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Abstract

�is study presents computational analyses for low-drag aerodynamic design that are applied to modify a long-endurance UAV. 

EAV-2 is a test-bed for a hybrid electric power system (fuel cell and solar cell) that was developed by the Korean Aerospace 

Research Institute (KARI) for use in future long-endurance UAVs. �e computational investigation focuses on designing a wing 

with a reduced drag since this is the main contributor of the aerodynamic drag. �e airfoil and wing aspect ratio of the least 

drag are de�ned, the fuselage con�guration is modi�ed, and raked wingtips are implemented to further reduce the pro�le and 

induced drag of EAV-2. �e results indicate that the total drag was reduced by 54% relative to EAV-1, which was a small-sized 

version that was previously developed. In addition, static stabilities can be achieved in the longitudinal and lateral-directional 

by this low-drag con�guration. A long-endurance �ight test of 22 hours proves that the low-drag design for EAV-2 is e�ective 

and that the average power consumption is lower than the objective cruise power of 200 Watts.  
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Nomenclature

A = Area, m2

AR = Aspect ratio, ~ 

bW = Wing span, m

Cr = Chord length of airfoil root, m 

cd = Drag coe�. of airfoil, ~

cdmin
  = Minimum drag coe�cient of airfoil, ~

cd@cl=1 = Drag coe�. of airfoil at cl=1.0, ~

CD = Drag coe�. of aircraft, ~

CDmin
 = Minimum drag coe�cient of aircraft, ~

CD@CL=1 = Drag coe�. of aircraft at CL=1.0, ~

c.g. = Center of gravity, %

cl = Lift coe�. of airfoil, ~

clα
 = Lift curve slope of airfoil, rad-1

clmax
 = Maximum lift coe�. of airfoil, ~

CL  = Lift coe�. of aircraft, ~

CLmax
 = Maximum lift coe�. of aircraft, ~

CLα =  Lift curve slope of aircraft, rad-1

Clp =  Rolling moment coe�. with change of roll rate, 

rad-1

Clr =  Rolling moment coe�. with change of yaw 

rate, rad-1

Clβ
 =  Rolling moment coe�. with sideslip angle, rad-1

Cmα
 =  Pitching moment coe�. of aircraft with angle 

of attack, rad-1
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 =  Pitching moment coe�. with change of angle 

of attack, rad-1

Cmq
 =  Pitching moment coe�. of aircraft with pitch 

rate, rad-1

Cnq
 =  Yawing moment coe�. with change of roll rate, 

rad-1

Cnr
 =  Yawing moment coe�. with change of yaw 

rate, rad-1

Cnβ
 =  Yawing moment coe�. with sideslip angle, 

rad-1
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Cyp
 =  Side force coe�. with change of roll rate, rad-1

Cyr
 =  Side force coe�. with change of yaw rate, rad-1

Cyβ
 =  Side force coe�. with sideslip angle, rad-1

(cl/cd)max = Maximum lift to drag ration of airfoil, ~

D = Drag force, N

dt = Depth of NACA duct inlet, m

h = Altitude, m

L = Length, m

lr =  Length of curved-divergent section of NACA 

duct inlet, m

MAC = Mean aerodynamic chord

P = Power, watt

Re = Reynolds number,  

RLE = Radius of airfoil leading edge, m 

SW = Wing area, m2

T = �rust force, N

tmax = Maximum thickness of airfoil, m 

V = Velocity,  

W = Width , m

y+ = Non-dimensional wall distance,  

α = Angle of attack, deg.

αstall = Stall angle of attack, deg.

δa = Aileron de�ection angle, deg.

δe = Elevator de�ection angle, deg.

δr = Rudder de�ection angle, deg.

Г = Dihedral angle, deg.

Гeq = Equivalent dihedral angle, deg.

λ = Taper ratio,  

ηinlet = Inlet e�ciency, ~

ηmotor = Motor e�ciency, ~

ηprop = Propeller e�ciency, ~

1. Introduction

Recent environmental issues have drawn a considerable 

amount of attention to the use of eco-friendly or renewable 

power sources, such as solar/wind energy or fuel cell energy, 

and in particular, there has been a rising interest on using 

renewable sources of energy to power aircraft systems. 

Solar energy is considered to be an appropriate power 

source for long-endurance �ights since electricity can be 

recharged from solar cells during daytime �ight to power the 

aircraft during nighttime. In 2010, Zephyr, a solar-powered 

UAV, set the world endurance �ight record of 336 hours (2 

weeks) and showed the possibility of eternal �ight.1 Solar 

Impulse,2 a solar-powered manned aircraft, is planning to 

make the �rst aerial circumnavigation of the world in 2015. 

�e technologies acquired from these experimental aircraft 

will contribute to the development of unmanned aircraft 

intended for long-endurance �ight at a high altitude. High 

Altitude Long Endurance (HALE) UAVs are considered to 

be future air vehicle systems that can provide functionality 

similar to that of satellites, with relatively low operation and 

maintenance costs. 

�e Korea Aerospace Research Institute (KARI) has also 

studied renewable power systems and highly-e�ective 

aircraft con�gurations for use in future long-endurance UAV 

systems. Hybrid power systems3, 4 that implement both solar 

and fuel cell energy sources are one of the KARI’s research 

goals. Fuel cells are known to have a higher energy density 

than ordinary batteries, and KARI tested hydrogen-fuel cell 

power system in EAV-1, which is driven by a small propeller 

(L=1.7 m and Sw=0.68 m2).5, 6 EAV-2 is a larger UAV (L≈3.0 

m and Sw≈2.0 m2) that is planned to have a heavier hybrid 

power system with wider wings that can accommodate the 

installation of mono-crystalline silicon solar cells. In-�ight 

power consumption should be minimized to carry out long-

endurance �ight, and the performance objectives of EAV-2 

are to conduct cruise �ight that continues for more than 20 

hours with an average consumption of less than 200 Watts. 

�e power required for an aircraft during �ight is directly 

proportional to the total drag that the aircraft generates. 

�erefore, the design should incorporate low-drag 

modi�cations in order for EAV-2 to achieve its performance 

objectives. 

In a low-speed regime, the pro�le drag and the induced 

Table 1. Drag coe�cients of aircraft component (EAV-2b, FLUENT)

22 

 

Aircraft 
Parts 

Pressure
Drag 

Viscous
Drag 

Total
Drag 

Percentage 
(%) 

Fuselage 0.00192 0.00212 0.00404 9.8 

Horizontal 
stabilizer 

0.00012 0.00091 0.00123 3.0 

Vertical 
stabilizer 

0.00012 0.00063 0.00075 1.8 

Wing 0.02513 0.01018 0.03531 85.4 

Net 0.04133 100 
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drag are dominant for aircraft, and most of the drag is 

produced at the wings. A CFD analysis of a candidate 

con�guration for EAV-2 with a large, high aspect ratio for the 

wings suggests that wings generate 85.4% of the total aircraft 

drag, as seen in Table 1. �erefore, this study conducts a 

computational investigation to reduce drag by optimizing 

many parameters of wing design , including high-lift low-

drag airfoils, wing aspect ratio, and wingtip device to induce 

a low amount of drag. Table 1 shows that the fuselage is the 

component that generates the next largest amount of drag. 

�erefore, CFD analysis is used to evaluate three di�erent 

fuselage con�gurations in order to obtain the fuselage with 

the least amount of drag. In addition, the NACA duct inlet of 

the minimum-drag pro�le is considered for EAV-2, and an 

analysis of longitudinal and lateral-directional stabilities is 

carried out to produce the �nal con�guration. A �ight lasting 

for 22 hours was conducted to determine the results of the 

drag minimization.  

2. Computational Methodologies

2.1. Computational code and setup procedures 

In this study, we used XFOIL to analyze the aerodynamic 

characteristics of low-Reynolds airfoils.7 XFOIL is a simple, 

easily-accessible software package that can be used for 

airfoil design in a low-speed regime. Wind tunnel tests were 

carried out to capture experimental data for the airfoil,8, 9 and 

the results of the XFOIL prediction were validated for two 

airfoils with a low-Reynolds number (SD7032 and SG6043), 

as shown in Fig. 1. �e comparison in the �gure suggests 

that the aerodynamic performance calculated by XFOIL is 

quite consistent with that obtained from the wind tunnel. 

�erefore, the predictions obtained from XFOIL, which is a 

panel method code for use with simpli�ed viscous models, is 

suitable to evaluate the performance of an airfoil.

�e computational analyses were carried out using FLUENT, 

a commercial CFD software package.10 GAMBIT11 and 

T-GRID12 were respectively used as pre-processing tools for 

surface and volume mesh generation. �e non-dimensional 

wall distance was de�ned as y+<5 to obtain a proper near-

wall mesh resolution, and the height of the �rst mesh cell 

from the surface was de�ned as 2×10-4 m based on a cruise 

speed of V=12 m/s for EAV-2. A total of 12 mesh-layers 

were constructed within the boundary layer to simulate 

the viscous e�ects over the surfaces of the aircraft, and the 

total size for the structured and unstructured meshes was 

of approximately 20 million cells. Fig. 2 (a) presents an 

example of surface meshing that was studied for the EAV-2 

con�guration and a fan disk. �e boundary conditions for the 

velocity at the inlet and the pressure at outlet were applied to 

the C-type far-�eld domain shape, as shown in Fig. 2 (b). �e 

mean geometric chord length of the wing indicated that the 

Reynolds number of the free-stream �ow was Re=2.8×105. 

We used the Spalart-Allmaras turbulence model, which is 

quite popular for various technical uses given its reliability 

and quick calculation. �e turbulent intensity and turbulent 

length scale were set to 0.1 % and 0.01 m, respectively based 

on the turbulence level of the Low Speed Wind Tunnel at 

KARI. �e calculations were than carried out for the lift, drag, 

and pitching moment, and the system was monitored until 

the value of each coe�cient changed by less than 0.5%. �e 

parallel computing systems in the Aerodynamics Division 

Lab at KARI were utilized to conduct the simulations and 

computations. 

2.2. Fan disk model

EAV-2 is a propeller-driven aircraft that experiences a 

slipstream e�ect. �is slipstream e�ect can change the 

friction and pressure drag over the surface of the aircraft. 

�erefore, the rotating propeller is also simulated to ensure 

that the total drag of EAV-2 is properly estimated. �e fan 

22 

 

                                                                                 (a) Lift curve slop                                                                  (b) Drag polar

Fig. 1. Veri�cation of XFOIL results with experimental data
8, 9

 (Re=2.0×10
5
) 
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disk model was implemented as a boundary condition in 

FLUENT to simulate the e�ect of the propeller. A fan disk 

was modeled at the position of the propeller, as shown in 

Fig. 2(a), and the fan boundary condition was applied to the 

disk domain. �e pressure distribution on the fan disk was 

de�ned according to the typical radial pressure distribution 

of a two-blade propeller. �e maximum pressure occurred at 

r/R=0.75, and the accumulated pressure jump over r/R=0.5 

was 80% of the total pressure jump of the disk. No pressure 

jump was assumed for r/R=0.15 due to the diameter of the 

aircraft nose at the propeller location. �e thrust angle 

was de�ned as 2°, and the induced tangential velocity was 

calculated using performance charts for a two-bladed 

propeller.13 �e input parameters for the EAV-1 and EAV-2 

fan disk model are presented in Table 2, and the results of 

the slipstream simulation for EAV-2 are shown in Fig. 3. 

�e results of the CFD analysis were validated using �ight 

test data obtained for EAV-1.6 Fig. 4 presents a comparison 

the results from FLUENT and the �ight test in terms of the 

aerodynamic performance of EAV-1 at the same speed and 

Reynolds number. In a cruise condition at α= 5.6° and CL=0.78, 

the time-averaged in-�ight drag was CD=0.0736. However, 

the CFD analysis produces CD=0.0533, which is substantially 

under-predicated by 27.6%. �e discrepancy is reduced to 

14.4% when the additional drag from the propeller slipstream 

is more properly predicted by applying the fan-disk model 

(CD=0.0630), as shown in Fig. 4. A discrepancy of 14.4% is still 

signi�cant and is mainly due a result of the di�erences in the 

22 

 

     

                                                                 (a) Surface meshing for EAV-2 with fan disk                        (b) C-type far-�eld domain

Fig. 2. Mesh generation for CFD analysis

Table 2. Input parameters for fan disk model  

23 

 

Table 2: Input parameters for fan disk model

Inputs EAV-1 EAV-2a/b/c

Fan disk 
Diameter (m) 0.356 0.508 

Total thrust (N) 5.9 10.0 

Total pressure 
jump (Pa) 61 50 

Induced velocity 
(m/s) 5.93 3.62 
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  Fig. 3: Simulation of slipstream using fan disk model

Fig. 3.  Simulation of slipstream using fan disk model

23 

 

  

                                                                                 (a) Lift curve slop                                                                    (b) Drag polar

Fig. 4. Validation of CFD analysis for EAV-1 aerodynamic performance with �ight test data6 (FLUENT, Re=2.8×10
5
)
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�ight condition. Actual �ight involves steady-level turning 

�ight for long-endurance tests, but a steady-level �ight is 

assumed in the CFD analysis. �erefore, the discrepancy is 

further reduced to 2.3% after considering the additional drag 

from the aircraft trim and load factor for the turning �ight, as 

calculated by the aircraft design software, AAA.14 

3. Results and Discussion

3.1. Wing design for drag reduction

3.1.1. Low-Reynolds number airfoil

It is critical to minimize drag at cruise condition for long-

endurance EAV-2 �ights. �erefore, careful consideration 

and analysis should be applied to design or select an airfoil 

with the least drag. In this study, we de�ned the target lift 

coe�cient of the airfoil at cruise as cl=1.0 based on the 

design and performance parameters of EAV-2, such as a wing 

area of SW≈2.0 m2 and cruise speed of V≈12 m/s. Considering 

the low cruise speed and low air-density at a high altitude, 

the airfoil performance in the low-Reynolds number regime 

should be thoroughly assessed. �erefore, the aerodynamic 

characteristics of six typical low-Reynolds number airfoils, 

including SD7032M, SG6043, FX63-137, S1223, E61, and 

GOE15, was computationally investigated. SD7032M was 

previously used for EAV-1, and the others are known to 

be high-performance airfoils that are commonly used in 

small-scale UAVs, low-speed gliders, sailplanes, and human-

powered aircraft. SG6043, in particular, was originally 

designed for use in variable-speed wind turbines.9

�e geometrical information and the aerodynamic 

characteristics of the investigated airfoils was calculated 

using XFOIL, as shown in Figs. 5 and Table 3, respectively. 

�e Reynolds number based on the airfoil chord length is 

of about Re=2.2×105. Fig. 5 suggests that SG6043, FX63-137, 

E61, and S1223 have a stall delay and maintain a maximum 

lift within the range of the drag increase. �e amount of drag 

for SG6043, FX63-137, and E61 is relatively lower than that 

for S1223 and GOE15. In particular, SG6043 and FX63-137 

produce the minimum drag over a wide range of lift that 

covers the target lift at cruise conditions (0.8 <cl< 1.5). Table 

3 shows that the thickness ratios of SG6043, FX63-137 and 

S1223 are relatively high, and the camber that contributes 

to the increase in the maximum lift is largest for S1223. Of 

all airfoils, SD7032M shows the lowest drag due to its lower 

thickness and camber ratio, although its overall lift level is 

also the lowest. On the other hand, S1223 produces the 

highest lift and drag. �erefore, the lift to drag ratios, (cl/cd)

max, of both airfoils are similar, as shown in Table 3. However, 

the levels of (cl/cd)max for SG6043, FX63-137, and E61 are 

relatively high, and they have lower-drag levels at cruise lift 

coe�cient, indicated as cd@cl=1. Also, the aerodynamic stall 

performance of these airfoils is favorable as a result of the 

higher αstall and good stall delay characteristics, as previously 

mentioned. �e manufacturing tolerance and geometrical 

distortion are important factors for the actual performance 

of the airfoils and wings. A tiny geometrical distortion of 

the airfoil caused by a manufacturing error can result in a 

signi�cant reduction in its aerodynamic performance. A 

thin and high cambered shape for E61 may produce similar 

problems, and so this airfoil is not considered for use in EAV-

2 in spite of its excellent aerodynamic performance. �e 

potential weight increase due to structural reinforcements 

Table 3. Geometrical parameters and aerodynamic coe�cients of investigated airfoils (XFOIL, Re=2.2×10
5
)

24 

 

Airfoil 

Geometrical parameters Aerodynamic coefficients 

tmax / C 
(%) 

RLE / C 
(%) 

Camber 

(%) 
��� 

(rad-1)

�����
(~)

���������� 

(~)  
������� 

(~) 
αstall

(deg.)

SD7032M 8.5 1.6  3.1 5.32 1.29 74.5 0.0145 11 

SG6043 10.0 1.7 5.5 6.31 1.65 97.6 0.0126 17 

FX63-137 13.7 2.2 5.8 5.98 1.73 90.8 0.0147 19 

S1223 12.1 3.1 8.7 6.89 2.22 73.2 0.0174 13 

E61 5.7 1.4 6.7 7.51 1.61 112.9 0.0143 10 

GOE15 9.0 3.5 7.8 5.65 1.70 70.6 0.0199 14 
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��� ����� ���������� ������� α

Fig. 5.  Drag polar of investigated airfoils (XFOIL, Re=2.2×10
5
)
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for thin airfoils could be another disadvantage to the use of 

E61. 

Figure 6 shows the aerodynamic performance of full-

scale aircraft models equipped with SG6043 and FX63-137, 

which are airfoils that have a good stall delay characteristics 

and exhibit the least drag at cruise lift. Both airfoils were 

numerically implemented in an interim con�guration 

of EAV-2 with a wing model of AR=20 and SW=2.0m2. For 

comparison, the aircraft with SD7032M (EAV-1 airfoil) was 

also included in the analysis. �e Reynolds numbers were 

of about Re=2.8×105 according to the mean geometric-chord 

of the wing and a cruise speed of V=12 m/s. �e fan model 

for the propeller slipstream was omitted to simplify the 

simulations. �e lift curve slopes in Fig. 6(a) suggests that 

SG6043 and FX63-137 produce a considerably higher lift 

force. �e maximum lift of the SD7032M aircraft is CLmax
=1.3 

while those of the SG6043 and FX63-137 aircraft are of about 

CLmax
=1.7, with an increase of about 30%. However, SG6043 

and FX63-137 exhibit no signi�cant di�erences in terms of 

their lift characteristics. Fig. 6(b) indicates that the three 

aircraft produce similar amounts of drag (about CD=0.05) 

at CL=0.8–1.0. However, SG6043 and FX63-137 exhibit a 

relatively low drag at a higher lift range, until CL=1.4–1.6 

while the SD7032M aircraft stalls at CL=1.2. 

�e XFOIL and CFD analyses suggest that both SG6043 

and FX63-137 have excellent aerodynamic characteristics 

when applied to EAV-2. We �nally select SG6043 with a 

thicker trailing edge as an optimal airfoil for EAV-2 since it 

o�ers potential advantages in terms of its manufacturability 

when compared to FX63-137. However, a transition-

point sensitivity study showed that the drag level for both 

airfoils substantially increased under a forced transition 

condition.15 

�erefore, the surface of the EAV-2 wings should be 

completely �nished during manufacturing to prevent 

possible forced transitions from the solar cell installation.

3.1.2. Wing aspect ratio

�e induced drag of a wing is well known to depend on 

the square root of the lift and is also inversely proportional 

to wing aspect ratio. �erefore, a high-lift airfoil, such as 

SG6043, is more susceptible to an increase in the induced 

drag. Furthermore, the induced drag becomes dominant in a 

low-speed regime. �erefore, the wing aspect ratio should be 

maximized in order to minimize the induced drag of a low-

speed aircraft. 

�e e�ect of the wing aspect ratio on the drag reduction was 

also computationally examined. �ree wings with di�erent 

aspect ratios of AR=20, 15.6, and 12.5 were considered with 

the SG6043 airfoil. �e wing area of SW=2.0 m2 and taper ratio 

were �xed, and the span and root chord length were changed 

to obtain three di�erent aspect ratios, as shown in Table 4. 

�e dihedral angle, Г=4°, is applied at a 65% spanwise station 

for all wings, and the equivalent dihedral angle that e�ects 

the lateral-directional stability was calculated as Гeq=2.34° for 

all three wings.16 We simulate the wing parts by only using 

the symmetry boundary condition, and the total mesh cell 

size is of about 2.66 million. �e Reynolds number based for 

the wing with AR=20 is Re=2.8×105. 

Figure 7(a) shows the e�ect of the aspect ratio on the 

drag polars. As AR increases at the same lift level, the drag 

reduction becomes signi�cant. �e total drag for wings with 

AR=12.6, 15.6 and 20 is calculated as CD@CL=1= 0.0486, 0.0448, 

and 0.0400, respectively. �erefore, the total drag of the wing 

decreases by 18% with a 59% increase in the aspect ratio. �is 

is mainly a result of the reduction in the tip vortex strength 

that decreases the level of the induced drag. Fig. 7(b) presents 

the simulated trailing tip vortex at the free steam region with 

30% of the tip chord length after the trailing edge of each wing. 

�e �gure indicates that a wing with a higher aspect ratio 

induces a weaker tip vortex, as shown by the smaller swirling 

�ow area and lower vorticity magnitude. �erefore, AR=20 

was determined as the appropriate aspect ratio for the EAV-

24 
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                                                                                    (a) Lift curve slop                                                             (b) Drag polar

Fig. 6. Aerodynamic characteristics of full-scale aircraft models with di�erent airfoils (FLUENT, Re=2.8×10
5
)
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2 wings. Wings with a high aspect ratio over AR=20 are not 

considered since an excessive wing deformation due to a high 

aspect ratio causes additional aerodynamic penalties and can 

increase the weight due to the structural reinforcement.

3.1.3. Raked wingtip 

Wingtip devices, such as tip extensions and winglets, 

have also been applied to aircraft to minimize the induced 

drag. Vertical winglets have been experimentally proven to 

be aerodynamically superior over tip extension.17 However, 

vertical winglets has a disadvantage for use with EAV-2 

in that the shadow of the vertical winglet would partially 

reduce the amount of electricity generated by the solar 

cells on the wings during �ight. A raked wingtip is known 

to be one of the most e�cient tip-extension shapes. �e 

Boeing B777 airplane bene�ts from an improvement in fuel 

e�ciency of 2% when raked wingtips are installed.18 It also 

reduces wing weight when compared to a vertical winglet. A 

computational study showed that a raked wingtip induced a 

weaker trailing vortex than other wingtip devices, both in the 

�ow- and spanwise-directions,19 and the dissipation length 

of the vortex was also noticeably shortened when the raked 

wingtip was used. 

�e raked wingtip is considered for the wing with an 

AR=20 for EAV-2 with an arc-shaped leading edge with a 

higher sweep angle in order to prevent the over-extension of 

the wing span, as shown in Fig. 8. Fig. 9(a) shows that the 

raked wingtip reduces the strength of the tip vortex in the 

wake region. �e drag polar comparison in Fig. 9(b) indicates 

that the induced drag decreases under the e�ect of the raked 

wingtip. At a cruise lift coe�cient, the drag coe�cients 

when clean and raked wingtips are used are CD@CL=1= 0.0409 

and 0.0395, respectively, with a reduction of about 3.4%. 

�erefore, the shape of the raked wingtip was applied to the 

25 
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α
                                                                                     (a) Drag polar                                       (b) simulated tip vortex strength (α=8°)

Fig. 7. E�ect of aspect ratio on drag characteristics and tip vortex (FLUENT, Re=2.8×10
5
)
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                                                               (a) Comparison of tailing tip vortices                                                             (b) Drag polar

Fig. 9. E�ect of EAV-2 raked wingtip (FLUENT, Re=2.8×10
5
)
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Fig. 8.  Geometry of EAV-2 raked wingtip
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AR=20 wings for EAV-2 to further minimize the induced drag 

in long-endurance �ights. 

3.2. Evaluation of the fuselage con�guration

�e EAV-2 fuselage should provide su�cient room for 

onboard equipment. Fig. 10 shows the electric power 

system and the onboard mission equipment, including 

the motor, fuel-cell packages, power management system 

(PMS), and �ight control computer (FCC). However, 

minimizing the fuselage drag is also important since the 

fuselage counts for almost 10% of the total drag, as shown in 

Table 1. It is possible for the e�ective design of the internal 

equipment layout and fuselage con�guration to reduce 

the drag pro�le as a result of the reduction in volumetric 

size and streamlined shape. �e design history of EAV-

2 is presented in Table 5. Basically, T-tails are commonly 

considered for the all con�gurations. A T-tail type stabilizer 

has the advantage that it increases the stabilization in the 

low-speed regime. EAV-2a is the �rst design considered 

with an upsized con�guration of EAV-1. �is pusher-type 

con�guration is mainly characterized by a semi-spherical 

nose that is included as a mount for a surveillance system 

with a part that is perpendicular to the air�ow between 

the fuselage and the wing. �e pusher-type has usually 

not streamlined con�guration causing more pro�le 

drag, in spite of an aerodynamic advantage; the air�ow 

attachment over the wing and fuselage, reducing the 

chance of �ow separation. However, the reduction in the 

propeller e�ciency is another crucial disadvantage. �is 

con�guration has therefore been modi�ed into a tractor-

type system named EAV-2b. �e tractor-type layout makes 

it possible for us to design a streamlined-fuselage shape, 

resulting in a considerable reduction in the drag pro�le. 

In addition, the cross-sectional shape of the fuselage is 

rectangular in order to accommodate the fuel cell system 

of a parallelepiped con�guration. �e overall length and 

the horizontal stabilizer area decrease by 5% and 20%, 

respectively, and the vertical stabilizer area increases by 

25% to improve the longitudinal and lateral-directional 

stability.15 �e �nal EAV-2c design has the following 

modi�cations: �rst, the rectangular cross-section of the 

parallelepiped fuselage shape of EAV-2b was changed into a 

circular shape, which o�ers a reduction in the possible �ow 

separation from the corners of the rectangular cross-section 

at high angles of attack. However, the cross-sectional area 

increases somewhat relative to the rectangular fuselage 

of EAV-2b. Second, the sweep angle of the wing trailing 

edge is now applied to the leading edge, maintaining the 

same taper ratio. �is design change in the wing planform 

increases the aileron e�ciency by increasing the aileron 

area. �ird, we also increase the aspect ratio of the vertical 

stabilizer based on the constant area to enhance the T-tail 

Table 4. Geometrical parameters of wing planforms with di�erent aspect ratios
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Table 4: Geometrical parameters of wing planforms with different aspect ratios 

AR 
(~) 

SW 
(m2)

bW 
(m) 

Cr 
(m) 

λ 
(~) 

Г 
(deg.) 

Гeq 
(deg.)

12.5 19.8 5.0 0.40 0.82 4.0 2.34

15.6 19.8 5.6 0.36 0.82 4.0 2.34

20.0 19.8 6.4 0.32 0.82 4.0 2.34
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Fig. 10. Power system and onboard mission equipment inside EAV-2 fuselage

Table 5. Studied con�gurations for EAV-2 
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e�ciency. Finally, raked wingtips are installed to reduce 

drag, as shown in Table 5. 

Figure 11 presents the results of the CFD analysis of 

the aerodynamic performance of the di�erent EAV-2 

con�gurations. A fan model is incorporated into the analysis 

to simulate the e�ect of the propeller slipstream. �e lift 

curve slopes in Fig. 11(a) indicate that the lift performance 

for EAV-2 considerably improved relative to that of EAV-1, 

mainly due to the increase in the wing area and the adoption 

of a high lift-to-drag ratio airfoil with SG6043. EAV-2a, EAV-

2b, and EAV-2c present similar lift characteristics when the 

SG6043 airfoil is used with the same aspect ratio (AR=20). 

�e di�erence in CLmax
 and αstall is caused by di�erences in 

the fuselage con�guration and in the empennage size. In 

particular, EAV-2c with the raked wingtips produces the 

highest CLmax
.

Figure 11(b) indicates the drag polars of di�erent aircraft 

con�gurations. We can see from the �gure that the smaller 

wings with a low-aspect ratio and un-streamlined fuselage 

of EAV-1 contribute to the higher drag at a wide range of lift. 

In contrast to EAV-1, the other aircraft with an improved 

airfoil and high-aspect ratio wings display a considerably 

smaller total drag. Of these, EAV-2a with a blunt nose and an 

un-streamlined fuselage con�guration produces the highest 

total drag. However, we can see that the circular cross-

sectional fuselage and raked wingtips of EAV-2c contribute 

to generating the least amount of drag. �e aerodynamic 

coe�cients of the con�gurations that were studied are listed 

in Table 6. �e maximum lift for EAV-2 is CLmax
=1.8, and an 

increase of about 52% was achieved relative to EAV-1. Also, 

the drag coe�cient for EAV-1 at the target cruise lift is of CD@

CL=1=0.0855. For EAV-2a, the upsized version of EAV-1, the drag 

is CD@CL=1=0.0505, which is a decrease of about 41% relative to 

EAV-1. �e drag level is further decreased to CD@CL=1=0.0413 

for EAV-2b with the low-drag fuselage. �e drag generated by 

EAV-2c is CD@CL=1=0.0395, and the drag reduction from EAV-1 

is of up to 54%. �erefore, the last con�guration, EAV-2c, is 

selected as the �nal con�guration for EAV-2. 

3.3. Installation of the NACA duct inlets

�e fuel cells installed in the EAV-2 fuselage require 850 l/

min of air to produce the chemical reaction of the oxidant. 

Also, cooled air is necessary for the power systems and the 

onboard mission equipment. �erefore, the EAV-2 fuselage 

must have inlets or air-scoops through which outside air can 

be provided to the fuel cell systems and onboard equipment. 

However, the inlet installation produces a large amount of 

fuselage drag. We considered NACA duct inlets since they 

possess the following aerodynamic advantages. First, they 

are submerged in the fuselage, therefore, �ow separation 

can be minimized. Second, a gentle inclination for the ramp 

and vortex generation from a convergent-divergent shape

28 
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                                                                                     (a) Lift curve slop                                                                (b) Drag polar

Fig. 11. Aerodynamic characteristics of studied con�gurations for EAV-2 (FLUENT, Re=2.8×10
5
)

Table 7. Coordinates of convergent-divergent ramp for EAV-2 NACA duct inlet
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x / lr 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

2y / W 1.000 0.996 0.916 0.766 0.614 0.466 0.388 0.312 0.236 0.158 0.085
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Table 6. Aerodynamic coe�cients of studied con�gurations for EAV-2 

                (FLUENT, Re=2.8×10
5
)
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(FLUENT, Re=2.8×10 ) 

Coeff. EAV-1 EAV-2a EAV-2b EAV-2c ����� 1.188 
@ α=10° 

1.735 
@ α=14° 

1.714 
@ α=12° 

1.811 
@ α=12° ���(rad-1) 5.04 4.77 4.98 5.55 ����� 0.0388 0.0336 0.0258 0.0270 ������� 0.0855 0.0505 0.0413 0.0395 
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of a NACA duct inlet would suppress the development of 

a boundary layer,20 and the total pressure recovery can 

be maximized. To determine the size of the NACA inlets, 

the conditions for the full mass-�ow and the maximum 

e�ciency were respectively considered. 

�e cross-sectional size of the NACA inlet, A=0.003m2, 

is conservatively adjusted according to the boundary layer 

thicknesses calculated from the CFD analysis for di�erent 

angles of attack (Fig. 12). �e x- and y-coordinates20 that are 

de�ned for the curved-divergent ramp section of the NACA 

duct inlet for EAV-2 are presented in Table 7. �e width and 

depth of the inlet section are W=0.11m and dt=0.0273m (Fig. 

13), respectively, with an aspect ratio of W / dt =4. �e ramp 

angle is de�ned as 7°, and the length of the curved-divergent 

section of the NACA duct inlet is of lr =0.22m. �e total drag 

of the two NACA duct inlets on both sides of the fuselage 

is estimated to be CD=0.0045 using the empirical formula 

for inlet drag coe�cients.20 �is drag component should 

be added to the previously obtained total drag of EAV-2, 

CD=0.0395. �erefore, the total drag coe�cients for EAV-2 

with the installation of the NACA duct inlets is of CD=0.0440. 

In addition, the inlet pressure e�ciency is calculated to be 

about ηinlet=0.85 according to the condition of maximum 

e�ciency.  

3.4. Static stability analysis

�e static stability characteristics of the �nal EAV-2c 

con�guration are tested under steady �ight conditions, 

and we generate the derivatives for longitudinal and lateral 

stability using the AAA software.14 �e �ight speed and the 

altitude are set to V=12 m/s and h=500 m based on the �ight 

test. Also, the location of c.g. is assumed to be at 25% of MAC, 

and no de�ection angle is considered for all control surfaces 

(δe=δa=δr=0°). 

Tables 8 provides the longitudinal stability derivatives 

of EAV-2, and the derivatives of EAV-1 for the same 

�ight condition are also presented for comparison. An 

inspection of the + / - sign of the longitudinal derivatives is 

fundamental to verify the static longitudinal stability. �e 

pitching moment of the aircraft should be negative with an 

increase in the angle of attack or pitch rate. �e negative 

numbers for the derivatives in Table 8 indicate that the 

longitudinal static stability is basically secured for EAV-

2. However, the tendency for the nose-down behavior of 

EAV-2 with the increase in the angle of attack is somewhat 

excessive, considering the fact that the pitching moments 

of conventional aircraft are -0.6 < Cmα 
< -1.6 rad-1.21 �e 

derivatives of the lateral stability at a zero angle of attack 

are shown in Table 9. A comparison of the signs of the 

calculated derivatives and the stable criteria14 suggests 

that the lateral and directional static stabilities could be 

achieved for EAV-2. In general, Clβ
, is signi�cantly a�ected 

by the dihedral angle of the aircraft wing. A negative sign for 

Clβ
 indicates that during a steady sideslip, EAV-2 maintains 

lateral stability due to the e�ect of a dihedral angle of Г=4° 

that induces a rolling moment in the opposite direction. 

Also, for the directional stability, typical aircraft should have 

values of Cnβ
  over 0.0573 rad-1,21 and Cnβ 

of EAV-2 is turn out 

to be 0.074 rad-1. �erefore, we can see that a 25% increase 

in the vertical stabilizer area for EAV-2, as mentioned in 

Chapter 3.2, improves the static directional stability.
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Fig. 12.  Example of calculation of boundary layer thickness on EAV-2 

fuselage (FLUENT, Re=2.8×10
5
)
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Fig. 13. NACA duct inlet for EAV-2

Table 8.  Longitudinal stability derivatives by AAA
14

 (c.g.=25% MAC, 

δe=δa=δr=0°, unit: rad
-1

)

30 

 

 

 

 

 

 

δ δ δ

Derivates EAV-1 EAV-2 Stable 

Criteria14 ���  -0.670 -2.981 < 0 ����  -3.441 -4.255 < 0 ��� -13.204 -36.597 < 0 
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3.5. Long endurance �ight test 

Figure 14 and Table 10 show the final configuration of 

EAV-2 based on EAV-2c and its performance objectives 

to achieve a long-endurance flight. A cruise power of less 

than 200 Watts is defined due to the expected performance 

of a hybrid power system. This power level can be achieved 

since the cruise power has been estimated at P =165 watt 

by taking the results of the CFD analysis and propeller 

wind tunnel tests22 and applying them to the following 

equation:

T V = ηprop ηmotor P                                                                              (1)

P = T V / (ηprop ηmotor) = D V / (ηprop ηmotor) 

P = C_D 

14 

 

������

Г ���   ���

η η

η η η η �� �� ρ η η�� η η

ρ

 ρ V 3 Sw / (ηprop ηmotor)

P= 165 watt                  

Where, CD=0.0440, ηprop=0.66,22 ηmotor=0.85,22

ρ= 1.167 kg/m3 at h=500 m, V=12 m/s, SW=2.09 m2

�e �nal con�guration was used to build EAV-2 for the 

�ight test. Special care was taken to install solar cells on the 

EAV-2 wings to prevent gaps or rough surfaces that could 

cause additional drag due to the possible transition to 

turbulence or �ow separation. A long-endurance test �ight 

was conducted for EAV-2 at the KARI Goheung Aviation 

Center, Korea. �e main objective of the test was to �y more 

than 20 hours while consuming less than 200 Watts from 

the hybrid power system consisting of fuel cells and solar 

cells. �e �ight test for EAV-2 turned out to be successful, 

�ying 22 hours and 13 minutes, which is the �ight record for 

electrically powered aircraft in Korea. �e �ight speed was 

of about V=43 km/hr (11.9 m/s) at an altitude of h=500 m. 

�e �ight that was actually carried out was a steady-level 

turning �ight over the Goheung Aviation Center rather than 

a steady-level �ight. However, we increased the turn radius 

up to 1 km to simulate steady-level �ight to minimize the use 

of de�ection of the control surfaces. 

�e total drag of the aircraft can be estimated by 

measuring the in-�ight thrust. However, it was di�cult to 

measure the thrust force for EAV-2 during the actual test 

�ight. �erefore, we used performance data for the EAV-

2 propeller22 acquired from the Low Speed Wind Tunnel 

at KARI. �e data of the propeller performance includes 
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Fig. 14.  The �nal con�guration of EAV-2

Table 10. Final geometry and performance objectives of EAV-2
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Item Specification Item Specification 

Chord 0.32 m Wing aspect ratio 20 

Span 6.40 m  
23
(w/ raked wingtip) 

 6.93 m 
(w/ raked wingtip)

Max. T/O weight 18.0 kg 

Length 3.06 m Stall speed 9.8 m/s 

Height  0.77 m Cruise speed 12.0 m/s 

Wing area 1.98 m2 Cruise power < 200 watt 

 
2.09 m2

(w/ raked wingtip) Endurance > 20 hours 

 

Table 9.  Lateral-directional stability derivatives by AAA (α=0°, 

δe=δa=δr=0°, unit: rad
-1

)
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α δ δ δ

Derivates EAV-1 EAV-2 Stable 

Criteria14 ��� -0.143 -0.236 < 0 ��� -0.103 -0.041 < 0 ��� 0.098 0.144 > 0 ��� -0.282 -0.117 < 0 ���  -0.439 -0.557 << 0 ��� 0.139 0.256 > 0 ��� 0.033 0.074 > 0 ���  -0.057 -0.121 < 0 ��� -0.048 -0.073 < 0 
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thrust coe�cients, power coe�cients, and propeller 

e�ciencies with respect to the advance ratios. �e range 

of the thrust of the EAV-2 in �ight was obtained from the 

propeller performance data corresponding to the �ight 

test conditions. �e air density was also calculated by 

using the International Standard Atmosphere (ISA) model 

and the �ight altitude. �e time history of �ight speed was 

measured directly using the on-board pitot-static tube of 

EAV-2, as shown in Fig. 15. In particular, the �ight speed 

was calibrated by using the airspeed calibration data from 

the wind tunnel tests. Fig. 16 shows the curve �tting for the 

calibrated airspeed (CAS) as a function of the indicated 

airspeed (IAS), as measured by the Ground Control System 

(GCS). In addition, Fig. 17 presents the time history of the 

total drag coe�cient for EAV-2 according to the �ight test 

measurements calibrated using the wind tunnel data. �e 

time-independent drag coe�cient was calculated from the 

time history by averaging the drag values in the time range 

of the least variation, at around 26,000 sec. �erefore, we 

obtained the total drag coe�cient of CD=0.0390 from the 

actual �ight test of EAV-2. When compared to the total drag 

coe�cient of CD=0.0440 obtained from the computational 

analysis, the discrepancy was of about 13%. As shown in 

Fig. 18, the average power consumption during the �ight 

test was of approximately 150 Watts, which is less than the 

objective cruise power of 200 Watts. �erefore, the design 

procedure that was investigated in this study to reduce the 

drag is con�rmed to be e�ective for long-endurance �ights 

of EAV-2.

4. Conclusion

�e present study conducted a computational 

investigation of the low-drag con�gurations for a long-

endurance mission for EAV-2, an electric-powered UAV 

that was developed at KARI. Considering that the wings 

of long-endurance aircraft generate most of the aircraft 

drag, a reduction in drag can be achieved by focusing on 

optimizing the wing con�guration parameters, such as the 
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Fig. 15. Flight speed of EAV-2 
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Fig. 16. Curve �tting calibrated airspeed vs. indicated airspeed
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Fig. 18.  Flight altitude and power measurement of EAV-2 
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Fig. 17. Time history of in-�ight drag coe�cient of EAV-2
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airfoil shape, aspect ratio, and wingtip device. �e results 

of the computational analysis revealed that SG6043 was the 

most suitable low-drag airfoil for EAV-2 since it possesses 

favorable stall characteristics and better manufacturability. 

�e study of the wing aspect ratio conformed the 

aerodynamic bene�t of a high aspect-ratio wing; total drag 

of the AR=20 wing was 18% lower than that of the AR=12.5 

wing, due to the substantial decrease of the induced 

drag. �erefore, AR=20, the aspect ratio of compromising 

between aerodynamic and structural advantages, was 

considered for the EAV-2 wings. �e installation of the 

raked wingtip contributed to the additional decrease of 

total drag by 3.4%, and the computational visualization of 

the weakened tip-vortex from the raked wingtip proved the 

reduction in the induced drag. 

�e aerodynamic characteristics of several fuselage 

con�gurations were analyzed for EAV-2. �e �rst 

con�guration was a pusher type, and it turned out to be 

aerodynamically ine�cient due to its un-streamlined 

fuselage shape and relative ine�ciency at the propeller. 

�erefore, the fuselage layout was changed to a streamlined 

tractor-type layout with a rectangular cross-section, which 

was eventually modi�ed to a circular cross-section to reduce 

the drag further. �e total drag of the �nal con�guration of 

the EAV-2 with a low-drag airfoil, high-aspect ratio wing, 

raked wingtip, and tractor-type fuselage was calculated to 

be CD=0.0395 at a cruise lift of CL=1.0. �e e�ect of these 

low-drag modi�cations was signi�cant since the drag level 

of its small-sized predecessor, EAV-1, was CD=0.0855. �e 

lift performance also improved since the maximum lift of 

EAV-2 was CLmax
=1.8, which was 52% higher than that of 

EAV-1. �e installation of the inlets increased the total drag 

of EAV-2 up to CD=0.0440. However, this increase could be 

minimized by using aerodynamically designed NACA duct 

inlets.

�e static stability performance of the �nal EAV-2 

con�guration was also evaluated before the �ight test. 

�e longitudinal derivatives were inspected using aircraft 

design software, and these suggested that the longitudinal 

static stability was basically achievable. However, the nose-

down tendency with respect to the increase in the angle of 

attack was slightly excessive. In addition, the �nal layout 

and the size of the aircraft components were con�rmed to 

have maintained the lateral and directional static stabilities. 

�e e�ort to minimize the drag of EAV-2 was veri�ed by 

conducting a long-endurance �ight test. �e actual power 

consumption was of about 150 watt, which was much lower 

than the design objective power of 200 watt, and the in-�ight 

total drag was measured as CD=0.0390, which was also less 

than the total drag predicted at CD=0.0440. 
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