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Abstract—This paper presents the development of an hybrid
Unmanned Aerial Vehicle that combines the capabilities of
Vertical Takeoff and Landing (VTOL) as well as the hover flight
of an helicopter, with the autonomy, load capacity and speed
offered by an airplane. We start from an aircraft concept that
uses the Tilt-Rotor configuration to perform the transition phase
from one flight mode to another and simultaneously we used
Ducted-Fans for increasing the flight performance during the
vertical flight phase. The aerodynamic design is developed using
computational tools, such as XFLR5 for preliminary design and
ANSYS FLuent®for the verification of the preliminary fixed wing
design. While for the vertical flight, experimental tests were
conducted in order to determine the lift system requirements
by using Ducted-Fans. Afterwards, the manufacturing process
derived from the aerodynamic design is presented. The avionics
developed is described for handling the control surfaces during
the airplane mode and the main lift system during the vertical
flight as well as the integration of mechanism and sensors used.
Finally, the obtained results from the conducted vertical flight
tests at outdoors environments are presented in order to show
the effectiveness of the aircraft concept.
Index Terms—Fixed-wing VTOL, Ducted-Fan, Tilt-Rotor, UAV,
Aerodynamic Design, Convertiplane

I. I NTRODUCTION
The unmanned aerial vehicles (UAVs) have been converted
in versatile aircraft that helps to does not expose the life
of a pilot on board. Due to this versatility, recently a lot
of applications for UAVs have been developed. For instance,
aerial photography and cartography, patrol, load transport,
recreation, among others. The UAVs have been also used to
perform search and rescue missions as well as transportation
of food and medicines to affected areas as a support for
emergencies services. So the landing in this kind of situations
is limited to aircrafts with VTOL capabilities.
This work has been partially supported by the Mexican Conacyt Project
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Despite the fact that more than 70 years have passed
since vertical flight has been development, there are only
three operational types of vertical take-off and landing VTOL
aircraft: i) the helicopters, ii) the V-22 Osprey tilt-rotor, and
iii) the AV-8V Harrier jump jet [1]. Although the advances
that have been reached with these aircraft, it has not been
possible yet to develop an aircraft capable of carrying heavy
loads over long distances at a high speed as airplanes can do
and perform vertical flight. The problem lies in achieving both
vertical flight as horizontal flight without sacrificing efficiency
at each flight mode. Nowadays, there are configurations that
attempt to address this challenge, but all of these solutions
converge in a series of problems in common, starting with
the difficulty of building this type of aircraft, looking for
simplicity of manufacture, reduction of weight and vibrations,
as well as the ability to perform a stable flight. In the literature
we can find different types of convertiplanes, among which
are: the Tilt-Rotor, the Tilt Wing, the Tail-sitter, the DualSystem and the Ducted-Fan.
The tilt-rotor aircraft are categorized into three branches:
the bi-rotor, the tri-rotor, and the quad-rotor. These ones
employ two, three or four tilting rotors, respectively, to provide
lift in hover mode and thrust in cruise mode. The bi-rotor
design concept was first introduced in 1993 by the Bell
Helicopter Inc with the Bell Eagle Eye UAV. The Tri-rotor
convertiplane generally features the followings advantages:
the lift generation requirement on each rotor can be reduced,
rotor configuration is geometrically symmetric with respect
to the aircraft center of gravity, which can effectively ease
the attitude stabilization of the tri-rotor convertiplane in hover
mode, and the rear rotor is constantly fixed to the fuselage and
thus causes minor additional mechanical design complexity.
The first remarkable success of the development of a tri-rotor
aircraft was the Panther UAV. The third tilt-rotor configuration
is the quad-rotor. The most representative aircraft with this
configuration is the Quantum Tron which integrates a quad-

rotor configuration and retractable rotor blades[2].
The main feature of a tilt-wing is that the wing needs to be
tilted together with the rotors during flight mode transition.
Compared with the tilt-rotor, a tilt-wing generally features
a more complicated and sophisticated design in on-board
components such as the tilting drive train. Furthermore, in
low-speed operation the wings of the convertiplane need to be
pointing upwards, which makes the aircraft more vulnerable
to cross wind and thus it increases effort in developing control
mechanisms to reach attitude stabilization. An example of this
configuration is the Greased Lightning (GL) VTOL Drone
which adopts a substantially different control mechanism by
employing ten fixed-pitch rotors along the airframe. Another
very successful example is the DHL parcelcopter which is
targeted for parcel delivery in mountainous regions [2].
The other type of hybrid UAV is the tail-sitter which
performs a VTOL on its tail and the entire airframe tilts to
achieve cruise flight. Its principal advantage, the reduction en
mechanical complexity because it is not necessary any extra
actuators to perform the transition. Although this advantage,
it is an unstable aircraft for VTOL that requires a complex
control systems to achieve the transition. Some example of
this configuration are the Wintrag One and the Mark II.
The dual-system utilizes two sets of propulsion systems:
one contains rotors mounted pointing upwards for vertical
operation and another adopts propeller functions for cruise
flight. The dual-system has a simplified mechanical design,
compared with the two aforementioned convertiplanes. However, during cruise flight, the multiple non-operational rotors
for VTOL cause extra aerodynamic drag. The Arcturus JUMP
is a representative dual-system example which includes a
hybrid energy system that consists of a source of electric
energy for vertical propulsion and a combustion motor for
cruise flight [2].
The UAVs that use Ducted-Fans for the propulsion system
have several advantages compared with other rotary wings
UAVs. Its rotors are compact and covered with a duct that
minimized the hazardous area for both operator and the environment. Furthermore, it also provides more lift and it emits
less noise that the free rotors [3]. There are few representative
prototypes using the Ducted-Fan configuration. One of them
is the Allied Aerospace’s iStar 29, a concept introduced by
General Dynamics in the 80s. Another Ducted-Fan vehicle is
the Phantom Swift developed by Boeing.
In this work, we developed an aircraft by using a ductedfan configuration to increase the aircraft lift during the vertical
flight. The configuration presented in this work, consist of
two ducted-Fan inside the airplane wing and a counter-rotating
tilting motor on the front to perform the transition between
both flight modes. The main contributions of this paper can
be summarized as:

to verify the precision of the results obtained with the
XFLR5 as a preliminary software design.
• The development of an Experimental study of the ductedfan in order to increase the generated lift.
The remaining of the paper is organized as follows: In
section II, the development of the aircraft is described under
the desired configuration, starting from the development of
conceptual design. Continuing with the aerodynamic design
of the aircraft. Where the wing is designed based on the
analyzes developed by XFLR5 and obtaining a verification
through ANSYS Fluent. In section III, Experimental tests were
conducted to compare the performance of the embedded rotor
inside a duct and without it. In section IV, the construction of
the prototype is described and in section V, the vertical flight
tests were carried out to evaluate the concept of ducted-fan
and Tilt-Rotor UAV VTOL.

The development of a VTOL aircraft based on ductedfans and a tilt-rotor configuration.
The development of a comparative study between the
XFLR5 and ANSYS Fluent® CFD software in order

We decided to use a Conventional Airplane Configuration
since in order to perform cargo transportation missions the
vehicle won’t reach speeds greater than 20 m/s. By defining
the wing as the main component of the aircraft that ensures

•
•

II. A IRCRAFT DEVELOPMENT
In this section we describe the design process of the VTOL
vehicle, starting from the desired requirements through the
conceptual design to the construction of the experimental
prototype for the evaluation of the VTOL concept.
A. Flight profile
The flight profile is the set of tasks that the aircraft should
be able to perform from the takeoff to landing phases. We
considered six stages during a typical mission which can
be modified depending on the mission requirements. In our
case, the mission to be performed is the cruise type, which is
intended for load transportation from a point A to a point B
by considering a stall speed of 10 m/s.
Fig. 1 depicts the desired flight profile: 0) at the first stage
the aircraft should perform a vertical takeoff, then 1) it should
ascend to a height of 30 m, after this point it should 2) perform
a transition to airplane mode, and then 3) start the cruising
stage. At the end of this stage the vehicle should reduce its
speed in order to perform 4) a transition to vertical mode and
then 5) start the descending phase to finally 6) complete the
mission with a vertical landing.

Fig. 1: Desired flight profile for the VTOL aircraft.
B. Description of the concept aircraft

lift and compensates the weight, then the vehicle can perform
a stable flight. For the development of this aircraft we decided
to use a straight wing due to: its ease of construction, its good
performance at low speeds. Since this type of wing does not
modify the length of the airfoil chord along the wingspan it
allows a better arrangement of the engines that will be inside
the wing.
While a horizontal stabilizer provides longitudinal stability
to the aircraft, the vertical stabilizer provides stability in the
yaw movement. For the considered airplane, we decided to use
a V-Tail configuration since it is composed of 2 surfaces and
has less drag compared with the conventional configuration
which has 3 control surfaces.
A Ducted-Fan is a hybrid system that is characterized by
surrounding the rotor blades inside a duct. In this propulsion
system an increase in lift is obtained by increasing the downstream flow area, while it is obtained a reduction in energy
consumption compared with traditional rotors. In addition, a
Ducted-Fan potentially mitigates the generation of rotor noise
and protects the blades from damage.
Based on the above information, we obtained the concept
aircraft shown in Fig. 2a, which has been sketched by using
CATIA V5 software as a result of several iterations that started
from the conceptual design through the detailed design and
manufacturing of the prototype. This concept has a configuration based on a conventional aircraft with a high straight
wing and stabilizer in V-Tail for the plane mode, while for
vertical mode it has two ducted-fans located inside the wing,
in such a way that them do not affect the aerodynamics
in the airplane mode. In the front part of the aircraft there
is a tilting coaxial motor, which together with the ductedfans create a multi-rotor configuration known as a Y-4 which
simultaneously, is a variation of a quad-copter, since it has 4
rotors pointing upwards. What can be seen from the proposal

(a) VTOL aircraft concept based
on a system of Ducted-Fans and
a Tilt-Rotor.

(b) Final dimensions of the developed
vehicle.

Fig. 2: CAD and final dimensions of the proposed VTOL
vehicle.
configuration in the VTOL mode, is that the Ducted-Fans
support the greater amount of the aircraft weight since them
are completely devoted to work only in for vertical flight. In
the same way, the coaxial motor will have to be able to help
with the remaining weight in the vertical mode and will also be
responsible of performing the transition to the airplane mode,
which is the main function of the Tilt-rotor configurations by
tilting the coaxial motor from a vertical position to a horizontal

one, where the aircraft will gain speed reaching the stall speed
and completing the transition to airplane mode from which the
aircraft will be propelled by the front engine by using only one
of its propellers.
C. Aerodynamic Design
The first phase for the wing design consists on the selection
of the airfoil. In order to characterize a profile by its load
capacity or speed, according to the type of mission that
the aircraft will should perform, there are two fundamental
parameters which help in the selection of the profile. The first
of these is the Lift Coefficient (CL ) defined as the lifting force
normalized by the wing surface and the dynamic pressure
2
(q = 1/2ρV∞
). The CL increases with the angle of attack
(α) for a given profile [7]. The second parameter is the drag
coefficient (CD ) defined as the drag force normalized by the
wing surface and the dynamic pressure, is also dependent on
the angle of attack. It should be noted that these coefficients are
dimensionless and are defined mathematically in the following
way, (1) and (2).
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where: Sw : wing surface, L: lift force, D: drag force,
2
ρ: wind density, V∞
: relative speed.
For the aircraft that was developed, one of the most important parameters is the maximum relative thickness (ēmax )
because the wing should have enough space to contain the two
Ducts.
The calculations developed in XFLR5 were made using the
atmospheric conditions of Mexico City, at an elevation of
2,250.0 m. Taking into account the stall speed Vs = 10m/s
and a airfoil’s chord c = 30 cm, a number of Reynolds
Re = 171, 399.0 is calculated.
Based on the calculations obtained from the software, the
GOE425 airfoil was chosen, whose characteristics are: Maximum Lift Coefficient (CLmax = 1.6) at 12o , zero-lift angle
(α0L = −4), maximum thickness (ēmax = 0.16c) and
minimum CL /CD = 40.
D. Verification of the CL vs α graph obtained with XFLR5
using ANSYS Fluent ®
For the first calculation of the wing’s CLmax , the XFLR5
software was chosen because it is used for preliminary design
due to the less time to solve, giving the possibility to evaluate
different proposals airfoils, but reducing the accuracy of
the calculations. As a reason for the verification of the data
obtained with XFLR5, a more robust CFD software called
ANSYS FLUENT® was used to have more certainty about
the calculations made.
What is sought with this analysis is to obtain the curve CL
vs α and also to be able to visualize the detachment of the
boundary layer at the different angles of incidence.
To obtain accurate results, a meshing methodology was

1.6
1.4

Lift Coefficient (CL)

proposed for the discretization of the problem as appropriate
in the regions of interest taking care not to consume much
computational cost.
The SST(k − ω) model was used to solve the problem, the
which according to the literature [8] is a robust model suitable
for modeling turbulent flow, the principal disadvantage is that
this model consumes many computational resources.
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A mesh sensitivity analysis was developed, which ensures
that the results are independent of the mesh. For this analysis,
we considered the case of zero angle of attack of the airfoil
(α = 0), obtained in the XFLR5, the results obtained for
Lift coefficient (CL ) were evaluated considering different
numbers of mesh elements. Finding that from 350 thousand
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Fig. 4: CL vs α graph. Comparison between ANSYS FLUENT
and XFLR5.
wing surface (SW = 0.45m2 ), an aspect ratio (ARw = 5),
the taper ratio (λ = 1) and the chord (c = 0.3m).

Fig. 3: The CL vs Number of elements graph is used to
perform a sensitivity analysis of the mesh to ensure the
independence of the mesh. In this case considering α = 0.
elements, the mesh no longer affects the results of the CFD
analysis see figure 3. So, when a mesh over that number of
elements it is used, the results of the simulation no longer
vary much and also the simulations take longer, because the
computational cost increases.
From the calculation made to the goe425 airfoil, using a mesh
of 350 thousand elements, from an angle of attack of -5◦ to
12◦ , the curve of CL vs α shown in Figure 4 was obtained. In
this graph, it can be see the curve corresponding to the results
obtained with the XFLR5 and its verification with ANSYS
FLUENT. From the direct comparison corresponding to each
angle of attack, its proximity can be observed, obtaining a
maximum error of 12%.
E. Wing dimensions and stabilizers
The dimensions of the wing start from the equation referring
to the lift defined in equation (1) of which the wing surface
(Sw ) is unknown. The parameters used for the calculation
of the Sw are given by the parameters of a total weight
(WT = 2kgf ), the stall speed (Vs = 10 m/s), a density
(ρ∞ = 0.98151kg/m3 ) of 0.98151 kg/m3 and a CLmax =
1.58.
Based on the above data, the span of the wing can be
determined since the wing being rectangular the span is
obtained by dividing Sw between the chord c, this gives us a
wingspan bw = 0.8434m. For security reasons and to increase
the ARw to 5. The dimensions of the wing are as follows:

The design of the stabilizer is similar to the design of
a wing. The sizing of the stabilizer starts from the data
already obtained from the wing, using the volume coefficient
method [9] and [10]. Using this method the dimensions of
the V-Tail was obtained as: V-Tail surface SV T = 0.16m2 ,
V-Tail span bV T = 0.74m, V-Tail chord crV T = 0.2m V-Tail
aspect ratio ARV T = 3 and V-tail angle = 42.The final
dimensions of the aircraft are shown in figure 2b. These
dimensions are those used during the manufacturing phase
for the construction the prototype for tests.
III. E XPERIMENTAL TESTS OF ROTORS
During the vertical flight phase, the lift force will be
provided by the rotors. Starting with the engines used for
the Ducted-Fan. These are restricted in terms of dimensions
because they must be contained within the wing. Rotors with
a high pitch angle were chosen to produce enough lift to raise
the whole vehicle, selecting this kind of rotors can compensate
the small diameter of the blades due to the confinement inside
the Ducted-Fan.
For the Ducted-Fan, two different designs were used (figure
5) in order to determine which design would be most efficient.
These ones are based on facilitating the entry of air into the
ducted by smoothing the surface of the duct lip. The guide
vanes was modified their shape and quantity. These modifications affect the efficiency of the Ducted-Fan efficiency. [5].
The tests of the motors and rotors were carry out in a test

(a) Duct 1, with inlet
lip and 4 guide vanes.

(b) Duct 2, with inlet
lip and 6 guide vanes.

Fig. 5: Ducts used in the tests to get more lift.
bench. Monitoring the current, voltage and electrical power

of the system. These parameters are important to determine
which combination turns out to be more energy efficient.
A. Tests Results
With the experimental data obtained, the graph that relates
the traction to the electrical power was constructed for each
of the combinations of motor, rotor and duct. After a selection
process based on its traction-power ratio, the best rotor tested
in the two ducts was taken for each engine.
From the data analysis it can see that the MR2205 motor stands
out with the rotor 5045 of two blades using a duct with 4 guide
vanes for having the best traction-power ratio.
In order to confirm the hypothesis of the increase of traction
when the blades are inside a duct [6]. The data obtained with
the MR2205 engine was evaluated separately using the 5045
rotor with two blades inside the ducts of 4 and 6 guide vanes,
as well as the free rotor. And it can see from figure 6, that there
is an increase in lift as well as a lower energy consumption
when using the ducts, mainly the 4-blade guide duct is the
one that has a better performance, increasing up to 20 % the
traction generated for the rotor compared with not using the
duct.
700

600

The autopilot used is the Pixhawk 1, which is a popular
autopilot for general-purpose flight controller and the firmware
charged in the board is the px4fmu-V2 which is an open
source autopilot development project that is part of Drone
Code. It has been developed with an architecture that can be
easily migrated from one platform to another. Once all the
components are integrated, it can seen in figure 7 the finished
prototype of the proposed aircraft.

Fig. 7: Finished prototype VTOL aircraft including avionics.
V. T ESTS AND E XPERIMENTAL R ESULTS
A series of experimental tasks were carried out to
determine the functionality of the VTOL aircraft concept
under the Ducted-Fan and Tilt-Rotor configuration. The
tests and experimental results obtained only considered the
performance during the vertical flight evaluating the VTOL
capacities as well as its stability in stationary flight.
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Fig. 6: Comparison between free rotor vs rotor with duct using
the MR2205 engine.
IV. C ONSTRUCTION OF THE PROTOTYPE
Starting with the design in detail, the next phase is
the construction of the prototype, in which the wing
manufacturing stands out. Expanded Polystyrene (EPS)
was used to build the wing and the V-Tail, to give greater
rigidity to the wing, carbon tubes were added. For the
construction of the fuselage, a semi-monocoque type structure
was made using plywood frames and balsa wood spars. The
construction of the Ducted-Fan was carried out using additive
manufacturing technology, in this case, using PLA material.
For the propulsion system, the Himax contra-rotating
motor CR2816 series was positioned in the front of the
vehicle. It uses 2 propellers, one of 10×5 inches and the
other of 9×7 inches. The DYS MR2205 is a precision engine
designed for multirotor vehicles and optimized for 5 inches
propellers. This engine was chosen to be contained within
the ducts that go in the wing due to its size and performance.

The vertical flight tests were carried out at Mexico City.
The maximum takeoff weight of the aircraft (M T OW ) was
1.7kgf . The first tests consisted of checking the correct
functioning of each of the aircraft systems, especially the
swing mechanism for the transition. The following was to
carry out flight tests inside the laboratory, restricting the
translational movements due to the reduced space of the place.
These tests consisted in evaluating the take-off capabilities
of the vehicle, the stabilization in orientation of the vehicle.
From these tests, the load capacity was evaluated, finding
difficulties during the takeoff, since the vehicle presented
problems to stay in the air. For that reason, the the V-Tail
stabilizer was removed to reduce weight allowing the aircraft
to takeoff during the inside’s tests with a M T OW = 1.4kgf .
The following were the flight tests in exteriors. The
atmospheric parameters during the performance of the
flight tests is very important, because the performance
of the aircraft depends on several factors but mainly on
the temperature, humidity and atmospheric pressure which
together or separately affect the density of the air causing
the aircraft to have better VTOL capabilities one day in
comparison with another. Similarly, the wind speed that
affects the performance of the VTOL was taken into account.
The flight test was carried out at 12 hrs (local time),
under a temperature of 15o C, at a relative humidity of 77.1%

and an atmospheric pressure of 1026 HP a and a wind speed
component 11.1 Km/h N E. During this test the aircraft
traveled 31.5 m to a maximum height of 4 m, managed
to take off with 50% power of the motors. In this test, the
aim is to stabilize the vehicle in orientation through the
default control, provided for the PX4 firmware charged to the
autopilot, which consists of a PID controller. The flight logs
show that the vehicle is kept following the reference in roll
angle (Fig. 8a). The pitch angle already has fewer oscillations
when it begins to follow its reference see Fig. 8b while for
the result yaw angles are shown in Fig. 8c.
As for energy consumption, the vehicle’s motors required an
average current of 24.2A, with peaks of 43.7A, which caused
that when using a 3S Lipo battery with 3.6 mAh, these will
not last more than 5 minutes of vertical flight. Considering
the flight profile presented in section II, it is estimated that
the VTOL phase and transition will take one minute in order
to save energy for the airplane phase which it will take around
20 minutes. Below is the link of the video where the vertical
flight of the test is shown https://youtu.be/egCvkzUrZX4.

20

Roll angle [degrees]

Roll
Roll setpoint
10

0

-10

-20
0

2

4

6

8

10

12

14

16

18

VI. C ONCLUSIONS
An aircraft with VTOL capabilities was built combining
the Ducted-Fan and Tilt-Rotor configurations. Starting from an
aerodynamic design of the aircraft based on the methodology
proposed by Raymer [9] and Roskam [10], using the computational tools of XFLR5 for first approximations and ANSYS
Fluent for the verification of the results. At the same time, the
performance of the confined rotors in comparison with the free
ones was checked experimentally, obtaining a 20% increase in
the lift generated at full thrust using a Ducted-Fan.
The developed experimental platform allowed to conduct vertical flight tests at outdoors environments achieving successful
take-off and landing. Furthermore, the vehicle was kept in
hover flight by means of the stabilization of its orientation
angles.
Finally, based on the obtained results, it can be deduced that
this aircraft is functional as a VTOL vehicle by using the
proposed configuration.
VII. F UTURE W ORK
As future directions of this research we consider to perform
a deeper analysis of the ducted-fans in order to increase its
performance during the vertical flight as well as to consider
the effects that occur on the wing during the airplane mode
caused by the ducted-fans.
Similarly, we are going to verify the aerodynamics of the
aircraft through CFD to characterize the vehicle and also we
will perform optimizations of the proposed design. Finally,
we consider to evaluate the flight capabilities of the aircraft in
cruise mode and to perform the transition between both flight
modes.
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Fig. 8: Flight test tracking result of the vehicle’s attitude.
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