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Abstract

The aerodynamic characteristics of blended-wing-body (BWB) unmanned aerial vehicle (UAV) with vertical takeoff
and landing capabilities (VTOL) were investigated in the present study. A novel layout of the UAV enables hovering
and VTOL capabilities like multi-copters and cruise flight efficiency similar to fixed-wing aircraft. The advantages of
the BWB concept are the generation of the lift by the entire airframe and reduction of the form drag in the wing-
body attachment. In addition, a system of four propellers is entirely submerged within the fuselage generating a
major portion of the thrust force during VTOL phase of the flight. Two tilting propellers installed at the wingtips
produce thrust forces during both horizontal flight and VTOL.

Wind tunnel experiments were performed on two BWB models with fore- and aft-body planform shapes. The results
indicate a better stability and aerodynamic efficiency for long-range flights of the fore-body. The lift-to-drag ratio
significantly decreases with a Reynolds number decrease.

Effects of ground proximity and interactions in the system of propellers were also studied. The thrust force was
measured with different number of propellers running and varied heights above the ground. Results showed
favorable ground effects and positive interactions of propellers in the system. Results show an increase of thrust due
from both positive interactions of closely spaced propellers, and ground effects. This is attributed to a fountain effect,
in which the propellers slipstreams’ interaction increases the pressure between the aircraft body and the ground.

conflicting requirements create challenges when designing
effective aerial vehicles.

Nomenclature

a: Angle of Attack [°]; D: Nominal Propeller Diameter [cm];
D,: Inner Diameter of Duct [cm]; D,: Diameter of Individual
Propeller [cm]; C_: Drag Coefficient; C: Lift Coefficient; C,:

Reports [1-3] provide technical specifications of more
than 200 aerial vehicles including those that are capable of

Pitching Moment Coefficient about Aerodynamic Center; C/
C,: Lift-to-drag Ratio; C,: Thrust Coefficient; H: Height of Rotor
above the Ground; n: Rotor Spinning Rate, RPM/60 [rev/s] ;
Re: Reynolds Number Corresponding to Mean Aerodynamic
Chord; RPM: Revolutions Per Minute; A: Tip-to-blade Clear-
ance [%]

Introduction

Unmanned aerial vehicles are effective platforms to carry
sensors and cameras necessary for surveillance and recon-
naissance missions. Relatively small size, low visual and noise
signatures, and high maneuverability make them advanta-
geous over manned aircraft. An added benefit is their low-
cost manufacturing, maintenance, and storage.

The most challenging UAV missions contain require-
ments for a vertical takeoff and landing, hover, and long-
range flight. However, the requirement for VTOL and the
need for a long-range cruise are contradictory since VTOL
relies on the propulsion only, while a long-range flight
requires aerodynamic efficiency of the fixed wing. These

vertical takeoff and landing. Since a lightweight craft is de-
sired, only aircraft with a takeoff weight of 7-14 kg are looked
at. From these previous projects, several concepts have been
identified: Fixed-wing aircraft, helicopters, multi-rotor vehi-
cles, and tilting ducted rotors.

The fixed-wing aircraft are capable of efficient level flight
operations. Many of the vehicles are equipped with devices
for assisted takeoff including hand or bungee launching.

Helicopters are another option, when it comes to
meeting the requirements for unmanned missions. How-

*Corresponding author: Sergey Shkarayev, Professor, Depart-
ment of Aerospace and Mechanical Engineering. AIAA Senior
Member, University of Arizona, Tucson, AZ, 85721, USA

Accepted: January 18, 2020
Published online: January 20, 2020

Citation: Footohi P, Bouskela A, Shkarayev S (2020) Aerodynamic
Characteristics of the Blended-Wing-Body VTOL UAV. J Aerosp
Eng Mech 4(1):187-200

Copyright: © 2020 Footohi P, et al. This is an open-access article distributed under the terms
of the Creative Commons Attribution License, which permits unrestricted use, distribution, and
reproduction in any medium, provided the original author and source are credited.

b SCHOLARS.DIRECT

Open Access | Page 187 |



Citation: Footohi P, Bouskela A, Shkarayev S (2020) Aerodynamic Characteristics of the Blended-Wing-Body VTOL UAV. J Aerosp Eng Mech

4(1):187-200

ever, 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].

It appeared that scale effects of the electric propulsion
efficiency are minor, so several small propellers may have
about the same propulsion efficiency as a large one. The
use of multiple rotors for UAVs has become increasingly
popular due to their high maneuverability and reliable per-
formance. Various radio-controlled multi-copters are cur-
rently available on the market, and their affordable price
makes them desirable.

Aircraft with tilting rotors [6,7] present a workable solu-
tion for the reduction or elimination of negative effects of the
other mentioned concepts. 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. An example of this con-
cept is the Phantom Swift VTOL UAV developed by Boeing [8]
based on the Bell Boeing V-22 Osprey. The UAV Swift utilizes
two downward facing fans embedded within the body, and
large ducted propellers at the wing tips for VTOL.

In the previous study [9], several multi-rotor configura-
tions were computationally modeled in hover and in edge-
wise flights at low Reynolds numbers. However, if a hover en-
durance is a primary design factor, then better understanding
of propeller interactions and ground effects are needed for
designing VTOL UAV.

A novel UAV layout was proposed at the University of
Arizona MAYV laboratory in 2016-2018 [10,11] combining
hovering and VTOL capabilities like multi-copters and the
cruise flight efficiency similar to fixed-wing aircraft. The
configurations of aircraft in hover and horizontal flight
are shown in Figure 1. The specifications of the proto-
type, built in 2018, are given in Table 1. The aircraft has a
blended-wing-body design with enhanced aerodynamic ef-
ficiency during cruising. A sweptback tailless configuration
improves its performance in comparison to convention-
al fixed-wing aircraft with a tail. Two tilting rotors at the
wingtips produce thrust forces in both vertical takeoff and
landing and in cruise. There are four vertical lift propel-
lers-motors submerged within the fuselage structure. They
generate a thrust during VTOL phase of the flight and are
covered by special doors in cruise allowing for a streamline
body during forward flight.

A typical flight profile for this configuration would have
the aircraft vertically takeoff. Then the aircraft will fly to a
location, loiter, and then return and land in the same loca-
tion. To achieve this, the aircraft needs to utilize the en-
tire propulsion system consisting of four vertical lift-pro-
pellers-motors and two tilting wingtip propellers-motors.
During takeoff, the duct doors are open, and the wing tip
propellers are in a vertical position. Central propellers and
wingtip propellers provide thrust for vertical takeoff, and
once the aircraft is at distance off the ground, the wing tip
propellers turn to a horizontal position for forward flight.
During transition flight, the duct doors begin to close, and
the central propellers switch off at cruising velocity. For
hover or landing, the doors once again open and the cen-
tral propellers turn on as the wing tip propellers turn to the
vertical configuration.

The blended-wing-body is desirable aircraft geometry
due to its favorable aerodynamic qualities. Traditional air-
craft rely solely on the wings as the only source of lift, while
the fuselage has no lift contribution. A notable feature of
BWB configuration is the lift-generating fuselage, which is
seamlessly blended with the body. Not only is the lift pro-
duced by the entire craft increased, the interference drag
is reduced, which can lead to better fuel efficiency [12,13].
Even today with the abundance of knowledge regarding
BWB aerodynamics, more research is needed, particularly
in the area of planform optimization at Reynolds numbers
pertinent to UAVs.

The use of the BWB for VTOL UAVs is also advantageous
for housing a distributed propulsion system. Housing the
propulsion system in the body helps to minimize the drag.
Ducted propellers, or shrouded rotors, are commonly used
due to their potential of improving the performance and

Table 1: Specifications of VTOL UAV [11].

Wing Airfoil Eppler 330

Lifting Body Airfoil NACA 642-015A

Wing Span 15m

Gross Takeoff Mass 2.4kg

Thrust 38.6 N (Hover) | 5 N (Cruise)

Hover Thrust Distribution | 78% Ducted Propellers | 22% Wing Pods

Battery Capacity 20000 mAh

Maximum Endurance 90 min (Cruise) | 5 min (Hover)

- ——C

Figure 1: VTOL UAV hover (left) and cruise (right) configurations [10].
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efficiency. In comparison to an open rotor, a shrouded
one can improve thrust up to 94% while maintaining the
same power consumption [14]. 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 diameter leads to an increase in the
thrust coefficient of about 20-94% when compared to an
unshrouded rotor.

Distributed propulsion systems, especially in the case of
VTOL aircraft, may pose problems near the ground. In the
case of a free propeller close to the ground, there is a de-
crease in velocity due to the slipstream spreading out. This
results in an increase in pressure that causes improvement
in thrust. For ducted propellers, however, the ground effects
are more complex. This is due to the blade angle being an im-
portant factor. Larger blade angles prompt higher disk load-
ing, which in turn leads to a loss in thrust. Lower blade angles
generate favorable ground effects, but a loss in hovering ef-
ficiency [15].

There are similar issues involving the propellers being
embedded within an airframe. With a single propeller, the
slipstream from the propeller hits the ground and accel-
erates outwards. It increases slipstream velocity causing
a decrease in static pressure, thus creating suction that
keeps the craft down. More than one propulsion source
produce slipstream interactions and fountains, increasing
the static pressure under the craft [15].

In order to better understand the aerodynamic and pro-
pulsive characteristics of the VTOL UAV with BWB, an experi-
mental research program was proposed. One part of the pro-
gram is focused on the determination of lift, drag and pitch-
ing moment coefficients of varying planform shapes with an
extended aft-positioned body with respect to the wings, and
a fore-positioned body. The second part of the research con-
centrates on the ground effects due to the utilization of a dis-
tributed propulsion system. This includes understanding the
influence of interactions of propeller slipstream produced by
propellers on the total thrust of the four-motor system.

Experimental Models and Methods

Wind tunnel testing of blended-wing-body mod-
els

Experiments were conducted in the recirculating wind
tunnel located in the Aerospace and Mechanical Engineer-
ing Department at the University of Arizona. The test sec-
tion is 0.9 m by 1.2 m, and the free stream velocity ranges
from 0.3 to 83.8 m/s. The flow qualified at the speeds used
in the present study has a turbulence level of 0.15% in the
axial direction [16,17].

The models were connected to a five-component exter-
nal balance, which measures the normal and axial forces, and
pitch, roll, and yaw moments. For this study, only the nor-
mal and axial forces and the pitching moment 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 prompt-
ed by user; and pendant mode [18]. 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
of 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. This is mainly an issue for
low Reynolds number flows since the forces applied to the
balance by the model are smaller than those at moderate to
high Reynolds numbers.

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
about 20 minutes since the DAQ software was given a maxi-
mum 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 C, at each
angle of attack were decreasing for each run. 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.

Blending
Fillet b,

0.5b,

a) Aft-Body

¢, |
7] Blending b, 0.5h,,
Fillet : b
b
b) Fore-body

Figure 2: Planforms of BWB models.

Footohi et al. Dermatol Arch 2020, 4(1):187-200

Open Access | Page 189 |



Citation: Footohi P, Bouskela A, Shkarayev S (2020) Aerodynamic Characteristics of the Blended-Wing-Body VTOL UAV. J Aerosp Eng Mech

4(1):187-200

Figure 3: Aft-BWB Model with Wind Tunnel Balance Adapter.

Figure 4: Fore-BWB Model.

For the series of tests regarding the aerodynamics of the
blended-wing-body experiments, two models were creat-
ed, one with an aft-positioned body in respect to the wings,
and the other being a fore-positioned body in respect to the
wings. The fore-body wind tunnel model is geometrically
similar to the VTOL UAV design presented in Figure 1 and is
1:1.5 scale. The aft-body model has the same wingspan, as-
pect ratio and planform area as the fore-body model. Figure 2
defines the necessary variables required for each model. The
dimensions of each model are provided in Table 2. For both
the fore- and aft-body models, the wing geometry defined by
C, C,and A, are kept the same, as well as the planform areas
of both models, S = 1,632.6 cm?. 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 Ep-
pler 330 to blend with the wing. Both the aft- and fore-body
wind tunnel models are 3D printed with PLA plastic using a
Makerbot 218 printer with a 25% infill (Figure 3 and Figure 4).

Experimental setup for thrust investigation of
ducted propellers inside airframe

Due to the close proximity of the the propellers to the
ground during takeoff, ground effects need to be taken into
consideration. Also, the fact that the central ducts are close
together may cause interactions of slipstreams generated by
propellers, when they are running simultaneously.

Four electric motors and ducted propellers were built-in
the airframe. Two clockwise and two counterclockwise rotat-

Table 2: Aft- and Fore-BWB dimensions.

Parameter Aft-Body Fore-Body
b (cm) 99.48 99.48
b,(cm) 18.63 18.63
C.(cm) 19.96 19.96
C, (cm) 6.985 6.985
b, (cm) 80.85 80.85
A, (deg) - 68.187
Az (deg) 40 40

h, (cm) 74.18 64.18
R., (cm) 8.54 0.59
R,, (cm) 4.92 17.94

Table 3: Duct and propeller dimensions.

Propeller1 Propeller2 Propeller 3 | Propeller 4
D, cm 12.85 12.89 12.82 12.98
D, cm 12.69 12.63 12.92 12.66
A % 0.65 1.02 1.25 1.25

ing GWS 5 x 4.3 (diameter 12.7 cm) propellers were used.
Propeller diameter, D, duct inner diameter, D, and tip-to-
blade clearance, A, are given in Table 3. The propellers were
driven by Tiger F40 2300Kv FPV Series brushless motors.
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Figure 5: Determination of position of propeller disk above the ground.

Figure 6: Experimental setup of VTOL UAV.

For the tests studying the effects of the ground on duct-
ed propeller performance, the craft is positioned at various
heights, H, given in terms of the nominal diameter of a pro-
peller, D. The tests are done at 1D, 2D, and 3D. The height, H,
is measured from the front motor mounting spar, which is in
line with the propeller disks of the two middle motors (Figure
5). These disks are 18.8 mm lower than the front propeller
and 10.0 mm above the rear propeller.

The 1580 series RCbenchmark thrust stand and dyna-
mometer was utilized for force measurements and current
readings. The RCbenchmark consists of 3 load cells necessary
for measuring torque and thrust, and allows for ESC manual
control [19]. The RPM data for each motor was obtained us-
ing the SHIMPO DT-2100 tachometer, and the power supply
was a VOLTEQ HY3050EX. Figure 6 shows the test setup with
the airframe suspended from the dynamometer. The height is
adjusted by positioning the horizontal bar the RCbenchmark

is attached to.

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 1-4, and their loca-
tions inside the UAV airframe are givien in Figure 7.

Aerodynamic Characteristics of BWB at Low-
to-Moderate Reynolds Numbers

Conducting experiments on the fore- and aft-BWB mod-
els led to results of the axial and normal forces, and pitching
moment applied to the balance. The axial and normal forces
must be corrected in order to obtain the lift and drag forc-
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Figure 7: Motor numbers and locations.
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Figure 8: Lift Curves of Aft- and Fore-BWB Models.

Footohi et al. Dermatol Arch 2020, 4(1):187-200

Open Access | Page 192 |




Citation: Footohi P, Bouskela A, Shkarayev S (2020) Aerodynamic Characteristics of the Blended-Wing-Body VTOL UAV. J Aerosp Eng Mech

4(1):187-200

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

S
EpV S
S
EpVS
o
EpV Sc

where the values of the mean aerodynamic chord, c, are
20.4 and 19.6 cm for the fore- and aft-body, respectively. The
pitching moment was measured about the aerodynamic cen-
ter in both fore- and aft-body models. These are located 50.8
and 40.5 cm relative to the model’s nose.

For the series of wind tunnel tests, each model was
tested at 10, 20 and 30 m/s which correspond to Re of 1.18
x 10° 2.4 x 10° and 3.6 x 10°. The effects of increasing

Reynolds number are being analyzed for each body type,
as well as a side-by-side comparison done on both models
at each Reynolds number.

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, C - the stall angle, aanm , the lift

coefficient at zero angle of attack, CL and the maximum
‘a =0

lift coefficient, CL , can be made to compare the perfor-

mance of the aft- and fore-body models. The slopes for the
lift curves are determined from 0° to 10° by using a linear
regression analysis.

The effects of changing Re on each model is shown in Fig-
ure 8. In both models, the lift slope is larger at 20 and 30 m/s
than 10 m/s and the C, values are higher compared to the 10
m/s case. However, C, 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
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Figure 9: Drag curves of the fore- and aft-BWB models.
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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
instead of seeing a decline in lift, the values remain fairly con-
stant. At 10 m/s, this occurs at 18° where the lift slope is no

both the fore- and aft-body cases, the C,values at 10 m/s are
higher than at the other speeds. The C, values at 20 and 30
m/s remain minimal from 0° to 14° before sharply increasing.

Table 4: Lift data of Aft- and Fore-BWB models.
a. Aft-Body

longer linear. This is also seen for the aft-body model. At 10 Velocity
; . ¢, Q¢ G, C C, C,
and 20 m/s, the lift slope flattens out at 14°, and at 30 m/s it @=0 Lmax 1 mas | Lmax 2 max 2 «
occurs at 16°. For both the fore- and aft-body models at 20 10m/s 0133 18° 0787 - ) 0.0441
m/s, the lift curves have two local maxima denoted as CL
max 1 20m/s 0.0986 16° 0.836 28° 0.834 0.058
and C'Lmaxz . These values, as well as other relevant coeffi- 30m/s 00617 16° 0795 |- i 0.0574
cient data, are provided in Table 4. b. Fore-body
Drag coefﬁCIent VeIOCIty CLa =0 a Lmax 1 Lmz\x 1 a Lmax 2 Lmax 2 CLa
Drag is another important parameter, and unlike lift,
where maximum values are considered, the points of mini- 10m/s 0.139 14° 0.754 | 24° 0.801 | 0.0463
mum drag are of interest. A comparison of how each model  9m/s 0130 14° 0822 24° 0.859  0.0571
erformed at 10, 20 and 30 m/s are provided in Figure 9. In
P ’ /sarep gy 30m/s 0129 16°  0.844 - - 0.0574
0.08 —e—Fore-Body 10 m/s
0.06 Fore-Body 20 nv's
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Figure 10: Pitch moments of Aft- and Fore-BWB models.
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Figure 11: Comparison of moment coefficient vs angle of attack of aft- and fore-BWB models at varying Re.

Stability and aerodynamic efficiency for long pitching moment about the aerodynamic center. Due to

range flight

the lack of a tail, it becomes increasingly difficult to com-
pensate for the downward pitch, making the craft unsta-

For a flying wing aircraft, particularly with a VTOL UAV,  ple. The C,, values of the BWB models are given in Figure
itis undesirable to have too much negative, or nose down, 10 for 10, 20 and 30 m/s. The fore-body model has a region
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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 Figure 10a), the pitching moment is just above or below
zero. For the aft-body model, C,, is mostly negative for all
three speeds.

Figure 11 provide a side-by-side comparison of the pitch-
ing moments at each Reynolds number. As can be seen from
the figures, the pitching moments of the aft-body are con-
sistently negative. From a stability viewpoint, the fore-body
configuration is advantageous, as expected. Since the mo-
ment arm from the elevon control surface to the center of
gravity of the UAV is usually relatively short, the elevon can-
not compensate for the nose down tendency unless exces-
sive, drag-producing elevon deflection is used.

The lift-to-drag ratios are important parameters in deter-
mining the performance of each BWB configuration. High-
er C/C, correlates to better efficiency during flight. For the
presented UAV concept, a long range of flight is desirable, so
the angle of attack, where CL/CD is maximized, is of interest.
From Figure 12, for both the fore- and aft-body models, C/
C, values are much lower at 10 m/s than the other cases. In
the case of the fore-body, CL/CD are increased with the speed

increase from 10 m/s to 20 m/s and remain about the same
at 30 m/s. For the aft-body, CL/CDvaIues gradually increase at
higher speeds. The fore-body configuration is more advanta-
geous at 20 m/s.

It is apparent from the presented data that the aerody-
namics suffers greatly at low speeds causing a significant de-
creases of the lift-to-drag ratio with a Reynolds number de-
crease.

Characterization of Lifting-off Propulsion

Single motor tests

Thrust force measurements were conducted on four ver-
tical lift propellers-motors that are entirely submerged within
the fuselage structure. From the thrust data obtained using
the RCbenchmark loadcell, the thrust coefficients C_were cal-
culated and plotted

T
pn’D*
Here, the spinning rate is calculated as n = RPM/60 and
the nominal propeller diameteris D =12.7 cm.

T

First, each propeller running separately was investigat-
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Figure 12: Lift-to-Drag Ratios of Aft- and Fore-Body models.
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Figure 13: Thrust coefficient variations with RPM in Propeller 1 for three values of distance from propeller disk to ground.
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Figure 14: Thrust coefficient variations with RPM in Propeller 2 for three values of distance from propeller disk to ground.
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Figure 15: Thrust coefficient variations with RPM in Propeller 3 for three values of distance from propeller disk to ground.
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ed. Figure 13 shows the resulting C, values for Propeller 1 at
values of H. The closer the propulsion to the ground there is
a notable increase in the C, values. The values at height of
2D and 3D are close to each other, and lower than that at
the height of 1D. This indicates that by the height of 2D, the
ground effects are negligible. In all three cases, an increase
in motor RPM corresponds to a slight increase in the thrust
coefficient.

For the case of Propeller 2, Figure 14 shows the C, values
at heights of 2D and 3D are lower in comparison to the 1D
case. However, unlike with Propeller 1, the differences are
less significant. At the larger heights, the thrust coefficient
values are close to each other, which also indicate that at
these heights, there is no longer ground effect.

As seen in Figure 15, for Motor 3, the airframe at a
height of 1D generates lower C_than at 2 and 3 propel-
ler diameters. As seen in the previous propeller tests, the
values of C, at positions of 2D and 3D are much closer to-
gether than at the lower position. This is keeping up with

the trend that at the larger distances, there is no discern-
able impact on the performance of each motor due to the
ground. However, at 1D, unfavorable ground effects are
observed through the loss of thrust. This can be attributed
to the fact that Propeller 3 is surrounded by larger sup-
porting structures in the aircraft fuselage in comparison
to the other propellers. Propellers 1, 2 and 4 are located
closer to the edge of the body so there is no drop of the
pressure experienced as would be expected if they were
positioned at a more central location of the fuselage.

Based on Figure 16, it is seen that Propeller 4 has similar
characteristics of Propeller 2. The C_values at all three heights
are close to each other. At a height of 3D, C,slightly increases
with RPM, and at 1D and 2D, they slowly decrease.

Test results for a system of four propellers

The thrust force was measured on four motors connect-
ed in parallel and running simultaneously. Figure 17 shows
the thrust force at the three heights above the ground. At
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Figure 16: Thrust coefficient variations with RPM in Propeller 4 for three values of distance from propeller disk to ground.
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Figure 17: Thrust force generated by system of four propellers at three values of distance from the ground.
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the height of 1D, the thrust values are greater compared to
heights of 2D and 3D. At a maximum inputted current, the
thrust force increases by 27%. The lowest thrust values are
seen when the system is positioned at 2D as compared to the

case of 3D. Obviously, favorable ground effects are produced
by the system when placed at one propeller diameter or clos-
er to the ground.
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Measured thrust forces generated by a system (com-
bination) of four propellers running simultaneously were
compared against thrust forces obtained by summing up
individual thrust forces on motors running separately. In
the case of the smallest height H = 1D (Figure 18a), mea-
sured thrust forces for the system are significantly great-
er than those obtained based on data for separately pro-
pellers running. At the input current of 5A, the thrust in
four-propeller system increases by 29%. This is a clear indi-
cator of favorable interactions of slipstreams of propellers
running simultaneously. When the airframe is placed close
to the ground, the slipstreams impinge on the ground, cre-
ating fountains causing an increase in static pressure be-
neath the craft [15]. At H = 2D (Figure 18b) and 3D (Figure
18c), the expected and experimental results are close to
each other.

Conclusions

The aerodynamic characteristics of two BWB wing mod-
els and of a system of four propellers in ground proximity
were investigated experimentally.

Fore- and aft-body BWB models were tested in the
wind tunnel at 10, 20 and 30 m/s, which correspond to the
low-to-moderate Reynolds numbers of 1.18 x 10°, 2.4 x 105,
and 3.6 x 10°. The lifts slope and the lift coefficients are high-
er at 20 and 30 m/s compared to the 10 m/s qualified as a
low Reynolds number case. However, lift coefficient values at
the zero angle of attack are much higher for both fore- and
aft- models at lower velocity. An interesting feature of the
lift curves of fore-body model is that no typical stall was ob-
served. After reaching local maxima the lift coefficients re-
main approximately constant. A lift-to-drag ratio significantly
decreases with a Reynolds number decrease.

The fore-body model exhibits a region of positive pitch-
ing moment from about 12-16° to 23-25° angle of attack.
For the aft-body model, it is mostly negative.

Thrust force measurements were conducted on four verti-
cal lift propellers-motors entirely submerged within the fuse-
lage structure of the UAV. First, thrust data was collected on
each motor-propeller running individually. These tests show
an increase in thrust for three of the four propellers distant
one propeller diameter from the ground indicating favorable
ground effects.

Thrust measurements on a system of four lift motors-pro-
pellers running simultaneously gave similar results. There is an
increase in the thrust force the of four-propeller system is lo-
cated at one propeller diameter of the ground. This result sug-
gests favorable interactions between slipstreams of multiple
propellers in a system. Moreover, a greater amount of thrust
is found in comparison to the sum of individual thrust values
of each propeller-motor. This is attributed to a fountain effect,
in which the propellers slipstreams’ interaction increases the
pressure between the aircraft body and the ground.
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