In this chapter the requirement compliance will be discussed by using a requirements compliance matrix. This
matrix is a table containing the client constraints & technical requirements and team constraints & technical
requirements. The Compliance columns are ticked as "Fulfilled", if the requirement was met; "Partially" if the
requirement was partially met; and "Not", if the requirement was not met. It also shows the required and achieved
values of these requirements. This matrix is shown in Table 12.1 and 12.2. Requirements that were not investigated
are marked as NC.

Table 12.1: Compliance matrix of client constraints and technical requirements

Req. ID Description Required
Value

Achieved
Value

Compliance

Fulfilled Partially Not

Ct-cons-01 Range with 1000 kg payload after a VTOL
take off from sea level/ ISA+15 ◦C ambient
conditions, including a landing and take-off
halfway

2000 km 2000 km (

Ct-cons-02 Payload 10(+2) pas-
sengers

10(+2) pas-
sengers

(

Ct-cons-03 Cockpit crew 1 (2 op-
tional)

1 (2 op-
tional)

(

Ct-cons-04 Design cruise speed at 75% power 600 km/h 600 km/h (

Ct-cons-05 Service ceiling 7000 m 7000 m (

Ct-cons-06 Rate of climb 9 m/s 19.8 m/s
(See Sec-
tion [8.1])

(

Ct-cons-07 Very low noise levels (urban area operations)
within a 100 m distance during take-off and
landing

70 dB 80.7 dB
(See Sec-
tion [5.3])

(

Ct-cons-08 Unit cost 8,000,000
EUR

6,550,000
EUR (See
Chapter
[10])

(

Ct-cons-09 Average unit cost according to the expected
production of 500 units over 20 years

- - (

Ct-cons-10 First flight 2030 2030 (

Ct-cons-11 Design flight hours 20,000 20,000 (

Ct-cons-12 CO2 emissions <2.5 kg/km 2.04 kg/km
(See Sec-
tion [8.5])

(

Ct-cons-13 Comply with corresponding CS23 or CS29
(See Section [9.4]) regulations

- - (

Ct-tech-01 VTOL capability - - (

Ct-tech-02 End-of-life disposal plan (See Section [11.3]) - - (

Ct-tech-03 Investigation into production facilities and
their possible locations (See Chapter [9.2])

- - (
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Table 12.2: Compliance matrix of team constraints and technical requirements

Req. ID Description Required
Value

Achieved
Value

Compliance

Fulfilled Partially Not

Tm-cons-01 Take-off and land from helipad 15x15 m 15x15 m (

Tm-cons-02 G-forces 0.6 g - 1.4 g NC 1

Tm-cons-03 Minimum seat pitch and seat width 90x48 cm 90x48 cm (

Tm-cons-04 Minimum cabin height 170 cm 170 cm (

Tm-cons-05 Specific range 1.25 km/kg 1.54 km/kg
(See Sec-
tion [8.8])

(

Tm-cons-06 Storage space for 12 times cabin luggage - - (

Tm-cons-07 Cabin temperature range 20-24 ◦C 20-24 ◦C (

Tm-cons-08 Cabin altitude 2000 m 2000 m (

Tm-cons-09 Operational temperature range -50 to
+90 ◦C

NC 2

Tm-cons-10 Operating cost of less than 1800 EUR per flight
hour [19]

<1800 EUR 1,374 EUR (

Tm-cons-11 Dispatch reliability ≥ 98% [24] NC 3

Tm-cons-12 Less than 5.75 days of maintenance downtime
per 100 flight hours [25]

- NC 4

Tm-tech-01 Easy to control by pilots and aerodynamically
stable during operation (See Section [7])

- - ( 5

Tm-tech-02 Accommodate lavatory and partial galley (See
Section [3.3])

- - (

Tm-tech-03 Include state-of-the-art fly-by-wire technol-
ogy and glass cockpit avionics (See Section
[7])

- - (

Tm-tech-04 Maximise business productivity by providing
power sockets and internet connection

- - (

Tm-tech-05 Comfortable and safe (de)boarding - - (

1. Not possible to check at this stage

2. Beyond the scope at this stage

3. Not quantifiable at this stage

4. Not possible to determine at this stage

5. Not necessarily aerodynamically stable during transition and hover
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CONCLUSIONS

This chapter concludes the preliminary design process of InVADe. The process focussed on designing an aircraft
that combines the versatility of a helicopter with the high speed of a business jet. InVADe fulfils both needs by
employing VTOL capability and cruising at an airspeed of 600 km/h. Research has shown that a large potential
corporate market exists for such an aircraft, and alternative markets may be possible. The resulting design is a
quiet, compact 10 passenger aircraft with a wingspan of 13.3 m and a total length of 14 m. This allows the aircraft
to land on an average-sized helipad. InVADe is designed to achieve a 2000 km range, including a landing halfway,
without refuelling. Its first flight is scheduled to be performed in 2030.

As operations in urban areas are desired, noise emissions must be far below those of comparable aircraft. For that
purpose, InVADe is equipped with four ducted fans. Two of these fans are fixed inside the main wing. During
cruise flight, these 2.45 m diameter fans are covered to reduce drag and greatly increase the lift force generated
by the wing. The other fans provide upward thrust during VTOL and hovering flight. In transition to cruise flight,
these fans tilt 90 degrees forward and propel the aircraft to cruise velocity; these fans were sized at a diameter of
1.95 m. Using this configuration, InVADe produces a noise level of 80.7 dB at 100 m distance during take-off and
landing.

A pair of GE CT7-derivative engines provide a total 3.5 MW of power to four electric generators, which in turn
transmit power, via electric cables, to four electric motors mounted on each duct. The motors then each power
individual fans inside the ducts, which, together deliver enough thrust to lift the aircraft vertically off the ground.
It was shown that this electric solution is lighter than employing a mechanical drive train, and it allows for a more
flexible design.

Current estimates show that the unit cost of the aircraft is about to 6.5 million EUR, whereas operating costs per
hour are estimated at 1,374 EUR. This makes InVADe a very affordable aircraft for its class. In addition, an ex-
pected CO2 emission of 2.04 kg/km is reached.

InVADe complies with most key requirements. Although the noise requirement was set at 70 dB for the specified
distance, this was found to pay too large a toll on the other aspects of the design, rendering it infeasible. Moreover,
as discussed in Section 5.3, a value of 80.7 dB is already a relatively low value when compared to other aircraft.
In agreement with the client, it was decided that, considering the aspects mentioned above, this noise value is
acceptable. In conclusion, InVADe is expected to offer the business market a fast, reliable and cost effective way
of transportation without compromising on comfort and sustainability.
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FUTURE DEVELOPMENT AND

RECOMMENDATIONS

Since the time frame for the DSE project consists of only 10 weeks, the scope of the project is limited to a pre-
liminary design. During this phase only a certain level of detail can be achieved. However, points for further
development can already be identified. This section will expose some of these points per department. In terms of
future development, a future work flow diagram and a Gantt chart are presented in Appendix A.1.

14.1. AERODYNAMICS
Several uncertainties are still to be solved in the field of aerodynamics. In general, for validation of the theoretical
results of aerodynamic parameters, a wind tunnel test must be performed. In addition, the following challenges
are still to be tackled.
The fan-in-wing structure in the inner section of the main wing needs to be analysed further to find its influence
on the performance. As mentioned in Section 4.8, the outlet air stream of a propulsion system is disturbed with
respect to the inlet stream. This has a negative effect on the aerodynamics of the aircraft. Since at this stage of the
project it is difficult to predict these effects it is recommended to use CFD program in the next design phase to
study these effects in more detail. Next to that, the CFD program is also recommended to be used for investigation
of the airflow around the open section of the wing where the ducts are placed. This is because the airflow around
the open section is very complicated to analyse analytically.
More resources shall be put on the investigation of the lift generated by the fuselage to get a more precise value.
The fuselage takes a significant part in generating lift, as was the case for the Piaggio P.180 Avanti. In the next
design phase, resources shall be put on the research of the effect of the fuselage shape on lift generation. This, in
order to come with a more exact value of the lift produced by the aircraft’s fuselage.

14.2. PROPULSION
In this section, recommendations for the propulsion system are given. These concern mainly noise reduction and
considerations for the electrical system.
In the current stage of design, the duct designs are largely based on relatively simple methods and data from the
Bell X-22. For further development it is imperative that more a more advanced analysis is done. The front ducts
will have to be optimised for cruise flight, which could have a negative impact on take-off noise. Use of CFD is
advised.
To achieve the client requirement of 70 dB, further research in noise is to be performed. Additional advanced
abatement techniques may further lower produced noise. Techniques proposed for further investigation include
the following:

• Active Noise Control - This may consist of using microphones and speakers to capture and reproduce the
noise profile, but in phase, thus cancelling the original noise. The challenge with this method is that it
is sensitive to the position of the observer, and, in some cases will not cancel, but instead add the noise.
However, research has been done for its use, particularly in combination with passive noise cancellation
techniques, with promising results. One such research was done by Homma. [54]

• Propeller Lining - Lining the propeller blades with a Foam Metal Liner (FML) can potentially reduce the
noise emission of the fans by a few dB. Although the technique was not applied to the current design, it is
recommended for investigation as a possible way of further reducing the noise emissions. The specifics of
this technique are described by Sutliff et al. [110].

• Improving Propeller Efficiency - Maximum propeller efficiency is directly related to minimum noise. As
a general recommendation, any current or future technique that is able to improve propeller efficiency
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should be considered as a candidate for a noise abatement technique.

As mentioned in Section 5.4, the aft ducts inserted in the wings, do not provide thorough acoustic shielding for
minimising noise. A possible improvement would be to apply, for take off and landing, retractable duct extensions
to the aft ducts, so as to more thoroughly damp the noise emitted by the aft fans. This solution was considered
by the design team, but ended up being discarded due to the high complexity of such a mechanism, as well as
structural and duct-fan clearance concerns. However, if a good solution can be found for these obstacles, and
extensions are properly applied, a further reduction of 1-2 dB is expected.
To arrive at a more accurate estimate of the maximum noise level at 100 meters, the interference patterns of the
noise sources can be taken into account. In some limited regions, due to interference, it is possible that the to-
tal SPL will be either higher or lower than was estimated, depending on constructive or destructive interference
Therefore, for more accurate results, this effect should be analysed.

Finally, the effect of lightning strike on the electrical system must be examined as well. If the system cannot
be completely shielded, usage of the front fans as ram air turbines (RAT) needs work. With modification of the
front motors, it is possible to generate electrical power from the airflow past the fans. Also, proper power routing
must be developed, to avoid significant heat losses and electromagnetic interference (EMI) effects on sensitive
electrical components. Lastly, an alternative is possible for a battery pack. The possible application of fuel cells
to replace this must be investigated. This may result in several benefits. These may include higher energy density
and lower ecological impact.

14.3. STRUCTURES & MATERIALS
This section discusses the recommendations regarding the inner structure of the wing. There are a couple of
things that could decrease the weight of the wing structure. Further, some areas of potential difficulties should be
investigated. As well the production process of the different parts should be kept in mind. Finally, a technology
which can decrease the bending loads on the wing will be presented.
For further decreasing the weight one could investigate the influence of putting ribs in the wing box, which should
especially be favourable to increase the critical buckling stresses. Additionally, a larger optimisation could be
performed with a larger range of thicknesses for the skin and a larger range of stringers and stringer sizes. It was
found that during the wing box optimisation that a large amount of stringers with a low cross-sectional area was
favourable for weight reduction. However, their is probably a lower limit cross-sectional area for a stringer, after
which the stringer not really separates the skin any more. Thus more research is needed regarding the stringers.
Further, rivets are going to be used to attach the stringers to the skins. A wrongly chosen pitch can result in
buckling even before the critical buckling stresses. Therefore, more research needs to be done regarding the rivets.
Wrongly pitch rivets could cause the wing box to buckle earlier than predicted. However, before testing more
research needs to be done regarding the rivets.
Another point of attention are the main spars. At this point the geometry of a spar cross-section is the same along
the z-axis, because of the geometry constraints of the aerofoil. Tapering the spar could result in a weight decrease,
but one should investigate how the loads from the aerofoil are then transferred from the skin to the spars. Further,
the skin of the main spars could perhaps be tapered to further decrease the weight.
Currently, the wing structure has been designed in such a way that it would never fail due to fatigue, because the
stress are always under the endurance limit, see Section 6.1.2. Further investigation on the fatigue properties of
materials could decrease the weight. For example, if only 10,000 cycles are reached, one should not design for an
infinite amount of cycles.
Additional investigation in bending relief due to the weight of the structure and the fuel should be investigated as
well, to perhaps further decrease the weight of the wing.
Another important which has not yet been addressed the combination of the vibration of the fans and the other
way around. It should be investigated whether or not problems as excessive vibrations or perhaps resonance are
going to occur.
Presently, it has only be determined that their are two possible way to connect the wing box and the main spars.
First, they could be bolted together, because bolts can cope with higher load than rivets. Further, the joint will
have to deal with a lot of vibrations of the wing and the fans and therefore makes the connection fatigue sensitive.
Bolts can be pre-loaded to better withstand fatigue. Another convenience of bolts is that they are easy to detach,
which easiness the maintenance of the main wing. Further, the joint should be a double but joint, because this
does not have any eccentricity which could introduce secondary bending and result in extra stress concentrations.
However, the joint should be fail-safe so the double but joint will be more like two single but joints. Thus the bolts
do only go to one cover [11]. The size of the joint, the size and number of bolts and the amount of pre-loading
should be investigated in more detail.
The second idea is to make the webs and the left and right side of the wing box out of one part. Therefore, no big
heavy joint is necessary, only some joints to connect the upper and lower skin to the flanges. Of course it could
also be possible that a complete different kind of joint or method will perform better. Thus more research is re-
quired.
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The buckling coefficients, see Section 6.1.4, were chosen in a conservative way, namely the lowest value was
picked. More research on whether or not this is really necessary could be helpful in minimising the weight of
the wing structure.
Not only the geometry is important for the characteristic of the wing box, but the way the different parts are man-
ufactured as well. The I-beams could for example be created by welding or by extrusion. Welding is bad for fatigue
and is hard to do for thin-walled structures [11]. Therefore welding of the I-beams could be excluded. This is only
a small comparison, probably different methods exist as well. However, it is clear that a comparison in manufac-
turing method for every single part must be done to get the most satisfactory result.
The current wing box has been designed to be placed inside the wing, without using the skin of the wing itself. By
using the skin of the wing one could decrease the weight of the total wing. The current method can be adjusted
to include aerofoil shaped top and bottom skins. This will increase the moment of inertia as well, because the
average distance from the top and bottom skin to the neutral x-axis will increase. When doing this, the top and
bottom skin should also cope with the local pressure forces over the skin of the wing.

If the earlier mentioned active winglets, see also Section 4.8, are used in the design these would enable a lighter
and smaller structure. Usually winglets increase the bending moment on the wing and cause higher structural
loads and a heavier structure. Active winglets however have an extra control surface that uses acceleration sensors
to react automatically to loads during flight and reduces these by producing lift in the opposite direction [112].
Test flights with a Cessna Citation performed by Tamarack showed a considerable reduction in bending loads. At
a peak gust load of 4.4 g the wing with standard winglets experienced bending loads of 230,000 in-lbs, with the
active winglets this was reduced to 170,000 - 180,000 in-lbs [112]. This is a reduction of approximately 24% in
bending moment, which would would reduce stresses significantly.

Figure 14.1: Tamarack active winglet with control surface [112]

14.4. STABILITY & CONTROL
Although rigid and promising results have been shown in the Stability & Control chapter, certain areas need fur-
ther investigation to study the exact behaviour of the aircraft is various flight phases. A list of recommendations
is provided below.

At this stage of the design process the canard only exhibits elevators. Since a larger canard surface is mainly im-
portant during low speeds, flaps can help to decrease the canard’s area and create a smaller wake during cruise
flight.

Another method to reduce the canard surface area is to employ the front ducts in generating lift. As they are in
front of the c.g. position, they may take a portion of the control force required by the canard to balance the air-
craft. In addition, a control force relief may arise from slightly tilting the ducts at slower flights.

Concerning propulsion, InVADe should be able to fly with one front fan inoperative. In terms of control, more
investigation is needed to determine the exact thrust distribution between the three remaining fans to remain
controllable. Although the tail is sized to account for this, the influence of drag forces acting on the inoperative
ducts should be quantified.

During cruise, when the ducts are closed, the inboard part of the wing generates lift. An unused portion of the
wing exists at the trailing edge, as no flaps are put there. This space may be usable for additional ailerons, if de-
sired. These may be used for more direct control. However, the need for additional ailerons should be investigated
first, as this adds another subsystem to the wing. This increases weight and complexity.

The transition phase is a very complicated phase to analyse. Since the aircraft is partially balancing on the thrust
vectors from the fans, and partially relying on the lift generated by the wings and canard, even a qualitative analy-
sis is a complex task. Since a complete analysis of the transition phase is out of the scope of this project, additional
research is needed in the further development of InVADe.
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Although the principle has been proven on existing quadrotors, the effect of only one plane of symmetry is not
clear. Further investigation is needed to precisely define the thrust needed from each fan to roll, yaw and pitch.

14.5. PERFORMANCE
InVADe reaches all its performance requirements and even surpasses some of them. As always though there is
room for improvement, some of the options are presented in this subsection.

Increasing the aerodynamic efficiency (the lift to drag ratio) would greatly reduce the power required to reach
the cruise speed of 600 km/h which would either result in a smaller power plant or an even higher cruise speed.
Moreover a better efficiency would reduce fuel consumption, increase range and increase climb performance.

Increasing the cruise altitude would decrease the drag and again enable the use of a smaller power plant or higher
cruise speed. As mentioned before this might cause structural issues and it is also unknown if a higher cruise
altitude is really useful for trips of this range.
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A.1. PROJECT DESIGN AND DEVELOPMENT LOGIC

Figure A.1: Future Work Flow Diagram
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Figure A.2: Future Gantt chart
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A.2. FUNCTIONAL BREAKDOWN STRUCTURE

Figure A.3: Functional Breakdown Structure
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A.3. FUNCTIONAL FLOW DIAGRAM

Figure A.4: Functional Flow Diagram
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A.4. ELECTRIC BLOCK DIAGRAM

Figure A.5: Electric block diagram. Arrows indicate one-way electrical flow.
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A.5. OPERATIONAL FLOW DIAGRAM

Figure A.6: Operations & Logistics when InVADe is grounded
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A.6. COST BREAKDOWN STRUCTURE

Figure A.7: Cost Breakdown Structure
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A.7. RENDERS

Figure A.8: Render in VTOL configuration
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Figure A.9: Render in cruise configuration
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