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Design, wind tunnel test, computational fluid dynamics (CFD) analysis, and flight test data analysis are conducted for the
propeller of EAV-3, which is a solar-powered high-altitude long-endurance unmanned aerial vehicle developed by Korea
Aerospace Research Institute. The blade element momentum theory, in conjunction with minimum induced loss, is used as a
basic design method. Airfoil data are obtained from CFD analysis, which takes into account the low Reynolds number effect.
The response surface is evaluated for design variables by using design of experiment and kriging metamodel. The optimization
is based on desirability function. A wind tunnel test is conducted on the designed propeller. Numerical analyses are performed
by using a commercial CFD code, and results are compared with those obtained from the design code and wind tunnel test
data. Flight test data are analyzed based on several approximations and assumptions. The propeller performance is in good
agreement with the numerical and measurement data in terms of tendency and behavior. The comparison of data confirms that
the design method, wind tunnel test, and CFD analysis used in this study are practically useful and valid for the development of
a high-altitude propeller.

1. Introduction

High-altitude long-endurance (HALE) unmanned aerial
vehicles (UAVs) have gained considerable interest because
their use could replace several of the functions of a satellite,
such as earth observation, telecommunication, reconnais-
sance, and surveillance. HALE UAV has significant advan-
tages over satellites in terms of low production cost, effective
operation, and easy maintenance through landing/takeoff. In
addition, as interest in green technology increases, a number
of countries are actively researching and developing electric-
powered or solar-powered HALE UAVs [1–4]. Among the
well-known examples is Helios [5, 6], developed by NASA
and the Aeronautical Environment Corporation (UAS). In
2003, it ascended to an altitude of over 29 km, the highest
climb record in the world achieved by a propeller-driven
UAV at that time. Another successful and widely known
example is Zephyr [7, 8], which was designed and built by

the British company, QinetiQ. It holds the official endurance
world record. It is currently being developed as a part of the
Airbus high-altitude pseudosatellite (HAPS) program. In
recent years, large IT companies have given considerable
attention to HALEUAVs for the purpose of internet distribu-
tion. For example, Google acquired Titan Aerospace and is
developing Solara 50 and 60, whereas Facebook is developing
Aquila. Other examples include the Solar Eagle, which was
developed by Boeing (DARPA Vulture II Program) [9].

Recently, the Korea Aerospace Research Institute (KARI)
built a series of solar-powered HALE UAVs through a
research program. In this program, KARI is aimed at explor-
ing, developing, and demonstrating the underlying technolo-
gies needed for the development of an electric-powered
HALE UAV. The scale-down version, EAV-2H+, was devel-
oped and flight tested during which it ascended up to an
altitude of 10 km [10, 11]. Thereafter, KARI developed the
full-scale version, EAV-3, which successfully soared above
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18 km during its test flight [12–14]. The flight of the EAV-3 is
third in the world record for an electric-powered UAV to
ascend at an altitude of over 18 km.

In developing HALE UAV, state-of-art technologies in all
fields, including aerodynamics and structural design, com-
posite materials, solar cells and rechargeable battery (energy
system), electric-motors, propellers, flight stability and con-
trol, and system integration, must be incorporated. From the
perspective of aerodynamics, its performance could be signif-
icantly degraded due to low Reynolds number flows formed
by the low air density at altitudes of over 10 km. To improve
performances such as the lift-to-drag ratio and drag charac-
teristics, the sizing and aerodynamic configuration design
must be carefully conducted, taking into consideration the
low Reynolds number environment. Additionally, since an
electric-powered HALE UAV uses propellers for propulsion,
the high efficiency of these propellers is essential for the
endurance and climb capability of HALE. However, at high
altitudes, propellers are vulnerable to efficiency reduction
due to low Reynolds number conditions. Moreover, a design
solely focused on maximizing the cruising efficiency at high
altitudes may result in the considerable degradation of the
performance at low altitudes or during climb operations.

Therefore, the proper design of propeller, considering
various operating conditions and system constraints, is
extremely important to achieve both climbing performance
and endurance. Moreover, the accurate prediction and anal-
ysis of the propeller performance enables the establishment
of a reliable and efficient mission profile. Thus, the design
and performance prediction of the propeller are among the
key technologies required for HALE UAV development.

Concepts on design, analysis, and testing of propellers for
conventional aircrafts and UAVs have been well established
through enormous research efforts expended for approxi-
mately a century. Although several solar-powered HALE
UAVs have been designed and built, only a few literature per-
tain to design and performance evaluation of their propellers
[15, 16]. Asmentioned byMonk [15], the history of propellers
is still sparse in the area of high-altitude applications. He
reported and summarized findings from efforts in conjunc-
tion with the NASA ERAST program. The efforts include
investigations into the existing propellers designed for height
altitude flight condition, the analysis capability to perfor-
mance estimation for a given design, and the acquisition of
the performance data through experimental testing. Several
examples of propeller-driven high-altitude aircrafts, design
approaches and limitations, analysis approaches, and wind
tunnel testing for 2D airfoil and 3D propellers are introduced.
More recently, Monk [16] evaluated a propeller design based
on minimum induced loss concept and analysis for perfor-
mance prediction based on momentum theory for a HALE
fight vehicle. A conceptual propeller was designed, and analy-
ses were carried out for altitudes up to 15 km. The results from
a wind tunnel testing for a scaled model showed reasonable
agreement with the prediction.

In particular, literature that contain detailed information
and data on propellers mounted on an actual HALE UAV are
rather rare. With the EAV program, KARI acquired and
demonstrated the fundamental technologies related to

propellers for solar-powered HALE UAVs and evaluated
their reliability and feasibility. In this study, the design and
performance evaluation of propellers, conducted during the
development of EAV-3, are presented. The performance
analysis includes CFD analysis, wind tunnel test, and flight
test data analysis.

In Section 2, the design methodology and procedure for
the EAV-3 propeller are introduced. The wind tunnel test
and CFD analysis results are presented in Sections 3 and 4,
respectively. A simple analysis of the flight test data to evalu-
ate the propeller performance is given in Section 5. Finally,
conclusion follows in Section 6.

2. Design of Propeller

Propellers for HALE UAVs operate under various operating
conditions, ranging from the sea level to stratosphere alti-
tudes. Apparently, it is appropriate to adopt a variable pitch
system to provide the optimal propulsive efficiency under
the aforementioned conditions. However, its adoption
imposes additional weight and complexity due to the addition
of actuators and pitch links. Additionally, these pitch links
and actuators will practically be exposed to external flows at
low temperatures from −70 to −80°C at stratospheric alti-
tudes. The extreme environment and mechanical complexity
may lead to an increased possibility of malfunctions and
uncertainty. Consequently, the demand for reliability and
being ultra-lightweight, which are top-level constraints of
HALE UAVs, makes it difficult to adopt the variable pitch
system. Therefore, fixed-pitch propellers are generally used.
When the fixed-pitch propellers are optimized for aerody-
namic performance at high-altitude operation, the required
torque, approximately at sea level, becomes considerably large
and exceeds the specification for electricmotors. This can lead
to low climbing performances or, sometimes, the inability to
climb. On the other hand, as altitude increases, the rotational
speed of the propeller gradually increments, which conse-
quently results in an increase of the required power. Thus,
the maximum required power occurs under high-altitude
climbing conditions. In this respect, the design of HALE
UAV propellers must not only take into account the two
conflicting constraints but also simultaneously maximize
efficiency under the desired operating condition.

2.1. Design Requirement and Constraints. The ultra-
lightweight aircraft, EAV-3, has a wingspan, total length,
and design total weight of approximately 19.5m, 8.9m, and
46.5 kg, respectively. It uses twin propellers mounted on each
wing. The specifications, configuration, geometry, and mis-
sion profile of EAV-3 can be found in literature [14]. The
operating conditions and required thrust for each propeller
are summarized in Table 1. The specifications of the direct
current (DC) motor, which is developed and customized
for EAV-3, are listed in Table 2. The maximum available tor-
que should correspond to the climb condition at sea level,
requiring the highest thrust. The maximum power condition
should correspond to the climb operation at 18 km, where the
highest rotational speed is required. Considering the motor
diameter, the design spinner diameter was fixed at 0.16m
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as a geometry constraint. In conformance with the EAV-3
mission profile, which is mainly aimed at climbing to high
altitudes, the climb condition of 15 km was set as the propel-
ler design point.

2.2. Basic Design Methodology. The blade element momen-
tum theory (BEMT) [17] is a useful basic methodology for
propeller design and analysis. It is the most common engi-
neering model and still widely used due to its simplicity
and easy applicability with various corrections and modifica-
tions [18–21]. There are several free software that use BEMT
for propeller design and analysis. For example, JBLADE [22]
or JavaProp [23] are easy to get online. However, these can-
not be modified by the user, airfoil selection is limited to a
given list, and airfoil aerodynamic data in the low Reynolds
number range are less reliable. Consequently, a BEMT-
based design and analysis code was independently developed
and utilized for EAV-3 propellers. This code allowed the easy
modification of details and use of any airfoil by supplying
customized aerodynamic data. The code was based on the
theory of Adkins and Liebeck using BEMT and minimum
energy loss condition [24]. To take into account the tip loss
effect, the tip loss corrections of Glauert [17] were imple-
mented. A graphical user interface was constructed so as to
enhance the user convenience in the early design stage and
off-design analysis. The concept and input/output of the code
are shown in Figure 1. Further details on the design code can
be found in [25].

Operating conditions such as forward flight velocity,
rotational speed (rpm), and air properties (density) at design
point are essential input parameters. The input parameters
for the geometry are the diameter, spinner diameter, and
section airfoil. The distribution of the section lift coefficient
along the blade span also needs to be prescribed. The design
can be conducted when the foregoing input parameters and
target performance are given. The target performance can
be the desired thrust, torque, or power. The results of the
design yield blade geometry information, specifically the
distribution of the sectional chord and twist angle.

2.3. Blade Airfoil and Airfoil Data. Airfoil aerodynamic data
are essential for BEMT calculations and are key factors in
determining the accuracy of design and performance predic-
tion. Since blade elements operate at various Reynolds num-
bers and angle of attacks, it is efficient to construct the set of
aerodynamic data in advance. The required lift and drag
coefficient at a specific condition of interest can be simply
and quickly obtained through table look-up or interpolation
of the data.

In general, fast analysis tools such as XFOIL [26] and
XFLR5 [27] are reasonable options for obtaining airfoil data
due to their low computational costs. XFOIL is the most
widely used tool in previous studies [19–21]. However, in
the case of EAV-3 propellers, blade elements will be placed
under conditions where the Reynolds number is less than
105. The authors of the present study attempted to evaluate
the reliability of airfoil data under these low Re conditions
prior to the use of fast analysis tools.

Figure 2 shows result examples of the airfoil analysis by
using XFOIL and CFD. The airfoil is DAE51, and the Reyn-
olds number and angle of attack are 105 and 0°, respectively
(chord length 0.2m). A two-dimensional, C–H-type struc-
tured grid with quadrilateral cells is used. The total number
of cells is 165600, and 300 grid points are used along each
upper and lower surfaces. The height of the first cell from
the surface is set as y+ which remains below 1 over most of
the airfoil surface. The computational domain extends to 30
chord to upstream, top, and bottom directions and 60 chord
to downstream direction. CFD analyses were carried out by
using Fluent 17.0 [28] and for the two cases of k-ω SST and
γ-Reθ [29] based (four-equation) transition-SST turbulence
models. The inlet turbulence intensity is set to 0.1%. The dis-
tributions of pressure and skin friction coefficients on both
upper and lower surfaces are compared in the figure.

From previous studies [30–33], it is well known that the
characteristics of flow around an airfoil at low Reynolds
numbers are considerably different from those at moderate
and high Reynolds numbers. The separation of the laminar
boundary layer and transition in the separated flow region
followed by a reattachment form a separation bubble on the
airfoil surface. A typical feature of low Reynolds number flow
is the formation of a large separation bubble at low angle of
attacks. Moreover, the streamwise extent and position of
the bubble dynamically change with the angle of attack.

As can be observed in Figure 2, a typical characteristic at
low Reynolds number flow is represented by a practically flat
region in the pressure coefficient distribution followed by an
abrupt break, which corresponds to the existence of the sep-
aration bubble. However, it can be seen from the figure that
the result of the k-ω SST model does not show this feature,
which indicates that this model cannot capture the flow fea-
ture and bubble properly. Additionally, the friction coeffi-
cient values are large, which correspond to a fully turbulent
boundary layer and results in a high viscous drag. Since the
k-ω SSTmodel assumes a fully turbulent flow, it cannot accu-
rately reflect the actual phenomena occurring under low
Reynolds number conditions. On the other hand, results
from the transition SST model and XFOIL show practically
similar distributions of surface pressure and skin friction. It

Table 1: Design operating condition and required thrust for
each propeller.

Altitude Speed (m/s) Thrust (N)

Sea level 5.8 38.8

10 km 10.0 26.6

15 km 14.6 21.3

18 km 18.5 18.8

Table 2: Specification of DC motor.

Power (W) RPM Torque (Nm) Note

314 1200 2.5 Rated condition

351 880 3.8 Maximum torque

369 2200 1.6 Maximum power
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can be deduced that essential elements, such as the laminar
boundary layer separation, transition, and reattachment, are
properly captured in those two calculations. However,
XFOIL results exhibit notable differences in the predicted
friction at the turbulent boundary layer region after the
reattachment.

The differences of aerodynamic coefficients are shown in
Figure 3, which compare the drag polar calculated by three
methods. The results of the k-ω SST model corresponds to
a typical parabolic drag polar at high Reynolds numbers
and are not suitable for the calculation of airfoil data at low
Reynolds number regions. Although two results of the transi-
tion SST model and the XFOIL show the typical drag polar at
low Reynolds numbers, their difference in drag increases as
the angle of attack increases. The same calculations were

conducted for several different Reynolds numbers. From
the results, low Reynolds number characteristics began to
distinctly appear as the Reynolds number becomes lower as
2× 105. It was confirmed that the aerodynamic coefficient
and drag polar considerably change with respect to the
Reynolds number in the region around 105 and below. More-
over, the difference between the results of the transition SST
model and XFOIL was found to increase gradually as the
Reynolds number decreased. From the comparisonwith avail-
able wind tunnel testing data [30, 31] and previous numerical
study [34], it was deduced that the CFD result with the transi-
tion SST model was more reliable than that of XFOIL for the
friction in the turbulent boundary layer after reattachment.
Accordingly, it was decided to use CFD to calculate and
construct airfoil data for the EAV-3 propeller design.

BEMT

Minimum
induced loss

Tip loss
correction

Airfoil aerodynamic 
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Operating Conditions
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Blade geometry
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Figure 1: Schematic of the basic propeller design code.
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Figure 2: Comparison of XFOIL and CFD results for an airfoil at low Reynolds number.
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Analyses of several candidate airfoils used in low
Reynolds numbers were performed, and aerodynamic char-
acteristics were compared within the operating range of the
angle of attack near the design point. At Reynolds numbers
of 3.0× 105 or less, SG6043 and DAE51 were considered to
be superior airfoils in terms of the lift-to-drag ratio. However,
DAE51 and E387 exhibited rather higher performance at
Reynolds numbers below 1.5× 105. From preliminary studies,
we expect that the most of section Reynolds number is lower
than 1.0× 105 at design point. As an example, Figure 4 shows
CFD results for several airfoils at Reynolds number of
1.0× 105. All calculations were conducted by using the
transition SST model. We readily see that DAE51 shows
a good lift-to-drag ratio over a wide range of angle of
attack for the linear region. Although E387 also exhibits
a good lift-to-drag ratio, it is limited to only an angle
attack range for lift coefficients less than 0.8 and has a
rather lower lift slope and the maximum lift coefficient.
Similar comparison and examination were made for the
other Reynolds numbers. By taking into account the desired
lift coefficient which is between 0.6 and 1.0 for low Reynolds
number operation, we concluded that DAE51 is a reasonable
choice for the propeller blade airfoil.

Airfoil data of DAE51 as an input for a propeller design
code was obtained by using CFD with the transition SST
model. The incompressible and unsteady (pressure-based
and transient in Fluent, resp.) calculations were conducted
using a second-order scheme for both time and spatial dis-
cretization. The calculations for Reynolds numbers ranging
from 104 to 105 were carried out at intervals of 104. Calcula-
tions for Reynolds numbers at 1.5, 2.0, 3.0, 4.0, and 5.0× 105
were also conducted. For each Reynolds number, angle of
attacks, from −10 to 20°, at intervals of 1°, were considered.

Figure 5 shows an example of DAE51 airfoil data calcu-
lated for several Reynolds number conditions. Aerodynamic
data beyond the range of computation were extended

following the method given in [35]. The correction for com-
pressibility is applied using formulae described in [36]. How-
ever, it has little influence in our design because the Mach
number is not sufficiently high to have a compressibility
effect over the entire operating condition range.

2.4. Design Variables and Effect of Lift Coefficients. Along
with the design code and airfoil data described above, design
variables were identified and defined for the operating condi-
tion at design point. The diameter (d) and rpm of the propel-
ler are essential design variables. The remaining information
that needs to be specified is the lift coefficient distribution
along the blade span.

In traditional aircraft propeller design, a lift coefficient of
1.0 or greater is generally used to procure sufficient lift-to-
drag ratio, which guarantees good aerodynamic efficiency
of blade elements. However, as previously discussed, the lift
coefficient and lift-to-drag ratio considerably deteriorate at
high altitudes, where the Reynolds number is 105 or less
(see Figure 5). When high lift coefficients are imposed even
under this condition, there is a possibility that the lift coeffi-
cient cannot reach the given value as a design result. Other-
wise, it can yield the design of lower efficiency originated
from the low lift-to-drag ratio of the blade elements due to
derivation of short chord length.

To avoid the foregoing possibility, the lift coefficient must
be specified at lower values of certain degree than those in
the traditional approach. Thus, for design, we assumed a
lift coefficient distribution as a parabolic profile with its
minimum value at a certain location in the spanwise direc-
tion along the blade. Recall that most of conventional design
approaches use a constant lift coefficient along the span. The
lift coefficient values at three different spanwise locations
define a particular parabolic profile. In the present study,
the lift coefficient at the location of the spinner was fixed at
1.0, taking into consideration the geometrical and structural
constraints. The remaining two locations were chosen as
60% of radius (r/R = 0 6) and at the blade tip (r/R = 1 0).
We note here that all parabolic profiles can be defined by
specifying proper lift coefficient values at any three spanwise
locations. The choice of r/R = 0 6 seems arbitrary; however,
variation of the lift coefficient at this location can consider
all the possible parabolic profiles for given values at the spin-
ner and tip. A parabolic profile with a certain lift coefficient
value at r/R = 0 6 would be identical to the profile with a
different lift coefficient at some other spanwise location.
Therefore, changing the lift coefficients at r/R = 0 6 and 1.0
is sufficient to explore all parabolic profiles of a fixed
value at the spinner. Consequently, the lift coefficients
at r/R = 0 6 and at the blade tip (r/R = 1 0) were chosen
as additional design variables, clm and clt, respectively.
The four design variables used in this study are listed
in Table 3.

Example cases with several parabolic lift coefficient dis-
tributions were studied to evaluate the influence of the lift
coefficient distribution on design results. The designs were
conducted under the condition of design point with a fixed
diameter and rpm and required thrust. Table 4 summarizes
the values of clm and clt for five cases, and Figure 6(a)
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Table 3: Design variables.

Symbol Description

d Propeller diameter

rpm Rotational speed at design condition (rev./min)

clm Lift coefficient at r/R = 0 6
clt Lift coefficient at the blade tip

Table 4: Values of design variables for example cases.

Case clm clt

A 0.50 0.55

B 0.55 0.60

C 0.60 0.65

D 0.70 0.75

E 0.80 0.85
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shows the corresponding lift coefficient distributions. It is
observed from Figure 6(b) that the design using the lower
lift coefficient distribution yields a large chord length to
produce the same thrust, which leads to a blade geometry
with a relatively large planform area. It can be confirmed
from Figures 6(c) and 6(d) that the higher chord Reynolds
number yields a higher lift-to-drag ratio, which directly
results to a higher efficiency of the propeller. It can be easily
deduced that the chord length below a certain level can
deteriorate the performance at high altitudes due to low
chord Reynolds numbers. This means that a chord length
greater than that at a certain level should be secured in
order to improve efficiency. It is consistent with the obser-
vation that previous HALE UAVs have propeller blades
with large chord length (large planform area) than con-
ventional aircraft propellers. The same observations and
discussions were made by Monk [16].

It was confirmed that it is possible to improve the effi-
ciency of the propeller by imposing low values of the lift coef-
ficient distribution. However, it should be that the benefits
derived from the use of lower lift coefficients discussed above
are limited up to a certain level of chord the Reynolds num-
ber only. The degree of improvement in the lift-to-drag ratio
is gradually decreased as the Reynolds number increases (see
Figure 6(d)). An excessively low lift coefficient will yield a
large chord length that requires a high torque exceeding the
limitation of the electric motor at low-altitude conditions.
Therefore, it is necessary to carefully evaluate whether the
flow is within the sufficiently low Reynolds number range
at the design point, and whether imposing low lift coefficients
will definitely improve performance.

2.5. Response Surface Based on Kriging Metamodel. For a
given combination of design variables, the propeller design
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Figure 6: Effect of lift coefficient distribution on design.

7International Journal of Aerospace Engineering



is uniquely determined by the methods described above. The
efficiency of the propeller at the design point, required torque
at sea level, and required rpm at altitude of 18 km were set as
responses for each design. All three responses are evaluated
for the climb condition at rate of climb of 1m/s.

The parameter space of design variables was examined
through a response surface methodology (RSM) [37]. Test
points were generated through the design of experiment
(DOE) [37], and the Latin hypercube sampling [38] is used
as DOE method. The propeller design is conducted, and
responses are calculated by off-design analysis for each test
point. Using the responses, the kriging metamodel [39] was
generated to construct the response surface for each
response. The DOE and Gaussian process for the metamodel
generation were carried out using the commercial program
JMP 9.0 [40].

Thirty-two design variable combinations (test points)
were extracted by using DOE of Latin hypercube option
implemented in JMP. Using the propeller design and analysis
code, a propeller for each combination was designed and effi-
ciency at the design point was obtained. For each propeller,
the required torque at sea level and rpm at 18.5 km are com-
puted from off-design analysis. Then, the data of three
responses for all propellers are mounted to JMP for genera-
tion of the kriging metamodel. Since design and off-design
analyses are needed only for 32 propeller cases, the interac-
tion of JMP 9.0 with the other tools was not automated.
The design, off-design analysis, data recording, synthesis,
and transfer were carried out manually.

Figure 7 shows the response surface contours of three
responses on an rpm-d plane for several cases of lift coeffi-
cient distributions. In each figure, the abscissa is rpm,
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centered at 1820 with an interval of 10, whereas the ordinate
is d, centered at 1.2m with an interval of 0.05m. Each shaded
area represents the combination of design variables, corre-
sponding to an unallowable design due to a constraint on
any one of the three responses. The area shaded in red corre-
sponds to designs in which the efficiency is less than 66% at
the design point. The green shaded area represents designs
in which the required torque exceeds 3.82N·m at sea level.
Similarly, the blue shaded area shows the designs in which
rpm at an altitude of 18 km exceeds 2250. The available
designs which satisfy all the constraints with efficiency
greater than 66% are designs corresponding to the unshaded
area only. It is observed from Figure 7 that only a limited
range of design variables yields an allowable design. There
is no possible design for the lift coefficient distribution
greater than 0.7 (Figure 7(a)). It was confirmed that only
clm and clt values, approximately between 0.5 and 0.7, allow
possible designs with limited combination of diameter and
rpm (see Figures 7(b) and 7(c)). Moreover, there are no
available designs for values less than 0.5 (see Figure 7(d)).
Changing the diameter and rpm in the direction of the
maximum efficiency at the design point is bounded by
constraints of the required motor performance at sea level
and altitude of 18.5 km.

Figure 8 shows another response surface contour on the
clm-clt plane for d = 1 2m and rpm = 1820. We see again
that only limited ranges of clm and clt give allowable design
for a given diameter and rpm. Similarly, we examined
response surfaces for several diameters and rpms. The diam-
eter and rpm with an interval of 0.01m and 20, respectively,
were considered. It was confirmed that available designs exist
only for diameters within 1.17~1.29m. For an rpm lower
than 1820, although a higher efficiency design can be possible
due to increased chord length, the required torque at sea level
exceeds the maximum torque of the motor. On the other

hand, for an rpm higher than 1820, although the maximum
torque constraint is satisfied, the efficiency is decreased due
to the shortened chord length, and the rpm at an altitude of
18 km exceeded the motor specification.

2.6. Optimization Based on Desirability Function. The
optimization was conducted based on the concept of the
desirability function by using JMP. Figure 9 depicts the basic
procedure for the optimization. The objective functions, con-
straint functions, and response surfaces for responses must
be defined prior to exploring an optimal solution based on
desirability. The objective function was set to maximize the
propeller efficiency at the design point. Two constraint func-
tions were defined for the required torque at the sea level and
required rpm at an altitude of 18 km. Considering motor
specifications, the torque and rpm constraints were set so as
not to exceed 3.82Nm and 2250, respectively. The kriging
metamodel described in the previous subsection is used as
response surfaces.

The desirability functions must be set to achieve the
objective and constraints for each response surface. The
desirability was set in the direction of maximizing the effi-
ciency and minimizing the torque and rpm. In addition, the
weight for each desirability function needs to be imposed
according to importance. The importance was set to 1.0,
0.8, and 0.6 for efficiency, torque, and rpm, respectively.
For the desirability function and weights provided, we
explored and determined the optimal solution. Figure 10
shows the determination of optimal solution conducted by
using JMP. The optimal solution was found as 1.22, 1817.9,
0.482, and 0.648 for d, rpm, clm, and clt, respectively. It
was observed that the optimal solution can be slightly changed
by the imposed values on importance. The solutions corre-
sponding to various imposed values on importance for the
torque and rpm constraints were obtained and examined.
Since themaximizing efficiency at the design point is themain
objective of the present design, importance for efficiency was
fixed to 1.0. The results indicated that the influence of chang-
ing importance between 0.4 and 1.0 does not noticeable in the
solution within 3 digits.
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2.7. Final Design and Manufacturing. The result of the opti-
mization described in the previous subsection is summarized
in Table 5. The optimized result was examined, and the
design was slightly adjusted by considering manufacturing,
system integration, and requirements from other disciplines
and so on. The diameter and rpm were truncated to 1.2m
and 1820, respectively, which are the nearest value from the
optimization. We reviewed the response surface for d = 1 2
m and rotation speed at 1820 rpm, which is already shown
in Figure 8. The optimized value of clm (0.482) is located
around the left boundary of the region for allowable design,
and approximately lies at the boundary defined by rpm con-
straint at 18 km. Since the development of a customized
motor was under progress at that time, it was decided to
impose a margin on the propeller design considering the

uncertainty of motor specification. The clm value was
adjusted to a higher value of 0.60 to relieve the motor
requirement. The value is approximately at the center of
the region of available design, which is marked as a vertical
solid line (see Figure 8). The clt value is truncated to 0.65,
which is marked as a horizontal solid line in the figure. These
adjustments are compromised by the efficiency reduction of
0.29%p at the design point, as given in Table 5.

Figure 11 illustrates the comparison of chord (planform
geometry) and twist angle distributions between the optimi-
zation and final adjusted design. It can be seen from
Figure 11 that adjusted design has a slightly short chord
length at the midspan region. This is primarily due to the
adjustment of clm to a higher value. This behavior is dis-
cussed in Section 2.4. In the adjusted design, the twist angle
at the midspan region is slightly increased to compensate
for the decrease in chord length (see Figure 11(b)). Further-
more, in order to achieve sufficient structural robustness,
the structural design, analysis, and static load test were
independently conducted. To avoid structural interference
by the motor and achieve short length of rotational axis,
the design twist angle was adjusted by limiting it to 50° in
the transition region at spinner location (r = 0 08–0.12m,
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Table 5: Comparison of optimization and final adjusted design of
the EAV-3 propeller.

Case d rpm clm clt Efficiency

Optimization 1.22 1817.9 0.482 0.648 0.6633

Final design (adjust) 1.2 1820 0.60 0.65 0.6604
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r/R = 0 133–0.2). Figure 12 shows the final modeling for
manufacturing and actual propeller fabricated with com-
posite materials. For the accuracy of manufactured geome-
try of the propeller, an outer mold is made of aluminum
with precision machining. Carbon fiber-reinforced plastic
is carefully laminated and fabricated on the outer mold. A
total eight pieces of propeller were produced, and quality
of product is examined individually.

For an overview, a flow chart which briefly illustrates the
design procedure used in the present study is shown in
Figure 13.

3. Wind Tunnel Test

3.1. Test Facility and Measurement Device. The wind tunnel
test is conducted to evaluate the performance of the EAV-3
propeller [41, 42]. The test was carried out at KARI low speed
wind tunnel with a closed-circuit test section, whose width
and height are 4m and 3m, respectively. The maximum
speed is 120m/s, and the turbulence intensity is 0.07%
at 88m/s.

A measurement device capable of measuring the perfor-
mance of propellers having diameters of 1–2m was designed
and installed [41]. Figure 14 shows schematic and modeling
of the device. The validity of the measuring concept imple-
mented on the device was confirmed in our previous experi-
mental study conducted for a propeller with a diameter that
is less than 1m by using the same concept [43]. A torque
sensor and motor properly arranged behind the propeller
constitute the driver module. This module is placed on a
pair of cylinder guides, which enable it to freely move back
and forth, and connected to a base via a load cell. The force
pulling the module forward is directly measured by the load
cell as thrust. The torque exerted on the driving shaft is
directly measured by the torque sensor between the motor
and propeller.

The motor, torque sensor, and load cell were selected
based on the prediction of the thrust, torque, and rpm range.
To generate the required torque and power output and be
capable of precise rpm control, an industrial alternating cur-
rent motor was used. The motor selected was Mitsubishi’s
HG-JR 153, with a maximum rpm of 6000, a maximum
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Figure 12: Manufactured and mounted propeller for EAV-3.
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torque of 14.3N·m, and a rated output of 1.5 kW. A reduction
gear with a ratio of 3 : 1 was attached to the motor to allow the
operation under low rpm and high torque conditions. The
load cell and torque sensor chosen were Dacell UMI (20 kgf
) and HBM T-22 (2 kgf·cm), respectively. The rpm is mea-
sured using Autonics BF4RP optical sensor with a rotating
plate attached to the coupling.

The main structure of the driver module and base is
designed as a single part with precision machining to mini-
mize tolerances in the assembly and alignment. The steel
use stainless material was used to ensure sufficient strength
for minimizing deformation. Starting from the design stage,
the assembly method and components carefully considered
the alignment accuracy of the rotational axis. The cable con-
nection ports of the torque sensor and motor were modified/
remodeled to minimize the outer diameter of the device. The
control rack and panel were separately designed and manu-
factured for the accurate speed control of the motor.
Figure 15 shows the manufactured/installed measurement
device. The length of the main body is 791mm, and the outer
diameter is 196mm.

3.2. Calibration and Data Acquisition. The sensor calibration
was performed using a weight. The load in the direction of
the thrust was applied to the load cell in a stepwise manner
and thereafter removed. The slope of the obtained signal
was then taken as the conversion factor. The load cell signal
showed a hysteresis of approximately 0.5~1.0N, mainly due
to the friction force in the cylinder guide. Since the applied
torque and signal from the torque sensor are in good agree-
ment with each other, no conversion factor was applied.
The first and second zeroes of the sensor were recorded for
each run and used as zero offset correction.

The measurement uncertainty of the device was esti-
mated from calibration tests. The errors from both the
calibration factor and zero offset correction were estimated
to be within 0.1% for both the thrust and torque. Moreover,
the same level of errors was confirmed for repeatability and
nonlinearity. However, due to the friction in the sliding guide,
the hysteresis error for the thrust measurement was relatively
high and confirmed as the dominant factor of uncertainty.
The total uncertainty in the measured thrust was estimated
to be approximately 1.7% at a maximum. As for torque, addi-
tional error factors were not identified, and the overall uncer-
tainty was estimated to be within 0.1%. Because the load cell

and torque sensor are independent, and the manufacturing
is precisely performed considering the axial alignment, it is
considered that the occurrence of the interference error
between the sensors and other axes is negligible.

Different from conventional aerodynamic tests, the
dynamic pressure is considerably low at 20–50Pa, because
the test of the EAV-3 propeller is usually performed at low
wind speeds of less than 10m/s. In this case, the accurate
measurement of the dynamic pressure of freestream is
required to ensure reliability and repeatability of results,
since the calculated wind speed of the test section will sub-
stantially vary according to a small difference in dynamic
pressure. The dynamic pressure was determined by mea-
suring the static pressure difference between the stagnation
chamber and inlet of the test section. The differential pres-
sure was measured using an MKS Baratron sensor and a
Mensor model 2106 transducer. The accuracy is found to
be within 1Pa. The zero values of the differential pressure
were recorded in several preliminary tests at various days
and times. The data indicated that these zero values
change from −3 to 3Pa, depending on the day and time,
even under the wind tunnel stop state. The differential
pressures were recorded at the start and end of each run,
and the dynamic pressure in the test section was corrected
using this value.

The flow temperature was measured with a 100Ω resis-
tance temperature detector installed through the side wall
of the inlet of the test section. The difference in temperature
readings between this detector and another temperature
sensor installed in the device was found to be less than
approximately 0.2°C. The air density was calculated accord-
ing to the measured temperature and humidity, and wind
speed was calculated from the density and the measured
dynamic pressure.

When all sensor signals become stable, data acquired for
5 seconds with sampling rate of 10Hz were averaged. There-
after, the thrust and torque of the propeller were determined
by applying the corrections.

3.3. Test Results. The test was conducted at a fixed rpm and
varying wind speed to measure performances at various
advance ratios (J). Figure 16(a) shows the measured thrust
and torque at 700, 867, 950, and 1050 rpm. In the figure,
the filled and nonfilled symbols represent the thrust and
torque, respectively. Performance coefficients calculated

Figure 15: Installation of measurement device.
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from measured data are shown in Figure 16(b). The thrust
coefficient (CT), power coefficient (CP), and efficiency (η)
are as defined in (1).

J =
V
nD

,

CT =
T

ρn2D4 ,

CP =
Qω

ρn3D5 ,

η = J
CT
CP

1

The difference among the performance coefficients is
observed according to the rpm; the higher the rpm is,
the higher the thrust and power coefficients are. The effi-
ciency was practically the same at more than 867 rpm,
but slightly lower by approximately 1%p at 700 rpm. In
our previous study, it was confirmed that efficiency degra-
dation may occur if the blade chord Reynolds number
decreases below 105 [43]. Similar observations were made
in other studies that measured propeller performance in
the low Reynolds number range [44, 45]. Considering
the rotational speed and chord length of the blade, the
condition of 700 rpm (Rec = 105 − 2 × 105) is expected to
effect a slight decrease in efficiency. However, it is estimated
that a considerable decrease in efficiency is further expected
at lower rpms.

3.4. Correction of Wall Blockage Effect. Even if the propeller
generates thrust in the closed test section, the continuity
equation at any cross-sectional area of the test section must
be satisfied. This yields the same effect as the propeller was
under a lower wind speed when it operates in the absence
of the wall. As a result, the propeller attains the thrust
increasing effect. Glauert correction [46] is commonly used

as a method for correcting the blockage effect [45, 46]. As
shown in (2), this method predicts the equivalent freestream
velocity (V′) for the case without the wall, which yields the
same thrust generated in the wind tunnel.

V′ = V 1 −
τ4α1

2 1 + 2τ4
,

τ4 =
T

ρAdiskV
2 ,

α1 =
Adisk
Atunnel

2

In addition, various correction techniques have been
studied and proposed. However, in order to apply recent
methods, the static pressure distribution on the test sec-
tion wall in the downstream direction must be measured
separately [47]. Glauert correction is also known to pro-
vide a similar accuracy to the methods that use static
pressure measurements in the general advance ration range
(J = 0 2–0.6) [47].

Figure 17 shows the results of the case of 867 rpm with
Glauert correction. For comparison, data without correction
are shown as symbols with no fill. As mentioned above, the
correction yields a lower freestream speed than the measured
wind speed in the test. It can be observed that the perfor-
mance coefficient curve slightly shifts to the left, and the
change in the advance ratio is approximately 0.005–0.01.
The results of the two 867 rpm test cases are plotted together
in Figure 17. It can be confirmed that the measurement sys-
tem has good repeatability. It is noted here that the possibility
of a change in the performance curve by the wall effect needs
to be taken into consideration when the test is conducted
in the closed test section. If the influence is not negligible,
the test result can be improved by applying the blockage
effect correction.
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Figure 16: (a) Measured thrust and torque and (b) performance coefficients.
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4. CFD Analysis

To evaluate the performance of the propeller, numerical
analyses were performed by using a commercial CFD code.
It was intended to compare the calculation results with the
test data to mutually confirm the reliability and validity of
the methods of the wind tunnel test and numerical analysis.
The basic approach and method of analysis are the same as
that in our previous study on a 0.7m diameter propeller [43].

4.1. Computational Grid. The computational grids are gener-
ated by using GAMBIT and T-GRID [46]. For the surface
mesh, the blade is composed of structured-type quadrilateral
cells. The hub, blade tips, and connecting regions consist of
unstructured triangular cells. The total number of surface
mesh is approximately 3× 105. To properly capture the vis-
cous boundary layer on the surface, 18 layers of boundary
layer cells are generated with an initial height of 4×10−5m.
The height of the first cell from the surface corresponds to
a y + value of approximately 1.

Figure 18 shows the size of the computational domain
and types of boundary conditions. The far boundary is cylin-
drical in shape. The diameter and height were set to 10 and
15 times the diameter of the propeller, respectively. The inlet
and outlet boundaries are located at distances of 5D
upstream and 10D downstream, respectively. The velocity
inlet boundary condition is imposed at the inlet and side
boundaries, whereas the pressure outlet boundary condition
is imposed at the outlet boundary.

The region around the propeller is designated as a
cylindrical-shaped region, and the boundary between the
inside and outside regions is set as an interface. This mesh
configuration enables the use of both the multiple reference
frame (MRF), which adds a source term to simulate the rota-
tion, and the sliding mesh model (SMM), which directly

rotates the inside region. In the vicinity of the propeller, an
unstructured grid of tetrahedral cells was generated at a
growth rate of 1.2. The structured-type grid with hexahedron
cells are generated for the outer region by dividing it into sev-
eral blocks. The total number of volume cells is approxi-
mately 14.2 million.

4.2. Method of Analysis. The commercial CFD code FLUENT
[48] was used for the analysis. Since the expected blade tip
Mach number which is estimated based on the velocity and
rpm did not exceed 0.2, the pressure-based solver was used
assuming an incompressible flow. The semi-implicit method
for pressure-linked equation (SIMPLE) algorithm was
selected for the pressure-velocity coupling. For spatial discre-
tization, the standard method was chosen for pressure, and
second-order upwind schemes were used for the other vari-
ables. A four-equation model, transition-SST, which is based
on γ-Reθ, is used as turbulence model. The turbulence inten-
sity at the far boundary and intermittency were set to 0.1%
and 0.2, respectively.

In order to reduce the computational cost, the rotation of
the propeller is simulated by steady-state calculation of the
MRF method. On the other hand, unsteady analysis using
the SMM method was individually performed to evaluate
the validity of the MRF method. The thrust and torque from
the two methods only showed a difference of less than 0.1%.
The iteration was continued until the residuals of the conti-
nuity equation and other equations were reduced below
10−3 and 10−5, respectively, while the thrust and torque were
kept constant.

4.3. Analysis Results. The test calculation is carried out
for the condition of the design point (15 km, 1820 rpm,
V = 14 6m/s). The results are summarized in Table 6 for
comparison with prediction from the design code. The
design code result is the same with the “final design” result
given in Table 5. We note here that the design code result
considered only blades without adjustment of the twist angle
near the spinner (Section 2.7). On the other hand, the geom-
etry for CFD analyses included the hub, connecting region,
and the adjustment of twist angle in the transition region
near the spinner. Despite the difference in the geometry, it
is evident that the two results are in good agreement. It must
be noted that at the design point, the stall is minimized over
the entire area of the blade, and the flow at each cross section
in CFD becomes practically identical to that of BEMT predic-
tion. Additionally, since the aerodynamic coefficients for
BEMT were obtained by the same CFD analysis, we can
definitely expect that the CFD results and design code
predictions approximate each other.

For an altitude of 15 km and at sea level, analyses at
various rpms with a fixed flight speed are conducted. The
performance coefficient results with respect to the advance
ratio are shown in Figure 19. As previously observed in
Table 6, Figure 19(a) shows that, at an altitude of 15 km
(design point), the design code predictions and the CFD
results agree well, both qualitatively and quantitatively.
However, under sea level condition, which corresponds to
the off-design point, the design code predictions showed that,
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to a moderate extent, the thrust coefficient has higher values
than those of the CFD, although their tendency agrees well. It
is concluded that the design code yields a more optimistic
prediction in thrust due to the limitation of BEMT, which
does not properly reflect the effect of wake and its contraction
at high load conditions.

Figure 19(b) shows the results for cases under various
forward speed conditions at 867 rpm. For comparison, the
wind tunnel test results of the previous section are shown
together with them. The results agree well with test data qual-
itatively, but the thrust and power coefficients are found to be
slightly lower than that of test data. In order to analyze the
cause of this difference, the level of uncertainty that can
inherently arise from the CFD was evaluated. From grid tests
and analyses using other CFD coeds, such as OpenFOAM
[49] and Star-CCM+ [50], the uncertainties that can arise
from CFD are found to be significantly lower than the differ-
ence observed in Figure 19(b) [51].

In the wind tunnel test, the measurement devices and sup-
port column located downstream of the propeller can cause a
blockage effect. Thus, their influence can be considered as one
of the causes in the difference between the analysis results and
those of the test. Since the results in Figure 19 correspond to
cases of propeller-alone analysis, the blockage effect and its
level of influence on the wind tunnel test were evaluated.

For convenience and to reduce the number of grids, the
geometry of the device and support column are simplified,
as shown in Figure 20. The connection between the propeller
and device is ignored from the analysis. Approximately
112000 surface meshes and 16 layers of boundary layer cells
were generated over the device and column geometry. As
depicted in Figure 20(b), the interface surface of cylindrical
shape surrounding the propeller was set to separate the
inside and outside regions. Different from the case of the
propeller alone analysis, the flow symmetry with respect
to the rotational axis is not guaranteed in the presence of
the device. Therefore, the unsteady analysis with the SMM

technique was performed to directly rotate the propeller
in the calculation.

Analyses for several forward speeds with a fixed rpm of
867 were performed. For each case, a total of 12 rotations
were calculated with a time step size corresponding to 2° of
rotation. The steady solution with the MRF method was
obtained first and thereafter used as the initial condition for
the unsteady calculation. Figure 21 illustrates the time history
of the thrust and torque for several cases. It is observed that
the thrust and torque fluctuate with period, which coincides
with that of rotation. For the purpose of comparison, the
analysis result of the propeller alone case at 5.8m/s is plotted
together with the dashed line. We readily observe that the
thrust and torque slightly increase due to the presence of
the device and support column.

The thrust and torque were determined as time-averaged
values during the last two rotations of the calculation. The
summarized results in Tables 7 and 8 are compared with that
of the propeller alone analysis. The thrust increased by
approximately 1.8–8.9%, and the torque increased by approx-
imately 1.8–7.5%. The level of increase becomes higher as the
speed increases (higher advance ratio). The results, including
the blockage effect, are shown in Figure 22 together with
those in Figure 19. It can be confirmed that the thrust and tor-
que, including the blockage effect, are considerably close to
the wind tunnel test data (Figure 22(a)). It is confirmed that
the blockage effect has no significant influence on the
efficiency (Figure 22(b)) since it increases both thrust and
torque. The analysis results show the efficiency to be approx-
imately 1–1.5%p higher than that from the wind tunnel data
and that their tendency agrees well.

The results imply that the level of the blockage effect from
the device and support column should be evaluated properly
when constructing a propeller test system. By taking into
account the blockage effect in analyzing and processing mea-
sured data, accuracy can be improved. In the previous studies
on propeller testing [44], the blockage effect was corrected by
using the method proposed by Barlow et al. [52]. However,
the measured thrust and torque can vary considerably
depending on the shape and position of the device. There-
fore, it is necessary to evaluate the accuracy of the correction
method for each system.

Figure 23 shows the efficiency curves obtained on the
basis of the propeller alone analysis under sea level, 15 km,
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Figure 18: Computational domain and boundary conditions for the case of the propeller alone.

Table 6: Comparison of performance at design point.

Thrust (N) Torque (Nm) Efficiency (%)

Design code 21.31 2.47 66.0

CFD 21.17 2.48 65.4
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and 18 km altitude conditions. Numerical results clearly
show that under high-altitude conditions, the efficiency
decreases over the entire range of the advance ratio due to
the decrease in the Reynolds number. The reduction in the
thrust coefficient and efficiency in the low Reynolds number
range have been well known from previous studies on small
propellers [44, 45, 53]. However, the design operating
advance ratio of EAV-3 increases as the altitude increases.
The advance ratios for the sea level, 15 km, and 18 km flights
are estimated as J = 0 334, 0.401, and 0.411, respectively. In
spite of the reduction in efficiency, it can be observed from
Figure 23 that the efficiency of the designed propeller
remains at more than 65% even at high altitudes.

5. Flight Test Data

In 2015 and 2016, KARI conducted a flight test of EAV-3.
The takeoff and flyover of EAV-3 at a low altitude are shown
in Figure 24. During the flight, data from various sensors
were recorded at 10Hz in an onboard storage. After landing,
these data were collected for analysis. This section intends to
briefly discuss the attempt to evaluate the performance of the
propeller based on available data and several assumptions.

In the wind tunnel test, propeller performances were
directly measured through the sensors. In case of the CFD,
the performance was directly obtained through the analysis
result. However, in the flight test, the aerodynamic perfor-
mance of both the propeller and aircraft cannot be measured
directly. In order to evaluate the propeller performance
accurately, reliable aerodynamic data of the aircraft during
its flight are needed and vice versa.

Additionally, during the actual flight, there are practically
no steady-state conditions in which parameters, such as
speed and attitude, are kept constant. The limitation on the
flyable airspace imposed by the government (10 km radius)
makes the acquisition of steady-state data considerably
difficult since the aircraft must continuously change direc-
tion to remain in the airspace. These factors make flight data
analysis difficult. Because the aerodynamic performance can
be predicted based only on indirect data acquired from

sensors, the uncertainty and prediction error can signifi-
cantly increase due to the underlying assumptions.

5.1. Method of Analysis. The atmospheric density, flight
speed, rpm, and thrust and torque values are required to
obtain the performance coefficient with respect to the
advance ratio. However, all quantities except rpm, which is
measured from the rpm sensor, are not directly measured
in the flight test but should be estimated from available data.
In this study, we attempted to estimate these values according
to simple assumptions and approximations.

There are two kinds of altitudes obtainable from the flight
data. These are the pressure altitude, which is calculated from
the atmospheric pressure measured by the air data system
(ADS), and the recordedGPS altitude. The difference between
these two altitudes was confirmed to be less than 15m for the
entire flight. The density is assumed to be the standard atmo-
spheric value according to the GPS altitude data. The flight
speed is computed using the dynamic pressure measured
from ADS and the estimated density. The rpm of each motor
was determined by averaging sensor data at 1-second inter-
vals at a particular time of interest. The rpm for data analysis
was obtained as average rpm value of the two motors.

The power consumption of the propeller was calculated
by using the recorded voltage and current data supplied to
the motor electronic speed controller (ESC). The actual
power delivered to the propeller was estimated by assuming
an ESC efficiency as 96%. The torque is calculated using the
rpm and the estimated power. The climb speed (rate of climb
in m/s) was determined by average climb speed for 2 s cen-
tered at a particular time of interest using the GPS altitude.

To estimate the drag of EAV-3, the drag polar of the main
wing was obtained by CFD analysis under several altitude
conditions. The basic principle and method of analysis are
the same as those described in Section 4. Although the main
wing is a flexible structure, it is assumed as rigid body in the
analysis. The results are curve fitted to obtain the polynomial
equation for the drag coefficient with respect to the angle of
attack. The increment in the drag with altitude, which is dif-
ferent for each angle of attack, is assumed to be a quadratic
variation, from the sea level to the 18 km analysis results.
Based on further analyses, the additional drag by the tail wing
and fuselage was approximated to 130 counts at sea level. The
degree of the additional drag increase with altitude is
assumed to be the same as that of the main wing. The sum-
mation of contributions from the main wing and the other
parts results in the estimation of the total drag coefficient of
EAV-3. The total drag was calculated by multiplying the drag
coefficient, dynamic pressure, and wing area.

The power required during the climb flight is calculated
by using the drag (D), flight speed (V), weight (W), and
climb speed (V c), as given in (3). The propeller thrust is sim-
ply predicted from the relationship P = TV by assuming that
the propeller generates the required power.

P =DV +WVc 3

As mentioned above, it is difficult to maintain a steady
state with a fixed attitude due to the continuous maneuvering

Table 7: Comparison of thrust.

V (m/s) Propeller only With device/column Difference

4.3 42.72 43.52 +0.80

5.8 37.22 38.38 +1.16

7.3 30.78 32.38 +1.60

8.8 23.54 25.57 +2.03

Table 8: Comparison of torque.

V (m/s) Propeller only With device/column Difference

4.3 3.87 3.94 +0.07

5.8 3.73 3.84 +0.11

7.3 3.44 3.59 +0.15

8.8 2.94 3.16 +0.22
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to remain in the allowable airspace, as well as maintain a
desired flight under disturbances of the atmosphere. As an
example, Figure 25 depicts several flight data for a duration
of 2min during a climb from an altitude of approximately
3400–3900m. During this period, the equivalent airspeed
and angle of attack fluctuate continuously. Moreover, it is
observed that the aircraft performed two major turn maneu-
vers during the time shown in the figure.

To take into account the approximately steady and stable
state to the extent possible, data during the turn maneuver
were excluded from the analysis of the propeller perfor-
mance. For this purpose, only data corresponding to the
moments of the roll angle from −0.015 to 0.015 rad, roll rate
from −0.006 to 0.006 rad/s, and yaw rate from −0.01 to
0.01 rad/s were considered. For altitudes below 17 km, addi-
tional restrictions are imposed on deflection angles of control

surfaces. Data are filtered based on the deflection angles of −2
to 2° and −3 to 3° for the aileron and rudder, respectively.
Since EAV-3 adapts rpm differential control, the data on
the rpm difference of less than 20 are filtered and chosen
for the analysis.

5.2. Results of Analysis. Figure 26(a) shows the time history of
two altitudes obtained during the climb of up to 18.5 km.
As previously mentioned, the two altitudes are practically
identical. It is observed that it took approximately 7.5 hours
after takeoff to reach the 18 km altitude. The climb speed
with respect to altitude is plotted in Figure 26(b) based on
the filtered data. In general, during the flight, the climb
speed varied from 0.5 to 1.0m/s. For convenience, the time
region was divided into four sections, designated as A–D in
the figure.

The predicted thrust coefficient with respect to the
advance ratio at each moment of filtered data is shown in
Figure 27. The results corresponding to the four sections are
illustrated by symbols with different colors. For the purpose
of comparison, CFD results of the propeller alone analysis
at several altitudes and wind tunnel test data are plotted
together. It can be observed that the estimated values from
the flight data are scattered over a wide range around thewind
tunnel and CFD data. It is difficult to make a strict quantita-
tive comparison because the degree of dispersion is large.

Nevertheless, several meaningful qualitative tendencies
and characteristics can be observed from the comparison. It
is evident that the values at lower altitudes (section A) are
distributed around the wind tunnel test data and exhibit sim-
ilar tendencies. It can be conjectured that the flight data con-
tain the blockage effect of the main wing similar to that of the
support column in the wind tunnel test. This can be regarded
as a possible explanation on the observation that flight data
values are slightly higher than CFD results of the propeller
alone analysis at sea level.
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Figure 24: Flight test of EAV-3.
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The operating advance ratios during climb are in the
range of approximately 0.4 to 0.5 and gradually decrease as
the altitude increases. This means that the rpm increase was
greater than the increase in the flight speed as the altitude
increases. It is a different behavior compared with what was
expected in the propeller design stage. We note here that
the weight of EAV-3 was increased by approximately 10%
from its original design after the finalization of its fabrication.
Moreover, the final performance of the motor was also
enhanced by over 10% in torque compared to that given as
constraint of the propeller design. Therefore, it was expected
that the propeller was operated under an off-design condition
at some extent in the flight test. The flight control algorithm,
which is optimized not only for the propeller design philoso-
phy, is also regarded as a reason for the unexpected behavior.

It is evident from the figure that the thrust coefficient
considerably decreases as the altitude increases (as changing
from A to B, and B to C). This tendency is consistent with
CFD prediction and is interpreted as the low Reynolds num-
ber effect, which was also confirmed in wind tunnel tests. In
section D, which is approximately 18 km in altitude, the pro-
peller operated under various flight conditions, including
climb and cruising, resulting in a wide range of operating
rpms. Thus, the thrust coefficient is distributed over a wide
range of advance ratios for significantly limited altitudes, as
shown in the figure. It can be seen that the distribution fol-
lows well the tendency of the curve of CFD results from the
propeller alone analysis at 18 km. It must be emphasized that
the thrust coefficient further decreases to even lower values
than that from CFD results. This implies that the degree of
decrement that occurred in the actual flight is considerably
greater than that in the prediction of CFD using the transi-
tion SST model. It must be mentioned here that the evalua-
tion of the thrust coefficient is directly affected by the drag
estimation and it can be shifted up and down in the figure
depending on the assumptions and approximations.

Figure 28 shows the comparison of results on efficiency.
Although the prediction from flight data exhibits a high level

of scattering, it is distributed around the wind tunnel test and
CFD results and follows well their tendencies along a wide
range of advance ratios. However, it is noted that the flight
data seem slightly shifted to higher values. It is suspected that
this optimistic prediction is primarily due to the inaccuracy
arises from the estimation of power consumption. Since the
estimation is simply based on voltage and current data, it is
anticipated that a relatively large uncertainty would be intro-
duced. Apparently, a more reliable strategy to obtain the
power consumption would be necessary to improve accu-
racy. On the other hand, it is observed that the propeller
operated in the advance ratio ranges, where the maximum
efficiency is expected from the wind tunnel test and CFD
data. This implies that the fundamental objective of the
propeller design is successfully achieved.

6. Conclusion

In this paper, the design and performance evaluation of the
propeller of KARI’s HALE UAV were introduced.

For the design, a basic methodology was established
based on BEMT and minimum induced loss. The aerody-
namic data of the airfoil were constructed by using CFD to
ensure the reliability under low Reynolds number conditions.
The blade airfoil was chosen based on the evaluation of the
lift-to-drag ratio for expected Reynolds numbers under the
design condition. The effect of the design lift coefficient dis-
tribution on high-altitude conditions was investigated, and
the characteristics of low Reynolds number behavior were
analyzed. Design variables and responses for the design were
selected, and the response surface was examined based on
DOE and kriging metamodel. After defining the objective
function and constraints, the optimization was conducted
based on the desirability function. The final design was deter-
mined from the examination of the optimization result.

The wind tunnel test and numerical analysis were con-
ducted to evaluate the performance of the propeller and
validity of the design. The measurement device was designed,
constructed, and calibrated. The method of data acquisition
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and correction was established. The performance of the
designed propeller was measured under several conditions.
The changes in performance as the low Reynolds number
decreases were confirmed from the test data. The numerical
analysis was conducted by using a commercial CFD code,
and the results showed that the tendency was in good agree-
ment with the test data. However, the thrust and torque are
slightly lower than those in the test. The analyses, including
the device and support column in the wind tunnel test, were
further carried out to confirm that the thrust and torque were
increased. It was found that the results approximated the test
data, and the experimental and numerical results showed
good agreement. It can be inferred from the comparison that
the blockage effect must be appropriately considered to either
interpret or correct measured data.

Flight test data are analyzed to evaluate the performance
of the propeller in an actual flight. Due to inherent limita-
tions in the flight test data, several assumptions and approx-
imations were made to obtain the variables required to
calculate performance. Approximately 8 h of data during
the climb of up to 18 km altitude were analyzed. In spite of
dispersion of analyzed data, the results for the thrust coeffi-
cient and efficiency generally exhibited good agreement in
their tendencies, and satisfactory agreement in their quanti-
tative comparison. The degradation of the thrust coefficient
as the altitude increased was clearly observed in the flight
data. Moreover, the level of decrease with respect to the alti-
tude was found to be greater than the prediction obtained
from CFD analysis. It was confirmed that the propeller
operated over the advance ratio ranges, where the maximum
efficiency is expected from both wind tunnel test and CFD
analysis. This implies that the design methodology used in
this study is practically useful and valid for the development
of high-altitude propellers.
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