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In this study, ground tests and numerical analysis were performed to verify the hover performance of the second ducted fan model
designed by this research team. Shape of the duct inner surface was asymmetric in longitudinal direction, and considering various
aspects such as test site or costs for test operation, a 40% scaled-down model of the ducted fan was adopted for this study. Both the
results of the tests and the analysis were found to be coherent, and it was verified that the ducted fan was verified to be well
designed to achieve the targeted performance. Furthermore, the performance of this ducted fan was compared with that of the
symmetric one to determine the effects of the difference in the duct shape on the performance. It was observed that the
symmetric ducted fan performs better in hovering flight, although the asymmetric ducted fan was sufficiently satisfied with the
design intention.

1. Introduction

A ducted fan type is known to have advantages over the
open rotor type in terms of thrust, noise, and safety [1].
Research on the ducted fan has been actively implemented
from the early 2000s until recently, and the studies were
mainly focused on a single ducted fan for a small UAV
(unmanned aerial vehicle) that requires VTOL (vertical
take-off and landing) ability in the 2000s [1–3]. After the
2010s, as VTOL vehicles of various concepts including small
UAVs were introduced, various forms of ducted fans
appeared naturally such as fan-in-wing [4–6], multiduct
[7], and coaxial [8, 9] types. In addition, studies have been
conducted on the performance of ducted fans in various
ways. Ohanian et al. studied how to represent the ducted
fan aerodynamics with nondimensional coefficients [10].
Liu et al. [11] and Bontempo and Manna [12] studied the
effects of the duct geometry on the performance. Further-
more, there were studies on the effects of artificial flows on
the ducted fan. Sheng and Zhai [13] conducted numerical

investigations of the ducted fan with active flow control
devices that perform suction and injection of flows near
the duct inner surface of the duct, and Chen et al. [14] exam-
ined the ducted fan with tip jets numerically.

This research team of KARI has also been researching
the performance of ducted fans [15–17] and recently
designed the second ducted fan model for an unmanned
VTOL aircraft currently being developed. The duct shape
of the second model was designed asymmetrically in the lon-
gitudinal direction with the expectation of better perfor-
mance in forward flight than a symmetric ducted fan.
However, the present study is focused only on the hover per-
formance, and the forward flight performance will be inves-
tigated in the next study with the wind-tunnel tests. The first
purpose of the present study is to verify whether the second
model achieves the intended hover performance of the
design, and the second purpose is to determine how different
the hover performance of the second model from that of the
symmetric one. The hover performance of the symmetric
one was already obtained through the previous studies
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[16], and the symmetric ducted fan was the first model
designed by this research team. In the present study, the
ground tests and the CFD (computational fluid dynamics)
analysis were conducted by using a scaled-down model as
was done for the first model to accomplish both purposes,
and the hover performance of both ducted fans was com-
pared with each other.

2. Ducted Fan System

2.1. Configuration of Ducted Fan Model. The second ducted
fan used in this study was designed by this research team to
satisfy specific performance such as the duct thrust ratio and
hovering efficiency. Only the inner surface shape was
designed asymmetrically in the longitudinal direction, and
the fan blades were maintained the same as the first model.
It was composed of six blades and a single duct, and the
clearance between the blade and the duct in the rotational
plane was designed to be 1% of the inner radius of the duct.
The inner radius of the duct was designed to be 1m. The
cross-section of the blade was designed as a “NACA23012”
airfoil, and the distribution of the twist angle was nonlinear
[16]. Figure 1 represents the cross-section in the longitudinal
direction between the first model, which is a symmetrical
ducted fan, and the second model, which is an asymmetric
ducted fan. The terms of the first ducted fan model and
the second ducted fan model used in this paper were to be
unified as “symmetric ducted fan” and “asymmetric ducted
fan,” respectively. In this study, a 40% scaled-down model
was used taking into account various aspects such as test site
and costs of manufacturing or operating the test model.

2.2. Hover Performance of a Ducted Fan. The hover perfor-
mance of a ducted fan is generally examined by thrust,
power, duct thrust ratio, and figure of merit [18]. In this
paper, thrust and power performance were represented as
thrust coefficient (CT) and power coefficient (CP), defined
as Equations (1) and (2), respectively, where “ρ” is the air
density, “A” is the disk area, and “VTip” is the speed of the
blade tip. In addition, “T” represents the total thrust of the
ducted fan, and “P” represents the fan power.

CT =
T

ρAV2
Tip

, ð1Þ

CP =
P

ρAV3
Tip

: ð2Þ

The duct thrust ratio was calculated by the ratio of the
difference between the total thrust and the fan thrust to the
total thrust, as shown in Equation (3), where “TF” represents
the fan thrust of the ducted fan.

Duct Thrust Ratio =
T − TF

T
: ð3Þ

The figure of merit is a dimensionless number defined as
the ratio of the ideal fan power to the measured fan power as
expressed in

Figure of Merit =
Pideal
P

: ð4Þ

“PF,ideal” in Equation (4) is computed by Equation (5),
and “aω” in Equation (5) is a parameter related to the duct
wake area [18].

Pideal =
T3/2
ffiffiffiffiffiffiffiffiffiffiffiffiffi

4aωρA
p

: ð5Þ

In this study, the collective pitch angle that means the
pitch angle at 75% of the blade radius was considered in
the range of 20 to 36 degrees. The rotation speed was deter-
mined to be 4000RPM to maintain the Mach number simi-
larity with the full-scale model.

3. Experimental and Numerical Methods

3.1. Ground Tests. The ducted fan model for ground tests
was installed at a position where the height of the rotating

(a) Symmetric ducted fan (b) Asymmetric ducted fan

Figure 1: Cross-section in longitudinal direction of both designed ducted fans.
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Figure 2: The 40% scaled-down ducted fan model and the
configuration of the test stand.
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surface from the ground was about 4.2 times the inner diam-
eter of the duct, and a column-shaped support structure was
built under the ducted fan as shown in Figure 2. The rotation
of the fan was driven by using the “EMRAX 228” motor that
can drive up to 109 kW of power [19], and test devices essen-
tial for driving the motor such as a motor driver, power sup-
ply, and cooling system were also prepared. In addition, a
safety fence was also constructed and the test devices were
arranged as shown in Figure 3. To acquire the thrust and
torque data from performing the tests, two loadcells were
mounted between the ducted fan and the support structure.
The “Loadcell 1” was used to measure the thrust and torque
generated by the rotating fan, and the “Loadcell 2” was used
to measure the total thrust of the ducted fan in the ground
tests. The data of each condition were acquired for about five
seconds at a sampling rate of 10 kHz, and the averaged value
of the data was used.

Ground tests were carried out in the RPM-sweep
method, which fixed the pitch angle and increased the
RPM to the target value of 4000RPM, since the pitch angle
was manually adjusted. The pitch angle conditions per-
formed in the test were 20, 24, 28, 30, 32, and 36 degrees.
The speed of fan rotation was increased in units of 1000 or
500RPM up to 4000RPM, and data at each RPM was also
measured. In order to increase the reliability of the acquired
data, the test was conducted three times for each condition.

3.2. Repeatability of Data Acquisition from the Test Facilities.
Before conducting the main tests, it is necessary to verify the
repeatability of the data acquisition from the test equipment.
Therefore, one of the collective pitch angle conditions to be
performed in the tests was selected for verification of the
repeatability, and it was the pitch of 30 degrees. The test
was carried out three times under the same conditions and
they were labeled “Run1,” “Run2,” and “Run3” in order of
test execution. The thrust and torque were measured in each
test, and torque data were converted into the power perfor-
mance. Figure 4 shows the total thrust and fan power of all
the measured RPMs as dimensional and nondimensional
performance. It was confirmed that the performance data
obtained in the three tests were measured equally at each

RPM, and it was also found that the similarity was well
maintained in all the measured RPMs through the perfor-
mance expressed as a dimensionless coefficient. As a result,
it was verified that the test device currently prepared has
repeatability in data acquisition. In Figure 4, the interval
between each tick of (a) thrust, (b) power, (c) thrust coeffi-
cient, and (d) power coefficient is 1000N, 20 kW, 0.1, and
0.01, respectively.

3.3. Computational Fluid Dynamics. CFD analysis was per-
formed with the STAR-CCM+ (ver.15.02), a commercial
software that can solve the Navier-Stokes equations numer-
ically, and the reliability of the results for the ducted fan was
already validated through previous studies [16]. To calculate
the fan rotations in time, the sliding mesh technique was
performed, and the time step was set as the time for the
fan to rotate 3 degrees. In addition, a dual time stepping
technique was adopted, and the number of iterative calcula-
tions at each time step was set to 20. The convective terms in
the N-S equations were discretized using Roe’s flux differ-
ence splitting scheme, and the diffusive terms were discre-
tized by the central difference method [20]. Turbulent
viscosity was computed by the Spalart-Allmaras model.

The computation conditions were adopted the same as
the test conditions. However, the rotational speed of the
fan was only prepared at 4000RPM in consideration of com-
putational resources and time. The computational domain
was composed of the ducted fan model with the support
structure and the ground, as shown in Figure 5, and the far
boundary condition of the freestream and the pressure outlet
was located at a distance of 20 times the inner diameter of
the duct of the model. Atmospheric pressure and tempera-
ture were set as 104300Pa and 26°C, respectively, since they
were averaged atmospheric conditions when the tests were
conducted.

3.4. Computational Grids. To decide a computational grid, a
grid dependency test was performed. Three different grids
composed of about 8 million/15 million/20 million polyhe-
dral cells were generated for the grid dependence test, and
they were named as “Coarse,” “Medium,” and “Fine,”

DAQ control rack
Control board
(power supply)

AC-DC
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Main control
module

Cooling systemMotor driver Water tank

DAQ
module

Cooling
controller

Battery

Figure 3: Layout of the facilities to operate the ducted fan performance tests.
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respectively, as shown in Figure 6. The computational condi-
tions for the grid dependency test were selected as one of the
conditions for CFD analysis: a collective pitch angle of 30
degrees at 4000RPM.

The results were represented by hover performance as
shown in Figure 7, and the performance data were computed
by averaging the performance of the last three revolutions. It
was confirmed that the “Coarse” results differed more than
3% from the “Fine” results, and the “Medium” results dif-
fered less than 1% from the “Fine” results. As a result, the
computational grid was determined as the “Medium”
meshes in consideration of solution accuracy, computational
resources, and time, and a cross-sectional view of the com-
putational grid was depicted in Figure 8. The maximum cell
size on the blade surface was limited to 11% of the blade
chord length, and the cell size near the ground was generated
to be around 71% of the chord length. Reichardt’s blended
function was used to generate the meshes near the wall
[21], and the maximum size of the initial prism layer (y + )
was composed of around 1.8.

4. Results and Discussion

4.1. Hover Performance of the Asymmetric Ducted Fan. The
hovering performance of the asymmetric ducted fan through
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Figure 4: Results of repeatability tests to verify the DAQ system of the test facilities. The results were expressed by the (a) thrust, (b) power,
(c) thrust coefficient, and (d) power coefficient with respect to RPMs.
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Figure 5: Computational domain and the configuration of the CFD
model.

4 International Journal of Aerospace Engineering



the tests and the CFD analysis was compared in Figure 9. On
the graphs, the circular marker indicates the test results, and
the solid line indicates the CFD results. The thrust perfor-
mance in Figure 9(a) was expressed by the thrust coefficient
normalized by the thrust coefficient of the targeted thrust.
First, it was shown that the thrust increases linearly as the
pitch angle increases in both the tests and the CFD. Further-
more, it was confirmed that the target thrust was achieved at
a pitch angle of about 31 degrees or more. However, it was
found that the CFD results of the thrust were predicted to
be slightly higher than the test results. It seemed that there
was a little difference on the actual pitch angles comparing
to the computation because the pitch angles were manually
adjusted in the test. The reason for this judgment was that
the power curves along the thrust were almost matched in
both the tests and the CFD as shown in Figure 9(b),
although the absolute value of the thrust in the tests differs
from the CFD results at same pitch angles. It was observed
that the power and the thrust were related to a function of
quadratic or higher polynomials, and it was indicated that
the tests and the CFD analysis were performed well from
the power curve results. The interval between each tick of
the power coefficient is 0.01 in the graph. Furthermore, it
was identified that the duct thrust ratio was about 0.25
higher than the target performance, and it was found that
the duct thrust ratio was maintained above a certain level

regardless of the increase or decrease in thrust, as shown in
Figure 9(c). The interval between each tick of the duct thrust
ratio is 0.25. Finally, the results of the figure of merit, which
means the efficiency of hovering flight, are presented in
Figure 9(d). The interval between each tick of the figure of
merit in the graph is 0.25. It was obtained that the figure
of merit was achieving the target performance under all the
conditions of the tests and the CFD, and it was also indicated
that the figure of merit above a certain level was maintained
regardless of the increase or decrease of the thrust, similar to
the duct thrust ratio. Therefore, it was verified that the asym-
metric ducted fan was designed well to perform the required
performance.

4.2. Effects of the Difference in Duct Shape on Hover
Performance. The hovering performance of the asymmetric
ducted fan was compared with that of the symmetric one
already obtained through the preceding study [16] as shown
in Figure 10. In the graphs, the green square and the blue
dotted line represent the performance of the symmetric
ducted fan [16], and the black circle and the red solid line
represent the performance of the asymmetric ducted fan.
In addition, both square and circle markers mean the test
results, and both dotted and solid lines mean the CFD
results. It was found that the thrust of the symmetric ducted
fan was about 3% higher than that of the asymmetric at the

<Static region>

<Rotating region>

(a)

<Static region>

<Rotating region>

(b)

<Static region>

<Rotating region>

(c)

Figure 6: Comparison of the three different grids using in the grid dependency tests. (a) Coarse. (b) Medium. (c) Fine.
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same pitch angle, meaning that the asymmetric ducted fan
requires more power than the symmetric one to produce
the same thrust. It was observed that these characteristics
also appeared consistently in the duct thrust ratio and the
figure of merit.

In order to examine the cause of the difference in the
performance in more detail, the CFD results were further

investigated. The results of the pitch of the 32-degree among
the various conditions were selected, and the flows around
both ducted fans were visualized by vorticity, velocity, and
pressure contours to compare the aerodynamic characteris-
tics as shown in Figures 11 and 12. The left side of the figures
represents the results of the symmetric ducted fan, and the
right side represents the results of the asymmetric ducted
fan. It was shown that the flow passing through the asym-
metric duct was deflected to the rear of the duct unlike the
symmetric ducted fan. Besides, it was observed that the flow
passing through the asymmetric duct was separated from the
inner surface on the duct front while the flow passing
through the symmetric duct was not separated. These phe-
nomena were expected to be explained with the pressure dis-
tributions around the asymmetric ducted fan as shown in
Figure 12. In particular, a relatively higher pressure region
was developed at the lower end of the asymmetric duct front
than at the lower end of the duct rear due to the difference in
the shape of the inner surface in longitudinal direction. In
addition, it was verified that the pressure imbalance
occurred on the asymmetric duct makes the flow biased
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towards the rear of the duct. Furthermore, it was perceived
that the pressure imbalance around the asymmetric duct
makes the thrust distributions be weighted on the duct front
as depicted in Figure 12, and it was expected that these
unbalanced thrust distributions produce the pitching
moment on the duct simultaneously.

In this regard, the pitching moment data was also
extracted from the CFD results and compared with each
other as represented in Figure 13. The pitching moment in
this paper was expressed by the quantity normalized by the
reference value, which is the targeted thrust multiplied by
the radius of the fan blade. In the graph, the dotted line rep-
resents the symmetric ducted fan, and the solid line repre-
sents the asymmetric ducted fan. It was observed that the
pitching moment actually occurred on the asymmetric
ducted fan as the expectation, although the pitching moment
was relatively small value in a positive direction. On the con-

trary, the pitching moment of the symmetric ducted fan was
maintained almost zero. Moreover, the pitching moment of
the asymmetric ducted fan increases as the pitch angle
increases. Therefore, it was determined that the symmetric
ducted fan has advantages in hovering flight and the stability
compared to the asymmetric one.

5. Conclusions

In this study, in order to verify the hover performance of the
asymmetric ducted fan, which is the second model designed
by this research team of KARI, both the ground tests and the
CFD analysis were conducted with the 40% scaled-down
model. It was observed that both the tests and the CFD were
coherent, and it was verified that the ducted fan was well
designed to achieve the target performance. It was also
found that hover performance of the full-scale ducted fan
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Figure 11: Vorticity and velocity distributions around both symmetric and asymmetric ducted fan.

Sym. Asym.

Sym. Asym.

Pressure coefficient
0.2

0.0

–0.2

–0.4

–0.6
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could be predicted indirectly through the nondimensional
performance of the scaled-down model because of its simi-
larity. In addition, the performance of the asymmetric
ducted fan was compared with the performance of the first
designed ducted fan, the symmetric ducted fan, obtained
from preceding studies [16] to identify the effects of differ-
ence in the duct shape on the performance. It was found that
the symmetric ducted fan performs better in hovering flight
although the asymmetric one was designed to achieve the
targeted performance. Furthermore, the CFD results were
visualized to compare the difference in flows around both
ducted fans. Unbalanced thrust distributions were developed
on the asymmetric duct surface due to the characteristics of
its shape, and these phenomena would have an adverse effect
on stability. Consequently, these results implied that the
symmetric ducted fan is better choice for hovering flight
than the asymmetric one, and these results will be used as
important data to determine the final ducted fan design to
be applied to the unmanned VTOL aircraft currently under
development.
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