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A challenging issue associated with fixed-wing Unmanned Aerial Vehicles (UAVs) is that these vehicles are often not appropriate
for operating effectively in limited airspace. This problem emerges especially in urban environment where the usage of a runway is
not possible, and UAVs usually have to fly at a relatively low speed and altitude. The development of a vertical take-off and landing
(VTOL) fixed-wing plane is a promising trend which hopefully will solve this issue. This paper presents the design process of an
unmanned vertical take-off and landing aircraft including prototyping of the airframe construction and mathematical modeling
as well as computational fluid dynamics (CFD) simulations. The designed system is to be a hybrid platform, for which different
operating modes correspond to the vertical flight, transition, and spatial flight in the airframe system. The paper discusses an
iterative design process of the platform with emphasis on CAD design and aerodynamic analysis for particular flight modes. The

operating prototype is presented and future plans for platform improvement are discussed.

1. Introduction

Aircraft technology has been developing for over a century
since the Wright brothers built their first manned plane,
through Sperry’s autopilot, until the 2Ist century when
the Unmanned Aerial Vehicles (UAVs) were invented [1-
7]. Generally, there are three design structures: fixed-wing
aircraft, rotorcrafts, and aerostats. However, there are many
innovative solutions in the form of aforementioned hybrid
constructions, giving interesting flight properties. Each type
of UAV has its own advantages that predispose it to perform
specific tasks. Many UAVs [8] such as MQ9-Reaper, RQ-2
Pioneer, RQ-5Hunter, and RQ-4 Global Hawk were designed
as fixed-wing type, and their advantage is flight duration and
thereby the area of operational activities. Their disadvantage
is the need to take-off and land from the runway, which
significantly limits their functionality. Another critical prob-
lem associated with fixed-wing UAVs is that these vehicles

are often not appropriate for operating effectively in limited
airspace. This is evident in urban environment where the
usage of a runway is not possible, and UAVs usually have
to fly at a relatively low speed and altitude. This “U-Space”
[9] covers altitude up to 150 meters in the European Union
and is an area for the development of a strong and dynamic
drone services market [10]. In turn, multirotors [11, 12] have
the capability of vertical take-off and landing (VTOL), which
increases their operational flexibility. But this construction
is unfortunately associated with a high energy demand,
which makes the flight relatively short. A promising trend is
development of a vertical take-off and landing (VTOL) fixed-
wing plane or so-called hybrid UAV or VTOL aircraft, which
combines the advantages of both designs.

Over the last five years, many hybrid VTOL structures
have been created [1, 13-16]. One of them is Tilt-Rotor [17-
20], where multiple rotors are mounted on rotating shafts or
nacelles. Another solution is the Tilt-Wing concept, where
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FIGURE I: The initial concept of the VTOL UAV.

the transition between individual flight phases is obtained by
tilting the wings with fixed rotors [17, 21, 22]. Unfortunately,
during take-off, landing, and hovering, the wings will be
directed upwards which makes the aircraft more suscepti-
ble to transverse winds. Another type of convertiplane is
Dual-System [23], where multiple rotors are always directed
upwards for vertical flight and another separate rotor for
horizontal flight. This configuration is very simple to apply
in terms of design and modeling because two flight phases
could be analysed separately. But for most of the mission,
the platform must transport unnecessary mass, which can
be replaced by fuel or batteries. Another solution is a
configuration of Tail-Sitter [24, 25]. This platform takes off
and lands vertically on its tail and the whole aircraft tilts
forward using differential thrust or control surfaces to achieve
horizontal flight. In conclusion, it is true that today VTOL
aircraft exist and operate in practice, but they are burdened
with various limitations and disadvantages.

In this paper, a novel design configuration in a form
of hybrid of conventional aircraft and quadrotor, with two
of four rotors mounted in nacelles with ability of rotation,
has been proposed. It will have a unique feature among
similar solutions—a thrust vectoring of engines that ensures
their usage in both vertical and horizontal flight. Compared
to the above-mentioned designs, an advantage of proposed
approach is an ability to rotate only the rotors themselves,
not the whole wing. During take-off, landing, and hovering,
this solution makes the aircraft more robust to cross winds. In
the airplane mode, the advantage is also the usage of rotors
in the pushing system behind the trailing edge of the wing,
which ensures uniformity of the air stream flowing around
the airfoil. In turn, in VTOL mode, the usage of pushing
propeller from underside of the rotor increases the efficiency
of the propulsion system [26, 27].

The main purpose of this paper is to present the concept
of VTOL aircraft, from scratch to final implementation,
covering the individual stages of prototyping and then
deriving a mathematical model based on the physical model
and computational fluid dynamics CFD simulations [28].
A mathematical model that can accurately describe the flight
dynamics is exceedingly important in the design of a flight
control system. In the case of hybrid UAVs, the whole flight
can be divided into three phases, namely, vertical flight
mode, transition mode, and horizontal flight mode. As a
consequence, the development of a real flight dynamics
model is much more difficult compared to the conventional
UAVs and causes many problems.

The paper is organized as follows. First, the introduction
is provided in Section 1. Then, the concept of VTOL aircraft
and construction prototyping are presented in Section 2.
The mechanical design and an explanation of flight phases
are shown in Section 3. A mathematical model including
forces and moments definition in individual flight phases
are determined in Section 4. Next, the computational fluid
dynamics (CFD) simulations are described together with a
discussion of received results. The conclusions are briefly
discussed in the last section.

2. Mechanical Design and
Construction Prototyping

The initial concept of the UAV assumed that the construction
should be efficient in terms of aerodynamics as far as it
is possible. Therefore the parts of the platform which are
necessary for the hovering flight mode (especially engines
and propellers) should not generate drag during standard
flight mode which means that they should be hidden within
fuselage. Simultaneously, the minimum number of support
points which provides stable UAV hovering without necessity
of applying any advanced and complicated control mecha-
nisms is equal to three. In the light of these assumptions the
obvious choice was a platform configuration with two engines
mounted in the front of the wings and a ducted propeller
placed within the fuselage (Figure 1).

The front engines together with propellers were designed
to tilt from vertical orientation used in standard flight mode
to horizontal orientation used in hovering mode. Together
with the ducted propeller they were arranged on a circular
plan whose centre was located at the mass centre of construc-
tion. The advantage of such construction solution was the
possibility of hiding the fuselage propeller during standard
flight mode and as a result to minimize generated drag.
On the other hand the placement of the fuselage propeller
complicated significantly the tail construction. Moreover,
the size of the fuselage had to be increased in order to
accommodate the mechanical construction. As a result the
aerodynamic properties of the platform were not satisfactory.
It was characterized by low lift with simultaneous high drag.
Moreover, the thrust generated by fuselage propeller was
too low and its mechanical construction was unnecessarily
complicated. In the initial design two separate autopilots
were considered both for hovering and standard flight modes
connected via mixer. To conclude, the concept with three
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FIGURE 2: The second concept of the VTOL UAV.

FIGURE 3: The optimization process of fuselage.

FIGURE 4: The final design of the VTOL aircraft.

supporting points was rejected. The disadvantages resulting
from the placement of the third propeller overshadowed any
advantages of this solution.

The second iteration of the concept design was based on
four points of support (Figure 2). The first two engines with
propellers were placed in front of the wings as in the previous
design. Once again their tilt depended on the flight mode.
However, another two propellers were drawn out from the
fuselage on specially designed arms. Due to the elimination of
the ducted propeller the size of fuselage decreased. Moreover,
the design of the tail changed from double “I” configuration
into “H” configuration.

During the design process two different plane config-
urations were considered, i.e., centre-wing and high-wing.
Moreover, the shape of the fuselage was optimized (Figure 3).

The biggest advantage of this design was the ease to
control hovering mode of flight. The control characteristics
were identical to the characteristics of common quadcopter
platforms. On the other hand, still the aerodynamic proper-
ties of the UAV were not satisfactory. There were also some
technical issues with moving arms for hovering mode. After
construction and tests of a prototype the third iteration of
design started.

In the third and final iteration of design the wing profile
was changed. Moreover, the construction of the tail was
simplified further from “H” configuration into single “T”
configuration with floating horizontal stabilizer (Figure 4).
All four rotors were placed on two beams mounted below
wings which resulted in “H” propulsion configuration. In
the hovering flight mode all rotors were directed downward.
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FIGURE 5: Tilt mechanism.

F1GURE 6: The flight envelope: (a) VTOL mode, (b) transition mode, and (c) aircraft mode.

In the transition mode the rear propellers (M,, M,) tilted
into vertical position whereas the front rotors (M,;, M,)
were gradually turned off. In the standard flight mode the
special construction of front propellers allowed them to fold
due to action of drag. This resulted in the overall drag
reduction. The downward orientation of propellers as well
as placement of vertical propellers behind the wing resulted
from aerodynamic optimization. Comparing upward con-
figuration, downward configuration is characterized with
higher efficiency [26, 27] and the pushing configuration of
propulsion system does not influence the airflow over wing
profile.

3. VTOL Aircraft Design

The developed VTOL prototype (Figure 4) allows vertical
take-off, transition to forward flight, travel to the destination
in cruise flight, and transition back to hover flight as well as
landing vertically. Finally, the proposed design configuration
is a hybrid of conventional aircraft in the high-wing system
and quadrotor, with two of four rotors mounted in nacelles
and having the ability to rotate.

The transition mechanisms (Figure 5), which are applied
to achieve the conversion from vertical flight to horizontal
flight and vice versa, are based on the fact that rear rotors (M, ,
M,) are mounted on rotating nacelles. During transition, the
rotors tilt gradually towards flight direction providing the
aircraft forward speed. Their interaction with the front rotors
(M5, M,) ensures flight at a fixed height.

The flight envelope of the UAV platform is divided into
the three following flight modes, which was achieved by

means of the collective angular displacement of the two rear
rotors (see Figure 6):

(i) VTOL mode: this flight phase is intended for vertical
climbing, descending, and hovering. The flying plat-
form works in a multirotor mode and the whole thrust
is derived from the four rotors. To minimize power
consumption, after reaching the required minimum
altitude, the UAV platform immediately proceeds to
flight in the aircraft mode.

(ii) Transition mode: two rear propellers are tilted syn-
chronously towards the vertical direction, which
in turn causes the horizontal speed of the aircraft
to increase. The angular position is controlled by
changing the thrust of particular rotors so that the
airframe obtains a given angle of attack relative to
the incoming air streams. With the increase of the
horizontal speed, the fixed wings develop lift. Before
the angle of attack reaches a given value, the roll angle
is controlled by the difference in thrust between the
left and right rotors. Yaw angle is regulated by the
counteractive moments generated by pairs of rotors:
M1, M3 and M2, M4. In turn, pitch angle is controlled
by the difference in thrust between the front and rear
rotors. For horizontal-to-hover transition the reverse
procedure is performed.

(iii) Aircraft mode: at this flight phase the UAV has a
sufficient speed of translational movement, which
allows generating lift force. Under such conditions
the platform behaves like a conventional airplane,
and aerodynamic control surfaces, such as rudder,
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FIGURE 7: VTOL aircraft.

elevator, and ailerons, provide yaw, pitch, and roll
motions. The required thrust force is generated by
two rear rotors (M,;, M,), tilted by an angle of 90
degrees in relation to the initial position. The other
two front motors (M5, M,) are turned off and remain
in initial position. This flight phase is intended for
energy efficient long term operations.

Such structure is characterized by high maneuverability
in a limited area, and the flight time is relatively long above
one hour, which is unachievable in the case of conventional
multirotor carriers. The advantage of proposed approach is
an ability to rotate only the rotors themselves, not the whole
wing. During take-off, landing, and hovering, this solution
makes that the aircraft more robust to cross winds. In the
airplane mode, the advantage is also the usage of rotors in
the pushing system behind the trailing edge of the wing flap,
which ensures uniformity of the air stream flowing around
the airfoil. The front engines are switched off, because they
only disturb the flow of air streams, without significantly
increasing the lift force generated on the wing. In turn, in
VTOL mode, the usage of pushing propeller from underside
of the rotor increases the efficiency of the propulsion system
[26, 27].

The technical specification of the designed and con-
structed aircraft is included in Table 1.

To ensure smooth switching between flight modes, a
certain error margin was provided, as shown in Table 2.

Figure 7 shows the final realization of the VTOL aircraft.

4. Mathematical Modeling

The configuration of VTOL airplane is shown in Figure 4. In
this paper x, y, and z axes of the inertial coordinate system
are defined as a right handed Cartesian coordinate system
with North, East, and Downward directions, abbreviated as
the NED coordinate system. The movement of the aircraft will
be considered in relation to the following coordinates systems
[29]:

(i) inertial reference frame Fg(xy;, ¥g, 2p) with the origin

determined on the surface of the Earth,

(ii) inertial reference frame F|, (xy,, ¥y, zy/) with the origin
in the centre of the mass of the aircraft,

5
TABLE 1: VTOL aircraft specification.
Parameter Value
Configuration VTOL aircraft
Wing span 2520 [mm)]
Length 1600 [mm]
Wing area 54 [dm?]
Propeller diameter and pitch 16x8 [inch]
Minimum horizontal speed 10 [m/s]
Maximum speed 30 [m/s]
TasLE 2: VTOL flight modes.

Flight Mode Horizontal Speed Vertical Speed
VTOL 0+1m/s 0+5m/s
Transition Om/s +12m/s Om/s +1m/s
Aircraft 10m/s + 30 m/s Om/s +5m/s

(iii) body reference frame Fg(xg, yg, 25)»

(iv) wind reference frame F,,(x,,, ¥,,» Z,,)-

Assuming that VTOL airplane is a rigid body with six
degrees of freedom, the state of aircraft motion is defined by
twelve coordinates. The following state vector is adopted:

X = [U,V.W,,0,4,P,Q. R x, . 2] )

where U,V,W and P,Q,R are projections of velocity and
angular velocity onto the xp, yp, and zp axes of the body
axis system Fp, respectively. Three Euler angles: roll angle ¢,
pitch angle 6, and yaw angle y are introduced to determine
the angular position of aircraft relatively to the Earth, i.e., the
orientation of the body coordinate system Fj with respect to
the Earth coordinate system F;,.

Whereas the control vector contains the following vari-
ables, their appropriate combinations allow effective platform
control in particular modes of flight:

6 = [ula u2) u3) u4$ (Sp ae)ar)aa]T (2)

where u; are PWM motor inputs (i = 1,...,4), 6, is deflection
of the rotor nacelle, §, is elevator deflection, &, is rudder
deflection, and §,, is ailerons deflection.



Denoting the velocities as follows:

(‘_/E)FB = [U,V, W]T
to Earth,

Vi, = WVaw Vays Ve l©

ax’ ' ay’
respect to air,

(‘_/W)Fw = [Uw, Vi, Ww]T
respect to Earth,

: the aircraft velocity with respect

: the aircraft velocity with

: the wind velocity with

the relationship between those velocities can be written as

(Ve)y, =

In order to determine the aerodynamic forces and moments
acting on the aircraft, it is necessary to know the flight speed
and two angles: the angle of attack o and the sideslip angle f3.
These quantities are shown in Figure 4, which shows the flight

(VE) B Dgy (VW) F, 3)

cos 0 cos v
Ly, = | sin¢gsin 0 cosy — cos ¢ siny

cos ¢ sin 0 cos y + sin ¢ sin

(ii) The transformation matrix Dy, from the wind coor-
dinate system Fy, to the body coordinate system Fp:

cosacos B —cosasinff —sina
sin 8 cos 3 0

sinacos B —sinasin

(8)

Dy =

Ccos «

(iii) The matrix T, describes a relationship between the
Euler angles and the angular velocity P, Q, R of the

aircraft:
sin 0
cos@
T,=|0 cos ¢ —sin¢ (9)
0 sin ¢ cos ¢
cos6 cos@

In this paper, air movements with respect to the Earth are
assumed to be zero, and the relationship between velocities
takes the form:

U
\%4
w

(T/a)F (10)

B

- (V), -

On this basis, the VTOL airplane movement is described
by the following nonlinear system of twelve equations [29]:
m (U +QW - RV + gsin0) = F (1)

m(V+RU—PW—gsin¢c050):F (12)

Journal of Advanced Transportation

of the airplane taking into account the flow of air streams
from its left side. They are defined based on the coordinates
velocity vector:

\%
« = arctan —=£

(4)
ax
\%
B = arcsin 4 (5)
) 2 2 \1/2 (6)
(V(x)FB - (V ax +V ay +V ocz)

Before introducing the appropriate equations describing the
VTOL aircraft movement, the transformation matrices which
interconnect particular coordinate systems will be presented
in the following form:

(i) The transformation matrix Lg,, from the Earth coor-
dinate system Fy, to the body coordinate system Fp:

cosOsiny —sin6
sin ¢ sin O siny + cos ¢ cos Y sin ¢ cos & (7)
cos¢sinOsiny —sinpcosy cos¢pcosd
m(W+PV—QU—gcos¢>c050): (13)
PIy+QR(I,~Iy) - (PQ+R) Iy, =L (14)
Qly + PR(Ix - I,) + (PP - R*) Iy, = M (15)
RI, +PQ(Iy — Iy) + (QR— P) I, = (16)
é P
6 Q> 17)
4 R
U
= LTy < 14 (18)
w

where

m is aircraft mass,
g is gravitational acceleration,

F = [Fy, Fy, F,]"is force vector from aerodynamic
forces and thrust,

M = [L,M,N]Tis torque vector from aerodynamic
forces and thrust,

I, 0 -I,
I= [ 01, 0

] is inertia matrix.
-1, 0 I,

Equations (11)-(18) allow describing spatial motion of aircraft
in a body frame.
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4.1. Definition of Forces and Moments. The forces and
moments at the aircraft centre of gravity have components
due to aerodynamic effects and to engines thrust (these
components will be denoted, respectively, by the subscripts
A and T). The forces acting on the aircraft can be presented
in the form of the following vector equation expressed in the
Fp system:

[ Fx Fx, Fx,
Fy=|Fy |=Fp +Fp = | Fy, | +|Fy,
L Fy Fy Fy,
(19)
Fy, -D
= 0 [+Dgy | Y
_FZT -L

The thrust component Fy can be produced by unbalanced
engine power in a multiengine aircraft. However, in our case
the applied thrust vectorization, by using servos in the rear
gondolas, eliminates this problem (Fy = 0).

In general form, the thrust component FBT has the
following form:

Fy, f1cosé, + f, cosé,
?BT = 0 = 0 (20)
FZT f3 +f4+f1 Sin8t+f2 sin5t

where 8, is tilt-rotor deflection and f; is ith rotor force (i =
1,...,4).

In the simplest form the relationship between the thrust
f; generated by the ith rotor and control signal u; has been
described as a square of the angular rotor velocity [30, 31].
A more detailed description, taking into account dynamics
of BLDC motor, propeller aerodynamics, Electronic Speed
Controller (ESC), and batteries, has been presented in [32].
For the purposes of this paper it was assumed that f;=f(u;),
wherei=1,...,4.

The aerodynamic forces Fj, acting on the aircraft are
defined in terms of the dimensionless aerodynamic coefhi-
cients [29, 33]:

Y =3gSCy - sideforce,

L = gsC, - lift,
(21)

where § = 0.5pV is free-stream dynamic pressure; p is air

density; V,, is aircraft velocity with respect to air; S is wing

area; Cp,, Cy, and C; are dimensionless force coefficients.
The moments acting on the aircraft during the flight in

the Fp system have the following form:
L I I,
M=|M|=Mp+M,=|mp|+]|m, (22)
N o ny
Torque component resulting from the engine thrust M

consists of the action of the thrust difference of each pair and
from the gyroscopic effect:

.-lT

My = | my
L Nt
i FZTA)/

= Fz ax +w (23)

| Fx, \/Ax2 + Ay?

=], (@) = Q) cos &,
X 0
—1, (Q; sin g, + Q3 — Q, sin g, — Q)

where

Ax, Ay are distances from the force component to the
axis of rotation,

0 -r g

w = [ r 0 -P],
-qp 0

J, is rotor inertia,

Q; (i =1,2,3,4) is angular speed of ith rotor.

Taking into account the geometric arrangement of each
propulsion unit in the considered airframe (Figure 8), the

D =gSCp, - drag, following relationship was obtained:
r 1 1 . 1 1 . 7
512f4 + EZZ 1 sin 6, — 512f3 - EZZ 5 sin 6,
- 1 1 1 1
My = 511f3 + 511f4 - Elle sin 9, — Ellfl sin 6

1.\ (1.}’ 1\ (1)’
i <§ll> +<§lz> ficosd,sind, - (Ell> +(§lz> frcosd,sind,
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F1GURE 8: Configuration of the propulsion system.

~1,9(Q, sin g, + Q3 — Q, sin§, — Q)
+ | =Jr (Q - Q,)cos 8, + J,p (Q siné, + Q3 — Q, sin g, — Q)
Jrq (@ - Qy) cos

Gyroscopic torque vector manifests itself in a form of a
rotation around unwanted axis, which is perpendicular to
the axis of the propulsor and the axis around which the
wanted rotation is achieved [34]. Therefore, the model should
also include the gyroscopic effect resulting from the rotation
of nacelles (M,, M,) by the §, angle. However, during the
transition phase, the angular speed of the rotors Q; = Q,
and rotation angles of nacelles are also the same, whereas
the direction of propellers rotation is opposite. Thus, the
gyroscopic moments originating from the rotors M;, M,
during the rotation by the §, angle are canceled.

The aerodynamic moment M, in (22) is composed
of the moment defined by the dimensionless aerodynamic
coeflicients and the moment resulting due to the difference
in position of the centre of gravity and the centre of pressure:

L,
My = |my,

| 1y

[ gSbC,

= | gS¢C,, (25)
| gSbC,

—(cg, — aerp,) Fy,
+ | (cg, —aerp,) Fy, - (cgx —aerpy) Fy,
(cgy — aerpy) Fy,

where § = 0.5pV is free-stream dynamic pressure; p is
air density; V, is aircraft velocity with respect to air; S is wing
area; b is wing span; ¢ is mean aerodynamic chord of wing;
Cp, C,» and C,, are dimensionless moment coeflicients; cg;
is centre of gravity in j-axis; aerp; is aeroreference point in
jaxis (j = x, 2).

(24)

The specificity of the VTOL aircraft flight causes the
whole flight envelope of the UAV platform to be divided into
three different flight modes: VTOL, transition, and aircraft. It
was achieved by means of the collective angular displacement
of the two rear rotors (Figure 4). The form of dimensionless
force and moment coefficients depend also on the flight
phase, and therefore in the next part of the article the analysis
of the model will be carried out in the individual modes.

4.2. VTOL Mode. In the case of vertical flight, there are
the following conditions: the inclination angle of the rotor
nacelles §, = 90°, the angle of attack & = 0°, and the sideslip
angle 3 = 0° (see Figure 6). The control vector, defined in (2),
is reduced to the following form:

U = [y, iy uizyy]” (26)

From the point of view of flight mechanics, one cannot
talk about the drag, side force, and lift, as in the classic air-
frame approach. In the VTOL mode two main aerodynamic
effects are taken into consideration. One concerns how thrust
is generated while the other deals with the drag force, which
is always opposite to the movement direction in z-axis.

The aerial drag force is expressed in the same way as in
(21) with the aircraft velocity reduced to the vertical speed W.

r 0 -
Fy . 0
Fy=|Fy | = . +1 0
L F, >fi -D ]
) i=1 (27)
0 0 -
0
4 1 5
2| [ -5PWsCh |
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In vertical flight the VTOL airframe structure produces
a large aerial drag; therefore this force component has
significantly large values, compared to the classic multirotor
configuration.

The moments acting on the aircraft during the flight
in the VTOL mode describe (22), (24), and (25); however
aerodynamic moments in (25) are equal to zero (I, = my =
ny =0).

4.3. Transition Mode. During the transition phase (see Fig-
ure 6), the main role in the generation of translational motion
is played by the interaction between the angular speed of
rotors ; (i = 1,2,3,4) and deflection of the rotor nacelles
0,, while the impact of the control surfaces is secondary. Only
at speeds close to stall velocity their participation becomes
significant. Therefore the control vector takes the following
form:

U = [y, iy iz 1y 8,]" (28)

The forces acting on the VTOL aircraft are determined by
(19)-(21). However, the dimensionless force coeflicients Cp,,
Cy, and C; have the following form:

c
Cp = Cpn (&, B) s * Cy @) j—v +Cpe, (@)6,

B pb rb
Cy =Cyy (ﬁ)p:r:&:@azo + Cyp (@) oV + Cy, (@) W (29)

qc
Cp=Cpo (e, ﬁ)qzae:o +Cpy (@) T Crs, (@),

The moments are described by (22)-(25), but the dimension-
less moment coefficients C;, C,,,, and C,, take the form of

pb rb
C = Cyp (o, ﬁ)p:rzarzau:o +Cpp (a) oV +Cpp () P

qc

Cor = G @0+ Cong (0 2+ G5, @08,

b (30)
p
Cn = CnO ((X’ ﬁ)p:r:&:(ﬁuzo + Cnp (“) 2V

rb
C _
G (@) 3

Particular aerodynamic derivatives C; = C;(«, f3) in (29)
and (30) are calculated in ANSYS software using 3D analysis
of the whole airframe.

4.4. Aircraft Mode. At this flight regime the aircraft has
gained enough velocity (above the stall speed) to generate
aerodynamic forces to lift and control the flight. In this mode,
the VTOL aircraft behaves like a common airplane and the
control vector contains the following variables:

ﬁ = [uthtl’ 66’ 87’ 8a]T (31)

where v, = uy + u,.
When the platform reaches the minimum cruising speed,
the motors M; and M, are switched off, the inclination angle

of the rotor nacelles is set to 0 (§, = 0°), and the driving force
is given only by motors M, and M, (see Figure 6).

The forces acting in the aircraft mode are determined by
(19)-(21); however the dimensionless force coefficients Cp,,
Cy, and C| have the following form:

c
Cp = Cpo (a ﬁ)qzae:o +Cpy () S_V +Cps, (@) 9,

) pb rb
Cy =Cyo (ﬁ)p:r:é,:éazo +Cyp (a) e * Cyr («) 2V (32)

+ CY(Sr ((X) 87 + CY(Sa (06) 6&

c
Cp=Cpo (e, ﬁ)qzae:o +Cpq (@) j_V +Cps, (@) 0,

The moments are described by (22)-(25), but the dimension-
less moment coefficients C;, C,,, and C,, take the form of

pb rb
C=Cy (o, B) per=8,=6,=0 T Cip (@) v G, () i
+Cis, (a, B) S, + Crs, (o, B) S,

qc
Cin = Cono (@) 45,9 + Cing () wr Cins, (@) 8,
(33)
pb
Cn = CnO (06, ﬁ)P:T:5r:5a:0 + Cnp ((X) W

rb
+ Cnr () W + Cnﬁ, ((X’ ﬁ) 8r

+ Cnéa (‘X’ ﬁ) 8a

As in the two previous flight modes, the individual
dimensionless forces and moments coefficients C; = C;(«, f3)
in (32), (33) are calculated in the ANSYS software using 3D
CFD analysis of the entire airframe.

5. CFD Simulations

In order to evaluate the aerodynamic performance of
designed UAV, the series of computational fluid dynam-
ics simulations (CFD) were performed in the individual
flight modes. For that purpose ANSYS Workbench 17.2
environment was used. The geometry file was imported
into SpaceClaim software in which it was prepared for
subsequent processing (geometry repair and optimization for
CFD analysis). Since nonsymmetrical interactions were to
be analysed like side wind or impact of steering surfaces
position, it was necessary to create a full model of the
platform without any symmetry planes. The computational
domain was created on the basis of a paraboloid. The model
of the UAV was placed in the centre of the domain (0,0,0)
in order to seamlessly determine all desired coefficients. The
domain itself extended from -20m to 30m in X (platform
longitudinal) direction and from -30m to 30m in Y and
Z directions. Such prepared geometry was transferred into
ANSYS Meshing software. Due to the complexity of the
geometry an unstructural mesh was generated consisting of
tetrahedral elements. In order to correctly simulate gradients



10

at the surfaces (the y+ < 1 condition) the inflation (boundary
layer) consisting of prism elements was generated. Next,
the grid-independence study was performed. As the optimal
solution 16 mln elements mesh was chosen with inflation
layer consisting of 15 sublayers. Such prepared computational
domain was exported into Fluent solver.

Since low flight velocities (low Reynolds number) were
to be simulated and therefore no sudden changes in pressure
were expected, the pressure-based solver was chosen [35]. In
order to determine all force and moment coefficients as well
as the dynamic interactions the simulations were made in
the steady state and transient. However the data presented
in this section concern only the steady state cases so as the
interested reader could compare it more easily with other
publications.

All physicochemical properties of air were constant and
averaged for the weather conditions at which the UAV will
be tested. Nowadays one may find publications in which
CFD analysis of the UAVs is performed using one-equation
turbulence model (Spallart-Allmars) or two-equation turbu-
lence model (usually SST k-w) [36, 37]. However, in order to
achieve high accuracy of obtained results the four-equation
Transitional SST turbulence model [38, 39] was employed
in the presented research. The major disadvantage of this
decision was significantly longer times of calculations. The
Langtry-Menter four-equation Transitional SST turbulence
model [40, 41] originates from the SST k-w turbulence
model [42, 43]. It couples its transport equations with the
intermittency equation and the equation for the transition
onset criteria in terms of momentum-thickness Reynolds
number. The transport equation for the intermittency v is
defined as follows [35]:

9py) 9 (PUy)

ot axj

=P,-E,+P,-E,

0
2[e-2)2]
axj o, axj

and for the transition momentum-thickness Reynolds num-
ber:

(34)

3(pRey,)  9(pUjREy)
+
ot OX.

(35)

d Re
= Py, + Ix. |:O-9t([’£+[’£t)f]

The transition model interacts with the SST turbulence model
by modification of the k-equation [35]:

0 0
= (pk) + — (pku.
at (p )+ axi (p ul)

* « . 0 ok
=G, Y, +8 + — | i=—
k k+k+axj<kaxj>

(36)
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Finally, the w-equation has the following form [35]:

0 0
Py (pw) + B_xj (pwuj)
5 5 (37)
w
=G,-Y,+D,+S,+ a_x] (ngj)

Due to the limited computational power Semi-Implicit
Method for Pressure Linked Equations (SIMPLE) was used
instead of coupled pressure-velocity coupling algorithm. All
discretization schemes were set to the second-order up-
wind whereas the gradients were evaluated using Green-
Gauss Node-Based method. As the convergence criteria
the values of all scaled residuals smaller than le-03 were
assumed. Simultaneously the value of lift and drag coef-
ficients were monitored. The iterations were continued if
these values did not achieve the constant level. Three dif-
ferent boundary conditions were used in simulations. The
peripheral of paraboloid was set as velocity inlet for which
direction vector and velocity magnitude were set. The back
surface of paraboloid was set as pressure outlet. Finally,
the surface of the UAV was treated as wall with no slip
condition.

In order to fulfil all requirements for which the UAV
was designed it should be characterized by high aerodynamic
efficiency. This feature will allow it not only to take off and
land at any desired location but also, more importantly, to
travel for long distances. As one should expect the construc-
tion modification of a classical plane for hovering mode of
flight will always influence unfavourably the aerodynamic
properties of the platform. Figure 9 presents the lift and
drag coefficients as the functions of angle of attack (AoA)
for Re = 237 000. Although the maximal lift coefficient is
low comparing to other conceptual studies [44], especially
dedicated for the same purpose [16], the designed UAV
has satisfactory parameters from the project aims point of
view. The zero lift condition appears for AoA equal to -1°
whereas the stall point is achieved for 12°. The generated
lift and drag are sufficient to travel for the intended dis-
tance.

Figure 10 presents the pitching moment. It changes its
value from positive to negative at approximately the same
angle of attack as for the zero lift condition. After this point
it decreases steadily up to the stall region. The negative slope
indicates positive static longitudinal stability of the UAV.

Figure 11 represents lift to drag ratio as the function
of angle of attack. Moreover the impact of side wind is
analysed. As one may notice the designed platform behaves
stably despite unfavourable conditions. Although the impact
of side wind on both the lift and drag is almost unnoticeable
when considered separately, if these two parameters are
combined some decrease in efficiency is visible. As it should
be expected the biggest differences were noticed for 10° side
wind (maximal investigated value) for which lift to drag
ratio decreased by 27%, 22%, and 18% for 0°, 2°, and 4,
respectively. What is interesting in the case of 5° side wind
and AoA beyond 8° is that the lift to drag ratio increased by
1%.
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FIGURE 12: Velocity contour plots and wind velocity vectors (Re = 237 000) for (a) 0° AoA, (b) 12° AoA, and (c) 16" AoA.

Figure 12 presents the process of wind streamlined
detachment from the wing surface during the increase of
AoA. For the 0° AoA (Figure 12(a)) air steadily flows around
the wing. A region of higher velocity is visible above the wing
generating small lift force (Figure 9). Moreover, a thin laminar
layer may be noticed around solid surface. When the AoA
is increased up to 12° (Figure 12(b)) which corresponds to
the maximal lift force (Figure 9) one may notice a region of
significantly higher velocity above the wing. Simultaneously
first streamlines of air start to detach at the end of the surface.
At this angle wing becomes a serious obstacle for the air
flow. Finally, for AoA equal to 16° the detachment is clearly
visible. The lift force decreases and the drag force increases
substantially.

The impact of AoA value on the vorticity is presented in
Figure 13. The UAV is surrounded by an isosurface generated
for 100 s™! vorticity in order to depict the negative impact
of nacelles on the lifting capabilities of the platform. The
color of the isosurface represents local air velocity. At 0° AoA
the vortices are generated mainly at the tips of winglets and
behind the nacelles and tail. When the AoA was increased up
to 12° some crucial changes may be noticed. The construction
of nacelles in front of the wing generates vortices influencing
aerodynamic performance of the wings. Significantly higher

vorticity is visible behind the wing, especially in the region of
nacelles and winglets. Finally, at AoA equal to 16° extremely
high vorticity is visible especially in the case of nacelles.

The last step of the simulations involved the analysis of
aerodynamic properties of the VIOL during hovering and
transition stage of flight. In these simulation the impact of
propeller action on the air velocity profile around the wings
also had to be included. It was done by generation of four
volumes of fluid which corresponded to the volumes created
during rotational movement of propellers. Next, for each vol-
ume, appropriate momentum source was defined within the
solver. As in the previous cases, all simulations were made in
the steady state. The simulations were performed for various
ranges of velocities, tilt angles, and thrust values in order to
determine force and moments coefficients introduced in the
fourth chapter of this work. An exemplary result is presented
in Figure 14, in which the vortices generated by the propellers
are depicted. Of course the disturbance of air flow below
the wing resulting from the action of front propellers has a
negative influence on the overall aerodynamic properties of
the platform. Therefore, the transition phase demands the
optimization of the flight scenario which will include the
thrust of propulsion system and angle of attack value as well
as flight velocity.
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FIGURE 13: Isosurface of vorticity (Re = 237 000) for 100 s7! (the color of isosurface represents wind velocity) for: (a) 0° AoA, (b) 12° AoA,

and (c) 16° AoA.

6. Conclusions

In this paper the design process of a VIOL aircraft was
presented. The evolution of the design from three support
points platform with ducted fuselage propeller into four
support points “H” configuration was discussed. An unusual
configuration of propellers was proposed, namely, all four
propellers directed downward during hovering mode and
propellers directed backward (pushing configuration) in the
standard flight mode. As it was proven, such design is more
efficient in aerodynamics terms. The platform has fixed-
wing configuration. The rotors are mounted on beams placed
below wings. The front rotors have fixed position; however
their construction allows them to fold due to action of drag.
In the airplane mode they are switched off, because they
only disturb the flow of air streams, without significantly
increasing the lift force generated on the wing. The rear rotors
are mounted on nacelles that ensure the thrust vectoring
of engines. This provides their usage in both vertical and
horizontal flight. The advantage of proposed approach is an
ability to rotate only the rotors themselves, not the whole
wing. The proposed solution makes the aircraft more robust
to cross winds. The mathematical model of each of flight
modes was proposed and discussed. Finally the results of

CFD simulations were presented for the final design.The
degree of complexity of the aerodynamic properties of such
UAYV obviously makes it impossible to control it in the open
loop system and enforces regulation in a closed loop system
with feedback. Due to nonlinearities and instability resulting
from the stall condition, the transition mode is particularly
dangerous and demanding, in terms of reliability of the
control system. CFD analysis results presented in this paper
have given a broad view on the aerodynamic properties of the
aircraft, in particular on the stall effect.

Looking prospectively, such constructions could be used
in an urban environment, where the use of a runway
is not possible. Such platforms will be useful when high
maneuverability in a limited area is demanded and the flight
time should be relatively long (above one hour), which is
unachievable in the case of conventional multirotor carriers.
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