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Abstract: In this work, IIUM’s first free wing unmanned aerial vehicle model (IIUM-FWUAV) was
designed, fabricated, tested and investigated experimentally. In constructing the aerial vehicle, the
initial weight was estimated and the wing size, fuselage size and aerodynamic forces were determined,
after which optimization was carried out. The experimental work was conducted in IIUM low speed
closed circuit wind tunnel. The effects of angle of attack and Reynolds number were examined and
discussed. Foam, fiber glass, carbon fiber, wood, aluminum and steel were the main materials used
to build the experimental model. The experimental data is presented in terms of pressure coefficient
distribution, flow visualization, lift and drag coefficient. The effect of angle of attack and Reynolds
numbers were studied. The experimental results showed that for free wing UAV the distribution of
pressure coefficients behaves differently compared to the fixed wing UAV. The results also showed
that the use of free wing configuration can delay flow separation.

Key words: UAV; Free Wing; Design; Fabrication; Flight Testing, wind tunnel testing, pressure,
aerodynamics forces

Nomenclature:

CD = drag Coefficient
CL = lift coefficient
c = chord length (m)
L/D = lift to drag ratio
Rec = Reynolds number based on chord
x = streamwise coordinate (m)
y = span wise coordinate (m)
α = angle of attack (°)

INTRODUCTION

The concept of free wing was first initiated by George A. Spratt in the early 1900’s. Along with his
colleague Octave Chanute, Spratt developed the ‘Spratt 108’ control wing (Brenning et al., 2008;
http://www.maam.org/aircraft/spratt.htm, 2008). Unlike the conventional aircrafts, the control wing has pivoted
wings, allowing them to float freely in pitch during flights. The left and right wings could also be moved
independently from each other, allowing for lateral and directional control without ailerons (Brenning et al.,
2008; http://www.maam.org/aircraft/spratt.htm, 2008). After Spratt’s death in the 1930’s, his son, George G.
Spratt continued to pursue his father’s interest and developed a flying boat version of the control wing in the
1950’s and even offered it to homebuilders for sale. Subsequent developments of the free wing concept after
the ‘Control Wing’ are almost unheard of until the early 1980’s when the company free-wing Technologies
developed and flew a series of manned free wing aircrafts called the Free-bird series
(http://www.freewing.com/, 2008). Towards the end of the 80’s, the company built and tested several models
using thrust vectoring systems, enabling the free wing models to perform short takeoff and landing (STOL).
Recently, the company took the STOL concept further by developing the ‘Free-wing Spirit’. The Spirit installs
a movable co-axial rotors system where the rotors would also move freely in pitch and allows the aircraft to
perform ver t ica l  takeoff  and landing (VTOL) (h t tp : / /www.freewing.com/,  2008;

Corresponding Author: Ashraf Ali Omar, International Islamic University Malaysia/ Mechanical Engineering, Kuala
Lumpur, Malaysia.
E-mail: aao@iiu.edu.my

381



Aust. J. Basic & Appl. Sci., 5(6): 381-389, 2011

h t t p : / / p e o p l e . b a t h . a c . u k / e n s m j c / N o t e s / m e c h 0 0 4 1 - 2 ;
http://ocw.mit.edu/NR/rdonlyres/Aeronautics-and-Astronautics/16-333Fall-2004/10151893-C88B-4807-8E4B-7
C8829FC5922/0/ lecture_9 2008;  ht tp: / /www.auf .asn.au/groundschool /umodule7,  2008;
http://www.maam.org/aircraft/spratt.htm, 2008).

The main objectives of this work are to develop remote controlled aerial vehicle based on free wing
concept and conduct wind tunnel testing to predict the aerodynamic performance of the developed UAV. The
effect of the angle of attack and Reynolds number on the free wing performance is also examined.

Iium Free Wing Uav:
Design:
Airfoil Selection:

A list of NACA airfoils was shortlisted in order to minimize the range of airfoils. Only airfoils with
thickness to chord ratio of 12% to 15% were considered. To determine the best airfoil for the IIUM FW-UAV,
each airfoil’s maximum lift to drag ratio was calculated. Based on the lift to drag ratio and airfoil geometry,
NACA 64(2)–415 airfoil was selected for the wing section and NACA 0012 for the tail section.

Sizing from Conceptual Sketch:
The primary mission profile of the IIUM-FWUAV is to undergo 3 km range, 30 min endurance, cruise

altitude of 305 m, cruising velocity Vcruise of 77 km/h and stall velocity of 33 km/h. After the mission profile
of the IIUM-FWUAV was determined, the design takeoff gross weight, W0 was estimated using fraction weight
method (Raymer, 1991; Roskam, 2003; Stinton, 2001) and found to be 6.8 kg.

Wing Loading:
The wing loading required for stall, climb, takeoff and landing mission segments were estimated. To ensure

that the wing provides enough lift in all circumstances, the lowest estimated wing loading was selected to be
the design wing loading. The lowest wing loading was found to be 8 kg/m2.

Configuration Layout and Sizing:
Design for the free wing UAV (figure 2) requires the wing to pivot about the fuselage. In order to achieve

this, it was proposed that a shaft, mounted through the fuselage into the wing, must be used to rotate the wing.
To avoid high turning over angle of the wing, the wing rotational angles were limited to a certain range. This
could be done by fixing the shaft to a bearing, as shown in Fig. 2

Fig. 1: Model Dimension Fig. 2: L Shaft and bearing system 

Sizing of the Wing, Fuselage and Tail:
The wing has a rectangular platform and a mid-wing type arrangement with respect to the fuselage. The

wing platform area of 0.065 m2 was obtained and wing span and chord were estimated at 2.8 m and 0.377
m, respectively. The fuselage maximum length and diameter were estimated at 1.94 m and 0.5 m, respectively.
The horizontal tail dimensions were calculated and found to be 1.2 m for tail arm, 0.212 m2 for the area, 0.311
m for the span and 0.215 for the averaged chord. For vertical tail, the dimensions were estimated as 1.2 m
for the arm, 0.135 m2 for the area, 0.0635 m for the span and 0.195 for the averaged chord.
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Optimization and Modification of the Design:
Several problems were encountered during the fabrication and testing, which were overcome by building

the designed FW-UAV on a smaller scale (less than 1 kg). One of the most important problems faced was
related to the total designed weight of the aircraft which had exceeded the legal weight set by Division of Civil
Aviation of Malaysia (DCA) for RC aerial vehicle. In addition, the building of a smaller UAV reduced the
cost and construction time.

Estimation of the Drag:
The parasite drag was estimated for the optimized FW-UAV, the estimation was based on the components

build up method (Raymer, 1991; Roskam, 2003). Two types of wing drag were considered, parasite drag and
induced drag. The wing drag was added to other components drag (fuselage, tail, gear, and etc.) to obtain the
total  parasite drag coefficients of the IIUM-FWUAV. The induced drag was also estimated for the wing to 

complete the drag polar relation, which was found to be                         .20.0265 0.088D LC C 

Propulsion System:
An electric propulsion system employed on the UAV consists of a battery, a motor, and an electric speed

controller (ESC). The motor used is a brushless motor. The specification of the propulsion system is given in
table 1.

Construction Process:
Fuselage and Wing:

The fuselage was built using cyanoacrylate adhesive (CA) as shown in Fig 3. For the wing, the ribs were
made of balsa wood. The carbon rod was used as the rotating shaft. The shaft was placed at 15% of the chord.
The rod also acts as the spar of the wing. The upper and lower parts of the ribs were covered up with thin
balsa sheet. This was to ensure that the structure of the wing to be stronger as it would also act as a spar.

Fig. 3: Fuselage Section Fig. 4: Internal Structure of Fuselage 

Fig. 5: Wing Sections, ribs and spars Fig. 6: Wing covered with Toughlon

The fuselage structure was strengthened by adding the balsa wood to the structure as shown in Fig. 4. The
balsa sheet was also used to reinforce the area whereby the carbon rod and the stopper go through.

The wing was covered by special type of material called Toughlon, shown in Fig 6. It was applied using
heat, which causes the cover to shrink and at the same time activates the adhesive backing. These
characteristics enable Toughlon to attach securely to the framework. 
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System and Landing Gear Installation:
The electrical parts are servos, battery, ESC. For servo installation, holes were made on the lower part

of the wing. The receiver and battery was installed close to the center of gravity. 

Final configuration:
The final dimensions and specifications of IIUM-FWUAV are given in Tables 2.

Table 1: Propulsion System Specifications
Battery Type Lithium Polymer

Capacity 1300mAH
No. of Cells 3

Motor Type Brushless Out-runner Motor (EMAX BL2215/20)
Current Capacity 24.5A
Dimension 0.866 x 0.590 in
Weight 0.132lb
Recommended Model Weight 0.88 - 2.42 lb
Max Thrust 2.48lb
RPM 7400

ESC Current Capacity 30A
Propeller Dimension 10x4.7 in

Table 2: IIUM FWUAV Specifications
Performance Specification SI Units
Length 1.04 m
Wing Span 1.27m
Wing area 0.323 m2

Weight 1kg approx.
Maximum Velocity 110 km/h
Cruising Velocity 77 km/h
Stall Velocity 32.9 km/h
Take off Velocity 36.2 km/h
Range 3.0 km
Maximum Altitude 304.8 m
Endurance 30mins (1800s)

Flight testing:
The developed IIUM-FEUAV was flown several times (Fig. 8) and proven to be stable. It was observed

from flying tests that the wing self-rotates to certain angle whenever there is a disturbance such as gust or
movement of control surface. Due to the new angle setting of the wing, the lift seems to increase wherever
there was a sudden increase in the altitude.

Fig. 7: IIUM FWUAV ready for Flight test Fig. 8: IIUM FWUAV during flight test

Experimental Setup:
Wind Tunnel:

A free wing UAV model as shown in figure 12 was placed in the closed loop IIUM low speed wind
tunnel. The wind tunnel test section dimensions are 2.25m (width), 1.5m (height) and 6.0m (length). The free
stream maximum velocity was set to 42 m/s where the maximum used Rec is 8.06×105. The model was scaled
down by the ratio of 1.44 from the original prototype. The geometric, kinematic and dynamic similarities were
considered during building and testing of the model (Barlow et al., 1999).
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Fig. 9: Installing the model in the wind tunnel test section

Model:
The dimensions of the testing model are shown in figure 10. Before constructing the wing and fuselage,

the general idea of the structure were sketches using the design software, CATIA P3 VSR 17 (Figures 11 and
12).

Fig. 10: Model Dimensions Fig. 11: Catia Drawing of fuselage

Fig. 12: Catia Drawing Free wing section Fig. 13: Skinning of the wing   

Fig. 14: Fibreglass fuselage and Tail Fig 15: Smoothing of Tail section 
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The wing consists of 5 ribs, one spar and 5 stringers; the ribs were built using B-grain balsa wood type.
Wood and aluminum were the main constructions material used for the wing. The fuselage was made from
the foams, fiber glass and carbon fiber. It was fabricated in three sections and the sections were glued together.
To make sure the structure of the fuselage is strong enough to withstand the testing speed, a steel beam was
used in the centre of the fuselage (Figure 14). The final product is shown in figure 9.

Tubing:
High quality tubes were installed on both surfaces of the wing. The tubes were checked for blockage

during the installation. The location of the tubes on the wing surfaces is shown in figure 16. 

Fig. 16: Pressure Tuble locations

Experimental Procedures:
Experimentation was carried out at several wind tunnel speeds to obtain a relatively wide range of

Reynolds number based on chord (14, 16, 18, 20, 24, 28 m/s) at various angle of attack (-5º, 0º, 5º, 10º). This
was necessary in order to study the effect of Reynolds number and angle of attack on the aerodynamic
characteristics. Six components balance was used to measure the aerodynamic forces and the pressure
measurements were also recorded.

Experimental Results:
Analysis of Results of Coefficient of Pressure:

From the figures 17 & 18, it can clearly be seen that for the Reynolds number 2.498x105, at the distance
of y/c = 1.27 and y/c = 1.8, the area under the Cp upper curve, increases as the angle of attack increases. The
area under the Cp upper curve represents the lift generated by the wing. Additionally, examination of the
pressure distribution at the trailing edge of the airfoil shows pressure drop due to the separation region.
However it seems that the pressure recovered and the flow reattached. The reason for this behavior could be
the effect of the wing rotation on the trailing edge pressure distribution where the separation and stall were
expected to take place. No previous experimental study was found for the free wing configuration to validate
the present results and explain this pressure behavior.

Analysis of Results of coefficient of lift, CL and coefficient of drag, CD:
Figure 19(a) shows coefficient of lift in respect to changes in the Reynolds number. It is seen that the lift

increases when the angle of attack increases. Two of the studied Reynolds numbers, 2.85x105 and 3.56x105

have the positive coefficient of lift as the angle of attack increases. For Re = 4.282x105 and 4.95x105, the
negative coefficient of lift region increases as angle of attack increases. This is probably due to over rotation
of free wing under these two Reynolds numbers. Furthermore, the lift coefficient curve is not linear with angle
of attack and the trend of the curve is different than fixed wing curve trend.
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(a) Cp at y/c=1.27 and α= -5º                                 (b) Cp at y/c=1.27 and α= 0º

(c) Cp at y/c=1.27 and α = 5º                                  (d) Cp at y/c=1.27 and α = 10º

Fig. 17: Distribution of pressure coefficient at Re=2.498x105 (y/c=1.27, α= -5º, 0º, 5º, 10º)

(a) Cp at y/c=1.8 and α= -5º (b) Cp at y/c=1.8 and α= 0º
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(c) Cp at y/c=1.8 and α = 5º (d) Cp at y/c=1.8 and α = 10º

Fig. 18: Distribution of pressure coefficient at Re=2.498x105 (y/c=1.27, α= -5º, 0º, 5º, 10º)

(a) Coefficient of lift vs. angle of attack (b) Coefficient of drag vs. angle of attack 

Fig. 19: Coefficient of lift and Drag vs. angle of attack at various Reynolds numbers

For the coefficient of drag, figure 19(b) shows that variation of drag with respect to angle of attack. It
is known that coefficient of drag increases as the angle of attack increases. Similar trend was observed for
Reynolds numbers of 2.85x105 and 3.56x105 but the drag coefficient curves for Reynolds number 4.282x105

and 4.95x105 show different trend. This may be due to over rotation of the wing.

Conclusion:
The free wing UAV was successfully designed, fabricated and tested. During the process, several changes

had been made to ensure that the mission profile is met. In total, three flight tests were conducted which
showed that the free wing concept has its advantages and disadvantages. The advantages include: smoother
flight, weight could be placed anywhere in the fuselage, short take off distance, and stall is controlled

The wind tunnel testing of the free wing UAV was also performed to study the aerodynamics
characteristics. The pressure coefficient distribution graphs show the important characteristics of the free wing
configuration where no flow separation was observed. Results for the coefficient of lift, CL and coefficient of
drag, CD were also obtained using the six components balance. The coefficient of lift increases as the angle
of attack increases and the trend seen is different as compared to fixed wings. No flow separation region was
observed for all studied Reynolds numbers and angle of attacks. 
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