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ABSTRACT 
This study focuses on the conceptual design and flight-time calculation of a Vertical Take-Off 
and Landing-Blended Wing Body (VTOL-BWB) Unmanned Aerial Vehicle (UAV) through the 
Improved Blade Element and Momentum Theory (IBEMT) model developed in METU 
Aerospace Engineering Department. The IBEMT model is a physics-based method that 
estimates propeller forces and moments in all flight conditions using only the geometric 
information of the propeller by eliminating some assumptions in the classical BET. By applying 
the aerodynamic analysis tool XFLR5, the VTOL-BWB-UAV aerodynamic design methodology 
is established. Then, using the IBEMT model, the flight time of the aircraft is calculated. 

INTRODUCTION 

This paper presents the design of a VTOL-BWB UAV and its aerodynamic performance 
analyzed according to stability and control features. BWB is a type of aircraft configuration, 
which has an airfoil-shaped body contributing to overall lift during its flight. Its wing structure is 
smoothly blended into the body. The main advantage of the BWB design is its reduced wetted 
area to volume ratio compared to conventional aircraft which reduce the fuel consumption as 
well as structurally effective span loading. Because of the lack of tail and its unconventional 
shape, BWB’s controllability and stability features become the most important part of the 
design. The VTOL-BWB UAV is designed to have five propellers and winglets instead of 
vertical fins. The aircraft is conceptually designed for low-speed flight conditions. 

 
There are several studies in the literature, which examine the BWB UAV concept [Baig et al 
2018, Panagiotou et al,2018, Lehmkuehler et al, 2021, Shim and Park, 2013]. NACA 25111 is 
proposed as the best possible option to be used in the center body because it has a high lift 
coefficient by Baig et al, 2018 [1]. To counter the negative moment by NACA 25111, the airfoil 
used in this section needs to have a higher positive moment coefficient. Therefore, MH 78 is 
chosen for the outer wing [Baig et al, 2018]. 3D Panel method results in XFLR5 are found to 
be very close to wind tunnel results [Baig et al, 2018]. Therefore, XFLR5 [6] is decided to be 
used in aerodynamic analyses of the aircraft.  
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METHOD 
Total span, take-off weight, and cruise speed are the requirements of the aircraft. Besides, it 
is aimed to have the VTOL ability as well as have more flight time compared to a drone. The 
mechanical simplicity is also the aim of this design. Therefore, none of the propellers used in 
the BWB UAV can tilt to get a mechanically simple aircraft. The conceptually designed BWB 
VTOL UAV is considered to hover and not to need a landing area like conventional aircrafts. 
 
In consideration of their lift and moment characteristics, NACA 25111 and MH78 were selected 
for the center body and the wing respectively. The center of gravity is placed ahead of the 
aerodynamic center to provide longitudinal stability. Aerodynamic twist, dihedral, and sweep 
angle are included to increase stability and controllability. The final design was tested in XFLR5 
for stability. BWB is very unstable in pitching moment because it doesn’t have a tail section. 
Therefore, the location of the center of gravity is crucial for stability. Winglets are added at the 
wing tips for reducing the strength of wingtip vortices and improving lateral stability. A positive 
dihedral is given to improve the roll stability of an aircraft. Besides, sweep improves the yaw 
or lateral stability of an aircraft. 
 
In XFLR5 analysis, Vortex Lattice Method (VLM) and 3D Panel Method can be used. The 
influence of the propellers, wing’s thickness, and viscosity are ignored. 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
The C.G.’s position is changed and stability is checked by XFLR5 stability analyses. Finally, it 
is placed 58% of the Mean Aerodynamic Chord (MAC). 
 
Using the XFLR5 results, the variation of the lift coefficient with BWB’s angle of attack, 𝛼, is 
presented in Figure 2, and variation of the drag coefficient with BWB’s angle of attack is given 
in Figure 3. Variation of the lift coefficient with drag coefficient is presented in Figure 4. Finally, 
the variation of the moment coefficient with BWB’s angle of attack is shown in Figure 5: 

Figure 1: BWB UAV drawing in XFLR5. 
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Figure 2:  Variation of lift coefficient with angle of attack at 25 𝑚/𝑠 free-stream velocity. 

 
Figure 3:  Variation of drag coefficient with angle of attack at 25 𝑚/𝑠 free-stream velocity. 
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Figure 4:  Variation of lift coefficient with drag coefficient at 25 𝑚/𝑠 free-stream velocity. 

 

 
Figure 5:  Variation of moment coefficient with A.o.A at 25 𝑚/𝑠 free-stream velocity. 

 
The BWB Aircraft parameters are given in Table 1: 
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Table 1:  BWB Parameters used in conceptual design. 

Total weight 6 𝑘𝑔 

Wing span 3.2 𝑚 

Wing area 1.227 𝑚2 

Aspect ratio 8.346 

Mean aerodynamic chord 0.511 𝑚 

Root chord 0.9 𝑚 

Dihedral angle 2° (body)  80° (winglets) 

Location of C.G. [0.303 0 0.006] 𝑚 

Inertia  

[
1.042 0 0

0 0.690 0
−0.01566 0 1.730

]  𝑘𝑔𝑚2 

 

Wing loading 
4.968 

𝑘𝑔

𝑚2
 

 
The eigenvalues of the longitudinal and lateral modes of the aircraft are given in Table 2 and 
Table 3: 

  

Table 2:  Longitudinal modes. 

Short period mode −11.9 ± 8.227𝑖 
Phugoid mode −0.00308 ± 0.670𝑖 

   

Table 3:  Lateral modes. 

Roll mode −14.88 

Dutch-roll mode −0.867 ± 2.22𝑖 
Spiral mode 0.00866 

 
It is also possible to further improve this conceptual design by changing the location of C.G., 
sweep, twist, and dihedral angles, and then noting their effects on lift, drag, and moment 
variations with the angle of attack as well as longitudinal and lateral modes for stability. 
However, in this study, the BWB aircraft is designed for the implementation of the IBEMT model 
developed in [7]. Therefore, further analysis for conceptual design of a BWB UAV and adding 
vertical take-off and landing features to the aircraft is aimed as future work.  
 
As seen in the Blended Wing Body (BWB) has four propellers inside the body to take off and 
land vertically, and to be controlled in hovering flight in all three axes like a quadrotor. 
 

 
Figure 6:  Conceptual design of VTOL Blended Wing Body UAV 
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Figure 7:  Top view of conceptual design of VTOL Blended Wing Body UAV 

 

 

Figure 8: Technical drawings of the BWB (the unit is mm.) 

 
As well, it has a propeller in front of the vehicle for supplying thrust force in forward flight. In 
forward flight, the surface of the propellers located in the body is aimed to be closed in order 
not to lose lift. The aircraft is controlled in forward flight by elevons located at the trailing edge 
of the wings and rudders located at the winglets. None of these propellers have the ability to 
tilt to make the aircraft mechanically simple. 
 
Application of the BEMT model in a BWB UAV can be used as illustrated in Figure 9: 
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The flight time of the UAV in steady-level flight is calculated as follows: In steady-level flight, 
lift generated by the aircraft equals to its weight: 

  𝐿𝑎𝑐 = 𝑊 

For a given flight condition where the free-stream velocity is known, the required lift coefficient 
can be calculated in steady-level flight as follows: 

 𝐶𝐿 =
𝑊

1
2 𝜌𝑉∞

2𝑆𝑎𝑐

 (2) 

Since XFLR5 gives the 𝐶𝐿 and 𝐶𝐷 coefficients of the aircraft at different angles of attack, the 

corresponding 𝛼 values can be interpolated. Hence, the corresponding 𝐶𝐷 coefficient is found 
at that 𝛼. Then, the required thrust of the aircraft at a certain 𝑉∞ is calculated as follows: 
 

 𝑇𝑅 =
𝑊

𝐶𝐿/𝐶𝐷
 (3) 

Table 4:  Corresponding 𝜶, 𝑪𝑫, and 𝑻𝑹 values at different free-stream velocities obtained 
from XFLR5 simulations. 

𝑉∞ 15 𝑚/𝑠 20 𝑚/𝑠 25 𝑚/𝑠 

𝐶𝐿 0.3481 0.1958 0.1253 

𝛼 5° 3° 2° 

𝐶𝐷 0.0183 0.013 0.00994 

𝑇𝑅 3.08 𝑁 3.9𝑁 4.67 𝑁 

   
 

𝑇 & 𝑄 vs. 𝛺  at different 𝑉∞ 

𝜌 

𝑉∞ 𝐶𝐿 

𝐶𝐷 

 

𝑡 =  
𝐸0 × 60

1000 × 𝑖
 

𝑉∞ 

𝛺 

α 

R, 𝜃, 𝑐 

 𝑀ሬሬԦ 

 𝐹Ԧ 𝛺𝑅 

 

 

α 

𝑇𝑅 =  
𝑊

𝐶𝐿/𝐶𝐷

 

𝑡, Flight time (minutes) 

𝐸0 (mAh) Lipo Battery 

DC Motor 

Dynamics 

𝑇𝑅 

Propeller 

Aerodynamics 

IBEMT Model 

 

 𝑖𝑎 , current 

XFLR5 Aerodynamic Analysis 

 

𝑄 

Airfoil info 

 

Figure 9:  Flight time calculation using the IBEMT model [7] 
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The thrust force of the aircraft is supplied by the propeller which is located as 90° A.o.A. in 
front of the aircraft. Since the IBEMT model estimates the propeller performance at any angles 
of attack, Ω versus thrust values can be plotted at any 𝑉∞. Hence, the required propeller speed 
can be found by IBEMT model in less than 15 seconds. 
 
The motor model is presented as follows (e.g. a DC motor): 

 

 

Figure 10:  DC Motor [8] 

By using Kirchhoff’s voltage law, the first equation is written as follows: 

 𝐿𝑑

𝑑𝑖𝑎(𝑡)

𝑑𝑡
+ 𝑅𝑑𝑖𝑎(𝑡) = 𝑣𝑎(𝑡) − 𝑣𝑏 (4) 

Using Euler’s law, the second equation which will be used in modeling of a DC motor is written 
as follows: 

 𝐽
𝑑𝑤(𝑡)

𝑑𝑡
= 𝑇𝑚(𝑡) − 𝐵𝑤(𝑡) − 𝑇𝑑 (5) 

 𝑑𝑤(𝑡)

𝑑𝑡
= 0 

(6) 

where, 
 𝑇𝑚(𝑡) = 𝐾𝑚𝑖𝑎(𝑡) (7) 

Then, 
 0 = 𝐾𝑚𝑖𝑎 − 𝑇𝑑 − 𝐵𝑤 (8) 

Hence, the relation between current and angular speed of the motor is written as follows: 
 

𝑖𝑎 =
𝑇𝑑 + 𝐵𝑤

𝐾𝑚
=

𝑇𝑑

𝐾𝑚
+ 𝑎𝑤 

(9) 

where 𝑎 is a constant coefficient which can be found by least squares estimation using 
experimental data of the motor (i.e., the angular speed of the propeller, and corresponding 
torque and current values). In Equation (9), 𝑤 also equals to the angular speed of the propeller, 

Ω as well as angular speed of the motor and 𝑇𝑑 is the torque produced by the propeller, 𝑄. 
Then, Equation (2.68) is written as follows: 
 

𝑖𝑎 =
𝑄

𝐾𝑚
+ 𝑎Ω 

(10) 

 
In this study, T Motor MN5212 kV420, 15x5 in propeller data [9] is used. Then, 𝑎 is found as 

2.88 × 10−4. Motor torque constant, 𝐾𝑚, is taken as 0.039. 
 
Since the experimental data is captured by a physics-based method using Blade Element and 
Momentum Theory (the IBEMT model developed in [7]), the flight-time calculation is conducted 
using the developed model because it is fast compared to experimental and CFD studies. 
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Figure 11:  The experimental data [7]. 

 

Figure 12: The IBEMT model [7]. 

 

RESULTS 

 
The application of the IBEMT model is presented on a BWB UAV using two propellers having 
two different 𝜃 values. In the first case, 𝜃 remains the same. In the second case, it is increased 
10°. The steady-level flight is considered in 15 𝑚/𝑠, 20 𝑚/𝑠, and 25 𝑚/𝑠. Corresponding lift 
and drag coefficients in these flight speeds are found using XFLR5. Then, thrust required 
values are calculated at each flight condition. Angular velocity of the propeller that corresponds 
to thrust required value in 15 𝑚/𝑠 is found using Figure 13: 
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Figure 13:  Thrust vs. RPM at 15 𝑚/𝑠, 𝜃 + 0°. 

Rotor torque value that corresponds to Ω𝑅 is found through Figure 14: 

 

Figure 14:  Rotor torque vs. RPM at 15 𝑚/𝑠, 𝜃 + 0°. 

Same procedure is followed at 𝑉∞ =  20 𝑚/𝑠 and 𝑉∞ = 25 𝑚/𝑠: 
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Figure 15:  Thrust vs. RPM at 20 𝑚/𝑠, 𝜃 + 0°. 

 

Figure 16:  Rotor torque vs. RPM at 20 𝑚/𝑠, 𝜃 + 0°. 
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Figure 17:  Thrust vs. RPM at 25 𝑚/𝑠, 𝜃 + 0°. 

 

Figure 18:  Rotor torque vs. RPM at 25 𝑚/𝑠, 𝜃 + 0°. 

The flight time of the BWB UAV is shown in Table 5 using an 12in propeller with 𝜃: 
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Table 5:  Results of Flight Time Calculation with 𝜃 + 0° 

𝑉∞ 15 𝑚/𝑠 20 𝑚/𝑠 25 𝑚/𝑠 

𝐶𝐿 0.3481 0.1958 0.1253 

𝛼 5° 3° 2° 

𝐶𝐷 0.0183 0.013 0.00994 

𝑇𝑅 3.08 𝑁 3.9𝑁 4.67 𝑁 

𝛺𝑅 (𝑅𝑃𝑀) 5350 6640 7940 

𝑄 (𝑁𝑚) 0.1 0.14 0.1750 

𝑖𝑎(𝐴) 3.95 6.86 10.26 

𝑡 (𝑚𝑖𝑛) 75.93 43.70 29.23 

Range (km) 68.33 52.44 43.84 

 

Twist angle is increased 10° along the blade and the same procedure is conducted: 

 

Figure 19: Thrust vs. RPM at 15 𝑚/𝑠, 𝜃 + 10°. 
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Figure 20: Rotor torque vs. RPM at 15 𝑚/𝑠, 𝜃 + 10°. 

 

Figure 21:  Thrust vs. RPM at 20 𝑚/𝑠, 𝜃 + 10°. 
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Figure 22:  Rotor torque vs. RPM at 20 𝑚/𝑠, 𝜃 + 10°. 

 

Figure 23:  Thrust vs. RPM at 25 𝑚/𝑠, 𝜃 + 10°. 

The flight time of the BWB UAV is shown in Table 6 using an 12in propeller with 𝜃 + 10°: 
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Table 6:  Results of Flight Time Calculation with 𝜃 + 10° 

𝑉∞ 15 𝑚/𝑠 20 𝑚/𝑠 25 𝑚/𝑠 

𝐶𝐿 0.3481 0.1958 0.1253 

𝛼 5° 3° 2° 

𝐶𝐷 0.0183 0.013 0.00994 

𝑇𝑅 3.08 𝑁 3.9𝑁 4.67 𝑁 

𝛺𝑅 (𝑅𝑃𝑀) 3850 4650 5440 

𝑄 (𝑁𝑚) 0.15 0.20 0.24 

𝑖𝑎(𝐴) 4.26 6.8677 9.6414 

𝑡 (𝑚𝑖𝑛) 70.34 43.68 31.11 

Range (km) 63.30 52.41 46.66 

 

Figure 24:  Total flight time comparison of the BWB VTOL UAV with different twist angles of 
the front propeller. 

 

CONCLUSION 

In conclusion, a Blended Wing Body UAV is designed to demonstrate the application of the 
Improved Blade Element and Momentum Theory (IBEMT) model that can predict the propeller 
loads accurately not only in hovering flight unlike the classical Blade Element Theory but also 
in forward flight. As a result, the flight time of the BWB VTOL UAV is increased at 25 m/s when 
a propeller having a higher 𝜃 (i.e., 𝜃 + 10𝑜). Thus, the IBEMT model can be used for finding 
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the optimum propeller design for a UAV especially for a Vertical Take-Off and Landing 
Unmanned Aerial vehicle that has propeller configuration in both hovering and forward flight. 
Optimum propeller that gives the maximum flight time can be chosen or can be obtained using 
a variable-pitch mechanism according to the results obtained by the IBEMT model. 
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