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Abstract: On-demand air transport is an air-taxi service concept that should ideally use small,
autonomous, Vertical Short Takeoff and Landing (VSTOL), “green”, battery-powered electric aircraft
(eVSTOL). In addition, these aircraft should be competitive with modern helicopters, which are
exceptionally reliable machines capable of the same task. For certification and economic purposes,
mobile tilting parts should be avoided. The concept introduced in this paper simplifies the aircraft
and makes it economical to build, certify and maintain. Four contrarotating propellers with eight
electric motors are installed. During cruise, only two of the eight rotors available are not feathered
and active. In the first step, a commercial, certified, jet-fueled APU and an available back-up battery
are used. A second solution uses a CNG APU and the same back-up battery. Finally, the third solution
has a high-density dual battery that is currently not available. A conceptual design is shown in
this paper.

Keywords: electric–thermal hybrid aerial; vertical short takeoff landing; attitude control; cost-effectiveness

1. Introduction

On-demand air transport is an air-taxi service concept that should use small, Vertical
Short Takeoff and Landing (VSTOL), battery-powered, electric aircraft (eVTOL). These
aircraft should be competitive with modern helicopters, which are exceptionally reliable
and cost-effective aerial vehicles designed for the same task. These new vehicles should be
more efficient, less expensive, eco-friendly, and quieter than helicopters and autogiros. A
few considerations are necessary before the introduction of an innovative design concept
for the task. First, autonomous flying is possible [1] and relatively straightforward, with
the aid of today’s machine learning technologies [2–4]. Most commercial airplanes have
the capability of fully autonomous flight from takeoff to landing [4]. Many Unmanned
Aerial Vehicles (UAVs) have the capability to fly a mission autonomously even in controlled
airspace and in airports. Nevertheless, unmanned flight is rarely considered for civil air
transportation [5]. This is because most passengers would refuse to use a pilotless airplane.
Therefore, from the perspective of an individual who communicates with their destination
via an app, the notion of securing their seatbelt, closing the door, and taking off for a
fully autonomous flight is physiologically uncomfortable. What would happen in case of
an emergency? The air-taxi would be controlled by an emergency ground station. How
would the control authority expect such an aircraft to fly over a crowded city, with other
aerial vehicles? For this reason, it is important to design an optionally piloted vehicle.
In this case, at least for an initial period, a pilot could transport the passengers to their
destination. Theoretically, electric propulsion introduces the potential to alter the design
of vertical lift vehicles for reduced cost. Experts theorize a substantive operating cost
improvement because of lower energy costs, reduced maintenance time, mass production,
and increased part commonality [6]. In fact, energy coming from the electrical grid costs
less than one third of that obtained on-board from aviation fuel. Only for this reason, a
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6% reduction comes directly from the 20% share of fuel in terms of the operating costs for
helicopters. Electrical propulsion is also expected to reduce maintenance by 20–30% due
to the elimination of gearing and transmission. Unfortunately, battery-specific energy is a
critical constraint for all electric aircraft, since the vehicle gross weight increases rapidly
as the specific energy is reduced. The new concept proposed in most papers relies on
batteries that do not exist. To certify an aerial vehicle, one must use a certified battery
pack, with cells that are produced to a sufficient quality level. Today, this quality level
is one failure over 200 million cells for the whole battery life. Today, batteries need a
Battery Management Unit (BMU) with a reliability of more than one minor failure over
30,000 flying hours [7]. The BMU should equalize the charge of all the cells. In 2023, the
required number of cells will be equal to 3000 for a 100 kWh battery. The BMU should
also check the cells. It will discharge all the units that are damaged or significantly aged,
beyond recovery. The BMU also controls the charging and discharging current, which
depends on the battery temperature, cell age, and the type of charge (fast or best). The
BMU should also contain safe braking systems for misuse or crash. Today, a thermal and
mechanical barrier is required to protect the aircraft from thermal runaway of the cells
and piercing of the unit in case of crash. In addition, the efficiency of battery charging
and discharging depends on several factors. Current, temperature, and age are the most
important [8]. It is important to note that the second law of thermodynamics states that as
energy is transferred or transformed, a part of it is wasted; therefore, battery charging and
discharging never have unitary efficiency. For these reasons, the battery should be cooled
or heated [9]. Today, it is appropriate to design a vehicle that uses aircraft-certified eAPUs,
with the possibility to update the vehicle to retrofit the future battery later as it becomes
available. In fact, in a few studies found in the literature, the eVTOL aircraft was designed
with a futuristic 300–400 W hr/kg battery [10,11]. Air transportation safety requires the
use of already tested power packs, and costs require the use of mass-produced batteries.
Therefore, the easiest way to obtain the real, commercially available power density is to
adopt existing power packs that are widely used in the automotive market for electrical
vehicles (EVs). Table 1 shows acceptable ranges for Volumetric Energy Density (VED)
(Wh/dm3) and Specific Energy Density (SED) (Wh/kg).

Table 1. VED and SED values for commercial batteries [11].

Battery Type VED
(Wh/dm3)

SED
(Wh/kg)

Lead–Acid 20–90 20–60
Ni-Cd 70–180 40–90
Ni-MH 110–290 80–130
Li-ion 220–340 120–270

The Tesla car manufacturer has successfully applied a 4416-cylinder-cell-unit that
weighs 478 kg and stores 75 kWh to Model 3. This means an SED of 157 Wh/kg. This
power pack is approximately 1200 mm wide, 1900 mm long, and 100 mm thick for a VED
of 328 Wh/dm3. The modules are cooled with a fan-equipped radiator. A liquid-cooled
electronic system controls the battery temperature and outputs the DC current at the
nominal voltage of 400 V. The complete “PowerWall 2” power pack, also from Tesla, has an
SED of 106 Wh/dm3 and a VED of 118 Wh/kg. Nonetheless, actual technology is far from
the level of 400 Wh/m3 assumed by a few authors [10,11]. In addition, fast discharge during
vertical takeoff and landing will face lower efficiency with loss of energy. “Fast charge”
cycles of 40 or 60 min each would also significantly reduce battery life. For this reason, now,
it is necessary to consider the possibility of changing the battery pack instead of recharging
it. Many companies are working on eVTOL designs, including Airbus, Boeing, Honeywell,
Joby Aviation, Terrafugia, Lilium Aviation, and Aurora Flight Sciences. Quite unique design
approaches are available: a tiltrotor, tilt-duct, tilt-wing, and separate rotors for cruise and
hover; as well as a multirotor, autogiro for conventional and compound helicopters; finally,
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a tilt-duct forcoaxial-rotor helicopters, and compound helicopters. Another problem is
certification. From the authors’ experience, based on the Agusta-Bell 609 certification [12],
authorities will require a nearly complete certification for each degree of tilt of the moving
parts, with the exception of the feathering propellers that have a separate certification path.
In addition, certification authorities will require this situation to be handled if one or more
of the movable parts is locked in a fixed position by a failure, or alternatively, will request
complete actuating systems shut off [13]. Proper recovery systems should be considered for
every failure combination and included in the pilot’s notes. Very efficient systems such as
ballistic parachutes may prevent the use of the aerial vehicle in urban areas. For this reason,
this paper introduces a new concept for a hybrid air-taxi, based on attitude changing and
not on rotating parts or additional propulsion systems. The concept is based on the Opener
BlackFly idea [14], with modifications for the air-taxi application. Therefore, the vehicle
has already been flight evaluated in a slightly different configuration. The authors replaced
the original multimotor–rotor configuration with four identical contrarotating propellers.
In addition, an undercarriage was added for taxiing. An APU was installed for range
extension. The original two-seater configuration was replaced with a five-seat fuselage.

2. Materials and Methods
2.1. Requirements

The release of the Uber Elevate White Paper defined the requirements to make urban
air-taxi profitable. A few of these requirements are summarized in Table 2 [15]. Table 3 also
shows some important values about eAPU.

Table 2. Requirements from Uber Elevate White Paper.

Req. Value Unit

Cruise speed 72 (160) m/s (mph)
Payload 363 (4) kg (Pax)
Range 100 (60) km (mi)

Reserve cruise 20 min.
Hover altitude 1524 (5000) ISA QNH m (ft)
Cruise altitude 304.8 (1000) ISA QNE m (ft)

Footprint 15.24 (50) m (ft)
Blade tip speed 135.9 (445) m/s (ft/s)

Table 3. eAPU data [16].

Req. Value Unit

Empty Weight 60 (132) kg (lb)
Width 0.35 (13.8) m (in)
Height 0.35 (13.8) m (in)
Length 0.42 (16.5) m (in)

Max Altitude 6000 (20,000) m (ft) ISA
Cruise altitude 304.8(1000) ISA QNE m (ft)

Temp. −104 to 113 DEG F
Power 60 kVA

Unfortunately, the battery requirements correspond to much better units than those
currently available on the automotive market. In fact, the Uber Elevate documentation
claims an SED of 400 Wh/kg, while the absolute best automotive units only have an
SED of 200 Wh/kg. The same difference applies to recharging time. This is a problem
since automotive requirements are less stringent than aircraft certification ones. Therefore,
batteries for certified aircraft are less efficient than the latest used in the automotive market.
Therefore, the authors have included a power pack in this preliminary design that can
be composed of a jet-fueled eAPU (electric Auxiliary Power Unit) currently in use in
a last generation helicopter (AW 189). In this case, the eAPU is already certified and
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the process of the aircraft certification is rather simple. Alternatively, the APUs can use
CNG (Compressed Natural Gas) that is a quite common and simple technology and the
adaptation to eAPUs is straightforward. It is also possible to use a piston engine for the
CNG-APU, with much better efficiency at the required power levels. A fourth, future
alternative is to use a detachable battery powerpack that is replaced instead of being
recharged. In this case, a twice-redundant battery pack is designed for flush installation
into the aerial vehicle. The twin battery redundancy is for safety even if, in most conditions,
the vehicle may be capable of autorotation. A fourth alternative is to use a fixed battery
to be recharged directly in the eVTOL vehicle. In the case of batteries, it is convenient to
try to design droppable units. In fact, today, batteries once on-fire cannot be extinguished
with actual technologies. It is also advisable to have an emergency strategy available for
each of the flight legs. Modern helicopters have hundreds of unique moving parts that
are assembled into modern helicopters. The secret of their reliability lies in the frequent
maintenance by qualified personnel that use certified components and procedures. The
new aircraft should have fewer unique components and fewer dynamic components that
should translate to a substantial cost reduction during the life of the vehicle. For the cost
comparison, an aerial vehicle similar to this air-taxi is the Robinson R44, single-piston
engine helicopter. The nimble R44 is a very low-cost helicopter with two bladed main
and tail rotors. Its payload is close to the Uber Elevate (800 lb for four passengers), and
this helicopter can meet the Uber Elevate range requirement, being capable of 300 mi. In
fact, the air-taxi is an atypical aircraft due to the incredibly low range achieved (60 mi)
and the relatively low cruise speed (160 mph). Its competitor (Robinson R44), as any
rotary wing aircraft, is not very fuel-efficient when compared with a fixed-wing aerial
vehicle. For this reason, the new, fixed-wing design should also be atypical and should
give priority to cost, safety and handling. Aerodynamic and propulsion efficiency are in
second place. The impression given to the customers should be closer to a taxi than to
an airplane. Maintenance and purchase costs should be as low as possible. However, the
concept is to design a small vehicle capable of operating autonomously from parking with
a driver (pilot), four passengers and a small weight of luggage. The use of CNG (or H2)
instead of other fossil fuels will minimize the environmental impact. Safety is obviously of
paramount importance and a fail-safe design should be adopted. The maintenance skill
required should be closer to a car than an airplane. Finally, computer-assisted flight control
would reduce the pilot workload to a minimum.

2.2. Configuration Selection

Electric and thermal–electric hybrid propulsion allow far larger design freedom with-
out the constraints and mechanical complexity of drive systems and shafting. However,
the physics is still there, and the aerial vehicle should have low disk loading to limit takeoff
power. Unfortunately, the same vehicle would need higher disk loading for high cruise
efficiency [17]. Moreover, the wings cannot be too large, with the wingspan being limited
by the footprint. The vehicle should be as simple as possible to improve reliability and
reduce maintenance. The selected starting idea is the Opener BlackFly [18] (US Patent
US20140097290A1). This single-seater ultralight aircraft has a tandem wing configuration
with winglets. Each wing is equipped with four tractor propellers canted up at 45 degrees.
The entire aircraft changes pitch to accommodate the different flight configuration. At
vertical takeoff, the aircraft pitches up 45 degrees to make the propellers pull vertically. For
best-efficiency horizontal cruise, the aircraft pitches down 45 degrees, with the propellers
aligned with the flow-stream. The BackFly has no landing gear, and the bottom fuselage
is protected by a rub-strip and small rubber bumper on the curved bottom of the hull,
which makes it possible to operate from a grass surface, asphalt, and water. Dual elevons
on the outer edge of both wings and differential motor speeds provide control authority.
Unpowered glide mode is also possible. The large advantages of this configuration are the
relative simplicity, the controllability in the vertical flight mode, the easiness of transition
from hover to forward flight and the possibility to fly powerless. The drawback is the high



Drones 2022, 6, 102 5 of 19

fuselage drag in cruise and the lack of mobility on the ground. The last drawback was
eliminated by the author’s patented innovative design (Figures 1–4).
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Figure 4. Side view of proposed solution nearing the vertical takeoff condition, with the rear wheels
still on the ground for directional control.

In the vehicle in Figure 1, the rear wheels are motorized to make it possible to move
the vehicle on the ground autonomously. It is also possible to avoid motorized wheels,
but the propeller propulsion is dangerous for people nearby. Like in a car, all the wheels
have brakes. The fuselage resembles an early Volkswagen Typ2 T1 “Samba” (1954). The
ceiling is rounded to provide improved aerodynamics in cruise mode and it is transparent
for better visibility. Fuselage aerodynamic efficiency is sacrificed for functionality. In any
case, the flight distance would not be extended. The vehicle would take less than half an
hour for the longest 60 mi distance. The extremely small power pack (eAPU; Table 1) is
positioned in the rear part. A battery is installed in the bottom of the vehicle to stabilize the
current from the eAPUs and to lower the GC (Gravity Center). An alternative position is in
the frontal part. This position allows the battery to be replaced on site without special tools.
A small baggage compartment is positioned in the rear over the eAPU. On the ground,
the vehicle operates like an ordinary car with the frontal wheels steering and the rear
ones providing traction. Since the amount of power required is exceedingly small (less
than 1 kW), motorized wheels can be used. The battery will provide energy for ground
operations. For flight, the eAPU is turned on. At vertical takeoff, the front propellers are
activated to pitch up by rotating the vehicle on the rear wheels and aligning the propeller
thrust to the vertical. In this way, the rear wheels provide control in this initial, delicate
phase of the flight. In fact, the driver can still control the vehicle direction by applying
differential speed to the rear, motorized wheels. Normally, the vehicle is aligned with the
wind at takeoff (Figure 4). A frontal view of the design can also be seen in Figure 2.

This two-wing, four-rotor configuration makes it possible to choose between vertical
at short takeoff and landing. Powerless flight and landing are possible. Autorotation is also
possible. Figure 3 shows the vehicle in cruise mode.

Additionally, general dimensions are given in Figure 5. This figure represents the
distance between the centers of the propellers. On the other hand, an isometric view of the
cruise has been added in Figure 6.
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2.3. Propulsion Configuration

Contrarotating propellers have several advantages in VSTOL aircraft. The smaller
diameter and lower disk loading significantly reduce the power required in hover. In
addition, contrarotating propellers have less drag and better efficiency in horizontal flight.
The absence of gyro-loads at low speed is beneficial for low-speed handling and structural
loads. With electric-powered propellers, the design is relatively easy, and two motors can
be installed in each propeller group.

Another advantage of the contrarotating propeller is the absence of settling with
power. The only shortcomings are higher noise and mechanical complexity. However, in
this case, a single rotor configuration with the rear rotor feathered makes the system quieter
in horizontal flight. The mechanical complexity is reduced by the presence of separated
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electric motors for each propeller. Hovering efficiency (Equation (1)) is of paramount
importance since the aircraft should be able to land safely also with 2 motors inoperative.

Hover Lift Efficiency (HLE) =
Gross mass (kg)

Power (HP)
(1)

The efficiency of the design is also evaluated according to Figure 7, which shows some
standard values regarding different kinds of aircraft design.
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In fact, the eight electric motor configuration improves overall reliability. A single
motor failure should not affect the aircraft performance, but a reduction in vertical speed.
Two solutions were devised for the propeller group. In the first one, a small propeller
with relatively high tip speed was designed. In the second one, a larger propeller with
smaller tip speed was adopted. This last solution is shown in Figures 1–4 of this paper.
The propeller design started from an initial assumption of a minimal MTOW (Maximum
Take Off Weight) of 1000 kg. Afterward, the necessary lift was iterated to calculate the final,
estimated MTOW.

2.4. Small Contrarotating Propeller

Equation (2) was used to calculate required thrust force to hover.

Thrust Force =
Gross weight (UBER )× Gravity × Safety Factor

cos 45◦ × Number of Propeller
(2)

The small propeller data are summarized in Table 4. Figure 8 shows an output of the
CFD simulation.
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Table 4. Small propeller data (hover).

Parameter Value Unit

Rotor Diameter D 2.45 m
# blades frontal 3 -
# blades frontal 4 -

Root chord 111 mm.
Tip chord 43.3 mm.

Twist angle at 70% of radius 15.3 degrees
Blade tip speed 238 m/s
Thrust (hover) 2.544 kN

Air tip speed (Mexico City-ISA-45 DEG C) 0.8 Mach
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Figure 8. Thrust force output of the CFD simulation for the small propeller group.

In Figure 8, as seen from the graph propeller thrust value fluctuated between 2000 N
and 3000 N. This will be evaluated according to required value which is calculated at
Equation (3).

The airfoil chosen for best lift is the Eppler 423HL and the tip speed is 238 m/s or
08 Mach ISA-45 DEG C at Mexico City’s max altitude (3930 m). These choices were made
to optimize the overall lift at takeoff. The contrarotating group has a three-blade frontal
rotor and four-blade rear one with a distance between the rotors of 90 mm. This is slightly
less than the prescribed D/8-D/4 value for compactness. The results obtained from the
CFD simulation, which is seen from Figure 8, in terms of lift are truly remarkable. It has
been fluctuated between 2000 N and 3000 N. Unfortunately, the required thrust T for the
frontal propeller is given by Equation (3) (Table 3). This equation considers that the lift
vector of frontal propellers in garage conditions is inclined of π/4. Therefore, a second,
improved propeller was designed with increased thrust (Table 4).

T =
W

4 cos π
4
= 779 lb = 3468 N (3)

2.5. Large Contrarotating Propeller

The large propeller data are summarized in Table 5. Figure 9 shows an output of the
CFD simulation.
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Table 5. Large propeller data (hover).

Parameter Value Unit

Rotor Diameter D 2.7 m
# blades frontal 3 -
# blades frontal 4 -

Root chord 127.5 mm.
Tip chord 52 mm.

Twist angle at 70% of radius 12 degrees
Blade tip speed 192 m/s
Thrust (hover) 3.642 kN
Total Torque 560 Nm.

Air tip speed (Mexico City-ISA-45 DEG C) 0.65 Mach
Power 27.65 kW
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Figure 9. Thrust force output of the CFD simulation for the large propeller group.

The airfoil is the Eppler 423 HL and the design tip speed is 0.65 Mach ISA at Mexico
City’s max altitude. This is the velocity advised by most authors for the best compromise
between noise and thrust. Again, the distance between the rotors is 90 mm for compactness.
The results obtained from the CFD simulation in terms of lift are better than the small
version. In addition, it is possible to increase thrust by increasing rotor speed in emergencies.
With the CFD torque value results, Hover Lift Efficiency (HLE) can be found.

HLE =
3642/(9.81)

111
= 3.344 (4)

It is seen from the thrust force graph (Figure 9) that the force fluctuates around 3000–
4000 N. These values are convenient for the propeller regarding the reference value using
Equation (1).

Additionally, the velocity results of large propeller group simulation can be seen in
Figure 10, which proves that the tip of the wings are the points with the most interaction.
On the other hand, Figure 11 represents the relative velocity results of the propeller group,
which shows the distribution of the relative pressure during rotational movement on
the propeller.
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In Figure 12, the outflow of the propeller shows that our design working properly.
This figure clearly represents the lift.
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2.6. Weight Estimation

The choice of a small aerial vehicle guided toward the choice of high-lift small wings
will house the fuel in the eAPU propulsion configuration, and will provide control in
cruise flight (Figure 3). It seems probable that one or more rudders should be added for
better control in powerless flight. However, studying this is beyond the scope of this paper.
For the initial weight evaluation of the body/fuselage, the easiest way is to start from
the weight of the original “VW Transporter type T2 T1 Samba” 1957 model that totals an
empty weight of 705 kg without engine and transmission (177 kg). This is because the
Samba is approximately the same size as the proposed vehicle and is completely made of
low-strength steel. Other experiences from the automotive field have demonstrated that it
is easy to save up to 70% of the weight by using CFRP (Carbon Fiber Reinforced Plastic),
or Additive Manufactured (AM) PEEK (PolyEther Ether Ketone) parts and polymeric
glass; AM elements can help to customize part geometry for a specific purpose [19], or
optimizing material choice according to the application [20].Therefore, the total weight
of the body/fuselage with the wings would be about 250 kg. A Safran eAPU60 weighs
132 lb (60 kg). A normal flight would last, at most, 1.2 h with an additional flight time for
certification of 0.3 h for a total of 1.5 h. Even if the aircraft in cruise need far less power than
the maximum, it safer to load fuel for at least 1.5 h at full power. Running at full power
with a BSFC of 0.247 kg/HPh, the total fuel needed will be 30 kg. For the battery, it is
convenient to install a battery with the capacity to hold the aircraft in hover for 4 min. This
is necessary in case of APU full failure during VSTOL operations and early/last phases
of flight. The hovering power is 4 × 27.5 = 110 kW (see Table 4). However, in a battery
expulsion in cases of emergency, at least a 7.4 kWh battery with an SED of 165 Wh/kg
is required. The single power pack, composed of two complete electric motors and the
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2 contrarotating propellers, weighs 60 kg, for a total mass of 240 kg. A simplified weight
breakdown of the hybrid aircraft is summarized in Table 6.

Table 6. Weight estimation of the new vehicle.

Item Mass (kg) Comments

Body + Wings 250 -
eAPU 60 Certified for AW 189
Jet A1 30 -

Battery 45 capable to keep hover power for 4 min
Power packs 240 4 power units complete with accessories

Payload 320 Passengers
Driver 75

Baggage 20

Total 1020 kg

The maximum thrust at the altitude of Mexico City is 3.7 kN (Table 4) for each propeller
unit for a total of 1500 kg. Therefore, the VTOL airplane can take off vertically, even if, on
a hot day in Mexico City, it is advisable to adopt a small run and a ramp, or allowing the
propeller to overspeed.

2.7. Operating Costs

A comparison between a Robinson R44 and our new vehicle is summarized in Table 7.

Table 7. Comparison between the cost per hour (USD) of the R44 [21] and the new vehicle (1000 h
per year).

R44 New Vehicle

Liability Insurance 1.715 1.715
Hull Insurance 6.4 2.8

Fuel Cost 61.2 13.6
Oil 0.77 0.77

Inspection 13.66 13.66
Misc. 8.15 8.15

OVH res. 69 12.6
Total per hour 160 54.7

For the R22, the cost was averaged from a set of variables. For the new vehicle, the
liability cost is the same, while for the hull insurance, the cost is halved. In fact, while the
purchase cost of a new R44 is about USD 600,000, the cost of the new vehicle is less than
half (Table 8).

Table 8. Cost breakdown of the new vehicle.

Item Price (USD) Comments

Hull 75,000 Complete
Electric propulsion system 88,000 propellers, controls, and wiring included

Battery 1924 Same cost per kWh of Tesla 3
APU 100,000 -
Total 265,000 -

In Table 1, the hull price is similar to an ultralight one and includes the profit. The
electric motor cost comes from an estimation of 300 USD/kg. Propellers with a dual rotor
and feathering hub have a price of USD 10,000 each. The APU and battery costs are from
the APU manufacturer and Tesla. In Table 6, the fuel cost is calculated for an average fuel
consumption of 20 kg per hour with a cost of jet fuel of 0.73 USD per kg (yr. 2019 price).
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The inspection cost for the vehicles is similar. The overhaul reservoir is significantly lower.
In fact, this cost goes with the purchase price and APU durability. The purchase cost of the
new vehicle is half the one of the R44 and the APU durability is about 5000 h compared to
the 2000 h of the R44 engine. Truly, the R44 piston engine lasts less long, the rotor drives,
and the accessories are even less durable than calculated. The battery, motors, and other
items last about 5000 h. The overhaul reservoir was calculated with Equation (5) for the
new vehicle.

OVHrNV = OVHrR44
NVpriceTBOR44

R44priceTBONV
+

Battery
TBObattery

= 12.57 (5)

As shown in Table 6, a large part of the costs depend on the APU. The choice to use
a commercially available, certified eAPU is expensive. In addition, Compressed Natural
Gas (CNG) is much less pollutant of jet fuel as its carbon content is extremely low. CNG
automotive technology has a history of 40 years of commercial use with an exceptionally
good safety record. Furthermore, most hydrogen comes from NG, thus NG as H2 is very
green. CNG can easily be used on the certified APU and the carbon fiber reinforced storage
unit would not add much weight to the airplane. Nevertheless, the problem is obtaining
the certification; the new vehicle manufacturer should certify the new fuel for the APU and
the CNG storage for aircraft use. It is also theoretically possible to use a piston engine CNG
APU. However, this is not convenient due to the lower specific power.

2.8. Noise

Propeller noise analysis is determined by the propeller geometry properties in Figure 13.
The contrarotating propellers have a bad reputation for noise that comes from the super-
sonic Tu 95 airplane and from the propfan NASA project. These two propeller systems are
conceived for extremely fast airplanes with high airspeed and high pressure levels. The
propfan concept is a combination of two scimitar bladed contrarotating rotors. In this case,
the blade tips run near the Mach speed or slightly over. The Tu 95 propeller is designed
following the WWII German experience. In extremely fast propeller airplanes late in WWII,
it was common for the propeller blade tip to reach and pass the Mach speed during nearly
sonic dives. In this condition, the outer part of the propeller did not contribute to the
thrust but only added to the noise level and dissipated a small amount of energy. It was
like flying with a smaller diameter propeller: between the technical discussions of the
Hubbard blade [22]. This is the reason the Tu95 is so noisy during high-speed flights. The
first work published on propeller noise appears to be that of Hubbard (1948) [23] who
extended his tests with a description of front-rotor/rear-rotor acoustics, which produce
lobular azimuthal directivities. Still, Young (1951) [24] and Daly (1958) [25] experimented
with axial flow fans and showed that contrarotation configurations were noisier than sin-
gle gyration configurations. Roberts and Beranek (1952) conducted tests on open rotor
aerodynamics [26] and compared experimental results from a single-rotor tractor propeller
with data from a single-rotor pusher. These experiments demonstrated that the pusher
propeller showed a more regular noise pattern. Then, they erroneously found that increas-
ing the number of blades on the pushing configuration does not reduce noise. After this
work, many papers appeared in the 1980s focused on NASA propfan development. In
Figure 13 [17], the main sources of noise for both impulse- and frequency-related noise
are blade tips. An enormous amount of work has been carried out on blade tips. Proplets
proved to be efficient for static thrust but noisy and poor performing at cruise speed [27].
Westland saw-tooth, large-cord tips proved to be much more efficient for helicopters [28].
Lower vehicle speed contrarotating propellers are noisier than and equivalent to a propul-
sion system with two separate rotors. This is due to a combination of the frequencies, even
when there is not resonance coupling between the front and the rear rotors [29]. Resonance
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coupling is one of the reasons why the front and the rear rotors can have a different number
of blades. The basic frequency for tip noise of a single rotor propeller is (6):

fb =
nbnp

60
(6)
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fb is the basic rotor pulse frequency that, with its harmonics, will build the sound
pressure level (SPL) when filtrated by the proper curve (normally the A curve (dBA)).
Two single rotor propellers are noisier than a single propeller, as obtained from Hamilton
Standard Noise equation (Equation (7)) [30,31]:

L = 76.1 + 16 log P − 20 log D + 38 Mt − 3(nb − 2)− 20 log R + X (7)

Contrarotating propellers are noisier than a twin propeller installation, since an addi-
tional frequency fbc (Equation (8)) is added to the two base frequencies of Equation (7).

fbc =
nb1np1nb2np2

60
(8)

The additional frequency fbc is the frequency of a third higher rotating propeller. Factor
X of Equation (7) is 3 for a twin propeller configuration and 4.8 for a 3 propeller airplane [29].
The noise of a contrarotating propeller is therefore closer to a 3 propeller airplane than a
twin propeller one, as if a third rotor is added to the noise. This very simplified approach
is based on the false assumption that only propeller tips originate the noise. However,
propeller tips are truly exceptionally large contributors to overall rotor noise. Unfortunately,
propeller distance is also critical. Close rotors are much noisier than distant ones such as,
for example, the SIAI Marchetti S55 X used for the Balbo flights. Fuselage nacelle/fuselage
interaction on noise can be huge such as in the Cessna 337. In addition, flapping noise is
important in helicopters such as the Kamov ones. For this reason, figures can be calculated
from Equation (7), but risk being very inaccurate, since noise also depends on aircraft,
nacelle, wings, airfoils, flaps and, in general, aircraft design. In fact, the resulting noise
level can be evaluated with CFD simulation. In any case, it is possible to feather the rear
propellers in cruise to reduce noise. From the simulations, the proposed vehicle can activate
two rotors instead of the eight available. Therefore, in cruise, the blades of six rotors can be
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feathered. In this case, it is possible to cruise at best propeller efficiency as a twin airplane.
The noise from the propellers in cruise can be evaluated with Hamilton’s standard equation
for a twin propeller airplane (Equation (7)). The sound pressure level SPL in cruise with
two-single-rotors working is about 95 dB at 500 ft, which is a normal level. It can be
improved by increasing the number of blades and rearranging them, with disadvantages
in terms of weight and efficiency [21,32–34].

2.9. Emergency Procedures

Table 9 summarizes the emergency procedures that are fundamental for each phase
of the flight. The use of two separate battery packs significantly increases the overall
availability of the new vehicle.

Table 9. Emergency procedures for the new vehicle.

VTOL or Low Altitude

Single motor failure proceed
Dual motors failure land ASAP

Single battery pack failure proceed
APU failure land ASAP

Full battery failure land ASAP

High Altitude

Full power failure land horizontally or autorotate
Single motor failure proceed
Dual motors failure land ASAP

Single battery pack failure proceed
APU failure land ASAP

Full battery failure land ASAP

3. Results

This paper shows that the patented vision of an air-taxi concept is feasible, even using
off-the-shelf solutions for propulsion and energy. This five-seater (pilot + four passengers)
aircraft has a tandem-type wings configuration with four tractor contrarotating propellers
aligned with the wings that are canted up at 45 degrees. The entire aircraft changes pitch to
accommodate the different flight configuration. At vertical takeoff, the aircraft pitches up
45 degrees to make the propellers pull vertically. For the best-efficiency horizontal cruise,
the aircraft pitches down 45 degrees, with the propeller aligned with the flow-stream. At
vertical takeoff, full power is used, while in cruise only 25% of the power is necessary.
For this reason, six of the eight rotors available should be feathered. This solution makes
it possible to use the two remaining rotors at best efficiency and minimal noise. The
aerodynamic efficiency compensates for scores in weight, size, and cost. The fuselage has
the shape of a short transporter with a convex, transparent roof for reduced cruise drag
and improved comfort. Two frontal steering and two rear-motorized wheels complete the
fuselage. The four-wheel arrangement makes it possible to move the vehicle on the park
location with the propellers powerless. It is also possible to align the vehicle to the wind at
45-degrees nose-up takeoff by moving the two rear wheels independently. This solution
allows for better control of this initial, critical phase of flight. The eight rotors, arranged
in four groups of two, are powered independently by electric motors. Three solutions are
devised for energy storage. The easier one is to use a helicopter eAPU and a back-up battery.
A second, more cost-effective option replaces the turbine fuel with a CNG piston-engine
APU. The third one uses a future technology battery.

4. Conclusions

This paper demonstrates that any of these solutions is convenient when compared
with the most cost-effective of the competitors: the Robinson R44. The new vehicle solution
is very safe, being capable of controlling descent in cases of aborted takeoff, even with the
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APU failing. It is also capable of autorotation. It does not have the problem of settling with
power due to the contrarotating propellers. It can fly powerless, and it is capable of tradi-
tional, horizontal takeoff and landing. To make the flight comfortable for the passengers, it
is sufficient to incline the seats rearward in the parking position to become vertical during
cruise. A tilting seat system is possible, but certification issues arise; it is heavier, more ex-
pensive and its maintenance is demanding. Moreover, the final aerodynamic configuration
of the vehicle was intentionally compromised by its functionality on the ground and costs,
being small speed and the overall range required.
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Nomenclature

Symbol Description Unit Value
W Vehicle take off weight lb 2205
OVHrNV Overhaul Reserve New Vehicle USD/h 14.7
OVHrR44 Overhaul Reserve R44 USD/h 69
NVprice Purchase cost of the new vehicle kUSD 300
R44price Purchase cost of the R44 kUSD 600
TBONV Time between major overhaul New Vehicle h 5000
TBOR44 Time between major overhaul R44 h 2000
Battery Cost of the Battery USD 3640
TBObattery Time between replacement battery h 5000
ρ Air Density lb/ft3 0.0765
∆S Distance of sound source to observer ft 1000
N Number of rotors - 2
s Rotor Solidity - 0.099
T Thrust lb 779
A Rotor disk area ft2 44.72
np Propeller shaft speed rpm
nb Number of blades per rotor -
fp Basic rotor pulse frequency Hz
P Rotor(s) shaft Power HP
D Rotor Diameter m
Mt Tips velocity Mach
R Measure distance m
L Noise pressure level dB
X Factor that depends on # of propellers dB
np1 I rotor shaft speed rpm
nb1 Number of blades of I rotor -
np2 II rotor shaft speed rpm
nb2 Number of blades of II rotor -
fpc Coupled rotor pulse frequency Hz
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