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Abstract 

The blended-wing-body vertical takeoff and landing unmanned aerial vehicle (BWB VTOL 

UAV) combines the hovering and VTOL capabilities of a helicopter with the efficiency of a 

fixed-wing aircraft.  The BWB utilizes a lift-generating fuselage that improves the lift produced 

by the craft, and therefore improving the overall efficiency.  The body allows for the propulsion 

system necessary for VTOL to be housed in the fuselage.  The purpose of this research is to 

understand the effects of planform shape on the aerodynamics of the UAV, and the ground 

effects and jet interactions due to having rotors submerged within the fuselage of the craft. 

Wind tunnel experimentation was performed on the fore- and aft-body positioned BWB 

models at Reynolds number flows of 1.18x105, 2.4x105, and 3.6x105.  The results indicate that 

having a fore-positioned body with respect to the wings provides better stability and efficiency 

for long-range flights.  Additional tests were conducted on just the wing of the UAV to better 

understand the lift, drag, and moment contributions from the lift-generating fuselage of the fore-

BWB model.  Although the addition of the fore-body did increase the drag, there were 

improvements in the lift, and there was better stability in terms of the pitching moment.   

The ground effects due to ducted propellers in the body were also studied.  Motor thrust 

values were obtained with the UAV positioned at heights of 1, 2, and 3 duct diameters, where 1 

diameter is 5 inches.  From individual motor tests, the motor located at the nose of the craft 

showed favorable ground effects, while the motors located more centered in the body typically 

showed adverse ground effects.    

Two motor experiments did not show much improvement or loss of thrust at various heights 

from the ground.  However, a comparison of the thrust values with ones obtained by summing 

the individual motor data provide insight on how the jets from each motor interact with each 

other.  Depending on the combination of motors running, there were either lower or higher lift 

values observed indicating either negative or positive jet interactions respectively. 

Results for when all four motors are running show favorable ground effects.  A comparison 

of these results with the thrust from the individual data indicates positive jet interactions between 

the four motors. 
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Nomenclature 
𝛼 =  Angle of Attack [°] 

D =  Duct Diameter [in] 

CD = Drag Coefficient 

CL = Lift Coefficient 

CM = Moment Coefficient  

CL/CD =  Lift-to-Drag Ratio 

CP = Power Coefficient  

CT = Thrust Coefficient  

H = Height above the ground  

Re = Reynolds number 

 

Acronyms 
BWB: Blended-Wing-Body 

UAV:  Unmanned Aerial Vehicle 

VTOL: Vertical Takeoff and Landing  
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1. Introduction 

1.1 Background and Motivation 

 
Unmanned aerial vehicles (UAVs) provide an effective platform to carry sensors and 

cameras necessary for surveillance and reconnaissance missions.  Their small size, low visual 

and noise signatures, and high maneuverability make them advantageous.  An added benefit is 

their low-cost manufacturing, maintenance, and storage.  In order to meet the specific mission 

requirements, the UAV must be able to vertically take off and land (VTOL), hover, and have a 

relatively long range of flight.   However, the requirement for VTOL and the need for a long 

range are contradictory since long range flight requires aerodynamic efficiency, while VTOL 

only relies on the propulsion, which reduces the efficiency of a craft.  These conflicting 

requirements provide unique design challenges when designing an effective aerial vehicle. 

Reports [1-3] containing the technical specifications of more than 200 aerial vehicles include 

those that are capable of vertical takeoff and landing.  Since a lightweight craft is desired, only 

aircraft with a takeoff weight of 7-14 kg are looked at.  From this short study, several concepts 

have been identified that are used by designers.  These include fixed-wing aircraft, helicopters, 

multi-rotor vehicles, and tilting ducted rotors. 

The fixed-wing aircraft are capable of level flight operations and many of the vehicles are 

equipped with devices for assisted takeoff including hand or bungee launching.  The use of swept 

back wings helps improve the aerodynamic efficiency of the craft.  One example of this is the 

BirdEye 400 system, which is comprised of three aerial vehicles with a ground station and 

satellite data links. 

Helicopters are another option when it comes to meeting the requirements for unmanned 

missions.  However, there are known drawbacks and limitations to this concept, including the 

complex designs of the mechanical linkages of the spinning blades.  When compared to fixed-

wing aircraft, the complete autonomous helicopter has a much higher price tag [4, 5]. 

The use of multi-rotors for UAVs has become increasingly popular due to their reliable 

performance.  Radio controlled quadcopters are currently available on the market, and their 

affordable price makes them desirable [6].  However, integrating practical autonomous systems 

can be very expensive, as in the case of the AeroVironment’s Qube, which has a flight endurance 

of 40 minutes and a cost of $92,000 [7]. 
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Aircraft with tilting ducted rotors present a workable solution for the reduction or elimination 

of negative effects of other concepts [8, 9].  With the rotors and engines set vertically, the craft is 

capable of vertical takeoff and landing as seen with helicopters.  Once the craft is airborne, the 

rotors are tilted for level horizontal flight.  One example of this craft is the Phantom Swift VTOL 

UAV developed by Boeing, with its design based on the Bell Boeing V-22 Osprey.  The 

Phantom Swift utilizes two downward facing fans embedded within the body, and large ducted 

propellers at the wing tips for VTOL [10].  

 In the present study, a hybrid fixed-wing multi-copter is of interest due to using a 

combination of these different concepts.  The multiple rotors allow for VTOL and hovering 

capabilities that limit the need for runways and allows the craft to remain stationary over a given 

target.  Placement of the vertical flight motors in the body minimizes drag and makes it easier to 

connect the motor to an internal fuselage structure.  An addition of covers on the top and bottom 

of the craft allows for a more streamline fuselage during forward flight.  Tilting rotors at the 

wing tips provide assistance in VTOL and in hover, and then can rotate for horizontal flight and 

can improve the power efficiency and stability of the aircraft. The configurations of hover and 

horizontal flight are shown in Fig. 1.   

 The fixed wing design increases aircraft efficiency during cruising at high speeds.   A 

sweptback tailless design provides better performance in comparison to conventional fixed-wing 

aircraft with a tail [11].   

   

   
 

Fig  1. VTOL UAV hover and cruise configurations. [11] 

 
 The VTOL UAV project was started at the University of Arizona MAV laboratory from 2017 

to 2018.  As part of a senior design class, two aircraft have been designed and built with VTOL 

and long-range capabilities.  As the teaching assistant of the class, and mentor to the design 
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team, I provided assistance on the determination of the planform, and the airfoil choice of the 

UAV.  The specifications of the second UAV prototype, built in 2018, are given in Table 1.   

 
Table 1. Specifications of VTOL UAV Prototype 2 [12] 

Wing Airfoil Eppler 330 

Lifting Body Airfoil NACA 642-015A 

Wing Span 1.5 m 

Gross Takeoff Mass 2.4 kg 

Thrust 
38.6 N (Hover) 

5 N (Cruise) 

Hover Thrust Distribution 
78% Ducted Propellers 

22% Wing Pods 

Battery Capacity 9000 mAh 

Maximum Endurance 
30 min (Cruise) 

15 min (Hover) 

 

1.2 Aerodynamic Features of Long-Range VTOL UAV 
 

 The blended-wing-body (BWB) is a desirable concept due to favorable aerodynamic qualities 

of the design.  Traditional aircraft rely solely on the aircraft’s wings as the only source of lift, 

while the fuselage has no lift contribution.  For the case of a BWB, a notable feature of this 

configuration is the lift-generating fuselage, which is seamlessly blended with the body.  Not 

only is the lift produced by the entire craft increased, the interference drag is reduced, which can 

lead to better fuel efficiency [13,14].  Since one of the mission requirements for the VTOL UAV 

is a long range, the additional lift and decrease in drag improve the efficiency of the craft. 

 The use of the BWB for VTOL UAVs is also advantageous in housing a distributed 

propulsion system. Housing the propulsion system in the body helps minimize the drag. The 

propulsion system necessary for providing the thrust for forward flight can be installed at the 

wingtips, or aft of the fuselage, which would require an extended aft-body. To determine the best 

configuration of the BWB and the propulsion system, an optimization study of the aerodynamic 

efficiency is required. 
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 The wing geometry plays a critical role in the performance of the UAV.  During the 

transition from hover to level flight, and the reverse, the VTOL UAV experiences low Reynolds 

Number (Re) flight conditions.  It is necessary to precisely determine the behavior of the lift, 

drag and pitching moment coefficients at different Re.   

 NASA, which has research conducted on hybrid wing-bodies and non-traditional missions, 

has developed a tool for the analysis of the BWB.  This tool is known as the Flight Optimization 

System (FLOPS) [13].  With the use of Phoenix Integration’s ModelCenter ®, a hybrid planform 

discretization tool is linked with Vehicle Sketch PAD (VSP) to create three-dimensional models 

of BWB planforms with varied parameters. Integration of these tools with FLOPS enables the 

new geometries to be analyzed. 

 The modeling of the BWB planform requires a geometric parameterization based on specific 

design variables of the aircraft.  These variables, when altered define new planforms for the 

BWB.  Cubic splines are used for the smooth blending of the body to wing [14].  The use of the 

Class Shape Transformation method for creating airfoils allows for the formation of a three-

dimensional model from the two-dimensional planform shape [14]. 

 Due to the number of design variables needed for the BWB concept, the use of the Reynolds-

averaged Navier-Stokes computational fluid dynamics is suggested in [15,16] for the purpose of 

aerodynamic optimization of the geometry.  The optimization using varying parameters related 

to planform shape determines how the efficiency of the BWB compares to the conventional tube-

and-wing design [15].  

 The Lattice Boltzmann Method is an efficient CFD algorithm [17,18]. This method can be 

interpreted as a special finite difference scheme for the kinetic equation of discrete-velocity 

distribution function [19].  Recent investigations of numerical aspects of the method have led to 

the development of the NASA XFLOW software system [20]. The main advantage of this 

software is that it uses a particle-based approach that avoids a traditional meshing process. This 

feature is the key to the improvements in the reliability of the computational modeling process, 

especially for complex geometries.  However, CFD analysis does not work well at low Re.  In 

conventional takeoff, the aircraft must achieve a given velocity for the required lift to be 

produced for flight.  This means that there will be a moderate Re flow that can be modeled using 

CFD.  In the case of VTOL aircraft, during the transitioning phase from hover to horizontal 

flight, the aircraft experiences low Re.  Therefore, in the present study, wind tunnel 
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experimentation is more advantageous in determining the aerodynamic performance of the 

aircraft.   

 The design of the propulsion system of a VTOL UAV has a major impact on the aircraft’s 

performance.  In order to achieve VTOL and hover, the propulsion system must be able to 

generate thrust equal to and greater than the weight of the aircraft.  At this stage, the efficiency is 

low since there are no contributions from the body to produce lift.  A distributed propulsion 

system helps improve efficiency, and utilizing ducts improve thrust and power consumption 

from the motors. 

  Ducted propellers, or shrouded rotors, are commonly used due to the potential of improving 

the performance and efficiency.  In comparison to an open rotor, a shrouded one can improve 

thrust up to 94% while maintaining the same power consumption.  An important parameter of 

ducted propellers is the propeller tip clearance with the duct.  From experiments on ducted 

propellers, a clearance of 0.1-1.6% of the rotor diameter leads to an increase in the thrust 

coefficient of about 20-94% when compared to an unshrouded rotor [21]. 

 Distributed propulsion systems, especially in the case of VTOL aircraft, pose problems in the 

form of ground effects.  In the case of a free propeller, closer to the ground, there is a decrease in 

velocity due to the slipstream from the jet spreading out on the ground.  This results in an 

increase in pressure that causes improvement in lift.  For ducted propellers, however, the ground 

effects are more complex.  This is due to the blade angle being an important factor.  Larger blade 

angles prompt higher disk loading, which in turn leads to a loss in lift.  Lower blade angles 

generate favorable ground effects, but a loss in hovering efficiency [22].    

 There are also issues involving the propellers being embedded within an airframe.  With only 

a single propulsion source, the jet stream from the propellers, when hitting the ground, 

accelerates outwards.  However, this increase in velocity causes a decrease in static pressure, 

thus creating suction that keeps the craft down.  More than one propulsion source causes 

favorable effects since the interaction of the jets increases the static pressure under the craft [22].  

 To better understand the propulsive characteristics for the VTOL UAV, experimental studies 

are needed.  The presented research will focus on the ground effects due to the utilization of a 

distributed propulsion system.  This includes understanding jet interactions between the motors 

and interactions with the body of the UAV. 
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1.3 Research Objectives 
 
 The use of a BWB design is advantageous in improving the lift of an aircraft, but in the case 

of a VTOL UAV, the craft experiences low Re conditions during transition to and from hover.  

The position of the body fore and aft of the wings also impacts the aerodynamic characteristics 

of the craft.  It is necessary to understand the aerodynamic behavior of the craft in terms of the 

lift, drag and moments due to body shape and the change in Re.  Additionally, the utilization of a 

distributed propulsion system, embedded in the fuselage for VTOL, requires an investigation on 

the ground effects, as well as jet interactions due to the closely situated propellers.  The objective 

of the research is to: 

1) Measure the effects of body shape and changing Re on lift, drag, and moments 

2) Measure effects of the changes in thrust due to ground effects of a single embed rotor 

3) Measure ground effects with four active motors embedded within the UAV 

4) Determine jet interactions between the four rotors 
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2. Models and Methods 

2.1 Wind Tunnel 
 
Testing was conducted using the recirculating wind tunnel located in the Aerospace and 

Mechanical Engineering department at the University of Arizona.  The test section is 0.9 m by 

1.2 m, and the free stream velocity ranges from 0.3 to 83.8 m/s [23]. 

 

 
Fig  2. Wind Tunnel at the University of Arizona. 

 
The models are connected to a five-component external balance, which measures the normal, 

and axial forces, and pitch, roll, and yaw moments.   For this study, only the normal and axial 

forces and the pitching moments were looked at.  The balance pitch position is controlled with 

the Model Position System Data Acquisition and Control Software.  The software has three 

modes: flight plan, which is an automatic positioning of the model and data acquisition; manual 

mode, where the model is positioned and is acquired when prompted by user; and pendant mode 

[24]. For the purpose of this study, the flight plan mode was utilized.  For this experiment, the 

pitch angles were set from 0˚ to 30˚ at increments of 2˚.  At each angle of attack, force and 

moment measurements are continuously taken until they reach a set convergence value set to 

2%.  The maximum run time at each angle is 1.5 minutes, so if the values do not converge, the 

balance readings at the end of the run time are recorded.    
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Fig  3 Wind tunnel balance and forces. 

 
On average, the length of time required to collect one set of data at a given velocity for 

angles of attack of 0˚ to 30˚ is around 20 minutes since the DAQ software was given a maximum 

time of 90 seconds to collect a single data point once a 2% convergence is obtained.  When 

processing 10 sets of data for each velocity, it was observed that the values of CL at each angle of 

attack were decreasing for each run.  To investigate the issue further, data was collected at 0˚ 

angle of attack over a period of 10 minutes. 

As seen in Fig. 4, over a period of about 10 minutes, the lift values fluctuate greatly.   A 

linear fit of the data shows a gradual decrease of lift values over time, which agreed with the 

trend seen when analyzing the results of the wind tunnel tests.  To compensate for this drift, tare 

data was obtained before each run instead of using one set of tare data for 10 runs at each 

velocity. 
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Fig  4. Sensor drift observed when measuring lift at 𝜶 = 0˚. 

 

2.2 Blended-Wing-Body Models 

 

For the series of tests regarding the aerodynamics of the blended-wing-body experiments, two 

models were created, one with an aft-positioned body in respect to the wings, and the other being 

a fore-positioned body in respect to the wings.  Figure 5 defines the necessary variables required 

for each model.  The dimensions of each model are provided in table 2.  For both the fore- and 

aft-BWB models, the wing geometry defined by Cr, Ct, and 𝛬2 are kept the same, as well as the 

planform areas of both models.  For both models, the wing utilizes an Eppler 330 airfoil while 

the airfoil body of the BWB models start as a NACA 0012 airfoil and transitions to the Eppler 

330 to blend with the wing. 
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a. Aft-Body b. Fore-body 

Fig  5. Planforms of BWB models 

 

Table 2. Aft- and Fore-BWB Dimensions 

 Aft-Body Fore-Body 

b (in) 39.1653 39.1653 

bB (in) 7.3333 7.3333 

Cr (in) 7.86 7.86 

Ct (in) 2.75 2.75 

bw (in) 31.832 31.832 

𝛬1 (deg) - 68.1870 

𝛬2 (deg) 40 40 

hB (in) 29.2051 25.2664 

RFB (in) 3.3611 0.2327 

RAB (in) 1.9351 7.0613 

 

Both the aft- and fore-BWB wind tunnel models are 3D printed with PLA plastic using a 

Makerbot Z18 printer with a 25% infill. An adapter, which can be seen attached to the aft-body 

model in Fig. 6. was also created to connect the models to the wind tunnel balance. 

 

 



18 
 

 
Fig  6. Aft-BWB Model with Wind Tunnel Balance Adapter. 

 

 
Fig  7. Fore-BWB Model. 

 
 For the series of wind tunnel tests, each model was tested at 10, 20 and 30 m/s which 

correspond to Re of 1.18x105, 2.4x105, and 3.6x105.  The effects of increasing Re are being 

analyzed for each body type, as well as a side-by-side comparison done on both models at each 

Re. 

 
Fig  8. Wind tunnel test section with model installed 
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2.3 Experimental Setup for Thrust Investigation of Ducted Propellers 

 

The purpose of this study is to determine the effects of ducted propellers in the BWB UAV 

during takeoff and landing.  As mentioned in the first chapter, the first UAV prototype known as 

Legacy will be utilized.  Due to the close proximity of the these propellers to the ground during 

takeoff, ground effects need to be taken into consideration.  Also, the fact that the central ducts 

are close together leads to jet flow interactions between the four motors when they are running 

simultaneously.   

For the tests regarding the effects of the ground on ducted propeller performance, the craft is 

positioned at various heights given in terms of the diameter of a single duct.  This diameter is 

about 5 in, and the tests are done at 1, 2, and 3 duct diameter heights.  The height of the craft is 

defined in Fig. 9, which is measured from the center of the central ducts.   

 

 
Fig  9. Determination of position of UAV above the ground. 

 
The 1580 series RCbenchmark thrust stand and dynamometer is utilized for obtaining force 

measurements and current readings.  The RCbenchmark consists of 3 load cells necessary for 

measuring torque and thrust, and allows for ESC manual control [25]. The RPM data for each 

motor was obtained using the SHIMPO DT-2100 tachometer, and the power supply was a 

VOLTEQ HY3050EX.  Figure 10 shows the test set up.  As demonstrated, the UAV is 

suspended from the dynamometer and supported in a metal test frame.  The height is adjusted by 

positioning the horizontal bar the RCbenchmark is attached to.   

H 
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Fig  10. Experimental setup of VTOL UAV.  

 
Using the RCbenchmark, the thrust from the motors are found at the three different heights 

and the thrust data is collected at increaments of 0.5 amps supplied to the system up to 5-6 amps.  

First, measurements are obtained for each individual motor at the three heights, then all four 

motors are connected in parallel, and the experiement is repeated once more. The motors are 

defined as motors 1, 2, 3 and 4, and their locations in the body of the UAV are givien in Fig. 11. 

 

 
Fig  11. Motor numbers and locations. 

 

The four ducts are designed to be 5 inches in diameter.  However, since they have been 3D 

printed, the diameters are not exactly the same. An important parameter when it comes to the 

performance of ducted propellers is 𝛥, which is defined as 

1 
2 

3 

4 
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𝛥 =
𝐷𝐷 − 𝐷𝑃

2𝐷𝑃
∗ 100% 

The diameters of the duct and propellers, and the correspoding 𝛥 is provided in Table 3. 

 

 
Fig  12. Ducted propeller dimensions. 

 

Table 3. Duct and Propeller Dimensions 

 Motor 1 Motor 2 Motor 3 Motor 4 

𝐷𝐷 (in) 5.0625 5.076 5.05 5.1115 

𝐷𝑃 (in) 4.997 4.974 4.9265 4.9865 

𝛥 (%) 0.6554 1.0253 1.2534 1.2534 
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3. Aerodynamic Characteristic of Blended-Wing-Body at Low-to-Moderate 

Reynolds Numbers 

 
Conducting tests on the fore- and aft-BWB models leads to results of the axial and normal 

forces, and moments applied to the balance.  The axial and normal forces must be corrected in 

order to obtain the lift and drag forces on the model.  These are done by 

 

𝐿 = 𝑁 𝑐𝑜𝑠 𝛼 − 𝐴 𝑠𝑖𝑛 𝛼 

𝐷 = 𝑁 𝑠𝑖𝑛 𝛼 + 𝐴 𝑐𝑜𝑠 𝛼 

 

The resulting L, D and M values are then non-dimensionalized by finding the coefficients. 

𝐶𝐿 =
𝐿

1
2 𝜌𝑉2𝑆

 

𝐶𝐷 =
𝐷

1
2 𝜌𝑉2𝑆

 

𝐶𝑀 =
𝑀

1
2 𝜌𝑉2𝑆𝑐

 

 

3.1 Lift Coefficient 
 
From the axial and normal forces obtained from the wind tunnel tests for angles of attack of 

0˚ to 30˚, lift distribution curves can be plotted.  From these plots, a comparison of the slope of 

the lift curve, the stall angle, and the maximum lift coefficients can be made to compare the 

performance of the aft- and fore-body models. The effects of changing Re on each model is 

shown in Fig. 13. In both models, the lift slope is larger at 20 and 30 m/s than 10 m/s and the CL 

values are higher compared to the 10 m/s case. However, CL values at an angle of attack of 0˚ are 

much higher for both fore- and aft- models at lower velocities than higher.  At 20 and 30 m/s, the 

lift values of the fore-body model are higher at 20 than 30 m/s, but they are roughly the same for 

the aft-body model.  An intriguing feature of the lift curves of the fore-body model is that there is 

no typical stall behavior.  In both the 20 and 30 m/s case, a local maximum is reached at 16˚, but 
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instead of seeing a decline in lift, the values remain fairly constant.  At 10 m/s, this occurs at 18˚ 

where the lift slope is no longer linear.  This is also seen for the aft-body model.  At 10, and 20 

m/s, the lift slope flattens out at 14˚, and at 30 m/s it occurs at 16˚.  For both the fore- and aft-

body models at 20 m/s, the lift curves have two local maximum denoted as 𝐶𝐿𝑚𝑎𝑥 1 and 𝐶𝐿𝑚𝑎𝑥 2.  

These values, as well as other relevant coefficient data, are provided in table 4.  The slopes for 

the lift curves are determined from 0˚ to 10˚ by using a linear regression analysis. 

 
 

 
a.  Fore-BWB model. 

 

 
b.  Aft-BWB model. 

Fig  13. Lift Curves of Aft- and Fore-BWB Models 
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Table 4. Lift Data of Aft- and Fore-BWB models 

Velocity 𝑪𝑳𝜶=𝟎 𝜶𝑪𝑳𝒎𝒂𝒙 𝟏
 𝑪𝑳𝒎𝒂𝒙 𝟏 𝜶𝑪𝑳𝒎𝒂𝒙 𝟐

 𝑪𝑳𝒎𝒂𝒙 𝟐 𝑪𝑳𝜶 

10 m/s 0.133 18˚ 0.787 - - 0.0441 

20 m/s 0.0986 16˚ 0.836 28˚ 0.834 0.058 

30 m/s 0.0617 16˚ 0.795 - - 0.0574 

 

a. Aft-Body 

 

Velocity 𝑪𝑳𝜶=𝟎 𝜶𝑪𝑳𝒎𝒂𝒙 𝟏
 𝑪𝑳𝒎𝒂𝒙 𝟏 𝜶𝑪𝑳𝒎𝒂𝒙 𝟐

 𝑪𝑳𝒎𝒂𝒙 𝟐 𝑪𝑳𝜶 

10 m/s 0.139 14˚ 0.754 24˚ 0.801 0.0463 

20 m/s 0.130 14˚ 0.822 24˚ 0.859 0.0571 

30 m/s 0.129 16˚ 0.844 - - 0.0574 

 

b. Fore-body 

 

In Fig. 14, the lift coefficients of both models were compared to each other at Re = 1.18x105, 

2.4x105, and 3.6x105.  From angles of attack of 0˚ to 14˚, the aft-body model displays higher CL 

values for all three cases.  However, the fore-body’s lift values remain fairly constant from 14˚ to 

30˚ while the aft-body stalls at a 24˚ angle of attack at Re of 1.18x105 and 2.4x105, and around 

26˚ at Re of 3.6x105.   
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a. Re = 1.18x105  

 
b.  Re = 2.4x105  

 

c.  Re = 3.6x105  

Fig  14. Comparison of lift coefficient vs angle of attack of aft- and fore-BWB models at 
varying Re. 
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3.2 Drag Coefficient 

 

The aft-body model exhibits higher lift values, but this is only one factor in determining the 

optimal blended-wing-body configuration.  Drag is another important parameter, and unlike lift 

where maximum values are considered, the points of minimum drag are of interest.  A 

comparison of how each model performed at 10, 20 and 30 m/s are provided in Fig. 15.  In both 

the fore- and aft-body cases, the CD values at 10 m/s are higher than at the other speeds.  The CD 

values at 20 and 30 m/s remain minimal from 0˚ to 14˚ before sharply increasing. 

 

 
a.  Fore-body model 

 

 
b.  Aft-body model 

Fig  15. Drag curves of the fore- and aft-BWB models. 
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 Figures 16a.-c. compare the CD values of the fore- and aft-bodies at the different Re flow.  

At Re of 2.4x105, and 3.6x105, the drag values of the fore-body are less than the aft-body model, 

except for CD min for the fore-body at the largest flow speed at an angle of attack of 0˚.  The CD min 

values are 0.0229 for the aft-body, and 0.0189 for the fore-body at Re of 2.4x105, and 0.0167 and 

0.0172 at Re of 3.6x105. For Re of 1.18x105, the values of CD are almost similar up to an angle 

of attack of 18˚.  The aft-body model has a CD min of 0.0266, and the fore-body is 0.025. 
 

 
a. Re = 1.18x105 

 

 
b. Re = 2.4x105 
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c. Re = 3.6x105 

Fig  16. Comparison of drag coefficient vs angle of attack of aft- and fore-BWB models at 
varying Re. 

 

3.3 Stability and Aerodynamic Efficiency for Long Range Flight 

 

For a flying wing aircraft, particularly with a VTOL UAV, it is undesirable to have too much 

negative, or nose down, pitching moment about the aerodynamic center. Due to the lack of a tail, 

it becomes increasingly difficult to compensate for the downward pitch, making the craft 

unstable.  The CM values of the BWB models are given in Fig. 17 for 10, 20 and 30 m/s. The 

fore-body model has a region of positive moment from about 12˚ to 23˚ at 10 m/s, 13˚ to 25˚ at 

20 m/s, and 16˚ to 23˚ at 30 m/s.  As can be seen in Fig. 21a, the pitching moment is just above 

or below zero.  For the aft-body model, CM is mostly negative for all three speeds. 
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a.  Fore-BWB model 

 
b. Aft-BWB model 

Fig  17. Pitch moments of Aft- and Fore-BWB models. 

 

 Figures 18a.-c. provide a side-by-side comparison of the pitching moments at each Reynold’s 

number.  As can be seen from the figures, the pitching moments of the aft-body are consistently 

negative.  From a stability viewpoint, the fore-body configuration is advantageous. Since the 

moment arm from the elevon control surface to the center of gravity of the UAV is usually 

relatively short, the elevon cannot compensate for the nose down tendency unless excessive, 

drag-producing elevon deflection is used.   
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a. Re = 1.18x105 

 

 
b. Re = 2.4x105 
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c. Re = 3.6x105 

Fig  18. Comparison of moment coefficient vs angle of attack of aft- and fore-BWB models 
at varying Re. 

 

The lift-to-drag ratios are important parameters in determining the performance of each BWB 

configuration.  Higher CL/CD correlates to better efficiency during flight.  For the BWB VTOL 

UAV, a long range of flight is desirable, so the angle of attack where CL/CD is maximized is of 

interest. From Fig. 19, for both the fore- and aft-body models, CL/CD values are much lower at 10 

m/s than the other cases.  In the case of the fore-body, at 20 and 30 m/s, the CL/CD are similar.  

For the aft-body, CL/CD values improve at higher speeds, which means that this configuration 

becomes more efficient at higher speeds than lower. The fore-body configuration is more 

advantageous because the same CL/CD is obtained at lower speeds, which can provide better 

range for the UAV since less thrust is required to fly at conditions where the lift is maximized 

and drag is minimal. 
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a.  Fore-BWB model 

 

 
b. Aft-BWB model 

Fig  19. Lift-to-Drag Ratios of Aft- and Fore-Body models. 

 

A comparison of the fore- and aft-body configurations are made in Fig. 20a.-c.  At Re = 

1.18x105, the CL/CD values of the fore- and aft-body are very similar.  However, CL/CD max, which 

is at an angle of attack of 4˚ for both models, is slightly larger for the fore-body model.  For Re = 

2.4x105, the fore-body configuration has better CL/CD, but at Re of 3.6x105, from 0˚ to 8˚ the aft-

body has higher values.   
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a. Re = 1.18x105 

 

 
b. Re = 2.4x105 

 



34 
 

 
c. Re = 3.6x105 

Fig  20. Comparison of lift-to-drag ratio vs angle of attack of aft- and fore-BWB models at 
varying Re. 

 

3.4 Effects of Fore-Positioned Body 
 
In the previous section, it has been determined that the fore-positioned body has better 

performance than the aft one.  In order to understand the effects of the body aerodynamics, the 

aerodynamic characteristics of just the wing are compared to the fore-body model.  Comparison 

of the lift at Re of 1.18x105, 2.4x105, and 3.6x105 are made in Fig. 21a.-c.  The fore-body model 

has slightly larger CL values at angles of attack of 0˚ to 4˚ at Re of 1.18x105, 0˚ to 10˚ at Re of 

2.4x105, and 0˚ to 8˚ at Re of 3.6x105.  It can be concluded that the body helps to produce larger 

lift at lower angles of attack.  However, at larger angles of attack, the CL values are lower.  This 

is especially seen for 𝐶𝐿𝑚𝑎𝑥 .  For the wing-only model, greater CL values are produced in 

comparison to the fore-body model.  A major effect of the body is that the maximum lift values 

are lower than what is produced by the wing.  However, at all three Re values, the wing stalls at 

26˚.  The addition of the body prevents stalling from occurring. 
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a. Re = 1.18x105 
 

 
b. Re = 2.4x105 
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c. Re = 3.6x105 

Fig  21. Comparison of lift coefficient vs angle of attack of the wing and fore-BWB models 
at varying Re. 

 

Figures 22a.-c. compare the drag values of the wing and fore-body models.  At Re of 

1.18x105, the drag values are similar from 0˚ to 14˚.  At higher angles of attack there is an 

increase in drag up to an angle of attack of 20˚.  For Re of 2.4x105 and 3.6x105, the drag values 

are nearly identical from 0˚ to 12˚.  These results indicate that the addition of the lift-producing 

fuselage has minimal impact on the CD at the mentioned angles of attack.  At larger angles of 

attack, the body produces more drag. 

 

 
a. Re = 1.18x105 
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b. Re = 2.4x105 

 

 
c. Re = 3.6x105 

Fig  22. Comparison of drag coefficient vs angle of attack of wing and fore-BWB models at 
varying Re. 

 

A comparison of the CM values made in Fig. 23a.-c. show the contributions of the body to the 

BWB.  At Re of 1.18x105, the CM values of the wing only model are almost all negative.  With 

the addition of the body, the moment curve is shifted up towards the positive region.  This also 

occurs at Re of 2.4x105 where the fore-positioned body helps keep the CM values around zero.  

This is a desirable effect since the BWB does not utilize a tail.  As discussed in section 3.3, too 
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much negative moment would require the constant use of control surfaces like elevons to keep 

the craft stable.    

 
a. Re = 1.18x105 

 

 
b. Re = 2.4x105 
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c. Re = 3.6x105 

Fig  23. Comparison of moment coefficient vs angle of attack of wing and fore-BWB models 
at varying Re. 

 

3.5 Summary 

 

Through wind tunnel experiments, the aerodynamic characteristics of the fore- and aft-

blended-wing-body designs were obtained.  When looking at the lift coefficients, the aft-body 

configuration had better lift at Re of 2.4x105, and 3.6x105.  Despite having lower CL values, in 

comparison with the aft-body model, the fore-body model does not show typical stall behavior.  

Instead, the lift values remain constant.  The drag coefficient values of the fore-body model were 

also lower.  In terms of stability, the fore-body also performed better due to the aft-body having 

mainly negative pitching moment coefficients.  This is important because it means the UAV 

would need to constantly utilize elevons to counter the tendency to nose-down.  A look at the 

lift-to-drag ratios of both body configurations shows that the fore-body configuration has better 

CL/CD values at Re of 2.4x105, while also doing slightly better than the aft-body at Re of 
1.18x105.  However, at Re of 3.6x105, the aft-body had better values for CL/CD max.  In both 

configurations, the stability and efficiency suffer at low Re.  Both configurations experience 

larger magnitudes of pitch down moments from angles of attack of 0˚ to 4˚, as well as lower 

CL/CD values. 
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 From these results, it can be said that the fore-body model has better stability since it does 

not require excessive use of control surfaces, such as elevons, to keep the craft level.  Also, the 

fore-body model has generally higher CL/CD max values, which is important when trying to create 

a UAV with a long range of flight.  Unlike the aft-body model, these values are achieved at a Re 
of 2.4x105 and maintained at Re of 3.6x105.  Another benefit of the fore-body design is larger 

room available inside the fuselage in front of the aerodynamic center.  

An analysis of the body contributions of the fore-BWB shows a slight increase in lift at small 

angles of attack.  At larger angles, the body causes higher drag than seen with the wing segment.  

However, an advantage to the lifting body is, that while the wing stalls at a 26˚ angle of attack, 

the addition of the body results in constant CL values.  An additional effect of the fuselage to the 

aerodynamics of the fore-body configuration is better stability, in terms of pitching moment.  

The CM values of the wing-only model are more negative than positive at Re of 1.18x105 and 

2.4x105.  The addition of a fore-positioned body results in better stability, as discussed earlier. 

 

4. Propulsive Characteristics of Distributed Propulsion 

4.1 Single Motor Tests 
 

As discussed in section 2, in order to understand the ground effects of ducted propellers in a 

blended-wing-body UAV, a pre-existing UAV is utilized.  From the thrust data obtained using 

the RCbenchmark, the CT values were calculated and plotted for each motor running separately.  

CT is defined as 

𝐶𝑇 =
𝑇

𝜌𝑛2𝐷4  

Figure 24 shows the resulting CT values of Motor 1 at various heights given in terms of duct 

diameter, which one duct diameter is given as 5 inches.  The closer the UAV is to the ground 

there is a slight increase in the CT values.  The values at a height of 2 and 3 duct diameters are 

similar to each other, and lower than at a height of 1D.   This indicates that by a height of 2D, the 

ground effects are negligible.  In all three cases, an increase in motor RPM corresponds to an 

increase in the thrust coefficient.  
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Fig  24. Thrust coefficient variations with RPM in Motor 1 for three values of distance 

from propeller disk to ground. 

 
 For the case of Motor 2, the CT values at heights of 2D and 3D are higher in comparison to 

the 1D case.   This is opposite of what is seen with Motor 1.  At the larger heights, the thrust 

coefficient values are similar to each other, which also indicate that at these heights, there is no 

longer an effect due to the ground.  Unlike Motor 1, which had better CT values closer to the 

ground, Motor 2 experiences loss in thrust due to the ground.   

  
Fig  25. Thrust coefficient variations with RPM in Motor 2 for three values of distance 

from propeller disk to ground. 
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For motor 3, the UAV at 1 duct diameter leads to lower CT than at height of 2 and 3 duct 

diameters.  As seen in the previous motor tests, the values of CT at positions of 2D and 3D are 

much closer together than at the lower position.  This is keeping up with the trend that at the 

larger distances, there is no discernable impact on the performance of each motor due to the 

ground.  However, at a distance of 1D, unfavorable ground effects are observed through the loss 

of thrust. At a height of 2D and 3D, the thrust coefficient decreases with an increase of RPM, 

while at a height of 1D these values increase.  

 

 
Fig  26. Thrust coefficient variations with RPM in Motor 3 for three values of distance 

from propeller disk to ground. 

 
Based off Figure 27, it is seen that Motor 4 does not exhibit a similar behavior as the other 

three motors.  The CT values at heights of 1D and 2D are similar to each other, while at a height 

of 3D these values are lower. At a height of 3D, CT slightly increases with RPM, and at 1D and 

2D, they slowly decrease.   

0

0.02

0.04

0.06

0.08

0.1

0.12

6000 8000 10000 12000 14000 16000 18000

C T

RPM

H = 1D

H = 2D

H = 3D



43 
 

 
Fig  27. Thrust coefficient variations with RPM in Motor 4 for three values of distance 

from propeller disk to ground. 

 

4.2 Tests with Two Motors 

 
The outcome of the single rotor tests provides a baseline necessary to analyze when more 

than one motor is being used. From the individual thrust analysis, conclusions can be drawn to 

determine the performance of the motors working side-by-side.   

 

4.2.1. Motors 1 and 2 

 

Figure 28 provides the thrust values at heights of 1,2, and 3 duct diameters for when Motors 

1 and 2 are running simultaneously.   Demonstrated below, the thrust at these heights are nearly 

identical.  However, at a higher current supplied to the motors, the thrust is slightly higher at a 

height of 1D.  To better understand the performance of these two motors, the RPMs of both 

motors are obtained and compared.  Table 5 gives the RPM data of each motor at a height of 1 

duct diameter.   It can be seen that the RPM of each motor is nearly identical, with Motor 1 just 

barely having a larger RPM.  The RPM remains constant at a height of 2D and 3D since the 

voltage and current are kept the same for each test.  
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Fig  28. Total thrust from Motors 1 and 2 at three heights from the ground. 

 

Table 5. RPM data of Motors 1 and 2 at 1 Diameter Height 

Current, A Motor 1 RPM Motor 2 RPM 

0.5174 4115 4075 

1.0360 6005 5960 

1.5371 7320 7280 

2.0339 8285 8220 

2.4841 9075 9005 

2.9912 9840 9755 

3.5374 10520 10450 

4.0302 11055 11005 

4.5273 11630 11525 

4.9515 12055 11985 
 
 
Table 6 displays the RPM of Motors 1 and 2 from the individual tests described in section 4.1.  

When comparing these values with the ones from Table 5, it can be seen that the RPM values of 

each motor running simultaneously nearly correspond to the values at half the current supplied to 

each individual motor.  This means that roughly half the total current is going to each motor, 

since the motors are connected in parallel to each other.  
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Table 6. RPM Data of Motor 1 and 2 at 1 Diameter Height from Individual Motor tests 

 

Current, A Motor 1 RPM Motor 2 RPM 

1 7850 7910 
1.5 9730 9670 
2 10865 10960 

2.5 11965 11945 
3 12800 12925 

3.5 13560 13710 
4 14265 14525 

4.5 14830 15120 
5 15520 15705 

 
 
Figure 29 compares the thrust from the dual rotor test with the combined thrust from the 

single rotor tests.  Since the current and voltage used were nearly identical, and the RPM values 

were close, an expected thrust can be obtained from adding the thrust of Motor 1 and 2 from the 

individual tests.   From Fig. 43a it is clear that there is an increase in thrust when both motors are 

running at the same time.  This is also observed at a height of 3 duct diameters. A conclusion can 

be drawn that using these two motors together, and their close proximity to each other, creates an 

improvement in the thrust since the measured thrust was either the same or higher than what is 

expected when simply adding the thrusts of the two motors together.     
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a. Height = 1D 

 

 
b. Height = 2D 
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c. Height = 3D 

 
Fig  29. Comparison of total thrust from motor 1 and 2 combined vs sum of individual 

thrust. 

 

4.2.2. Motors 1 and 4 

 
A comparison of the thrust for when Motors 1 and 4 are running shows similar thrust values 

at different heights from the ground.  This indicates that ground effects do not impact the thrust 

when these two motors are running.   

 
Fig  30. Total thrust from Motors 1 and 4 at three values of distance from the ground. 
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A look at the expected thrust values obtained from the individual rotor tests and the 

experimental results from the dual rotor test show that at the various heights, these two values 

are close to each other.  This indicates there are no losses due to the rotors interacting with each 

other.   

 

a. Height = 1D 

 
b. Height = 2D 
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c. Height = 3D 

Fig  31. Comparison of total thrust from Motors 1 and 4 combined vs sum of individual 
thrust. 

 
4.2.3. Motors 2 and 4 

 
The thrust curves for motors 2 and 4 show slightly higher thrust values at a height of 2 duct 

diameters.  At a height of 3D, the thrust values are a bit higher in comparison to the other 

heights. The loss in lift at 1D in comparison to a height of 3D indicates that there are adverse 

ground effects due to the jets from the two motors.   

 
Fig  32. Total thrust from Motors 2 and 4 at three values of distance from the ground. 
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When comparing the thrust curves of the motors working in combination and the thrust curves 

obtained from adding the thrusts of the individual motors, the curves at a height of 1D are similar 

in value.  At 2D and 3D, the values of the thrust end up being lower than the expected results. 

This loss in thrust reveals unfavorable interactions of the two rotors when further away from the 

ground.  
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c. Height = 3D 

Fig  33. Comparison of total thrust from Motor 2 and 4 combined vs sum of individual 
thrust. 

 

4.3 Four Motor Test Results 
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Fig  34. Total thrust from all motors at three values of distance from the ground. 

 
Figures 35a.-c. compares the expected thrust values obtained by summing the thrust data 

from the individual motors with the ones obtained from running all four motors simultaneously.  

In Fig. 35a. and c., the thrust values are much greater than what is expected.  This is a clear 

indicator that there are favorable jet interactions present.  Due to the close proximity of the 

motors with each other, the resulting jets from each motor will have an effect on the surrounding 

jets. In the case of the height of 1D and 3D, these interactions have a positive effect.  At a height 

of 2D, the expected and experimental results are close to each other.  This means that there is 

neither a positive nor negative impact of having the ducted propellers close to each other.   
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b. Height = 1D 
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c. Height = 3D 

 
Fig  35. Comparison of total thrust from all motors combined vs sum of individual thrust at 

varying heights from the ground. 

 

4.4 Summary 

 

During vertical takeoff and landing, a VTOL UAV can experience either positive or negative 

ground effects.  From thrust results obtained at 1, 2, and 3 duct diameters, the change in thrust 

was found due to the changing position of the VTOL UAV, and conclusions were drawn for the 

interactions of the jets between each other. 

Tests on individual motors provided insight on the thrust of each motor at the three different 
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the ground increased, indicating favorable ground effects.  In the case of Motor 2 and 3, 

however, at a height of 1D, the CT values were lower in comparison to 2D and 3D.  This is an 

indicator of adverse ground effects that could be attributed to the motors being situated more in 

the body in comparison to Motor 1.  Motor 4, however, showed improved CT values when the 

UAV was closer to the ground.  With it being situated across from Motor 2, similar results were 

expected.  However, this is not the case.  A possibility for the discrepancy could be due to the 

doors that cover the ducts during horizontal flight not being opened out equally.  More testing is 

required in order to confirm this.    
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Experimental results from running two motors simultaneously help with understanding the 

interactions of the jets between the motors and how ground effects change when two jets are 

present.  When Motors 1 and 2 were run together, the thrust values at the three different heights 

were roughly the same, suggesting there are neither adverse nor favorable ground effects present.  

A comparison of the thrust at each height with the thrust expected when adding the thrust of the 

individual motors together show that heights of 2D and 3D have similar values.  At a height of 

1D, however, the values of the thrust of the motors running together are higher than the sum of 

the thrust of the individual motors.  This indicates that when the UAV is close to the ground, the 

pressure underneath the craft increases, improving the thrust.  For Motors 1 and 4, the thrust at 

the three heights are similar.  For the most part these thrust values match up closely with 

summed individual motor thrusts.  There is negligible improvement seen at 3D.  Motors 2 and 4 

had similar thrust values at heights of 1D and 3D, but slightly lower thrust values at 2D.  A 

comparison of the thrust of the motors working together with the sum of the thrusts of the 

individual motors shows lower values at 2D and 3D.  This indicates that at larger distances from 

the ground, the UAV experiences unfavorable jet interactions. 

When running all four motors at once, better thrust values are observed at a height of 1D, in 

comparison to heights of 2D and 3D.  This indicates that there are favorable ground effects 

experienced by the UAV.  At 2D and 3D, since the lift values are lower than at 1D and close to 

each other, it can be concluded that there are no longer effects due to the ground.  When 

comparing these thrust values with the sum of the thrust from the single motor data, there are 

clear improvements in thrust at 1D and 3D.  This indicates that there are favorable jet 

interactions between each motor.  However, at 2D, this is not the case at current values of 3 amps 

and higher.  This may suggest an error in the measurements obtained at this height and will 

require further tests to determine the complication of data.  

 

5. Conclusions 

For this thesis, research was done on a blended-wing-body VTOL UAV to understand the 

importance of the shape of the planform on the aerodynamic performance, and to understand the 

interactions of the distributed propulsion system used for VTOL and hover.   
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Wind tunnel tests were performed on fore- and aft-BWB models to determine the 

aerodynamic forces experienced by each of these configurations.  By varying the angle of attack 

from 0˚-30˚, the lift, drag, and moment coefficients were found at Re flows of 1.18x105, 2.4x105, 

and 3.6x105 at angles of attack of 0˚-30˚.  From the CL and CD values, the lift-to-drag ratios were 

determined at each Re. These set of experiments provided insight on the best configuration 

needed when designing and building a VTOL UAV with long-range capabilities.   From these set 

of experiments, it was concluded that a fore-positioned body was more beneficial in terms of 

stability and efficiency. 

To better understand the contributions of the fore-positioned body on the BWB, additional 

wind tunnel tests were conducted on a model of just the wing.  The resulting lift, drag, and 

pitching moments were then compared with those obtained for the fore-body model.   As 

expected, the addition of a lift-generating fuselage did improve the lift values, but there was also 

an increase in drag due to the body.  However, another benefit of the body is better stability in 

terms of the pitching moment. 

Since the VTOL UAV utilizes ducted propellers submerged within the body, an analysis 

needs to be done on the ground effects experienced during takeoff and landing.  In order to do 

this, a pre-existing VTOL UAV, created in a design class at the University of Arizona, was 

utilized.  A test rig was created where the UAV was attached to the thrust stand and 

dynamometer, RCbenchmark, and suspended from the ground at heights of 1, 2, and 3 duct 

diameters, with 1 duct diameter being 5 inches in diameter.  Single motor tests provided insight 

into the behavior of each motor when closer to the ground or far away. The motor located at the 

nose of the craft experienced favorable ground effects, while a loss of thrust was typically seen 

from the motors submerged more in the center of the body.    

Experiments with two motors running helped with understanding the interactions of the jets 

of each motor.  The distance from the ground showed only slight changes in thrust.  However, a 

comparison of the thrusts of these tests with the sum of the individual thrust obtained from the 

single motor tests showed some improvement in thrust for Motors 1 and 2, no improvement for 

Motors 1 and 4, and a drop in thrust for Motors 2 and 4.  An increase of thrust indicates positive 

interactions between the jets, while a decrease strongly indicates unfavorable jet interactions. 

The final set of experiments were done with all four motors running simultaneously.  A slight 

increase in lift is seen when the UAV is close to the ground, indicating favorable ground effects.  
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A comparison of these thrust values with the summed thrust values from the individual motor 

data show a general increase in thrust.  This suggests that there is a favorable interaction between 

the jets of each motor. 
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