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ABSTRACT

This paper presents a comprehensive experimental aeroacoustic investigation of a propeller under turbulence ingestion. Two turbulence-
generating passive grids were utilized to quantify the effect of turbulence intensity on the aeroacoustic characteristics of the propeller. A two-
component hot-wire anemometry was employed to study the flow field. The flow field results demonstrate a substantial increase in fluctuat-
ing velocity components in both axial and radial directions, concentrated at the mid-span of the blade and near the tip, respectively. Energy
spectral analysis in the vicinity of the propeller blade shows significantly higher broadband energy levels with multiple haystacking peaks at
the harmonics of the blade passage frequency. Far-field noise and load measurement results show that turbulence ingestion has a strong effect
on the aerodynamic loading and acoustic response at the blade passage frequency. The directivity of noise radiation at low frequency shows a
significant tonal noise contribution. Meanwhile, broadband noise radiation is more dominant at a higher range of frequency, especially when
the propeller is operated with turbulence ingestion and at higher advance ratio settings. The far-field noise results revealed the haystacking
trends in the low frequency domain of the spectra and are most significant for propellers operating in turbulent inflows.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0153326

I. INTRODUCTION

The electric propeller-driven air transport system is one of the
novel solutions for future urban transportation of goods and people.
Propellers or rotors are vital components used to power air mobility
technologies.1 Over 300 electrically powered vertical takeoff and land-
ing (eVTOL) prototypes have been proposed, primarily conceptual-
ized using propeller blades. The Vertical Flight Society maintains a
World eVTOL Aircraft Directory database.2 The use of propellers in
the new generation of urban air vehicles offers many potential benefits,
including the efficiency of low-speed rotary wings and the vectored-
thrust maneuverability that allows vertical takeoff and landing opera-
tions. Despite the wide range of applications, noise is an important
consideration for urban air mobility (UAM) as it is anticipated to
operate in communities close to the public.

Propeller acoustic sources emit high-intensity tonal and broad-
band noise, which is particularly unpleasant for humans. This
propeller-associated noise pollution remains a feasibility barrier to the
technology, and therefore, propeller acoustics and low-noise control
continue to be inevitable scientific research areas.3 The rotary-wing-
driven system exhibits relatively complex sound-generating mecha-
nisms. Propellers propagate sound spectra that are rich in tonal and
broadband content to the far-field. The tonal noise is predominantly
associated with the blade loading condition and blade geometry, which
correspond to the volume displacement effects.4–6 Meanwhile, the
broadband noise sources are mainly due to turbulence ingestion at the
blade leading edge and turbulent boundary-layer trailing-edge noise.7

Experimental studies conducted by Pettingill et al.8 showed that the
generation of broadband noise is highly dependent on the transition of
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the boundary layer along the blade surface, with additional secondary
effects due to tip vortex generation. Moreover, at any given operation
setting, propellers generate noise through various mechanisms, each
contributing to the overall noise at different levels and strengths.
Understanding the contribution of tonal and broadband noise in the
acoustic spectrum of rotating blades is important. Previous studies
have shown that propeller noise can be decomposed into tonal and
broadband components by using wavelet technique.9,10

The noise emission levels from a propeller can be significantly
influenced by its kinematics and operating parameters, such as the
rotational speed, inflow velocity, inflow angle, and inflow turbulence.
These factors become particularly crucial during cruising, primarily
due to the strong blade vortex interactions that the blade experience
under forward flight conditions.11,12 Depending on these parameters,
each blade section may experience variations in both the magnitude
and direction of the velocity with each rotation, consequently influenc-
ing the overall aerodynamic interactions of the propeller.13 The local
velocity at each blade section is a critical factor that influences both the
loading and noise characteristics of the blade. A study by Jiang et al.14

examined the variation in blade sections of high-efficiency and low-
noise propellers. Their finding revealed that the broadband noise gen-
erated by the propellers is influenced by conditions at the blade sec-
tion, which includes the occurrence of flow separation at the blade
trailing edges and the flow uniformity at blade tips on both suction
and pressure sides. Many of recent experimental investigations used
commercial off-the-shelf propeller blades, mainly due to the product
readiness and availability. Wu et al.15 experimentally show that
manufacturing uncertainty does not have a significant effect on the
aeroacoustics of the propellers.

Turbulent flow ingestion is omnipresent in rotating device appli-
cations and corresponds to phenomena such as distorted atmospheric
turbulence, propeller slipstream, and wing or fuselage installation
effects. This phenomenon yields additional noise sources, namely, tur-
bulence ingestion noise, which transpires each time the turbulent
inflow impinges on the surface of the rotating propeller blade. The
noise spectra generated by propellers operating under vortex shedding
or inflow turbulence include a strong contribution of broadband com-
ponents.16 The broadband noise presents as dipole sound aligned to
the propeller rotational axis.17,18 Turbulence ingestion introduces pres-
sure fluctuations at the leading edge of the blade, causing turbulent
boundary layers to develop over most parts of the blade surface, pro-
ducing sound waves as the turbulence travels over the trailing edge.19

Turbulence flow can be characterized by its characteristic length scale,
timescale, intensities, and spectral content. Among these parameters,
the impact of increasing turbulence intensity has been found to
increase the broadband noise levels when ingested by propellers.20

One of the earlier studies on the sound radiation of a rotating
blade exposed to turbulence ingestion was conducted by Sevik in 1974,
where a ten-bladed propeller was experimentally investigated with tur-
bulence in the approach stream.21 The study determined that the
intensity of radiated sound depends on the characteristic timescale of
the turbulence inflow, identified as the primary contributor to broad-
band sound. While the study takes an interesting approach by measur-
ing the loading and using theoretical mathematics to estimate the
radiated sound, it leaves a gap in the direct acoustic measurements.
Wojno et al.22,23 later addressed this by measuring the acoustic
response of the same propeller under turbulence inflow. In their study,

it has been demonstrated that propeller noise radiation to the far-field
can be mathematically expressed using the acoustic propagation law,
which models the amplitude of sound pressure at any point in the far-
field as a function of the amplitude of the unsteady thrust spectrum.
Most recently, Wu et al. also analyzed the loading and noise generated
by a ten-bladed propeller when ingesting turbulence.24 Their findings
suggest that turbulence ingestion introduces pressure perturbations on
the propeller blades, leading to increased amplitudes of the generated
unsteady thrust. The study also highlighted the strong correlation
between the propeller’s interaction with grid-generated turbulence by
the multiple cutting of the coherent turbulent structures by the blade
surfaces during each rotation.

This study aims to experimentally characterize a propeller’s aero-
acoustic response when subjected to homogeneous turbulence inges-
tion. The paper compares experimental results on the noise
characteristics of propellers operating in a laminar and turbulent
inflow. The laminar inflow case refers to the wind tunnel’s default flow
quality as detailed by Mayer et al.25 The measurements are also per-
formed under grid-generated turbulent inflows to address the effects
of turbulence ingestion and the variations in the turbulent structure
sizes. The effects of the freestream velocity are also addressed. This
paper is organized as follows: Sec. II explains the experimental setup
and the rig and measurement techniques used; Sec. III provides the
results and discussions from the experiments conducted; and finally,
Sec. IV reports the conclusion of this manuscript.

II. EXPERIMENTAL SETUP

A series of wind tunnel tests were conducted in an anechoic
chamber on a two-bladed propeller that operates under axial inflow
conditions with and without turbulent structures. The experiments
were performed in the aeroacoustics facility of the University of
Bristol, an open jet, temperature-controlled close-circuit anechoic
wind tunnel. The contraction nozzle exit is 0.5m in width and 0.775m
in height, allowing a steady operation from 5 to 40m/s with an average
turbulence intensity level of less than 0.2%. The anechoic chamber is
7.9m long, 5.0m wide, and 4.6m high, with acoustically treated interi-
ors that achieves approximately 160Hz of cutoff frequency. For a
more detailed description of the facility, the reader is referred to
Mayer et al.25

The acoustic data were collected using 23-element of 1/4 in.-
diameter GRAS model 40PL microphones with an upper limit of
142 dB and a frequency range between 10Hz and 20 kHz. These
microphones were installed on a far-field polar arc, allowing noise
measurement of polar angles between 40� and 150� at a distance of
1.65m from the propeller rotation axis. A National Instruments PXIe-
1082 data acquisition system was used to acquire far-field noise data.
Matlab R2016a was used to program the interface between the data
acquisition system and the microphones. Far-field noise measure-
ments were collected for 16 s with a sampling rate of 216Hz. The aero-
dynamic loading data (i.e., thrust and torque) were collected using an
ATI Mini40E 6-axis load cell. The load cell transducer was calibrated
by the manufacturer to give a measurement uncertainty with a 95%
confidence level. The load measurements were performed for a dura-
tion of 16 s and at a sampling rate of 215Hz.

The flow field characteristics in the upstream domain were inves-
tigated using the constant temperature anemometry (CTA) measure-
ment technique, where the velocity components of the incoming

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 35, 075106 (2023); doi: 10.1063/5.0153326 35, 075106-2

VC Author(s) 2023

 13 Septem
ber 2023 15:29:37

pubs.aip.org/aip/phf


airflow were measured. A two-component 55P51 cross hot-wire probe
was used for data acquisition on a Dantec Streamline Pro system with
a CTA91C10 module and a National Instruments PXIe-4499 module.
The data were sampled for 16 s at a rate of 216Hz to ensure statistical
convergence in the computation of the power spectral density of the
inflow velocity fluctuations. The cross-wire probes were calibrated for
yaw angles between �40� and 40� using a Dantec 54H10 calibrator.
The uncertainty of the measured velocity signals was found to be
within 62% for a freestream velocity of 20m/s, which was determined
using the procedure detailed by Jørgensen.26 The probes were located
at the center of the blade (y¼ 0) and were initially positioned at an
axial position of x ¼ 0:27R, as shown in Fig. 1(b). The orientation of
the cross-wire was aligned to the x-axis to measure the individual axial
(U) and vertical (V) velocity components. The probe was set to tra-
verse along the x-axis between 0:27R< x< 2:00R to evaluate the
downstream evolution of the turbulence flow statistics. The noise,
loading, and flow measurements were collected at a constant propeller
rotation speed of 5000 rpm and at varying freestream inflow velocities
(U1), corresponding to an advance ratio range between 0.47 and 0.86.
The advance ratio (J) is calculated as J ¼ U1=nD, where D is the pro-
peller diameter, and n is the propeller’s rotational speed in revolutions
per second.

The details of the test rig and instrumentation, as well as the
characteristics of the grid turbulence used in the experiment, are
explained in Secs. IIA and IIB, respectively.

A. Test rig and instruments

The current study constructed an isolated propeller test rig sub-
jected to axial inflow conditions. Although not presented in the paper,
the structure’s vibration was assessed, and the results demonstrate a
very low natural frequency that will unlikely resonate with the propel-
ler when in operation. The propeller is positioned in the middle of the
open jet nozzle, approximately 600mm downstream of the nozzle exit.
An off-the-shelf two-bladed propeller was used in the test, driven by a
T-Motor Antigravity MN4006 brushless motor. The motor has a
diameter of 44.35mm and a maximum power of 420W. The motor

speed was controlled by a Robotbird 100A pro electronic speed con-
troller. The system was powered by a DC bench power supply, which
is regulated up to a maximum voltage of 25V. Electrical current was
measured at the power supply as the throttle setting of the ESC varied,
which in turn changed the speed of the motor. The propeller rotation
speed was determined by detecting the electrical pulse signal from one
of the three wires of the brushless DC motor, taking into account the
24 poles of the motor used. The propeller speed was also inspected
with a digital optical laser tachometer DT-2234Cþ. Figure 2 presents
the schematic of the test setup in the wind tunnel with the contraction

FIG. 1. Pictures of (a) the constant tem-
perature anemometry (CTA) measurement
setup, propeller rig, and grid inside the
contraction and (b) the origin location of
the cross-wire probe.

FIG. 2. Schematic diagram of the contraction nozzle with turbulence grid in posi-
tion, the isolated propeller test rig, and the definition of grid dimension.
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nozzle and the turbulence grid in place, the isolated propeller test rig,
as well as the definition of the propeller and grid used in the present
work. A Cartesian co-ordinate system (x, y, and z) is located at the
hub of the propeller to ease the interpretation of the results.

A 10� 10 APC propeller is used in the present study, which has
a radius and geometric pitch of 25.4 cm, resulting in a blade pitch ratio
of one. The cross sectional shape of the blade is primarily defined fol-
lowing the NACA 4412 and Clark-Y airfoils, except with a relatively
low leading edge and thicker aft region.27 Figure 3 presents the geo-
metrical characteristics of the tested blade in terms of its chord and
twist distribution over the blade’s radius. Both the chord length (c)
and the twist angle (b) are most prominent near the hub of the blade,
which is at around 40% and 25% of radius, respectively, and gradually
reduces toward the tip.

Figure 4(a) shows the radial distribution of the estimated elemental
angle of incidence (a), from the blade root (r=R ¼ 0) to the blade tip
(r=R ¼ 1), at varying advance ratio operations. The local angle of attack
near the blade’s hub, between 30% and 40% of the radius, shows rela-
tively higher values than the rest of the blade’s sections. There are also
notable differences between the angle of attack distribution at every
blade element and the propeller’s advance ratio. For a constant rota-
tional speed operation, the freestream velocity is the main factor contrib-
uting to this condition and can be mathematically expressed as follows:

a ¼ tan�1
P
2pr
� tan�1

U1
2pnr

; (1)

where P is the geometrical pitch of the propeller and r is the radius of
the blade section. The calculation does not consider the contribution
of the induced velocity, which is relatively low than the incoming flow
speed. Based on this formulation, the relative inflow seen at every
blade section is influenced by the value of the advance ratio, which is
inversely proportional to the blade’s angle of attack. The results con-
form to this relationship, as the highest angle of attack values occurs at
the lowest advance ratio (J¼ 0.47) and reduces to almost zero at
J¼ 0.85 before turning to negative values at J¼ 0.94.

B. Grid turbulence characteristic

In the present study, turbulent inflows were generated by passive
turbulence grids positioned inside the contraction nozzle of the facility.

Two types of grids, namely, grid A and grid B, were used to generate a
homogeneous and near-isotropic turbulent jet stream with different
turbulence levels. The grids were manufactured fromMDF sheets laser
cut with a Trotec SP500 CO2 laser engraver and was positioned at
xg ¼ 1:040m from the outlet of the nozzle, corresponding to a con-
traction ratio of 4.4. The contraction ratio (C) is calculated as the ratio
of the grid to the nozzle outlet’s area, that is, C ¼ ðAGridÞ=ðANozzleÞ.
The grid measured 1.305m in both width and height. Grids A and B
differ in geometric properties such as the mesh size (M) and bar diam-
eter (d), resulting in almost double the amount of turbulence intensity
for grid B relative to grid A.

Initial tests were made to determine the nominal turbulence
characteristics of each grid by Bowen et al.28 and are briefly described
below. These tests were performed for each turbulence generation grid
at a freestream velocity of 20m/s. The mean and fluctuating axial
velocity data were measured using a hot-wire anemometer. The initial
data were collected using a single-sensor probe, mounted normal to
the freestream direction. In addition to the mean and fluctuating
velocity components, the auto-spectrum and auto-correlation of the
turbulence fluctuation were measured. The root mean square (rms) of
the turbulence intensity and the integral scale length of the turbulence
flow structure was estimated from these. The results presented in
Fig. 5 indicate a near-isotropic flow characteristic for the grid-
generated turbulence due to the good curve fittings between the power
spectral density of velocity fluctuations for the tested grids and the
Von K�arm�an spectrum. The geometrical properties of the grid struc-
tures in terms of diameter (d), mesh (M), and solidity (r) are tabulated
in Table I. The properties of turbulent flow generated by the grids

FIG. 3. Distribution of (a) the blade elemental chord length and (b) the elemental
twist angle for an APC 10� 10 propeller.

FIG. 4. Blade elemental information on (a) the distribution of the angle of incidence
and (b) the force and velocity diagram.
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measured at the nozzle exit are also presented, including the turbulent
intensity (TI) and length scale (k).

III. RESULTS AND DISCUSSION
A. Aerodynamic performance of propeller
in turbulence

The aerodynamic characteristics of the propeller blade are ana-
lyzed and presented in this section. A basic but fundamental

understanding of the problem can be gained by studying the aerody-
namic forces acting on the blade due to the propeller action. The
velocity and force diagram acting on a blade section are presented in
Fig. 4(b), where the resulting force that impinges on blade surfaces
comprises the axial and tangential contribution of the inflow. As the
blade element momentum theory suggests, the presence of additional
axial (a) and tangential inflow factor (a0) induces a change in the
inflow velocity in both axial and radial directions. As a result, the
induced velocity flow slightly increases the axial velocity components
while reducing the tangential velocity component. This change in
inflow velocities causes changes in the angular characteristics of the
blade section. The angle of attack of the blade section (a) reduces and,
consequently, reduces the elemental thrust (dT) and torque (dQ)
forces generated on the blade section.

The integration of aerodynamic forces on each blade element
over the radius of the blade represents the blade’s loading that is mea-
surable along the blade’s rotation axis. In the context of this work, this
will be termed as the “hub loading.” The hub loading comprises the
thrust (T) force acting normal to the plane of rotation and the angular
force torque (Q). Results are presented in terms of the coefficient of
thrust (CT), coefficient of power (CP), and efficiency (g), which are cal-
culated as follows:

CT ¼
T

qn2D4 ; (2)

CP ¼
2pXQ
qn3D5 ; (3)

g ¼ J
CT

CP
; (4)

where X is the propeller’s rotational speed in rad/s, and q is the air
density. The aerodynamic coefficients calculated from the measure-
ment of the tested propeller are presented in Fig. 6 in terms of the
advance ratio at a constant rotational speed of 5000 rpm. Regardless of
the inflow condition, the results indicate higher values of both thrust
and power coefficients at a lower range of advance ratio, between
J¼ 0.5 and 0.6, while decreases at the higher ranges. At higher ranges
of advance ratio, the blade experiences a reduction in its elemental
angle of attack, which ultimately, in return, reduces the aerodynamic
forces. The thrust and torque forces are the blade’s lift and drag deriva-
tives, while torque is directly proportional to power. On the other

FIG. 5. The comparison of the turbulent flow characteristics measured at the exit of
the contraction nozzle with the Von K�arm�an spectrum for near-isotropic turbulence.
Reprinted with permission from Bowen et al., AIAA J. 60, 1833–1815 (2022).
Copyright 2022 American Institute of Aeronautics and Astronautics.

TABLE I. The geometrical and turbulent flow properties generated by the corre-
sponding grid measured at the nozzle in the wind tunnel.

d (mm) M (mm) r TI (%) k (mm)

Grid A 19 100 0.35 4.9 13
Grid B 45 233 0.35 10.1 19

FIG. 6. The measured aerodynamic coefficients: (a) thrust coefficient, (b) power coefficient, and (c) efficiency, presented against the advance ratio for a constant rotational
speed of 5000 rpm.
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hand, propeller efficiency increased with advance ratio before reaching
a plateau around the higher J ranges and then started declining. For
instance, the laminar case, which is depicted as solid black lines,
reaches its peak performance (g) at around J¼ 0.7 and then reduces
from approximately J¼ 0.8.

When operated in grids A and B turbulent inflows, the propeller
demonstrates a slight increase in thrust, power, and efficiency at the
same operational setting as in laminar inflow, as depicted by the solid
red and blue lines, respectively. When comparing the laminar and grid
turbulence cases, the results indicate an approximately 5%–10%
increase in thrust and power coefficients, albeit, when both grid turbu-
lence cases are evaluated next to each other, the results are comparable.
This trend is prevalent in most advance ratio settings, especially at an
advance ratio higher than 0.6. These results suggest that more power is
required to rotate the propeller through extraneous turbulence com-
pared to when operated under laminar inflow. Due to the pressure
drop induced by the inflow distortion, ingesting the grid turbulence
influences the blade loadings, forcing the propeller to generate a more
significant pressure increase to compensate for the differences. As dis-
cussed later, this will also influence the noise generated by the blade, as
it operates in drastically different conditions.

Notably, ingesting grid turbulence inflows also increases the pro-
peller efficiency over a more extensive range of advance ratios, which
is consistent with the literature. Previous studies by Dominique et al.
have shown that introducing non-uniform inflows strongly affects the
static pressure difference between the upstream and downstream pres-
sure sections when studying a rotating fan in distorted inflow gener-
ated by mesh grids in a wind tunnel facility.29 A higher pressure rise is
demonstrated under distorted inflow, leading to an increase in the
aerodynamic efficiency of up to 8%. At an advance ratio of 0.8, the
propeller’s peak performance (g) in laminar inflow is roughly 70%,
while in both grid inflows, the peak performance increases to approxi-
mately 76%.

B. Mean and fluctuating velocity fields upstream
of rotation plane

Flow field analysis was conducted to investigate the flow pertur-
bation within the upstream flow domain due to the propeller’s motion
and turbulence ingestion. Two-point velocity measurements were per-
formed using a calibrated cross-wire probe. The hot-wire anemometry
measurements were performed at a Reynolds number of 1:14� 104

based on the chord length at a 75% span location of the propeller
blade, corresponding to the flow velocity of U1 ¼ 10m/s. The digiti-
zation of the hot-wire signal yields an N statistically independent sam-
ple distribution. The mean value of the axial (�U ) and radial velocities
(�V ) is calculated by averaging the velocity signals u(t) and v(t) as
follows:

�U ¼ 1
N

XN
i¼1

uðtÞ; (5)

�V ¼ 1
N

XN
i¼1

vðtÞ: (6)

The data were collected for 16 s with a sampling frequency of
216Hz and were acquired at multiple points in the upstream domains,
varying from x=R ¼ 0:27 to 2 relative to the plane of rotation

(i.e., x=R ¼ 0). Measurements were made on the x–y plane for an
advance ratio of 0.52 at laminar, grid A and grid B inflows.

Figure 7 presents the contour maps of the normalized mean axial
velocities (�U=U1), as measured from the hot-wire anemometer. The
results compare the changes in the streamwise direction for the
approaching laminar and grid turbulence inflows. The velocity vectors,
which comprise the axial and radial velocity components, are pre-
sented on top of each contour to illustrate the change in the stream-
line’s direction as it travels from the upstream position (x=R ¼ 2)
until just before it impinges on the blade’s surface at (x=R ¼ 0). For
clarity, a shaded area of a single-blade propeller with radius R is added
in the figure. The focus of the analysis has been put on the stagnation
region in the immediate vicinity of the blade’s surface, within one R
distance away, where the flow acceleration is visible for all inflow con-
ditions. The results show a localized area of axial flow acceleration
along the middle sections of the blade, between�0.3<y=R <�0.8.

On first inspection, one can observe increasing levels of flow
acceleration in grid turbulence inflow cases compared to laminar. This
phenomenon can be explained by the conventional propeller momen-
tum theory, which implies that all fluids entering the streamtube of a
propeller will be accelerated as it passes through the propeller disk due
to the additional induced velocity component before exiting the
streamtube far downstream.30 The flow acceleration develops much
earlier and with broader spatial extent in the upstream locations for
grid B cases, at around 0.5R ahead of laminar and grid A inflow condi-
tions. It has been observed that the grid turbulence cases demonstrate
a slightly higher increase in the flow displacement of the approaching
flow due to the distortion or elongation of turbulent vortical structures
interacting within the accelerating streamtube. This phenomenon
increases the possibility of fluctuating incident velocity impinging the
blades and influences the potential effect of the oscillating pressure
field along the surface of the blade, which agrees with the results of
rms of velocity fluctuation shown in Fig. 9.

The distortion in the mean velocity magnitude within the acceler-
ation zones may correspond to the artifact of the periodic aerodynamic
interactions in the axial direction with respect to the azimuthal posi-
tions of the blade. The streamline curvature and streamtube contrac-
tion distort the upstream turbulence, causing the eddies in this
domain to elongate and accelerate as they approach the propeller disk
plane and “chopped” at the frequency of blade passing, resulting in
periodicity effects in the velocity measurement. Such artifacts are not
observed in the radial direction. The mean values of the radial velocity,
as shown in Fig. 8, demonstrate continuous zones of radial velocity
distribution between the midsection of the blade (y=R ¼ �0:5) and
slightly further from the tip, at around y=R ¼ �1:5.

Regardless of the inflow conditions, Fig. 8 shows a significant
increase in the distribution of the normalized mean radial velocity
near the propeller tip as the flow approaches the near-stagnation
region of the blade leading edge, between x ¼ 0:27R and 0.35R.
Within this domain, the mean velocity of the upward-moving airflow
shows a relative increase compared to the freestream turbulence levels.
The most significant increase occurs under grid B turbulence condi-
tions, while the smallest increase is observed under the laminar inflow
case. The flow within this domain is characterized by a strong defor-
mation process, mainly due to the progressive bending of the blade
wake surfaces. This distortion in the flow is induced by crossflow and
the trajectory of the vortex generated at the propeller tip.31
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The velocity fluctuations in the upstream field are calculated by
decomposing the instantaneous velocity from the acquired hot-wire
signals into a mean and fluctuating component; this helps to describe
the characteristic of turbulent motion in the domain. The axial (u0)
and radial (v0) velocity fluctuations in the upstream field are calculated
by subtracting the mean velocity component from the velocity signals
as follows:

u0ðtÞ ¼ uðtÞ � �U ; (7)

v0ðtÞ ¼ vðtÞ � �V : (8)

The intensity of the turbulence fluctuations is expressed in terms
of the root mean square of the velocity fluctuations, which have been
calculated as follows:

Urms ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN
i¼ 1

u0ðtÞ½ �2
vuut ; (9)

Vrms ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN
i¼ 1

v0ðtÞ½ �2
vuut : (10)

The profiles of the calculated rms of axial velocity fluctuations
(Urms) in the upstream flow field domain are presented in Fig. 9.

The results are normalized with the freestream velocity (U1) and are
depicted individually at 16 sequential axial positions to illustrate the evo-
lution of the rms of velocity fluctuation as the airflow progresses toward
the rotating propeller. At the most upstream locations, measured at
approximately 80%–200% of blade radius distance away from the plane
of rotation, deviations along the measurement axis (y-axis) are not
visible for all three inflow conditions, as indicated in Figs. 9(m)–9(p).
The mixing or transition region is identified to begin at x=R ¼ 0:59,
and as it gets closer to the propeller’s blade surfaces, the magnitude of
the fluctuation increases. The highest fluctuations occur around the
midsection of the blade regardless of the inflow condition. However,
the magnitude of the rms of velocity fluctuation varies with turbulence
levels in the freestream. For instance, at x=R ¼ 0:27R, the maximum
fluctuation measured relative to the most upstream position increases
by 7.5% in the case of laminar inflow, 8.3% in the case of grid A, and
9.4% in the case of grid B turbulence inflow.

Figure 10 presents the profiles of rms of radial velocity fluctuation
(Vrms) normalized with the freestream velocity. For clarity, the mea-
surement points in the upstream field domain are kept constant as pre-
viously discussed. Similar to the axial component, no visible deviations
are observed along the y-axis for the rms of radial velocity fluctuations
in the far upstream domain regardless of the inflow conditions. Notable
changes in the trends begin at around x=R ¼ 0:59. However, the
results demonstrate a wave-like trend, with increasing and decreasing

FIG. 7. The vector and contour map of the mean velocity in the axial direction for (a) laminar, (b) grid A, and (c) grid B inflow conditions.
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fluctuations that vary along the blade radius. The largest fluctuations,
indicated by the right-most points in the figures, are identified near the
hub and the tip of the propeller, approximately at y=R ¼ 0 and
y=R ¼ �1, respectively. The surge in the flow fluctuation near the pro-
peller hub is due to the stagnation point at which high-velocity gra-
dients and a wide-scale range of vortical structures are expected to
occur. Meanwhile, the increase in rms of radial velocity fluctuations
near the propeller’s tip is attributed primarily to the vortical flow field
within the domain, which induces the interactions with the blade tip
vortices.

C. Energy spectrum of flow field

The energy content of the velocity fluctuations from CTA mea-
surement was analyzed to understand its frequency response and how
it changes in the upstream field. The data are presented in the form of
power spectral density of the velocity fluctuations, estimated using
Welch’s method based on the time-domain data using Hamming win-
dowing for segments of equal length with a 50% overlap. For brevity,
results are presented along a radial position of y=R ¼ �0:8, which is
near the blade tip region, at four axial upstream locations,
x ¼ 0:27R; 0:43R; 0:59R, and 2:00R. These locations represent the
short domain in the immediate vicinity adjacent to the blade surfaces

and the most upstream field tested to highlight the changes that occur
within the upstream flow field.

Figures 11(a)–11(d) depict the evolution in the energy spectra for
axial velocity fluctuations (/uu), while the results for the radial velocity
fluctuations (/vv) are presented in Figs. 11(e)–11(h). The overall spec-
tra of the velocity fluctuation are characterized by its frequency-
dependent content, especially the multiple peaks at the shedding
frequency equivalent to the blade passage frequency (BPF) and its har-
monics. BPF is calculated by multiplying the number of blades (b) and
the rotational speed (n), BPF¼ nb. The peaks of these frequencies are
not visible in the far upstream position but are most significant near
the blade surfaces in Figs. 11(a) and 11(e) in both axial and radial
directions, respectively. This characteristic is known as “haystacking,”
a common acoustic feature caused by the aerodynamic interaction
between the propeller blades and the ingested turbulent inflows. The
results of this interaction produce broadband “haystackings” peaks in
axial and radial velocity fluctuations. According to the literature, the
peak frequency of those haystacks depends on the BPF, while the peak
amplitude and the width should be related to the ingested turbulent
structures.32 It is also well known that such a phenomenon is caused
by the correlated unsteady loads when the consecutive blades ingest
large-scale turbulence.33 The peaks are commonly associated with the
acoustic field and not the flow field. They are included to highlight the

FIG. 8. The vector and contour map of the mean velocity in the radial direction for (a) laminar, (b) grid A, and (c) grid B inflow conditions.
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“haystack” peaks and will subsequently be filtered for the discussion of
flow field data alone.

D. Far-field noise characteristics

Propeller noise radiated to the far-field is analyzed with respect
to its directivity features and presented in terms of the overall sound
pressure level (OASPL). The measurements of the OASPL are
acquired by integrating the acoustic energy spectrum with respect to
frequency using

OASPL ¼ 10� log10

ð
PSDðfÞ df

p2ref

2
64

3
75; (11)

where PSD is the power spectral density of the sound pressure derived
using Welch’s method based on the unsteady pressure fluctuation (p0).34

In the present work, the resolved frequency f is categorized into three
ranges for the analysis of different noise components. The total noise
OASPL considers a frequency range between 100Hz and 30kHz.
Meanwhile, the low-frequency narrowband and high-frequency broad-
band OASPLs are resolved from 200 to 650Hz and from 7 to 30kHz,
respectively.

Figure 12 depicts the total radiated OASPL for propeller rotating
at advance ratios of 0.47, 0.66, and 0.85 in laminar and grid turbulent
inflows. The results are presented across polar observation angles,
ranging from the most upstream position (h ¼ 40�) to the farthest
downstream (h ¼ 145�). Across all values of advance ratio presented,
the results show maximum noise levels slightly downstream of the
propeller, between h ¼ 100� and 120� regardless of the inflow condi-
tions. The upstream OASPL records an approximately 5–6 dB differ-
ence compared to the noise level recorded downstream at J¼ 0.47.

FIG. 9. Profiles of the normalized rms of axial velocity fluctuation in the upstream flow field for laminar (solid black line), grid A (solid red line), and grid B (solid blue line) at
varying upstream positions: (a) x ¼ 0:27R, (b) x ¼ 0:29R, (c) x ¼ 0:31R, (d) x ¼ 0:311R, (e) x ¼ 0:35R, (f) x ¼ 0:37R, (g) x ¼ 0:39R, (h) x ¼ 0:43R, (i) x ¼ 0:47R, (j)
x ¼ 0:51R, (k) x ¼ 0:55R, (l) x ¼ 0:59R, (m) x ¼ 0:80R, (n) x ¼ 1:20R, (o) x ¼ 1:60R, and (p) x ¼ 2:00R.
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This discrepancy reduces at higher advance ratios as the amplitude of
OASPL amplifies across all polar observation angles in the field.
Additionally, the ingestion of grid turbulence leads to an increase in
the OASPL relative to the laminar inflow in both upstream and down-
stream locations. On a closer look at the results, the OASPL for the
grid B case is slightly more dominating than grid A at lower advance
ratios and is relatively equivalent at larger advance ratios.

The radiation patterns resemble a cardioid-shaped directivity
with its dipole axis aligned to the propeller’s rotation axis at the lower
range advance ratio and slightly skewed to the plane of rotation at a
higher advance ratio. The former suggests a strong presence of loading
noise components in the overall spectrum, while the latter is due to
the dominating broadband acoustics response at higher inflow speed.
These findings indicate a maximum pressure perturbation in the plane
of rotation that may be contributed by the acoustic sources that are

tonal in nature, including the rotation of steady blade loading at har-
monics of BPF.35 Deepak et al. also observe a similar trend, which
infers that tonal noise is most dominant at low tip Mach number oper-
ation, especially for low blade propellers.36 It has also been previously
observed that the acoustic waves generated by the aerodynamic load-
ing diffract at the blade trailing edge, forming a dipole-like acoustic
source with cardioid directivity oriented toward the plane of
rotation.37

The directivity and intensity of different noise components are
extracted from the same OASPL data and demonstrated in the form of
BPF tone and broadband sound levels in Fig. 13. The analysis decom-
poses the overall sound spectrum and represents them in the form of
acoustic energy contained in the blade passage frequency and the
high-frequency domains. Regardless of the inflow conditions and
velocity, the tonal noise at BPF presents a similar directivity feature as

FIG. 10. Profiles of the normalized rms of radial velocity fluctuation in the upstream flow field for laminar (solid black line), grid A (solid red line), and grid B (solid blue line) at
varying upstream positions: (a) x ¼ 0:27R, (b) x ¼ 0:29R, (c) x ¼ 0:31R, (d) x ¼ 0:311R, (e) x ¼ 0:35R, (f) x ¼ 0:37R, (g) x ¼ 0:39R, (h) x ¼ 0:43R, (i) x ¼ 0:47R, (j)
x ¼ 0:51R, (k) x ¼ 0:55R, (l) x ¼ 0:59R, (m) x ¼ 0:80R, (n) x ¼ 1:20R, (o) x ¼ 1:60R, and (p) x ¼ 2:00R.
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FIG. 11. PSD of axial [(a)–(d)] and radial velocity fluctuations [(e)–(h)] for the laminar (solid black line), grid A (solid red line), and grid B inflow cases (solid blue line) computed
from the hot-wire measurements at an advance ratio operation of 0.5 near the tip of the propeller.

FIG. 12. Directivity and intensity of
OASPL at an advance ratio of (a) 0.47,
(b) 0.66, and (c) 0.85.
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the overall noise where the maximum levels are oriented along the
plane of rotation. On the other hand, the maximum broadband noise’s
directivities are oriented toward the rotational axis and have a rela-
tively low intensity near the plane of rotation and maximum away
from it. The broadband contribution is more prominent than the BPF
tone at higher advance ratio operations, and the effect increases with
turbulence ingestion, which agrees with the OASPL trend.

The power spectrum of acoustic pressure fluctuations was esti-
mated using Welch’s method,34 where the data were segmented for 32
equal lengths with a 90% overlap and windowed using the Hamming
function, resulting in a spectral frequency resolution of df ¼ 1Hz.
The data obtained yields an absolute uncertainty of 60.05 dB with a
95% confidence level. Results are presented in terms of sound pressure
level (SPL) spectra, which are calculated as follows:

SPL ¼ 20 log10
prms

pref
; (12)

where prms in the equation refers to the root mean square of the mea-
sured acoustic pressure, and pref is the conventional reference pressure
of 20lPa. Figure 14 presents the comparison of SPL spectra of an iso-
lated propeller as a function of inflow conditions and advance ratio.
The presented results were extracted at an observation location of
h ¼ 90� relative to the upstream direction, as illustrated in the test
setup schematic in Fig. 2. The results are presented in three separate
frequency domains, representing the total noise spectra, the BPF tonal
noise, and the high-frequency broadband noise. Results are obtained
for a constant rotational speed at three different advance ratios of 0.47,

0.66, and 0.85, presented from top to bottom of the figure. The noise
spectra are also compared with the unloaded motor and background
noise at a given rotation speed, demonstrating minimum contamina-
tion from the motor. It is worth noting that the discrete tone in the
mid- and high-frequency ranges (2500Hz–10 kHz) may be potentially
associated with the motor or electronic speed controller.

Across all tested parameters, the propeller noise spectra consis-
tently demonstrated a high content of narrowband tonal noise at dis-
crete frequencies and a widely distributed broadband noise over the
entire frequency domain. High amplitude peaks at the BPF and its
harmonics can be observed in the lower frequency domain, similar to
the haystacking trends seen at the PSD of velocity fluctuation.
However, the total numbers of the peaks are different between these
PSDs. The tonal noise spectra at BPF are shown in Figs. 14(b), 14(e),
and 14(g), where high-amplitude discrete tones are detected in all
measured flow conditions. The magnitude of the BPF tonal peaks
increases in grid cases compared to laminar inflow. This trend is
expected, implying that grid turbulence ingestion influences blade
tonal noise levels due to the increase in blade loading, as previously
described.

In the literature, each blade section of a propeller may experience a
variation in its broadband acoustic response within one blade rotation. It
may also vary with the aerodynamic interactions with the ingested turbu-
lence.13 The experimental results demonstrate such a variation in the
high-frequency domain, as depicted in Figs. 14(c), 14(f), and 14(h),
where the broadband noise is presented in terms of the non-dimensional
Helmholtz number (kc), calculated as kc ¼ xoc=co, where xo is the

FIG. 13. Comparisons of the directivity
features of the BPF tone [(a), (c), and (e)]
and the broadband noise component [(b),
(d), and (f)] in laminar and grid turbulence
inflows at a 0.5 advance ratio operation.
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source frequency, co is the speed of sound, and c is the propeller chord
length at a 75% radius. The broadband noise humps are evident in
the mid- and high-frequency ranges of the spectra, between 2.5 and
10 kHz. This phenomenon is believed to be due to turbulence inges-
tion, as the existence of turbulence structures in the approaching
gird-turbulent flow increases the temporal variation of the inertia of
vortices, speeding up the distortion and finally leading to a more effi-
cient conversion of vortical energy to sound. This feature may also be
associated with blade self-noise, i.e., interaction of the blade with its
boundary layer or tip flow in the case of laminar flow. However, fur-
ther investigation is required to analyze this noise-generating
mechanism.

Based on the OASPL radiation directivities, the spectral analysis
was conducted at both upstream and downstream observation posi-
tions. The energy-frequency content of the radiated noise was exam-
ined at h ¼ 60� for upstream noise radiation and at h ¼ 120� for
downstream, in comparison to the baseline spectra measured at the
plane of rotation at h ¼ 90�. Figure 15 presents the comparison of
acoustic spectra for propeller operating at a constant rotational speed
of 5000 rpm and J¼ 0.85 at different observation positions.

The noise spectra at both upstream and downstream positions, as
shown in Figs. 15(a) and 15(c), show only marginal differences in BPF
tonal peak amplitudes by approximately 1–3 dB compared to the spec-
tra at the plane of rotation. However, significant variation in the
broadband noise components is observed, especially within the low-
to-mid range of frequency, between 200 and 2000Hz. This trend indi-
cates a more dominant contribution of broadband noise outside the
plane of rotation compared to the tonal noise. There is also a notice-
able increase in high-frequency broadband noise at the downstream
observation position. This observation further suggests a more intense
radiation of broadband noise out of the rotation plane in the wake of
the propeller under forward flight conditions.

IV. CONCLUSION

In this work, the effects of turbulence ingestion on the aerody-
namic noise of a propeller were investigated under forward flight con-
figuration with laminar and grid turbulence inflow conditions. The
far-field noise spectral characteristics of the propeller were character-
ized by distinct tones and broadband noise components. The results
demonstrated a substantial influence on the discrete tonal noise in the

FIG. 14. Sound pressure level spectra for propeller in laminar and grid turbulence inflows presented in the total frequency domain, narrowband blade passage frequency, and
high-frequency domain in terms of the non-dimensional Helmholtz number (kc). Subplots (a)–(c) represent the results for an advance ratio of J¼ 0.47, (d)–(f) for J¼ 0.66, and
(i)–(h) for J¼ 0.85 at a constant rotational speed of 5000 rpm.
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fundamentals and harmonics of blade passing frequencies and the
broadband noise response. These characteristics suggest that the low-
frequency narrowband and high-frequency broadband noise content
are strongly influenced by turbulence ingestions, causing variation in
both noise levels and radiation patterns of the propeller’s acoustics
response. The results indicate that at a frequency band above 1000Hz,
the noise spectra increase by about 2 dB/Hz for grid A cases and
around 5dB/Hz for grid B cases relative to the baseline laminar inflow
cases. The observed trends in the noise spectra and directivity show
that the tonal noise radiation is predominantly directed toward the
plane of rotation, while the broadband noise radiation is predomi-
nantly directed outside the plane of rotation. The directivity behavior
of the overall sound pressure level suggests that maximum radiation
occurs over the plane of rotation and exhibits a slightly skewed down-
stream orientation, with higher inflow velocity and turbulence inges-
tion. The flow analysis of the approaching field reveals a haystacking
feature in the frequency-energy content of the fluctuating velocities in
axial and radial directions, similar to the trends seen in the far-field
sound pressure levels. The examination of the propeller’s aerodynamic
force suggests that turbulence ingestion increases generated thrust due
to the increase in pressure by the propeller blade to compensate for
the drop of pressure induced by the incoming grid turbulence. These
trends are observed from the increasing magnitude of the mean

velocities in the axial and radial directions within a small domain in
the upstream flow field adjacent to the propeller blade surfaces.
Overall, the grid B inflow has the largest tested length scale of turbu-
lence structures and records the highest variation of the aerodynamic
performance, the mean and fluctuating inflow velocities, and the noise
levels compared to the clean-laminar inflows.
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