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Chapter 1. Introduction

Nowadays, business aviation plays a significant role in air transportation through business jet operations. Following a

slowdown during the COVID-19 pandemic, which affected the entire aviation industry, the market has rebounded with an

increasing number of passengers [1]. A similar trend is observed in the business aviation sector, which has regained its

pre-pandemic growth trajectory [2]. This resurgence reflects the demand from affluent individuals seeking personalized,

efficient, and comfortable travel experiences. Consequently, the business aviation sector must continuously evolve to meet

these changing expectations, often requiring extended flight ranges, reduced takeoff and landing distances, and improved

airport accessibility. Additionally, increasing pressure to reduce operating costs and limit environmental impact drives the

need for more efficient business jets, both economically and ecologically.

In response to these industry challenges, the American Institute of Aeronautics and Astronautics (AIAA) has

established a competition for graduate students to design a next-generation, ultra-premium, long-range business jet [3].

As specified in the AIAA Graduate Team Aircraft Design Competition requirements, participants must achieve a balance

between range, cruise speed, takeoff performance, landing performance, and interior layout while ensuring regulatory

compliance and market feasibility.

This report presents the conceptual and the preliminary design of a business jet developed in response to these

challenging requirements. It provides an in-depth examination of the design process at the conceptual design stage. The

report is organized into several sections detailing each aspect of the aircraft, including its overall configuration, structural

components, and performance characteristics.
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Chapter 2. Requirements

The Request for Proposal (RFP) outlines the design criteria for the next generation of high-end business jets. The proposed

aircraft must meet stringent certification, performance, and operational requirements to ensure compliance with industry

standards and to satisfy customer expectations.

2.1 General requirements

The aircraft design must comply with the Federal Aviation Administration (FAA) 14 CFR Part 25 certification require-

ments [4]. The main constraints specified by AIAA for this design are summarized in Table 2.1.

Constraint Requirement
Mach range [0.85-0.92]
Engine availability Must be in service by 2035
Interior layout Private room with queen-size bed, two lavatories
Flight crew 2 pilots, 1 flight attendant
Passenger weight 215 lb per person
Baggage allowance 50 lb per passenger, 8 ft3 per person
Water storage Sufficient for a 30-minute shower

Table 2.1: Key design constraints specified by AIAA for the design.

2.2 Missions

LIFT must fulfill three missions specified by the AIAA. Table 2.2 presents the requirements for the Aspen economic

mission, defined as the route from Van Nuys Airport (KVNY) to Aspen–Pitkin County Airport (KASE). The Napa eco-

nomic mission, from Napa County Airport (KAPC) to Mexico City Airport (MEX), is described in Table 2.3. Finally, the

long-range design Passenger mission is outlined in Table 2.4.

Requirement
Range 644 nm
Passenger number 4
Takeoff 59°F at standard pressure on an 8,000 ft dry runway; elevation: 802.1 ft
Landing 20°F at standard pressure to an 8,006 ft runway; elevation: 7,837.9 ft
Additional Max wingspan of 95 ft; wheel braking coefficient of 0.16

Table 2.2: Mission requirements for the Aspen economic mission [5, 6].
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CHAPTER 2. REQUIREMENTS

Requirement
Range 1,651.53 nm
Passenger number 8
Takeoff 75°F at standard pressure from a 5,930 ft dry runway; elevation: 35.5 ft
Landing 85°F at standard pressure on a 12,966 ft dry runway; elevation: 7,320 ft
Additional Storage of 12 cases of wine

Table 2.3: Mission requirements for the Napa economic mission [7, 8].

Requirement
Range 8,000 nm
Passenger number 8
Takeoff Sea level standard day temperature and pressure from a 6,000 ft dry runway
Landing Sea level standard day temperature and pressure to a 6,000 ft dry runway

Table 2.4: Mission requirements for the design passenger mission.

Figure 2.1 summarizes the most restrictive requirements concerning the flight.

5,930 ft runway 6,000 ft runway

Climb

Takeoff Landing

Cruise: 8,000 nm

Figure 2.1: Graphical summary of main requirements about the missions.
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Chapter 3. Methodology
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Figure 3.1: Flowchart of the overall design process of LIFT.

The design process begins with a thorough analysis of the mission and regulatory requirements, which informs the se-

lection of a general aircraft configuration. A review of existing business jets and conceptual blended wing body (BWB)

designs is conducted to establish initial estimates and benchmarks for subsequent design computations.

To arrive at an optimized configuration that satisfies all mission and performance criteria, an iterative design ap-

proach is employed. The process is decomposed into multiple sub-problems, each addressing a specific aspect of the

aircraft’s design, and solved sequentially while maintaining consistency across disciplines.

The methodology starts by defining the cabin dimensions to ensure a spacious and comfortable interior, aligned

with premium customer expectations. Next, using references from existing aircraft concepts, an initial estimate of the

maximum takeoff weight (MTOW) is established. This estimate enables the determination of preliminary wing-body

geometric parameters. Then, suitable airfoils for the BWB configuration are selected based on aerodynamic performance.

Subsequently, engines are selected and landing gear are designed to meet thrust and efficiency requirements. Ad-

ditionally, the center of gravity position can be approximated. With propulsion and center of gravity position defined,
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CHAPTER 3. METHODOLOGY

equilibrium equations are solved to support tail design. If the assumed MTOW proves consistent through these computa-

tions, aircraft performance and stability are evaluated to validate the preliminary design.

Upon validation, the configuration is further refined and analyzed in greater detail across aerodynamics, structural

layout, and cost estimation. The resulting design defines LIFT as a balanced solution—stable, aerodynamically efficient,

and compliant with all specified constraints.

This methodology, summarized in Figure 3.1, is inspired by the systematic approach described by E. Torenbeek [9].
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Chapter 4. Configuration

4.1 Brief history of the concept

The selected configuration for LIFT design is the Blended Wing Body (BWB). This concept emerges from the observation

that conventional tubular aircraft feature distinct components: wings generate lift, while engines, tail surfaces, and the

fuselage contribute to drag and structural weight, limiting overall performance. In contrast, a flying wing eliminates

these separate components, integrating them into a single lifting surface. This design maximizes lift, minimizes drag, and

enhances aerodynamic efficiency. Since the fuselage itself provides lift, the structural weight is reduced, leading to lower

fuel consumption and increased range.

The idea of a flying wing was pioneered by John K. Northrop [10]. During World War II, the U.S. Army sought a

long-range bomber capable of reaching Europe, leading to a contract with Northrop for development. The first operational

prototypes, the XB-35 (powered by piston engines) and the YB-35 (powered by jet engines), faced stability and reliability

challenges. This led to the development of the YB-49, available in Figure 4.1a, with proposals for a civilian airliner

variant. In the 1980s, Northrop, under a classified U.S. military program, developed the famous B-2 Spirit stealth bomber,

which is represented in Figure 4.1b.

(a) Northrop YB-49 airliner concept [11]. (b) Northrop B-2 Spirit stealth bomber [12].

Figure 4.1: Northrop flying wing aircraft.

In recent years, the BWB concept has gained renewed interest from aerospace manufacturers and agencies, in-

cluding Airbus, Boeing, and NASA. JetZero, in collaboration with the U.S. Air Force, NASA, and the FAA, is currently

developing a BWB aircraft aimed at achieving a 50% reduction in fuel burn and emissions while maintaining 100% com-

patibility with Sustainable Aviation Fuel (SAF) [13]. Some of these aircraft concepts are shown in Figure 4.2. The JetZero

BWB design offers several advantages, including a wider cabin, an optimized interior layout enabling faster boarding for

commercial airliners, and reduced noise due to engine placement on the upper fuselage. Some airline companies, such

as United Airlines, have recently announced a conditional agreement providing a path to purchase up to 200 JetZero

aircraft [14].
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CHAPTER 4. CONFIGURATION

(a) Airbus ZEROe concept aircraft [15]. (b) NASA and Boeing X-48 [16].

(c) Jetzero BWB concept [13]. (d) Jetzero BWB interior layout [13].

Figure 4.2: Examples of BWB concepts.

4.2 Aircraft configuration

While BWB aircraft offer significant environmental benefits, the primary motivation for selecting this configuration for

LIFT is the optimization of the cabin space. Conventional tubular fuselages impose spatial limitations due to the necessity

of a central galley for movement, restricting interior layouts to a linear arrangement. In contrast, the wider cabin of a

BWB allows for greater flexibility in space utilization, enabling a more customisable interior tailored to passenger needs.

This design enhances onboard comfort, offering to the customers a more spacious and home-like environment compared

to the constrained layout of a traditional cylindrical fuselage. Moreover, this innovative configuration, still unprecedented

in the business jet sector, opens up new opportunities by improving both performance and environmental sustainability.

However, this configuration presents major challenges in terms of static and dynamic stability. It typically has

limited control authority and demands sophisticated flight control systems. Additionally, the reduced number of windows

in the cabin may potentially diminish passenger comfort. Furthermore, its non-cylindrical configuration introduces some

challenges for pressurization. It can cause also some problems about emergency evacuations [17, 18].

Furthermore, as Okonkwo highlights [19], all existing BWB concepts have large wingspans. Therefore, meeting

the 95 ft wingspan constraint set for the Aspen mission (Table 2.2) adds another technical challenge for LIFT.

7



CHAPTER 4. CONFIGURATION

4.2.1 Market analysis

To assess LIFT’s position in the market, a brief analysis is conducted of three relatively new long range business jets with

conventional configurations, as no BWB aircraft currently exist in this segment. The Gulfstream G700 and Bombardier

Global 7500 were introduced in 2024 and 2019, respectively, while the Dassault Falcon 10X is expected to enter service

by the end of 2025. The selected aircraft and their prices are presented in Table 4.1. Geometric characteristics and

performance metrics are presented in Tables 4.2 and 4.3, respectively [20–23]. The figures for these aircraft are based on

publicly available data and are sometimes expressed as ranges due to proprietary restrictions on exact cost values.

Business jet Unit price [$] DOC [$/nm] Max passengers Cruise Mach [-]
Gulfstream G700 80,000,000 4.5 up to 19 0.925
Bombardier Global 7500 78,000,000 4.3 up to 19 0.85
Dassault Falcon 10X 75,000,000 4 up to 19 0.925
LIFT 66,461,123 4 8 0.9

Table 4.1: Non exhaustive list of several business jets and their main characteristics for the market analysis. DOC stands
for Direct Operating Cost.

The maximum passenger capacity of the selected jets is more than double that required by AIAA. However, this

figure does not reflect the number of actual seats available in typical cabin configurations, which often prioritize luxury

and space. All aircraft listed operate in the transonic regime, aligning with the intended cruise profile of LIFT.

Business jet Wingspan [ft] Max cabin height [ft] Cabin width [ft]
Gulfstream G700 103 6.3 8.2
Bombardier Global 7500 104 6.17 8
Dassault Falcon 10X 110 6.67 9.1
LIFT 94.98 8.1 29.17

Table 4.2: Non exhaustive list of several business jets and their main geometrical characteristics for the market analysis.

The wingspans of the three reference jets exceed the 94.98 ft constraint imposed by the Aspen mission, making

them unsuitable under those limitations. Additionally, their cabin dimensions, while luxurious, do not allow for the

creation of a true home-like space. In contrast, LIFT addresses this gap by offering a significantly wider and taller cabin,

thus providing a unique and spacious onboard experience for customers seeking both innovation and comfort.

Business jet Range [nm] Takeoff distance [ft] Landing distance [ft]
Gulfstream G700 7,500 6,250 2,570
Bombardier Global 7500 7,500 5,760 2,237
Dassault Falcon 10X 7,500 5,930 2,470
LIFT 8,000 4,483.1 3,093.88

Table 4.3: Non exhaustive list of several business jets and their main performance for the market analysis.

All three reference jets achieve a maximum range of 7,500 nautical miles, which falls short of the AIAA range

requirement discussed in Chapter 2. In contrast, LIFT’s extended range of 8,000 nm positions it as a superior option for

ultra-long-range missions.
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CHAPTER 4. CONFIGURATION

While all reference aircraft meet the takeoff distance requirement for the Aspen mission, LIFT surpasses them

with a significantly shorter required takeoff distance. However, its landing distance is slightly longer than those of the

other jets, though still within acceptable operational margins.

Following this market overview, Section 9 compares directly LIFT’s characteristics with those of the reference

jets discussed here.

4.3 Design choices

The primary goal of LIFT is to cruise at high speeds within the transonic regime to enable rapid completion of long-range

missions. However, due to aerodynamic, geometric, and stability considerations, the cruise Mach number is limited to

0.9. As the quarter-chord sweep angle increases with higher Mach numbers, stability concerns arise at M = 0.92 due to

the relative positions of the aerodynamic center, neutral point, and center of gravity. These issues will be discussed further

in Section 6.3. Additionally, a Mach number of 0.9 helps mitigate compressibility effects, as outlined in Section 6.2.1.

To comply with Aspen mission constraints, the wingspan of LIFT is fixed at 94.98 ft, as specified in Table 2.2.

The cruise altitude is set at 41,010.5 ft, a value typical for business jets. Operating at this altitude enables LIFT to

fly above most commercial air traffic [24].

4.4 Operational capabilities and operation standards

To ensure LIFT’s adaptability across various meteorological conditions, the aircraft is designed to operate under both Vi-

sual Flight Rules (VFR) and Instrument Flight Rules (IFR). This compliance is achieved through adherence to equipment

and operational standards specified in FAA FAR Part 91.205 and Part 25 Subparts B and C [4, 25]. Additionally, LIFT

meets international standards as defined by ICAO Annex 6 [26], ensuring global operational viability.

VFR operations require only basic flight instrumentation. In contrast, IFR operations necessitate more sophisti-

cated avionics, including communication systems, redundant standby instruments, an uninterrupted power supply, and a

reliable navigation system. These systems are essential for ensuring airworthiness under both favorable weather conditions

(VFR) and low-visibility scenarios (IFR).

4.5 LIFT CAD

Figures 4.3, 4.4, and 4.5 present different views of LIFT, including its main dimensions.
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CHAPTER 4. CONFIGURATION

Figure 4.3: Front view of LIFT.

9.87 ft

55.12 ft

Figure 4.4: Side view of LIFT with the maximum inner wing height.

94.98 ft

29.53 ft

Figure 4.5: Top view of LIFT with the span and cabin width.
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Chapter 5. Component Design

5.1 Wings

In this part and for the rest of the report, the wing associated to the inner airfoil section, comparable to the fuselage for a

classical configuration, is called the inner wing. The outer airfoil section wing, associated to the wings for a conventional

aircraft, is called the outer wing, as shown in Figure 5.1.

Outer wing

Inner wing

Figure 5.1: Identification of the inner and outer wings of LIFT.

The lift coefficient CL is set to 0.45 and will be a direct cause of the definition of areas, as explained in Section 5.1.2.

5.1.1 Airfoil selection

The airfoil selections for the wings are based on the operational requirements, such as business jet application and cruise

Mach number. Moreover, each airfoil must generate enough lift while minimizing drag.

The outer wing, which is not required to have a certain thickness, must be adapted for high speed, since LIFT flies

at M = 0.9. Therefore, a supercritical airfoil, included in the NASA’s SC(2) series of airfoils, is considered [27]. The outer

wing should maximize lift generation while minimizing its inherent tendency to produce a nose-down pitching moment.

Thus, there is a trade-off between both quantities and the SC(2)-0710 airfoil, which is represented in Figure 5.2b, is

selected. Nevertheless, this airfoil exhibits a significantly negative pitching moment coefficient, indicating a strong nose-

down pitching tendency. This requires the inner wing airfoil to generate a nose-up pitching moment, in order to achieve

equilibrium and stability, which are discussed in Sections 6.4 and 6.3.

Additionally, regarding the inner wing, the thickness is a particularly important parameter, since the cabin must be

tall enough to accommodate passengers. Therefore, the reflex NACA 45118 airfoil, represented in Figure 5.2a, is chosen.

This type of airfoil features a distinctive double camber, which helps to minimize the inherent moment. Nevertheless, it

produces lower lift than supercritical airfoils. This wing section choice is discussed in Section 7.
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CHAPTER 5. COMPONENT DESIGN

(a) Reflex NACA 45118 airfoil used for the inner wing.

(b) Supercritical Sc(2)-0710 airfoil used for the outer wing.

Figure 5.2: Representation of selected airfoils for the outer and inner wings.

Table 5.1 presents the main aerodynamical coefficients of both airfoils. The polars of the airfoils are extracted

from the BigFoil database [28]. This database is based on simulation results obtained with XFOIL and JavaFoil. Both

are potential flow solvers that also model the boundary layer, according to Drela [29] and Hepperle [30]. The values in

Table 5.1 come from JavaFoil, that accounts for compressibility effects at moderate Mach numbers. These assumptions

may introduce uncertainties that must be carefully taken into account.

Parameter Value
Inner wing airfoil lift coefficient derivative [rad−1] 5.641
Outer wing airfoil lift coefficient derivative [rad−1] 6.681
Inner wing airfoil pitching moment coefficient [-] 0.01
Outer wing airfoil pitching moment coefficient [-] -0.143

Table 5.1: Lift curve slopes and pitching moment coefficients of airfoils for both inner and outer wings [28].

5.1.2 Wing planform

In order to have a home-like cabin interior, the length and width of the inner wing are set to 55.12 ft and 29.53 ft,

respectively. Moreover, its sweep angle at the leading edge is fixed to 50◦, as explained later. This leads to an inner wing

total area of 1367.77 ft2.

As for the outer wing area, it is a direct consequence of the reference surface. This reference surface, defined as

proposed by Panagiotou et al. [31], is represented in orange in Figure 5.3. It represents the surface defined by the wings

and their inboard extension up to the fuselage centerline.

After the computation of the lift force thanks to the equilibrium equations in the pitch plane described in Section 6.4, the

reference area can be calculated from the definition of the lift coefficient. Consequently, the reference area Sre f can be

determined and is equal to 1281.44 ft2. Besides, according to Gundmundsson [32], the taper ratio of the reference area is

fixed to 0.4. Since the span equals 94.98 ft due to a mission requirement, the geometry of this surface is known. Then,
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CHAPTER 5. COMPONENT DESIGN

using the cabin and reference area dimensions, the geometry of the outer wing can be directly deduced. The latter is equal

to 765.42 ft2. Both inner and outer wings surfaces lead to a LIFT’s total surface of 2133.08 ft2. As a consequence of it,

the aspect ratio AR equals 7.04.

15.68 ft

94.98 ft

50°

31.56°

7.71 ft

0.3 c

Flaps

Aileron

17.06 ft 12.39 ft

Figure 5.3: Wing planform representation of LIFT with main dimensions.

In order to improve the behavior of the wings at transonic speed, the sweep angle at the quarter chord of the outer

wing must be determined from:

Λc/4 = cos−1 Mcrit

Mc
. (5.1)

where Mcrit is the critical Mach number of the airfoil and Mc the Mach number at cruise.

The critical Mach number of the airfoil of 0.79 (Harris [33]) of the outer wing leads to a minimum outer wing

sweep quarter of 28.6◦. However, flying with a sweep angle at the quarter chord slightly higher than the one computed

from Equation 5.1 provides an aerodynamic safety margin, which allows to avoid strong shock waves, drag increase or

even lift instabilities. Therefore, the sweep quarter of the outer wing is set to 29◦. This leads to an outer wing leading

edge angle of 31.56◦.

Nevertheless, because of the lack of information about the critical Mach number for the NACA 45118 airfoil, the

sweep angle at the quarter chord of the inner wing cannot be determined from Equation 5.1. Consequently, the leading

edge sweep angle of the inner wing is rather first determined, according to a value given by Okonkwo and May-Fun et

al. [19, 34] for similar reflex airfoil types. This leads to a leading sweep angle of 50◦ and a sweep angle at the quarter

chord of 41.71◦ for the inner wing.

The inner taper ratio is geometrically determined by its length, width, and sweep angle, and equals 0.681. The

outer wing taper ratio is also a consequence of its geometry and is equal to 0.492, which is validated by a range provided

by Gudmundsson [32]. As a result of the geometry, outer wing root chord and tip chord are equal to 15.68 ft and 7.71 ft,
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CHAPTER 5. COMPONENT DESIGN

respectively.

To improve controllability and recovery performances in stall, the outer wing is twisted by an angle of -2.63◦,

which is the optimal value advised by Gudmundsson [32]. In order to generate enough lift, the angle of attack of the outer

wing is equal to 0.8◦, while the one of the inner wing is set to 0◦. The angle of attack establishment is done in Section 6.2.1.

Additionally, LIFT does not require a dihedral angle for the outer wing, as it will be verified in Section 6.3.2.

Table 5.2 and Figure 5.3 summarize the geometrical parameters of the wing planform.

The lift curve slope and the zero lift angle of LIFT are determined in Section 6.2.1.

Parameter Value
Inner wing area [ft2] 1367.77
Outer wing area [ft2] 765.42
Reference area [ft2] 1281.44
Total lifting surface [ft2] 2133.19
Aspect ratio [-] 7.04
Taper ratio inner wing [-] 0.681
Taper ratio outer wing [-] 0.492
Taper ratio of the reference area [-] 0.4
Twist angle [◦] -2.63
Setting angle of the inner wing [◦] 0
Setting angle of the outer wing [◦ ] 0.8
Mean aerodynamic chord [ft] 35.97
Design lift coefficient [-] 0.45
Lift curve slope [rad−1] 6.596
Zero-lift angle [◦] -3.9

Table 5.2: Summary of the main geometric and aerodynamic properties of LIFT wing planform.

5.1.3 High lift devices

Flaps

The maximum lift coefficient required during takeoff and landing phases is 2.1. Following the reverse methodology

described by Raymer [35], it is possible to determine the high lift device that is consistent with this aircraft configuration.

Because the wings are small and the cabin takes all the volume at the front of the inner wing, leading-edge devices

are not considered.

As defined by Raymer [35], the maximum lift coefficient can be computed as:

CLmax = (CLmax)clean +∆CLmax, (5.2)

where (CLmax)clean represents the maximum lift coefficient when the flaps are not deflected, i.e. δf = 0◦. ∆CLmax is

computed using the following equation:

∆CLmax = ∆Clmax

(
Sflapped

Sw

)
cosΛHL. (5.3)
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CHAPTER 5. COMPONENT DESIGN

The parameter ΛHL represents the sweep angle of the hinge line, which is positioned at 30% of the chord length of the

outer wing. The surface area Sflapped corresponds to the wing section equipped with rear-mounted flaps.

Based on the calculations and design guidelines provided by Raymer [35], single-slotted flaps are selected to

achieve a ∆Clmax of 1.406. A summary of the relevant control surfaces parameters is presented in Table 5.3. Additionally,

the flaps are shown in Figure 5.3.

Parameter Value
Maximum lift coefficient flapped [-] 2.1
Maximum lift coefficient clean [-] 1.329
Delta maximum lift coefficient [-] 1.406
Sweep angle of hinge line [◦] 23.98
Flapped surface [ft2] 459.25

Table 5.3: Summary of main values linked to high lift devices.

Ailerons

Following the guidelines provided by Raymer [35], the ailerons are positioned between 50% and 90% of the wingspan.

To ensure consistency with the flap dimensions, the aileron-to-wing chord ratio is set to 0.3. According to a chart provided

by Raymer [35], the aileron’s span is defined as 12.39 ft, corresponding to the available distance between the end of the

flaps and 90% of the wingspan. The maximum deflection angles are set to 25◦ upward and 20◦ downward. The ailerons

are pictured in Figure 5.3.

5.2 Inner wing layout

5.2.1 Inner wing shape

The inner wing layout is directly dependent on its shape by the choice of its airfoil. As said in Section 5.1.1, the choice of

the NACA 45118 reflex airfoil model with a thickness to chord ratio up to 18% is made to ensure sufficient height on the

front of the plane to fit a minimum head clearance of 5.58 ft.

5.2.2 Inner wing geometry

The following dimensions in Table 5.4 are stated as a trade-off to ensure the habitability and aerodynamic performance of

the inner wing.

Parameter Dimension [ft]
Cabin length 40.06
Cabin width 29.53
Inner wing length 55.12
Inner wing width 29.53

Table 5.4: Cabin and inner wing dimensions.

15



CHAPTER 5. COMPONENT DESIGN

It allows to have a 850.35 ft2 cabin available for the customers. The inner wing part that is not occupied by the

cabin is called the AFT part, which represents 27.32% of the total length of the inner wing. The engines, discussed in

Section 5.4, and the tail, discussed in Section 5.3, are placed on the top of this part.

5.2.3 Cabin layout

The layout of passenger accommodation (LOPA) is represented in Figure 5.4, where all the rooms and places of the inner

wing are listed. Several dispositions can be noted, including the designed component required by the AIAA specifications.

The galley takes the shape of a bar with sufficient storage capacities in respect to the mandatory consumable payload. The

luggage compartment directly accessible from the cabin can store up to 88 ft3 of luggage to ensure the storage of the

passenger payload. All of this results in a cabin layout focused on customer comfort.

Emergency exit

Pressurisation and

climatisation

Conference room

Handicap accessible 

lavatory
Shower

Private bedroom

Cockpit

Lavatory

Crew rest area

Luggage storage

Main door

Bar shaped galley

33.14 ft

Figure 5.4: LOPA of the LIFT cabin.

The green area in Figures 5.4 and 5.5 represents the landing gear storage area inside the inner wing. Above the

rear landing gear storage area, emergency exits of type III overwing allow LIFT to fulfill the emergency exit standard of

FAA Part 25 requirements [25]. An additional large ventral exit of 5.6 by 3.3 ft present in the conference room can ensure

a better exit experience if the integrity of the landing gear can allow a safe exit.

The cabin, which measure 850.35 ft2, has a wide and home-like main room of 398.99 ft2. This main room contains

8 seats and the bar shaped galley. This huge area allows a free displacement of the customers in all the direction. They are
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not restricted as within a classical configuration of business jets. That is one of the main advantages of the LIFT’s cabin.

In this main room, the maximum height is 8.1 ft, which strengthens this feeling of an impressive large space.

Additionally, there is a 161.61 ft2 meeting room, which allows all the customers to meet around a table if needed. Just

next to it, the 102.36 ft2 bedroom that offers a pleasant place for the customers to rest thanks to its king-size bed.

Moreover, LIFT is equipped with one handicap accessible lavatory, which measures 59.25 ft2, which allows LIFT to be

adapted for all types of customers.

Figure 5.5: Overview of the LIFT cabin layout.

5.3 Tail

The LIFT’s tail configuration is a V-tail. This type of configuration can be decomposed into horizontal and vertical

components, as for a conventional tail, Gudmundsson [32]. Those parts are build separately, before being assembled by a

theoretical method given by Roskam [36] to form the final geometry of the V-tail.

Starting from both rotational and translational static equilibrium equations in the pitch plane described in Sec-

tion 6.4, the force that the horizontal tail must support to achieve trim conditions is determined. Additionally, static and

dynamic stability, that are discussed in Section 6.3, require both horizontal and vertical contributions from the empennage.

According to Gudmundsson [32], the V-tail possesses advantages compared to a classical tail configuration, such

as higher performance at landing and takeoff, a lower interference drag, or a lower total area. Raymer [35] mentions also
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that the V-tail configuration reduces the wetted area and the weight, compared to a conventional configuration. However,

the V-tail requires more complex mechanisms concerning the control surfaces. This is discussed later in Section 5.3.4.

5.3.1 Airfoil selection

As the center of gravity and aerodynamic center vary throughout the flight, the tail may be required to generate force

in either direction. To ensure effectiveness across all conditions, a symmetric airfoil is selected, which is advised by

Torenbeek [9].

Besides, it must have a reduced thickness for purposes of lower generated drag and higher critical Mach number than the

outer wing [35]. This implies the selection of the NACA 0012 airfoil, represented in Figure 5.6. It has no camber and its

maximum thickness is located at 12% of the chord length from its leading edge [37].

Figure 5.6: NACA 0012 used for the V-tail.

5.3.2 Tail planform

The surface area of the horizontal tail is set to 376.74 ft2, as a consequence of longitudinal static stability requirements,

discussed in Section 6.3.2, and equilibrium, discussed in Section 6.4. However, the vertical tail, sized from directional

and lateral stability requirements, must equal 204.51 ft2. This leads to a total surface of 428.67 ft2, which represents 20.1

% of the total area of the aircraft.

In order to minimize its span, the root chord of the tail is set to 11.48 ft. However, to reduce weight, the taper ratio

is set to 0.6, which is an acceptable value for business jets, as presented by Gudmundsson [32].

The spans of the horizontal and vertical parts of the tail are 41.01 ft and 22.26 ft, respectively. Therefore, the

horizontal tail has an aspect ratio of 4.46, while the one of the vertical contribution is 2.42. These AR values are confirmed

by Raymer [35]. Thus, the total span and aspect ratio are 93.32 ft and 5.08, respectively. Consequently, the dihedral angle

is equal to 28.5 ◦, according to a formula given by Roskam [36]. The spans and angle are shown in Figure 5.7.

The sweep angle at the quarter chord is defined based on that of the outer wing. Since the tail must stall after the

outer wing, the critical Mach number of the tail must be higher than the one of the outer wing. This implies that the sweep

angle at the quarter chord of the tail has to be higher [9]. Therefore, an increase of approximately 5◦ compared to the

outer wing is selected and the quarter-chord sweep angle is 34.89◦ [35]. Furthermore, it allows to avoid shock waves.
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5.3.3 Lift coefficient and incidence angle

The lift coefficient of the tail is given by:

CLT =CLαT

(
CLw

CLαw

(
1− ∂ε

∂α

)
+ηT +αL0,root

)
, (5.4)

where ηT is defined as the difference between the tail incidence angle iT and the one of the outer wing iw.

The lift curve slope of the tail is computed from a formula given by Torenbeek [9] and equals 2.75 rad−1.

The downwash effect term ∂ε

∂α
is estimated from an approximation given by Gudmundsson [32] such that:

∂ε

∂α
=

2CLαw

πAR
, (5.5)

where CLαw is the lift curve slope of the aircraft. Thus, this term equals 0.59. Additionally, the lift coefficient CLT is equal

to -0.2 at cruise.

Since the tail airfoil is symmetric, αL0,root = 0, which leads to an incidence angle iT of -0.1◦ for the tail.

5.3.4 Control surfaces

For a V-tail configuration, the rudders and the elevators are mixed into a single control surface known as the ruddervator,

which allows both pitch and yaw control [32]. The sizing of the surface can be performed using the method proposed by

Raymer [35] for rudder design.

As LIFT flies at high transonic speed, the ruddervator starts at the side of the fuselage and extends to about 50%

of the tail span, instead of 90% for lower cruise speed aircraft. Besides, it is tapered in chord as the tail surface, with a

taper ratio of 0.6. This configuration allows the control surface to maintain a constant percentage chord. As advised by

Raymer [35], the ruddervator typically represents about 45% of the V-tail chord. This high speed aircraft consideration

avoids an effectiveness problem similar to the aileron reversal, in which the air loads placed upon a deflected aileron are

so great that the wing itself is twisted. At some speed, the wing may twist so much that the rolling moment produced by

the twist will exceed the rolling moment produced by the aileron, causing the aircraft to roll in the opposite direction [35].

Table 5.5 and Figures 5.7 and 5.8 summarize the key parameters concerning the tail.

28.5°

20.51 ft

11.13 ft

46.66 ft

Figure 5.7: Rear view of LIFT to identify tail geometrical parameters.
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c/4

11.48 ft
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37°
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(a) Projection of the V-tail in the horizontal plane.

11.13 ft

6.89 ft

11.48 ft

0.45 c

c/4

37°
34.89°

(b) Projection of the V-tail in the vertical plane.

Figure 5.8: V-tail projections into both horizontal and vertical planes.

Parameter Value
Horizontal area [ft2] 376.74
Vertical area [ft2] 204.51
Total area [ft2] 428.67
Horizontal AR [-] 4.46
Vertical AR [-] 2.42
Total AR [-] 5.08
Taper ratio [-] 0.6
Mean aerodynamic chord [ft] 8.24
Incidence angle [◦] -0.1

Table 5.5: Summary of the key geometrical parameters of the V-tail.

5.4 Propulsion

The propulsion selection for LIFT is based on the drag coefficients across various flight segments, that are computed in

Section 6.2.2. Table 5.6 presents the drag coefficients during takeoff, cruise and landing phases.

Takeoff Cruise Landing
Drag coefficient [-] 0.181 0.0265 0.233

Table 5.6: Summary of the drag coefficients for the takeoff, cruise and landing phases, according from the computations
made in Section 6.2.2.

5.4.1 Engine type selection

Due to the aircraft’s non-conventional configuration, special attention is given to engine selection to ensure sufficient

thrust during cruise to balance drag and provide adequate acceleration capability, especially because there is no exact
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quantification about the drag generated by the inner wing airfoil.

Three potential engine types are considered and compared against the mission requirements in Table 5.7.

Type Thrust-to-Weight Ratio SFC (lb/lbf·h) Noise level Long-range suitability
Turbojet High (5:1) High (0.9) High Poor
Turbofan Moderate (4:1) Low (0.37) Low Excellent
Hybrid-electric Low (2:1) Very Low Very Low Limited

Table 5.7: Comparison of turbojet, turbofan and hybrid-electric engine types, according to Mattingly [38].

Considering the range and efficiency requirements, a high-bypass turbofan engine is selected as the most suitable

choice. Furthermore, the decision to use two engines for this aircraft is primarily based on safety and performance

efficiency. From a safety perspective, the redundancy provided in the event of an engine failure is a significant advantage.

This configuration also complies with the extended twin-engine operations (ETOPS) and the FAA 14 CFR Part 25 [25]

airworthiness standards, according to Raymer [35].

This choice is confirmed by Figure 5.9, from where it can be concluded that the turbofan engines are the most

suitable selection for transonic Mach numbers.

Figure 5.9: Comparison between turbojet, turbofan and turboprop engines in terms of propulsion efficiency as a function
of the Mach number [39].

5.4.2 Engines position

The engines are symmetrically placed along the longitudinal axis of the aircraft on elevated pylons, of which the nacelles

are angled moderately inward to achieve a balance between structural integration and aerodynamic efficiency. This con-

figuration keeps the engines far from the passengers, thereby minimizing engine noise in the cabin. It also reduces the

risk of foreign object ingestion during takeoff and landing. Placing them at the back of the inner wing allows also to

reach the trim configuration, described in Section 6.4. Additionally, it gives the advantage of a cleaner airflow over the
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top section of the outer-inner wing junction [35]. Furthermore, placing the engines at the top of the fuselage reduces the

noise pollution to the environment [35].

Besides, in order to avoid distortion at the inlet of the engines, they are placed at a minimum distance of 3.18 ft from the

inner wing structure. This position is discussed in Section 5.4.6.

5.4.3 Engine selection

According to AIAA requirements, the engine must be operationally available by 2035. Having a low TSFC, a high bypass

ratio, or high propulsive efficiency, the selected engine is the Pratt & Whitney PW1521G. This choice is discussed in

Section 7.2. Table 5.8 presents the essential geometric attributes of the selected engine, as provided by the EASA [40].

Parameter PW1521G
Overall Length (Flange to Flange) [ft] 9.99
Overall Length (Fan Spinner Face to Aft #6 Comp. Bolt) [ft] 10.45
Nominal Diameter (Fan Case) [ft] 6.58
Max Radial Projection (At Drain Mast) [ft] 3.81
Dry Weight [lb] 4,800

Table 5.8: Main dimensions of the selected PW1521G engine [40].

The available thrust and thrust specific fuel consumption (TSFC) provided in the engine data sheet [40] correspond

to static conditions rather than real flight conditions. To obtain the actual in-flight values, the thrust needs to be corrected

by accounting for altitude and Mach effects. This is done using the methodology described by Gudmundsson [32]. The

actual in-flight values are presented in Table 5.9.

Flight segment Corrected thrust [lbf] Corrected TSFC [lb/lbf·hr]
Takeoff 36,449.21 0.6132
Climb 27,480.97 0.6074
Cruise 9,766.48 0.5466
Landing 8,717.35 0.5676

Table 5.9: Corrected thrust and TSFC values of the selected Pratt & Whitney PW1521G engine for each flight segment.

5.4.4 Required thrusts and thrust margins

Following the methodology outlined by Gudmundsson [32], the required thrust needed for efficiently executing each flight

phase is computed. By implementing this method for takeoff, an additional acceleration force component is included in

order to account for the ground roll distance.

In the climb segment, an initial standard rate of climb assumption of 2000 ft/m is made to calculate the required

excess thrust, while ensuring compliance with the FAA part 25 performance regulations [25]. Additionally, the required

thrust at cruise is calculated assuming steady, level flight, based on data from the drag estimation [32]. The required thrust

for each phase is shown in Table 5.10.
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Thrust margins are calculated across all the flight segments using the required and available thrust to confirm the

adherence to the FAA part 25 margin regulations [41]. Table 5.10 shows that all the flight segments exceed the required

margin. This is primarily because a conservative design decision is taken to minimally oversize the engine due to the

complexity of surely knowing the drag of the inner wing. This inner wing drag is discussed in Section 6.2.1.

Flight phase Required thrust [lbf] Available thrust [lbf] Thrust margin [%]
Takeoff 30332.77 36449.21 20.16
Climb 14940.03 27480.97 83.94
Cruise 7287.52 9766.48 34.02

Table 5.10: Thrust requirements and margins for the takeoff, climb and cruise configurations.

5.4.5 Fuel consumption and storage

The total fuel weight and fuel volume are calculated based on the the cruise segment characteristics by using the Breguet

range equation as described by Nicolai [42]. A maximum payload range of 8300 nm is assumed, this reflects the target

mission profile for ultra long-range business jets and also ensuring that LIFT meets and exceeds the industry expectations.

Implementing the Breguet range equation, the useful fuel weight Wf is defined as :

Wf =Wd

(
e

R·TSFC
V ·L/D −1

)
(5.6)

where Wd is the dry weight of the aircraft, R is the range [nm] and V is the cruise speed [kt].

To adhere to the FAA safety regulations, a 5% reserve fuel margin is added to account for contingencies that may occur.

The sum of the reserve fuel and the useful fuel weight gives the total fuel weight, denoted as Wf ,total.

Jet A-1 is the standard fuel used in the industry for long-range missions due to its global availability and reliable perfor-

mance at high altitudes. It has a density of 6.7 lb/gal, consistent with the values reported by Shell and the FAA [43, 44].

It is used to perform the fuel sizing calculations, of which the results are summarized in Table 5.11.

Fuel type Weight [lb]
Useful fuel 42,217.93
Reserve fuel 2,110.90
Total fuel 44,328.82

Table 5.11: Summary of the values for the useful, reserve and total fuel weights.

The fuel weight and density lead to a corresponding fuel volume of 6,616.24 gallons.

For volumetric optimization and stability purposes, the fuel tanks are located at the leading edge of the transition

wing part. They have a volume of 900.52 ft3, in order to contain all the fuel volume computed for the 8300 nm range

mission. Additionally, it allows to store the shower’s water and the electrical system underneath the floor of the cabin.
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Figure 5.10: Location of the fuel tanks in LIFT.

5.4.6 Boundary Layer Ingestion investigation

A future improvement that could enhance the performance of LIFT is the boundary layer ingestion (BLI) technology. For

this purpose, the engines could be placed closer to the inner wing, taking advantage of the distortion produced by the

boundary layer [45]. Since, it allows to reduce the specific fuel consumption, it has environmental benefits.

Nevertheless, this technology is not used today because of a lot a problems, e.g. the flow distortion at the engine

inlet, that are not solved yet. Additionally, this technology will maybe not be available in 2035, which is one of the

requirement from the AIAA, as explained in Section 2.2. This is the reason why LIFT does not have a BLI engine.

5.5 Landing gear

To ensure stability at landing, the choice of a retractable tricycle landing gear configuration is chosen. This configuration

is commonly used for most modern business jets [35].

5.5.1 Landing gear position

The position of the landing gear is determined by considering Raymer’s [35] method, complemented by Currey’s [46],

giving different perspective on the method. It is based on the concept of the limit pitch angle of the aircraft, characterized

by the tip back angle Θ. According to Daniel P. Raymer [35], this angle is often included within a range from 12◦ to 15◦.

Therefore, it is set to 15◦, which prevents any possible landing configuration to land safely without impact on the parts of

LIFT.

Then, the angle γ between the main landing gear and the most backward position of the center of gravity must at

least be greater than Θ to avoid the plane to fall back. Here, those angles are the same.

In order to respect the weight repartition on the front wheels, the fraction of the mass supported by the nose landing gear

must be in the range from 8% to 15% to abide 14 CFR 25 regulation [41]. These are margins taken to avoid skidding

effect on one hand, and pitch down momentum at takeoff on the other hand.
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Finally the lateral position is given by the overturn angle set at αCG = 45◦, in order to have the landing gear

retractable in the fuselage. The resulting configuration is shown in Figures 5.12 and 5.11 with the main geometrical

parameters. Moreover, additional geometrical data are listed in Table 5.12.

Parameter Value
Plane gravity center height [ft] 8.54
Distance between plane gravity center and main landing gear [ft] 8.84
Wing height [ft] 7.03
Overturn angle [◦] 38

Table 5.12: Additional information about the landing gear geometrical disposition.

28.6 ft

15°

15°

Figure 5.11: Side view of LIFT with landing gear main geometrical parameters.

26.12 ft

Figure 5.12: Rear view of LIFT with the distance between both main landing gear.

5.5.2 Landing gear design

Once the configuration is established, it is possible to dimension the complete landing gear layout by following Currey’s

guidelines [46].

Both tires are selected among the type VII catalog of tire manufacturers for the general aviation. Two wheels are

placed for each landing gear location. Size relative to the aircraft are displayed, with rolling radius, in Figure 5.12. For

the main landing gear, the tire is a 40×14 Aircraft Rib, while it is a 30×8.8 Flight Leader for the nose gear.
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A rear braking system is selected on LIFT to sustain high kinetic loads, especially occurring on runway with high

braking coefficients. Each wheel has a carbon 4 disc-based braking, with an outer radius of 7.5 in and an inner radius of

3 in to fit in the main gear. This braking system ensure the aircraft to decelerate sufficiently at landing for the aircraft to

land easily on a minimal 3858.86 ft runway.

The damping system chosen is a common oleo-pneumatic with a metered orifice for both main and nose gears

able to sustain rough landing conditions. Their total length is 25 in with a stroke of 10 in. Outside diameter of the oleo-

pneumatic is then deduced with the load on each landing gear with safety factors. They correspond to 10.2 in for the main

gears and 8.2 in on the nose gear.

5.6 Materials selection

In recent decades, the aerospace industry has increasingly shifted toward the use of advanced composite materials, driven

by the demand for lighter, more fuel-efficient aircraft. To reduce weight while maintaining structural integrity, high-

strength, lightweight composites such as molded carbon/epoxy laminates are preferred. These materials are extensively

used in modern aircraft, including the Boeing 787 Dreamliner and Airbus A350 XWB demonstrating their effective-

ness in primary structural applications such as wings and fuselages [47]. Moreover, composite materials contribute to

manufacturing efficiency by reducing the number of assembled components, which can lower production costs [48].

The material selection process is conducted using Granta EduPack Software [49]. For the inner and outer wing

structures, carbon fiber-reinforced polymers (CFRPs) are identified as the optimal choice. Specifically, HexPly® M21EV/IMA,

developed by Hexcel, is selected due to its excellent mechanical performance and proven track record in aerospace ap-

plications. This material is currently employed in the Airbus A350 program, where it is used for components such as

fuselage panels, wings, and empennage structures [50, 51]. More recently, it has also been adopted in the construction

of the Dassault Falcon 10X business jet [52]. The mechanical properties of HexPly® M21EV/IMA are presented in

Table 5.13.

Parameter Value
Density [lb/in3] 0.057
Tensile Strength [psi] 442,000
Compressive Strength [psi] 218,000
Shear Strength [psi] 13,600

Table 5.13: Mechanical properties of HexPly® M21/IMA [53].

For components that are subjected to high mechanical loads and require both superior specific strength and fatigue

resistance, such as the landing gear, titanium alloys are highly suitable. Among these, Ti-3.5Al-5Mo-6V-3Cr-2Sn-0.5Fe

is identified as a particularly promising alloy, offering an optimal balance of mechanical properties [54].
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Once the aircraft design is fixed to meet the requirements, a performance analysis is conducted. For this purpose, different

phases of the flight are considered, and the analysis covers various aspects such as aerodynamics, stability, structure, and

overall performance.

6.1 Weight and center of gravity

In order to compute the weight of LIFT, the methodology from Okonkwo [19] is adopted. While the same approach is

used for most of the components, engine weight is directly obtained from the manufacturer data sheet. Payload weight

is determined based on design requirements, which are described in Section 2.1. Regarding the total fuel weight, it is

computed from SFC and range, as done in Section 5.4.

The center of gravity positions of all the components are estimated from the geometry of the aircraft, as well as

from the cabin layout, which is shown in Section 5.2. Table 6.1 and Figure 6.1 present the weight and center of gravity of

all the components. The percentages calculated in Table 6.1 represent the relative position of the center of gravity in the

longitudinal direction with respect to the entire length of LIFT, which is 55.12 ft.

Payload

Outer

wing

Control

surfaces

Engines,

nacelle

AFT

AC

Electrical systems

Hydraulics
Cockpit

instruments

Landing

gear

Furnishing

APU

OPS

Inner wing

Figure 6.1: Representation of all the centers of gravity on LIFT.
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Component Weight [lb] Percentage of the total length [%]
Outer wing 10440.98 49.77
Inner wing 11259.29 36.09
AFT 3929.21 80.32
Landing gear 4702.88 41.04
Engines 9598.92 74.06
Nacelle group 4608.05 74.06
APU 105.68 74.49
Cockpit instruments 1332.08 3.59
Hydraulics 1544.39 48.41
Furnishing 5201.71 39.4
Air conditioning (AC) and anti-icing 1955.7 71.49
Electrical systems 2261.54 38.55
Control surfaces 1346.6 62.16
Operational items (OPS) 427.77 11.37
Payload 1100.5 41.43
Passengers 2820 Varying
Fuel 44149.41 Varying
MTOW 105682.71

Table 6.1: Weight and center of gravity percentage of the total length [%] for all the components.

The AFT component represents the part behind the cabin. It includes the end of the inner wing and the V-tail.

Besides, as the fuel is burned during the flight and the passengers can move inside the cabin, the center of gravity location

of both is varying.

The range in which the center of gravity of LIFT is included is described in Section 6.3.2.

Concerning the furnishing, it represents all the stuff that are available inside the cabin. It includes seats, conference

table, insulation, and all the things that are presented on the layout in Section 5.2.3. The operational items refers to the

masses added to the aircraft empty weight to bring it to the operating empty condition. It consists of the masses of the

crew and associated personal items, safety and freight equipment, water and food [19].

6.2 Aerodynamics

The aerodynamic analysis is carried out using a combination of empirical and numerical methods. To validate the results

obtained during the conceptual design phase, numerical simulations are performed to compute quantities such as lift and

induced drag. Additionally, a detailed empirical study is conducted to provide the most accurate possible estimation of

total drag.

6.2.1 Lift analysis

Empirical method

To achieve the design lift coefficient of 0.45 for the entire aircraft, an angle of incidence is defined for the outer wing.

The inner and outer wings lift forces are computed separately using the DATCOM empirical formula provided by Toren-
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beek [9]. The same reference area is used for both, and the lift coefficients obtained for each wing part are then added

together. It appears that with an angle of attack of 0◦ for the inner wing and 2.7◦ for the outer wing, the design lift

coefficient is reached.

Numerical methodology and validation

The software DARTFlo, developed by A. Crovato at the University of Liège [55], is used for the numerical simulations.

It is an open-source C++/Python unstructured finite-element full potential solver, based on the assumptions of potential,

steady, isentropic, and irrotational flow, along with the hypothesis of small perturbations in the flow.

For convergence purposes, the inner wing is not modeled. Indeed, when the whole aircraft is modeled, some

numerical singularities appear near the trailing edge and especially in the transition region between the inner and outer

wing. In fact, this region has a highly negative sweep angle for the trainling.

Then, to be consistent in the discussion, the reference wing area, depicted in orange in Figure 5.3, is modeled in

DARTFlo, since this area is used to compute the lift of the outer wing in the empirical method.

The cruise and climb configurations are studied, corresponding to Mach 0.9 and Mach 0.39, respectively. Thess

values are discussed in Section 6.2.2.

To validate the results obtained with DARTFlo, a convergence study is conducted on the lift and drag coefficients,

with respect to the number of elements used in the simulation.
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(a) Cruise convergence study with Mach 0.9.
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(b) Climb convergence study with Mach 0.39.

Figure 6.2: Convergence study at 0° angle of attack on DARTFlo software for the reference area.

The method is considered converged when the relative error falls below 2.5%. Figure 6.2 shows that the modeling

of the reference wing area reaches convergence with 986,718 elements at Mach 0.9 and with 1,312,447 elements at Mach

0.39. The same convergence study is performed for each angle of attack at both Mach number that are considered.

This convergence leads in obtaining the following mesh shown in Figure 6.3. The elements near the tip and the

trailing edge are intentionally coarse to avoid singularity and convergence issue. To accurately capture sharp variations in

flow quantities during shock formation, the mesh is sufficiently refined with a growth factor of 1.045.
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Figure 6.3: Mesh used for the simulation in cruise configuration with DARTFlo.

Lift variation

To compare the numerical and empirical approaches, the angle of attack required to achieve the same lift coefficient is

evaluated. Since the inner wing is not modeled, this lift coefficient corresponds only to the one of the reference wing.

Table 6.2 presents the angles of attack obtained with both methods.

Since the angle of attack predicted by DARTFlo is lower than the one derived analytically for the same CL, this

indicates that the empirical method underestimates both the generated lift and the lift curve slope in cruise configuration.

In climb configuration, the angle of attack is also significantly underestimated by the empirical method, along with the

corresponding lift curve slope.

Cruise Climb
Parameter Empirical DARTFlo Empirical DARTFlo
Angle of attack at CL = 0.4 [◦] 2.7 0.8 −0.84 2.65
Lift curve slope [rad−1] 3.6 7.985 3.877 4.653

Table 6.2: Comparison of the angle of attack and the lift curve slope of reference wing between empirical and numerical
methods.

For the cruise configuration, the variation of lift with respect to the angle of attack for the outer wing is shown in

Figure 6.4. It can be seen that, in this configuration, the numerical lift curve slope is far away to the empirical estimate,

with a value of 7.985 rad−1, in comparison with 3.6 rad−1. However, in the climb configuration (Figure 6.4b), the angle

of attack required to reach a lift coefficient of 0.4 is 2.65◦, which deviates significantly from the empirical prediction and

lift curve slope is 4.653 rad−1 which is not to far from the predictions.
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(a) Lift coefficient as a function of the angle of attack in
cruise configuration (Mach 0.9).
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(b) Lift coefficient as a function of the angle of attack in
climb configuration (Mach 0.39).

Figure 6.4: Comparison of lift coefficient evolution with angle of attack using empirical and numerical methods for both
climb and cruise configurations.

The results obtained show significant discrepancies depending on the method which is used. This discrepancy can

be explained in part by the limitations of the model or in the empirical data note reliable.

To define the global lift curve slope of the aircraft, Table 6.3 compares three methods. Two empirical approaches,

Torenbeek and DATCOM, are commonly used. Additionally, a hybrid method combines the lift curve slope of the outer

wing, computed using DARTFlo, and the lift curve slope of the inner wing estimated from Torenbeek’s method is pre-

sented. This combined approach yields results close to those of the DATCOM method. Therefore, the hybrid method is

retained, as DARTFlo provides an accurate estimation. This lift curve slope leads to a zero lift angle of -3.9◦.

Torenbeek DARTFlo + Torenbeek DATCOM
Lift curve slope [rad−1] 4.285 6.596 6.15

Table 6.3: Comparison of the lift curve slope of total aircraft between empirical methods and combination of numerical
and empirical method.
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Figure 6.5: Spanwise lift distribution for a lift coefficient of 0.4.
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Figure 6.5 shows lift distribution along the span. In the climb configuration, the lift distribution follow well the ideal

elliptical lift distribution. At Mach 0.9, the lift distribution is no longer close to the elliptic one.

6.2.2 Drag analysis

Mach numbers calculations

Before describing the methodology used for the drag calculation, the Mach numbers for the different flight configurations

can be computed. The method which is employed comes from Gudmundsson’s book [32] and is based on true airspeed

and atmospheric conditions. Table 6.4 summarizes the results for each flight configuration. The cruise Mach numbers is

a choice discussed in Section 4.3.

Flight configuration Mach number
Takeoff 0.204
Climb 0.392
Cruise 0.9
Landing 0.181

Table 6.4: Different Mach numbers during the cruise, climb, landing and takeoff configurations.

Methodology

To evaluate the drag acting on LIFT at cruise, the method proposed by E. Torenbeek [9] is used. It is based on empirical

correlations, initially developed for conventional subsonic aircraft. Therefore, the obtained results will have to be carefully

interpreted, since they will not described as accurately as possible the true drag that the aircraft will be subjected to in

reality.

Besides, LIFT operates in a transonic regime, the wave drag has to be taken into account. This is done by the

consideration of a form factor, which accounts for compressibility effects and sweep angles. Additional sources are also

considered, as the proposed methods are combined to best match the design characteristics of LIFT.

The different assumptions made to approach a realistic implementation are also be mentioned. Throughout the

method, the contribution of the tail is divided into two components: one corresponding to the equivalent horizontal

surface and the other to the equivalent vertical surface, as proposed in the reference method.

The total drag is decomposed into several contributions: the protuberance, profile, induced and interference drags.

Those contributions are graphically defined in Figure 6.6. The drag is analyzed during cruise, takeoff, landing and climb

configurations.
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Figure 6.6: Drag contributions breakdown of LIFT.

Interference drag

This drag stands for the corrections to be applied due to the interactions between the flow fields of the isolated parts of

the aircraft. It constitutes a minimal portion of the total drag and can even be negative in some cases. The considered

interference interactions include outer wing-inner wing, outer wing-tailplane, and viscous interference.

Protuberance drag

Firstly, in accordance with the method proposed by E. Torenbeek [9], the drag contribution of cabin windows and the

cockpit windshield is explicitly taken into account in the present study. This contribution is estimated based on the

projected area of the window panels, following the statistical approach suggested by E. Torenbeek [9]. These elements

are assumed to be well faired into the fuselage in order to minimize their aerodynamic impact. Then, the cooling drag

caused by the ventilation of the space between the hot engine sections and the surrounding structure is also considered.

The method proposes empirical values for the profile drag penalties of jet transport due to excrescences, surface

imperfections, and other additions for the outer wing, tailplane, inner wing, engine installation, and systems.

Induced drag

The induced drag is the drag due to the kinetic energy loss required to generate the trailing vortices and downwash for

the outer wing and the horizontal surface of the V-tail. The downwash term is computed is Section 5.3.3. As a first

approximation, the induced drag generated by the inner wing can be neglected, due to the presence of the outer wing at

the tip of it.

The method considers that all main aircraft parts are isolated bodies. Initially, the outer wing is considered un-

twisted, and the drag factor (δ ) is determined using the spanwise center of pressure (ηcp) for straight-tapered wings.

33



CHAPTER 6. AIRCRAFT ANALYSIS

Moreover, an increment in induced drag is then added to account for the twist of the outer wing. The vortex-induced drag

of the isolated horizontal tailplane is calculated in a similar manner to that of the outer wing.

Profile drag

The profile drag is divided into two components: skin friction drag and pressure drag. Since all the major components

contributing to lift can be compared to smooth and streamlined bodies, the flat plate analogy is used.

A form factor proposed by Gudmundsson [32] accounts for the maximum thickness-to-chord ratio, compressibility

effects, and sweep effects. This form factor is incorporated into the method to account for the geometric variations between

LIFT main parts and the flat plate analogy. It is expressed as follows:

FF = 1+
(2−M2)cosΛc/4√

1−M2 cos2 Λc/4

( t
c

)
+100

( t
c

)4
. (6.1)

Additionally, a form factor, proposed by Gudmundosson [32], is applied for the nacelle of the engines.

Since LIFT is a transonic aircraft, it is assumed that turbulent flow remains fully developed over a flat plate surface

and is affected by compressibility effects. The skin friction model proposed by Gudmundsson [32], which accounts for

compressibility effects, is chosen to best fit the situation. This coefficient is defined as:

C fturb =
0.455

(log10(Re))2.58(1+0.144M2)0.65 . (6.2)

No method is applied to account for the angle of attack of the outer wing and the horizontal tail, as the various components

of LIFT are treated as streamlined bodies. The profile drag of the engine pylons is estimated using the same approach as

that used for the outer wing.

Total drag

The method generally distinguishes between two types of drag coefficient formulations: drag areas ( f = (CD ·S) j), and,

more rarely, direct drag coefficients (CD j ), which must then be multiplied by their respective reference areas to obtain the

drag areas. To avoid confusion between the two contributions, the contribution of each streamlined bodies are related to

the gross wing S area , corresponding to Sre f in the case of LIFT, as follows:

CD j =
(CDS) j

S
. (6.3)

The calculated drag coefficients are shown in Figure 6.7. On one hand, they are summed to give the total drag coefficient

for the considered phase of the flight envelope of LIFT. On the other hand, the total drag coefficient of LIFT can be

formulated in such a way that it takes the form of a second-degree equation in terms of lift coefficient, in order to obtain
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a drag polar for the different phases of the flight envelope. This decomposition is as follows:

CDLIFT =
∑(CDS) j

S
= A+B ·CL +D ·C2

L, (6.4)

where A is the zero-lift drag coefficient, B is the coefficient of CL, D is the coefficient of C2
L and CL is the total lift

coefficient of LIFT. These values are calculated using Equation 6.3, where the formulas are rearranged to explicitly show

the dependencies on CL.

Cruise

The assumptions outlined above are made to enable the most realistic possible modeling of the drag experienced by LIFT

during cruise.

This phase differs from the other phases of the flight envelope, as the landing gear is fully retracted into the inner

wing and LIFT has reached its cruise speed and altitude. The values of the different drag coefficients, as well as the

contribution of each component to the vortex-induced drag and profile drag, are listed in Tables 6.5, 6.6 and 6.7.

The first Table defined the vortex induced drag coefficient due to the outer wing and the horizontal tail. CDi refers to

the vortex-induced drag coefficient, CDp to the profile drag coefficient. For simplicity, the drag due to the pylon is included

with the engine. CDpr represents the protuberance drag coefficient, and CDint refers to the interference drag coefficient.

Outer wing Horizontal tail Total

CDi [-] 0.00559 0.00102 0.00661

Table 6.5: Vortex induced drag coefficients of the different LIFT parts in cruise configuration.

Outer wing Inner wing Horizontal tail Vertical tail Engines Total

CDp [-] 0.00274 0.01020 0.00262 0.00100 0.00204 0.01861

Table 6.6: Profile drag coefficients of the different LIFT parts in cruise configuration.

CL[-] CDi [-] CDp [-] CDpr [-] Cint [-] CD0 [-] Total CD [-]

0.45 0.00661 0.01861 0.00266 -0.00134 0.023563 0.026545

Table 6.7: Contributions of each type of drag to the total drag coefficient of LIFT in cruise.

Takeoff and landing

During takeoff and landing, flap deflections significantly affect the drag coefficient. At takeoff, the flaps are deflected by

an angle of δ f = 20◦, while during landing, the deflection reaches δ f = 40◦. In this section, the most relevant corrections

are discussed based on Appendix G of E. Torenbeek [9], which provides a method for evaluating low-speed drag. The

drag coefficient can be expressed as follows, including the corresponding increments:
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CD =CD0 +
C2

L
πARe

+∆ fCDp +∆ fCDV +∆trimCD, (6.5)

where ∆ fCDp , ∆ fCDV , and ∆trimCD are the increments in profile, vortex-induced, and trim drag coefficients, respec-

tively. CD0 is also modified to account for takeoff and landing conditions. Furthermore, during these phases, the landing

gear is deployed, resulting in an additional drag increase. As the aircraft flies close to the ground, the ground effect must

also be considered. Lift and drag coefficients are summarized in Table 6.8 for the two configurations.

CL [-] CD [-]
Takeoff 1.337 0.181
Landing 1.692 0.233

Table 6.8: Drag and lift coefficients for takeoff and landing configurations.

Climb

The main distinction from takeoff lies in the retracted landing gear and the assumption that the aircraft is sufficiently

high for ground effect to be negligible. As a result, these two drag contributions are not considered, leading to a lower

overall drag coefficient. The corresponding lift and drag coefficients are summarized in Table 6.9. The contributions of

the various drag components are illustrated in Figure 6.7 for the cruise, takeoff, and landing configurations.

CL [-] CD [-]
Climb 0.528 0.058

Table 6.9: Drag and lift coefficients for climb configuration.
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Figure 6.7: Comparison of the different contributions of drag for cruise, takeoff, landing and climb configurations.

The first notable observation is the significant increase in induced drag for takeoff, landing, and climb configura-

tions. This is explained by the considerable increase in the lift coefficient resulting from flap deflection. Furthermore,

for takeoff and landing, the interference drag is not negligible compared to that observed in cruise or climb conditions.

Interestingly, this contribution is negative, representing a reduction in the overall drag coefficient.
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Lift to drag ratio

In this section, the focus is on the lift to drag ratio, which can be derived from the previous analysis. The different lift to

drag ratios are presented in Table 6.10. Despite the higher lift coefficients observed during takeoff and landing, the lower

lift to drag ratios in these configurations are primarily due to the significantly increased drag coefficients, resulting from

factors such as flap deflection, landing gear deployment, and other low-speed effects described previously.

In contrast, the climb configuration still has a significant drag coefficient, but it is much smaller than those observed

during takeoff and landing. Therefore, the lift-to-drag ratio in climb is more favorable compared to takeoff and landing,

as the induced drag remains moderate, even though the lift coefficient is not as high.

Additionally, the high value observed for the cruise condition is attributed to the relatively low drag coefficient

associated with this phase of flight.

Cruise Takeoff Landing Climb
L/D [-] 16.95 7.37 7.27 9.1

Table 6.10: Lift to drag ratio for cruise, takeoff, landing and climb configurations.

Engine failure

Engine failure corresponds to a situation in which one engine suddenly ceases to operate, typically due to a mechanical

malfunction. The resulting drag increment in cruise configuration consists of two main components: engine windmilling

drag and drag due to the asymmetric flight condition.

Engine windmilling drag refers to the aerodynamic drag generated by the inoperative engine, which is no longer

producing thrust and instead rotates freely under the influence of the incoming airflow.

Drag due to the asymmetric flight condition arises from the yawing and rolling moments induced by the loss

of thrust on one side of the aircraft. These moments must be counteracted, primarily through ruddervator and aileron

deflections, which in turn lead to an increase in overall drag.

The total drag increment is ∆CDfailure = 0.009, which corresponds to an increase of 33.9% relative to the drag

coefficient in cruise. The most significant contribution to this increase arises from the engine windmilling drag. The

resulting drag coefficient in cruise with one engine inoperative is CD = 0.0355.

6.2.3 Comparison of the drag with another method

As the method does not initially take into account all the characteristics of LIFT, it is interesting to compare the results

with others obtained from another method.

The additional method which is used is proposed by Gudmundsson [32]. The differences between both methods

are analyzed for all the flight configurations in Table 6.11
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Table 6.11 shows that both methods provide very similar results for the cruise configuration. Nevertheless, large

relative difference appear between both methods for takeoff, climb and landing configurations. Additionally, it can be

seen that, for those configurations, the drag coefficient predicted by Torenbeek’s method is higher than the one obtained

by using Gudmundsson’s method. This can be explained by the fact that Torenbeek takes into account more physical

effects than the other method. It allows to obtain more accurate results. Therefore, results from Torenbeek’s method are

kept.

Configuration Torenbeek’s method CD [-] Gudmundsson’s method CD [-] Relative difference [%]
Takeoff 0.181 0.13225 26.93
Climb 0.058 0.03379 41.74
Cruise 0.026545 0.02679 0.92
Landing 0.233 0.19049 18.24

Table 6.11: Comparison between obtained drag coefficients using Torenbeek and Gudmundson’s methods for takeoff,
climb cruise and landing configurations.

6.2.4 Drag polar

As previously explained, the total drag coefficient breakdown of LIFT configuration can be expressed as a second degree

equation with LIFT coefficient as the variable as shown in Equation 6.4. From this equation, a drag polar can be plotted

for various CL values. This expression provides a more refined representation of aerodynamic performance across various

cruise conditions. In this Equation, the constant term A accounts for the zero-lift drag, which is primarily associated with

profile drag. The linear term B captures the interaction between lift and drag; a negative value typically suggests favorable

aerodynamic coupling, which helps reduce drag within a certain range of lift coefficients. The quadratic term D primarily

corresponds to the induced drag.
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Figure 6.8: Drag polar curve for cruise, landing, takeoff and climb configurations, with the design points and the optimal
cruise point (in red).

Figure 6.8 compares the cruise flight phase with the other segments of the flight envelope. As expected, the cruise

configuration exhibits the lowest drag coefficients across the entire range of lift coefficients CL, reflecting its optimized
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aerodynamic performance. In contrast, the takeoff and landing phases are associated with significantly higher drag levels.

This increase is primarily due to the deployment of high-lift and control surfaces, which, while enhancing lift, also

contribute to a notable rise in parasitic drag. A key factor contributing to the differences observed between the curves is

the altitude at which each phase occurs. At higher altitudes, the air density decreases, resulting in a linear reduction in

drag. It is also noteworthy that the climb phase curve displays a steeper slope around CL ≈ 1.5. This behavior is largely

attributed to the influence of ground effect, which becomes more pronounced as lift increases. The ground effect helps to

limit the growth of drag during the low-altitude phases of flight, particularly takeoff and landing.

CL [-] CD [-]

0.45 0.026545

(a) Lift and drag coefficients in cruise.

A[-] B [-] D [-]

0.0236 -0.0077 0.0319

(b) Values of A, B and D in the drag breakdown.

Figure 6.9: Main values of the drag analysis.

As expected, due to the shape of LIFT configuration, the outer wing generates a small induced drag. The profile

drag represents the largest contribution to the overall drag in cruise configuration, which explains why the CD0 of LIFT

accounts for the majority of the total drag. Figure 6.8 confirms what is explained before. In cruise condition, the CL is

lower than during other configurations, while the CD is also lower. Moreover, it can be seen that the drag is maximum

during the landing, which verifies what is obtained previously.

Now, the lift to drag ratio L/D can be analyzed. However, since the method used is based on empirical approx-

imations developed primarily for conventional aircraft, these empirical relationships do not fully align with the specific

characteristics of LIFT configuration. This L/D ratio is once again calculated using the breakdown of the total drag in a

cruise configuration.

Optimum L/D [-] Cruise L/D [-]

21.24 16.95

Table 6.12: Lift to drag ratio in
cruise.
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Figure 6.10: Drag polar in cruise.

As shown in Table 6.12 and Figures 6.10 and 6.11, the optimal design point under cruise conditions is not reached.

Nevertheless, the resulting L/D ratio remains high for a business jet–type aircraft, indicating good aerodynamic efficiency.

The results are promising, as LIFT, if optimized to achieve the optimal lift-to-drag ratio, would exhibit outstanding

aerodynamic performance.
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Figure 6.11: Lift to drag ratio as a function of the lift coefficient in cruise.

6.2.5 Optimal point study

In this section, a study of the optimal operating point is carried out to understand why it differs from the design point

of the LIFT configuration. First, based on a mathematical analysis of Equation 6.4, the optimal lift coefficient CLopt is

defined as:

CLopt =

√
A
D
, (6.6)

where factor A represents the zero-lift drag coefficient CD0, and factor D is the induced drag factor.

Since the objective is to understand why the design point lies below the optimum, both contributing factors are

analyzed.

On one hand, factor D depends primarily on the outer wing and the horizontal tail, according to the current assumptions.

Modifying this factor would require significant changes to the geometry of these components, which is not desirable at

this stage.

On the other hand, as suggested in a Master’s thesis from Cranfield University [56], the zero-lift drag coefficient of the

Northrop XB-35, BWB aircraft flying at a speed comparable to that of LIFT, is around 0.012. This value is nearly twice

as low as the one estimated for LIFT, as shown in Table 6.7. Given that LIFT flies at a slightly higher speed, a marginally

higher skin friction coefficient is expected. Nevertheless, such a large discrepancy suggests that the CD0 obtained using

Torenbeek’s method might be overestimated, especially since this method is originally intended for conventional aircraft

rather than BWBs.

Therefore, a parametric analysis of CLopt and the corresponding optimal L/D ratio as a function of different A

values is conducted, as shown in Figure 6.12.
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Figure 6.12: Influence of zero-lift drag coefficient on optimal aerodynamic parameters.

Figures 6.12a and 6.12b clearly show that adopting a more realistic value of A, consistent with typical BWB

aircraft, would simultaneously increase the optimal L/D and reduce CLopt . This would bring the optimal point closer

to the design point, while also improving the aerodynamic performance at both points. This analysis suggests that the

discrepancy between the design and optimal points may primarily result from an overestimation of the zero-lift drag

coefficient due to the limitations of Torenbeek’s method when applied to BWB configurations. Another way to move

closer to the optimal point is to slightly increase the lift coefficient. This could be achieved by increasing the angle of

attack and by reducing the wing reference area or the cruise speed. Reducing the wing area improves drag but increases

wing loading, affecting takeoff and landing. Lowering the speed also increases CL and reduces wave drag, but extends

flight time and operational costs.

6.2.6 Comparison with DARTFlo

In this section, the drag estimation obtained using DARTFlo is compared with the analytical results computed using

Torenbeek’s method for the outer wing for different phases of the flight envelope. This comparison aims to highlight the

limitations and reliability of both approaches in the preliminary design phase of LIFT.

DARTFlo is a CFD solver capable of computing transonic flow characteristics, including shock waves and pressure

drag. Depending on the fidelity level selected, DARTFlo can either solve inviscid flow equations or RANS equations.

However, in the present study, DARTFlo is used in an inviscid configuration, meaning that only pressure drag is consid-

ered. This includes contributions from form drag and wave drag, but neglects viscous skin friction drag.

On the other hand, the empirical estimation based on Torenbeek’s method accounts for both viscous and pressure drag

through empirical correlations, making it more representative of the total drag expected in real flight conditions.

As shown in Figure 6.13, the drag predicted by DARTFlo is significantly higher than the empirical estimation. This

is partially due to the inviscid assumption, which tends to overestimate shock wave intensity and associated wave drag,

especially in transonic conditions.

While the outer wing is designed to minimize wave drag at cruise, DARTFlo still predicts non-negligible wave drag, as

overestimating its impact.
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Moreover, the induced drag computed by DARTFlo for the isolated outer wing does not reflect the global aerody-

namic behavior of the full aircraft. In contrast, the analytical method is calibrated on complete aircraft data, including

viscous and induced effects.

Given these limitations, the empirical drag estimation is retained, as it provides a more realistic baseline based on

available data from similar BWB aircraft. Nevertheless, a more accurate drag prediction should be pursued in future work

using higher-fidelity viscous simulations on the complete configuration.
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Figure 6.13: Comparison between numerical method and empirical correlations in cruise condition for the profile and
induced drag coefficients of the outer wing as a function of its lift coefficient.

6.3 Stability

Static and dynamic stability are defined for the three directions in space, that will be discussed in this section.

6.3.1 Aerodynamic center and neutral point positions

As the Mach number varies during the flight, the aerodynamic center (AC) position also changes. According to empirical

relations given by E. Torenbeek [9], the evolution of this position over the entire flight can be defined. Those relations

being established for classical configurations, the results have to be carefully interpreted.

First both AC positions of the outer and inner wings are computed separately. Then, from them, the overall position

of LIFT’s AC is obtained by using a formula given by DATCOM [57]. The lifting-body force is assumed to act at this

position.

The neutral point (NP), which depends on the aerodynamic center location, is computed according to Daniel

P.Raymer [35].

Table 6.13 describes the variation of the AC and the NP as a function of the Mach number. Figure 6.14 describes

the position of the AC on the aircraft for the different flight phases. The evaluation of the different Mach numbers is done

in Section 6.2.2.
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Flight phase Mach number [-] AC position [ft] Neutral point [ft]
Landing 0.181 27.31 30.54
Takeoff 0.204 27.49 30.71
Climb 0.392 27.73 30.91
Cruise 0.9 28.11 31.21

Table 6.13: Aerodynamic center and neutral point positions from the nose of the aircraft and Mach numbers for the
different flight configurations.

Landing

Takeoff

Climb
Cruise

Figure 6.14: Evolution of the aerodynamic center position on the LIFT length for the different flight configurations.

As expected, the aerodynamic center moves rearward as the Mach number increases. Nevertheless, this variation

is not significant, because there is a difference of 0.8 ft in position between the cruise and landing configurations.

6.3.2 Static stability

Longitudinal stability

The longitudinal static stability is governed by the static margin Kn, which must be higher than 5 % to ensure stability in

the pitch plane. It is defined as [35]:

Kn =−dCm

dCL
=

xn − xCG
¯̄c

= hn −hCG > 5%, (6.7)

where the h distances are normalized by the mean aerodynamic chord ¯̄c. The subscript n stands for the neutral point,

where CG is for the center of gravity.

The locations of the aerodynamic center, neutral point and of the center of gravity are represented in Figure 6.15,

for the cruise flight configurations.
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Figure 6.15: Stability range, with positions of AC, center of gravity and NP on LIFT for cruise conditions.

The center of gravity position is mainly described in Section 6.1. Nevertheless, as the its position changes during

the flight, only limit cases will be considered for stability. Table 6.14 describes those positions.

Location [ft] Configuration
Forward position 28.28 Full fuel tanks, passengers at the front of the cabin
Afterward position 29.18 Empty fuel tanks, passengers at the back of the cabin

Table 6.14: Limit positions of the center of gravity during the flight.

The forward position and the afterward position are described in Figure 6.15 by the dark and blue point, respec-

tively.

Table 6.15 summarizes values of the static margin for both locations of the center of gravity.

Center of gravity position Static margin [%]
Afterward 5.64
Forward 8.15

Table 6.15: Static margin values for both limit positions of the center of gravity.

Since Kn is higher than 5 % for both limit positions of the center of gravity, the longitudinal stability is verified at

cruise.

Concerning the takeoff, the longitudinal stability can be computed by using the takeoff thrust, computed in ta-

ble 5.9, the AC position at takeoff, obtained from Table 6.13 and the center of gravity. This center of gravity corresponds

to the forward position, since the passengers are seated at the front of the cabin and the fuel tanks are full during the

takeoff.

The same method can be used for the landing phase. During the landing, the passengers are also seated. As an

approximation, the center of gravity will selected for a configuration where the fuel tanks are empty. Ideally, it will not

occur in reality, but it stands for the worst case. The center of gravity of this situation is placed at 28.39 ft from the nose

of the aircraft.
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The corresponding static margins for these flight phases, which verify the condition defined by Equation 6.7, are

available in Table 6.16. In conclusion, LIFT is statically stable in all the flight configurations for the longitudinal motion.

Flight phase Static margin [%]
Takeoff 6.76
Landing 5.98

Table 6.16: Static margin values for takeoff and landing.

Directional stability

The directional stability is calculated from the computation of the yawing moment coefficient, which is given by [42]:

Cnβ
=

∂Cn

∂β
=Cnβ f us +Cnβ wing +Cnβ tail , (6.8)

where β is the yaw angle. This coefficient has to be higher than 0 to ensure stability. Here, the inner wing is considered

as a fuselage, in order to follow this methodology. Therefore, it has to be taken into account in the validity of the results.

Components of the aircraft can have stabilizing or destabilizing effect. The inner wing has a destabilizing contribution,

while the outer wing and vertical part of the V-tail are stabilizing. The tail is designed in order to compensate for the inner

wing participation. Table 6.17 presents the contributions of the three parts for both limit configurations.

Center of gravity position Cnβ f us [-] Cnβ wing [-] Cnβ tail [-] Cnβ
[-]

Forward -0.0220 0.0051 0.1309 0.1139
Afterward -0.0229 0.0048 0.1322 0.1141

Table 6.17: Derivative of the yawing moment coefficient Cnβ
with respect to the yaw angle β for the directional stability

in the case of both limit positions of the center of gravity.

These values of Cnβ
are included in the acceptable range advised by E. Torenbeek [9]. Additionally, Cnβ

for takeoff

and landing are presented in Table 6.18. It confirms that LIFT is statically stable for the directional motion for all the

flight configurations.

Flight phase Cnβ
[-]

Takeoff 0.1132
Landing 0.1131

Table 6.18: Derivative of the yawing moment coefficient Cnβ
with respect to the yaw angle β for the directional stability

for takeoff and landing.

Lateral stability

In order to compute the roll stability, the method proposed by M.Nicolai is used [42], which says that the rolling moment

coefficient

Clβ =
∂Cn

∂β
=Clβ wing +Clβ tail +Clβ wing− f uselage (6.9)
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has to be negative. Here, β is the sideslip angle. As a first approximation, it can be said that the desired value of Clβ is

the opposite of Cnβ
[42]. Table 6.19 verifies this condition and confirms that LIFT is stable for the lateral motion in both

configurations.

Center of gravity position Clβ wing [-] Clβ tail [-] Cnβ wing− f uselage [-] Clβ [-]

Forward -0.0849 -0.0435 0 -0.1284
Afterward -0.0849 -0.0464 0 -0.1313

Table 6.19: Derivative of the rolling moment coefficient Clβ with respect to the sideslip angle β for the lateral stability in
the case of both limit positions of the center of gravity.

Cnβ wing− f uselage equals 0 in both configurations since LIFT has middle-mounted outer wings [42].

For takeoff and landing phases, Clβ is available in Table 6.20. In conclusion, LIFT is statically stable for the lateral

motion in all the flight configurations.

Flight phase Clβ

Takeoff -0.1284
Landing -0.1277

Table 6.20: Derivative of the rolling moment coefficient Clβ with respect to the sideslip angle β for the lateral stability for
takeoff and landing.

6.3.3 Dynamic stability

The implementation of the dynamic stability is based on the DATCOM method [57], created by the US Air Force. This

methods implies empirical correlation, initially for conventional and subsonic aircraft, that are used to compute longitudi-

nal and lateral derivatives. Since LIFT is a BWB, the results obtained from this method have to be approached carefully.

To assess the robustness of the results, the computed stability derivatives are varied within a ±20% range, i.e., scaled

from 0.8 to 1.2 times their nominal values, in order to evaluate their influence on the eigenvalues. If the real parts of the

eigenvalues for all modes remain negative throughout this variation, the dynamic stability of the aircraft can be considered

robust.

Those empirical derivatives allow to construct the state space representation of aircraft equations of motion

ẋ = Ax+Bu, (6.10)

with x = (u,v,w, p,q,r,θ ,ϕ,ψ)T the states and u = (η ,ξ ,ζ ) the inputs [58].

Since the longitudinal and lateral motions can be decoupled, they will be analyzed separately. Thus, the derivatives

will be presented in separated tables. The dynamic stability for both motions is defined by the eigenvalues of the A

matrix, which must have a positive real part. From those eigenvalues, frequencies and damping ratios of each mode

can be computed [58]. The frequency of oscillations corresponds to the module of the complex eigenvalue, while the

damping ratio is the absolute real part of the eigenvalue, divided by the oscillations frequency. Tables 6.21 and 6.22

show the corresponding derivatives in cruise conditions. Furthermore, as it provides more accurate results, as discussed
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in Section 6.2.1, the lift curve slope which is used is computed from numerical and experimental methods. It is equal to

6.596 rad−1.

Derivative Value [-]
CLα

6.150
CDα

0.385
CMα

-0.615
CLu 0.9
CDu 0.052
CMu -0.027
CLq 4.114
CDq 0
CMq -2.493
CLα̇

0.0001
CDα̇

0
CMα̇

-0.0002

Table 6.21: Longitudinal derivatives for dynamic stability.

Derivative Value [-]
Cyβ

-0.3891
Cnβ

-0.0129
CLβ

-0.1171

Cyr 0.00001
Cnr -0.0688
CLr 0.2679
Cyp 0
Cnp -0.0493
CLp -0.5485

Table 6.22: Lateral derivatives for dynamic stability.

Longitudinal modes Lateral modes
-1.168+4.488j 0
-1.168-4.488j -2.124
-0.002+0.046j -0.022+0.474j
-0.002-0.046j -0.022-0.474j

-0.065

Table 6.23: Eigenvalues of the longitudinal and lateral modes for dynamic stability.

Longitudinal modes

The longitudinal modes are characterized by two complex conjugate pairs. One describes the phugoid mode, while the

other stands for the short period oscillations mode. Frequencies and damping ratios of those modes are listed in Table 6.24.

There exists not any requirement concerning damping ratios and frequencies for the civil aviation. Nevertheless,

they can be compared to levels of flying qualities proposed by MIL-F-8785C, that defines flying qualities of piloted

airplanes for military application [59].

Mode Frequency [rad/s] Damping ratio ζ [-]
Phugoid 0.0458 0.0391
Short period oscillations 4.6376 0.2518

Table 6.24: Frequency and damping ratio for phugoid ans short period oscillations modes.

Since 0.2 < ζ < 0.3 for the short period oscillations mode and the damping ratio of the phugoid is lower than

0.04, both modes are level 2 of qualities, which leads to a degradation in mission effectiveness with an increase of pilot

workload.

47



CHAPTER 6. AIRCRAFT ANALYSIS

Lateral modes

One complex conjugate pair and two real eigenvalues stand for the lateral modes. The dutch roll is characterized by

a the complex pair, which has positive real part. Thus, this mode is stable. Besides, the two real eigenvalues are for

roll subsidence and spiral modes, that are both non oscillating modes. Therefore, they are defined by a time constant,

calculated from the opposite of the inverse of the eigenvalue module. Modes characteristics are summarized in Table 6.25.

Mode Frequency [rad/s] Damping ratio [-] Time constant T [s]
Dutch roll 0.458 0.04747 -
Spiral - - 0.4708
Roll subsidence - - 15.2835

Table 6.25: Frequency and damping ratio for the dutch roll mode and time constants for spiral and roll subsidence modes.

As for the longitudinal modes, lateral modes will be compared to MIL-F-8785C requirements, even if there is no

regulation for the civil aviation. The roll subsidence mode is level 2, since 8 < T < 20, while the spiral mode is level

1 because T < 1.4s. Concerning the dutch roll mode, it is level 3 of flight qualities, which means inadequate mission

effectiveness with high pilot workload.

Sensitivity analysis
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Figure 6.16: Sensitivity study on the eigenvalues of the eigenvalues for both lateral and longitudinal motions with the
design configuration in black.

As the DATCOM method is initially not adapted for LIFT’s type of aircraft, the coefficients that are computed in order to

obtain the eigenvalues of the different modes are possibly not exact. Therefore, they are varied from a factor of 0.8 to 1.2
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to see the change in the eigenvalues. Since the real parts remain negative, these variations do not alter the stable nature of

LIFT’s dynamic modes. Figure 6.16 presents the different eigenvalues in the complex plane, where each conjugate pair

of eigenvalues corresponds to different coefficients values. The design eigenvalues are represented in black.

In conclusion, the DATCOM method proves to be a suitable tool for a preliminary evaluation of LIFT’s dynamic

stability, as the aircraft remains stable even when the coefficients are varied within a reasonable range.

6.4 Equilibrium in cruise

Since the aerodynamic center and the center of gravity are defined, the equilibrium in the pitch plane for cruise conditions

can be verified.

All the forces acting on the aircraft are represented in Figure 6.17.

AC

T

FP

W
ACT

L
W

LT

W

M
0

Figure 6.17: Forces that act on LIFT in order to form the pitching equilibrium equations.

The two lifting surfaces, the tail and the body, are designed in order to satisfy the static pitching equations, which

are as follow:

L+LT −W +FP = 0 (6.11)

which is the translational equation with L and W the total lift force and the weight, respectitvely, and

M0 +L(xCG − xAC)−LT (xACT − xCG)−T (zengines − zCG)+FP (xCG − xengines) = 0 (6.12)

which represents the rotational equation around the center of gravity of LIFT.

The force FP is the force resulting from the turning of the air at the inlet front face of the engines, which is

computed from an equation given by Raymer [35]. Additionally, zengines and xengines stand for the height of the engines

and the position of them from the nose of the aircraft, respectively.

The positions of the aerodynamic center and center of gravity xAC and xCG, respectively, are discussed in Sections

6.1 and 6.3.1.

The total intrinsic moment due to the lifting surface is computed from airfoil moment coefficients [9], which does
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not take into account the tail since its airfoil is symmetric.

Additionally, the drag of the engines is accounted for in the thrust term T , and the drag of the tail can be considered

negligible compared to T .

In conclusion, Equations 6.11 and 6.12 verify that LIFT is at equilibrium during cruise configuration.

6.5 Structure

6.5.1 Placard diagram

The Placard diagram illustrates the altitude-velocity dependency. The ceiling, defined by the lift and thrust limits, is

52,492 ft. The two velocities depicted in Figure 6.18, VC and VD, correspond to the design cruise velocity and the dive

velocity, respectively. VC is determined by equating the drag force to the available thrust at maximum engine power. It is

given by:

VC =

√
2Tmax

ρSCD
, (6.13)

where Tmax and ρ depend on the altitude, while CD depends on both altitude and VC itself, making the expression implicit.

The design cruise Mach number, MC, corresponds to the Mach number associated with VC, and is therefore obtained

under maximum engine thrust conditions. Above the design altitude, the maximum velocity is limited by a constant MC,

as compressibility effects prevent flight at higher Mach numbers. Below the design altitude, the air density increases.

However, since the temperature remains constant up to the stratospheric limit, the Mach number remains equal to MC.

Beneath the stratospheric limit, the combined effects of increased drag due to higher air density and the limited thrust

available from the engine result in a decrease in true airspeed.

During a dive, the jet can exceed the design cruise Mach number. The design dive Mach number is defined as

MD = 1.25 MC. As with MC, above the design altitude, MD is constant. Below the design altitude, VD is defined as the

minimum between the velocity corresponding to MD and 1.25 VC.
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Figure 6.18: Placard diagram.

6.5.2 Maneuver envelope

The maneuver and gust envelopes illustrate the various loads experienced by the aircraft under several critical flight

conditions, each corresponding to a specific airspeed. Equivalent airspeed is used to minimize the impact of altitude

dependency.

The maneuver envelope is shown in blue in Figure 6.19. For a heavy aircraft, and in accordance with FAR require-

ments, the maneuvering load factor is limited to a minimum of −1 and a maximum of 2.5. The calculation of the load

factor is given by the following equation:

n =
L
W

=
ρ0V 2

e SCL,max

2W
, (6.14)

where ρ0 is the air density at sea level, and Ve is the equivalent airspeed.

From this curve, Vs1 and VA can be determined. Vs1 represents the stall velocity in cruise conditions and is defined

as the intersection of the stall line with the load factor equal to one. VA represents the maximum velocity at which full

control deflection is permitted and corresponds to the intersection of the stall line with nmax.

Furthermore, the limit load factor is defined as the maximum load that the airplane can withstand during flight.

The ultimate load factor is then obtained by multiplying the maximum load factor by a safety factor of 1.5. This leads to

nultimate = 3.75. The structure must be able to sustain the ultimate load for at least 3 seconds without failure. It is important

to note that for load factors exceeding the limit load factor, the aircraft would experience permanent deformations.

Concerning the gust envelope, shown in red in Figure 6.19, it accounts for sudden gusts that the jet may encounter

during flight. This envelope is derived from the maneuver envelope. The gust velocities, denoted as Ue, are determined

by interpolating their values at different altitudes and are expressed in ft/s. The gust load factor is given by the following

equation:

ng = 1+
FCL,α planeUeVeS

498W
, (6.15)
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where Ve is the equivalent airspeed in kt, and F is the gust alleviation factor. F can be determined as follows:

F =
0.88µ

5.3+µ
with µ =

2W
ρCL,α planecgS

, (6.16)

where µ is the airplane weight ratio.

Using the gust envelope, the minimum speed required to enter a gust region without stalling, VB, can be determined.

It is defined as the intersection between the stall curve and the ng curve.
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Figure 6.19: Maneuver envelope (blue), gust envelope (red) and gust loads (doted grey lines) at design altitude.

6.5.3 Aerodynamic loads

In this section, the various critical configurations, represented by points A, B, C, D, and E in Figure 6.19, are analyzed to

determine the corresponding aerodynamic loads and angles of attack. All the relevant loads are depicted in Figure 6.20.
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Figure 6.20: Representation of the aerodynamic loads acting on LIFT during the flight.
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The equilibrium of vertical forces and the moment equilibrium about the center of gravity yield the following

equations:


LW +LT = nW −T sin(α);

lW ·LW − lT ·LT = Iθ · θ̈ −Mi −MO − li ·Di + lT ·DT + lo ·Do + lthrust ·T,
(6.17)

with

• LW and LT the lift of the reference wing and the tail, respectively.

• nW the product of the load factor and the MTOW.

• T the thrust provided by the engine.

• α the angle of attack.

• li the lever arm with respect to the center of gravity.

• Iθ = 9,455,821.28 [lb·ft2] the moment of inertia computed with SIEMENS NX 22 software [60].

• θ̈ = 39n(n−1.5)
V [rad/s2] the maximum pitch acceleration, following the FAA Part 25 regulation.

• Mi and Mo the pitching moment of the inner wing and the outer wing respectively.

• Di, DT , Do the inner wing, tail and outer wing drag respectively.

The third equation needed to complete the system of three unknowns is the equation of the lift of the reference

wing:

LW =
1
2

ρV 2SCLα
(α −αL0). (6.18)

The fin loading may also be calculated such as:

Ff in =
1
2

ρV 2SHT aT ψ (6.19)

with aT the vertical tail lift curve slope and ψ = 15 [°], the maximum yaw angle.

Finally, the aerodynamic loads for each critical point are listed in Table 6.26.

6.5.4 Structural loads

Due to the non-conventional configuration of the LIFT, the analysis is restricted to the more traditional wing section, as

illustrated in Figure 6.21.

Regarding the inner wing structure, its non-cylindrical configuration introduces some challenges for pressurization.

To address this, several structural concepts merit consideration [19]. Among them are Liebeck’s Integrated Skin and Shell

Concept [61], as well as NASA’s Multi-Bubble Fuselage (MBF) [62] and the Columned Multi-Bubble Fuselage (CMBF)
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A B C D E
n [-] 2.5 2.5 0 -1 -1
V [kt] 223 385 385 308 141
α [◦] 3.52 -2.68 -5.75 -7.57 -13.82
LW [lbf] 237,698 246,373 17,784 -75,538 -78,163
LT [lbf] 25,943 18,430 -16,707 -28,765 -24,990
Di [lbf] 2,585 7,696 7,696 4,925 1,033
Do [lbf] 1,194 3,556 3,556 2,276 477
DT [lbf] 161 479 479 307 64
Mo [lbf·ft] -223,895 -666,529 -666,529 -426,579 -89,464
Mi [lbf·ft] 113,260 337,170 337,170 215,789 45,256
Ffin [lbf] 24,730 73,621 73,621 47,118 9,882

Table 6.26: Aerodynamic loads at each critical point of the maneuver envelope.

proposed by Cho et al. [63]. These approaches provide promising avenues for overcoming the structural and pressurization

complexities inherent in blended wing body configurations.

Transition part of

the outer wing

Regular tapered part of

the outer wing

Outer wing root

Figure 6.21: Top view of the different part of the outer wing.

The selected portion of the wing is the one between the transition part and the regular taprered part of the outer

wing. It is subjected to various external loads, including lift (Lwt ), drag (Dwt ), its own weight (Wwt ), and an aerodynamic

pitching moment (Mw). Due to the aircraft’s symmetry, only half of the wing is analyzed. Consequently, all forces are

halved, and the contributions from the transition section are subtracted to isolate the loads acting solely on the region

under investigation.

The equilibrium of forces and moments is established with respect to a local coordinate system, located at the

leading edge of the analyzed section and represented by the orange point in Figure 6.21. It is important to note that this

reference frame differs from the one used in Figure 6.20. In this reference frame, the y-axis is aligned with the chordwise

direction, the x-axis with the spanwise direction, and the z-axis points upward. The analytical expressions for the internal

forces and moments are provided in Equations 6.20, where α is the angle of attack and β is the setting angle at the studied

section. These expressions are then evaluated at key points within the flight envelope, with the corresponding numerical
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results adapted for the wing summarized in Table 6.27.



Tx = 0

Ty =

(
nWwt

2
− Lwt

2

)
sin(α +β )+

Dwt

2
cos(α +β )

Tz =

(
−nWwt

2
+

Lwt

2

)
cos(α +β )+

Dwt

2
sin(α +β )

Mx =
1
2

cos(α +β )(−nWwt · ycg,w +Lwt · yac,w −Dwt · zac,w)

+
1
2

sin(α +β )(−nWwt · zcg,w +Lwt · zac,w +Dwt · yac,w)−
Mw

2

My =
1
2

cos(α +β )(nWwt · xcg,w −Lwt · xac,w)+
1
2

sin(α +β )(Dwt · xac,w)

Mz =
1
2

sin(α +β )(nWwt · xcg,w −Lwt · xac,w)+
1
2

cos(α +β )(Dwt · xac,w)

(6.20)

A B C D E
Tx [lbf] 0 0 0 0 0
Ty [lbf] -5,039.02 -490.32 730.52 -263.85 -1,956.55
Tz [lbf] 38,270.64 40,185.28 3,226.96 -11,879.50 -12,198.40
Mx [lbf·ft] 404,747.60 504,119.13 152,574.79 -35,006.57 -99,692.02
My [lbf·ft] -312,403.88 -328,445.99 -27,068.41 96,277.88 99,104.72
Mz [lbf·ft] -41,170.36 -3,931.49 6,066.11 -2,078.02 -15,920.01

Table 6.27: Structural loads acting on the studied wing section at various points of the flight envelope.

6.5.5 Structural design

The next step involves designing the wing structure to support the previously evaluated loads. This structural design

phase determines the cross-sectional areas of the stringers and the thickness of the skin in the studied wing segment. The

methodology employed follows the framework taught in the Aeronautical Structures course by Professor L. Noels at the

University of Liège, Belgium [64].

The analysis begins with the idealization of stringers into discrete elements known as booms, a simplification used

to facilitate analytical stress calculations. The following assumptions are made: direct stresses are carried exclusively

by the booms, while the skin is assumed to carry only shear stresses. Additionally, the twist angle is neglected. In a

subsequent section, a finite element analysis is conducted using SIEMENS NX 22 software [60] to compare with the

analytical results.

Two design strategies are available. The first is the elastic design approach, which limits the stress based on the

0.1% proof stress divided by a safety factor s. The second is the ultimate load design method, which relies on the ultimate

stresses and applies an ultimate load factor to the applied loads.

In this study, the elastic design approach is adopted. As outlined in Section 5.6, the selected material is a carbon

fiber reinforced polymer (CFRP), specifically HexPly® M21EV/IMA. Using a safety factor of 1.5, the allowable direct

and shear stresses are calculated as shown in Equation 6.21 :
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σmax =
σyield

s
=

218
1.5

= 145.3 ksi and τmax =
τyield

s
=

13.6
1.5

= 9 ksi (6.21)

Wing section

The tapered wing is idealized into two structural cells. The first cell extends from the leading edge to the first spar, located

near the quarter-chord. The second cell spans from this spar to a second spar positioned just ahead of the control surfaces,

at y/c = 0.7. Beyond this point, no further structural cell is considered.

A total of 37 booms are distributed across the section, with a spacing of 7.8 inches between consecutive booms.

The layout of the booms within the airfoil section is illustrated in Figure 6.22.

C

z

y

Figure 6.22: Distribution of the booms along the airfoil profile.

Boom area

The initial step is to determine the coordinates of the centroid, (yC,zC), using the positions (yi,zi) of each boom in a frame

of reference at the leading edge. For simplification in manufacturing, all booms are assumed to have identical area B = Bi.

The centroid is then computed as :

yC =
∑

N
i=1 Bixi

∑
N
i=1 Bi

= 5.64 ft, zC =
∑

N
i=1 Bizi

∑
N
i=1 Bi

= 0.02 ft. (6.22)

Taking the centroid as the reference for the local coordinate system, the direct stress in each boom is computed

using :

Bσ
i
xx =

(
Izz
B My +

Iyz
B Mz

)
(zi)−

(
Iyz
B My +

Iyy
B Mz

)
(yi)(

Iyy
B

)(
Izz
B

)
−
(

Iyz
B

)2 . (6.23)

Here, Iyy/B, Izz/B, and Iyz/B represent the second moments of area per unit boom area. For each load case in the

flight envelope, the minimum required boom area Bmin is determined as :

Bmin = max
∣∣∣∣Bσ i

xx

σmax

∣∣∣∣ . (6.24)

The critical case occurs at point B of the envelope, leading to a minimum boom area of Bmin = 0.130 in2.
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Skin thickness

The skin, assumed to have a constant thickness, is designed to resist shear loads Ty, Tz, and the torsional moment Mx. The

first step is to compute the open-section shear flow q0(s) in each skin segment between adjacent booms :

q0(s) =−

(
Iyy
B T web

z − Iyz
B T web

y

)
(

Iyy
B

)(
Izz
B

)
−
(

Iyz
B

)2

[
∑

i:si≤s
zi

]
−

(
Iyy
B T web

y − Iyz
B T web

z

)
(

Iyy
B

)(
Izz
B

)
−
(

Iyz
B

)2

[
∑

i:si≤s
yi

]
. (6.25)

The web-corrected loads are :


T web

y = Ty −∑
i

Pi
y with Pi

y = B σ
i
xx

δyi

δx
,

T web
z = Tz −∑

i
Pi

z with Pi
z = B σ

i
xx

δ zi

δx
.

A closed-section correction term qI is then added for each cell. This term is obtained from the momentum equilib-

rium (Equation 6.26) and the twist rate compatibility (Equation 6.27).

yT Tz − zT Ty =
∮

C1

q0 pds+
∮

C2

q0 pds+2A1qI(0)+2A2qII(0)+
N

∑
i

σ
i
xx B

δ zi

δx
yi −

N

∑
i

σ
i
xx B

δyi

δx
zi. (6.26)

A2

(
qI(0) lcell,1 +qII(0) lspar 1,2 +

∮
C1

q0 ds
)
= A1

(
qII(0) lcell,2 +qI(0) lspar 1,2 +

∮
C2

q0 ds
)
, (6.27)

with lcell,1, lcell,2 are the perimeter of the two cells and lspar 1,2 is the lenght of the spar between cell 1 and 2. The shear

flows due to torsion in each cell, q1 and q2, are then computed by solving :


Mx = 2A1q1 +2A2q2,

0 = q1

(
lcell,1

A1
+

lspar 1,2

A2

)
−q2

(
lcell,2

A2
+

lspar 1,2

A1

)
.

(6.28)

Finally, the total shear flow is obtained by summing all contributions. The required skin thickness is then deter-

mined using the maximum shear flow and allowable shear stress :

tmin =
qmax

τmax
= 0.427 in. (6.29)

Although CFRP exhibits excellent tensile strength, its relatively low shear strength explains the substantial thick-

ness required in the design.

6.5.6 Structure Finite Element Analysis

In light of the simplifications made during the analytical part of the structural design, a useful benchmark for comparing

the results can be obtained through Finite Element Method (FEM) analysis. As said previously, the focus is on the root
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wing of the regular tapered wing as represented in Figure 6.21. The solver used for the simulation is Simcenter Samcef

from Siemens NX-22 [60].

Model

The section of the wing consists of a tapered extension of the Sc(2)-0710 airfoil, as described in Figure 5.2. It extends from

the tip of the wing to the root wing, just before the curvature of the transition wing. The wing retains the characteristics

listed in Table 5.2, notably having a span of 22.61 feet. Additionally, the twist is incorporated into the geometry, which

is not considered in the analytical study. The global configuration of the wing structure is illustrated in Figure 6.23, with

stringers in blue, spars in green, ribs in orange, and the skin in gray.

Figure 6.23: Tapered wing structural layout with stringers in blue, spars in green, ribs in orange, and the skin in gray.

The two spars are located respectively at 23 % and 70 % of the chord length, as shown in Figure 6.22. The use

of 37 stringers as well as 23 spars placed at equal pitch along the span complement the structural layout of the wing.

The structural layout of the wing is complemented by the use of 37 stringers and 23 spars placed at equal intervals along

the span. The thickness of the skin, ribs, and spars is considered uniform, set at 0.427 in, in line with the model used

in the analytical study. The stringers are all modeled by a Z-shaped bar with a cross-section area of 0.130 in2 with the

corresponding geometry given in Figure 6.24.

0.16 0.17

0.17 0.48

Figure 6.24: Cross-section of the stringer used in the FEM model, with the dimensions in inches.
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Meshing, loading and constraints

For simplicity and computational efficiency, the skin, ribs, and spars are modeled using 2D sheet elements, while the

stringers are modeled as 1D bar elements. The FEM elements chosen for the spars, ribs and skin are chosen to be triangular

elements. Although quadrilateral elements are generally recommended for accuracy, triangular elements are used here to

obtain a high-quality mesh for the complex airfoil profile and avoid stress singularity problems in the simulation. The

meshes are refined using a convergence study of the principal and shear stress to strike a balance between accuracy and

computational time.

The only constraint applied to the wing is a fixed condition at the root, supposing a perfectly rigid transition part.

The applied loads are limited to the wing’s self-weight and aerodynamic loads. The objective of the simulation is to

compare the analytical results with the simulation results. Therefore, the worst-case loading scenario from Table 6.26 is

considered.

The lift force is approximated by applying an elliptical on the front rib, as we suppose it represents the aerodynamic

centerline of the airfoil. The drag and moment are applied uniformly along the span of the front rib, here again supposed

as the aerodynamic centerline. The resulting loading and constraints layout is show in Figure 6.25, with the lift in blue,

the drag in green and the aerodynamic moment in red. The green crosses represent the clamped root rib.

Figure 6.25: Modeled load and constraints distribution on the tapered airfoil with the lift in blue, the drag in green, the
aerodynamic moment in red and the clamped root rib in green.

Results

From the result of the simulation, threes quantities have to be analyzed. The shear stress as well as the principal stress

extremes are keys to compare our model with analytical results. In Figure 6.26, the maximum displacement of the wing

is at the tip of 0.7 in. The huge rigidity performance is discussed at the end of this section.
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Figure 6.26: Displacement of the wing under extreme loading conditions.

As shown in Figure 6.27, the stringers experience the highest stresses near the root. The stringers on the extrados

are subjected to compression, while those on the intrados are in tension. This behavior is consistent with the observed

displacement, confirming the expected stress distribution.

Figure 6.27: Stringer stresses under extreme loading conditions

The maximum shear stress and principal stress along the internal structure of the tapered wing are shown in

Figure 6.29 and Figure 6.28. As expected, the maxima for both quantities are located at the root of the wing. Most of

the structure does not carry a significant load compared to the root of the wing, justifying the focus on the root in the

analytical part of the study.

Similar observations can be made regarding the skin of the fuselage, which experiences high shear stress and

principal stress near the wing root. In the simulation, the maxima for the principal stress is located at the spars and the

maxima of the shear stress is located on the skin of the wing.
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Figure 6.28: Principal stress of the wing under extreme loading conditions.

Figure 6.29: Maximum shear stress of the wing under extreme loading conditions.

The maximum values of the studied quantities are summarized in Table 6.28.

Finite Element Method Analytical Results
Maximum displacement [in] 0.7 -
Maximum shear stress [ksi] 9.2 9.1
Maximum Principal stress [ksi] 5.1 145
Maximum Direct stress in stringers [ksi] 18.4 145

Table 6.28: Results and comparison with analytical results from the FEM simulation.

In regard to the maximum shear stress, the simulation matches the theoretical results. However, a great difference

of estimations for the maximum of the principal stress and the direct stress in the booms is observed. This difference is due

to the anisotropic behavior of the chosen CFRP, because the simulation is based on isotropic properties. Thus, the most

constraining load case being the shear, the thickness of the skin (and of the spars and ribs) end up being oversize. Although

the theory predicts only the equivalent beams to sustain the direct and bending stresses, in reality the 2D elements end up

sustaining the majority of it, resulting in an overall decrease of the direct and principal stresses on the wing. This also has

an impact on the overall displacement being very low because of this over-reinforcement.
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6.6 Performance

6.6.1 Range analysis

From the Breguet range equation, a payload-range diagram is created, in order to analyze the range capabilities of LIFT.

This is done on the basis of the performance foundation described by Gudmundsson [32] which shows the relationship

between the payload and the fuel weight using propulsion and aerodynamic parameters.

The trend of the payload capacity as a function of the mission range is assessed with respect to the MTOW, cruise segment

parameters, and the fuel volume, while also ensuring adherence to the design requirement of a range of 8,000 nm. The

payload-range diagram, which illustrates the trade-off between payload and range, is shown in Figure 6.30.
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Figure 6.30: Payload-range diagram of LIFT in cruise condition.

The Figure 6.30 shows that at maximum payload of approximately 3,180 lb, LIFT is capable of a range of

approximately 8,046 nm. Furthermore, as the payload is reduced, additional fuel can be carried which extends the range

to 8,460 nm. Given how the diagram is divided into segments, it shows a good visualization of how fuel distribution

differs with the required range.

6.6.2 Takeoff performance

The takeoff performance is computed using the methodology described by Gudmundsson [32], and also implementing

adjustments for the difference in density, wind conditions, and the runway slope at each mission airports.

The methodology considers the ground-roll and airborne segments. The decisive parameter is primarily the stall

speed, which is calculated with respect to the maximum lift coefficient at the takeoff configuration where high lifting

devices are deployed [35]. This leads to a stall speed of 114.88 kt.

The takeoff performance of the aircraft is computed for the there requested missions to ensure the adherence to the

AIAA requirements and also to the FAA Part 25 requirements [41].
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For all the missions, the climb gradient in the case of One Engine Inoperative (OEI) is analyzed at takeoff safety

speed to ensure it’s adherence to the minimum of 2.4 % per FAA Part 25 regulations. The table 6.29 gives a breakdown

of the takeoff performance parameters. It also shows the robustness of the aircraft in various operating conditions, while

meeting all the required criteria.

Parameter Passenger mission Aspen mission Napa mission
Takeoff distance [ft] 4,483.13 4,865.37 5,126.77
Stall speed [kt] 114.88 125.84 131.69
Rotation speed VR [kt] 126.37 138.42 144.86
Part 25 Compliance ✓ Yes ✓ Yes ✓ Yes

Table 6.29: Takeoff performance summary of the required mission conditions.

As shown in Figure 6.31, the aircraft accelerates from rest using full engine power until it reaches the rotation

speed, VR. During the rotation phase, the pilot increases the angle of attack, allowing the aircraft to lift off the ground.

This is followed by the transition segment, where the aircraft establishes a more stable climb attitude. Finally, the aircraft

enters the obstacle climb-out phase, during which LIFT climbs at an angle of 3◦ to clear a 50 ft obstacle, in compliance

with AIAA guidelines and FAA Part 25 regulations. The complete takeoff sequence for the Passenger mission from brake

release to obstacle clearance is illustrated in Figure 6.31, and the total takeoff distance is STO = 4483.13 ft.

TO

h = 50 ft

S   = 4483.13 ft

Ground run

Climb

3°

Figure 6.31: Segments of the Passenger mission takeoff maneuver, including ground run, rotation, transition, and climb
to a 50 ft obstacle height, according to Gudmundsson [32].

6.6.3 Landing performance

The aircraft’s performance in this segment is evaluated by considering the approach speeds, touchdown conditions, brak-

ing efficiency, and runway friction characteristics. A detailed summary of the aircraft’s landing performance is presented

in Table 6.30. It is important to note that the final total landing distances for each mission are adjusted based on the

atmospheric and physical characteristics of the airports to provide a more realistic estimate. These distances respect the

mission requirements explained in Section 2.
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Parameter Passenger Aspen Napa

Approach distance [ft] 1004.05 1004.05 1004.05
Approach time [s] 5.94 4.95 4.52
Rotation distance [ft] 165.27 237.87 285.33
Rotation time [s] 1.16 1.39 1.52
Ground run distance [ft] 2089.82 2099.32 2854.80
Total Landing Distance [ft] 3093.88 3103.37 3858.86

Table 6.30: Landing performance summary of the required mission conditions.

This phase represents the reverse of the takeoff procedure, beginning from the standard 50 ft obstacle height and

ending with a complete stop on the runway. As illustrated in Figure 6.32 for the Passenger mission, the landing maneuver

is divided into distinct segments. The approach phase begins with LIFT descending toward the runway threshold at a flare

angle of 4 degrees. This is followed by the flare segment, during which the aircraft gradually reduces its vertical speed

to achieve a smooth touchdown [35]. After contact with the ground, the aircraft enters the free-roll segment, coasting

momentarily before brake application begins to bring the aircraft to a complete stop.

h = 50 ft

Approach

Braking

4°

Flare

S  = 3093.88 ft
L

Figure 6.32: Passenger mission landing maneuver profile showing the approach, flare, and braking phases from a 50 ft
height obstacle, according to Gudmundsson [32] .

6.6.4 Climb performance

The climb performance of the LIFT is analyzed over a range of altitudes and true airspeed based on the theoretical

methodology to determine the climb rate and the best climb speed rate as outlined by John D. Anderson [65] . The

aircraft’s airspeed varies throughout the flight as the power setting changes, which consequently affects its rate of climb.

However, at a specific airspeed, the rate of climb reaches its maximum [32].

The analysis of this flight segment is done by iteratively calculating the excess available thrust at flight conditions

to find the Rate of Climb (ROC). The weight used in this analysis was linearly reduced from the beginning of the climb

until it reaches the cruise altitude to model a real-life case of the evolution of the fuel burn during the flight phase.

The climb performance of the LIFT is analyzed using the rate of climb (ROC) diagram shown in Figure 6.33. The
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altitude where the maximum ROC is 100 ft/min known as the service ceiling [32] is computed to be 51,591 ft and the

absolute ceiling where the maximum ROC is 0 ft/min takes place at an altitude of 52,492 ft. The time to climb to the

cruising altitude of 41,010 ft using optimal flight configurations is approximately 13 minutes.
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Figure 6.33: Rate of climb diagram.

6.6.5 Turn performance

To analyze the maneuverability performance of LIFT at high altitude, a turn performance diagram is constructed at the

cruise altitude of 41,010.5 ft. This is done using the outlined methodology in Raymer and Anderson [35, 65], which

features the capability of the aircraft under aerodynamic and propulsion constraint. Figure 6.34 illustrates the relationship

between turn rate and true airspeed. To analyze the maneuvering capabilities, the analysis used the following constraints:

• Stall limit: It is gotten from the maximum lift coefficient at cruise (CLmax = 1.329). This shows the allowable turn

rate at each airspeed, below this limit, the aircraft cannot produce enough lift to sustain a level turn [65].

• Thrust limit: This constraint shows the point were the available thrust equals the aerodynamic drag, after this point

the aircraft cannot sustain a turning flight. Thrust lapse model which considers the mach and altitude effect is used

as given by Gudmundsson[32].

• Load Factor Curves: This curves which ranged from nz = 1.45 to nz = 3.0 in Figure 6.34, helps to show the

structural demand relating to the intensity of the turn. These curves highlight the increase in bank angles and the

structural loads experienced by the aircraft during turns.

• Constant Turn Radius Lines: These lines highlights the geometric implications of the various turning rate at different

airspeed.

• Corner Speed: This is the point of intersection between the stall limit and the thrust limit. This point shows the

maximum allowable turn rate of the aircraft without exceeding structural, aerodynamic and thrust limits [35].
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From Figure 6.34, it can be seen that LIFT achieves a maximum sustainable turn rate of 0.0915 rad/s at a cor-

ner speed of 313.8 kt. After the intersection, the available thrust isn’t sufficient to maintain a tighter turn at high load

factors. This performance analyses is crucial to check the compliance of the aircraft’s handling qualities with structural,

aerodynamic and propulsive limits and make sure they adhere to the certifying regulations.

Figure 6.34: Turn rate and corner speed diagram at cruise altitude.
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7.1 Airfoil selection of the inner wing

As the design is mainly influenced by the pitching down moment of the inner wing airfoil, it can be varied in order to

analyze the changes on the equilibrium and stability and drag. Because LIFT flies at Mach 0.9, the behavior at high

speed of the airfoil is important. Therefore, it is interesting to replace the inner wing airfoil by a supercritical airfoil,

which stands for a behavior adapted to transonic speeds. Table 7.1 compares the selected reflex NACA 45118 airfoil and

highlights the main differences between both.

NACA 45118 SC(2) 0518 Conclusion
Behavior for transonic speed Not adapted Adapted More drag
Pitching moment coefficient [-] -0.0293 -0.1849 + 15.85%
Horizontal tail area [ft2] 114.83 ft2 196.85 ft2 +71.43 %
Span of the horizontal tail [ft] 21.43 70.3 +228.04%

Table 7.1: Comparison between the reflex NACA 45118 airfoil and the SC(2) 0518 supercritical airfoil for the inner wing.

Even if the supercritical airfoil generates a lower drag, it requires incoherent tail dimensions (for a same angle of

attack), that can lead to structural problems. Having a horizontal tail of a span that represents 74% of the total span is

nonsensical. Besides, the complexity and the cost of the tail manufacturing process would be higher due to its size.

7.2 Engines selection

Once the engine type is selected, it is interesting to compare several turbofan engines in order to select the most suitable

one for the LIFT missions. The different engines that are selected to be compared are the selected Pratt & Whitney

PW1521G, CFM LEAP-1A, Rolls-Royce Pearl 15 and GE Passport 20. They are all usually used for a comparable appli-

cation to LIFT. Table 7.2 presents a comparison between them. It is important to note that the TSFC are from approximate

average values gotten from public sources, as the exact operational values are proprietary. The thrust available in Table 7.2

is the uninstalled thrust.

Engine Thrust [lbf] Bypass Ratio Average TSFC [lb/lbf/hr] Dry weight [lb]
Pratt & Whitney PW1521G 21,970 12:1 0.52 4,800
CFM LEAP-1A 24,500 11:1 0.545 6,130
Rolls-Royce Pearl 15 15,250 4.8:1 0.58 4,032
GE Passport 20 20,000 5.6:1 0.56 4,554

Table 7.2: Comparison of data between the Pratt & Whitney PW1521G, CFM LEAP-1A, Rolls-Royce Pearl 15 and GE
Passport 20 engines.

Since the CFM LEAP-1A provides the higher thrust, it will be directly compared to the Pratt & Whitney PW1521G,
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as done in Table 7.3.

Pratt & Whitney PW1521G CFM LEAP-1A Conclusion
Uninstalled thrust [lbf] 21,970 24,500 -10.33%
Bypass Ratio 12:1 11:1 Better
Average TSFC [lb/lbf/hr] 0.52 0.545 -4.59%
Dry weight [lb] 4,800 6,130 -21.7%
Fan diameter [ft] 6.58 6.5 +1.23%
Overall length (flange to flange) [ft] 9.99 10.92 -8.52%

Table 7.3: Direct comparison based on performance and geometrical parameters between the selected Pratt & Whitney
PW1521G engine and the CFM LEAP-1A.

Even if the Pratt & Whitney engine produces a lower thrust than the CFM LEAP-1A, it fulfills the mission require-

ments given by AIAA. Therefore, a higher thrust is not needed. Besides, the bypass ratio is higher for the PW1521G,

which allows to reduce the generated noise and increase the propulsive efficiency. Furthermore, the PW1521G TFSC is

lower, which is an advantage.

While the fan diameter is increased, even if it is not significant, the overall length of the PW1521G engine is lower, which

is a good point concerning the generated drag.

In terms of stability, equilibrium and performance, the dry weight of the engine is also critical. A lower engine weight

reduces the MTOW, which is better. Concerning the center of gravity position, a lighter engine is also preferred, since it

prevents shifting it rearward.

Additionally, it has a superior propulsive efficiency due to its Geared Turbo fan architecture which will tailor the thrust

needs according to the mission segments [40].

These factors collectively indicate that the PW1521G is the most appropriate engine choice for LIFT.
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The cost analysis of LIFT is critical to ensure not only the technical feasibility but also its financial viability in supporting

efficient production and operation in the ultra-premium long-range jet market. To better estimate the cost of operations and

development, the Eastlake Model was employed. This model is a modified version of the Development and Procurement

Cost of Aircraft (DAPCA-IV) model. Eastlake corrects the discrepancies by adapting better cost estimation relationships

to more accurately predict the realities of aircraft design, manufacturing, and certification, particularly for aircraft certified

under FAA Part 25.

Quantity discount factor (QDF) was included in the calculation to account for the reduced cost due to the number of

units produced [32]. The Eastlake model defines the QDF as QDF=
(
FExp

)1.4427·lnN , where FExp represents the experience

effectiveness factor that was selected as 90 %, this represents 10% cost reduction per unit for the production run which

better matches the real production cost and N is the number of units produced, this was applied to the variable production

cost for 200 units over 5 years.

8.0.1 Man-hours calculation

The development of LIFT requires a realistic and thorough estimation of man-hours, encompassing all stages from en-

gineering and tooling to manufacturing, to ensure effective resource allocation. The Eastlake model, as described by

Gudmundsson [32], was used to estimate these man-hours for a business jet certified under FAA Part 25.

The estimation is based on the airframe weight (4030.73 lb), cruise speed (517 kt), and a production rate of 5 units

per month. The following equations were applied to compute the man-hour requirements for engineering, tooling, and

manufacturing.

HENGR = 4.86 ·W 0.777
airframe ·V 0.894

H ·N0.163 ·FCERT1 ·FCF1 ·FCOMP1 ·FPRESS1. (8.1)

As shown in Equation 8.1, the engineering man-hours are a function of airframe weight, velocity, and several correction

factors.

HTOOL = 5.99 ·W 0.777
airframe ·V 0.696

H ·N0.263 ·FCERT2 ·FTAPER2 ·FCF2 ·FCOMP2 ·FPRESS2. (8.2)

Tooling man-hours, calculated using Equation 8.2, depend on similar parameters, with additional factors account-

ing for wing taper and other structural complexities.

HMFG = 7.37 ·W 0.82
airframe ·V 0.484

H ·N0.641 ·FCERT3 ·FCF3 ·FCOMP3. (8.3)

Equation 8.3 provides the estimate for manufacturing man-hours, incorporating airframe weight, design speed,

production quantity, and relevant correction factors.
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The resulting man-hours for a production run of 100 units are summarized in Table 8.1.

Variable Value[hr]
Number of engineering man-hours 31,948,441.14
Number of tooling man-hours 18,099,093.82
Number of manufacturing man-hours 50,074,766.64

Table 8.1: Engineering, tooling, and manufacturing man-hours for 100 produced units.

8.0.2 Fixed cost

The fixed cost for LIFT, which includes engineering, development support, and flight test operations, was calculated

using the Esatlake cost model to ensure consistency and reliability. These costs are independent of production volume and

serve as a baseline for the research, development, test, and evaluation (RDT&E) budget. The following equations were

used in the analysis:

CENGR = HENGR ·RENGR ·CPI2012. (8.4)

Equation 8.4 estimates the engineering cost, where RENGR = 127.92$ represents the labor rate, which includes

various costs such as overhead, benefits, and other related expenses. The Consumer Price Index (CPI) is set to 1.38 for

some costs, reflecting adjustments based on historical data. For costs where up-to-date rates are available, the CPI is

considered as 1.

CTOOL = HTOOL ·RTOOL ·CPI. (8.5)

Equation 8.5 calculates the tooling cost, where RTOOL = 84.82$ is the applicable tooling labor rate.

CDEV = 95.24 ·W 0.63
airframe ·V 1.3

H ·CPI2012 ·FCERT5 ·FCF5 ·FCOMP5 ·FPRESS5. (8.6)

Equation 8.6 calculates the cost of development support based on aircraft weight, design speed, and several correc-

tion factors. Lastly, Equation 8.7 determines the cost of flight test operations, where NP = 3 is the number of prototypes.

CFT = 2606.51 ·W 0.325
airframe ·V 0.822

H ·N1.21
P ·CPI ·FCERT6, (8.7)

The total fixed cost for a five-year production run of 300 units is summarized in Table 8.2.

Variable Cost per unit [$]
Total cost of engineering 13,622,815.30
Total cost of tooling 5,117,217.13
Total cost of development support 2,147,188.20
Total cost of flight test operations 370,537.45
Total fixed cost 21,257,758

Table 8.2: Total fixed cost for 300 produced units.
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8.0.3 Variable cost

Unlike fixed costs, variable costs fluctuate based on production volume and are directly proportional to the number of units

produced. These costs include manufacturing labor, materials, quality control, and vendor-supplied components. The total

variable cost per unit is calculated by summing these expenses and dividing by the total number of units expected to be

produced [32].

Variable Cost per unit [$]
Manufacturing labor 11,562,029.94
Materials & Equipments 10,864,002.66
Quality control 3,459,937.46
Avionics 1,180,221
Landing gear 1,967,036
Propulsion 7,359,673
Manufacturer’s liability insurance 750,000
Total variable cost 37,142,900

Table 8.3: Variable cost breakdown per unit for 300 produced units.

Table 8.3 presents the detailed breakdown of variable costs per unit. These values are based on a production run of

300 units and reflect the direct expenses incurred for each aircraft produced.

8.0.4 Sensitivity of production quantity on minimum selling price

This section examines how the minimum selling price (MSP) varies with the number of units produced. Following the

Eastlake model described by Gudmundsson [32], the MSP is calculated by dividing the total fixed (nonrecurring) cost by

the number of units produced and adding the unit variable cost. The formula is expressed as:

Minimum selling price =
Cfixed

N
+Cvariable, (8.8)

where Cfixed = $5.47 billion is the total nonrecurring cost, and Cvariable = $37.14 million is the variable cost per aircraft,

as detailed in Section 8.3.

Figure 8.1 illustrates the relationship between the MSP and the number of units produced. As expected, the MSP

decreases with increased production due to economies of scale. However, beyond approximately 500 units, the reduction

in MSP begins to plateau, indicating diminishing returns in cost reduction.
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Figure 8.1: Minimum selling price as a function of units produced, based on the Gudmundsson [32] cost model.

8.1 Annual and operational cost

This section provides a comprehensive breakdown of the annual and operational costs associated with operating the LIFT

aircraft. These figures are important for establishing a realistic and competitive cost of ownership, helping prospective

customers understand the recurring expenses necessary to maintain airworthiness and flight readiness.

The estimates are based on the EASTLAKE Direct Operating Cost (DOC) model, which focuses on costs directly

affecting flight operations. Table 8.4 presents the annual costs, including crew salaries, maintenance, insurance, fuel,

training, and other essential items.
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Variable Cost [$]
Pilot 175,000
Co-pilot 120,000
Flight attendant 100,000
Benefits 118,500
Hangar 25,000
Maintenance cost 96,000
Insurance hull 700,000
Single limit liability 50,500
Inspection cost 12,000
Overhaul cost 750,000
Aircraft modernization 25,000
Weather service 3,000
Recurrent training 30,000
Refurbishing 70,000
Navigation chart service 7,000
Landing & handling fees 8,000
Fuel cost (2.1$ pergallon) 210,000
Computer program 20,000
Total cost 2,520,000
Cost per flight Hour 5,040

Table 8.4: Annual operational cost breakdown for LIFT.

8.1.1 Break-even analysis

Using the Eastlake cost model, the minimum selling price—incorporating Research, Development, Test, and Evaluation

(RDT&E) expenses is estimated at approximately $54.6 million. This figure reflects the complexity and advanced capa-

bilities expected of an ultra-premium, long-range business jet. Additionally, the annual operational cost is estimated at

$2.52 million, corresponding to a Direct Operating Cost (DOC) of approximately $4 per nautical mile.

To ensure profitability, a break-even analysis was performed assuming a total production of 300 units over a 5-year

period. A profit margin of 20% was added to the minimum selling price, yielding a unit sales price of approximately $66.5

million. Based on this estimate, the break-even point is reached after the production of 187 units, which is expected to

occur within the third year of production. This positions LIFT as a competitive solution in the ultra-premium long-range

market, while ensuring compliance with FAA Part 25 certification requirements.

To further evaluate economic robustness, a parametric break-even analysis was conducted using three different

selling prices: $60.9 million (10% below the base price), $66.5 million (base case), and $72.0 million (10% above the

base price). These variations represent conservative, baseline, and optimistic pricing strategies, respectively. Using the

fixed and variable costs defined in Section 8.0.4, total revenue was calculated for each case, and the corresponding break-

even points were identified—i.e., the production quantity at which cumulative revenue equals total incurred cost [32]. The

results are illustrated in Figure 8.2.

73



CHAPTER 8. COST ANALYSIS

0 50 100 150 200 250 300
Number of units produced [-]

0

5000

10000

15000

20000

C
os

t/
re

ve
nu

e
[$

M
]

187 units to break-even

230 units to break-even

157 units to break-even

Total cost (fixed + variable)
Fixed cost
Revenue (price = 66,461,123 $)
Revenue (price = 60,922,696 $)
Revenue (price = 71,999,550 $)

Figure 8.2: Break-even analysis at different unit prices.

Figure 8.2 demonstrates that the fixed (nonrecurring) cost remains unchanged across scenarios. The varying slopes

of the revenue lines are driven by the unit selling prices, which directly affect how quickly the break-even point is reached.

A higher selling price accelerates break-even, while a lower price delays it. This highlights the critical balance between

pricing strategy and financial risk, emphasizing how relatively small adjustments in unit price can substantially impact the

economic viability of the aircraft program.

8.1.2 Life cycle cost analysis

According to Gudmundsson [32], the Life Cycle Cost (LCC) represents the total cost associated with an aircraft from its

development to its retirement. To assess the long-term economic feasibility of LIFT, the LCC methodology proposed by

Gudmundsson is applied. This approach accounts not only for acquisition costs but also includes annual fixed operational

costs and variable costs that scale with flight hours. The objective is to evaluate whether LIFT remains cost-effective over

its operational lifespan compared to similar aircraft in the business jet category.

The LCC can be expressed as:

LCC = Ppurchase +NperiodsC
op
fixed +Nflight hoursCvar

op , (8.9)

where Ppurchase is the aircraft purchase price, Nperiods is the service duration, Cop
fixed is the annual fixed operational cost,

Nflight hours is the annual flight time, and Cvar
op is the variable cost per flight hour.

Based on earlier findings, the purchase price of LIFT is $66,461,123. The aircraft is expected to remain in service

for 30 years, with an annual fixed operational cost of $2,520,000. It is projected to fly approximately 500 hours per year,

and the variable operational cost is estimated at $5,040 per flight hour. With this, the total life cycle cost of the aircraft is

approximately $217.66 million. To contextualize this LCC, it is compared with Dassalut Falcon 10X in Chapter 9.
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8.2 Life cycle emission assessment

In recent years, the aviation industry has placed increasing emphasis on reducing its carbon footprint and overall environ-

mental impact. The Blended Wing Body (BWB) configuration offers a promising approach by enhancing aerodynamic

efficiency and improving fuel economy compared to conventional tube-and-wing aircraft designs. This Life Cycle As-

sessment (LCA) evaluates the environmental impacts of the aircraft from a cradle-to-grave perspective, encompassing all

phases from raw material extraction and manufacturing, through operational use and maintenance, to eventual end-of-

life disposal or recycling. By considering the full life cycle, the LCA provides a comprehensive understanding of the

sustainability performance of the BWB design.

8.2.1 Methodology

The analysis assumes a full operational lifetime of 30 years, with 500 flight hours annually at a target cruise speed of

517 knots. This corresponds to an anticipated total operational distance of approximately 7.75 million nautical miles,

servicing 8 passengers.

The Attributional LCA approach [66] is employed to estimate the average environmental impact over the aircraft’s

lifespan, using established emission factors. The phases included in the assessment are: raw material extraction and

processing, manufacturing, operations, maintenance, and end-of-life disposal and recycling.

The emission factors utilized in this analysis are sourced from the Ecoinvent database, a comprehensive and widely

recognized life cycle inventory resource. Additionally, a Radiative Forcing Index (RFI) of 2 is applied to account for non-

CO2 effects associated with high-altitude emissions during cruise conditions [67].

The results of the Life Cycle Assessment (LCA) are summarized in Table 8.5. As observed, the operational phase

dominates the overall emissions, primarily due to fuel combustion during flight. Despite the improved aerodynamic and

fuel efficiency of the Blended Wing Body configuration compared to traditional tube-and-wing aircraft, fuel consumption

remains the largest contributor to the aircraft’s environmental impact. This underlines the importance of further optimizing

the operational phase and exploring the integration of low-emission propulsion technologies, such as hydrogen-based

systems or Sustainable Aviation Fuel (SAF).

The total life cycle emissions is calculated to be approximately 190 million lb CO2-eq, resulting in an emissions in-

tensity of 1.103 lb CO2-eq per passenger-kilometer. Although this value is relatively high compared to larger commercial

aircraft, it reflects the limited passenger capacity of this ultra-premium business jet.

End-of-life considerations is also included in the assessment. A recycling credit is applied based on the assumption

that 80% of the airframe mass is recyclable, while only 20% of the composite material can be effectively recovered through

pyrolysis or mechanical processing. This credit, reflected as a negative emission value, contributes to a modest reduction

in total environmental impact.
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Phase Emissions [lb CO2-eq]
Raw Material Extraction and Processing 1,342,128
Manufacturing 541,613
Operation (with RFI) 188,198,065
Maintenance 541,613
End-of-Life Disposal and Recycling -563,177

Total 190,060,242
Emissions per Passenger-kilometer 1.10315

Table 8.5: Life cycle emissions breakdown of LIFT in lb CO2-equivalent.
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Once the complete design is described and analyzed, LIFT is compared on the same quantities that are described

in Section 4.2.1. The goal of this comparison is to evaluate the competitiveness of LIFT on the ultra premium long range

business jets market. Table 9.1 presents a comparison between LIFT and the Dassault Falcon 10X, which is currently one

of the newest aircraft in this segment.

Quantity to compare Value for LIFT Value for Dassault Falcon 10X Conclusion
Unit price [$] 66,461,123 75,000,000 -11.39%
DOC [$/nm] 4 4 Same
Max passengers 8 19 -11
Cruise Mach [-] 0.9 0.925 -2.7%
Wingspan [ft] 94.98 110 -13.64%
Max cabin height [ft] 8.1 6.67 +21.44%
Cabin width [ft] 29.17 9.1 +220.55%
Range [nm] 8,000 7500 +6.67%
Takeoff distance [ft] 4,483.1 5930 -24.4%
Landing distance [ft] 3,093.88 2470 +25.26%

Table 9.1: Comparison between LIFT and Dassault Falcon 10X. Green values indicate superior LIFT characteristics,
while red values indicate advantages of the Falcon 10X.

From Table 9.1, it can be concluded that LIFT could have a rightful place in the ultra premium long range business

jet market. Although it accommodates fewer passengers (8 vs. 19), it offers a superior passenger experience with an

850.35 ft2 spacious, home-like cabin featuring a high ceiling. The minimum cabin height is 5.58 ft, allowing for a fully

habitable interior. While the landing distance is longer for LIFT, it still complies with the requirements set by AIAA.

With a projected selling price of approximately $66.5 million and a DOC of $4 per nautical mile, LIFT is compet-

itively positioned. The break-even point at 187 units over 3 years demonstrates its financial viability.

Additionally, life cycle costs (LCC) of both aircraft are compared in Table 9.2. The LCC analysis for LIFT is

detailed in Section 8.1.2.

Aircraft Estimated LCC

Dassault Falcon 10X $185–195 million
LIFT $217.66 million

Table 9.2: Estimated life cycle cost comparison between Falcon 10X and LIFT.

Table 9.2 shows that LIFT has a higher LCC, mainly due to the innovative BWB configuration which entails

increased maintenance and infrastructure costs. Being relatively early-stage technology, it also benefits from limited

support networks. However, the BWB’s superior aerodynamic efficiency and enhanced cabin comfort justify this premium

positioning.
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Another useful comparison is between range and Maximum Takeoff Weight (MTOW). As illustrated in Figure 9.1,

LIFT exhibits a competitive maximum range of approximately 8,000 nm while maintaining a relatively low MTOW of

105,500 lb. This highlights the efficiency of design choices made during configuration selection and conceptual design

stages.
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Figure 9.1: MTOW as a function of range for LIFT, Dassault Falcon 10X, Gulfstream G700, and Bombardier Global
7500.

Finally, LIFT is equipped with the latest Pratt & Whitney engines, further strengthening its market position by

leveraging state-of-the-art propulsion technology. This supports its potential to meet and possibly exceed current market

expectations.
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LIFT project embodies a bold step forward in business aviation, pushing the boundaries of aerodynamic efficiency,

operational versatility, and onboard luxury. Developed in response to the 2024–2025 AIAA Graduate Team Aircraft

Design Competition, this blended wing body configuration sets a new benchmark in its category. This report outlines the

design methodology, based on a combination of numerical tools and empirical methods, such as DARTFlo, Siemens NX,

and DATCOM method.

Powered by its Pratt & Whitney PW1521G turbofan engines, LIFT achieves a cruise Mach number of 0.9 and

range of 8,000 nm, making it an optimal solution for long-range business travel. Additionally, with its wingspan of 94.98

ft, its takeoff distance of 4,483.1 ft and landing distance of 3,093.88 ft, LIFT can operate from a wide range of airports,

including short and high-altitude runways, offering a level of flexibility that many other business jets cannot ensure.

With its CL of 0.45 and its 0.0265 CD, LIFT has a L/D of 16.95, which reduces significantly its environmental

impact, while having a higher lift to drag ratio than the business jets currently available on the market. Furthermore,

the use of high-performance composite materials increases the mechanical performance, while leading to a MTOW of

105,682 lbs.

LIFT configuration not only meets aerodynamic and structural objectives, but also redefines the standard of on-

board comfort. The innovative cabin layout, designed to carry up to 8 passengers, allows a home-like interior of 850.35 ft2,

aiming to set a new benchmark in luxury and comfort within the business jet market. Passengers benefit from a 161.61 ft2

meeting room, that allows the customers to plan meetings together. Thanks to its queen-size bed, the bedroom, which

measures 59.25 ft2, provides exceptional comfort and rest during long-haul missions.

From the economic aspect point of view, LIFT is highly competitive, with an estimated selling price of $66,461,123,

and operating costs within market expectations. Moreover, the environmental aspect is considered with the analysis of the

global life cycle and the compatibility with sustainable aviation fuels.

In summary, LIFT is not just a concept, it is a vision of the future of business aviation, where speed, sustainability,

comfort, and versatility converge. This report lays a solid foundation for further development, including high-fidelity CFD

and FEM validations, and the potential realization of a scaled demonstrator. As the aviation industry continues to evolve,

LIFT stands as a clear contender to redefine what a next-generation business jet can and should be.
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