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This study describes a design exploration of Urban Air Mobility (UAM) vehicles, based on top-level aircraft 
requirements. The exploration focuses on a fully electric vertical takeoff and landing (eVTOL) vehicle that employs 
an architecture of conventional airframe coupled with tilted rotors, aimed to carry four passengers. Using a low

fidelity design framework, a variety of cofigurations are investigated by altering design variables such as wing 
area, number of propellers, operating speed, and range. The ifluence of these variables on the design is explored 
from the environmental, societal and, economical perspectives for a 2050 time horizon. The findings suggest 
that cofigurations with a small wing area and a large number of small propellers emerges as preferable for 
minimizing energy consumption (per pax-km) and operating expenses (per pax-km). However, in terms of noise 
emissions, cofigurations with fewer but larger propellers are favoured, marking a departure from the design 
choices that prioritize energy efficiency and cost. Additionally, the study underscores that operations prioritizing 
commercial viability require high-speed cruising and reduced flight hours, diverging from those that prioritize 
energy efficiency, thereby emphasizing the necessity of multidisciplinary optimization. Finally, a noise-estimation 
model is developed to enable quick assessment of the vehicle’s sound power level. The model necessitates only 
fundamental powertrain information as inputs and provides insights into the impact of design choices on noise 
emission, which is benficial at preliminary design stage.

1. Introduction

Urban air mobility (UAM) is dfined as an on-demand aviation ser

vice, projected to become viable in the near-future market [1]. As an 
integral part of the Advanced Air Mobility (AAM) initiative, UAM aims 
to fill the voids left by conventional aviation industries [2] through 
the use of novel Vertical TakeOff and Landing (VTOL) vehicles. The 
concept focuses on facilitating flight operations within and around ur

ban areas, primarily for the passengers’ and cargo mobility. In recent 
years, a growing interest in UAM is observed, driven by technological 
developments in electric propulsion, electronic control systems, and en

ergy storage. This increasing focus has accelerated the development of 
electric VTOL (eVTOL) vehicles, leveraging the advantages of design 
versatility, control authority, and lower noise and gas emissions. Of im

portant aspects, studies have focused on relevant perspectives of UAM 
application, including its safety, community acceptance, and economic 
feasibility [3,4].

The adoption of electric powered eVTOL vehicles faces significant 
challenges due to the current state of battery technologies [5]. This 
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issue arises from the currently low energy density of lithium-ion bat

teries, which is limited around 230-250 Wh/kg on cell level [6]. Hence, 
achieving desired operating ranges may lead to an excessively heavy 
takeoff mass. Given this limitation, much of UAM developments focus 
on urban operations, with intercity and regional operations receiving 
comparatively less attention [7]. However, anticipated advancements in 
the fields of batteries [8,9], electric motors [10], combined with hydro

gen fuel cells [11] are expected to make long-distance operation more 
feasible.

To mitigate the limitation of energy storage, attention is given to the 
appropriate eVTOL architecture and sizing to minimize the energy con

sumption in operation. Three architectures are notably explored, i.e. 
multirotors, lift-and-cruise, and tilted rotors. While the first architec

ture uses rotors as sources of lift during the entire vehicle mission, the 
latter two take advantage of fixed wing-based lift to reduce power con

sumption during cruise. Comparative analyses of eVTOL architectures 
indicate that a conventional airframe coupled with tilted rotors provides 
enhanced flexibility in improving vehicle performance for different op

erating ranges [12]. The high-power demand in this cofiguration is 
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Fig. 1. A sample of vehicle design in (a) VTOL and (b) cruise configurations. 

restricted primarily to mission phases such as takeoff/landing, climb/de

scent, and hovering. This approach effectively reduces energy consump

tion during the cruise phase, thereby decreasing the necessary battery 
weight. Furthermore, it offers more space for optimizing propeller de

sign, as tiltable rotors can be fully utilized across all mission phases, 
e.g., takeoff and cruise [12]. These advantages, however, come with 
certain drawbacks. For instance, fixed wings add to the total weight of 
the vehicle. Additionally, the rotor-tilting mechanism introduces tech

nical complexity and safety concerns, and it can also lead to an increase 
in the size and weight of the powertrain [12].

In addition to the technological challenges, social acceptance is an

other crucial factor for UAM operations. A recent study conducted for 
EASA [13] indicates that the feasibility of UAM operations is closely as

sociated with the noise emission of UAM vehicle, as noise annoyance 
from UAM is a major concern among EU citizens. According to FAA reg

ulation (14 CFR 36.1103), tilt-rotor vehicles weighting between 1000 kg 
to 3000 kg, which are typical for UAM operations, have limits on effec

tive perceived noise level (EPNL) between 90 EPNdB and 95 EPNdB for 
takeoff, approach, and flyover at around 150 m above ground. Similar 
regulations have also been proposed by EASA, following the noise stan

dards dfined by ICAO (Annex 16 Vol. 1). Historic instances show that 
failing to comply with the noise regulations can lead to strict noise or

dinances [14,15], affecting the installation of vertiports, restricting the 
flight routes and operational frequency.

A brief survey on UAM design exploration reveals that few studies 
have conducted comprehensive investigations to systematically address 
the relationship between the design rationale of UAM vehicles and con

straints from environmental, societal, and economical perspectives. In 
light of that, exploring the relevant design variables is crucial to identify 
the optimum cofigurations that can fufil the given mission objectives 
while having minimal impact on the surrounding environment and re

maining economically competitive. To address the associated design 
concerns, a preliminary design exploration was conducted in this study. 
This exploration follows the framework of the COLOSSUS (Collabora

tive System of Systems Exploration of Aviation Products, Services, and 
Business Models) project [16] (Horizon Europe framework programme), 
which employs a holistic approach to tackle challenges by developing 
a system-of-systems (SoS) design methodology that combines the opti

mization of aircraft, operations, and business models [17].

In this investigation, the preliminary design of the UAM vehicles was 
performed using a lo-fidelity design framework developed at Delft Uni

versity of Technology. The conceptual designs feature an architecture of 
conventional airframe coupled with tilted rotors. A set of design choices 
that ifluence the performance of UAM vehicle are considered in the ex

ploration. These design choices are the operating range, cruise speed, 
number of propellers, and wing area. The assessment of the ifluence 
of these design variables is conducted by means of energy consump

tion, noise emission, and commercial viability. The study is based on 
a scenario where the entry in service (EIS) is set for 2050, follow

ing the significant development of the market [18] and technologies 
[8--10]. Optimum cofigurations for each criterion are identfied, and 
the results provide direct choice guidelines in response to the specfied 
constraints. Additionally, based on the results of this design exploration, 
a noise estimation model is developed to enable quick estimation of the 
emitted sound power level (PWL) during takeoff and cruise. The model 
requires only basic powertrain information and provides insights for de

sign choices aimed at reducing noise emissions, making it ideal for the 
preliminary design stage.

2. Methodology

The design exploration was carried out using a lo-fidelity mul

tidisciplinary design framework [19] developed at Delft University of 
Technology. The framework is based on analytical and semi-empirical 
methods, intending to facilitate a preliminary design process of eVTOL 
vehicles using a set of feasible Top-Level Aircraft Requirements (TLARs) 
to drive the design activities. These TLARs are derived from the assess

ment of operating scenarios and existing prototypes [20]. In this section, 
the design process worflow is briefly introduced along with the assump

tions given to the design.

2.1. Vehicle architecture and mission definition

The design framework [19] is based on a tilted rotor cofiguration 
with fixed landing gear, V-tail stabilizers, two propellers mounted on 
the tip of the tails and the others evenly distributed over the wing. 
Fig. 1 (a) and (b) demonstrate a sample vehicle cofiguration during 
takeoff and cruise, respectively. The chosen architecture is based on the 
existing Joby S4 vehicle, for which a considerable amount of data is pub

licly available, and has been demonstrated as a feasible design with test 
flights [21]. Following our previous work [19], the design framework 
was validated by aligning its input variables with those of a reference 
vehicle and comparing the resulting system-level vehicle attributes. Ta

ble 1, adapted from [19], presents a comparison of design variables 
and system-level vehicle characteristics between the framework’s pre

dictions and those of the Joby S4 production prototype. A pack-level 
energy density of 235 Wh/kg was adopted, consistent with the Joby S4 
specfications. The results show a reasonable agreement between the 
predicted and reference values, validating the design framework for 
preliminary design purposes. It should be noted that the comparison 
is based on publicly available data (Vertical Flight Society), and actual 
figures may differ from those reported. For readers’ interest, additional 
exploration of UAM from a SoS perspective can be found in the work 
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Table 1
Adapted comparison of design variables and vehicle characteristics between 
design framework and Joby S4 (production prototype) [19].

unit Design framework Joby S4 
Number of pilots - 1 1 
Number of passengers - 4 4 
Number of propellers (Nprop) - 6 6 
Wing span (b) [m] 10.7 10.7 
Energy density (pack level) [Wh/kg] 235 235 
Operating range (𝑅) [km] 161 161 
Cruise speed (𝑉 ) [km/h] 322 322 
Empty mass [kg] 2,193 1,950 
Maximum takeoff mass (MTOM) [kg] 2,768 2,404 
Total power [kW] 1,162 1,416 
Wing loading [kg/m2] 194 171 
Power loading [kg/kW] 2.4 1.7 

Table 2
Mission definitions across various stages.

Duration Speed Distance Load factor Pct 
unit [s] [m/s] [km] - [%] 
Takeoff 10 0 - 1.0 67 
Climb - 2.5 0.3 1.1 60 
Cruise - 𝑉 𝑅 1.0 40 
Loiter 1,200 𝑉 - 1.0 44 
Descent - 2.5 0.3 1.0 30 
Landing 10 0 - 1.0 67 

of Prakasha et al. [22], which examines various aircraft architectures, 
fleet combinations, technology scenarios, and operational strategies.

In this study, the mission performed by the vehicle consists of 6 
stages, takeoff, climb, cruise, loiter, descent, and landing. Fast takeoff 
and landing are assumed for operation in urban areas, while the ve

hicle sustains unity load factor. The vehicle climbs and descends at a 
rate of 2.5 km/h. The vehicle load factor is considered 1.1 for the climb 
and unity for descent. Cruise takes place at a dfined altitude of 300 m, 
with the range and speed specfied during the design exploration. Ad

ditionally, the design accounts for a 20-minute loiter time to fufil the 
fuel requirements for operating rotorcrafts in VFR (Visual Flight Rules) 
condition, as mandated by the FAA (14 CFR 91.151). To reduce en

ergy consumption, the loiter stage is assumed as the vehicle maintaining 
its altitude while circling around the vertiport at cruise speed. Table 2
describes the considered mission stages, and the corresponding initial 
guess on the percentage power (Pct) with respect to the total installed 
power. 

2.2. Preliminary design framework

The design process begins by defining the aforementioned TLARs. 
Using these inputs, a propulsion system is sized to meet the required 
operating conditions using actuator disk theory [23]. Subsequently, a 
first-order mass estimation of the vehicle is carried out through Roskam 
method [24], where the relation between empty weight and Maximum 
TakeOff Mass (MTOM) is taken from [25]. The sizing process on the 
propulsion system and first-order mass estimation iterates until conver

gence is reached for the Maximum TakeOff Mass (MTOM) and total in

stalled power. As universally accepted sizing formulas for eVTOL aircraft 
have not yet been established, the current design framework mainly 
adopts the Cessna method, which is conventionally used for sizing small, 
lightweight, and low-performance aircrafts due to its alignment with the 
characteristics of UAM vehicles [24]. Note the method is mainly driven 
by the geometric dimension of the aircraft and mission prfile.

In parallel to the aforementioned sizing process, the aerodynamic 
characteristics of the vehicle, e.g., coefficient of lift and drag etc., are 
estimated based on the viscous solution of XFOIL [26] and lifting-line 
theory [27]. The initial cofiguration of the UAM-model geometry that 

meets the revised mission requirements (derived from the first iterative 
sizing process) is created from the analysed parameters.

Following the aerodynamic characteristics of the vehicle, the de

sign enters another iterative process that encompasses the aerodynamic 
performance evaluation and second-order mass estimation [24]. At this 
stage, mass estimation at system levels is progressively rfined, and the 
corresponding aerodynamic performance is continuously updated and 
revised. The process converges when the determined cruise range meets 
the mission requirement. Here, the battery sizing is the main process 
that ifluences the loop. It is important to highlight that, during this 
step, the vectored thrust can also be employed to ensure level flight in 
all conditions in case the wing-based lift is insufficient. The approach 
permits the exploration of design choices in which the rotors also con

tribute to lift, giving insights into the performance trends shifting from 
multicopter- to tilt-rotor-like.

After these design iterations, the acoustic noise generated by op

erating UAM vehicle is evaluated. Based on the specfications of the 
propulsion system and the revised mission prfile, the tonal and broad

band noise components of an isolated propeller are assessed through 
Hanson’s model [28] and Schlinker and Amiet model [29], respectively. 
Noise estimations are conducted by considering the actuator disk as a 
point source rotating at a radius equal to 70% of the propeller radius. 
The overall noise of multi-propeller cofiguration is obtained by super

imposing the results of each isolated propeller. Note that the evaluation 
does not take into account the aerodynamic interference between pro

pellers, fuselage, wing, and the acoustic constructive and destructive 
interference. In addition, several studies have demonstrated the impor

tance of propeller integration in noise estimation [30,31], while the 
computed results do not account for unsteady interactions, which emit 
more strongly in the axial direction of the rotor [32]. Following the work 
of Fuerkaiti et al. [33], the emissions are computed over an imaginary 
sphere covering the vehicle. The sphere is then treated as a noise source, 
which allows for the prediction of the ground-level noise signature. The 
results shown here will only focus on the A-weighted sound power level 
produced by the vehicles.

2.3. Design of experiments

In the context of this study, the TLARs are closely aligned with the 
mission definition and vehicle layout, encompassing operating range R, 
cruise speed V, number of propellers Nprop, and wing area S. The range 
of R is draw from the market analysis conducted by NASA [34], and 
is set between 25 km to 300 km for both UAM and Regional Air Mo

bility (RAM) operations. A set of V is also considered since V governs 
the mission duration and operating expenses [34], and is linked to the 
competitiveness of the UAM vehicle compared to other means of trans

positions. In reference to existing prototypes [12], the range of V is 
selected as 100 km/h to 325 km/h. As previously mentioned, the con

ceptual design features fixed wings and tilted rotors, different number of 
propellers (Nprop) and wing area (S) are therefore considered to facilitate 
a variety of cofigurations. The corresponding values of aforementioned 
TLARs are summarized in Table 5, and a total of 2,400 vehicle cofigu

rations are assessed. It’s important to note that the modfication of S is 
achieved by adjusting the wing aspect ratio (AR) while keeping the wing 
span constant, i.e., linearly reducing AR leads to a non-linear increase in 
S. The approach enables the assessment of vehicle aerodynamic perfor

mance without excessively increasing its ground footprint, taking into 
account that the operations will be conducted in urban areas. In refer

ence to the design of Joby S4, which has a similar mission prfile and 
architecture, this top-level assessment assumes a series of other design 
parameters including wing span (b = 10.7 m), fuselage length (𝑙fus = 8 
m), number of pilot (𝑁pilot = 1), and number of passengers (𝑁pax = 4). 
The fuselage is 1.5 m tall (H) with a height-to-width (HW) ratio of 1.5. 
Its nose section is approximately 2.3 m long (𝑙nose) and has a windshield 
angle 𝜓 of 35◦. The fuselage tail angle 𝜙 is set to 40◦, and the tail boom 
sweeps up at 𝜃 = 4◦over a length of 4 m (𝑙tail). The dimension of the 
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Table 3
Summary of geometric and dimensional assumptions of the vehicle.

b 𝑙fus 𝑙nose 𝑙tail HW 𝜓 𝜙 𝜃 𝑉ℎ 𝑉𝑣

unit [m] [m] [m] [m] - [◦] [◦] [◦] - -

Value 10.7 8 2.3 4 1.5 35 40 4 0.7 0.04 

Table 4
Summary of assumptions on the propulsion system.

ED PD 𝜂m 𝑟PW B s 𝐶𝐿

unit [Wh/kg] [kW/kg] [%] [kW/kg] - - -

Value 585 11.3 97 0.4 5 0.25 1.5 

Table 5
Summary of TLARs assessed for the design of experiments.

R V Nprop S AR 
unit [km] [km/h] - [m2] -

Increment 25 25 2 - 1 
Range 25 - 300 100 - 325 4 - 10 11 - 19 6 - 10 

V-tail is estimated using the conventional horizontal and vertical tails 
with volume coefficients of 𝑉ℎ = 0.7 and 𝑉𝑣 = 0.04, respectively [35]. 
Table 3 presents a summary of the vehicle’s geometric and dimensional 
assumptions. 

In this exploration, an EIS time of 2050 is considered, by which up to 
5.5 million UAM vehicles are expected to operate at peak hours globally 
[18], and solid-state battery technology is widely adopted. The EIS time 
is proposed within the framework of the project COLOSSUS [16]. Cor

responding assumptions are made based on technological projections of 
battery [8,9] and electric motors [10]. The battery is expected to have 
a pack-level energy density (ED) of 585 Wh/kg with a nominal c-rate 
of 4/h. This rather optimistic ED is assumed to reduce constraints im

posed by battery technology. The electric motor’s power density (PD) 
and mean efficiency (𝜂m) are anticipated to be 11.3 kW/kg and 97%, re

spectively. Propeller efficiency and figure of merit are computed based 
on the number of blades (B) and propeller solidity factor (s), according 
to [36]. Referencing the Joby S4, the blade number is set to 5 and a 
constant solidity of 0.25 is assumed in this study. To initiate the power

train sizing, an initial power-to-weight ratio (𝑟PW) value of 0.4 kW/kg 
is considered, which is comparable to those observed in VA-X4 (0.42 
kW/kg) and Joby S4 (0.59 kW/kg). The propellers are expected to have 
pitch control, and the section lift coefficient (𝐶𝐿) of blade is assumed 
to be 1.5 (Clark Y airfoil) for optimal thrust production. The aforemen

tioned assumptions on the design of propulsion system are summarized 
in Table 4. 

To streamline the design process, several design filters are employed 
to identify the optimal cofigurations within the scope of this design 
exploration. These filters are chosen based on criteria of energy con

sumption (EC), noise emission, and commercial viability. The first filter 
EC is dfined by the sum of energy consumed by the vehicle across all 
stages of mission. The second filter focuses on a single-value evalua

tor, specifically the sound power level of (PWL) of vehicle during both 
takeoff and cruise stages. Note the PWL values are computed using A

weighted SPL to account for the human-ear sensitivity over frequency 
spectrum [37]. Furthermore, a design filter based on operating expenses 
(OE) is employed to identify the ideal cofigurations from the commer

cial perspective. Following Brown and Harris [38], OE is computed from 
direct operating cost (DOC) and indirect operating cost (IOC), while the 
former cost can be further divided into pilot cost, maintenance cost, and 
energy cost. The pilot cost and maintenance cost are estimated using an 
average wrap rate around €100/h and €60/h, respectively [38]. Note 
the maintenance time is considered around 62.5% per flight hours [38]. 
Using a conservative approach, the flight hours and maintenance time 

are rounded up to the nearest integer when computing OE. The oper

ating cost also depends on the size of the aircrew, while the number 
of pilots is fixed to one here. The energy cost is approximated based 
on the average non-household electricity price (first half of 2023, Euro

pean Commission), which is €0.1833 kWh−1. The value of IOC is then 
approximated from 40% of DOC [38]. The projection of electricity price 
for 2050 is not considered here.

3. Results and discussions

In this section, assessments on eVTOL design exploration are carried 
out, focusing on a set of design variables: S, Nprop, V, and R. The discus

sion is organized into four parts. The first part investigates the ifluence 
of design variables associated with the vehicle cofiguration, namely 
S, and Nprop, offering some insights into the design rationale. The sec

ond part focuses on exploring the optimal performance scenarios, which 
are characterized by V and R. Numerous design filters are employed to 
identify the ideal cofiguration under various operating conditions. Sub

sequently, the cofigurations deemed commercially viable are reported, 
and the relation between the aforementioned variables is discussed. In 
the end, a regression model is proposed to assess noise emissions based 
on the results of this exploration. The model utilizes basic powertrain 
information and elucidates the impact of design choices on noise emis

sions. Within the section, the subscripts ‘p’ and ‘pk’ indicate that the 
variable is normalized per passenger and per passenger-kilometer, re

spectively. The former normalization is utilized to analyze the overall 
variations per flight, while the latter allows for interpreting the results 
despite differences in operating range, offering guidance suitable for 
different business models. All the equations and values reported in this 
study are in SI units, unless otherwise specfied. For interpretation of 
the colours in the following content, the reader is referred to the web 
version of this article.

3.1. Aircraft design considerations

Aircraft sizing considerations, i.e. S and Nprop, are first investigated 
to unveil their ifluence on energy consumption (EC), noise levels, and 
commercial viability. Assessments are performed using design filters of 
energy consumption in kWh/pax/km (ECpk ), A-weighted sound power 
level during takeoff (PWLt ) and cruise (PWLc), and operating expenses 
in €/pax/km (OEpk ).

The evaluation of S and Nprop through ECpk is conducted over a 
range of V and R, which leads to a total of 2,400 vehicle cofigura

tions. Representative results (500 cofigurations) are demonstrated in 
Fig. 2, which consists of 25 contour plots, each corresponding to a spe

cific operating condition determined by R (in columns) and V (in rows). 
The values of R and V are annotated on the top and right sides of the 
figure, respectively. Within each contour, the variation of ECpk is illus

trated with respect to S and Nprop. The local minimum of each contour 
is highlighted using a red-bordered box to facilitate the assessment of 
design preferences across operating scenarios. The evaluation of ECpk
shows that ECpk span over a wide range between approximately 0.1 
kWh/pax/km and 60 kWh/pax/km. The level of ECpk is significantly 
higher at V = 100 km/h than at other speeds. In Fig. 2, the presented 
upper limit of ECpk is capped at 1 kWh/pax/km to help visualize the 
variation in ECpk at other speeds. The lowest level of ECpk is observed 
to occupy a notable region in the contours associated with V = 150 
km/h and is still present at V = 200 km/h, though in a smaller area. 
Further increasing V diminishes the presence of minimum ECpk . The 
significant difference between the overall level of ECpk at speed of 100 
km/h and higher is attributed to a change in the vehicle’s lifting charac

teristics with increasing V. At V = 100 km/h, the vehicle relies heavily 
on propellers to maintain altitude during cruise, thereby functioning 
similarly to a multicopter. The observation suggests that the tilt-rotor 
architecture requires a minimum operating speed to effectively utilize 
the installed wings. This speed is found to be between 125 km/h and 
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Fig. 2. Contours of the energy consumption in kWh/pax/km (ECpk) with varying Nprop and S, across different operating scenarios dfined by V and R. The cofiguration 
corresponding to local minimum (within the contour) is highlighted by red-bordered box. (For interpretation of the colours in the figure(s), the reader is referred to 
the web version of this article.)

175 km/h, depending on R. It’s also worth noting that further increas

ing S is unrealistic, as the corresponding AR (approaching 4) would be 
similar to those of delta wings.

Regarding the ifluence of Nprop, the result reveals that ECpk is pro

portional to Nprop at V = 100 km/h, and Nprop = 4 appears to be the 
preferable design choice in this case. The relation between Nprop and 
ECpk can be explained by inspecting the size of the actuator disk. First 
of all, the design exploration shows an inverse relation between total 
actuator disk area and Nprop, as it is cofirmed that individual actuator 
disk area A𝐷 is proportional to the cube of thrust per propeller T during 
takeoff as shown in Equation (1) [23,39],

𝐴𝐷 = 𝑇 3

2𝜌𝑃 2 , (1)

where 𝜌 represents the density of air and P corresponds to the takeoff 
power per propeller. Both P and T are associated with the maximum 
takeoff mass (MTOM) of the vehicle and can be expressed in the form 
of

𝑃 = 𝑘
𝜂p𝑟PWMTOM

𝑁prop
, and (2)

𝑇 = 𝑔
𝑟TWMTOM

𝑁prop
, (3)

where g is the gravitational constant. Here, rPW and rTW denote the as

sumed power-to-weight and thrust-to-weight ratios, respectively, which 
are integral to the powertrain sizing process. As discussed in Section 2.3, 
an initial conservative rPW of 0.4 kW/kg is adopted and will be rfined 
throughout the design process. The powertrain efficiency 𝜂p is assumed 
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to be 0.87. The value of k is set below one, indicating that a fraction 
of installed power is utilized for takeoff. The value of rTW is dfined as 
Nprop/(Nprop − 2), which yields a ratio of 2:1 for cofigurations with 4 
propellers to ensure aviation safety during takeoff. This ratio decreases 
as Nprop increases, rflecting the reduced impact of each individual pro

peller on overall aviation safety. For a given MTOM, a larger Nprop
results in a smaller rTW, leading to smaller T and A𝐷 . It is also interest

ing to note that this relation satifies the space constraint on propeller 
installation, as the propeller diameter is inversely proportional to Nprop
when they are distributed over wing.

Next, evaluating the relation between P, T, and A𝐷 during cruise is 
essential for elucidating the inverse relation between Nprop and ECpk . 
This is attributed to the fact that the energy spent during cruise con

stitutes the overall energy consumption. According to the work of Van 
Kuik [39], the relation between P and A𝑑 during cruise is characterized 
by the following equation

𝑃

𝜌𝑉 3𝐴𝐷

= 2
(⟨𝑉𝑑⟩

𝑉

)2(⟨𝑉𝑑⟩
𝑉

− 1
)

, (4)

where ⟨𝑉𝑑⟩ is the average velocity over actuator disk, and can be ob

tained from

𝑇

𝜌𝑉 2𝐴𝐷

= 2
(⟨𝑉𝑑⟩

𝑉

)(⟨𝑉𝑑⟩
𝑉

− 1
)

. (5)

Given a known T, Equations (4) and (5) reveal that a reduction in 𝐴𝐷

leads to an increase in P, which in turn necessitates a greater battery 
mass. To avoid installing a heavy battery pack, a smaller Nprop is there

fore favoured to reduce the required power output, and Nprop is observed 
to be inversely proportional to ECpk at V = 100 km/h.

At higher speeds, this design preference is reversed where minimal 
ECpk is observed at Nprop = 10. The change in design preference is 
attributed to the desire to minimize cruise drag, which dominates the 
energy consumption during cruise and is a significant contributor to the 
battery weight/MTOM. In the design algorithm, the angle of attack of 
the wing is adjusted in aim to produce sufficient lift that matches the 
vehicle’s weight and is coupled with the cruise drag. Decreasing the 
MTOM/lift is found to be an effective strategy for reducing cruise drag. 
When the reliance on propeller for lift production is reduced with in

creasing V, a smaller MTOM is preferred. Fig. 2 shows that a greater 
Nprop is favoured at V ≥ 150 km/h since Nprop and total propeller 
weight/disk area are inversely related [24]. An exception is noted at 
R = 100 km and V = 300 km/h, where the minimal ECpk is observed 
at S = 11 m2 and Nprop = 8 rather than Nprop = 10. A comparison of 
ECpk between the two cofigurations reveals that the difference of ECpk
is less than 4 × 10−3%, indicating the outlier is insignificant to the pat

tern. In fact, Fig. 2 shows that varying Nprop has little ifluence on ECpk
(< 6%) at V ≥ 200 km/h. Significant impact on ECpk from varying Nprop
is only observed at V = 100 km/h, e.g., increasing Nprop from 4 to 10 
amplfies the level of ECpk by approximately 400% when R = 250 km.

The ifluence of S on ECpk is also revealed in Fig. 2. At low operat

ing speed (V = 100 km/h), ECpk is negatively correlated with S. The 
vehicle favours a wing with greater S despite the variation in R. As pre

viously discussed, this is attributed to the multicopter characteristic of 
the vehicle at low operating speeds: the wing is incapable of producing 
sufficient lift to counter the vehicle’s weight. Consequently, The design 
algorithm aims for a wing with a larger S that can produce more lift. An 
intuitive interpretation is demonstrated by the contours corresponding 
to V = 150 km/h and R = 150, 200, and 250 km. In each of these con

tours, where R and V are fixed, the level of ECpk is shown to be inversely 
proportional to S.

As V increases to 200 km/h, the design preference on S becomes 
more complicated. At R = 150 km, 200 km, and 250 km, the local min

imal ECpk appears at S = 15 m2. The design gradually shifts towards 
favouring smaller S as R reduces to 50 km. This trend indicates that the 
necessity of wing-based lift is not strong at this speed, and a smaller S
is preferred to produce less cruise drag (higher aspect ratio). The local 

minimal ECpk is consistently observed at S = 11 m2 for V > 200 km/h. 
When the minimal ECpk is found at S = 19 m2, the vehicle tends to rely 
on the propeller for lift production. The extent of reliance is proportional 
to the level of ECpk for vehicles designed with same R. It is also worth 
mentioning that a higher V does not always lead to reducing ECpk . De

spite the variations in Nprop and S, the level of contour at V = 300 km/h 
and R = 50 km is higher than at V = 150 km/h. For R = 50 km, it is 
observed that the level of ECpk rises with increasing V, as a greater op

erating speed requires higher power. It is also of interest to note that a 
vehicle designed for shorter R (50 km) with a lighter battery pack ex

hibits a higher level of ECpk compared to those designed for extended 
R, at V ≥ 200 km/h. This misleading observation can be attributed to 
the normalization effect relative to R. As detailed in Section 2.1, the 
vehicle is designed to carry additional battery mass to accommodate a 
20-min loiter as required by FAA. A smaller R value tends to intensify 
the adverse effect of this additional weight on ECpk .

Given the close association between noise level and community ac

ceptance of UAM [13,14], the impact of S and Nprop on the sound power 
levels of vehicle during takeoff (PWLt ) and cruise (PWLc) are evaluated 
for different R and V. The corresponding results are presented in Fig. 3
and 4, respectively. Similar to Fig. 2, Fig. 3 and 4 each consists of 25 
contours, corresponding to 25 operating scenarios dfined by R and V. 
Each figure presents a total of 500 representative vehicle data. The PWL 
contours are arranged and annotated following the style of Fig. 2, with 
the local minimum of each contour being highlighted in red-bordered 
box. The assessment of PWLt determines that PWLt ranges between ap

proximately 75 dBA to 160 dBA, with the level of PWLt at V = 100 
km/h typically higher than at other speeds. Similar to Fig. 2, the de

picted range of PWLt in Fig. 3 is capped up to 125 dBA for visualizing 
the variation of PWLt at V > 100 km/h.

The contours of PWLt reveal that the values of PWLt are proportional 
to Nprop throughout all the explored operating scenarios. As previously 
noted that A𝐷 and Nprop are negatively correlated. The observation is 
therefore attributed to the inverse relation between the rotational speed 
Ω of propeller and disk size A𝐷 as detailed in the following equation. 
Assuming a pitch-controlled propeller blade operating for sustaining 
maximum total lift coefficient C𝐿 of the sections, Ω can be determined 
using T and A𝐷 as [36]:

Ω= 2

√
6𝑇

𝜌𝑠𝐴𝐷𝐶𝐿𝐷
2 . (6)

Note the term s and D from Equation (6) represent the solidity and di

ameter of the disk, respectively. The equation indicates that a smaller 
disk results in a higher rotational speed, leading to a larger blade pass

ing frequency (BPF). Here, BPF is dfined by 𝐵Ω
2𝜋 with B representing the 

number of blades. With increasing BPF, the tonal noise becomes more 
significant as the A-weighting effect on resulted PWL is attenuated. As a 
result, the local minimum of PWLt (red-bordered boxes) is consistently 
observed at Nprop = 4 (low RPM) and is independent from R and V. 
Fig. 3 shows that decreasing Nprop from 10 to 4 can reduce PWLt by 
approximately 20 dBA.

When comparing to the ifluence of Nprop , S shows less impact on 
varying PWLt in the explored range of this investigation. A weak nega

tive correlation between S and PWLt is seen in all the contours, where 
increasing wing area reduces the takeoff noise. Across the operating sce

narios demonstrated in Fig. 3, a larger S is consistently favoured with the 
local minimum of PWLt always occurs at S = 19 m2. This is attributed 
to the inverse relation between S and wing mass. Since the wing span 
is fixed in this investigation, a wing with a smaller S (higher AR) tends 
to be heavier due to the need for increased structural strength. The es

timation of wing mass is based on Cessna method [24], which shows 
that the weight of a cantilevered wing is a function of S0.360 and AR1.712

(in imperial unit), i.e., AR plays a more important role compared to S. 
Therefore, a larger S leads to a smaller MTOM, which contributes to 
mitigating takeoff noise.
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Fig. 3. Contours of the sound power level in takeoff (PWLt ) with varying Nprop and S, across different operating scenarios dfined by V and R. The cofiguration 
corresponding to local minimum (within the contour) is highlighted by red-bordered box.

Next, the contours of PWLc with respect to Nprop and S are depicted 
in Fig. 4 for different operating scenarios. The values of PWLc range ap

proximately between 40 dBA and 160 dBA, with the displayed range 
capped at 120 dBA (following the approach in Fig. 3). The ifluence of 
Nprop on PWLc is consistent with its ifluence on PWLt , where a positive 
correlation is seen between Nprop and PWLc. The preferred cofigura

tion is found to be Nprop = 4 across all presented operating conditions. 
As previously explained, this is attributed to the positive relation be

tween Ω and Nprop. A greater Nprop leads to a smaller A𝐷 , and a higher 
rotational speed/noise. Decreasing Nprop from 10 to 4 can reduce PWLc
by at least 10 dBA.

The relation between S and PWLc exhibits a similar trend to that ob

served in Fig. 2 (contours of ECpk ), where the local minimal PWLc shifts 
from S = 19 m2 to 11 m2 with increasing V. Here, the design prefer

ence of S shows two different patterns with respect to V. At V < 200 
km/h, an inverse relation is seen between S and PWLc. As noted earlier, 

the vehicle at low speeds exhibits characteristics more akin to a multi

copter than tilt-rotor aircraft, with its cruise thrust also responsible for 
lifting the vehicle. Reducing wing weight appears to be effective in mit

igating the cruise noise as T is largely affected by MTOM. At V > 200 
km/h, PWLc is proportional to S. This relation arises because the pro

peller thrust is solely responsible for overcoming cruise drag, which is 
reduced with a smaller S. At V = 200 km/h, some minor fluctuations 
are detected in the relation between S and PWLc across R. However, the 
differences in PWLc due to increasing S from 11 m2 to 19 m2 are on the 
order of 0.1 dBA, indicating the contribution of S towards PWLc is negli

gible. It is also noticed that increasing V beyond 150 km/h elevates the 
level of PWLc minima. The local minima of PWLc at V = 300 km/h are 
approximately 48 dBA. Conversely, at V = 150 km/h, the minima of 
PWLc range between 38 dBA and 41 dBA with increasing R. Neverthe

less, the level of PWLc minima is approximately 30 dB lower than that 
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Fig. 4. Contours of the sound power level in cruise (PWLt) with varying Nprop and S, across different operating scenarios dfined by V and R. The cofiguration 
corresponding to local minimum (within the contour) is highlighted by red-bordered box.

of PWLt , highlighting the advantage of tilt-rotor architecture in cruise 
over multicopter.

Another important aspect of design to investigate is the commercial 
viability of UAM operation. For such purpose, the impact of adjusting 
Nprop and S on the operating expense per passenger-kilometer (OEpk ) is 
evaluated. The results corresponding to various operation conditions are 
presented in the contours from Fig. 5. The local minimum of each con

tour is marked by red-bordered box, and the figure is annotated similarly 
to Fig. 2, 3, and 4. It is determined that OEpk ranges over approximately 
0.4 €/pax/km to 17 €/pax/km. Mirroring the approach in Fig. 2, the il
lustrated range of OEpk in Fig. 5 is limited up to 2.2 €/pax/km to help 
visualize the variation of OEpk at V > 100 km/h.

Fig. 5 suggests that the ifluence of adjusting Nprop on OEpk is mostly 
observed at V ≤ 150 km/h, while no clear dependency is found between 
the two values at higher speeds. Although the displayed range is capped 

at 2 €/pax/km, the result reveals a strong positive correlation between 
Nprop and OEpk at V = 100 km/h, especially when S is small. As a result, 
Nprop = 4 appears to be the preferred design choice. This is associated 
with the high energy consumption during cruise, as the vehicle acts like 
a multicopter at low speed. At V > 100 km/h, Fig. 5 shows that a large 
Nprop is favoured. The flip in design preference is due to the overall 
weight and installed power reduction by increasing Nprop, which leads 
to lower total mass and power consumption.

Similar to the results with Nprop , Fig. 5 reveals that the ifluence of S
on OEpk is mainly detected at V ≤ 150 km/h. It is found that S and OEpk
are inversely related at low speeds, and S = 19 m2 is always favoured. 
As previously explained, this is attributed to the fact that at low-speed 
cruising, propellers are responsible for lifting the vehicle, which con

sumes a notable amount of energy and leads to higher energy costs. A 
larger S is therefore desired to minimize OEpk . The extent of dependence 
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Fig. 5. Contours of the operating expense per pax-km (OEpk) with varying Nprop and S, across different operating scenarios dfined by V and R. The cofiguration 
corresponding to local minimum (within the contour) is highlighted by red-bordered box.

between S and OEpk appears to grow with increasing R, highlighting the 
importance of wing-generated lift in long-range operations. The prefer

ence on S gradually shifts towards favouring a smaller S with increasing 
V. This is associated with the coupling between wing weight and cruise 
drag, whereas a smaller S tends to produce less drag.

At R = 50 km, the overall level of OEpk in each contour is seen to be 
higher than the rest of the contours at V > 150 km/h. However, OEpk of 
each contour does not exhibit an obvious increase with rising V, which 
is different from the observation regarding ECpk (Fig. 2). Notable varia

tions in the overall level of OEpk are observed with increasing R for V >

150 km/h, which also differs from the results derived from Fig. 2. These 
discrepancies suggest that the main contributor to the overall OEpk is 
not the energy cost, but rather the personnel cost that is proportional to 

the flight hours. Further discussion regarding the composition of OE is 
provided in the subsequent section.

3.2. Performance variables

This section builds upon the results shown in Section 3.1, and further 
explores the relation between performance variables and energy con

sumption, noise emission, and commercial viability. The performance 
variables are dfined by V and R with optimal cases identfied using 
design filters. The analysis is compared against several vectored-thrust 
vehicles: Joby S4 (pre-production prototype, Joby Aviation), VA-X4 
(Vertical Aerospace), and Lilium 5-seater (Lilium GmbH) by plotting 
their performance parameters in the same contour. Additionally, the 
VoloCity (Volocopter GmbH), which utilizes multicopter architecture, 
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is also considered for the purpose of comparison. Note the performance 
data of these vehicles are sourced from publicly available information, 
and should only be used to guide the discussions rather than for direct 
comparisons.

In terms of environmental impact due to energy consumption, EC 
is employed as a design filter. Specifically, for each R and V, the vehi

cle with the minimum value of EC is considered as the optimal design 
when varying S and 𝑁prop. The contours of the minimal energy con

sumption are presented in Fig. 6, on a grid dfined by V and R. The 
trend of total energy consumption per flight is illustrated in Fig. 6 (a) in 
the contour of minimal ECp. The result reveals that the majority of op

erating conditions yield an ECp within the range between 10 kWh/pax 
and 90 kWh/pax, with the minimum ECp is observed at R = 25 km and 
V = 125 km/h. The overall pattern suggests that the level of ECp rises 
progressively as V and R increase, with an exception noted at low op

erating speed. At V < 125 km/h, notable increase in ECp is observed 
as R extends, in particularly at R > 100 km. As previously discussed, 
the observed phenomenon is attributed to a shift in the vehicle’s lift
ing characteristics when V surpasses a speed threshold, which is found 
to be between 125 km/h and 175 km/h, depending on the operating 
range. The observation matches the performance parameters of the ref

erenced vehicles, which are shown in the same grid using black dots. To 
facilitate the comparison of EC across various R, the contour of minimal 
energy consumption per passenger-km (ECpk ) is demonstrated in Fig. 6
(b), which is assembled from the local minima of ECpk from Fig. 2. It 
serves the purpose of identifying the optimal operating parameters in 
terms of ECpk . The contour exhibits a different pattern than the one ob

served in Fig. 6 (a). Fig. 6 (b) reveals that a tipping point exists with 
increasing R, and the minimal ECpk of 0.12 kWh/pax/km is detected at 
R = 200 km and V = 125 km/h. For short-range operations, the depen

dency between V and ECpk appears to be stronger when comparing to 
the contour of ECp from Fig. 6 (a), indicating the short-range operations 
are more energy demanding per km.

Overall, low operating speeds are preferred from the perspectives of 
both ECp and ECpk , although a minimum speed of 125 km/h is nec

essary to effectively reduce the reliance on propellers for sustaining 
level flight. The total energy consumed per flight exhibits moderate el

evation with extending R for tilt-rotor vehicles. Without taking flight 
frequency into account, short-range operations are preferred in terms of 
ECp. Conversely, energy consumption per km tends to be lower at ex

tended ranges since the impact of mission stages other than cruise is 
minimized. It is important to note that the performance variables of the 
reference vehicles do not fall within the low-emission (ECpk ) zone. This 
discrepancy can be attributed to the differences between the assumed 
battery energy density (585 Wh/kg) [8,9] and the current one (approx

imately 200 Wh/kg) [40].

The PWLs of vehicle during takeoff and cruise are evaluated across 
the grid dfined by R and V. Similar to the results presented in Fig. 6, 
the minimal PWLs at each grid point are identfied by exploring S and 
𝑁prop, and the results of minimal PWLt and PWLc are shown in Fig. 7 (a) 
and (b), respectively. Fig. 7 (a) demonstrates that PWLt is proportional 
to R and V, aligning with the observation of Fig. 6 (a). For extended R
and higher V, a heavier battery pack is necessitated due to the increase 
in energy consumption. Consequently, the propellers tend to operate at 
higher rotational speed to compensate for the increased lift demand, 
leading to elevated noise. Similar to Fig. 6 (a), the level of PWLt rises 
dramatically with increasing R at V = 100 km/h. At V > 100 km/h, 
most operating scenarios have a takeoff PWL less than 76 dBA, while 
PWLt reaches approximately 89 dBA at V = 100 km/h and R = 300 
km. The minimal PWLt values are observed in the light-green contour 
region, approximately 75 dBA, with differences on the order of 0.1 dBA 
across the grid.

In contrast to Fig. 7 (a), Fig. 7 (b) indicates that the level of PWLc ex

hibits little dependency on R at V > 100 km/h. This discrepancy, with 
respect to Fig. 7 (a), is due to the fact that propellers mainly need to 
produce sufficient thrust to overcome the cruise drag, which does not 

vary significantly despite the increase in battery weight from extending 
R. Similar to Fig. 7 (a), the cruise noise is also observed to be propor

tional to V, as greater thrust and higher RPM are expected at higher V. 
For operations at V > 100 km/h, the level of PWLc is generally seen be

low 50 dBA, which is significantly lower than the level of PWLt at the 
same speeds. The variation in PWLc within the light-red contour region 
is insignificant. The minimal PWLc is mainly observed between V = 125 
km/h and 200 km/h, with value around 40 dBA. For operations at V = 
100 km/h, PWLc is seen to elevate with increasing R and reaches 84 dBA 
at R = 300 km. At this low speed, the cruise PWL gradually converges to 
the value of takeoff PWL with extending R. The trend is attributed to the 
increasing reliance on propellers for lift production, with the propellers 
eventually operating at similar rotational speeds during both takeoff and 
cruise. It is found that the rotational speeds during cruise increase from 
87 RPM to 249 RPM as R extends from 25 km to 300 km. The latter RPM 
value is comparable to the takeoff RPM (281 RPM) found at the same 
R of 300 km. Here, it is worth reminding that the reported ideal PWLs 
in Fig. 7 correspond to cofigurations with Nprop = 4 operating at low 
RPMs. When more smaller propellers are employed, the takeoff RPMs 
exceed 1000 RPM.

In addition to the elevation in overall cruise PWL, it is worth men

tioning that the balance between the tonal and broadband components 
shifts with increasing R at V = 100 km/h. This is associated with the 
wide range of rotational speeds observed across explored R. Previous 
work by the authors [19] demonstrated that both tonal and broadband 
noises (A-weighted) of tilt-rotor vehicle are significant when the pro

pellers operate at high RPM. In contrast, only broadband noise is signifi

cant when propellers operate at low RPM. The prominence of tonal noise 
appears to be proportional to the rotational speed, as the A-weighting 
benifit diminishes with increasing BPF. Note that the perception and 
level of annoyance differ between tonal and broadband noises, with 
the tonal component of transportation noise generally considered more 
annoying [41]. Due to the absence of major tonal components, the in

vestigated vehicles in cruise are more ideal than conventional aircraft 
and helicopters.

Overall, reducing the rotational speed of propellers can decrease 
noise during both takeoff and cruise. A short operating range with a 
light battery is preferred for mitigating takeoff noise, while operating 
at low speeds is favoured for reducing cruise noise. The lowest level of 
PWLc is at least 30 dBA lower than the minimum PWLt across R. This 
difference illustrates one important advantage of tiltrotors against mul

ticopter architectures. By relying on the wing for lift during cruise, noise 
emissions are significantly reduced, offering a competitive advantage for 
operations over cities and densely populated areas.

The ifluence of performance variables on the commercial viabil

ity of the vehicle is assessed using the design filter operating expense 
(OE). For each operating condition, minimal OEp and OEpk are deter

mined from exploring S and 𝑁prop. The resulted contours are illustrated 
in Fig. 8 (a) and (b), respectively. Note the former contour indicates the 
operating expense per passenger for a full-range flight, while the latter 
contour enables a fair comparison of the operating cost across R. The 
contour of OEp demonstrates a pattern that is different from the con

tour of ECp shown in Fig. 6 (a). A positive correlation between OEp and 
R is seen across all explored V, while this correlation weakens as V in

creases. Minor fluctuations are detected at R = 150 km, 175 km, and 
300 km and are attributed to the effect of superimposing energy cost 
and personnel cost, which is further discussed in the subsequent text 
associated with Fig. 9.

Fig. 8 (b) presents the contour of ideal OEpk , with the local minimum 
value highlighted using red dots for the respective R. The observed rela

tions between OEpk and performance variables differ significantly from 
those between ECpk and parameters R and V. High OEpk values (≥ 1 
€/pax/km) are primarily observed along the grid lines where V = 100 
km/h and R ≤ 50 km. With increasing R and V, the level of OEpk ex

hibits a declining trend. Local minima at each R, marked by red dots, 
are observed in a diagonal direction across the grid of R and V, form



Aerospace Science and Technology 160 (2025) 110058

11

S. Wang, L.T. Lima Pereira and D. Ragni 

Fig. 6. Contours of the optimal energy consumption (a) per pax (ECp) and (b) per pax-km (ECpk ) across different operating scenarios defined by V and R. 

Fig. 7. Contours of the optimal sound power level during (a) takeoff (PWLt) and (b) cruise (PWLc) across different operating scenarios defined by V and R. 

ing two ``ladders'' at R ≤ 175 km and R > 175 km. Each ladder depicts 
a relation between R and the corresponding ideal V, in terms of optimal 
OEpk . The result shows that the ideal operating speed does not consis

tently increase with extending R, and is likely due to the limitations on 
explored V and increasing impact of energy consumption.

It is of interest to note that the presented existing tilt-rotor vehicles 
all fall in a low OEpk zone, between the two ladders. This observation 
holds true despite the large difference in pack-level energy density be

tween current (≈ 200 Wh/kg) [40] and future projections (585 Wh/kg) 
[8,9], and further highlights the importance of mission time, as the exist

ing vehicles tend to favour a high operating speed for low flight time and 
personnel cost. In addition, a high operating speed can render the oper

ation more commercially competitive when comparing to other means 
of transportation. A vehicle designed to cruise at high speed can also 
operate at lower speeds for more flexible business models.

To further analyze the patterns observed in Fig. 8, the direct op

erating costs (DOC) are decomposed into two components: operating 
expense that are related to personnel cost (OE𝑡), and energy (OEEC), 
with the corresponding contours illustrated in Fig. 9 (a) and (b), respec

tively. As detailed in Section 2.3, OE𝑡 consists of pilot and maintenance 
costs, and is determined by the wrap rates and mission time t. The wrap 
rates are considered as fixed constants in this study to simplify the anal

ysis. Hence, OE𝑡 exclusively depends on t, which varies with changes in 

performance variables. Conversely, the energy cost OEEC is a function 
of both t and the power output of the propulsion system, with the latter 
also varying according to aircraft design considerations. Fig. 9 (a) de

picts a pattern that is near identical to Fig. 8 (b) for the operations with 
V > 100 km/h. Note a shorter mission time typically corresponds to a 
high cruising speed, implying that the V of optimal OE𝑡 should rise with 
increasing R. The pattern shown in Fig. 9 (a) deviates from this trend, 
attributing to the limits on the range of explored V and the conservative 
estimation for personnel cost, where the flight hours are rounded up to 
the nearest integer. As shown in Fig. 9 (b), the level of OEEC is much 
lower than OE𝑡 in general, with the maximum contribution of OEEC to 
OEpk found to be 14% at R = 300 km and V = 325 km/h. To optimize 
operating costs, designs for UAM vehicles with tilt-rotor architecture 
should prioritize on reducing mission time.

In summary, at V > 100 km/h, the energy cost is not the major con

tributor to the overall operating expense per pax-km, regardless of R. 
However, its role is still pivotal in preventing the vehicle from operating 
at high speeds over extended ranges, as its weight in OEpk increases with 
both R and V. Furthermore, it should be noted that the aforementioned 
results may vary depending on the level of automation and advanced 
traffic control, as the personnel cost and mission time are subject to 
change. For instance, a fully automated operation can reduce OE𝑡 by 
over 50%, making OEEC more significant. With these changes, the opti
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Fig. 8. Contours of minimum (a) OEpk and (b) OEp across different operating scenarios defined by V and R. 

Fig. 9. Contours of optimal operating expense due to (a) flight time (OEt) and (b) energy consumption (OEEC) across different operating scenarios dfined by V and 
R.

mal operating conditions from an economic perspective may align with 
those from an environmental one. However, it should be noted that the 
optimal vehicle design relies on combined metrics, with the weighting of 
metrics such as energy consumption, noise considerations, and commer

cial viability varying across different objective functions. Accordingly, 
the definition of the ideal cofiguration is contingent upon the interests 
and priorities of the stakeholders.

In addition to the analysis of OE, a preliminary assessment of the de

velopment cost (CDev) is carried out. The assessment is performed for the 
vehicle cofigurations corresponding to those in Fig. 8, providing more 
insights into their commercial viability. The model of CDev is devel

oped within the framework of COLOSSUS project, arising from exploring 
the Life Cycle Analyzer tool [42--44] developed at Department of Me

chanical and Aerospace Engineering, Politecnico di Torino. The model 
encompasses costs related to research, design, prototyping and flight 
test. To utilize the cost estimation tool, the systems of the vehicle are 
categorized into four groups, namely airframe, propulsion, subsystems, 
and batteries. Here, airframe consists of wing, fuselage, tails, nacelles, 
and landing gear. The propulsion system encompasses power cables, 
motors, inverters, and propellers. The subsystems include flight con

trol, avionics, environmental control and electric systems. The derived 
model of CDev is driven by the mass of components, which allows to cap

ture the cost variations due to cofiguration differences while using the 
same technology. The development costs for the systems of airframe, 
propulsion, and subsystems are described in euros using the following 
equations,

𝐶Airframe = 138,242𝑚Airframe + 40,497,006, (7)

𝐶Propulsion = 188,712𝑚Propulsion + 35,368,406, (8)

𝐶Subsystems = 758,893𝑚Subsystems + 110,390,174, (9)

with the component masses denoted by mAirframe, mPropulsion, and 
mSubsystems. The mass information is obtained through the second-order 
mass estimation using the design tool [19]. Due to the preliminary na

ture of the tool, detailed information on the masses of subsystems is not 
available. The overall CDev is then estimated using

𝐶Dev = 𝐶Airframe +𝐶Propulsion +𝐶Subsystems. (10)

Note the development cost for batteries is neglected here as they are 
treated as off-the-shelf products within the COLOSSUS project.

The contour of MTOMOE corresponding to the cofigurations shown 
in Fig. 8 (b) are first presented in Fig. 10 (a) as the weight of the vehicle 
is the main driver for carrying out a development cost analysis. Fig. 10

(a) shows that the MTOM of the cofigurations with ideal OEpk gener
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Fig. 10. Contours of (a) maximum takeoff mass of vehicles with ideal OEpk (MTOMOE), and (b) the development cost in million euros (CDev) across different operating 
scenarios dfined by V and R.

Table 6
Brief summary of vehicle cofigurations with ideal OEpl at different operating conditions, dfined by 
V and R.

R V S Nprop PL DL MTOM OEpk PWLt PWLc

[km] [km/h] [m2] - [kg/kW] [kg/m2] [kg] [€/pax/km] [dBA] [dBA] 
25 125 19 10 1.46 82.6 1,203 2.31 97 54 
50 125 19 10 1.44 81.8 1,231 1.17 97 54 
75 150 19 10 1.44 82.0 1,255 0.79 97 54 
100 175 16 10 1.50 84.6 1,326 0.60 98 54 
125 225 11 10 1.68 94.9 1,482 0.50 104 56 
150 275 11 10 1.81 101.7 1,586 0.44 105 60 
175 300 11 10 1.88 106.1 1,666 0.39 106 61 
200 175 19 10 1.44 81.4 1,426 0.49 98 54 
225 200 14 10 1.55 87.5 1,528 0.44 101 56 
250 225 11 10 1.68 94.9 1,658 0.41 105 57 
275 250 11 10 1.76 99.3 1,726 0.38 106 58 
300 275 11 10 1.85 104.9 1,820 0.36 107 60 

ally falls in between 1,200 kg and 2,200 kg, when V is greater than or 
equal to 125 km/h. The results corresponding to V = 100 km/h further 
prove that the tilt-rotor architecture is inadequate for extended-range 
operation at such low speed. The values of MTOMOE at R > 150 km are 
significantly higher than the rest of the cases and are an order of mag

nitude higher than 2,200 kg at R = 300 km. In general, the values of 
MTOMOE increase with both increasing V and extending R. Some ex

ceptions are noted at R > 200 km, where the trend of MTOMOE exhibits 
fluctuations, with values falling and rising with increasing V. The pat

tern largely resembles that of Fig. 6 (a) (total EC per flight), indicating 
the weight of battery plays an important role in the variations of MTOM.

Next, the results of CDev corresponding to the cofigurations pre

sented in Fig. 8 (b) is illustrated in Fig. 10 (b), where the contour levels 
are expressed in units of million euros (M€). The level of CDev for V >

125 km/h is observed to be approximately between 300 M€ to 330 M€ 
at V > 100 km/h. The pattern does not fully align with that observed in 
Fig. 10 (a) as the battery is neglected when estimating CDev . The con

tour shows that increasing R generally elevates CDev at V > 100 km/h. 
The response of CDev due to increasing V is more complicated and is at

tributed to the modulations in component weight, driven by the design 
preference presented in Fig. 5. Upon examining the estimated weight of 
each component, it is observed that the propulsion systems are heavier 
at low operating speeds and long operating ranges, as those designs fea

ture a few large propellers to reduce energy consumption. In contrast, 
the wing component is heavier when the vehicle is utilized for high

speed cruising, where a smaller aspect ratio (AR) wing is employed. As 

previously discussed, opt for a thinner wing with smaller wing area helps 
reduce cruise drag; however, this will result in a heavier wing to main

tain structural strength. Nevertheless, at V > 100 km/h, increasing R
and V leads to minor variations (30 M€) in CDev , despite the MTOMOE
increasing from 1,200 kg to 2,200 kg. The ifluence of MTOMOE on 
CDev is deemed insignificant for the range of weights explored.

3.3. Discussion on design preference

A brief summary of the performance specfications for the vehicles 
with minimal OEpk at different R is presented in Table 6. Note that these 
design cofigurations correspond to the red dots shown in Fig. 8 (b), 
which are deemed as the most commercially viable vehicle for the re

spective R. The summary includes their attributes such as the ideal V, S, 
Nprop, PWLt , PWLc, power loading (PL), disk loading (DL), MTOM, and 
OEpk . Here, the PL and DL are dfined by the ratio between MTOM and 
total installed power and total rotor disk area, respectively. Table 6 of

fers a comprehensive overview of the specfications for eVTOL vehicles 
with tilt-rotor architecture, designed for UAM and RAM operations.

As seen in Table 6, the ideal V does not increase continuously with 
extending R across the explored operating ranges. This is attributed to 
the balance of energy cost and mission time-related cost, as previously 
discussed (Fig. 9). A higher V can effectively reduce mission time and 
personnel cost, but it also requires increased energy input. In addition, 
the conservative estimation on mission hours diminishes some of the mi

nor advantages in reducing personnel cost due to increasing speed. Next, 
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the trend in V with increasing R is negatively correlated with the trend 
of S. As explained in Section 3.1, this relation arises from the balance 
between lift contribution due to V and S. The design preference on Nprop
indicates that installing more propellers is more favourable irrespective 
of R. This is attributed to the fact that the reliance on lift support from 
propellers is minimized when the vehicles operate at the ideal V. Hav

ing more propellers can reduce the energy consumption during cruise 
while maintaining fail-safe considerations for motor malfunction.

The values of PL and DL are presented in Table 6 to illustrate the 
efficiency in utilizing power and rotor disk. Note that the propulsion 
system was sized based on MTOM and total installed power, and is tai

lored for the takeoff stage [19]. These values are thus key indicators 
rflecting the vertical flight capability. In general, the PL and DL of a 
rotorcraft are inversely related for a given MTOM due to the relation 
of 𝑃∕𝑇 ∝

√
𝑇 ∕𝐴𝑑 [39,45,46]. A high PL results in a small DL, corre

sponding to efficient vertical flight. Conversely, the cruise stage favours 
a high DL to reduce cruising power since the required thrust is a fraction 
of MTOM and the axial velocity is much higher than that of hovering 
[46]. However, this inverse relation between PL and DL is not seen in 
Table 6 as the vehicles exhibit notable variations in the MTOM with in

creasing R. It is verfied that both PL and DL are positively correlated 
with the MTOM, indicating that the hovering and aerodynamic efficien

cies of tilt-rotor vehicles are linked to their lifting capability. Hence, a 
direct comparison of PL and DL across a wide range of MTOM does not 
offer much insight into the hovering and aerodynamic efficiencies. For 
the explored R, the MTOM of vehicles approximately ranges from 1,200 
kg to 2,200 kg as R increases, with minor fluctuations observed at R
= 200 km due to variations in V. The phenomenon is associated with 
changes in battery mass, as operations over longer ranges typically con

sume more energy, whereas lower cruise speeds generally require less 
energy. It’s worth mentioning that the inverse relation between PL and 
DL is observed when vehicles with similar MTOMs are compared, such 
as when varying the 𝑁prop of vehicles designed for the same R and V.

The OEpk of shorter-range operations are found to be on the higher 
side. For the operations at R = 25 km and 50 km, the minimal OEpk
are determined to be 2.31 €/pax/km and 1.17 €/pax/km, respectively. 
Using OEpk = 0.4 €/pax/km as a threshold (approximately 17% of the 
minimal OEpk for R = 25 km), Table 6 suggests that mid-range op

eration (R = 175 km) at high operating speed (V = 300 km/h) and 
long-range operation (R = 275 km to 300 km) at slightly reduced speed 
(V = 250 km/h to 275 km/h) are the most commercially competitive 
options. Concerning the noise level, decreasing Nprop can effectively re

duce the PWL of vehicle during both takeoff and cruise as shown in Fig. 3
and 4. The corresponding change in OEpk at V > 150 km/h, however, 
is insignificant as the energy cost is not the dominant contributor to op

erating expense. When Nprop is reduced from 10 to 4, it is found that a 
reduction of up to 25 dBA for PWLc and up to 14 dBA for PWLc can be 
achieved. In summary, the takeoff PWL is observed to be between 97 
dBA and 107 dBA across the explored R. The variation in PWLt with in

creasing R appears to correlate with the changes in V and MTOM, since 
V ifluences the battery mass and, consequently, MTOM. The same pat

tern is also observed for PWLc, while the values of PWLc are found to 
be significantly smaller than PWLt .

3.4. Noise regression and sensitivity studies

A regression model is derived using the A-weighted PWL results ob

tained in this exploration. To establish the model, it is essential to first 
identify the cofiguration parameters that are critical to the propeller 
noise. According to Ruijgrok [47], these parameters include shaft power 
Ps, propeller diameter D, tip Mach number Mt , and number of blades 
B. These parameters were related to the maximum sound pressure level 
(SPLmax) of conventional propeller-driven aircraft at far field in the form 
of [47]

SPLmax(r) = 83.4 + 15.3log10Ps − 20log10D + 38.5Mt − 3(B − 2)

+ 10log10Nprop − 20log10r,
(11)

where the SPLs of propellers are graphically determined [48,49]. Here, r
represents the distance from propeller. The value of 𝑃 s can be obtained 
from 𝑃

FM , where FM is the figure of merit. The blade tip Mach number 
is dfined as 𝜋𝐷𝛺RPM

60c
with 𝛺RPM representing the propeller rotational 

speed and c is the speed of sound in air. Inspired by that, the following 
equation is proposed to estimate the A-weighted PWL of eVTOL vehicles:

PWL =KPlog10Ps + KDlog10D + KM log10 Mt + KBB + 10log10Nprop + C,

(12)

with 𝐾𝑃 , 𝐾𝐷, 𝐾𝑀 , and 𝐾𝐵 denote the fitting coefficients that need to 
be determined and C is a constant. In this context, Equation (12) is no 
longer dependent on r as the equation computes PWL instead of SPL. A 
second consideration sets 𝐾𝑀 to 60, rflecting the expected velocity de

pendency of dipolar sources of aeroacoustic noise [50]. Additionally, by 
directly fitting the A-weighted levels, the effects of decreasing the blade 
rotational speed and, consequently, modifying human-ear response to 
the tonal noise are also taken into account. As previously noted, the 
aforementioned results only consider propellers with B = 5 (following 
VA-X4 and Joby S4). Thus, extra PWL results are required to help iden

tify the role of B in Equation (12). By including the same parameter 
sweep realised with B = 3 (matching Airbus Vahana Alpha 2) and 4, 
𝐾𝑃 , 𝐾𝐷 , 𝐾𝐵 , and C can be obtained by solving the following system, 
using a least-squares approximation:

⎡⎢⎢⎣
PWL1 − 10log10N1 − 60log10M1

⋮
PWLm − 10log10Nm − 60log10Mm

⎤⎥⎥⎦
=
⎡⎢⎢⎣
log10P1 log10D1 B1 1

⋮ ⋮ ⋮ ⋮
log10Pm log10Dm B𝑚 1

⎤⎥⎥⎦
⎡⎢⎢⎢⎢⎢⎣

𝐾𝑃

𝐾𝐷

𝐾𝐵

C

⎤⎥⎥⎥⎥⎥⎦
.

In this system, m corresponds to the number of equations/vehicles con

sidered to compute the fitting coefficients. The computation does not 
include cases with V ≤ 150 km/h, as many of them exhibit notable re

liance on propellers for lift generation, leading to unrealistic MTOM. As 
a result, a total number of m = 5,040 cofigurations are considered to 
determine the fitting coefficients. The inputs 𝑃s and D have unit of watt 
and meter, respectively. The solidity of propellers is held constant for all 
the cofigurations. Upon examining the results of preliminary fitting, it 
is noted that the coefficients vary with respect to mission stages. This 
is potentially due to the large difference in disk loading and ΩRPM be

tween takeoff and cruise. The required thrust and ΩRPM during cruise 
are only a fraction of that during takeoff. The computed fitting coeffi

cients corresponding to takeoff and cruise are presented in the following 
equations

PWLt,re = 3.2log10Ps − 20.3log10D + 60log10Mt − 2.9B

+ 10log10Nprop + 124.1, and
(13)

PWLc,re = 14.1log10D + 60log10Mt + 0.5B + 10log10Nprop + 102.2, (14)

respectively. The subscript ‘re’ denotes the PWLs are recovered using 
Equations (13) and (14). Although more precise models [28,51--53] 
have been previously established, they typically require detailed pro

peller information and considerable effort to implement [47], which 
may not be ideal for a preliminary design stage and do not provide direct 
interpretation on the effects of basic design parameters. In contrast, the 
proposed regression model offers reliable trends with only basic pow

ertrain information as input, making it ideal for the preliminary design 
stage and facilitating discussion regarding the design choices.



Aerospace Science and Technology 160 (2025) 110058

15

S. Wang, L.T. Lima Pereira and D. Ragni 

Fig. 11. Comparisons between PWLs obtained using fitting coefficients and design tool for (a) takeoff and (b) cruise stages. The results corresponding to 𝑁prop = 
4, 6, 8, and 10 are illustrated in red, green, blue, and yellow, respectively. Decreasing B from 5 to 3 is depicted by reducing the shades of colour. The ‘true values’ 
obtained using the lo-fidelity design tool are presented in the dash-dot line. Error bars are noted, illustrating the maximum deviation between the PWLre and true 
values at the corresponding PWLs.

Table 7
Summary of the computed values of fitting coefficients and the corresponding 
ranges during takeoff and cruise.

𝐾𝑃 𝐾𝐷 𝐾𝐵 C 

Takeoff
Value 3.2 -20.3 -2.9 124.1 
Range 1.8 to 4.7 -46.0 to 17.1 -4.8 to -0.8 117.6 to 130.8

Cruise
Value 0.0 14.1 0.5 102.2 
Range -0.5 to 0.2 -2.2 to 16.7 -0.2 to 0.7 100.0 to 103.2 

In addition to the fitting values shown in Equation (13) and (14), 
a possible range of deviation for each coefficient exists. The ranges are 
evaluated as the maximum differences between the recovered PWLs and 
those computed using lo-fidelity design framework, achieved by hold

ing the other coefficients constant. For instance, the range of 𝐾𝑃 for 
takeoff is determined by

𝐾𝑃 =
PWLt + 20.3log10D − 60 log10 Mt + 2.9B − 10log10Nprop − 124.1

log10Ps
.

(15)

A summary of the computed values and ranges for each fitting coeffi

cient is presented in Table 7. The computed coefficients generally match 
the mean of the possible values. The precision of most coefficients is high 
with the exception of 𝐾𝐷 , attributing to its substantial magnitude when 
compared to other computed coefficients. 

The quality of the regression model is demonstrated by plotting the 
recovered PWLs for takeoff and cruise against those obtained from the 
lo-fidelity design framework (‘true values’) in Fig. 11 (a) and (b), re

spectively. The PWLs linked to Nprop = 4, 6, 8, and 10 are presented 

using red, greed, blue, and yellow colours, respectively. A decrease in B
is rflected by reducing the shades of colour. The true values of PWL are 
depicted along a dash-dot line, with annotated error bars representing 
the maximum deviation of recovered PWLs with respect to the true val

ues. Fig. 11 shows that Equation (13) and (14) can predict the PWLs of 
the vehicle reasonably well for both takeoff and cruise stages. The max

imum error in PWLre are 6.7 dBA for takeoff and 1.1 dBA for cruise.

An important aspect of the regression model is that it allows for the 
assessment of design parameters on the emitted noise. For the takeoff 
stage, 𝑀t is shown to have the largest coefficient when comparing to 
other powertrain inputs, indicating that takeoff noise is highly sensitive 
to changes in 𝑀t . Increasing 𝑀t is found to elevate the tonal component 
of PWLt,re, aligning with the results of Akiwate et al. [54], who demon

strated that increasing 𝑀t and holding s constant can largely enhance 
the tonal noise. Propeller diameter D is shown to be the next sensitive 
contributor to takeoff noise, followed by Nprop and Ps. The signs of 𝐾𝐷

and 𝐾𝑁 indicate that using larger and fewer propellers helps reduc

ing PWLt,re, while increasing shaft power leads to greater noise. This 
observation is consistent with the discussion presented in Section 3.1. 
Next, 𝐾𝐵 is observed to have a comparable magnitude to its counter

part in Equation (11), and increasing B reduces PWLt,re. This result may 
be attributed to the balance between tonal and broadband noise, as in

creasing B while keeping s constant significantly reduces the prominence 
of tonal noise [54]. The A-weighting process may further attenuate the 
tonal component, contributing to decreasing the overall PWLt,re .

For the cruise stage, some fitting coefficients vary significantly from 
those identfied for takeoff, suggesting a shift in the role of powertrain 
parameters as operating conditions change [54,55]. The tip Mach num

ber remains the most ifluential parameter in terms of noise emission 
and is proportional to PWLc,re. The magnitudes of 𝐾𝐷 and 𝐾𝑁 indicate 
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that both the size and number of propeller have notable ifluence in 
modulating the noise level during cruise. In contrast to Equation (13), 
increasing both D and Nprop is seen to elevate noise. The observation is 
likely due to the intertwined relation between design choices. The mag

nitude of 𝐾𝑃 in Equation (14) drops to zero, which can be attributed to 
the major role of takeoff on the determination of the installed power. 
Compared to takeoff, the required power during cruise is less significant. 
Additionally, the contribution from broadband sources, which correlates 
more strongly with the tip Mach number, is expected to increase relative 
to the tonal sources. The positive sign of 𝐾𝐵 suggests that increasing B
will elevate the overall PWLc,re , which is opposite to that observed in 
Equation (11) and (13). This discrepancy is related to the larger contri

bution of broadband sources of noise. Nevertheless, the small magnitude 
of 𝐾𝐵 indicates that varying B does not significantly impact PWLc,re. 
This is likely due to the reduced contribution of tonal noise in overall 
PWL, as propellers operate at lower RPMs compared to during takeoff 
[54,19]. The discrepancies in fitting coefficients between Equation (14) 
and (13) can also be attributed to the ifluence of A-weighting, as the 
tonal harmonics are at much lower frequencies during cruise than dur

ing takeoff.

To further elucidate the relation between vehicle design and noise 
emission, the equations for estimating PWLs are reformulated into terms 
associated with vehicle attributes, such as maximum takeoff weight 
𝑊MTOM and total rotor disk area 𝐴disk . For the takeoff noise, this is 
achieved by substituting Equations (1) and (6) into Equation (13), where 
𝑃s and 𝑀t can be expressed through common terms of 𝑊MTOM and D
as shown below

𝑃s =
1 
FM

√
2𝑇 3

𝜌𝜋𝐷2 , and (16)

𝑀t =
2 

𝑐𝑜𝐷

√
6𝑇

𝜌𝑠𝜋𝐶𝐿

. (17)

Note that T is the thrust produced per propeller and is given by

𝑇 =
𝑊MTOM
𝑁prop

. (18)

After rearranging the terms and considering the total propeller disk area 
𝐴disk =𝑁prop

𝜋

4 𝐷
2, we arrive at

PWLt,re =

1
2
𝐾𝑃 log10

(
𝜋2

32𝜌FM2

)
+ 30 log10

(
24 

𝑐2𝜌𝑠𝜋𝐶𝐿

)
+ 20 log10

𝜋

4 
+C

⏟ ⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟ ⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
term 1 

+
(3
2
𝐾𝑃 + 30

)
log10 𝑊MTOM

⏟ ⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟ ⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
term 2 

−
(3
2
𝐾𝑃 + 20

)
log10 𝐴disk

⏟ ⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟ ⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
term 3 

+ (𝐾𝐷 + 2𝐾𝑃 − 20) log10 𝐷
⏟ ⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟ ⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

term 4 

+ 𝐾𝐵𝐵
⏟ ⏟ ⏟

term 5 

(19)

Term 1 from Equation (19) represents a group of constants that stem 
from the assumptions made in this study. Terms 2, 3, 4, and 5 represent 
contributions of 𝑊MTOM, D, Adisk , and B towards the PWLt,re, respec

tively. Using the values of fitting coefficients for takeoff, the final form 
of Equation (19) is determined to be

PWLt,re = 5.8 + 34.8 log10 𝑊MTOM − 24.8 log10 𝐴disk

− 33.9 log10 𝐷 − 2.9𝐵,
(20)

Following the same approach, Equation (14) can be expressed as

PWLc,re = −15.2 + 30 log10
𝑊MTOM

𝑟𝐿𝐷

− 20 log10𝐴disk

− 5.9 log10 𝐷 + 0.5𝐵,

(21)

where cruise T is replaced by 𝑊MTOM
𝑟𝐿𝐷

, with 𝑟𝐿𝐷 representing the lift-to

drag ratio of the vehicle.

These equations allow for a direct comparison of vehicles with the 
same weight and total disk area, i.e., the same disk loading. As shown in 
Equation (20) and (21), PWLs in both takeoff and cruise are sensitive to 
changes in 𝑊MTOM due to the substantial magnitude of its coefficient. As 
expected, increasing 𝑊MTOM increases PWL in both takeoff and cruise 
since the required thrust to lift the vehicle and sustain level flight is 
proportional to the vehicle weight. In addition to 𝑊MTOM, the total disk 
area is found to be a notable contributor to PWLt,re and PWLc,re. It is 
observed that increasing 𝐴disk and D leads to noise reduction. This ben

efit arises from an enhanced propulsion system efficiency that requires 
a smaller RPM, consequently reducing the tonal noise. Furthermore, the 
ifluence of D on noise reduction is more pronounced during takeoff 
than cruise. When disk loading is held constant, the results indicate a 
trend where a tilt-rotor vehicle with fewer but larger diameter propellers 
is preferable to one with a large number of smaller rotors. This prefer

ence is primarily due to the lower rotational speeds of large propellers, 
coupled with human perception that is less sensitive to low BPFs. These 
findings are consistent with the observations from Figs. 3 and 4 from 
Section 3.1.

4. Conclusion

In this investigation, a design exploration of the electric vertical take

off and landing (eVTOL) vehicle was performed for a 2050 time horizon 
using a lo-fidelity design framework developed at Delft University of 
Technology. The vehicle architecture employed here was chosen as a 
tilt-rotor combined with a conventional airframe, a design choice aimed 
at fufilling the mission requirements of both Urban Air Mobility (UAM) 
and Regional Air Mobility (RAM) operations. The vehicle was designed 
to operate with a single pilot and can carry four passengers. A set of 
Top-Level Aircraft Requirements (TLARs) were considered as design 
variables in this investigation. These TLARs were identfied as operat

ing range R, speed V, number of propellers Nprop, and wing area S. The 
variables were altered to facilitate a systematic exploration of various 
conceptual designs, thereby providing a comprehensive analysis of the 
potential performance and capabilities of the eVTOL vehicle. The iflu

ence of these design variables were evaluated from the perspectives of 
energy consumption, noise emission, and commercial viability.

Based on the assessment on Nprop and S, it is found that the tilt
rotor vehicle with wing is deemed inadequate to operate at low speed 
of 100 km/h regardless of the cofiguration. The wings cannot gener

ate sufficient lift to sustain level flight for most of the investigated R. At 
higher speeds, a small S coupled with large Nprop is favoured in terms 
of energy consumption per pax-km and operating expenses per pax-km. 
Concerning the noise emission, the design preference on Nprop flips for 
both takeoff and cruise stages. Following the evaluation of Nprop and 
S, the investigation also assesses performance variables with respect to 
energy consumption, noise level, and operating expenses. For the pur

pose of conserving energy, low-speed operation is preferred, with the 
minimum ECpk is found to be approximately 0.1 kWh/pax/km. The 
minimum PWLt is mostly observed in low-speed or short-range oper

ations and is approximately 75 dBA, while the ideal PWLc is generally 
seen to increase with rising V, featuring a minimal value around 40 
dBA, regardless of R. To offer some guidance on business planning for 
tilt-rotor vehicles, the ideal OEpk is evaluated across different V and R. 
The commercial competitive operations are found to be those featuring 
shorter flight hours, as the dominating personnel cost are low. In con

trast, the energy efficient operations favour low speed but greater than 
100 km/h since less energy is consumed during cruising. Furthermore, 
a sensitivity study of noise emissions with respect to key powertrain pa
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rameters is carried out. With basic information such as the shaft power, 
propeller diameter, tip Mach number, number of blades, and number of 
propellers, the A-weighted sound power level during takeoff and cruise 
can be quickly estimated through a regression model. In consistent with 
the evaluation on Nprop, the model suggests that a design featuring a 
few large propellers is preferred for lower noise emissions, contrasting 
with the design preference for low energy consumption and costs, which 
favours a greater number of smaller propellers.

In summary, several intriguing findings have emerged from this de

sign exploration. For operations characterized by low operating speed 
and short operating range, a design that employs a multicopter architec

ture is more suitable. For operations that demand long-range capabili

ties, achieving a higher cruise speed is pivotal to counter the increase 
in battery weight. The critical speed falls in between 125 km/h and 
175 km/h, where the reliance on propeller for lift support gradually 
perishes across investigated operating ranges. The most commercially 
competitive operating conditions do not align with the most energy

e˙icient ones, as the energy-related cost is found to be insignificant 
compared to personnel cost. Commercially viable operations feature a 
large number of propellers, which provides little advantage in reduc

ing energy-related cost but significantly increases the emitted noise. 
Hence, a smaller number of propeller is preferred concerning the social 
community acceptance. The study demonstrates the necessity for mul

tidisciplinary vehicle optimization for urban air mobility operations, as 
different ideal designs are produced based on the environmental, soci

etal, and economic constraints applicable. The priority of optimization 
can vary depending on the mission objective and business plan.
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