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Abstract

In recent years, unmanned aerial vehicles (UAVs) have been developed and studied for various applications, including 

drone deliveries, broadcasting, scouting, crop dusting, and firefighting. To enable the wide use of UAVs, their exact 

aeroacoustic characteristics must be assessed. In this study, a noise prediction method for a ducted fan UAV with complicated 

geometry was developed. In general, calculation efficiency is increased by simulating a ducted fan UAV without the struts that 

fix the fuselage to the ducts. However, numerical predictions of noise and aerodynamics differ according to whether struts are 

present. In terms of aerodynamic performance, the total thrust with and without struts is similar owing to the tendency of the 

thrust of a blade to offset the drag of the struts. However, in aeroacoustic simulations, the strut effect should be considered in 

order to predict the UAV’s noise because noise from the blades can be changed by the strut effect. Modelling of the strut effect 

revealed that the dominant tonal noises were closely correlated with the blade passage frequency of the experimental results. 

Based on the successful detection of noise sources from a ducted fan UAV system, using the proposed noise contribution 

contour, methods for noise reduction can be suggested by comparing numerical results with measured noise profiles.
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NOTATION

p'  Acoustic pressure at the observer position, Pa

a0 Speed of sound, m s−1

x  Observer position, m

y  Source position, m

t  Observer time, s

τ  Retarded time (source time), τ=t-r/a0, s

r  Distance from the observer to the source, m

Fi  Force at surface, N

Mi  Surface Mach number

MTip  Tip Mach number
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1. Introduction

In recent years, unmanned aerial vehicles (UAVs) have 

been developed and studied for various applications, 

including drone deliveries, broadcasting, scouting, crop 

dusting, and firefighting. The key design considerations 

for UAVs are maximum payload, flight time, and noise 

production. There are many types of UAVs: fixed wing, 

helicopter, tilt-rotor, quad-rotor, ducted fan, etc. It can be 

noted that ducted fan UAVs have been developed by the 

United States Army for detecting enemies hidden in forests 

or hills, around buildings in urban areas, or in places where 

soldiers do not have direct line-of-sight. This type of UAV 

comprises a duct, a rotor, stators, and control flaps. Similar 

to helicopters, ducted fan UAVs have vertical take-off and 

landing (VTOL) capabilities; however, they have better 

thrust characteristics in hover than helicopters. The duct 

produces thrust in the form of a leading edge suction force 

in hover, reduces tip loss in the fan, and plays an important 

role in forward flight. As it produces lift like a fixed wing, it 

is called a “ring wing.” However, the lack of a conventional 

aircraft wing causes control difficulties and short flight 

times since the vehicle requires more power to produce 

sufficient lift. In addition, it makes severe noise. In order to 

resolve these issues, careful investigation of the aerodynamic 

and aeroacoustic characteristics of the ducted fan UAV is 

necessary.

Leishman[1] produced theoretical performance 

characteristics of a ducted rotor UAV, and since then many 

researchers have begun to investigate ways to increase the 

performance and aerodynamic characteristics of ducted 

UAVs using experimental methods. The effects of the leading 

edge shape of the duct, tip clearance, and flow separation on 

the inner surface of the duct were experimentally assessed 

in Martin and Tung [2]. Increasing the leading edge radius 

of the duct generates more thrust in hover, whereas the tip 

clearance between the blade tip and inner duct is related 

to tip loss in the rotor. Fleming [3] performed wind-tunnel 

tests with additional, improved control devices for canceling 

the pitching moment in crosswind turbulence. Akturk et 

al. [4] investigated the effects of the tip leakage flow on the 

aerodynamic performance of ducted fans used in VTOL UAVs 

and measured the inlet and outlet flow velocities of the duct 

using particle image velocimetry (PIV) measurements in 

hover and forward flight modes [5]. Graf et al. [6] investigated 

the leading edge shape and additional control devices in 

order to determine the thrust and pitching moment in 

hover and forward flight. However, experimental methods 

suffer limitations in terms of high investigation costs and 

difficulties in identifying fluid characteristics. Accordingly, 

numerical investigation is also necessary for validating the 

experimental data. Grondin et al. [7] numerically simulated 

a short-shrouded coaxial UAV and compared the results 

with experimental data and computational fluid dynamics 

(CFD) simulations using a simple geometry that excluded 

the struts that fix the fuselage to the shroud. Akturk et al. [8, 

9] investigated novel tip treatments of a ducted UAV using 

numerical simulation validated with experimental data; 

they did not simulate strut geometries. Quackenbush et al. 

[10] calculated only rotor and duct elements using a vortex 

method combined with experimental data in order to design 

a ducted fan UAV. Although it is difficult to simulate a ducted 

fan UAV including its stators, it is important to simulate the 

struts because the upper struts can disturb the rotor induced 

flow, whereas the lower struts can cause blockage effects [11]. 

Unfortunately, few studies on the aerodynamics of ducted 

fan UAVs have taken all of the noise-producing components 

into account. 

Many researchers have extensively studied blade noise in 

the hopes of reducing it [12]. It was experimentally discovered 

that unevenly spaced rotor blades reduced rotational noise 

by dispersing the tones of the blade passing frequency (BPF) 

[13]. The effects of tip clearance on the characteristics of 

noise generated by fans was also experimentally investigated 

as a means of reducing fan noise [14, 15]. Fukano et al. [16] 

experimentally determined that forward swept blades are 

far superior to backward swept blades in terms of noise 

reduction owing to factors relating to the outer profile of the 

blade. Jung et al. [17] studied the effects of blade sweep on 

the far-field noise of an axial fan and concluded that an axial 

fan with forward swept blades is 2–3 dB quieter than a fan 

with either backward swept or straight blades. Recently, a 

thin sound absorbing material for reducing low frequency 

noises has been investigated [18]. It was subsequently shown 

that the sound absorbing material can be applied to an UAV 

in order to reduce dominant noises [19].

In this study, prediction of the noise characteristics of a 

ducted fan UAV in hover was conducted by considering the 

strut effect. In general, to increase calculation efficiency, 

ducted fan UAVs are simulated without struts. However, the 

numerical predictions of noise and aerodynamic factors 

differ for strut and non-strut models. Thus, we assessed the 

importance of the strut effect in terms of noise prediction by 

comparing numerical results with experimental data. The 

noise predictions of the included strut effect were in excellent 

agreement with the experimental results. Furthermore, 

a noise contribution contour was proposed for the exact 

location of noise sources. Based on this, it is possible to 

suggest methods for noise reduction by numerical results 

with the measured noise.
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2. Noise Prediction Method

A hybrid approach was used to predict the radiated noise 

in the free field. The surface pressure was obtained using 

unsteady Reynolds-average Navier–Stokes (URANS) CFD 

results, and an acoustic analogy was used to predict the 

radiated sound in the time domain. The acoustic signal was 

further transformed into the frequency domain using Fourier 

transformation in order to investigate the characteristics of 

the radiated sound.

Neise [20] showed that the dipole resulting from unsteady 

force fluctuation is the dominant source of fan noise. 

Accordingly, we used only the dipole term to predict the fan 

noise in this study. The dipole source term can be calculated 

using Lowson’s formula [21] for a moving dipole source 

under a distributed loading force. The formula can be written 

in the following form:

5 

prediction by comparing numerical results with experimental data. The noise predictions of the 

included strut effect were in excellent agreement with the experimental results. Furthermore, a noise 
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Eq. (1) indicates that the acoustic pressure produced by a moving point force can be calculated 

using the time variation of the force and acceleration. The square brackets [ ] imply evaluation of their 

contents at a retarded time τ = t – r/a0. The observer time is t and the distance from source (yi) to 

observer (xi) is r = . Mi and Fi are the Mach number and force, 

respectively, where the subscript i is the tensor index. The radiated acoustic pressure on the observer 

is calculated by the superposition of sound from the noise sources on the surface of the structures. As 

the effects of reflection, refraction, diffraction, and scattering by any structure on the sound field were 

not considered in this study, only radiated noise from noise sources in the free field was calculated. 

The code for noise prediction was written using Fortran 90. 
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3. Experimental Setup and Analysis Conditions

3.1 Experimental setup for aerodynamics and noise

The assessed UAV model is of the ducted fan type with an 

interior duct radius of 340 mm. It comprises a rotor, a duct, a 

fuselage, struts, stators, and control vanes, as shown in Fig. 1. 

However, experimental models have only four components, 

i.e., a rotor, a duct, a fuselage, and struts; stators and control 

vanes are removed. 

The ducted fan aerodynamic research performed in 

this study required high-accuracy force and moment 

measurements. The UAV model was equipped with a six-

component load cell in order to investigate the aerodynamic 

characteristics, as shown in Fig. 2. The load cell (CMAS333-

20L) can measure forces and moments up to 20 kg and 2 

kgf•m, respectively. The calibrated inverse matrix from the 

manufacturing company is given as 
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The repeatability of this sensor is ±0.11%, and its hysteresis and non-linearity are each ±0.5%. 

Measured data were obtained through a data acquisition system (PXI-4472) and the voltages were 

converted to forces and moments using a LabVIEW program. The noise produced by the ducted fan 

UAV was measured in a semi-anechoic chamber with a solid floor covered in sound absorbing 

material that supports heavy items and is commonly used to conduct experiments in nominally “free 

field” conditions. This chamber is a room (6 m × 5 m × 4 m(H)) designed to completely absorb sound 

reflections using wedges (40 cm × 40 cm × 40 cm), 10-cm-thick absorbers, and a 20-cm-thick wall to 

block external noises. The experimental setup of the noise measurements conducted in this chamber is 

shown in Fig. 3 a).  
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thick absorbers, and a 20-cm-thick wall to block external 

noises. The experimental setup of the noise measurements 

conducted in this chamber is shown in Fig. 3 a). 

Microphones were installed at distances of 1 m around 

the UAV, except in the outlet direction, as shown in Fig. 3 b). 

The rotational speed of the fan was measured in increments 

of 1,000 rpm from 3,500 to 5,500 rpm using a tachometer. 

The motor of the fan was controlled using the current and 

voltage of a DC power supply. Half-inch type 4190 Bruel 

and Kjaer (B&K) microphones were used to measure sound; 

these have a nominal sensitivity of 50 mV Pa−1 and a flat 

frequency response up to 20 kHz. The microphones were 

used in conjunction with a B&K Nexus 2690 amplifier using 

the nominal sensitivity provided by the manufacturer, which 

was checked using a B&K model 4231 sound calibrator. 

Microphone outputs were simultaneously measured using 

an NI PXI-4462 24-bit digitizer.

3.2 Numerical analysis conditions

A three-dimensional computational method was used 

for analyzing the unsteady state, viscous, and turbulent flow 

fields around and inside the ducted fan and, in particular, 

the complicated flow field near the tip gap between the blade 

tips and the inside of the duct. For Mach numbers less than 

0.3, flows can be considered incompressible. A simulation 

of the incompressible mean flow field (at blade tip Mach 

number 0.288) around the ducted fan was performed using 

the general fluid dynamics solver ANSYS-CFX. The specific 

computational system solves the Reynolds-averaged Navier–

Stokes equations using an element-based finite volume 

method around the ducted fan driven VTOL UAV. The mass 

and momentum equations are simultaneously solved over 

an unstructured finite volume-based mesh system. The flux 

calculation has a high resolution based on the monotonic 

upstream-centered scheme for conservation laws, and 

a second-order backward Euler equation based on the 

implicit scheme is used to conduct time integration. The 

k-omega based shear stress transport model was used in our 

computations [22]. This model accounts for the transport of 

the turbulent shear stress and produces accurate predictions 

of the flow separation under an adverse pressure gradient. 

The velocity fluctuation was set at five percent of the 

freestream inflow and the turbulence length was estimated 

to be 17 mm based on the diameter of the rotor. Because 

analysis of the vicinity of the blade tip is important, the 

Reynolds number (Re = 230,000) was calculated based on 

the blade tip velocity (Vtip = 98 m s−1) and its chord wise (c 

= 35 mm) at a nominal operating condition of 5,500 rpm. 

Two time step sizes were chosen for the unsteady analysis: 

9.09E-5 s, used to represent three degrees of rotor revolution 

for the purpose of aerodynamic analysis and 3.03E-5 s, used 

to represent one degree of rotor revolution for aeroacoustic 

analysis. Following the convergence of the unsteady 

calculation, the results for the last two revolutions were used 

for aerodynamic and acoustic predictions.

The modeling geometry for the no-strut model comprised 

a duct, rotor, and fuselage, as shown in Fig. 4 a). In the strut 

model, struts were simply added to the no-strut model, as 

shown as Fig. 4 b). Computational analysis for the ducted 

fan aerodynamic investigation in hover was performed 

on three separate but connected computational domains: 

the background (cube), UAV (cylinder), and rotating (thin 

cylinder) domains, as shown in Fig. 5. The two stationary 

regions are the background domain, which covers the 
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space outside the UAV with a coarse grid, and the UAV 

domain, comprising the entire UAV except the rotor. In 

order to simulate the rotating blades, a sliding mesh was 

used in a rotating domain comprising five blades. When 

one side is in the stationary frame and the other side is in 

the rotating frame of reference, an interface must be used for 

connection; to achieve this, a “transient rotor stator”-type 

interface model was used to model the frame change. This 

model enabled unsteady state predictions to be obtained for 

the turbo machinery components. A general grid interface 

was used for mesh connections between the stationary 

interfaces. The atmospheric static pressure was set at the top, 

bottom, and side surfaces of the background domain. On 

these surfaces, an opening boundary condition was assumed 

for hover; using such a boundary condition (for which the 

static pressure = 0 Pa) allows the fluid to cross the boundary 

surface in either direction. A no-slip condition was applied 

to the wall, and a scalable wall function was used to avoid 

mesh sensitivity arising from the mesh resolution needed for 

the analysis of the boundary layer.

A grid refinement test was conducted to demonstrate 

that the computational results were not dependent on the 

computational mesh and that the resolution of the mesh 

was adequate to capture significant flow characteristics. 

Grid independence was evaluated by comparing the 

computational solutions produced at three different mesh 

sizes: a coarse grid with 1 million nodes, a medium grid with 

2 million nodes, and a fine grid with 3.5 million nodes. Prism 

layers were used to accurately capture the boundary layer, 

and the interior volume was filled with tetrahedral cells. The 

blade tip gap is an important determinant of aerodynamic 

performance, and a common design principle of ducted fans 

is to ensure that the tip gap is as small as possible in order 

to reduce tip leakage losses and improve the total thrust 

of the UAV. Accordingly, in order to accurately predict the 

aerodynamic performance, it was particularly important 

to generate a grid representing the narrow space of about 

2 mm of clearance between the blade tip and the inside 

of the duct in our system. The major criteria for dividing 

three different grid sizes were cell size and the number of 

boundary layers of the duct adjacencies at the tip gap. Fig. 

6 shows how the difference in total thrust among the three 

grid types determines the duct thrust, which underlines the 

importance of qualitative meshing inside the duct in order 

to analyze the duct thrust. These computational results are 

grid independent when the number of nodes exceeds 2 

million; accordingly, the medium mesh was used for every 

prediction. Medium meshes were generated for two types of 

computational geometries, the no-strut and strut models, as 

shown in Fig. 7 a) and b), respectively. Fig.7 c) shows how 

the grid refinement test demonstrated that quality could be 

validated for simulating complex geometry including struts 

using a medium grid. As shown in Table 1, the strut model 

has approximately three times the number of mesh points 

than the no-strut model.

4. Result

4.1 Aerodynamic Aspect

Thrust measurements were obtained for various rotor 

speeds in the hover mode. Two types of computational 

models were calculated for the same experimental condition. 

Measured and predicted thrusts are compared in Fig. 8, from 

which it is seen that the trend of numerical results is in close 

agreement with the experimental results. The no-strut and 
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strut model results have 5% and 3% discrepancy with the 

experimental results, respectively. The thrust of the strut 

model produced by the blades was 6% higher than the no-

strut model results, whereas the drag produced by the struts 

was 8% (minus thrust) out of the total thrust. Accordingly, 

the numerical prediction of aerodynamic performance was 

reduced by 2% owing to the strut effect. However, noise 

prediction would be seriously affected by changing the blade 

thrust. Torque measurements were also obtained for various 

rotor speeds in hover. Measured and calculated torques are 

compared in Fig. 9, from which it is seen that the numerical 

torque results also trend closely with the experimental 

results. The no-strut model has a 14% discrepancy with the 

experiment, whereas the strut model has a 12% discrepancy. 

This component variation is similar to that observed in the 

thrust results. Accuracy increased by 2% owing to the strut 

effect. The blade thrust increase owing to the strut effect is 

based on changes in the angle of attack of the rotor blade 

and the blockage effect [11]. The UAV has fixed pitch blades. 

The blade pitch is a geometric angle of attack, and the 

effective angle of attack is determined by the induced flow 

(which equals the induced angle of attack). This means that 

the effective angle of attack is obtained by subtracting the 

induced angle of attack from the geometric angle of attack. 

The upper strut above the blades may cause the induced flow 

to change, and therefore, when the induced flow is reduced, 

the effective angle of attack increases. Another cause of 

blade thrust increase is the blockage effect produced by 

the lower strut beneath the blades. Consequently, Fig. 10 

shows the strut effect induced difference of static pressure 

between cases with and without struts on the blade surfaces. 

In the strut model, static pressure at the upper side of the 

blades decreases as compared with the no-strut model, as 

shown in Fig. 10 a) and c). Conversely, static pressure at 

the lower side of the blades in the strut model is increased 

in comparison with the no-strut model, as shown in Fig. 10 

b) and d). As the pressure contour is instantaneous and the 

strut effect produces an unsteady force in the blade, noise 

predictions must take the strut effect into account. The above 

analysis results were compared for corresponding time steps 

and blade positions and obtained using the time step size 

corresponding to three degrees of rotor revolution; however, 

the results obtained using the one degree of rotor revolution 

time step were quite similar. Using the three degrees of 

rotor revolution time step, aerodynamic results could be 

accurately predicted.

4.2 Aeroacoustics Aspect

Despite its suitability for producing accurate aerodynamic 
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Fig. 10. Instantaneous static pressure contour; a) for no-strut model at the upper side of the blades, b) 

for no-strut model at the lower side of the blades, c) for strut model at the upper side of the blades, 
and d) for strut model at the lower side of the blades 

 

Fig. 10.  Instantaneous static pressure contour; a) for no-strut model 
at the upper side of the blades, b) for no-strut model at the 
lower side of the blades, c) for strut model at the upper side 
of the blades, and d) for strut model at the lower side of the 
blades
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results, the three degree time step is not useful for predicting 

UAV noise characteristics. In order to predict noises, the 

wavelength should span a minimum of four time steps to 

successfully predict the wave frequency. Thus, to predict 

noises of approximately 3,000 Hz, which include six 

harmonic frequencies of BPF (equal to the revolutions per 

second [rps] × the number of blades = 458 Hz), the required 

time step will be 8.33E-3 s. As mentioned above, the duration 

of three degrees of rotor revolution time step is 9.09E-5 s, 

which is therefore not sufficient for predicting such noise. In 

addition, it may not be possible to predict fluid fluctuation 

using this large time step size, and using the results from the 

three degree time step, only the first BPF could be predicted. 

Therefore, aeroacoustic results were obtained from the time 

step size corresponding to one degree of rotor revolution. 

Although measured noises include radiated, reflected, 

deflected, and scattered noise, only radiation noises can be 

calculated using the acoustic analogy. In order to compensate 

for this limitation in numerical noise prediction, the acoustic 

power calculated experimentally and using numerical 

predictions were compared, as shown in Table 2. The 

numerically predicted acoustic power is in close agreement 

with the experimental results at 2 dB. The acoustic power 

calculated in this study excludes directed noise above 160° 

because the directed sound at 180° could not be measured 

owing to rotor wake. However, the experimental acoustic 

power could still be compared to the numerical noise 

under the same conditions. Furthermore, the noise spectra 

could be compared with the measured noise at 5,500 rpm 

at the observer #2 position because a dominant radiation 

noise was found at this position. As shown in Fig. 11, the 

predicted noise is in close agreement with the experimental 

results except at the second BPF. Other BPF noises could be 

predicted within 3 dB of the experimental values, and other 

tonal noises could also be predicted at harmonic frequencies 

starting at 367 Hz (rps × 4 struts), as shown in the measured 

noise results. This frequency corresponds to four periods 

per rotor revolution owing to the strut effect. The numerical 

predictions for the strut model were in excellent agreement 

with the measured noise, although the frequency resolution 

differed from the experimental resolution: the numerical 

and experimental frequency resolutions were 32 and 1 

Hz, respectively. The frequency resolution depends on the 

sampling time and, in general, the experimental sampling 

time is 1 s. In this study, the numerical sampling time was 

the time taken to complete two rotor revolutions (0.0218 s), 

as it was difficult to duplicate the experimental 1 s numerical 

sampling time owing to computational costs. As mentioned 

previously, numerical analysis has limitations in terms of 

noise prediction owing to radiated noise. Furthermore, the 

measured noise includes motor noises at high frequencies. 

Accordingly, the overall sound pressure level (OASPL) 

directivity of the predicted and measured noise might differ, 

as shown in Fig. 12, which also includes the component 

Table 2.  Acoustic power level compared with the experimental and 
numerical calculation results.
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Fig. 11. Noise spectrum of the strut model compared with that of the experiment at the observer #2 

position (5,500 rpm) 
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Fig. 12.  Comparison of the experimental and numerical predictions 
for OASPL directivity at 5,500 rpm
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directivities for predicted noise. The overall predicted noise 

is dominated by the blade and duct noise, and the noise 

directivity of the blades, particularly at 80°, is lower than that 

of other noises. It is assumed that the noise directivity of the 

blades would be affected by the mode frequencies of the 

duct. Fig. 13 shows the noise spectra for each component at 

5,500 rpm at the observer #2 position of the experiment. The 

noise spectra of the blades are in close agreement with the 

measured noise for the first and third BPF, as shown in Fig. 13 

a). These results indicate that blades are the dominant noise 

source. Noise spectra produced by the duct are predicted 

for all BPF, even though the noise magnitude is less than 

the measured noise, as shown in Fig. 13 b). Interestingly, 

the noise spectra of the fuselage at frequencies above 2 kHz 

are higher than that at other frequencies, as shown in Fig. 

13 c). This may result from the fact that vortices formed in 

the gap of blade root, as shown in Fig. 10, produce noise at 

frequencies higher than 2 kHz. However, the gap is not the 

dominant noise source. Noise spectra production in the 

strut is predicted for only the first through third BPF, even 

though the predicted noise magnitude is lower than the 

measured magnitude, as shown in Fig. 13 b). Overall, two 

dominant noise sources (blades and duct) in the ducted UAV 

system were found using the numerical approach and then 

compared with the corresponding measured noises.

4.3 Noise Reduction for Ducted Fan UAV

In order to find noise sources in exact correspondence to 

the observer position, a noise contribution contour using the 

area-normalized observer pressure for each source element 

was proposed. The predicted noises were obtained from 

observer pressure, which is a summation of the element 

pressures calculated using Lowson’s formula for each 

element, as shown below in Eq. (3). Before summing the 

element pressures at a given observer position, these time 

averaged pressures with root mean square are distributed 

on the original source surface and divided by the area of the 

source element using Eq. (4).
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The noise contribution contour for the observer #2 position was obtained using this procedure, as 

shown in Fig. 14. As discussed previously, the dominant noise sources were the blades and duct. 

Specific noise sources on the blades can be found using the noise contribution contour at the observer 

position, as shown in Fig. 14 b). Noise sources are located at the leading edge of the blade tip, and it 

can be inferred that blade vortex interaction (BVI) noise is generated when a rotor blade passes close 

to the previously generated trailing tip vortices. In order to reduce BVI noise, a forward swept blade 

can be used to change the passage of trailing tip vortices, which would reduce the noise contribution 

relative to that of base line blades [18]. Specific noise sources on the duct can be also found using the 

noise contribution contour and observer position, as shown in Fig. 14 c). In this case, noise sources 

are located at the vicinity of the blade tip inside the duct. In order to reduce duct noise within the 

frequency range of 500–2,000 Hz determined by numerical analysis, sound absorbing material can be 

attached onto the duct adjacent to the blade tip [19]. 
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to model the aerodynamic performance and perform noise 

prediction in the presence of strut components. Based on the 

results, the impact of the strut effect noise prediction could 

be analyzed by comparing the numerical results with the 

experimental data.

2. In aerodynamic analysis, the numerical predictions of 

the thrust of the UAV in both the no-strut and strut cases were 

in excellent agreement with the experimental measurements 

to within a 5% discrepancy, with the prediction accuracy 

of the strut model decreasing the discrepancy by 2% as 

compared to the no-strut model. However, the blade thrust 

for the strut model was 6% higher than that of the no-strut 

model based on the experimentally the determined total 

thrust. 

3. For noise prediction, pressure fluctuation is an 

important parameter. The results of the aeroacoustic 

simulation indicated that the strut effect should also be 

considered in noise prediction because the noise source 

(blade) can be changed owing to the strut effect. Taking 

the strut effect into account, noise predictions in excellent 

agreement with the experiment were produced at accuracies 

within 3 dB, except at the second BPF.

4. Noise sources in the ducted fan UAV system were 

successfully located using our proposed noise contribution 

contour. This result points toward the usefulness of the 

proposed method for practical UAV noise reduction based on 

the comparison of the numerical results with the measured 

noise data.
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