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Abstract: This paper presents the development of a robust sizing method to efficiently estimate and
compare key performance parameters in the conceptual design stage for the two main classes of
fully electric vertical take-off and landing (eVTOL) aircraft, the powered lift and wingless aircraft
types. The paper investigates hybrids of classical root-finding methods: the bisection, fixed-point
and Newton-Rapson methods for use in eVTOL aircraft sizing. The improved convergence efficiency
of the hybrid methods is at least 70% faster than the standard methods. This improved efficiency
is significant for complex sizing problems. The developed sizing method is used to investigate the
comparative performance of the wingless and powered lift eVTOL aircraft types for varying mission
lengths. For a generic air taxi mission with a payload of 400 kg, the powered lift type demonstrates
its mass efficiency when sized for missions above 10 km in range. However, the simpler architecture
of the wingless eVTOL aircraft type makes it preferable for missions below 10 km in range when
considering energy efficiency. The results of the sizing study were compared against a selection of
eVTOL aircraft data. The results showed a good agreement between the estimated aircraft mass using
the proposed sizing method and published eVTOL aircraft data.

Keywords: eVTOL sizing; conceptual aircraft design; powered lift; wingless; urban air mobility

1. Introduction

The aviation industry is witnessing a disruption in propulsion and energy storage
technologies [1,2]. Electric vertical take-off and landing (eVTOL) aircraft appear to be at the
forefront of implementing these disruptive technologies [2—4]. By the fourth quarter of 2022,
over 500 eVTOL concepts, prototypes, and production vehicles have been unveiled [5].
The European Union Aviation Safety Agency (EASA), through its “Special Condition for
Small-Category Vertical Take-Off and Landing Aircraft”, has specified that an essential
requirement for these aircraft is the vertical take-off and landing capability [6]. These aircraft
would also possess fully electric or hybrid-powered propulsion and energy storage systems
and be typically designed to carry under ten passengers with a maximum take-off mass
below 3175 kg [6]. A significant proportion of these aircraft designs would provide urban
air mobility (UAM) solutions [1,7]. There are also numerous designs for personal aerial
vehicles (PAV) [8]. Aircraft for both use cases are within the sphere of advanced air mobility
(AAM) vehicles. Designing aircraft for these AAM missions could be considered the next
frontier in aviation. This belief has been bolstered by improved battery technologies [9],
advancements in distributed electric propulsion (DEP) technologies [10], and regulatory
receptiveness [6,11].

The infancy of the technologies employed in eVTOL aircraft concepts, the multi-mode
capabilities of these aircraft, and the commercial sensitivity in obtaining aircraft perfor-
mance data make a typical data-driven conceptual design process for these aircraft rather
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challenging. Historically, the conceptual design of conventional aircraft followed defined
syntheses set out in established texts. Roskam [12-14], Torenbeek [15], Gudmundsson [16],
and Raymer [17] provide in-depth literature on the conceptual aircraft design methods for
fixed-wing aircraft with accommodations for some experimental aircraft and general home-
built aircraft. The literature on conventional rotorcraft design is also widely established,
however, somewhat less prevalent than its fixed-wing counterparts.

Nonetheless, Newman [18], Seddon [19], Johnson [20], Prouty [21], and Leishman [22]
provide an in-depth look into the governing principles in rotorcraft aerodynamics and
performance. In addition, case studies on rotorcraft sizing and, in some cases, the treatments
of VTOL aircraft design are covered. The design synthesis covered in the fixed-wing aircraft
design literature relies heavily on existing aircraft data from established manufacturers.
This approach would be ideal for eVTOL aircraft conceptual design in the future after
there is widespread adoption of these aircraft and the availability of comprehensive aircraft
performance data from in-service operations. Nevertheless, applying these conventional
aircraft mass estimation methods has proven beneficial to the eVTOL aircraft initial sizing.
The mass estimates produced from this approach are conservative because most traditional
mass estimation models are derived from data on aircraft that employ mostly conventional
aerospace alloys in their airframes. eVTOL aircraft, on the other hand, are expected to
employ advanced composite materials for most or all of their structural components to
keep their empty mass at a minimum.

In line with the rapid development of eVTOL aircraft, research into the conceptual
design of eVTOL aircraft has grown recently. There are now several proposed approaches
to the conceptual design of fully- and hybrid-electric eVTOL aircraft [23-38]. This is
due to the interest in the field, a wide variety of design approaches, and the early-stage
development and adoption of these aircraft. Sizing methods, which are methods for
estimating an aircraft’s mass, layout, geometry, and power requirements to meet mission
requirements, have been well-established for conventional fixed-wing aircraft. However,
these conventional methods are insufficient for eVTOL aircraft sizing for two main reasons:
(1) the distributed electric propulsion systems (DEP) and energy storage technologies used
in these aircraft, and (2) the vertical take-off and landing capability of these aircraft [6].
Sizing methods for conventional aircraft are based on liquid fossil fuels, whose mass reduces
in flight. Batteries, on the other hand, do not share this trait. Therefore, using batteries
as the energy source for eVTOL aircraft is becoming widespread [5]. A sizing method
proposed for eVTOL aircraft is expected to account for this peculiarity. As the halfway
point between fully-electric and conventional fuel-based aircraft, hybrid-electric aircraft
utilise hydrogen fuel cells to generate electric power for the propulsion units [31]. This
allows the partial implementation of conventional sizing methods based on fuel fractions
due to decreasing aircraft mass during a mission. This is evident in studies focused on the
conceptual and preliminary design of hybrid-electric VTOL aircraft [31,35-37,39,40].

Although the literature on the initial sizing of fully-electric or fully-electric eVTOL
aircraft has grown recently, it is not as established as that of hybrid-electric aircraft. This
may be attributed to the lower range performance of the fully-electric designs compared
to their hybrid-electric counterparts. Hybrid-electric aircraft remain the practical option
for electric aircraft designed for relatively long-range missions due to the impracticality of
fully-electric aircraft designs. However, this has begun to change for aircraft designed for
UAM applications at the end of 2021 because of the significant improvements in battery
energy densities [41]. The average energy densities for lithium-ion cells were around
250 Wh/kg [9]. Even other battery chemistries, such as lithium—-sulphur (Li-S) batteries,
show a promising battery density of up to 560 Wh/kg in laboratory conditions [42]. Notable
studies on fully-electric eVTOL aircraft sizing include Hepperle [10], Bacchini and Ces-
tino [34,38], and Kadhiresan and Duffy [43]. These studies have developed electric aircraft
battery sizing models, eVTOL performance models, and data-driven eVTOL propulsion
sizing models. Other studies propose a general sizing methodology that could be applied
to fully- and hybrid-electric eVTOL aircraft [23,26,28,43,44].
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On the other hand, some sizing studies for eVTOL aircraft have focused on one
eVTOL type, wingless [38,44] or powered lift [29,30,45]. In addition, studies focused on
the preliminary design stage and optimisation of aircraft parameters [28,43,46] present
a comprehensive preliminary design process for fully-electric eVTOL aircraft. However,
this preliminary design process may not be the first step for the eVTOL aircraft designer
seeking to conduct an initial sizing study using only top-level aircraft requirements, part
of the conceptual design process. Finally, some sizing methods have been developed for
specific use cases, such as medical emergency services [39], while other studies focus on
sizing methodologies for uncrewed aerial vehicles (UAV) [37].

The sizing studies presented so far have significantly improved the body of knowledge
in eVTOL aircraft conceptual design. However, as eVTOL aircraft technologies evolve,
questions remain about the eVTOL aircraft conceptual design process and its applicability
to UAM operations, specifically, the question on improving the robustness and efficiency
of the initial sizing methods to allow rapid comparative studies between different eVTOL
aircraft types for given mission requirements. These questions are investigated in this paper.

2. eVTOL Aircraft Configurations

It is essential to understand the distinctions between the different types of eVTOL
aircraft and how their unique attributes influence the aircraft sizing process. EASA, via
its Special Condition for small-category VTOL aircraft (SC-VTOL) [6], has outlined two
distinct characteristics common to eVTOL aircraft. These are the vertical take-off and
landing (VTOL) capability and a distributed electric propulsion system [6]. The latter
allows for less complex applications of propulsion systems for the “vertical lift” and
“forward thrust” mode compared to jet engines and their complex thrust vectoring schemes
employed by conventional VTOL aircraft. Subsequently, these propulsion units will be
referred to as “lift/thrust units” (LTUs), in line with the SC-VTOL nomenclature [6]. EASA
also indicates that the VTOL capability of these eVTOL aircraft sufficiently differentiates
them from conventional aeroplanes. Likewise, distributed electric propulsion (more than
two LTUs) also adequately differentiates eVTOL aircraft from conventional rotorcraft [6,33].

In Figure 1, an illustrated breakdown of eVTOL aircraft types is presented to help
the reader visually discern the propulsion configurations of the different eVTOL types.
Wingless eVTOL aircraft rely solely on the thrust from their LTUs for both vertical lift and
forward flight. Multicopters, as the name suggests, possess multiple LTUs, which can only
provide vertical lift, while PAVs are single-seat multicopter eVTOLs where the operator
sits or stands to ride the aircraft. All eVTOL aircraft types can take off and land vertically,
thus requiring no need for a runway. However, only powered lift aircraft possess wings.
This allows them to cruise at similar speeds to conventional fixed-wing aircraft and at
significantly higher altitudes than wingless eVTOL aircraft such as multicopters (Figure 2g),
hoverbikes (Figure 2h), and electric rotorcraft (Figure 2i). The additional capability of the
powered lift aircraft naturally presents opportunities to carry out extended-range missions
more efficiently than the wingless type. This allows the aircraft designer the flexibility to
exceed the capabilities of the wingless type in terms of cruise speed, payload, and range.
This will be explored in the later sections of this paper.
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Figure 1. Classification of eVTOL aircraft by their primary propulsion configurations.

However, the powered lift aircraft type’s advantages come at a cost. Powered lift
aircraft are significantly more complex to design. This is mainly due to two factors:

e  The inclusion of a wing and its associated systems for aerodynamic lift during the
cruise stage;

o  Theadditional LTUs required for the forward mode and, in some cases, their associated
vectoring systems.

The independent thrust eVTOL type entails a separate propulsion for forward thrust
during the cruise phase, while the LTUs for vertical lift remain inactive. Likewise, only
the LTUs for vertical flight are used during vertical flight, while the forward flight LTUs
remain inactive. A reduction in complexity and the overall design cost is another advantage
of this eVTOL type. The LTUs in this configuration are considered “deadweight” when
inactive, directly contributing to increased drag and overall aircraft mass. eVTOL aircraft
designers mitigate the drag issue by locking propellers parallel to the slipstream during
the cruise phase. This can be observed in the Eve Air Mobility eVTOL [47] and the Beta
Technologies Alia eVTOL (Figure 2e). At the same time, other designs feature stowing the
unused vertical lift LTUs in aerodynamic pods or nacelles during cruise [48]. However,
even incorporating this feature would add to the overall design complexity.

The vectored thrust types appear to have the most complexity, mainly due to the
systems required for vectoring the thrust between the vertical and forward regimes. This
problem is not new, as it has been an issue since the development of conventional VTOL
aircraft in the 1960s [49]. As a result, many approaches for thrust vectoring that have
been developed over time are now being adapted to eVTOL aircraft designs. Tilt-fa and
tilt-prop designs rotate only the LTUs, in this case, lift fans (Figure 2b) [50] or propellers
(Figure 2a) [51], to activate the vertical lift or forward thrust modes. These are the most
common implementation for vectored thrust eVTOL aircraft. Another implementation is the
tilt-wing, which rotates the wing and the attached LTUs. The challenge for this type comes
in maintaining stability during the transition between the vertical and forward modes [27].
This limitation suggests why fewer concepts are based on this approach, with the Airbus
(Acubed) Vahana concept being an example (Figure 2c). A few designs rotate the aircraft’s
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entire body or structural frame to activate the vertical or forward modes. These are called
tilt-body or tail-sitters—a reference to the aircraft’s orientation after landing. Examples of
this type are the Neoptera eOpter concept [52] and the Opener Blackfly (Figure 2d) [53].
Regardless of vectoring approach, all vectored thrust designs would still require additional
systems to control and actuate the vectoring along with appropriate redundancies due to
the criticality of these systems, all of which add to the aircraft’s empty mass.

(i)

Figure 2. Select eVTOL aircraft with highlighted propulsion configurations: (a) Joby Aviation eV-
TOL [51], Powered Lift, Vectored Thrust (Tilt Prop); (b) Lilium Jet [50], Powered Lift, Vectored Thrust
(Tilt Fan); (c) Airbus (Acubed) Vahana [54], Powered Lift, Vectored Thrust, (Tilt Wing); (d) Opener
Blackfly [53], Powered Lift, Vectored Thrust, (Tilt Body); (e) Beta Technologies Alia [55], Powered
Lift, Independent Thrust, (Lift + Cruise); (f) Vertical Aerospace VX-4 [56], Powered Lift, Combined
Thrust, (Tilt Prop); (g) Volocopter VoloCity [57], Wingless, Multicopter; (h) Hoversurf Scorpion 3 [58],
Wingless, Hoverbike; and (i) Aviation Artur Trendak T6 [59], Wingless, Electric Rotorcraft.

Finally, the combined thrust type design incorporates thrust vectoring for some propul-
sion units while the remaining units are fixed for the vertical mode. The advantage of this
type is that it lessens the deadweight problem seen in the independent thrust type because
all the propulsion units are used during the vertical mode while the unused propulsion
units are “parked” during the forward mode. The number of vectored propulsion units is
sized to the power required in the forward mode. Then, additional propulsion units are
added to satisfy the power requirements in the vertical mode. However, the combined type
still brings its additional mass and complexity. The same complications of the vectored
thrust can be seen in this type but to a lower degree—only thrust-vectoring LTUs will
contribute to this. On the other hand, the deadweight issue seen in the independent thrust
remains minor, as only the additional vertical lift LTUs will contribute to this issue. An
example of this design is the Vertical Aerospace VX4 eVTOL aircraft (Figure 2f) [56].
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This section has described the added complexity of the powered lift type despite its
apparent efficiencies in longer-range missions. It informs the next section, which develops
a comprehensive aircraft mass model for both the powered lift and wingless type used in
the sizing process.

3. eVTOL Aircraft Mass Modelling

This section focuses on determining the total empty mass of the aircraft for a specified
payload. The total mass (1) for an electric aircraft can be described as the sum of its empty
mass and the payload mass:

m = Mempty + Mpayload @

The empty mass is composed of the energy system mass (1), airframe mass (1,), and
propulsion system mass (11):

Mempty = My + Mg + My 5
— my + (mw g gy g + mlg) + (Mot + Mprop) @)

Structures common to both eVTOL aircraft types, powered lift and wingless, include
the fuselage (my) and landing gear (m,,). Some eVTOL aircraft also use landing skids.
However, the landing gear model will be applied to both cases for this study. The wing
(my), horizontal (m, j,), and vertical (m; ;) tail structures are included for the powered lift
aircraft only. The propulsion system mass is comprised of the motor system (11,,0¢) and
propeller (11,y,,) masses.

Developing an efficient sizing method for eVTOL aircraft requires comprehensive
mass estimates of the aircraft’s constituent parts. The mass estimation method aims to
produce, as accurately as practical, mass breakdowns for a sized aircraft, with sufficient
detail for the conceptual design phase. This allows the aircraft designer to quickly identify
critical characteristics of the initial aircraft design and further investigate and modify the
initial requirements.

3.1. Configuration-Dependent Power Model

Power requirements for a given mission are determined by evaluating the aircraft’s
physics during each mission phase. For example, the vertical flight mode covers the vertical
climb, vertical descent, and hover flight phases (Figure 3).

Powered Lift Wingless
—_— e >
Cruise
o e i Bl
| |
: Climb Descent{
| |
| |
| |
e | Cruise | Reserve Energy
s ! Altitude | =3
Transition Transition
Takeoff Landing
Hover Hover
Range

Figure 3. A representative mission profile for the powered lift and wingless eVTOL aircraft types.

During this mode, it is assumed that both the wingless and powered lift eVTOL
types are governed by the same physics. Assuming equivalent systems and performance
capabilities for the powered lift and wingless eVTOL aircraft, it can be observed that
during the vertical mode, the significant difference between the two lies in the presence
of a wing on the powered lift eVTOL type. Typical vertical climb rates for helicopters and
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VTOL aircraft are around 500 feet per minute or 2.5 m/s [21]. These vertical speeds are
significantly low (Mach < 0.01), and because of this, there is a negligible drag effect due
to the presence of the wing in the powered lift eVTOL aircraft during the vertical climb
or descent. Therefore, in the conceptual design stage, both the powered lift and wingless
types can be modelled similarly for hover flight. However, in forward flight (which occurs
in the climb, cruise, and descent phases), flight mechanics differ between the two types.
Therefore, the powered lift type is treated as a fixed-winged aircraft, and the corresponding
fixed-wing power models are applied, albeit with adaptations for a battery energy source.
At the same time, the wingless eVTOL type is modelled as rotorcraft in forward flight.
The power required in the vertical mode is modelled with the assumption that the
flow through the rotor disk area (A) is one-dimensional, quasi-steady, incompressible, and
inviscid [18,22]. This is the actuator disk theory. For a rotorcraft in a hover state, its weight
(W) is assumed to be equal to the thrust generated by the rotor disk (T). The ideal power
required to hover (Py, ;) is obtained from the product of the rotor thrust and the induced

velocity (v;) and given as:
T3 /2

\/20A

where p is the freestream air density. The term “ideal” indicates that the thrust is generated
with an aerodynamic efficiency of 100%. This is true for the assumption of an inviscid flow.
However, for realistic estimations of hovering power, a figure of merit (FM) is introduced
to account for losses due to the profile drag acting on the rotor blades. The typical values
of FM for rotorcraft, applied to eVTOL aircraft, are between 0.5 and 0.8 [22]. The addition
of the FM produces the actual power required to hover (P,,). This is given as:

Pypi = To; =

®)

_ P hv,i _ T3/2
FM ~ FM,/2pA

The power required for vertical flight is determined from a ratio of the hover power
and the power induced by the relative vertical velocity (V;) that the aircraft encounters.
This is called the power ratio [22]. The power ratio for the climb can be expressed as:

Pcb Vo Vo 2 .
— = \/ 1, lid for th V, >0 5
B~ 2o + <2 vhv) + valid for the case V;, /vy, > 5)

when the ratio V;, /vy, > 0, then the aircraft is in the climb phase and V,;, = V. On the
other hand, when the ratio V,, /v, < 0, then the aircraft is in descent mode and V;; = V.
However, the actuator disk theory struggles to accurately model the descent mode for a
range of vertical velocity ratios between —2 < V;, /vy, < 0 [22]. When the vertical velocity
ratio falls within this range for a given descent velocity, the hover power equation is used
instead of the descent power. This is given as Pys ~ Py, which is a sufficient approximation
for that case. The descent power for the remaining domain of vertical velocity ratios is
covered with:

Ph'u (4)

Pas _ Vo (Vv

2
= -1, lid for th v <=2 6
B~ 20 5 Uhv) valid for the case V, /vy, < (6)

The implication is that when determining the power required for the descent, the
aircraft designer must first calculate the vertical velocity ratio to determine which of the
necessary equations to use. The descent power is assumed to be equivalent to the hover
power for low descent speeds. However, for higher descent speeds, the descent power
is estimated as shown in Equation (6) because the power required to sustain the aircraft
at these speeds is now significantly lower than that of hover, is non-negligible, and can
be modelled by the actuator disk theory. Equations (4)—(6) complete the power models
required for vertical flight.
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During cruise, the power required to sustain the wingless eVTOL aircraft type in
forward flight (P, 1) can be expressed as:

Py wi = T(Versina + v;) ()

where V,, is the cruise velocity. The angle of attack («) is defined as a function of the
aircraft’s total drag (D) and its thrust (T), where & = tan='(D/T) [22,60]. On the other
hand, the power required to cruise for the powered lift aircraft type (P pr) is given as:

1
HNprop

Pcr,PL = DV (8)

where 17,10y is the efficiency of the propulsion system. The total drag for the wingless
aircraft includes the parasitic rotor drag and the airframe drag, for both the powered lift
and wingless eVTOL aircraft. The drag coefficient of the airframe (cp) is estimated as:

CZ

€D = oy + nA%{e ©)

where the first term on the right-hand side is the zero-lift drag coefficient or parasitic drag
(cp,) and the second term estimates the total induced velocity of all lifting surfaces present.
The induced drag is a function of the lift coefficient of the lifting surface (cy), its aspect
ratio (AR), and its Oswald’s efficiency factor (e). The drag force on the airframe can then be
defined as:

D= 1ov28ep = Lov28( ep + ci (10)
2PYerotD = PV Do T 7ARe
When determining the cruise power for both eVTOL aircraft types, the drag force
experienced by the aircraft largely determines the power required. The induced drag can
be estimated both analytically and computationally via CFD analysis. Methods to estimate
the parasitic drag are presented in [12,16,17]. For this study, however, NASA’s OpenVSP
tool was used to estimate the parasitic drag for both aircraft [61,62]. In UAM missions, it is
anticipated that eVTOL aircraft will maintain a nominal cruising altitude of approximately
300 m [7]. Since wind speeds typically decrease in an order of magnitude closer to the
ground [63], wind interference is assumed to have a minimal effect on aircraft operations at
this altitude and cruising speed in the initial sizing study. However, during the preliminary
design stage, or when sizing for demanding environments, adjustments may be made to
the power requirements and powerplant sizing to ensure that the aircraft’s performance
and controllability remain within regulated limits [6], even during increased lateral and
asymmetric wind conditions where appropriate [64,65].
The power equations for the powered lift and wingless eVTOL aircraft types over the
entire mission are summarised in Table 1.
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Table 1. Summary of configuration-dependent power models for all mission phases.

Mission Phase e\.fTOL. Power Model
Configuration
1 Take-off, Hover Both R —
EM,/20A
2 Climb Both Py _ Y, v, )2
m © le_zvhﬁJr <20Iw> Jrl
3a Cruise Powered lift Py pr = WlTpD Ver
3b Cruise Wingless Pywr = T(Vysina +v;)
2
Py _ Vy Vy
P:v -2 Vhy + (2 th) - 1
Only valid for higher descent speeds
4 Descent Both (Vgs/Vhy < —2). For lower descent
speeds (—2 < Vg /vy < 0), the
assumption Pyg ~ Py, applies.
5 Landing, Hover Both The same as Take-off, Hover

3.2. Energy System Mass Model

The energy system has been abstracted to comprise the battery for an initial sizing
study in the conceptual aircraft design stage. The mass of the battery energy management
systems and thermal protection systems are assumed to include the overall battery mass at
this stage. The battery mass is the most significant determinant of the final aircraft mass.
The power models presented in the previous section are used to estimate the battery mass.
For each mission phase outlined in Table 1, the energy consumed is obtained from the
product of the power exerted and the duration of the mission phase. The total energy
consumed (E) for the entire mission thus becomes the sum of the energy consumed for n
mission phases (j):

n
E=) Pt (11)
j=1

This energy estimate is also adjusted to account for two aspects. The first is the
additional energy required to divert to a suitable airport in an emergency. The distance to
the diversion airport (Ry;,) is added to the mission’s cruise distance or range requirement.
Secondly, the battery’s usable capacity is set lower than its total capacity. This is generally
at 80% of the total capacity. Thus, the minimum battery state of charge (S0Cpin) is 20%.
Setting the minimum capacity of the battery protects the battery from damage. Multiple
charging cycles that completely drain lithium-ion batteries severely affect the longevity
of these batteries. Thus, setting a minimum state of charge improves the overall battery
life and reduces maintenance costs. Furthermore, a unique situation presents itself for
fully-electric eVTOL aircraft operating UAM missions, as these aircraft could also utilise the
extra battery reserve if an exceptional emergency occurs at low battery levels, in addition to
the initial diversion requirement. Typical lithium-ion battery efficiencies ( 77;) are between
80% and 90% [9,66], while typical lithium-ion battery densities (SED) are in the region of
170 Wh/kg to 350 Wh/kg [10,67]. Finally, the battery mass (1;) can now be calculated from
the total energy consumed during the mission and is given as:

o E(l + SOCmin)
"= TSED Y, (12)

3.3. Airframe Mass Model

The airframe component masses from Equation (2) are estimated in this section based
on established mass ratios for similar-category aircraft. It is important to note that these
mass ratios are obtained from aircraft components made from aerospace-grade aluminium.
There is currently no data for mass ratios based on composite materials for comparable
aircraft. This is partly due to the commercially sensitive nature of eVTOL aircraft develop-
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ment. For this reason, the mass ratios based on aluminium aircraft are used as a stop-gap.
However, it will be seen in later sections that for a typical UAM mission, these conservative
structural masses do not primarily influence the overall sizing results.

The fuselage is a standard structural component in aircraft. It encloses the occupants,
cargo, and often other aircraft systems. Most powered lift and wingless eVTOL concepts
have a fuselage. However, there are some wingless PAV aircraft without an enclosure for
the occupant; see Figure 2h. Thus, the fuselage model presented below may only be used
for applicable aircraft or modified to suit the applicability of the desired study. The fuselage
mass model (n1y) is taken from the “Cessna class Il method for fuselage mass estimation”
implemented in ref [14]. The fuselage length (Ir), maximum fuselage section perimeter
(Pmax), and number of occupants (Npax) are required to use this model. The final fuselage
mass is also dependent on the total mass of the aircraft (). This is true for all the airframe
models presented in this section. The fuselage model is valid for general aviation aircraft
with an unpressurised fuselage and a maximum cruise speed of 370 kph. The fuselage
mass model can be expressed as:

i 0.778
my = 14.86 0144 S Zf0.383 Npax0'455 (13)

Pmax

As the name suggests, the wingless eVTOL aircraft type lacks a wing for aerodynamic
flight. Thus, the wing model presented below only applies to the powered lift eVTOL
aircraft type. The wing mass model (1) is the “Cessna class Il method for wing mass
estimation” implemented in ref [14]. The wing area (S), design load factor (#,,), and aspect
ratio (ARy) are required to use this model. This model is valid for an aircraft with a
cantilever wing and a maximum cruise speed of 370 kph. The wing mass is given as:

my = 0.04674 m®37 59360 5, 037 ARL712 (14)

The empennage consists of the horizontal and vertical tail sections. The empennage
mass is modelled using the “Cessna class II method for empennage mass estimation”
implemented in ref [14]. As with the wing model, the empennage model depends on the
geometric characteristics of the horizontal and vertical tails. For each tail, these are tail area
(S¢), tail aspect ratio (AR; ), tail root chord (t,) and tail quarter chord sweep angle (Ag25).
This model is valid for an aircraft with a lightly loaded empennage and no horizontal tail
sweep. The horizontal tail (1, ) and vertical tail (1) mass models are thus given as:

3.184 9887 St,hO.lol ARt’hO.lol
174.04 t,,0223

myy = (15)

1.68 m0367 5, 1249 AR, 0482
Mo = ' 0882 (16)
639.95 tr,vo'747 (COS Agos t,v)

The horizontal and vertical tail areas (S; j,, St ) are estimated by determining the tail
volume ratios [16,68]. The thickness-to-chord ratios (¢, , t;,») are assumed as 10% for both
the horizontal and vertical tails.

Finally, the landing gear mass is adapted from the “USAF method for landing gear
mass estimation” implemented in ref [14]. An eVTOL aircraft may or may not use a landing
gear. Thus, the applicability of the mass model should be evaluated on a case-by-case basis.
The landing gear mass model (m,,) depends on the struct length of the landing gear (/)
and the landing gear design load factor (775). This model is valid for a maximum cruise
speed of 555 kph. The landing gear mass model is given as:

0.684
Mg = 0.054 1,5 (m )

(17)
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3.4. Propulsion System Mass Model

The propulsion system has been abstracted to consist of each electric motor system
and its propeller or fan. This is sufficient for an initial sizing study in the conceptual
aircraft design stage. Each electric motor system comprises the electric motor, sensors and
controller, a cooling system, and an inverter (Figure 4).

' ( Cooling System [ '

1 |
Battery > Inverter —> Motor B
' 1
) |
] .
Controller — Sensors 1
1 |

Figure 4. System overview of a typical lift/thrust unit for eVTOL aircraft.

The motors are sized to the maximum power requirement for the entire mission. This
is usually in the vertical climb phase. For this method, a power density regression model
(Figure 5) is developed from publicly available data on direct current (DC) electric motors
used in aerospace applications. The collected motor data is presented in Appendix C.
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) : . .
) 100 200 300 400

Continous power [kW]

Figure 5. Electric motor power density regression model.

From the regression model in Figure 5 and the climb power (P,) in Equation (5), a
single motor mass (11,,0¢) can be obtained by dividing by the total number of motors or
LTUs (Nyot). Additionally, a power margin (PM) is included to provide emergency power
in the event of a motor failure. This approach is in line with conventional rotorcraft design,
and at 50%, it exceeds the typical power margins of conventional helicopters, around
30% [21]. Thus, the motor mass becomes:

P, (1 +PM
Mot = 0.165 M

18
Nmot ( )

If possible, the propeller mass should be obtained directly from manufacturer data.
However, in the case where the propeller details are not yet known, which is typical in the
initial sizing stage, then the propeller mass (11,,0p) can be modelled using the “Torenbeek
propeller mass estimation method” [14,15]. This model relies on the propeller diameter
(dprop), number of blades on the propeller (N;), and the number of propellers (Nprop),
which is usually the same as the number of motors (Ny¢). The model is valid for propellers
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intended for motors with a maximum shaft power of 1100 kW. The propeller mass can be
expressed as:

Py o5\ 272
Mprop = 0.144 (dpmp N N ) (19)
prop

In this section, the overall eVTOL aircraft mass model has been presented. This model
is made up of three sub-models. These are the battery mass model, the airframe mass model,
and the propulsion system model. The battery mass is obtained by analysing the power
required over the parts of the entire mission for the related eVTOL aircraft configuration.
Once the total power required for the mission is obtained, the energy consumed can be
easily estimated. It will be seen later that the battery mass is the primary determinant of
the overall aircraft mass, similar to the impact of fuel mass fractions on the final mass of
fossil-fuel-powered aircraft, albeit with more importance due to the significantly lower

energy densities of current batteries as compared to fossil fuels.

4. Sizing Method

It can be observed from the previous section that the airframe mass models can only
estimate a component mass when supplied with the total mass of the aircraft. The implicit
problem of a circular dependency becomes evident here as the component mass models
rely on a future estimate of the total aircraft mass. This is a fundamental problem in
performing aircraft sizing studies. Hence, direct methods cannot be employed to solve
this problem. Iterative methods, on the other hand, can be used to obtain a solution. Both
open and closed iterative methods can solve this problem. The suitability of the bisection
method, which is a closed method, was investigated and confirmed in an earlier study [33].
However, the standard fixed-point iteration, an open method, can also solve the sizing
problem and has been employed in multiple eVTOL aircraft sizing studies. Both methods
work well but are relatively inefficient when compared to the Newton-Raphson method.
The comparative advantage of the NR method is speed. It is significantly faster than the
other two methods and is the iterative method of choice for complex root-finding exercises.
However, a significant pitfall of the NR method is that it is susceptible to the function’s
nature and the accuracy of the initial guess [69].

Sizing studies in the conceptual design stage are exploratory. As such, several variables
in the mass estimation model shown in the previous section may need to be updated or
modified as the search to find a suitable design continues. The standard fixed-point
iteration and bisection methods can be used instead of the NR since stability is a priority.
However, a concern is that the mass estimation models presented in the previous section
and others generally seen in eVTOL sizing studies are bound to become more complex
as further research on eVTOL aircraft systems continues. As a result, the computational
penalty for running the fixed-point or bisection methods instead of NR or other efficient
algorithms would become increasingly non-negligible. Therefore, this section explores
hybrid algorithms that combine the stability of fixed-point and bisection methods with the
speed of the NR method.

4.1. Bisection

The bisection method, also known as the bracketing method, is a closed method.
Therefore, two initial guesses of the aircraft mass are required to begin the incremental
search for the root. Furthermore, these values must be selected such that the root lies
between the two guesses. The bisection method can be efficiently used when the solution
space is large, but the limits are known, for example, sizing an aircraft within the bounds
of a regulatory limit such as the maximum mass for the aircraft category. In this case, the
bisection method can quickly rule out a bad set of initial design parameters because a
solution would conform to the desired bounds. The bisection method iteratively reduces
this interval (bracketing) until a solution is found. The root xj is defined as xy € 0 such
that f(xo) = 0. For convergence to occur, f must be real and continuous, and then, for an
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interval along f such that a and b are the lower and upper endpoints of the interval. If
f(xa)f(xp) <0, then a solution lies somewhere in the interval.

4.2. Fixed-Point Iteration

The fixed-point iteration method is also known as the successive substitution or
iterative substitution method. It is the simplest of the three methods. It is an open method,
requiring one initial guess of the aircraft mass [69]. This makes the method useful for an
exploratory sizing process where a reasonable estimate of the upper and lower bounds
of the final aircraft mass cannot be made. This method is beneficial for investigating the
mass impacts of incorporating new technologies or systems into the overall aircraft. For a
function f(x) = 0 where f:RF — R and x € S C R, if f(xg) = 0, then xq can be solved
by characterizing the initial function as x = g(x). The search for the fixed point of g is
carried out in the form of x;;1 = g(x;), where xg is the fixed point of g. This method has a
linear order of convergence.

4.3. Newton—Raphson

The Newton—Raphson (NR) method is a special case of fixed-point iteration. If the
initial point is close to the final solution, it rapidly converges to the solution [70]. The
NR method minimizes a function f by locally approximating each step by a quadratic
function, thus giving the second order of convergence for this method. Similar to the fixed-
point equation, the NR method is x;,1 = g(x;), where g(x;) = x; — f(x;)/f'(x;). The NR
method converges when |¢’(x;)| < 1 which can be verified with the convergence criteria
Lf(x) f" (x)| < |f (xl-)|2. For this study’s implementation of the method, the function
derivatives f’ and f” are calculated using the explicit central differences scheme. Finally,
the method becomes unstable as f'(x;) — 0 and fails if f'(x;) = 0.

4.4. Hybrid Methods

The NR method is the fastest of the three methods investigated. However, the NR
method can be highly sensitive to the initial guess. A poorly defined starting point could
lead to divergence and oscillations, thus making it impossible to converge to a solution.
Furthermore, determining the initial guess for the NR method in explorative sizing studies
can be challenging. Firstly, depending on the input parameters and individual mass
models used, the nature of the overall aircraft mass model may be unknown during the
sizing operation. On the other hand, the fixed-point and bisection methods are more
accommodating to poorly defined starting points, but they are also significantly slower
than the NR method. Secondly, as more research into eVTOL aircraft sizing continues,
more complex physics-based models that better describe the mass characteristics of eVTOL
aircraft components may be used in the conceptual design stage. This highlights the need
for faster and more robust algorithms to carry out the sizing calculations.

Thus, a hybrid of the bisection and NR methods (bisection NR) and a hybrid of the
fixed-point and NR methods (fixed-point NR), are studied. These hybrid methods are
aimed at current and future more complex mass estimation models. The bisection NR
hybrid method begins with the bisection in the first phase until an initial tolerance is
reached, the “switch-point tolerance”. It then switches to the NR method in the second
phase to rapidly converge to the final solution. The fixed-point NR hybrid method only
differs from the former by using the fixed-point method in its first phase. The pseudo-codes
for both hybrid methods are presented in Algorithms Al and A2 in Appendix A.

Multiple tests were conducted to assess the correlation between the number of it-
erations needed to converge and the residual error of mass estimation. This was used
to determine the switch-point between the two phases in the hybrid methods. It was
observed that within the first five iterations, the bisection and fixed-point methods brought
the residual error down to 5% of the final-sized mass. Within this narrowed range, the
NR method was guaranteed to converge and performed very well under multiple sizing
scenarios for both the powered lift and wingless eVTOL aircraft types.
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4.5. Method Evaluation

An initial sizing exercise evaluates the four methods presented in the previous section.
Table 2 presents the parameters of a typical UAM mission. The initial sizing exercise
compares the sized mass of the powered lift and wingless eVTOL aircraft types.

Table 2. Powered lift and wingless eVTOL aircraft design parameters for the sizing study.

Design Parameter Value Applies to
Payload 400 kg Both
Number of occupants, Npax 4 Both
Figure of merit, FM 0.75 Both
Computed drag coefficient, cp,, 0.04353 Powered lift
Computed drag coefficient, cp,, 0.04476 Wingless
Propulsion system efficiency, #7prop 0.85 Both
Motor, prop count, Nyot, Nprop 4 Both
Motor power margin, PM 50% Both
Minimum battery state of charge, SoCy,, 20% Both
Battery specific energy density, SED 250 Wh/kg Both
Battery system efficiency, 7, 0.85 Both
Aerofoil lift coefficient, cp,, 15 Powered lift
Wing aspect ratio, AR 7.0 Powered lift
Oswald’s efficiency factor, e 0.85 Powered lift
Fuselage length, | % 5.0m Both
Fuselage maximum sec tion perimeter, puax 471 m Both

The multicopter was the example configuration for the wingless type, while the
vectored thrust was used for the powered lift type. The general aircraft design parameters
for the initial sizing study are presented in Table 2. The wingless and powered lift eVTOL
aircraft are sized to perform the UAM mission defined in Table 3 with a payload of 400 kg.
Using the payload as the initial starting point, all four methods were employed to carry out
the sizing for both aircraft.

Table 3. The mission settings for a typical UAM flight. Adapted from Uber [7].

Mission Duration Horizontal Speed Distance Vertical Speed Ending
Phase (min) (km/h) (km) (m/min) Altitude (m)
Take-off Hover 0.17 0 0 0 1.5
Climb 2 0 0 150 300
Cruise 25 240 100 0 300
Descent 2 0 0 —150 1.5
Landing Hover 0.17 0 0 0 0

From Figure 6, all four methods are observed to converge on the same solution for
both the wingless and powered lift aircraft. From the relative compute times in Table 4,
the methods that employed bisection were considerably slower than their fixed-point
counterparts despite the lower average number of iterations. This is because the bracketing
operation is more computationally demanding than the simple iteration process. Due
to the wingless type’s higher mass, its sizing process took significantly more iteration
steps than the powered lift using any method that employed the fixed-point approach.
The convergence of all methods validates their use in the eVTOL aircraft sizing process.
However, since both hybrid methods show an over 70% improvement in the compute time
over their standard counterparts, a preference for their use, where applicable, is justified.
The fixed-point NR method is used to perform the next studies.
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Figure 6. Powered lift and wingless mass estimation and sizing error using (a) bisection, (b) fixed-
point, (c) bisection NR hybrid, and (d) fixed-point NR hybrid methods.

Table 4. Iterations and compute times using the bisection, fixed-point, and hybrid methods.

Convergence Bisection Fixed-Point Bisection NR  Fixed-Point NR
Averzflge ngmber of 23 35 6 8
iterations
Relative compute time 1 0.67 0.27 0.22

5. Sensitivity Analysis

A sensitivity analysis study was carried out to understand the interactions between the
many parameters in the design space and how they impact the overall results of the sizing
study. The aircraft design parameters and the mission settings outlined in Tables 2 and 3
are used for this study. The disk loading and battery energy density are varied to investigate
the sensitivity of other aircraft design parameters to them.

The disk loading is a measure of the aircraft’s thrust per disk area DL = T/A. It
represents the lifting efficiency of a VTOL aircraft, with a low disk loading signifying VTOL
aircraft with a higher lifting efficiency and vice versa. VTOL aircraft with a low disk loading
typically employ larger rotors or propellers to spread the thrust generated over a larger
area, while aircraft with a higher disk loading usually use smaller rotors, propellers, or,
most significantly, lift fans. A disk loading range of 400~1000 N/m? is used for this analysis
and represents typical disk loading metrics for fully-electric eVTOL aircraft [33]. Wing
loading is also another metric that is commonly evaluated. However, because this study
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compares the powered lift and the wingless eVTOL aircraft types, the usefulness of the
wing loading in comparative studies between these two types is little.

Finally, when comparing the relative performance of the wingless and the powered
liftt eVTOL aircraft types, the battery specific energy density is widely used. The battery
mass is the single largest mass constituent of the overall sized aircraft as its mass depends
on almost all parameters, such as power estimates, or indirectly, such as the figure of merit.
Therefore, evaluating key parameters’ effects on the battery mass is necessary. A range of
specific energy densities between 250—400 Wh/kg is investigated. The former represents
current typical battery technology levels [41], while the latter represents the tipping point
for the widescale commercial feasibility of eVTOL aircraft in UAM [2].

5.1. Battery Mass Considerations

Battery mass sensitivity to disk loading and battery energy density for the powered lift
and wingless eVTOL aircraft types are presented in Figure 7a,b. Keeping the battery energy
density constant, the wingless eVTOL type is significantly more sensitive to disk loading.
This is a direct result of its architecture because the wingless eVTOL aircraft relies on its
propulsors for vertical lift throughout the mission, unlike the powered lift type, which uses
its wing for sustenance during the cruise mode. Therefore, the impact of relying on the
vertical lift from the propulsors during hover is significantly less than the wingless eVTOL
type. This also suggests why there are significantly more examples of the wingless eVTOL
type employing a few large propellers, usually four or eight in a coaxial layout, to improve
hover efficiency, as opposed to lift fans with smaller diameters.
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Figure 7. Battery energy density vs. disk loading sensitivity plots for (a) powered lift and (b) wingless
propeller battery mass, and (c) powered lift and (d) wingless total aircraft mass.

Keeping the disk loading constant, it can be observed that the wingless eVTOL type
is also significantly more sensitive to the battery energy density. This again relates to the
cruise mode of the aircraft type as more energy is spent in the less efficient cruise mode
of the aircraft. Figure 7c,d show the total aircraft mass sensitivity to the same parameters
for both the powered lift and wingless eVTOL types. The results largely correlate with the
battery mass sensitivity. This outlines the importance of the battery mass to the overall
aircraft mass. Even at a high disk loading, an improved battery energy density from 250 to
350 Wh/kg will see the wingless eVTOL type halve its total mass.
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5.2. Power and Energy Considerations

A comparison of the power requirements for both the powered lift and wingless
eVTOL aircraft types for the hover and cruise modes is shown in Figure 8. The hover power
is more sensitive to disk loading for both aircraft types. In contrast, the cruise power is
more sensitive to the battery energy density, especially for the powered lift type, due to its
lower overall reliance on the vertical lift as a ratio of the total mission power required.
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Figure 8. Battery energy density vs. disk loading sensitivity plots for (a) powered lift and (b) wingless
hover power, and (c) powered lift and (d) wingless cruise power.

A comparison of mission energy consumption for the powered lift and wingless
eVTOL aircraft types is presented in Figure 9a,b. These plots give a top-level appreciation
of the general efficiency of both aircraft types. The energy efficiency correlates directly with
the disk loading and battery density for both aircraft types.
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Figure 9. Battery energy density vs. disk loading sensitivity plots for (a) powered lift and (b) wingless
energy consumption.

A common observation among the energy and power requirements presented in
Figures 8 and 9 is the significantly higher energy consumption and power requirements for
the wingless type due to its reliance on the vertical lift for all phases of flight.

5.3. Wing Considerations

Energy efficiency, the comparative advantage of the powered lift eVTOL aircraft type
for UAM missions, has been exemplified in the previous section. The type’s overall power
and energy requirements are considerably less than the wingless eVTOL aircraft type. This
section considers the impacts of the wing design parameters, the aspect ratio, and the
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lift coefficient in Figure 10a,b. The aspect ratio of the powered lift aircraft wing affects
the overall aircraft mass in two opposing ways. First, the induced lift component of the
aircraft drag depends on the wing aspect ratio, shown in Equation (8). A high aspect ratio
improves the lifting efficiency of the wing, consequently reducing the drag and aircraft
mass. However, Equation (14) shows that increasing the wing’s aspect ratio also increases
the wing mass because further reinforcement is needed to support the increasingly slender
wing, adding more mass in the process. Figure 10a illustrates this situation, and it can be
observed that for the specified aircraft and mission settings, the ideal range of aspect ratios
for the powered lift type is between 6 and 10. Likewise, in Figure 10b, the impacts of the
lift coefficient on the total aircraft mass largely correlate with that of the wing aspect ratio
for the same reasons, albeit to a lesser degree.
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Figure 10. Aircraft mass sensitivities to (a) wing aspect ratio and (b) wing lift coefficient for the
powered lift eVTOL aircraft type.

5.4. Propulsion System Mass Considerations

Figure 11 presents the propeller diameter and propulsion system mass sensitivities
to battery energy density and disk loading. The number of propulsion units or LTUs was
fixed at four for both the powered lift and wingless eVTOL types. Figure 11a,b show that
the propeller diameter is particularly sensitive to disk loading as the propeller diameter
effectively determines the disk area when the number of LTUs is fixed. Therefore, the
propeller diameter would need to increase by up to 50% or the number of LTUs would
need to be increased to achieve lower levels of disk loading and improve hover efficiency.
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Figure 11. Battery energy density vs. disk loading sensitivity plots for (a) powered lift and (b) wing-
less propeller diameter, and (c) powered lift and (d) wingless propulsion system mass.
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In Figure 11c,d, the motor mass dominates the propulsion system mass. This is because
the motor mass is sized to the overall aircraft mass. This effect is seen as the propulsion
system mass decreases with the decreasing disk loading due to the reduced motor mass,
despite an increase in propeller mass as a result of the increasing propeller diameter.

6. UAM Mission Analysis

The sensitivity analysis in the previous section demonstrates the limitations of the
wingless eVTOL aircraft type for longer UAM missions where the cruise mode occupies
most of the mission time. However, there are questions on the comparative efficiencies for
shorter missions. Therefore, in this section, the sizing method developed so far is applied
to a comparative study on the mass efficiency of the sized powered lift and wingless
eVTOL aircraft.

6.1. Multi-Range Mission Case

Figure 12 shows the results of a multi-range sizing study for the powered lift and
wingless eVTOL aircraft types. The study uses the aircraft parameters and the mission
settings presented in Tables 2 and 3. However, the battery energy density is increased to
275 kW /kg to represent near-future technology levels. Both aircraft types are sized to carry
a payload of 400 kg. The total mass and energy consumption are shown for each eVTOL
aircraft type for a given mission range. The sized mass of the wingless type remains below
the powered lift type until about the 35 km mission range but then increases above the
powered lift type after this point. Furthermore, the energy consumed by the wingless type
increases significantly more than the powered lift type as the mission length increases.
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Figure 12. (a) Aircraft mass and (b,c) energy consumption results for powered lift and wingless
eVTOL aircraft types up to 100 km range.

However, the results suggest that there is a minimum mission length for which the
powered lift type becomes the less favourable option. Figure 12c provides a zoomed-in
view of the sub-ten-kilometre mission space. Here, the wingless eVTOL type consumes less
energy at missions 5 km or less for this study’s aircraft and mission settings. This makes
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the wingless type the preferred option for the aircraft designer for very short missions,
strictly considering energy efficiency.

Figure 13 compares the mass breakdowns for the powered lift and wingless aircraft at
the 37 km range point. Their total masses are equivalent at this point, which is a good point
for comparing the mass compositions of both aircraft types. The mass breakdown for both
aircraft types shows the payload taking up roughly 47% of both aircraft types, with the
remaining 53% as the aircraft’s empty mass. The battery mass takes up 24% of the wingless
aircraft mass instead of the powered lift type, where the battery mass takes up 16%. This
is expected as the wingless aircraft type consumes significantly more energy in the cruise
mode. However, the extra structural components needed to allow aerodynamic lift on the
powered lift take up 28% of its total mass, contrasting with the wingless type at 20%.

Powered Lift Wingless
Total mass = 841.84 kg Total mass = 843.54 kg

20%

AN\ Structures mass
| a7% ——Propulsion mass

////|Battery mass

[ ]Payload

(b

-

Figure 13. Aircraft mass breakdown for (a) powered lift and (b) wingless eVTOL aircraft types.

Table 5 provides a clearer picture of the airframe mass breakdown for both types.
The powered lift type has effectively traded increased structural mass for gains in battery
mass savings, compared with the wingless type at roughly the same mass and range
capability. The opposite is true for the wingless type. Finally, the propulsion system
remains constant across both types, as this scales with the overall aircraft mass, irrespective
of the airframe mass.

Table 5. Airframe component mass breakdown for powered lift and wingless eVTOL aircraft types.

Airframe Component Masses Powered Lift (kg) Wingless (kg) A (%)
Fuselage 156.97 157.01 0.03
Wing 54.99 - -
Horizontal stabiliser 11.8 - -
Vertical stabiliser 1.22 - -
Landing gear 11.90 11.92 0.14
Total airframe mass 236.88 168.93 28.69

6.2. Comparison with eVTOL Aircraft Data

A pre-validation of the sizing method developed so far is presented in this section.
The results of the powered lift and wingless eVTOL aircraft multi-range sizing study
were compared with the eVTOL aircraft data made publicly available by some eVTOL
developers. Appendix B shows the eVTOL aircraft data used in this study. Using the
same UAM mission settings and aircraft parameters from the previous case study, the
powered lift and wingless eVTOL aircraft are sized for a series of aircraft ranges. For the
powered lift aircraft, this is between 1 and 330 km. For the wingless aircraft type, it is
between 1 and 100 km. eVTOL aircraft mass, payload, and range data were obtained from
the manufacturers” websites. Only fully-electric eVTOL aircraft, at least in the sub-scale
prototype development stage, were considered. More powered lift eVTOL aircraft with
400-500 kg payloads were found online. Therefore, the study used this payload range
to allow a sizeable sample size. These aircraft also typically have between four to five
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occupants. For the wingless type, the payload range was between 75-150 kg, with occupant
capacities around 1 or 2.

Figure 14a shows the sizing results of the powered lift eVTOL aircraft type. An average
payload of 450 kg was used to carry out the sizing. Figure 14b shows sizing results for
the wingless eVTOL aircraft type. An average payload of 100 kg was used for this type.
Battery energy densities for eVTOL aircraft are rarely made publicly available. Therefore,
a 275 kW /kg battery energy density was selected based on independent analyses and
current battery energy density projections. Both figures show a general trend between
the estimated aircraft mass using the proposed sizing method and eVTOL aircraft data
published online by the developers. The observable scatter could be due to several factors,
some of which have been identified and explained below.

Powered Lift sizing Wingless sizing
5000 Payload =450 kg, Battery density =275 kW/kg 700 Payload =100 kg, Battery density =275 kW/kg
E ——Powered Lift sizing Ei Wingless sizing
— 4000 A Powered Lift aircraft data = = Wingless aircraft data
b7 v 600 -
© ©
€ 3000 1S
& & 500
© ©
§ 2000 §
© ‘© 400 |
= 1000 =
- -
O (e]
= 0 , . , F 300 4 , . , , -
(0] 100 200 300 (o] 20 40 60 80 100
Range [km] Range [km]
(a) (b)

Figure 14. (a) Powered lift sizing result compared with powered lift eVTOL aircraft data and
(b) wingless sizing result compared with wingless eVTOL aircraft data.

Firstly, the sizing results are based on an average payload. For example, the range
of payloads for the powered lift aircraft obtained was between 400-500 kg. Therefore, a
reason for the scatter is attributed to the selected aircraft’s varying payloads. Secondly,
the sizing results are generalised for the powered lift and wingless types. However, the
aircraft data for the powered lift type consists of some vectored thrust and independent
thrust configurations. Thus, part of the scatter can also be attributed to this reason. Thirdly,
some scatter could also be attributed to differences in the aircraft structural makeup. For
example, different composite structures or lightweight technologies will likely be employed
in the aircraft assessed, which is not accounted for in the sizing method.

Finally, the aircraft data used in this study were obtained from information published
by the respective eVTOL developers. However, these aircraft parameters are not fully
verified since the eVTOL concepts have not yet been fully certified or begun in-service
operations. Although steps were taken to ensure a degree of integrity, such as only using
data from aircraft concepts that have at least demonstrated prototype flights, there remains
a likelihood that some of the stated aircraft parameters may be updated as the eVTOL
concepts progress towards certification and in-service operations. For these reasons, the
results presented in this section may only serve to validate the sizing method for the
wingless and powered lift eVTOL aircraft types in the conceptual design stage within the
mission ranges and payloads that have been investigated.

7. Conclusions

A sizing method to rapidly estimate key eVTOL aircraft parameters in the conceptual
aircraft design stage has been presented in this paper. This method is employed to conduct
comparative studies on the two main eVTOL aircraft classes, the powered lift and wingless
types. First, the aircraft mass modelling section defined the overall eVTOL aircraft mass
model. This model comprises three parts. These are the battery mass model, the airframe
mass model and the propulsion system model. The battery mass is obtained by analysing
the power required over the parts of the entire mission for the related eVTOL aircraft
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configuration. Once the total power required for the mission is obtained, the energy
consumed can be easily estimated. The battery is then sized to deliver the resulting energy
estimate. This energy estimate is also adjusted to account for two factors. These are (1) the
additional energy required for a diversion to a suitable airport in an emergency and (2) a
maximum utilisation of 80% of its state of charge to improve the battery’s longevity.

The bisection and fixed-point numerical methods were applied to solve the sizing
problem. Both methods solve the problem but are significantly less efficient than the NR
method in terms of the number of iterations to reach an accurate solution. However, the
NR method is not reliable to use on its own because it can become unstable if a poor
initial guess is provided or the sizing equation is modified. Therefore, two hybrid methods
are employed to maintain the robustness of the bisection or fixed-point methods and
the efficiency of the NR method. These are a hybrid of the bisection and NR methods—
Bisection NR and a hybrid of the fixed-point and NR methods—Fixed-point NR. These
hybrid methods begin with the bisection or the fixed-point phase and then switch to the NR
phase when the range of possible solutions has been narrowed down to within 5% of the
solution. The convergence of the standard and hybrid methods validates their use in the
eVTOL aircraft sizing process. However, the improved convergence efficiency of the hybrid
methods, which is at least 70% faster than the standard methods, and their applicability to
more complex sizing problems justify their use. The Fixed-point NR hybrid method is the
faster of the two, and it can be used for exploratory sizing studies that are not bound to a
range of feasible solutions. On the other hand, the Bisection NR hybrid method can quickly
rule out solutions that do not lie within the defined bounds for a feasible solution.

From the sensitivity analysis of the powered lift configuration, increasing the lifting
efficiency of the wing was found to improve the aircraft’s energy efficiency, but this leads
to an increased wing mass and structural support mass. The sensitivity analysis of battery
energy density and disk loading for both eVTOL aircraft types reveals the higher energy
consumption and power requirements of the wingless eVTOL aircraft type due to its
reliance on vertical lift for all phases of flight.

The sizing method compared the powered lift and wingless eVTOL aircraft configu-
rations for multi-range UAM missions with a 400 kg payload. As expected, the powered
lift type is more energy efficient for medium to long-range UAM missions. However, the
question on the comparative efficiencies of both types at shorter missions are investigated.
The powered lift type is more mass-efficient when sized for missions above 10 km, while
the wingless type becomes more mass-efficient for missions below 10 km. The results of the
sizing study were compared against existing eVTOL aircraft performance data and showed
a general trend between the estimated aircraft mass using the sizing method and published
eVTOL aircraft data. The results of this study are promising and indicate that the proposed
sizing method is potentially valid for the powered lift and wingless eVTOL configurations
carrying out UAM missions specified in the study.

The comparative mass efficiencies of the powered lift and wingless eVTOL aircraft
types have been investigated in this paper. Therefore, the next step would be to assess
the comparative mass efficiencies of the subclasses of the powered lift and wingless eV-
TOL aircraft types. The robust sizing method presented in this paper could be used to
quickly assess the suitability of the main eVTOL configurations, the powered lift and
wingless types, for a given mission role in the conceptual design stage. Furthermore, the
opportunity is identified to extend the method onto the powered lift and wingless eVTOL
aircraft subclasses.
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Nomenclature

A area [m?]

AR aspect ratio

D drag [N]

DL disk loading [N/ m?]

E energy (electric) [kWh]

M figure of merit

L lift [N]

N number, count

p power [W]

Prax fuselage maximum section perimeter [m]
PM power margin

R range (distance) [km]

S surface area [m2]

SED specific energy density [Wh/kg]
SoC (battery) state of charge

T thrust [N]

1% velocity [m/s]

144 weight [N]

Agos quarter chord sweep angle [deg]
cp drag coefficient

cL lift coefficient

d diameter [m]

e Oswald’s efficiency factor

) length [m]

m mass, total mass [kg]

o angle of attack [deg]

7 efficiency, design load factor
P (air) density [kg/m?]

Ryes reserve diversion range [km]
ty maximum tail root thickness [m]
Subscripts

h horizontal

hv hover

b battery

bl (rotor or propeller) blade

cb climb

cr cruise

ds descent

f fuselage

Ig landing gear

max maximum

min minimum

mot motor

prop propeller

t tail

ult ultimate

v vertical

w wing
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Acronyms

AAM Advanced Air Mobility

DEP Distributed Electric Propulsion

EASA European Union Aviation Safety Agency
EPU Electric Propulsion Unit

ESC Electronic Speed Controller

eVTOL electric Vertical Take-Off and Landing
LTU Lift/Thrust Unit

NR Newton-Raphson (method)

PAV Personal Aerial Vehicle

PL Powered Lift (eVTOL aircraft)

UAM Urban Air Mobility

UAV Uncrewed Aerial Vehicle

WL Wingless (eVTOL aircraft)

Appendix A

The algorithm flow for the Bisection NR and Fixed-point NR methods are shown in

Algorithms Al and A2.

Algorithm A1 Bisection NR algorithm flow

Inputs:
Xg: Initial guess mass, lower bound, and x; = Mpgy1004
xp: Initial guess mass, upper bound. Must satisfy f(x;)f(x,) <0
e1: Switch-point tolerance
e>: Final tolerance
n: Maximum iterations
Xc = % (Bisection calculation)
i =1 (Initialize iteration)

whilei < n
if f(x4)-f(xp) < O then
Xp = X¢
else
Xa = X¢
end if

if |[f(xc)| = 0 (Exact solution found using bisection)
return x., i
elseif |f(x)| < e; (Switch condition)
while i < n (Begin NR subroutine)
i = i + 1 (Increase subroutine step)
X; = X¢

Xip1 = Xj — J[’((fclz)) (NR calculation)
if |x; —x;_1] =0 or |x; — x;_1| < ep (Solution found using NR)
return x;, i
end if
end while
end if
i =141 (Increase step)
end while
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Algorithm A2 Fixed-point NR algorithm flow

Inputs:
xo: Initial guess mass and xg = M p,y1004
e1: Switch-point tolerance
ep: Final tolerance
n: Maximum iterations
Define f(x) and g(x) such that x = ¢(x) and |¢'(x) < 1|
i=1, x1 = x9 (Initialize iteration)
whilei < n
i =i+1 (Increase step)
x; = g(x;j_1) (Fixed-point calculation)
if |x; — x;_1| = 0 (Exact solution found using fixed-point)
return x; , i
else if |x; — x;_1| < e (Switch condition)
while i < n (Begin NR subroutine)
i = i+ 1 (Increase subroutine step)

Xif1 =X — }r’((fcl,)) (NR calculation)
if |x; — xj_1| =0 or |x; — x;_1| < e (Solution found using NR)
return x;, i
end if
end while
end if
end while

Appendix B

Table Al presents a list of fully-electric versions of eVTOL aircraft with their per-
formance data used to carry out the pre-validation study. The information presented is
sourced from the publicly available data on eVTOL range, payload, and mass.

Table A1l. Select eVTOL aircraft performance data.

Name Developer C?Ilgggywcl(;;le Pgﬁ: :sry Range (km)  Payload (kg) Mass (kg) Source
Acubed Vahana Airbus us PL 96.6 204.1 930.0 [54]
AMVA Micor Technologies Us PL 125.0 450.0 1300.0 [72]
EHang 184 EHang CN WL 31.0 100.0 360.0 [73]
Elroy Astro Aerospace us WL 25.0 120.0 360.0 [74]
Esinti Turkish Technic TR WL 48.3 79.8 406.9 [75]
Flyer Kitty Hawk Us WL 10.7 99.8 213.2 [76]
Flyka eVTOL Flyka RU WL 75.0 130.0 520.0 [77]
HEXA LIFT Aircraft us WL 18.1 113.4 309.3 [78]
Joby eVTOL Joby Aviation Us PL 160.9 90.7 226.8 [51]
Lilium (5-seater) Lilium DE PL 250 500 1800 [5]
LimoConnect Limosa CA PL 3219 499.0 3175.1 [79]
Volocopter Volocopter DE WL 274 158.8 449.1 [57]
(2-seater)

Voyager X2 XPeng CN WL 76.0 200.0 560.2 [80]
VTOL Napoleon Aero RU PL 100.0 400.0 1500.0 [81]
Appendix C

The power density regression model shown in Figure 5 was developed using the
electric motor mass and power data below.
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Table A2. Electric motor performance data.

Motor(s) Power (kW) Mass (kg) Source
Emrax 188 52 7 [82]
Emrax 208 68 9.1 [82]
Emrax 228 109 12 [82]
Emrax 268 200 20 [82]
Emrax 348 380 41 [82]
MAGicALL MAGiIDRIVE 12 12 15 [83]
MAGicALL MAGiDRIVE 150 150 16 [83]
MAGicALL MAGiIDRIVE 20 20 3 [83]
MAGicALL MAGiDRIVE 300 300 30 [83]
MAGIicALL MAGIDRIVE 40 40 5 [83]
MAGicALL MAGiDRIVE 500 500 50 [83]
MAGicALL MAGIDRIVE 6 6 0.7 [83]
MAGIicALL MAGIDRIVE 75 75 9 [83]
Magnix magni350 EPU 350 1115 [84]
Magnix magni650 EPU 640 200 [84]
Siemens SP200D 204 49 [85]
Siemens SP260D 260 50 [85]
Siemens SP260D-A 260 44 [85]
Siemens SP55D 72 26 [85]
Siemens SP70D 92 26 [85]
Siemens SP90G 65 13 [85]
Yuneec Power Drive 10 10 4.5 [86]
Yuneec Power Drive 20 20 8.2 [86]
Yuneec Power Drive 40 40 19 [86]
Yuneec Power Drive 60 60 30 [86]
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