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Abstract: This paper discusses the conceptual design of an intercity electrical vertical take-off-and-
landing aircraft. A literature survey of existing eVTOL aircrafts, configuration selection, initial sizing,
weight estimation, modelling and analysis was conducted. The present intercity eVTOL aircraft has
the capability to carry four passengers along with one pilot for a distance of 500 km. Two specific
aircraft modes, such as air-taxi and air-cargo mode, are considered in the present design. Market
entry is predicted before 2031. Subsequently, innovative technologies are incorporated into the design.
The present design features an aerodynamically shaped fuselage, tapered wing and a V-tail design.
It can carry a nominal payload of 500 kg to a maximum range of 500 km at a cruise speed of Mach
0.168. The present eVTOL is comprised of a 5 m-long fuselage and an 11 m wingspan. It utilizes
six tilt-rotor propeller engines. The maximum take-off weight and empty weight are 1755 kg and
1255 kg, respectively. The unit price is expected to be between USD 14.83 and 17.36 million. This
aircraft has an aesthetically pleasing, intelligent and feasible design.

Keywords: eVTOL; urban air mobility; air taxi

1. Introduction

The evolution of the aeronautical industry in the coming decades comes with unique
challenges. A new class of aircraft will be needed as there is an increasing demand for
intercity air travel. Electrically powered vertical take-off-and-landing aircrafts (eVTOL) are
quite essential to avoid delays due to traffic congestion, ensure environmentally friendly
operations and operate with the least possible ground support infrastructure. eVTOLs are
best suited for intercity air travel since they have reduced noise during operations, fewer
maintenance requirements, are more economical, are easily controllable and have feasible
autonomy options. The main challenge is providing the assurance of aircraft’s safety as the
eVTOL is supposed to have a flight profile through residential areas. An aircraft’s safety
can be improved by an in-depth understanding of the design concept followed by testing.
A conceptual design is the first step in designing an eVTOL, followed by a preliminary and
detailed design. Thus, a conceptual design of an eVTOL has been proposed in this paper.

The paper is structured as follows: A thorough literature study has been conducted
in Section 2. The layout, including configuration selection, is presented in Section 3. The
mission profile and design methodology are discussed in Section 4. The wing, fuselage,
tail, powerplant, landing gear and control surface sizing are discussed in Sections 5 and 6.
Section 7 contains the constraint and sensitivity analysis. Section 8 presents the CG estimation.
Aerodynamic and structural analyses are discussed in Sections 9 and 10. Sections 11 and 12
present performance and stability calculations. Section 13 discusses the cost estimation and
technological forecast of batteries and Section 14 discusses the relevance.
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2. Literature Study

In the last few years, a steady increase in studies related to eVTOLSs has been observed.
However, the majority of the designs have to be iterated to futuristic technologies and
relevant to intercity transportation. Kraenzler et al. [1] studied the conceptual design
of an eVTOL for urban mobility transport. They discussed three possible concepts for
eVTOL such as multicopter, lift and cruise and tilt-wing. They concluded that the tilt-wing
configuration is highly efficient for long-range missions in comparison to lift and cruise and
multirotor concepts. Jiangiao et al. [2] investigated an eVTOL for intercity transportation.
They focused on having a range less than 200 miles, 10 passengers and 1000 kg payload.
This study yielded a high-level depiction of the trade-off between the range and payload.
They concluded that they need to increase the motor specifications and battery sizing to
suit the payloads and mission requirements even though it affects the cost of the mission.
The Mistral air taxi is a four-seater eVTOL aircraft designed by a team named ‘The Huggy’s
Birds’ for the AIAA competition [3]. This report provides basic insights into the design
methodology and analysis process for an eVTOL aircraft. The report discusses how to
design different components of aircrafts and analyse their performance.

Razvan and Blaj [4] examined the design of a tilt-wing UAV for emergency missions.
The paper highlights the advantages of using a tilt-wing over other VTOL configurations.
The tilt-wing offers more lifting power in hover as the slipstream hits the wing on its
smallest dimension. Alessandro and Enrico [5] conducted research on the comparison of
different eVTOL configurations based on five main parameters: disk loading, total hover
time, cruise speed, range and flight time. Lift and cruise and tilt-wing configurations have
a higher range and cruise speed compared to multirotor configurations. Multirotor config-
urations have a better hover time than all of the other configurations. They have concluded
that the chosen configuration depends mainly upon the mission profile. Charles et al. [6]
described that the tilt-wing has many advantages compared to other configurations such
as higher cruise speed, range, altitude capability, fewer vibrations and high comfort.

Anubhav Datta [7], from the University of Maryland in 2018, investigated the tech-
nology status of an eVTOL aircraft. He provided information about various parameters
involved to design an eVTOL based on their performances. Lithium-based batteries are
mostly used in eVTOL aircrafts since it has high specific energy, longer lifetime and their
prices remain fair in comparison with other types of batteries. He also explored the utiliza-
tion of hydrogen fuel cells as a renewable and clean energy source. Hydrogen gas can save
four to five times of energy in comparison to current batteries; however, high-powered
fuel stacks are heavy. Ajoy Kumar Kundu [8] also described the sizing of an electrical
battery-powered aircraft. It included formulae for finding the range of an electric aircraft
using battery energy density. Saeed Farokhi [9] states that lithium—ion batteries have higher
voltage, higher power quality and quicker rechargeability than other existing batteries.
Therefore, most electric aircrafts use these batteries for various purposes.

Apart from these, some other eVTOL design patents were studied. Ira F. Kuhn Jr
patented [10] a hybrid eVTOL tilt-rotor aircraft that was designed to accomplish a hover-
out-of-ground effect. The aircraft can achieve a hover-out-of-ground effect for four minutes
while using the power of at least one electric motor and carrying at least 1000 pounds. The
electric energy store (battery, fuel cells, etc.) can be configured to deliver up to 400 Wh/kg
of specific energy density. He also stated that the electric motors can carry a fail-over
operation where a first motor can assist a second motor’s rotor while the second motor is
out of service. This is called one propulsion motor inoperative.

Roger N. Pham [11] patented a high-performance VTOL in which he claimed the
advantages of a tilt-rotor VTOL when compared to other conventional fixed-wing aircraft
and helicopters. He stated that the tilt-rotor VTOL is much safer, more economical, has
a higher speed and range in comparison to an aircraft. Tilt-rotor VTOLs can be used
to expand the vast number of frequent fliers in general aviation and can decrease the
inconveniences of commercial air travel, traffic congestion and significant delays. The high
speed and high manoeuvrability of the tilt-rotor VTOL can be used for military applications
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and other missions such as coast guard, border patrol, drug interdiction duties as well as
search and rescue.

Akshat et al. [12] proposed a baseline procedure of the conceptual design of an eV-
TOL aircraft for urban air mobility. They highlighted the importance of the disk loading
parameter as it is used to estimate the hover lift efficiency. eVTOLs having larger disc areas
contribute to higher hover efficiency, whereas smaller tilt-rotor system eVTOLSs provide
more speed and less hover efficiency. Alessandro and Enrico [13] highlighted the key
aspects which need to be considered while performing the conceptual design of an eVTOL.
They pointed out the factors that affect the range of an eVTOL, which include lift-to-drag
ratio, propulsive efficiency, battery energy density and battery-mass-to-total-mass ratio.
They also concluded that the disk actuator area is directly proportional to the total mass,
directly proportional to the cube of the thrust-to-weight ratio and inversely proportional
to the square of the battery specific power and to the square of the battery-mass-to-total-
mass ratio.

Giuseppe et al. [14] presented a new conceptual design methodology for the tilt-wing
type eVTOL known as ‘TiltOne’. Two tilt-wing configurations, known as “single mission”
and “multi mission”, were considered. A single-mission approach would reduce noise
and ease manufacturability and ground operations, whereas a multiple-mission approach
would boost the operational and technical capabilities of the eVTOL. Bacchini et al. [15]
studied the impact of the lift propeller drag on the performance of the lift and cruise eVTOL
aircraft. They concluded that by retracting the lift propellers inside the fuselage, there was
a 13% increase in range, 21% increase in flight speed and 38% reduction in drag.

Study of Similar Aircrafts

Every machine in the world can be improved further and, in order to do so, a primary
understanding of it is necessary. Hence, in order to understand the current scenario of
the VTOL and eVTOL industry, various existing models of eVTOLs were studied and all
basic key parameters were discussed for designing the present eVTOL. By considering the
requirements of an intercity eVTOL aircraft, it was narrowed down to the tilt-rotor type
eVTOLSs shown in Table 1. Table 1 lists the specifications of various parameters such as
cruise speed, maximum speed, range, payload weight, powerplant type, number of crew
members and the propulsion configuration of various existing eVTOLs with the assumed
intercity mission requirements [16].

Table 1. A list of similar and relevant eVTOLs identified.

Cruise Maximum Range Payload
Aircraft Speed Speed (knio’) Weight Power Plant Crew Propulsion
(km/h) (km/h) (kg)
Vimana AAV 244 280 900 400 200 KW Batteries 4 8 propellers
Vertical 4 propellers for VTOL
AerospaceVA-X4 - 241 161 450 Batteries 4+1 and all 8 prgpellers
for cruise
Rolls Royce - 402 804 - 500 KW Batteries 5 6 propellers
Overair Butterfly 240 322 161 - Batteries 4+1 4 propellers
. . 4 propellers for VTOL
Hyundai S-Al 290 - 97 - 7high dgnsny 4+1 and all 8 propellers
batteries .
for cruise
Required 200 250 500 500 Green 4+1
3. Layout

3.1. Initial Design and Discussion

Upon numerous conceptual iterations and analysing multiple design models in Open-
VSP software (Open-source software developed by NASA, Washington, DC, USA) [17], the
present design was finalized.
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3.2. Overview of the Present Design

The present design is a tilt-rotor electric VTOL aircraft with a tapered fixed wing.
Six main tilt-rotors are mounted—four on wings and two at the end of the V-tail with
the ability to take-off, hover and thrust during cruise and landing. The fuselage is an
aerodynamic design inspired from an existing design. The empennage section consists of a
V-tail configuration. The landing gear is a retractable tricycle type configuration.

3.3. Configuration Selection

Four major VTOL configurations surfaced in the literature survey: multirotor, lift and
cruise, tilt-wing and tilt-rotor. Based on the comparative study conducted initially, it was
narrowed down to tilt-wing or tilt-rotor as they are appropriate for the range of 500 km [1].
A tilt-rotor configuration consists of a wing which is very stable and efficient in cruise but
causes drag during take-off and landing. Tilt-wing, on the other hand, is very efficient in
take-off, hovering and landing [4]. Furthermore, tilt-wing configuration requires actuators
to be placed inside the fuselage at the root of the wing. This creates high stress on the
fuselage and, hence, a fixed wing with tilt-rotors was chosen.

3.4. Wing Planform

There are many types of wing planforms, viz., elliptical, rectangular, sweptback,
tapered, etc. Tapered wings are used to decrease the formation of wingtip vortices and,
hence, decrease the drag and downwash. However, a higher taper adversely affects the
structural integrity of the wing at the tip. Hence, a nominal taper ratio of 0.35 was chosen.

3.5. Fuselage

The fuselage is one of the most wetted surfaces of any aircraft. Hence, it becomes of
utmost importance to have an aerodynamically efficient fuselage. The present fuselage
design was inspired by Bartini Flying Car [18,19]. The fuselage will also incorporate
the mechanism to switch from air-taxi to air-cargo mode and vice versa according to the
mission requirements.

3.6. Landing Gear

A major section of the mission profile is cruise. Hence, having non-retractable landing
gear will contribute to the drag drastically. Tail dragger landing gear requires the aircraft to
be kept at an incident angle; hence, retractable tricycle landing gear was chosen to ensure
maximum comfort to the passengers when at rest [20]. The landing gear after retraction
will be stored in the belly of the aircraft.

3.7. Aerodynamic Control Surfaces

Ailerons—the upward movement of the right aileron produces a decreased lift on the
right wing. Conversely, the downward deflection of the left aileron produces growth in
lift on the left wing. This differential lift results in an eVTOL aircraft rolling to the right.
The same applies for rolling to the left, but the wing deflection is vice versa to the former
case [21].

A Ruddervator-A V-Tail design has two slanted tail surfaces unlike a conventional em-
pennage. The two attached tail surfaces perform as both horizontal and vertical stabilisers
and each has a ruddervator. The ruddervators have the capability of performing both as a
rudder and an elevator. For the elevator, when the stick is pulled back, both ‘ruddervators’
deflect upwards much like a conventional elevator. When pushing the stick forward, the
ruddervators both deflect downwards to result in a pitch-down movement. When the
ruddervators move in opposite directions, the result is pure yaw. Motions in between these
two create a combination of pitch and yaw effects. Since the pitch and yaw controls are not
dependent on each other, a mechanical device called a “mixer” combines their inputs into a
proper action for the ruddervator [22].
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Figure 1 shows a three-dimensional V-tail modelled in OpenVSP with NACA 0010
as the airfoil [23]. The parameter selection and weight estimation were performed. The
reason for opting for V-tail configuration over conventional horizontal tail was that it can
perform actions of both the horizontal and vertical stabilizers. By combining the two into
one component, the wetted surface area decreases, which means the weight decreases
and the drag eventually decreases. This decrease in drag increases the cruise speed of the
eVTOL aircraft. The other reason was that the average chord length is longer for V-tail than
for a conventional tail, which results in less friction drag. Conventional tails have three
surface—fuselage joints while V-tail has only two, so interference drag as well as structural
stress is minimum. Furthermore, the placement of propellers over the V-tail avoids the
downwash of the front Furthermore. The overall control power needed for a combined
elevator—-rudder input is less than compared to a conventional tail, since a high deflection
can be obtained for a small elevator-rudder control input in the V-tail configuration [24].

Figure 1. V-tail 3D model (modelled in OpenVSP with NACA 0010 as the airfoil).

3.8. Propulsion

The tilt-rotors are mounted to a nacelle which is placed at the leading edge of the
wings and the nacelles or shafts can be rotated according to the needs of the eVTOL. The
tilt-rotor design has the vertical take-off and landing ability of a helicopter and the speed
and range of a fixed-wing aircraft. For vertical flight, the plane of rotation of the rotors is
angled to a horizontal position. As the aircraft attains speed, the rotors are tilted forward,
with the plane of rotation eventually becoming vertical. In this mode, the rotors deliver
thrust and the wing provides lift via the forward motion of the entire aircraft [25].

Open propellers are chosen over the ducted fans for the following reasons:

1. Since the number of propellers in our design is six (four mounted on the wing and
two on V-tail), the required thrust is obtained by increasing the diameter of the
blades of the propellers. If we opt for larger diameter blades, we have to increase
the area of the duct. This increases the wetted surface area which in turn increases
the drag. Furthermore, the interaction of duct vortices might reduce the efficiency of
the rear propellers. The construction of the duct and its support structure increases
manufacturing costs and also increases the total gross weight of the eVTOL aircraft.

2. Ina ducted fan, the manufacturing tolerances are essential; the tighter it is, the more
efficient the fan is. However, as it becomes tighter, the fans are susceptible to hitting
the duct due to the flexing of blades. The pitch control and RPM control become
difficult to implement due to the ducts.
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3. Inthe event of a crosswind on a ducted fan, it results in a sudden pitching moment
due to the lip of the duct and the asymmetric inflow to the rotor makes the aircraft
lose control and stability [26].

The three-view design of the present eVTOL aircraft which was modelled in OpenVSP
is shown in Figure 2. Figure 3 shows an isometric view of the present eVTOL design.

3.23m—+

———
i . Centre of gravity (x.y.z) (2.089,0,0.11) m
i l Neutral point 2.7m
1 5.93m

[

T T 1.5m ’/ly
| i
| &
I ! ‘Wing span 1I'm
Wing twist -2 deg
Nose gear height 093 m
| Main gear height 1.5m
== | — Tail moment arm 2.56m

Wing area 17 sq.m

1 d
0.93m
¥

Figure 2. Three-view design of the present eVTOL aircraft.

Figure 3. Isometric view of present eVTOL aircraft.

4. Mission Profile and Preliminary Sizing Calculations
The objective is to design an eVTOL aircraft considering intercity transportation. The
following mission requirements are considered for intercity travel:
1.  Range: 500 km;
2. Crew: one pilot (90 kg with baggage);
3. Payload capacity: 500 kg;
4. Air-taxi mode: Four (04) Passenger and 0.5 m? cargo hold;
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Air-cargo mode: 1.5 m3 cargo hold by removing passenger seats;
Cruise and maximum speed: 200 and 250 km/h TAS;
Powerplant: green propulsion using non-fossil fuel;

Operational constraint: take-off and land from building rooftop;
Enroute constraint: maintain separation of >600 m;

10. Entry to market: before 1 January 2031.

XN a

The building rooftop helipad dimensions are taken, as quoted in the FAA in the
Transport Heliports section [27]. As per the FAA, “The TLOF should be a square or rectangular
surface whose minimum length and width should be 1.0 times the rotor diameter (RD) of the design
helicopter but not less than 50 feet (15.2 m)" .

4.1. Mission Profile Planning

The mission profile of the present aircraft can be best described in Figure 4. The
minimum height of the building to take-off was assumed to be 60 m, so a climb distance
of 80 m will clear all medium-sized buildings. For tall buildings, a flight profile can be
decided depending on each situation. At 2 km, pressurization is not required, hence why it
was chosen.

Cruise (200 to 250 kmph)
n. "N A
]
Climb i
- ! Descent
B S .
Takeoff i i
i I 2000 m
Hover v |
20m | -
| | Landing
G >
¥ | o . A
MEAN SEA LEVEL

Figure 4. Mission profile.

There are seven phases in the mission profile of the present eVIOL aircraft. The
altitude climbed, the distance covered and the velocity required in each phase of the
mission profile are tabulated in Table 2.

Table 2. Mission phase parameters.

Mission Phase Altitude Horizontal Velocity Vertical Velocity Distance
Hover climb mean sea level to 80 m - 2m/s -
Transition and climb 80 m to 400 m 1.2 vgan 2m/s to 1.2 Vg 0to120 m
Accelerated climb (y = 14°) 400 m to 2000 m 1.2 Vo to 56 m/s 8m/s 120 m to 1720 m
Cruise 2000 m 56 to 69 m/s - 1720 m to 498.2 km
Decelerated descent 2000 m to 400 m 56 m/s to 1.2 vy 2m/s 498.2 km to 499.9 km
Transition and descent 400 m to 80 m 1.2 Vgian 2m/s 499.9 km to 500 km
Hover descent 80 m to mean sea level - 1m/s -

4.2. Initial Sizing, Methodology and Payload-Range Diagram

To understand various sizing methodologies, several pieces of literature were stud-
ied [28]. Upon which, the methodology was decided and the initial sizing of the subsystems
was calculated. Table 3 shows the weight estimation of various subsystems.
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Table 3. Weight split up.

Components Weight (kg)
Fuselage 240
Wing 160
V-Tail 26
Landing gear 50
Battery 513
Payload 500
Motors 120
Flight Controls 26
Rotors 20
Pilot/crew 90
Other empty weight 10
Total 1755

4.2.1. Methodology for Sizing

The iteration methodology involved in the sizing process of the present eVTOL air-
craft is shown in Figure 5. The iteration process was carried out in the estimation of
weights/sizing of the wing, fuselage, horizontal tail, flight controls and landing gear.
Equations (1)—(6) were taken from [28].

>

Payload

%

Battery mass

/ ! \
/ Each mission leg \

Trim, shaft power

.

\ Empty weight /

Payload

Mass

converged

\
| Sizing parameters |

(AR, WL, DL, Radius, :
I tip speed, ...) ’l

one

iteration
‘, _______________ -\
1 Trozen assumptions |
K : (Empirical data, 1
e i 1
1 efficiencies, ...) 1
R -

Figure 5. Iteration methodology flowchart.

4.2.2. Tteration Process in the Estimation of the Weight of the Wing

Initially, the weight estimation of the wing was made with the help of the relationship
between the weight of the wing, aspect ratio and trapezoidal wing area. Mathematically, it

is defined as

Wwing =0.036 Sw0.758 wa0.0035 q0.006 }\0.04

)
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where Wwing is the weight of the wing, Sy, is the trapezoidal wing area, Wy, is the weight
of fuel in the wing, q is dynamic pressure at cruise and A is the taper ratio.

The process was iterated for various values of taper ratio to find the most effective
condition. After successive iterations, it was concluded that this method of estimation
of the weight of the wing depends on density which is a highly varying parameter [29].
Hence, the weight estimation was made using the relationship between weight loading
factor and coefficient of lift, as the details of the airfoil were known.

4.2.3. Iteration Process in the Estimation of the Weight of the Fuselage

Similar to that of the wing, the dimensions and weight of the fuselage were estimated
using the relationship between the weight of the fuselage, the wetted area of the fuselage
and the L/D ratio. Equation (2) was used to estimate the weight of the fuselage.

quselage = (0052 Sf1'086 Lt_0'051 q0'241) + Wpress (2)

where Wiyselage is the weight of the fuselage, St is fuselage-wetted area, Ly is tail length (wing
quarter MAC to tail quarter MAC) and Wpyess is weight penalty due to pressurization. On
estimation, the weight of the fuselage was found to be impractical for the given dimensions;
hence, it was calculated using the simplified version of the same equation. Furthermore,
the same was analysed using the OpenVSP tool and the desired result was obtained.

4.2.4. Tteration Process in the Estimation of the Weight of V-Tail and Flight Controls

The sizing of the V-tail and flight controls was calculated using the relationship
between the weight of the V-tail and the design gross weight, and the iterative values were
the dimensions of the fuselage (the V-tail was analysed with the horizontal tail statistical
equation because a V-tail is loaded for trim and manoeuvres, much like a horizontal tail).

Whorizontal tail = 0.016 q0'168 Sht0'8% }\h_o'02 (3)

Wiiight controls = 0.053 L12% B, 0571 “

where Sy is a horizontal tail area, A, is taper ratio of the horizontal tail, L is fuselage
structural length, B, is wingspan. Equations (3) and (4) were helpful in determining the
desired weight of the V-tail and the flight controls.

4.2.5. Iteration Process in the Estimation of the Weight of the Landing Gear

The weight of the landing gear was completely dependent on the weight of the main
landing gear and nose landing gear. Both depend on the value of landing design gross
weight, which was the initial iterative value. The equations used to estimate the weight of
the landing gears were taken from [28].

4.2.6. Payload Range Diagram

The battery weight for the fully loaded aircraft was calculated using the total energy
available. The total energy available (741 M]) was calculated by adding the energy required
for each mission phase. The payload-range diagram (Figure 6) illustrates the range variation
with decreasing number of passengers in the aircraft. This diagram is applicable for the
range of a standard mission.

4.3. Key Design Challenges

The lack of operational electric vertical take-off and landing aircraft posed a design
challenge. To solve this problem, it was assumed that the present eVTOL comes under the
normal category of general aviation aircraft for the initial sizing of the aircraft.

One of the key design challenges was finding a suitable powerplant for the present
eVTOL. After ruling out hydrogen fuel cells for their storage difficulties and lithium—cobalt
batteries due to their low energy density, lithium—-sulphur batteries were chosen. Using a
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battery as the powerplant means that most of the weight of the aircraft is confiscated by the
battery. This was solved by taking the highest energy density possible for a lithium-sulphur
battery, i.e., 600 Wh/kg.

600
500 @
400
Fy
< 300
-]
(5]
S
= 200
=9
100
0
0 100 200 300 400 500 600 700 800
Range (km)

Figure 6. Payload versus range diagram.

Another design challenge was selecting a suitable number of propellers considering
redundancy, reliability, weight and thrust. After the trade-off study, it was decided that
six propellers—four on the wing and two on the tail—would be used. With propeller
placement on the wing, ensuring the safety of the passengers during boarding is a difficult
task. The propellers were placed as far away from the fuselage as possible to ensure safety
and reduce noise during flight. This could not be done for the propellers on the V-tail.
Hence, sufficient distance was given between the plane of the V-tail propellers and the
passenger cabin. This is to ensure that a stray broken blade does not damage the passenger
cabin in the event of an accident.

The wing placement on the fuselage was another major design challenge. The structure
of the wing is supported by the wing box in the fuselage. Low- and mid-wing configurations
were ruled out to provide clearance for the propellers. Selecting a suitable angle of incidence
for the eVTOL that is suitable for all flight phases, such as climb, cruise and descent, was
difficult. It was decided that an angle of 5.25 degrees will be used since it has the maximum
lift-to-drag ratio and the angle of attack required for the cruise is within 5.25 degrees.

Designing the transition from vertical take-off to climb and then climb to cruise was
also a challenge. This is due to the fact that during transition from vertical take-off to climb,
the eVTOL must produce enough lift for rotors to transition from a vertical position to
an angle of 45 degrees required for the climb. Therefore, it was assumed that the wing
produced 75% of the required lift during the transition. This is one of the reasons why the
angle of incidence was set high, so that there was no significant change in deck angle. This
may reduce the discomfort experienced by the passengers during the transition. It was also
found that the transition requires complex flight control software.

5. Airfoil and Wing Planform Selection

In the present design, the wing carries most of the load during most parts of the mis-
sion. The wing is initially designed using empirical formulas [28]. The three-dimensional
tapered wing model is shown in Figure 7. To design the wing, the following assumptions
were made:
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e The present eVTOL aircraft is taken to be flying at 2 km altitude in International
Standard Atmosphere. The cruise speed is taken as 200 km/h.

e An aspect ratio of 8 was selected to reduce the span as much as possible. This will
reduce the wing bending load due to placing the rotors on the wing. This will also
enable the eVTOL to land on helipads.

Figure 7. 3D wing model.

5.1. Airfoil Selection

The airfoil selected was NACA 64(3)-618 airfoil [30]. Thick airfoils were selected to
enable battery storage in the wings. Furthermore, the NACA 6 series airfoils have a high
lift-to-drag ratio and a high maximum coefficient of lift for a given angle of attack. Hence,
NACA 64(3)-618 airfoil has Clnax at AOA 16 degrees.

5.2. Estimation of Wing Parameters
5.2.1. Angle of Incidence

The maximum aerodynamic efficiency occurs at 6 degrees angle of attack, after which
stall occurs. Hence, an incident angle of 5.25 degrees was chosen to be well within the
limit and get enough lift, especially during the climb. For stability, the tail must be able to
produce counteracting moments during gusty wind conditions. Therefore, the tail angle
of incidence is taken less than the wing angle of incidence. The stall characteristics occur
when the angle of attack reaches & = 12 — 5.25 = 6.75 degrees because the limit of the drag
bucket of the NACA 64(3)-618 occurs at o« = 12 degrees [31].

5.2.2. Twist Angle

The tip of the wing tends to stall before the root which decreases the efficiency of the
ailerons due to lack of flow over them. To counter this, a mechanical twist of —2 degrees
was chosen.

5.2.3. Three-Dimensional Lift Coefficient

The lift slope of the airfoil was calculated to be 0.1. The Oswald Span Efficiency
factor (e) was calculated as 0.8903 by using Equation (5). By using Equation (6), the three-
dimensional lift slope (a) was calculated to be 0.0796. From this, the three-dimensional lift
coefficient was calculated as 0.418 for an angle of incidence of 5.25 degrees. This is close
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to the design lift coefficient required for the cruise. The lift coefficient near stall angle of
attack (i.e., max lift coefficient) was calculated as 0.796.

e
e = (5)
2— AR+ \/{4 + AR? (1 + tan? Atmax) }

ag
a=—"— 5 (6)
1+ (57.3—£&R)
where AR is the aspect ratio, Aimax is the wing sweep at the maximum thickness and ay is
airfoil lift slope.

5.2.4. Taper Ratio

Wing tip vortices decrease with the decrease in tip chord length; hence, a high taper
ratio decreases vortices dramatically. However, it also decreases the structural integrity of
the wing. Hence, a well-balanced taper ratio of 0.35 was chosen for a minimum induced
drag from [32].

Figure 8 exhibits a schematic diagram of the wing.

2294.63

11986.96 |
79952 [ |
Figure 8. Wing schematic sketch made in Fusion 360.
Table 4 specifies the dimensions of the wing.
Table 4. Wing parameters.
Property Dimensions
Span 11m
Surface 17 m?
Mean chord 1.55m
Aspect ratio 8
Taper 0.35
Chord at root 23m
Chord at tip 0.8 m
Twist —2°
Angle of incidence 5.25°
0

Sweep at quarter chord
Mass

200 kg
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6. Geometric Sizing
6.1. Fuselage

The fuselage is the foremost important section of the aircraft. The width of the fuselage
was decided by using the number of seats in a row, seat width and aisle width. The follow-
ing were assumed according to the values for typical first-class seat measurements,

e  Seatwidth, 0.5 m;
e  Aisle width, 0.5 m;
e  Fuselage length, 6 m.

These were used to arrive at a fuselage width of 1.5 m. The fuselage cross-section was
taken to be circular with an outermost diameter of 1.5 m. Fuselage fineness ratio of three
was used to have minimum induced drag and a fuselage length of 5 m was reached [33].

The shape of the fuselage was selected with the aim of increasing the pilot’s visibility
of the immediate surroundings and the landing zone during near-rooftop missions. An
upsweep of 15 degrees was designed in the rear of the fuselage for ease of cargo loading
and smooth flow to decrease the pressure drag.

Prior to the calculation of the weight of the fuselage, it was modelled in OpenVSP. The
parasitic drag feature was used to find the fuselage-wetted area. The fuselage-wetted area
was used to find out the weight of the fuselage using the empirical formula for general
aviation aircraft given in [28]. This finally led to a weight of 300 kg. Since aluminium skin
was the assumed material in [28] and considering the material for the present design as
composite, an average weight reduction of 20% was achieved [34]. This led to a final value
of 240 kg.

The present eVTOL aircraft has a car-like interior design with a single pilot seat in
the front and two rows of two seats for four people behind it. The luggage can be stored
inside the compartment behind the passenger seats. Figure 9 portrays the internal layout
of the fuselage.

Figure 9. Fuselage internal layout of the present design.

The material for the interior components were meticulously selected considering
thermal and acoustic insulation of the cabin. Other parameters such as durability, fire and
static resistance and maximum cleanability were also considered. Proper care was taken to
not increase the weight of the aircraft. The material chosen for the interior components is
shown in Table 5.

Table 5. Materials used for the interior components.

Facing Core Adhesive Finishing

Phenolic resin Honeycomb-aramid fibre Epoxy Polyvinyl Chloride (PVC)
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The fuselage was modelled in both SolidWorks and OpenVSP. Figure 10 shows the
fuselage modelled in SolidWorks which was used for pressure analysis.

Figure 10. Fuselage 3D model.

6.2. Tail Sizing and Configuration Selection

The airfoil used for the V-tail is the NACA 0010 airfoil. Horizontal tail volume ratio
and aspect ratio were taken as 0.7 and 3 from the historical data for general aviation aircraft.
Equations (7)—(9) used for calculations were taken from [28]. The distance between the
wing’s mean geometric chord and quarter chord of the horizontal tail (IyT) is given by
Equation (7).

Tail moment arm gy = / {(2 VAT Sref Cref) /(] | (R1 + R2))) @)

The area of the horizontal tail (SyT) was calculated using Equation (8),
SHT = (VHT Sref Cref)/IHT )

The span of the horizontal tail (byT) was calculated using Equation (9),
bur =/ {ARur Sur} )

where Vyr is horizontal tail volume ratio, S,f is wing reference area, c,ef is wing mean
aerodynamic chord, ARy is aspect ratio of horizontal tail, R; and R; are tail cone radius at
the beginning and end, respectively. Since the tail is a V-tail, the values of Syt and Sy are
chosen equal. The dihedral angle of the tail was selected as 45 degrees. The tail parameters
are mentioned in Table 6.

Table 6. Tail parameters.

Tail Parameters Dimensions
Span 4439 m
Taper ratio 0.7
Aspect ratio 3
Average chord 148 m
Dihedral angle 45 degrees

6.3. Powerplant Selection and Sizing

The electric engines preferred for this aircraft comprise of two main parts: the electric
motor and the tilt-rotor. The maximum power required (function of the rotation speed
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and torque needed) to produce the required thrust was significant in engine selection [35].
Table 7 shows the calculation for thrust required.

Table 7. Thrust required calculation.

Velocity (v) Coefficient of Coefficient of Lift-to-Drag Thrust Required
m/s Lift (Cy) Drag (Cp) Ratio (L/D) (TR) N
70 0.634 0.047 13.6 1226.25

Performance criteria and propeller requirements to produce the required thrust were
the deciding factors in motor choice. The working parameters such as RPM, power, torque,
and other secondary parameters such as extended lifespan, less maintenance and high
efficiency were considered. Amongst the several existing types of DC motors, brushless DC
motors (BLDC) were the most appropriate for the design objectives. Motor performance
parameters were mentioned in Table 8 [36].

Table 8. Motor performance parameters.

Type Motor Total Mass (kg)  Maximum Speed (RPM) Torque (N-m)
BLDC MP154120 20 9600 85.38

6.4. Propeller Selection

The propeller for the design was chosen based on power required. The following
specifications of the selected propeller were taken from [37]:

Number of blades in one engine = 3;

Blade diameter = 1.50 m;

Propeller collective pitch = 5°;

Hub diameter = 0.40 m;

Root twist = 32°; Airfoil used: NACA 64-935;
Tip twist = 8°; Airfoil used: NACA 64-212.

6.5. Landing Gear Sizing

For the aptest landing gear configuration, the tricycle configuration was selected.
The two main wheels are located behind the CG point to withstand the main load. Tricycle
landing gear helps keep the aircraft well balanced and uninclined when at rest. This helps
in easy ground manoeuvres during taxiing and provides better visibility to the pilot.
Furthermore, it is not a discomfort to the passengers. The retractable landing gear is
suitable for this eVTOL aircraft. It has advantages such as drag reduction when it is
retracted into the fuselage and an increase in overall velocity, which also provides an
enhanced aircraft performance when compared to the fixed landing gear configuration.
Furthermore, wheeled gears have better shock-absorbing properties to assure a comfortable
travel experience for passengers. Hence, oleo-pneumatic trailing-link shock absorbers with
high efficiency and energy dissipation were used to connect the wheels of the landing
gear. The distance between the main and nose landing gear and the distance between the
two main wheels were selected to deliver a stable (longitudinal and lateral) position for
the aircraft when at rest. The wheelbase distance for nose landing gear is 1 m from the
front fuselage and two main landing gears are placed at 2.5 m from the nose landing gear.
The distance between the two main wheels is 1 m. The tire size is considered by using
the maximum static load (during vertical landing) and the essential inflat