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A hybrid vertical take-off landing (VTOL) UAV combines the 

concepts of fixed-wing and rotary-wing UAV aircraft in one platform 

while performing in both conventional and vertical take-off landings. 

This aircraft has a drawback of significant drag force generated due 

to fixed-wing. Therefore, a Tilt-Wing often utilized to overcome this 

obstacle whereby it could be adjusted to the vertical and horizontal 

directions. To enhance the understanding of generated drag force on 

both wing model, this study was performed by examine the drag 

characteristic of the VTOL UAV. The simulations were carried out in 

the wind speed range by 1.4 m/s, 4.17 m/s, and 6.94 m/s. Simulation 

results showed that the drag of the UAV Hybrid Tilt-Wing and 

Fixed-Wing increased at the speed of 1.4 m/s to 6.94 m/s while the 

highest drag value was 177.51 N on a Fixed-Wing UAV aircraft and 

1.97 N on a Tilt-Wing UAV aircraft. The result concluded that Tilt-

Wing UAV has less drag which was more efficient than fixed-wing. 
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1. INTRODUCTION 

UAV (Unmanned Aerial Vehicle) aircrafts are often used, for instances: rural firefighting and rescue 

mission. However, it currently is still challenging to develop a small-scale UAV which is capable to achieve 

long flight endurance and range. In addition, it is also beneficial for the UAV that can control vertical take-off 

and land simultaneously. The Hybrid vertical take-off landing (VTOL) UAV combines the concepts of fixed-

wing UAV aircraft and rotary-wing UAV aircraft in one platform. It has advantage on the vertical take-off 

and landing. Hence, it will be advantageous for such a UAV with a VTOL scheme. Unfortunately, the 

relatively high drag that occurred in VTOL becomes the obstacle that reduced the performance of flight 

endurance and range. 

In general, the drag analysis can be performed in the scope of three methods, i.e., analytical solution, 

experimental, and numerical approximation. It is noteworthy analytical solutions are mainly beneficial when 

solving specific basic and straightforward problems. The experimental is, however, often costly and 

burdensome to be conducted [1]. Furthermore, experiments may not provide the sets of data needed for 

achieving a reliable design. [2]. Several efforts have been made to find a suitable model to investigate the 
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aerodynamics characteristics. Previously, both experimental and numerical studies had been performed 

accordingly. Aerodynamics assessment on an airfoil was performed by a practical test as reported in Refs. [3-

7]. The studies found that the airfoil flow characteristic was typically obtained as pressure and velocity 

distribution and lift-drag characteristics. Rao et al. [8] and Li et al. [4] found that the lift-to-drag coefficient 

was related to the flap addition. A similar trend was also found by Rhee et al. [5] towards hydrofoil, 

Roztamzadeh et al. [7] on the undulated airfoil, and Kulshrestha et al. [9] on the NACA airfoil solved using 

Finite Element Method (FEM). Meanwhile, a study of VTOL was performed by Cronin [10]. It revealed that 

the FWD rotor affects the incoming airflow and causes downwash on the wing leads to the impacts of lift 

generation by the wing. The study of Kurniawan [11] stated that the distribution of fluid flow arising from 

Airflow rate was directly proportional to velocity. However, only slight studies revealed the drag 

characteristic on the VTOL UAV to the best author known. Therefore, this study is proposed to give deeper 

observation on drag characteristic through numerical model. 

Furthermore, to accurately examine the numerical result, studies of the turbulence model have been 

conducted. The comparison between CFD and experimental results showed significant discrepancies due to 

the turbulent model selection [2]. In other studies, the k-ω turbulence model had also been used and shown a 

significant deviation from the experimental [5]. On Refs. [12,14-16], explicit modeling approaches were used 

for the laminar-turbulent transition. The transitional model coupled with the k-ω turbulence model yielded a 

problem in the transition of laminar-turbulence at a high angle of attack (α) [17]. However, the causes had not 

been detailed explained. The turbulence model of k-ε and k-ω calculate variables of turbulence kinetic energy 

and the rate of turbulence kinetic energy dissipation. Those models have disadvantages in flow fields that 

exhibit adverse pressure gradients while performed well on the internal flow [18]. On the other hand, the 

Spalart-Allmaras (S-A) equation-based model for transitional flows has been widely used for aerospace 

applications, as reported by Refs. [19,20]. The model was reliable on several aerodynamic characteristics and 

exhibited stable and good numerical convergence [18]. The S-A model calculates a transport equation for 

kinematic viscosity, while it does not consider the calculation of length scale related to the shear layer 

thickness. Therefore, this study utilized the S-A to investigate the aerodynamic characteristics. 

A brief description of this work is given in the following points. First, this study aims to simulate the 

VTOL UAV using CFD approximation to investigate the behavior of aerodynamic characteristics. The study 

also profoundly investigates the aspect of Tilt-Wing UAVs. Second, the analysis of drag reduction is 

performed by varying the wind velocity at the inlet. The developed model's implementation is also intended to 

be a general model in VTOL UAV simulation to obtain the optimum design. The rest of the paper is 

organized as follows: The geometry, numerical setup, and theoretical consideration are presented in Section 2. 

Section 3 gives the numerical result while the findings and conclusions are then listed in Section 4. 

 

2. METHODS 

In the present work, the simplified step of the simulation process shows in flowchart Figure 1. The 

problem formulation of this work is the investigation of drag force towards tilt and fixed UAV wing. The 

CFD study can be approximate as a wind tunnel where the geometry is examined within the particular domain 

[1]. Hence, it needs to model the geometry and surrounding airflow to conduct the fluid dynamics analysis. In 

the progressive work, we will profoundly discuss the steps of simulation. The validation towards NASA 

Technical Memorandum 4074 experimental result was conducted to ensure the accurate result. 
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Figure 1. Flowchart for simulation process 

 

The wing based on NACA 0012 airfoil was utilized while the wing models are divided into two 

categories: Tilt-Wing (vertical) and Fixed-Wing (horizontal). The designs are shown in Figures 2(a) and 2(b) 

whereby the design based on the previous literatures of [18]. The design was designed to observe both 

vertical and horizontal characteristics of drag. Here, it will be varied with some predefined parameters [13]. 

The specifications and the UAV model are listed in Table 1. 

 

Table 1. UAV Aircraft Specifications 
Parameter Value Unit 

Fuselage Length 1.32 m 

Wing Span Length 1.71 m 

Wing Chord Length 0.25 m 

Wing Area 0.42 m2 

Aspect Ratio 7  

Tail Moment Arm 0.86 m 

Horizontal Stabilizer Area 0.06 m2 

Vertical Stabilizer Area 0.03 m2 

Span Vertical Stabilizer Length 0.23 m 

Tapper Ratio 0.45  

Aspect Ratio 1.65  
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(a) (b) 

Figure 1. UAV model of (a) Fixed-Wing (b) Tilt-Wing 

 

The mathematical formulation of the fluid analysis is carried out by using governing equations of mass 

and transport. The governing equations used in this model are presented in terms of continuity equation (Eq 

1) for mass balance. Navier-Stokes equation (Eq. 2) to represent the momentum balance. and Spalart 

Allmaras (S-A) for analyzing the turbulence model (Eq. 3). The nomenclatures are stated in Table 2. This step 

was done by determining the simulation parameters. such as; the airflow velocity. solid surface geometry. 

wall function. drag force and flow regime. Those equations represent 5 transport equations in 7 unknow 

variable i.e: 𝑢. 𝑣. 𝑤. 𝑝. 𝑇. 𝜌. 𝜐 ̃. In this work. we employ the standard model of S-A turbulent presented in both 

Refs [18] and [19]. Furthermore, the production and destruction of turbulent viscosity in the near-wall region 

are stated in Eqs. 4 and 5. The variable considered is S-A model is the turbulent viscosity (𝜐 ̃). It is in 

accordance in the regions which are not affected by a strong viscous effect. The transport equation of S-A 

consists of production. source and destruction term. 

 
𝐷𝜌

𝐷𝑡
+ 𝜌∇. 𝑽⃗⃗ = 0         (1) 

 

𝜌 (
𝜕𝑽

𝜕𝑡
+ 𝑽.∇𝐕) =  𝛻𝑷 + 𝜌𝒈 + 𝜇𝛻2𝑽      (2) 

 
𝐷𝜐̃

𝐷𝑡
= 𝐺𝜐 − 𝑌𝜐 +

1

𝜎𝑣̃
[∇. {(𝜐 + 𝜐̃)∇𝜐̃} + 𝐶𝑏2(∇𝜐̃)2] + 𝑆𝜐̃    (3) 

 
Where: 

𝐺𝜐 = 𝐶𝑏1𝜌(𝑆 +
𝜐̃

𝜅2𝑑3 (1 −
𝜒

1+𝜒𝑓𝜐1
)) 𝜐̃ ;  𝜒 =  

𝜐̃

𝜐
     (4) 

 

𝑌𝜐 = (
𝐶𝑏1

𝜅2 +
(1+𝐶𝑏2)

𝜎𝑣̃
)𝜌𝑔𝑡 [

1+𝐶𝑤3
6

𝑔𝑡
6+𝐶𝑤3

6]

1

6
(
𝜐̃

𝑑
)
2
    (5) 

 

𝑆 = √2(
1

2
(
𝜕𝒖𝑖

𝜕𝑥𝑗
−

𝜕𝒖𝑗

𝜕𝑥𝑖
))(

1

2
(
𝜕𝒖𝑖

𝜕𝑥𝑗
−

𝜕𝒖𝑗

𝜕𝑥𝑖
))     (6) 

 

𝑔𝑡 = (𝜁 + 𝐶𝑤2(𝜁
6 − 𝜁))      (7) 

 

𝜁 = 𝜐̃/ [(𝑆 +
𝜐̃

𝜅2𝑑3 (1 −
𝜒

1+𝜒𝑓𝜐1
))𝜅2𝑑2]     (8) 
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Table 2. Nomenclature 

Symbol Nomenclature Unit 

𝜌 Density of fluid kg/m3 

𝑃 Pressure Pa 

𝑔 Gravitational acceleration m/s2 

𝜇 Dynamic viscosity kg/m-s 

𝑉 Velocity vector m/s 

𝜐 Kinematic viscosity m2/s 

𝜐  Turbulent kinematic viscosity m2/s 

𝑆 Scalar measure of deformation tensor m 

𝑑 Distance from the wall m 

𝑆𝑣 Source term m2/s 

𝑌𝑣 Destruction of turbulent viscosity m2/s 

𝐺𝑇 Production of turbulent viscosity m2/s 

𝑆 Magnitude of the vorticity m2/s 

 

The discretization scheme is an element-based finite-volume method with second-order discretization in 

space and time. The first step on FVM discretization is to integrate the governing equation over the elements 

into which domain has been subdivided [20]. In this study, physical domain is divided into an unstructured-

grid control volume dominated by triangular control volumes. Here, the simplified explanation of how FVM 

work is presented. The FV equation is described in Eq. 9.  

 
𝑑

𝑑𝑡
∫ 𝑈

 

Ω𝐴
𝑑𝐴 + ∫ 𝑭(𝑈). 𝒏𝑑𝑠

 

𝜕Ω𝐴
= ∫ 𝑆(𝑈, 𝑡)

 

Ω𝐴
𝑑𝐴      (9) 

 
Where Ω𝐴 and 𝜕Ω𝐴 are the interior and control volume boundary, respectively. The cell average is defined in 

Eq. 10. Since, this method determines the control volume area, thus Eq. 9 becomes Eq. 11. 

 

𝑈𝐴 =
1

𝐴𝐴
∫ 𝑈

 

Ω𝐴
𝑑𝐴         (10) 

 

𝐴𝐴
𝑑𝑈𝐴

𝑑𝑡
+ ∫ 𝑭(𝑈). 𝒏𝑑𝑠

 

𝜕Ω𝐴
= ∫ 𝑆(𝑈, 𝑡)

 

Ω𝐴
𝑑𝐴      (11) 

 

 

 

 

Figure 2. Simplified illustration of generated mesh 
 

In case of discretization, 𝑆 is assumed equals to 0. Hence, the surface integral for 3 edges in triangular 

domain declares as in Eq. 12. Whereby 𝐻(𝑈, 𝒏 ) = 𝑭(𝑈). 𝒏 and 𝒏𝐴𝐵  is the unit of normal pointing from cell 

A to cell B (Fig. 2). The solution in control volume is equal to the cell average value as in one-dimensional 

case. The ‘upwind’ value using the velocity component normal to the face is used to determine the flux at 
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each interface (Eq. 13). The integration in the final step is performed using the forward Euler algorithm, 

resulting in the discrete FVM as stated in Eq. 14. The discretization step is applied to solve the governing 

equation.  

 

𝐴𝐴
𝑑𝑈𝐴

𝑑𝑡
+ ∫ 𝐻(𝑈, 𝒏𝐴𝐵)𝑑𝑠

2 

1
+ ∫ 𝐻(𝑈, 𝒏𝐴𝐶)𝑑𝑠

3 

3
+ ∫ 𝐻(𝑈, 𝒏𝐴𝐷)𝑑𝑠

1 

3
= 0   (12) 

 

𝐻(𝑈, 𝒏𝐴𝐵) ≈ 𝐻̂(𝑈𝐴, 𝑈𝐵 , 𝒏𝐴𝐵) =
1

2
𝒗𝐴𝐵 . 𝒏𝐴𝐵(𝑈𝐴 + 𝑈𝐵) −

1

2
|𝒗𝐴𝐵 . 𝒏𝐴𝐵| (𝑈𝐵 − 𝑈𝐴) (13) 

 

𝐴𝐴
𝑈𝐴

𝑛+1−𝑈𝐴
𝑛

∆𝑡
+ 𝐻̂(𝑈𝐴

𝑛, 𝑈𝐵
𝑛, 𝒏𝐴𝐵)∆𝑠𝐴𝐵 + 𝐻̂(𝑈𝐴

𝑛 , 𝑈𝐶
𝑛 , 𝒏𝐴𝐶)∆𝑠𝐴𝐶 + 𝐻̂(𝑈𝐴

𝑛 , 𝑈𝐷
𝑛, 𝒏𝐴𝐷)∆𝑠𝐴𝐷 = 0  (15) 

 

A numerical study was done using commercial CFD of ANSYS. The initial and boundary condition are 

listed in Table 3. In the solver step, boundary conditions and input parameters were defined. Numerical 

modeling was carried out using a three-dimensional (3D) domain with full-scale dimensions. The viscous S-A 

model was chosen with vorticity-based and curvature correction addition, and the value of correction remains 

constant by 1. Some assumptions were made as an initial condition: fluid as an ideal gas, no heat transfer 

process, and the airflow determined at the subsonic domain. This, therefore, the pressure-based solver for the 

incompressible model was utilized. The no-slip wall boundary condition was applied at the surface of the 

airfoil. At the inlet, the turbulence properties were set to a turbulence intensity of 5% by using “medium 

intensity and Eddy viscosity ratio,” and the zero pressure and uniform velocity were set. The fixed pressure 

value and zero velocity gradient were chosen at the outlet, and open boundary conditions were applied to the 

top and bottom of the wall domain. A high-resolution discretization scheme was used, and the calculation was 

performed on the constant initial and boundary conditions. 
 

Table 3. Initial and boundary condition for the simulation 
Parameter Value Unit 

Type of analysis Pressure-based, steady state - 

Residual 1 x 10-4 - 

Conservation target 1 x 10-5 - 
Turbulence numerics  First order - 

Air Density 1.2 kg/m3  

Inlet velocity 1.4, 4.17, 6.94 m/s 

Outlet Pressure 0 Pa 

Kinematic viscosity  1.8 x 10-5 m2/s 
Dynamics viscosity 1.5 x 10-5 kg/m-s 

Temperature (𝑇) 300 K 

Gravity acceleration 9.81 m/s2 

 

3. RESULT AND DISCUSSION 

3.1.  Grid Study 

Initially, the grid study was carried out in the simulation process to ensure no changes as the increase of 

grid number. In this study, the validation of the result was conducted by comparing the current results with 

NASA Technical Memorandum 4074 of NACA 0012. The coarse, medium and fine grids were generated. It 

was obtained that the optimum result on the fine grid (265mm face sizing), which provided less error. Hence, 

the same setup was used in the remaining setup of this study. 

3.2. Simulation Result 

The simulations have been conducted while the variation of parametric studies elaborated in Table 4. 

From Figure 3, it can be seen that the value of a drag UAV aircraft Hybrid Fixed-Wing increases with the 

increase of velocity. The lowest drag force was 7.69 N for A. Meanwhile, the drag force rose at about 88% at 

64.6N for B variation, while the most prominent value was obtained at C by 177.51N. The qualitative results 

were also described in the same patterns as can be seen in Figures 4, 5, and 6 for pressure contour and 

streamlines. The flow around the wing tends to be more fluctuate, which leads to higher eddy at the high 

velocity. This caused more turbulence generated, which affected the drag. 

 
Table 4. Notation of parametric studies 

Notation Value (m/s) 

A 1.4 

B 4.17 
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C 6.94 

 

Figure 3. Drag force value of fixed and Tilt-Wing 

The exact manner found on the value of drag the UAV Hybrid Tilt-Wing whereby it increased as well with 

the value of velocity. It was obtained that the lowest drag force was 0.11N at A while the highest was in C by 

1.97 N. Those aforementioned values were considerably nearly less than tenfold than that of Fixed-Wing. 

Besides, Figures 4, 5, and 6 showed that the airflow at the adjacent wing's wall was observed far more stable 

than Fixed-Wing. This was the reason why the drag force was significantly small. This proves that drag force 

was influenced by velocity and wing orientation. It is also worth noting that the appearance of eddy leads to 

turbulent flow, which affects the drag. 

 

 

 

Fixed-Wing Tilt-Wing 

  

(a)   
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(b) 

Figure 4. The results of (a) pressure contour and (b) streamlines at velocity 1.4 m/s 
 

 

Fixed-Wing Tilt-Wing 

  

(a)  

 

 
 

(b)  

Figure 5. The results of (a) pressure contour and (b) streamlines at velocity 4.17 m/s 
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Fixed-Wing Tilt-Wing 

  

(a) 

  

(b) 

Figure 6. The results of (a) pressure contour and (b) streamlines at velocity 6.94 m/s 

 

The plots of Pressure distribution through the Wing are shown in Figures 7 and 8 for upper and lower 

Wing, respectively. The black lines denote the Tilt-Wing while the red one was Fixed-Wing. At the top 

surface, Pressure of Tilt-Wing showed the same trend for cases of A, B, and C, whereby the highest value was 

obtained at the center of Wing. As the increase of velocities, the values of Pressure were escalated as well. At 

the center, the values were respectively 1.65Pa, 14.98Pa, and 41.74Pa for A, B, and C. Next, the lowest values 

were in 0.25c and 0.75c, where c is the chord length. It was obtained the most downward Pressure was -11.52Pa 

for C variation. On the lower surface, the highest Pressure was 5Pa in C, while the Pressure distribution 

resembled the upper surface. Meanwhile, the lowest value was found on both leading and trailing edges, which 

accounted for considerably same at about -10.3Pa. The relatively stable pressure distribution explained that the 

flow was continuous, as shown in the streamlines result, which contributed to the small drag force. 
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Figure 7. The value of Pressure at upper wing. Black: Tilt-Wing; Red: Fixed-Wing 

On the contrary, Fixed-Wing showed different patterns than that of Fixed-Wing. The Pressure was 

steadily between 0.25c and 0.95c for B and C cases. In the case of A, the Pressure was considerably constant, 

excluding at 0.05c and 1c. Likewise, on the lower surface, the pressure value was noted in a negative sign that 

described the direction of negative lift accounted for higher drag. As it can be seen in Figures 7 and 8, the 

Pressure on the leading and trailing edge significantly decreased, showing the eddy that emerged the 

turbulence flow. The Pressure distribution described the higher drag value on the Fixed-Wing. 
 

 

 

Figure 8. The value of Pressure at lower wing. Black: Tilt-Wing; Red: Fixed-Wing 
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4. CONCLUSION 

The simulations of the VTOL UAV are explained in this work. Based on the observed method, the 

numerical investigation of UAV drag has shown remarkable results. The employed S-A turbulent model has 

been able to accurately simulate the aerodynamics characteristic of the drag. A parametric study of wind 

speed was also carried out in order to investigate the optimum performance of the UAV. The drag value of the 

Hybrid Fixed-Wing UAV aircraft increased from the drag value at a speed of 1.4 m/s to 6.94 m/s. The 

greatest drag value was at a speed of 6.94 m/s, which was 177.51 N. On the other hand, the drag value of the 

Tilt-Wing obtained 1.97N at 6.94m/s. This proved that the greater the fluid velocity produced a higher drag 

value. Moreover, the Pressure distribution on upper and lower surface explained the drag force on both Tilt 

and Fixed-Wing. This remark led to the power and fuel requirement by fixed-wing UAV aircraft was greater 

than that of Tilt-Wing UAV aircraft as the higher of drag. 
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