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Abstract: A Vertical Take-Off and Landing-Plane (VTOL-Plane) is an Unmanned Aerial Vehicle
(UAV) that combines multirotor and fixed-wing configurations. It has a good cruise range compared
to a VTOL vehicle. Furthermore, it can take-off and land vertically. This technology is ideal for
surveillance/monitoring missions and transmitting data in real-time. This study discusses the design
of a VTOL-Plane with a preset Design Requirement Objectives (DRO), namely a Maximum Take-Off
Weight (MTOW) of 14 kg, a cruise speed of 23 m/s, and a cruising range of 6 h. To maximize the
performance, the empennage configurations on the VTOL-Plane varied, and then a Computational
Fluid Dynamics (CFD) simulation was carried out. The empennage configurations analyzed were a
U-shaped boom, an inverted U-shaped boom, an inverted V-tail boom, and a semi-inverted V-tail
boom. The interpreted performance related to the stalling angle, flight efficiency, stability, stall speed,
and maneuverability. The relative wind directions toward the longitudinal axis of the UAV, also
called the sideslip angle, were varied. The CFD simulation results showed that the empennage
configuration of the inverted U-shaped boom is suitable for a surveillance mission. This article also
optimized the final empennage design by adding a vertical fin to improve stability.

Keywords: VTOL-Plane UAV; empennage configuration; computational fluid dynamics simulation

1. Introduction

Surveillance areas need technology that can monitor and transmit data in real-time.
Area managers should acquire information promptly and make choices swiftly before
disasters or unlawful actions worsen. Drones are crewless aircraft of remarkably reduced
dimensions, a low energy consumption, a low cost utilization, a minimal risk to human life,
and a promising future for forestry applications [1]. Moreover, drones are also commonly
used for military needs [2]. In this case, the optimization of the drone design is important
for a surveillance mission.

Drones come in a variety of shapes and sizes, and their applications are expanding
as technology advances. A Vertical Take-Off and Landing-Plane (VTOL-Plane) is a drone
that combines fixed-wing and rotary-wing configurations, making it ideal for surveillance
missions [3]. A VTOL-Plane or quad plane is suitable for this mission since it can hover,
cruise efficiently in fixed-wing mode, and complete smooth transitions [4]. A VTOL-Plane
can take-off and land without a runway and has a high cruising range, making it ideal
for usage in rough terrain. Moreover, a VTOL-Plane with a different energy source, such
as electricity for VTOL motors and gasoline for plane propulsion, could improve the
cruising range.

The design of a VTOL-Plane Unmanned Aerial Vehicle (UAV) varies depending on
the mission. Numerous designs are available, such as a TURAC VTOL tiltrotor and a
fixed-wing VTOL, each with its own concept. This research includes several innovations
for overcoming various VTOL problems, such as thrust vectoring, transition flights, and
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mechanical transformation from VTOL to Conventional Take-off and Landing (CTOL)
flights [5]. Unfortunately, there is a complicated mechanism for the tiltrotor and a complex
control system, so it is not used as a design reference. The fixed-wing-VTOL design is
similar to the twin tail boom layout, but there are a few differences, such as the boom
structure for VTOL motors [6]. This concept is simple to grasp and can be further expanded.

There are many empennage geometry concepts for a twin tail boom VTOL-Plane. The
inverted U-shaped boom [7,8], U-shaped boom [9], inverted V-tail boom [10], semi-inverted
V-tail boom [11] are some of the most frequent empennage geometries. Furthermore, no
research has been undertaken to determine which empennage geometries work better on a
twin tail boom VTOL-Plane. As a result, this paper will discuss which empennage geome-
tries have an excellent performance, including the final empennage design optimization.

A UAV is designed in several processes [12], beginning with the conceptual design,
preliminary design [13], and detailed design [14–17]. A reliable UAV can be obtained
by following these references. The important parameters to comprehend are the stall
phenomenon, efficiency, stability, and maneuverability. However, a number of factors
could cause those main parameters to be disrupted. These issues could be caused by fluid
dynamics, which provide interference airflow between the wing and the fuselage, causing
the aircraft to become unstable and lose the amount of lift force. The sideslip angle, which
is formed by the relative wind directions and the aircraft’s direction, can affect the plane’s
stability. The sideslip angle is crucial to understand since it influences lateral and directional
stability [18–20]. The sideslip angle could induce a more obscure and complicated flight
safety [21]. Meanwhile, the VTOL-Plane needs a precise fly position to approach tough
terrain for landing. Before the UAV is tested to fly, further study of the empennage geometry
is required to confirm that the UAV design can eliminate the difficulties.

The overall design of the UAV is analyzed using the Computational Fluid Dynamics
(CFD) approach [22]. The CFD method is applied because it is simple to implement and does
not require high costs as the wind tunnel method does. In addition, this simulation uses
the accurate turbulence model which is applied to provide accurate data [23]. Moreover,
the CFD simulation is very suitable for varying parameter variations, particularly the
sideslip angle.

Every empennage geometry has a different characteristic. The H-tail or U-shaped
boom empennage is the most efficient for the low-wing, mid-wing, and high-wing con-
figurations [24]. However, that study merely looked at the wing and the empennage, not
the rest of the aircraft parts. So, the analysis was less accurate regarding the aerodynamics
effect from the fuselage. In crosswind situations, the V-tail empennage is quietly stable [25].
They found that the V-tail has an advantage in having positive lateral stability at all tested
sideslip angles (up to 60◦) compared to conventional empennage configurations. Unfortu-
nately, the V-tail empennage layout is not compatible with a dual tail boom VTOL-Plane.
This study will invert the shape of the V-tail respecting the VTOL-Plane twin tail boom
configuration used in this research and analyze the aerodynamic performance.

The VTOL-Plane empennage configuration in this research used a twin tail boom
configuration. On the other hand, twin-tail boom design geometry is quite varied. As a
result, the empennage geometry was varied and analyzed using a Computational Fluid
Dynamics (CFD) approach to estimate the aerodynamic performance in various wind
situations. This paper also discusses the optimization of the final empennage design for a
VTOL-Plane.

2. Research Methods

This study aimed to determine the best empennage performance for a VTOL-Plane
UAV, beginning with the creation of a VTOL-Plane with a specific DRO and variations in
the empennage geometry. In this research, the VTOL-Plane was designed to have a different
energy source to improve the cruise range. VTOL propulsion uses an electric source and
gasoline for fixed-wing propulsion. Therefore, this research merely chose the appropriate
brushless motor and battery source for the VTOL take-off and landing performance. CFD
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modeling was also performed to evaluate the empennage configuration in a variety of
wind conditions. The best empennage configuration was chosen and evaluated for the
weaknesses, and the tail design was optimized to improve the final design performance.

2.1. Design Requirements and Objective

The VTOL-Plane for surveillance is designed to fly at a low speed and with good
stability. The Civil Aviation Safety Regulation (CASR) [26], which governs UAV operations,
is also used to determine the requirements. The design requirements for the VTOL-Plane
must be met in order for the VTOL-Plane to be certified. Table 1 shows the DRO, and
Figure 1 shows the mission profile of the VTOL-Plane.

Table 1. Design Requirements and Objective (DRO).

No Requirement Value

1 Take-off transition distance 80 m
2 Landing transition distance 150 m
3 Cruising altitude 300 m
4 Cruising velocity 23 m/s
5 Stall speed 14 m/s
6 Load weight 5.5 kg
7 Flight time 6 h
8 Rate of climb 5.5 m/s
9 Maximum Take-Off Weight (MTOW) 14–15 kg

10 Wingspan 3 m
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requirements; hence, the high wing configuration was used to provide the most lift force. 
To make the manufacturing process easier, the wing was designed without dihedral an-
gles. 

The dimensions of the fuselage adapted the components carried and designed to 
minimize drag. The propulsion system chosen was a pusher because the empennage con-
figuration used was a twin tail boom and used an engine propulsion system. It aims to 
balance the moment at the Center of Gravity (CoG) because the load is placed before the 
CoG. 

Figure 1. Mission Profile VTOL-Plane Surveillance. Note: 1—Ground test; 2—Engine start and
warm-up; 3—VTOL take-off preparation; 4—VTOL take-off; 5—VTOL transition to Fixed-wing;
6—Climb; 7—Cruise; 8—Loiter and cruise back; 9—Descent; 10—Fixed-wing transition to VTOL;
11—VTOL landing; 12—Engine shutdown and ground test.

2.2. Conceptual Design

Several major elements were configured during this stage, including the wing, fuselage,
empennage, and propulsion systems. The wing was designed to fulfill the mission’s
requirements; hence, the high wing configuration was used to provide the most lift force.
To make the manufacturing process easier, the wing was designed without dihedral angles.

The dimensions of the fuselage adapted the components carried and designed to
minimize drag. The propulsion system chosen was a pusher because the empennage
configuration used was a twin tail boom and used an engine propulsion system. It aims
to balance the moment at the Center of Gravity (CoG) because the load is placed before
the CoG.

ALTI Ascend [7], ALTI Transition [8], Great Shark 330 [11], and Sparrow VTOL [27],
all of which are similar to the DRO, were chosen as comparison planes in this study. The
comparison planes were needed to solve several equations. The empennage configuration
was varied to determine the best performance. The following empennage configurations
were used in the comparison:
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• U-shaped boom [9];
• Inverted U-shaped boom [7,8];
• Inverted V-tail boom [10];
• Semi-inverted V-tail boom [11].

2.3. Preliminary Design

In the preliminary design stage, performance sizing such as take-off weight, empty
weight, fuel weight, power loading, and wing loading were calculated to determine the
requirements of the VTOL-Plane. The comparative plane data was used as a reference in
this calculation using the equations given by [13]:

1. Fuel fraction, these equations are shown in Table 2:

Table 2. Fuel fraction [13].

Phase Fuel Fraction

Engine Start and Warm-up 0.998
VTOL take-off preparation 0.998

VTOL transition to fixed-wing 0.998
Climb 0.995
Cruise Rcr = 375

(
ηp
cp

)
cr

(
L
D

)
cr

ln
(

Wa
We

)
(1)

Loiter Eltr = 375
(

1
Vltr

)
ltr

(
ηp
cp

)
ltr

(
L
D

)
ltr

ln
(

Wa
We

)
(2)

Cruise back Rcr = 375
(

ηp
cp

)
cr

(
L
D

)
cr

ln
(

Wa
We

)
(3)

Descent 0.995
Landing, taxi, dan shutdown 0.995

where:
Wa
We

= Fuel fraction
Rcr = Cruising range (miles)
Eltr = Loiter time (hours)
ηp = Propeller efficiency
cp = Specific fuel consumption (lbs/hp/hr)
L
D = Lift to drag ratio
Vltr = Loiter velocity (miles per hour)

2. Mission fuel fraction (Mff):

M f f =
(

M f f 1

)(
M f f 2

)
. . .
(

M f f n

)
(4)

where:

Mff = Mission fuel fraction

3. Total fuel (WF):

WF =
(

1−M f f

)
WTO +

(
M f res

)
WTO (5)

where:

WF = Total fuel weight (kg)
WTO = Take-off weight (kg)
Mfres = The ratio of reserve fuel weight to total fuel weight

4. Empty weight (WE) and take-off weight (WTO):

log10 WTO = a + b log10 WE (6)
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where:

WE = Empty weight (kg)

5. Regression constant a and b:

Y = a + bX += (7)

b =

n
(

∑ XY
)
−
(

∑ X
)(

∑ Y
)

n
(

∑ X2
)
−
(

∑ X
)2 (8)

a =
∑ Y− b

(
∑ X

)
n

(9)

where:

Y = Predicted value
X = Independent variable
= = Residual value
a = Regression constant a
b = Regression constant b
n = Number of comparison planes

6. Stall speed performance:

(
W
S

)
s
=

1
2
× ρ× vs

2 × CLmaxS (10)

where:(
W
S

)
s

= Stall speed wing loading (lb/ft2)

ρ = Air density (slug/ ft2)
vs = Stall speed (ft/s)
CLmaxS = Stall speed lift coefficient

7. Take-off performance (VTOL to fixed-wing transition):

In this research, the the VTOL to fixed-wing transition performance was calculated
using the conventional take-off performance equation. This calculation estimates the wing
loading and power loading value.(

W
P

)
TO

=
TOP23 × σ× CLmaxTO(

W
S

)
TO

(11)

where:
TOP = −273 +

√
(7.45× 104) + (67.11× STO) (12)

where:(
W
P

)
TO

= Take-off power loading (lb/hp)(
W
S

)
TO

= Take-off wing loading (lb/ft2)

TOP23 = Take-off parameter
σ = the ratio of the density of air at the take-off altitude to the density of air at sea level
CLmaxTO = Take-off lift coefficient
STO = Take-off distance (ft)
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8. Climb performance:

After a successful transition flight mode between the VTOL and fixed-wing, the aircraft
continues the mission to climb until the cruise and loiter altitude. The equation below
shows the fixed-wing climb performance calculation.

(
W
P

)
CL

= Fclimb

19× ηp ×
[

27

256×cD0TOup×
(

1
π×AR×eTO

)3

] 1
4

√(
W
S

)
CL

+

 19RC
33,000 ×

(
27

256×cD0TOup×
(

1
π×AR×eTO

)3

) 1
4
 (13)

where:(
W
P

)
CL

= Climb power loading (lb/hp)(
W
S

)
CL

= Climb wing loading (lb/ft2)

Fclimb = Thrust used for climb (%)
RC = rate of climb (ft/min)
CD0TOup = zero lift drag coefficient of the airplane drag polar at take-off with fixed gear
AR = wing aspect ratio
eTO = Take-off Oswald’s efficiency factor

9. Cruise performance:

A VTOL-Plane has the advantage of covering the weaknesses of a rotary-wing cruise
range. A VTOL-Plane can cruise with fixed-wing configurations. Therefore, a VTOL-Plane
has a long cruise range. In addition, the index power used in this research refers to a
fixed-gear configuration. (

W
P

)
CR

=

(
W
S

)
CR

Fcr

σ× Ipower3 (14)

where:(
W
P

)
CR

= Cruise power loading (lb/hp)(
W
S

)
CR

= Cruise wing loading (lb/ft2)

Fcr = Thrust used for cruise (%)
Ipower

3 = index power, power coefficient needed according to landing gear configurations

10. Landing performance (fixed-wing to VTOL transition)

Even so, for the VTOL-transition, this study calculated the fixed-wing to VTOL transi-
tion performance using the conventional landing performance equation and the fixed-wing
landing performance equation used to find the wing loading parameter.(

W
S

)
L
=

1.689
2× 1.15

× ρ× CLmaxL ×V2
A ×

WTO
WL

(15)

where:(
W
S

)
L

= Landing wing loading (lb/ft2)

WL = Landing weight (lb)
CLmaxL = Landing lift coefficient
VA = Landing velocity (ft/s)

Calculations using the above equation yield a sizing performance curve that can
determine wing loading (W/S) and power loading (W/P). The analysis using the above
equations can also estimate the aircraft weight and the weight of the required fuel. The
performance curve is depicted in Figure 2. The performance curve was the reference used
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to pick the design point resulting in the wing loading and power loading values. The grey
color delineates the eliminated area used to pick the design point. The design point was
picked by considering the optimum wing area and power needed. The estimated data
during the preliminary design stage are summarized in Table 3.
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Table 3. Performance sizing.

VTOL-Plane Surveillance Sizing

Wing loading (W/S) 3 lb/ft2 = 14.7 kg/m2

Power loading (W/P) 15.4 lb/hp = 7 kg/hp
CLmaxTO 1.4
CLmaxL 1.3
CLmaxS 1.3
WTO 14 kg
WE 5.8 kg
WF 2 kg

2.4. Detailed Design

The next step was to design the wing, empennage, fuselage, and VTOL arm sizes
based on the calculations that were obtained at the preliminary design stage. Furthermore,
the 3D design was created solely for the CFD simulation. The technical drawings for
manufacturing purposes are not discussed in this research.

2.4.1. Wing Detailed Design

The equations used to design the wing are quoted from [14].

s =
WTO(

W
S

) (16)

AR =
b2

s
(17)

Cr =
2

1 + λ
× s

b
(18)
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Ct = λ× Cr (19)

where:

s = Wing area (m2)
b = Wing span (m)
Ct = Tip chord (m)
Cr = Root chord (m)

There are several essential parameters in wing design, such as aspect ratio (AR), taper
ratio (λ), sweep angle (Λ), and wing incidence (iw). Giving a sweep angle on the wing is
ineffective because the aircraft has a low speed. According to [16], giving a sweep angle to
an aircraft with a speed below Mach 0.3 does not have a significant effect. The sweep angle
does reduce drag, but the complexity of the manufacturing is not commensurate with the
impact. In addition, this research predetermined the wingspan (3 m) in the DRO stage, so
this mad the calculation easier. This study designed a wing with a smaller tip chord length
than the root chord to improve lateral control and stability [16]. Several calculations were
taken to consider the best value of the taper ratio and to provide a good wing planform.
Table 4 shows the results of the wing design calculations using Equations (16)–(19).

Table 4. Wing design calculation.

Wing Design

s 0.95 m2

AR 9.47
λ 0.28
iw 0◦

Λ 0◦

b 3 m
Cr 0.35 m
Ct 0.25 m

Based on Table 3, the required coefficient of lift (CL) was 1.4. In this design, the selected
airfoil was NACA 4412. From [28], NACA 4412 was used because it had a CL of 1.6 to
prevent interference between the wing and the fuselage. In addition, the wing was designed
to have no wing incidence because the NACA 4412 had a zero lift when the Angle of Attack
(AoA) was −4◦. In addition, the wing was given a twist angle of −4◦ to reduce the stall
effect at the wingtip. Due to the relatively large size of the chord tip, the wings were
additionally given basic winglets to lessen the vortex. Figure 3 shows the wing planform.
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2.4.2. Detailed Design of the Empennage

Before calculating the empennage geometry design, the position of the VTOL motors
must be defined. Moreover, the position of the VTOL motors against the CoG can affect
the stability of the VTOL-Plane. The angle range should be between 30◦ and 60◦. The
VTOL motors are mounted on the VTOL arm. The position of the VTOL motor is depicted
schematically in Figure 4.
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The tail geometry can be developed after the VTOL arm/boom position is known. The
equation used to design the empennage is given by [15].

VV =
lVSV
S× b

(20)

Vh =
lhSh
S× c

(21)

SV-tail = SV + Sh (22)

where:

Vv = Vertical tail volume coefficient
Vh = Horizontal tail volume coefficient
Lv = Distance of 25% wing MAC to 25% vertical empennage MAC (m)
Lh = Distance of 25% wing MAC to 25% horizontal empennage MAC (m)
Sv = Vertical tail area (m2)
Sh = Horizontal tail area (m2)
SV-tail = V-tail area (m2)
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NACA 0006 was used for the empennage airfoil. It has a zero CL at 0◦ AoA [28].
Table 5 displays the results of the tail geometry calculations, based on the calculations using
the above equation.

Table 5. Empennage design.

Empennage General Design

Vertical tail volume coefficient (Vv) 0.04
Horizontal tail volume coefficient (Vh) 0.6

Distance of 25% wing MAC to 25% vertical empennage MAC (Lv) 1.1 m
Distance of 25% wing MAC to 25% vertical horizontal MAC (Lh) 1.12 m

Tail incidence (α) 0◦

U-shaped boom configuration

Dihedral angle (Γ) 0◦

Vertical stabilizer root chord (Crvertical) 0.28 m
Vertical stabilizer tip chord (Ctvertical) 0.22 m

Vertical stabilizer span (bvertical) 0.22 m
Horizontal stabilizer root chord (Crhorizontal) 0.18 m
Horizontal stabilizer tip chord (Cthorizontal) 0.18 m

Horizontal stabilizer span (bhorizontal) 0.96 m

Inverted U-shaped boom configuration

Dihedral angle (Γ) 70◦

Vertical stabilizer root chord (Crvertical) 0.28 m
Vertical stabilizer tip chord (Ctvertical) 0.22 m

Vertical stabilizer span (bvertical) 0.22 m
Horizontal stabilizer root chord (Crhorizontal) 0.22 m
Horizontal stabilizer tip chord (Cthorizontal) 0.22 m

Horizontal stabilizer span (bhorizontal) 0.80 m

Inverted V-tail boom configuration

Dihedral angle (Γ) 30◦

V-tail stabilizer root chord (Crv-tail) 0.30 m
V-tail stabilizer tip chord (Ctv-tail) 0.22 m

V-tail stabilizer span (bv-tail) 0.55 m

Semi-inverted V-tail boom configuration

Dihedral angle (Γ) 45◦

V-tail stabilizer root chord (Crv-tail) 0.30 m
V-tail stabilizer tip chord (Ctv-tail) 0.22 m

V-tail stabilizer span (bv-tail) 0.55 m
Horizontal stabilizer root chord (Crhorizontal) 0.22 m
Horizontal stabilizer tip chord (Cthorizontal) 0.22 m

Horizontal stabilizer span (bhorizontal) 0.18 m

2.4.3. Fuselage Detailed Design

The fuselage was 1.3 m in length to fulfill all payload dimensions. It had a cylindrical
shape with a longitudinal axis that varied in diameter. Table 6 shows the payload placed
on the fuselage, and Figure 5 shows the payload’s position on the fuselage.

After calculating all the sizes, the next step was to create a three-dimensional design.
The three-dimensional design was created using the Autodesk Inventor 2021 software. The
geometry was later used for the CFD simulation by ANSYS 20.1 software (ANSYS Inc.,
Canonsburg, PA, United States). Figure 6 shows the three-dimensional geometry of the
VTOL-Plane.
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Table 6. Payload dimension on the fuselage.

Components Quantity
Dimension (mm)

Length Width Height

Battery for VTOL 2 169 65 39
Battery for System 1 138 43 41

UBEC-10A 2 43.1 32.3 12.5
PDB and Autopilot 1 120 100 12

Telemetry 1 40 20 10
Servo CDI 1 40.5 20.3 38

Remote receiver 1 47.3 24.9 14.3
Fuel tank 1 220 125 125

Engine 1 120 52.5 110
Airspeed 1 92 14 14

CDI 1 40 20 18
Surveillance Camera 1 71 55 33.6
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2.5. CFD Simulation

The next step was to run a CFD simulation on all the VTOL-Plane design variations.
The parameters sought from the CFD simulation were the coefficient of lift (CL), the
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coefficient of drag (CD), the coefficient of moment pitch (CP), the coefficient of moment roll
(Cr), the coefficient of moment yaw (Cy), the lift-to-drag ratio (L/D), the stall speed, and the
maneuverability. The following steps are used when performing CFD simulations.

2.5.1. Simulation Parameters

To determine the performance of a VTOL-Plane, it is necessary to create a simulation
parameter before running a CFD simulation. In this study, the VTOL-Plane was simulated
with variations in sideslip angles. The VTOL-Plane displays its characteristics when dealing
with headwinds and crosswinds. The sideslip angle variations used were 0◦, 15◦, and 30◦.
The AoA also varied from 0◦ to 21◦. The wind speed in the simulation was 23 m/s (cruise
speed). The air density used refers to the air density at cruise altitude (300 m above sea
level), 1.155 kg/m3 [29].

2.5.2. Simulation Setup

In some instances, the fluid domain used for aircraft CFD simulations only uses half
of the plane [30]. It aims to reduce the computational processing time. This fluid domain
is only applicable for headwind situations. Crosswind conditions cause the right and
left sides of the airplane to be unequal when the wind direction changes to a crosswind;
therefore a complete fluid domain is necessary.

The meshing process is completed by determining the global mesh size of 800 mm.
For the simulation results to be accurate, additional mesh features were performed, such
as body sizing of 160 mm, face sizing of 10 mm, and inflation of the first layer of 0.1 mm.
Orthogonal quality and skewness statistics are important to validate the mesh result. The
average value of the orthogonal quality in this mesh was 0.78, and the skewness statistic
was 0.21. The mesh quality in this study was considered good and acceptable [31]. Figure 7
shows the results of the mesh in this study.
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In this study, a turbulent SST k-Omega model was applied. The standard k-Omega
model and the k-epsilon model were combined in this model. The standard k-Omega
turbulent model has the advantage of stable and accurate calculations in the area near the
wall, while the k-epsilon model has the benefits of free streamflow [32]. The simulation
was performed under steady-state conditions, which is the general setup of a CFD sim-
ulation that uses incompressible fluid and steady-state simulation. The incompressible
flow was selected because the simulation’s Mach number was less than 0.36. This study’s
convergence criteria were 10−3, and the calculations were completed for 1000 iterations.

3. Results
3.1. Aerodynamic Parameters

As previously explained, several aerodynamic coefficients such as CL, CD, CP, Cr, Cy,
L/D, stall speed, and maneuverability were analyzed. The data for several forces obtained,
such as lift, drag, pitch moments, roll moments, and yaw moments on the plane, were
acquired from the CFD simulation results. The following equations were used to obtain the
aerodynamic coefficient value based on [20].

CL =
FL

0.5× ρ×V2 × A
(23)

CD =
FD

0.5× ρ×V2 × A
(24)

CP =
MP

0.5× ρ×V2 × A× C
(25)

Cr =
Mr

0.5× ρ×V2 × A× C
(26)

Cy =
My

0.5× ρ×V2 × A× C
(27)

L/D =
CL
CD

(28)

where:

CL = Coefficient of lift
CD = Coefficient of drag
CP = Coefficient of pitch
Cr = Coefficient of roll
Cy = Coefficient of yaw
FL = Lift force (N)
FD = Drag force (N)
MP = Pitch moment (Nm)
Mr = Roll moment (Nm)
My = Yaw moment (Nm)
V = Aircraft velocity (m/s)
A = Cross-sectional area (m2)
C = Mean aerodynamic chord (m)

Reference [33] describes the resultant force which can be parsed to determine the
maneuverability. Equations (29)–(31) were used to calculate the turning radius of the plane.
Good maneuverability occurs when the aircraft can have a small turning radius without
stalling. Figure 8 shows the free body diagram of the aircraft.

∑ F = m× a (29)

FL × sin θ =
m× v2

r
(30)
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FL × cos θ ≥ m× g (31)

where:

m = Mass (kg)
a = Acceleration (m/s2)
r = Turn radius (m)
g = Gravity (m/s2)
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3.2. Lift, Drag, and Stall Phenomena

Before analyzing the aerodynamic coefficients further, several aerodynamic phenom-
ena can be predicted from the CFD simulation results. The pressure contour and streamline
can depict the lift, drag, and stall phenomena. According to the pressure contour, if the
pressure at the bottom of the plane is greater than the pressure at the top, the aircraft has
a lift. As is well known, the greater the angle of attack, the more the lift produced, but
the greater the drag force developed. Because the propulsion system has to work harder
against the drag force as the drag force increases, the VTOL-Plane becomes inefficient.

Furthermore, a larger AoA might produce flow separation on the wing, resulting
in stalling. The stall phenomenon can be approximated when comparing the VTOL-
Plane streamline between a low and high AoA. Figure 9 shows the pressure contour and
streamline of the VTOL-Plane U-shaped boom from the CFD simulation results under
headwind conditions. Figure 9a shows the lifting phenomenon, where the bottom of the
VTOL-Plane has a bigger pressure than the top of the VTOL-Plane. The greater AoA makes
the VTOL-Planes have a bigger drag. It is represented as the different pressure contour
between AoA 0◦ and AoA 12◦, which explains the drag phenomenon. Figure 9b shows
the streamline comparison at AoA 0◦ and AoA 21◦. The different airflow between AoA 0◦

(steady flow) and AoA 21◦ (separation flow) affects the performance of the aircraft. The
flow separation on the VTOL-Plane causes a loss of lift. This phenomenon is also known as
the stall phenomenon. Several data from the CFD simulation were calculated to find the
stall phenomena more accurately presented as the critical angle.



Aerospace 2022, 9, 208 15 of 32Aerospace 2022, 9, x FOR PEER REVIEW 16 of 33 
 

 

 
(a) 

 
(b) 

Figure 9. Lift, drag, and stall phenomena, (a) lifting and drag phenomena and (b) stall phenomenon. 

3.3. Lift, Critical angle, Efficiency, and Stall Performance 
This study analyzed the performance of the lifting force, flight efficiency, and stall 

speed for each empennage configuration. The CL used Equation (23) to represent the lift 
performance. In addition, the critical angle of each variation of the VTOL-Plane design 
from the CL was also obtained. The critical angle shows the stall phenomena, which occurs 
when the lift coefficient reaches a peak value and drops off as the angle of attack increases 
[17]. Figure 10 shows a graph of the CL vs. AoA under headwind conditions. 
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3.3. Lift, Critical Angle, Efficiency, and Stall Performance

This study analyzed the performance of the lifting force, flight efficiency, and stall
speed for each empennage configuration. The CL used Equation (23) to represent the lift
performance. In addition, the critical angle of each variation of the VTOL-Plane design from
the CL was also obtained. The critical angle shows the stall phenomena, which occurs when
the lift coefficient reaches a peak value and drops off as the angle of attack increases [17].
Figure 10 shows a graph of the CL vs. AoA under headwind conditions.

Figure 10 depicts the crucial angle and CL parameters of each empennage design.
A VTOL-Plane with an inverted V-tail boom empennage configuration had the lowest
critical angle, which was 12◦. In contrast, the VTOL-Plane with an inverted U-shaped boom
empennage configuration had the highest critical angle at 18◦. The critical angle for the
other empennage design was 15◦.
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Figure 10. CL vs. AoA headwind conditions.

The average critical angle of the VTOL-Plane was at AoA 15◦ from the headwind con-
dition. In this study, AoA 0◦ to AoA 15◦ were simulated under crosswind conditions. These
conditions resulted in less lift generated than the headwind conditions at the same angle of
attack. Furthermore, the AoA parameter limitation in this CFD simulation lessened the
computational burden. Figure 11 shows the coefficient of lift under crosswind conditions.

Figure 11 demonstrates that the CL value did not differ significantly under cross-
wind conditions. However, in some situations, the VTOL-Plane with a U-shaped boom
empennage configuration had a good CL compared to other states. Figure 11a shows a
VTOL-Plane with a U-shaped boom empennage configuration with a higher CL at 0◦ AoA
and 15◦ AoA, and in Figure 11b, the aircraft had a higher CL at AoA 10◦ than the other
design variations. The Inverted V-tail boom empennage configuration had a good CL value
at a 60◦ sideslip angle. Because there was no discernible difference in the CL values, a
VTOL-Plane with a U-shaped boom empennage design can be considered to have a good
lift performance during a crosswind.

An analysis of the drag force on the VTOL-Plane was required. The more drag an
airplane generates, the less efficient it is. The lower efficiency affects the fuel consumption of
the aircraft. The data obtained from the CFD simulation was calculated using Equation (24)
to obtain the CD value. After that, the L/D value was calculated using Equation (28). The
higher the L/D value, the more efficient the aircraft. Figure 12 shows the L/D ratio of the
VTOL-Plane design variation.

From Figure 12a, the VTOL-Plane with a U-shaped boom tail configuration had
a good efficiency in headwind conditions at every angle of attack. According to the
previous section, the value of the CL does not differ significantly unless the critical angle
is approached. The U-shaped boom configuration had a bigger L/D value than the other
configurations due to the small CD value.

In the crosswind conditions depicted in Figure 12b,c the VTOL-Plane with an inverted
U-shaped boom empennage configuration had a poor efficiency at a low AoA (0–5◦)
compared to the other configurations. When the AoA was above 5◦, this empennage
configuration had an L/D value close to the other tail configurations.

Meanwhile, the VTOL-Plane with an inverted V-tail boom and semi-inverted V-tail
boom empennage configurations had a good efficiency when the AoA was below 5◦.
Still, its efficiency was not as good as the other empennage configurations when the AoA
was more than 5◦. Overall, the VTOL-Plane with a U-shaped boom configuration had a
relatively good efficiency at a low and high angle of attack.

The next performance that needed to be analyzed was stall speed. The stall speed refers
to the VTOL-Planes transitioning from the rotary-wing to fixed-wing mode. Additionally,
the operator can utilize this data to adjust the stall speed of the flight controller during flight
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tests. Using Equation (23), where the value of the lift force in the equation is replaced by
the value of the weight of the aircraft (137 N), the stall speed value was obtained. Figure 13
shows the stall speed vs. AoA graphs.

In the headwind conditions shown in Figure 13a, all variations of the VTOL-Plane
design had a stall speed approaching DRO at an angle of attack of 12◦. In addition, the stall
speed in each design variation did not have a significant difference. As a result, all design
variations for the stall speed parameter were deemed to have the same performance.

From the data presented in Figure 13b, when the sideslip angle was 15◦, the VTOL-
Plane stall speed was already at 13 m/s at 15◦ AoA. The increased sideslip angle caused
the decrease in CL. However, the higher the sideslip angle, the higher the stall speed. Based
on Equation (23), as the CL value drops, the stall speed rises. Figure 13c shows that every
empennage geometry had the same trend from Figure 13b, but it had a different stall speed
value according to the decrease in the CL value. Overall, the U-shaped boom tail design
had a lower stall speed at a low angle of attack.
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verted U-shaped boom empennage configuration had a poor efficiency at a low AoA (0–
5°) compared to the other configurations. When the AoA was above 5°, this empennage 
configuration had an L/D value close to the other tail configurations.  

Meanwhile, the VTOL-Plane with an inverted V-tail boom and semi-inverted V-tail 
boom empennage configurations had a good efficiency when the AoA was below 5°. Still, 
its efficiency was not as good as the other empennage configurations when the AoA was 
more than 5°. Overall, the VTOL-Plane with a U-shaped boom configuration had a rela-
tively good efficiency at a low and high angle of attack.  

The next performance that needed to be analyzed was stall speed. The stall speed 
refers to the VTOL-Planes transitioning from the rotary-wing to fixed-wing mode. Addi-
tionally, the operator can utilize this data to adjust the stall speed of the flight controller 
during flight tests. Using Equation (23), where the value of the lift force in the equation is 
replaced by the value of the weight of the aircraft (137 N), the stall speed value was ob-
tained. Figure 13 shows the stall speed vs. AoA graphs. 
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3.4. Stability Performance

There are three types of stability in an aircraft: longitudinal, lateral, and directional
stability. The CP in this study represented longitudinal stability. Furthermore, this study
also analyzed the lateral and directional stability caused by the crosswind. The Cr and
Cy values were analyzed to find the lateral and directional stability. Unlike the headwind
conditions, the right and left sides of the aircraft have different pressure contours in
the crosswind condition. Because of these discrepancies, the plane tends to roll or yaw.
Figure 14 shows the pressure contour against changes in the sideslip angle.
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The CP value was analyzed to find the longitudinal stability of the aircraft. The moment
aerodynamics value on the CoG was used to find out the CP value using Equation (25).
Figure 15 shows a graph of the coefficient of moment vs. AoA during crosswind.

Figure 15a shows that the VTOL-Plane with an inverted U-shaped boom empennage
configuration had a good longitudinal stability under headwind conditions. At 0◦ AoA,
the aircraft had a CP value close to 0, so the VTOL-Plane will not tend to pitch up or down
while cruising [17], then the aircraft can reach longitudinal stability. The worst longitudinal
stability was found in the VTOL-Plane with inverted V-tail boom and semi-inverted V-tail
boom configurations. The graph shows that a positive CP value between 0◦ and 9◦ AoA
caused the airplane to pitch up, necessitating an elevator to maintain longitudinal stability.

Compared to other design modifications, the VTOL-Plane with an inverted U-shaped
boom empennage arrangement offered good longitudinal stability in crosswind conditions,
as shown in Figure 15b,c. According to the previous explanation, aircraft have a lower lift
force under crosswind conditions than in headwind conditions. Aircraft will gain a higher
AoA to produce more lift. An inverted U-shaped boom had a zero Cp value when the AoA
was more than 0◦. While the aircraft cruises in crosswind conditions, the aircraft will reach
longitudinal stability. In contrast to other design variations, it had a negative coefficient of
moment value, such as the VTOL-Plane with an inverted V-tail boom and U-shaped boom
empennage configurations. This can cause the plane to pitch down, requiring the elevator
to work hard to generate a counter-moment while cruising.
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The aircraft’s stability is affected by the vortex generated by the crosswind. Figure 16
shows the vortex of the VTOL-Plane. Each plane had different vortex characteristics. The
wind is deflected downward by trailing vortices, resulting in a downwash. An aircraft’s
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lift force is reduced as a result of this. From Figure 16, each VTOL-Plane generated a
non-identical vortex between the right and left sides of the aircraft. It caused the aircraft to
lose lift force, so the aircraft tended to roll and yaw during crosswind. The CFD simulation
can calculate the moment related to the crosswind effect. Cr and Cy values were carried out
to analyze the lateral and directional stability of the aircraft.
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Figure 16. Vortex of the aircraft on a sideslip angle of 30◦ and AoA of 5◦; (a) U-shaped boom,
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The Cr value influences lateral stability. Equation (26) can find out the Cr value. The
smaller the Cr value, the more the aircraft can maintain its position in the crosswind
conditions without the occurrence of the roll. Figure 17 presents a graph of Cr vs. AoA.

The graph of the coefficient of the roll moment presented in Figure 17 shows that
the VTOL-Plane with an inverted V-tail boom empennage configuration had a minor Cr
compared to the other design variations. This means the empennage design could reduce
the roll moment caused by the crosswind. Therefore, its lateral stability was better than
other design variations. The U-shaped boom empennage configuration had the worst
lateral stability because it had a higher Cr value than the other designs.

The ability of an airplane to retain its position on the yaw axis is known as directional
stability. This study analyzed the ability of the empennage to reduce the yaw moment
caused by crosswind. The difference in pressure contour between the right and left sides
of the aircraft during crosswind conditions causes a tendency to yaw. The smaller the Cy
value, the better the directional stability in crosswind conditions. Directional stability, as
opposed to longitudinal and lateral stability, is easier to control. Equation (27) was used to
find the Cy value. Figure 18 shows Cy vs. AoA in crosswind conditions.

Figure 18 shows that the VTOL-Plane aircraft with an inverted V-tail boom empen-
nage configuration had a good directional stability. The low Cy value indicates that the
empennage eliminated an excessive yaw moment caused by the crosswind. As a result,
the inverted V-tail boom was deemed to have the best directional stability compared to
the other design variations. The worst directional stability among the four designs was
the VTOL-Plane with a semi-inverted V-tail boom empennage configuration. The value of
the Cy that was too large meant that the directional stability was not as good as the other
design variations.
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3.5. Maneuverability Performance

The ability of an airplane to maneuver is known as maneuverability. When the plane
turns, the distribution of lift to the plane is different, adjusting the bank angle of the plane.
A large bank angle results in a smaller turn radius and a decrease in the lift forces. In
the surveillance mission, maneuverability is not the main priority in the design, so the
maximum bank angle analyzed in this study was 40◦. Equations (30) and (31) are used
determine the turn radius. Figure 19 shows a graph of the turn radius vs. AoA under
headwind conditions.

Figure 19 shows that the VTOL-Plane with a U-shaped boom tail configuration delivers
excellent maneuverability. The aircraft can turn with a turning radius of 27.9 m at a bank
angle of 40◦ and AoA 15◦. In addition, this empennage configuration has a turning radius
that tends to be stable against AoA, the same as the VTOL-Plane with an inverted U-shaped
boom configuration. The VTOL-Plane with an inverted U-shaped boom configuration at
a bank angle of 20◦ and AoA 3◦, on the other hand, does not have a lift, although other
design variations have.
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This study also showed that the VTOL-Plane with inverted V-tail boom and semi-
inverted V-tail boom configurations did not have a good maneuverability. The turning
radius increases as the plane approaches the critical angle. When the AoA surpassed
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the critical angle, the VTOL-Plane with a U-shaped boom tail arrangement and an in-
verted U-shaped boom maintained the turning radius. As a result, in a headwind, U-
shaped and inverted U-shaped boom empennage configurations offered good agility in
headwind condition.

Based on the data obtained previously, the decrease in the coefficient of lift and the
increase in the crosswind angle caused a reduction in the turning ability of the aircraft. The
decline in the turning ability of the aircraft is caused by the aircraft not having lift when
the aircraft turns. The CFD simulation results revealed that the aircraft needed a high angle
of attack when turning to prevent losing lift in crosswind conditions. Figure 20 shows the
maneuverability performance by the aircraft under crosswind conditions.
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According to the CFD simulation results, the VTOL-Plane needed a greater than 5◦

angle of attack to complete the maneuver in crosswind conditions. Its purpose is to protect
the plane from stalling. Figure 20 shows that each VTOL-Plane design variation had the
smallest turning radius with a bank angle of 40◦ with AoA 15◦ in crosswind conditions. The
largest radius occurred when the aircraft turned with a bank angle of 10◦ with an AoA of
10◦. The greater the sideslip angle, the greater the turning radius. Overall, the VTOL-Plane
with a U-shaped boom tail configuration had the smallest turning radius among other
designs, which was 28.7 m.

A steady turn radius against the sideslip angle and maintained altitude are the main
criteria to consider the maneuverability in crosswind conditions. Figure 20 shows that the
inverted U-shaped boom configuration had a bad maneuverability due to the bigger turn
radius in almost every condition and the lack of lift force at a 30◦ bank angle at 10◦ AoA.
Meanwhile, the other configurations still generated lift in that condition.
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Figure 20 indicates that the inverted U-shaped boom empennage configuration was
able to maneuver with a smaller turn radius in several crosswind conditions. A higher
sideslip angle caused a bigger turn radius for the inverted U-shaped boom than the other
configurations. As previously mentioned, maneuverability is not the most crucial factor
to consider. However, this information is required to configure the flight parameter in the
flight controller.

3.6. Design Optimization

The study aimed to figure out which empennage designs performed best in headwind
and crosswind conditions. In general, the inverted U-shaped boom outperformed the other
designs in terms of aerodynamics, albeit it only offered advantages in particular situations.
In longitudinal stability, this configuration had a zero CP in crosswind conditions at AoA
3◦. Meanwhile, an increase in the sideslip angle caused a decrease in the CL value. When
the CL value decreases, the aircraft will gain greater AoA to maximize the lift. So, these
situations will help the stability of the VTOL-Plane in crosswind conditions while cruising.

The inverted U-shaped boom configuration maintained a short turning radius when it
passed the stalling angle in headwind condition. Nevertheless, in crosswind conditions,
this configuration had a poor maneuverability. In addition, maneuverability is not an
important factor for a surveillance mission. The maneuverability performance data could
be used to limit the banking angle of the aircraft into the flight controller.

A surveillance mission’s most crucial parameters are stability and efficiency. The
inverted U-shaped boom was stable, but it was less efficient. This mission prioritizes
stability over efficiency, according to the safety factor. The efficiency of an aircraft could
be improved by reducing its weight. The lighter it is, the less power it takes. Briefly,
manufacturing methods impact aircraft efficiency.

In short, an inverted U-shaped boom can be considered suitable for the surveillance
mission. This empennage needs an optimization to utilize the aerodynamics performance.
In fact, an inverted U-shaped boom is weak in lateral and directional stability according
to crosswind conditions. To optimize the design, a ventral fin was added to increase the
aerodynamics stability [16].

Figure 21 shows the ventral fin added at the bottom of the vertical stabilizer. The
performance was evaluated using a CFD simulation, particularly for lateral and directional
stability. According to the simulation results, adding a ventral fin improved lateral stability.
On the other hand, directional stability decreased. Figure 22 shows the simulation result
regarding lateral and directional stability in crosswind conditions.

Figure 22a depicts the effectiveness of the ventral fin in decreasing the roll coefficient
value in relation to crosswind conditions. So, the ventral fin could increase the lateral
stability of the aircraft. Unfortunately, adding the ventral fin on the twin tail boom configu-
rations did not improve the directional stability. Figure 22b delineates an increased yaw
coefficient value because of crosswind conditions. The directional stability decreased, but
directional stability is easier to control than lateral stability.
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To improve the lateral stability, the proper control surface and actuator providing
counter moment toward aerodynamic moments can overcome this stability [34]. In addition,
the aircraft requires a flight test to find a good tuning. It would take a risky flight test if
the aircraft design did not meet the stability requirements. A CFD simulation can analyze
the stability of the aircraft so that it can select the best design with the best stability. An
analysis such as this can decrease the risk of a crash due to the aerodynamic performance
during a flight test.

4. Discussion

This research obtained several data about the performance of a VTOL-Plane with dif-
ferent empennage configurations. The inverted U-shaped boom empennage configuration
had the highest critical angle at 18◦. Meanwhile, the other empennage configurations had
an average critical angle of 15◦. Moreover, the U-shaped boom configuration had the best
flight efficiency, represented by the L/D value in headwind and crosswind conditions. In
crosswind conditions, the U-shaped boom empennage configuration had an L/D value that
tended to be stable compared to the other design variations with only a specific AoA advan-
tage. Following [24], they also concluded that the U-shaped boom / H-tail configuration
had the best efficiency compared to the other empennage configurations.
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Stability is essential for every aircraft. In headwind conditions, the inverted U-shaped
boom empennage configuration had a better longitudinal stability than the other designs.
That empennage configuration has a CP close to 0 when AoA was 0◦. When the condition
changes to crosswind, the aircraft will gain more AoA due to lose lift force. The inverted U-
shaped boom had a zero Cp value when the AoA was more than 0 in crosswind conditions.
This means the aircraft tended to consistently maintain the longitudinal stability even when
the wind direction changes.

Crosswind conditions generate a non-identical vortex on the aircraft between the right
and left side. It has an effect on the lateral and directional stability of the aircraft [18–21].
The inverted V-tail boom had a good lateral and directional stability. Following [25], they
also discovered that the V-tail had an advantage in lateral stability in crosswind conditions.

Unfortunately, maneuverability is not as crucial as efficiency and stability for a surveil-
lance or monitoring mission. Nevertheless, the maneuverability analysis gives data on
what flight parameters must be avoided. The U-shaped boom and inverted U-shaped boom
configurations had relatively good maneuverability in headwind conditions. When the
aircraft passes the critical angle, the aircraft can maintain a short turning radius. Meanwhile,
the VTOL-Plane with inverted V-tail boom and semi-inverted V-tail boom configurations
could not hold a short turning radius when passing the critical angle.

A VTOL-Plane needs more lift in crosswind conditions by increasing the AoA in
several bank angles and slip angles. The greater the sideslip angle, the greater the risk of
stalling. As well as the bank angle, the larger banking angle of the VTOL-Plane causes a
loss of lift. The simulation results showed that the greater the sideslip angle, the greater the
turning radius. The VTOL-Plane with a U-shaped boom empennage configuration had the
smallest turning radius of 28.7 m.

In headwind conditions, there was no significant difference in the stall speed between
the variations of the VTOL-Plane design. Different from the crosswind conditions, the
VTOL-Plane with a U-shaped boom empennage configuration had a lower stall speed than
the other configurations.

In short, an inverted U-shaped boom had a suitable aerodynamic performance for
a surveillance mission. The inverted U-shaped boom had excellent longitudinal stability
and a bigger critical angle than the other configurations. In addition, this empennage
configuration also had good maneuverability. Stability is an essential factor for surveillance
missions. In fact, this configuration had an infirmity in lateral and directional stability.
The ventral fin was added to improve the stability [16]. The simulation results showed
that the ventral fin improved the lateral stability but decreased the directional stability.
Furthermore, directional stability is easier to control than lateral stability, which is why the
aircraft needs proper controls to improve the lateral stability.

This variations in the VTOL-Plane design should be manufactured and tested for data
validation in actual conditions. Several parameters such as maximum AoA, bank angle,
and stall speed on this research can minimize the risk of a crash.

5. Conclusions

Overall, this study examined empennage configurations in relation to aerodynamic
performance. Furthermore, CFD methods were used to simulate all empennage configu-
rations in both headwind and crosswind circumstances. The simulation data were used
to analyze the aerodynamic coefficients. In general, the inverted U-shaped boom is ideal
for surveillance missions. This configuration has a strong longitudinal stability, a larger
critical angle, and is easy to maneuver. A ventral fin was also added to improve lateral
and directional stability. As a result, lateral stability improved while directional stability
improved. Despite this, directional stability is more manageable than lateral stability. Every
aspect of stability could be increased with proper control, such as a control surface and
good tuning.
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