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Experimental study of the turbulence ingestion noise of rotor blades

Han Wu , Yuhong Li , and Xin Zhang *

Department of Mechanical and Aerospace Engineering, The Hong Kong University of Science
and Technology, Clear Water Bay, Kowloon, Hong Kong SAR, China

Siyang Zhong
Department of Aeronautical and Aviation Engineering, The Hong Kong Polytechnic University,

Hung Hom, Kowloon, Hong Kong SAR, China

Xun Huang†

State Key Laboratory of Turbulence and Complex Systems, Department of Aeronautics and Astronautics,
College of Engineering, Peking University, Beijing 100871, China

(Received 1 November 2023; accepted 19 March 2024; published 9 April 2024)

The ingestion of turbulence can cause additional noise sources of rotor blades, which
should be considered for multirotor powered urban air mobility vehicles encountering
atmospheric turbulence. In this work, a turbulence grid was installed in the exit of an open-
jet anechoic wind tunnel to generate turbulent flows. The grid turbulence was characterized
using hot-wire anemometry, showing that turbulence intensity decays with the streamwise
locations downstream of the grid, following a power law of −5/7. The power spectral
properties of the grid turbulence were also assessed, and it agrees well with the von Kármán
turbulence spectrum in the inertial subrange. Then, the aerodynamic force and noise of a
rotor with a diameter of 217.2 mm were measured under both clean and turbulent flows.
Force measurements show that the thrust and torque coefficients decrease with the advance
ratio J . Noise measurements show that the tonal noise at the blade pass frequency (BPF)
is more significant at the upstream locations under high advance ratios, and high-order
BPF harmonics can also be amplified. Moreover, the turbulence ingestion noise mainly
dominates the broadband contents from 10 to 50 BPF harmonics. The broadband noise
can be scaled by the Mach number scaling of M2

∞M4
c , where M∞ is the freestream Mach

number and Mc is the corresponding Mach number of the rotating speed at the blade tip.

DOI: 10.1103/PhysRevFluids.9.044801

I. INTRODUCTION

Multirotor configurations are increasingly employed in novel flying vehicles operating in urban
areas. The rotors are often powered electrically to reduce carbon footprints [1,2], which leaves the
inevitable noise pollution as the major environmental concern. The rotor noise is the main noise
source, primarily caused by the unsteady flows around the blades. The blades generate discrete
tonal components mainly at the blade pass frequency (BPF) and its harmonics, as well as broadband
noise mainly caused by the turbulent flows [3]. A recent study by Zhong et al. [4] suggests that the
random fluctuations of the rotating speed or vibration may also contribute to the broadband-type
noise generation.
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Rotor noise has been a long-standing research topic since the last century [5,6]. In recent years,
the developments of multirotor powered unmanned aircraft systems (UASs), including small-scale
drones and urban air mobility (UAM) vehicles, have renewed research interest in rotor noise.
Compared to conventional helicopter rotors, the tip Mach number and Reynolds number of rotor
blades for UAS vehicles are relatively low [7–9]. Hence, continuous efforts are still being made
to understand the rotor noise characteristics in different flow conditions that mimic various vehicle
flight states [10–15]. In practical applications, the UAS vehicles can also be subjected to ambient
turbulence during operations [16,17], which, however, has not resulted in sufficient studies in the
past. Thus, understanding the effects of turbulence ingestion on the aerodynamics and acoustics of
a rotor is substantial for the noise control strategy for UAS.

The ingestion of turbulence can lead to unsteady loadings on the rotor blades, generating sound
that can be radiated to the far field. In pioneering experimental studies, the oncoming turbulence
was often assumed homogeneous and isotropic [18]. Sevik [18] investigated the unsteady thrust of
a ten-bladed rotor fully immersed in grid-generated turbulence. A theoretical model for predicting
rotor unsteady thrust was given as an aerodynamic response function based on the Sears theory
[19]. “Humps” or “haystacks” around BPF harmonics were observed in the experiments. Although
Sevik’s model [18] could get good agreement with the measurements in broadband sound, it failed
to predict the tonal components at BPF harmonics. To characterize the aeroacoustic response of
rotors, Wojno et al. [20,21] measured the ingested velocity field and resulting far-field noise. The
turbulence characteristics were combined with a blade response function to estimate the far-field
acoustic spectral properties. They suggested that the blade-to-blade correlation should be considered
for predicting the BPF harmonics. Recently, Wu et al. [22] numerically studied a rotor ingesting grid
turbulence, where the inflow turbulence caused by the grid was directly simulated. Their results
highlighted that the unsteady thrust due to turbulence ingestion was the main contributor to the
far-field noise, and the multiple cutting of consecutive rotor blades with coherent vortical structures
was the main interaction.

Modern propulsion systems, such as marine propellers or aircraft engines, are often integrated
into the ship or airframe. The rotor blades can ingest large-scale vortical structures induced by
upstream bodies during operations, such as boundary layers of the engine inlet or the turbulent
wake of the hull. Glegg et al. [23–26] investigated the acoustic properties of a propeller ingesting
planar boundary layers under various thrusting conditions. Velocity correlations can be measured by
hot-wire probes installed at the blade leading edge, which were used to describe the inflow statistics
and reveal the correlations of multiple blades when vortex structures were ingested [23,25]. The
rotor generated tonal noise haystacks by ingesting boundary layers, while significant tonal features
can be found at high thrusting conditions due to highly correlated blade-vortex interactions. The
noise features produced by interactions of rotor and turbulence could vary with different thrusting
conditions, suggesting that a comprehensive test matrix should be considered for investigating the
turbulence ingestion noise of rotors [26].

Unlike marine propeller and aircraft engine fans, rotors of UAS vehicles could possibly be
subjected to atmospheric turbulence [16]. In experiments, small-scale turbulence is often generated
by means of a grid to simulate the atmospheric flow conditions. Hagen et al. [27] investigated
the effect of ingesting atmospheric turbulence into an isolated tail rotor, with turbulence intensity
controlled by the types of the passive grid. Results showed that the broadband floor raised across
the whole spectrum. Studies on small-scale propellers have shown that ingesting turbulent inflow in
confined anechoic chambers can increase broadband noise level [28,29]. The ingested turbulent
inflow was caused by the rotor wake recirculation inside the test section, which was not well
prescribed. Wind tunnel measurements were performed to study the aeroacoustic characteristics
of rotors immersed in grid turbulence or turbulent wake of an airfoil [30–34], among others.
Jamaluddin et al. [34] experimentally studied the turbulence ingestion noise of a rotor operating
at a constant rotational speed, suggesting high-frequency broadband noise could also be increased
by turbulent inflow, especially at higher advance ratios.
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FIG. 1. Schematic of the turbulence measurement: (a) the jet nozzle with turbulence grid installed; (b) mea-
sured points on each measurement plane.

In general, rotors of UAS are commonly operating at a higher rotational speed with fewer blades
[10,34,35], compared to the underwater propellers [18,22,26]. In addition, flow transitions can exist
on the blade surface. The surface flow can be separated at high advance ratios, which causes
generations of broadband noise [14]. In actual operations, the UAS can be subjected to a variety
of flight speeds based on the requirements of missions [36], which can lead to different thrusting
conditions of the rotor and also different noise features.

This study aims at understanding the influence of turbulent inflows on rotor noise under various
thrusting states. A passive turbulence grid is implemented to simulate atmospheric turbulence. The
turbulence is characterized by the hot-wire anemometry, and the rotor noise is measured in both
turbulent and clean flows. A variety of rotational speeds and flow velocities are considered in
this work. The resulting tonal and broadband noise contents of turbulence ingestion are analyzed,
respectively.

In the remaining part of this paper, Sec. II presents the experimental setup for turbulence and
noise measurements. Sections III and IV present the turbulence and noise measurement results,
respectively. Section V is the conclusion.

II. EXPERIMENTAL SETUP

A. Wind tunnel facility

This study was conducted in the anechoic wind tunnel at the Hong Kong University of Science
and Technology (HKUST) [37]. The wind tunnel is enclosed by an anechoic chamber of 3.3 m
(length)×3.1 m (width)×2.0 m (height), with a cutoff frequency of 200 Hz. The chamber has an
open-jet nozzle of 400 mm×400 mm and a jet collector to facilitate the flow. The internal structure
of the collector is acoustically treated to mitigate the sound reflection.

B. Measurement setup for turbulence characterization

The turbulence grid was installed in the jet exit to generate the turbulent flow [indicated by blue in
Fig. 1(a)]. A Cartesian coordinate (x, y, z) is implemented for the interpretation of the measurement.
The streamwise, transverse, and vertical directions are represented by x, y, and z, respectively. The
origin of the coordinate is located in the center of the jet exit. U∞ denotes the flow velocity right
before interacting with the grid. Measurements were conducted on multiple downstream planes
parallel to the jet nozzle, giving 7×7 points for each measured plane as shown in Fig. 1(b). The
distance downstream the grid (of the measured plane) is denoted by X .

A square-mesh type grid was implemented in the experiment. The grid has a dimension of
400 mm×400 mm, which can be characterized by the rod diameter d and the mesh length M,
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FIG. 2. The dimensions of turbulence grid: rod diameter d and mesh size M.

as shown in Fig. 2. The grid is constructed by rods in a square-mesh manner, yielding a mesh size
of M = 40 mm. Each rod has a round cross-section with a diameter of 5 mm. The resulting porosity
β = (1 − d/M )2 of the turbulence grid is 0.765. The grid was manufactured by computer numeric
control machining from an aluminum sheet with a thickness of 5 mm. A photography of the installed
turbulence grid is shown in Fig. 3(a).

C. Hot-wire anemometry

The velocity profile and turbulence properties of the incoming flow were characterized by the
hot-wire anemometry, with a Dantec type 55P11 single-wire probe and a type 55P61 two-component
cross-wire probe. The single-wire probe was used for measuring the streamwise component u of
the flow, while the cross-wire probe was employed to measure velocity fluctuations in both the
streamwise (x) and transverse (y) velocity components simultaneously. The orientation of the probe
was aligned with the x axis, supported by a metal strut as shown in Fig. 3(a). The schematic of
different hot-wire probes can be referred to in Fig. 3(b). A two-dimensional Dantec transverse
system with a positional accuracy of 6.25 µm was used to position the probe in the test section.
The tests were conducted when the rotor was inactivated, by neglecting its potential suction effect

FIG. 3. The hot-wire anemometry: (a) a photo of the hot-wire measurement setup and (b) sketches of the
cross-wire probe and the single-wire probe.
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FIG. 4. Schematic of the noise measurement: (a) a photo of the rotor interacting with grid turbulence;
(b) top view (not to scale).

on the ingested turbulence. The data were sampled at a rate of 20 kHz for 10 s in each measurement.
For spectral analysis, the data were divided to 100 blocks with an overlapping rate of 50%. Each
block containing 4000 data points was processed with a Hanning window function, leading to a
frequency resolution of 5 Hz.

D. Measurement setup for turbulence-ingesting rotor noise

The custom-designed 2-bladed rotor SP2 [35] was studied using an established rotor aeroacoustic
test rig [38]. The rotor has a radius of 108.6 mm. All the metallic components of the test rig
were covered by sound-absorbing foam to minimize the sound reflection during experiments. For
aeroacoustic measurements, testing objects are often installed within one hydraulic diameter of the
jet nozzle to stay within the potential core of the jet and avoid interacting with shear layers [39]. To
this end, the rotor was mounted at a distance of 400 mm to the nozzle for the current configuration.
A detailed discussion of the potential core radius at the rotor plane can be found in the Appendix.

A multiaxis load cell, ATI Mini 40, was attached to the rotor system to capture blade aerodynamic
loadings. The sensing range is 120 N in the direction of rotor thrust, with the resolution of 1/50 N.
For the torque, the sensing range is 2 N m with a resolution of 1/4000 N m. The sampling frequency
for the aerodynamic force and torque was 20 kHz. The rotor noise was measured by 7 G.R.A.S. type
46BE free-field microphones. The microphones were installed evenly in an arc array, at a distance
of 1.5 m from the rotor. The azimuth angle of observers is defined by θ , as shown in Fig. 4(b). The
sampling frequency for noise data was 50 kHz. The sampling time for each measurement was 10 s.

To obtain the acoustic spectra, Welch’s method [40] for power spectral density (PSD) estimation
was used. The time-series data were divided into 100 data blocks with a 50% overlap. Each block
consisting of 10 000 data points was filtered by a Hanning window function, leading to a frequency
resolution of 5 Hz. The sound pressure level (SPL) was computed as

SPL = 10 log10

(
�pp( f )� f

p2
ref

)
,

where pref = 2×10−5 Pa, �pp( f ) is the power spectral density of the far-field sound pressure, and
� f is the frequency resolution.

III. CHARACTERISTICS OF THE GRID TURBULENCE

In this section, the characteristics of the grid generated turbulence are discussed. First, the
homogeneity of grid turbulence is presented. Second, turbulence intensities are measured along
several streamwise locations to demonstrate the evolution of the grid turbulence. Then, we assess the
isotropy of the turbulence by comparing the integral length scales of the streamwise and transverse
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FIG. 5. Flow homogeneity at U∞ = 10 m/s: (a) mean velocity U (symbols with solid lines) and V (inset,
symbols with dashed lines); (b) velocity fluctuations u′ (symbols with solid lines) and v′ (inset, symbols with
dashed lines). All the data were acquired at X/d = 97.8, and they were normalized by U∞.

flows. The spectral properties of the grid turbulence are also discussed. Finally, we evaluate the
turbulence Gaussianity to reveal the deviation from fully isotropic turbulence.

A. Flow homogeneity

Figures 5 and 6 present normalized mean velocities (U,V ) and the root-mean-square of the
velocity fluctuations, u′ (streamwise) and v′ (transverse) at U∞ = 10 and 15 m/s. The results along
different locations on the measurement plane are compared to assess the flow homogeneity. In this
study, the flow homogeneity is regarded as high if the spatial variations of the flow variables are
small, and vice versa. For the streamwise mean flow component U , the clean flow without turbulence
grid is employed as a baseline configuration for comparison. As shown in Figs. 5(a) and 6(a), the
clean flow results demonstrate good uniformity across the vertical direction z, whereas significant
discrepancies are observed for the cases with turbulence grid. Moreover, the streamwise velocity
is reduced due to the interaction with grids. For the transverse component V , an increasing pattern
towards the negative y-direction is observed from the velocity profiles.

For the velocity fluctuations, both u′ and v′ are symmetrical with respect to the z-axis. The
amplitude of u′ is slightly larger than v′ for both figures. The values of u′ for grid turbulence are
compared to clean flow cases, suggesting a considerable increase in velocity fluctuations caused
by the grid. In particular, the grid turbulence shows remarkable discrepancies along the Z-axis.
Notably, the deviations in the transverse profiles of v′ are less significant. Overall, the velocity
profiles in Figs. 5 and 6 exhibit similar patterns.

FIG. 6. Flow homogeneity at U∞ = 15 m/s. Others are the same as those in Fig. 5.
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FIG. 7. Streamwise turbulence intensity profiles measured at the wind tunnel center vs X/d . The results
show a decay power law of −5/7 for nearly isotropic grid turbulence [42].

B. Decay of turbulence intensity in streamwise direction

The streamwise turbulence intensity (TI) is defined by

TI = u′

U
, (1)

where u′ and U are the velocity fluctuation and the mean velocity, respectively. Figure 7 shows
the evolution of TI of the streamwise component, which is measured by the single-wire probe, for
U∞ = 5, 10, and 15 m/s. The streamwise evolution of turbulence exhibits a similar decay trend
for all the measured cases, with a decay power law of (X/d )−5/7. This trend is in agreement with
theoretical analyses of isotropic turbulence by Frenkel [41] and experimental data from square-mesh
grids of round rods [42]. The decay of the grid turbulence can affect aeroacoustic as it influences
the strengths of the unsteady loading on the rotor blade.

C. Turbulence isotropy

In this section, we assess turbulence isotropy through different approaches. First, the power
spectral characteristics are analyzed. Then, the large-scale isotropy of the grid turbulence is also
investigated using the u′ and v′ results measured by the X -wire probe.

1. Power spectral properties

The power spectral density of grid turbulence, Euu( f ), is often compared to the von Kármán
spectrum [43], which implicitly assumes the turbulence as isotropic. The von Kármán spectrum,
denoted by E (∗)

uu ( f ), is expressed in one-dimensional form as

E (∗)
uu ( f ) = 4u′2Luu

U

1[
1 + (kx/ke)2

]5/6 , (2)

where

kx

ke
= 2

√
π

�(1/3)

�(5/6)

f Luu

U
. (3)
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FIG. 8. Comparison of the power spectra of grid turbulence and von Kármán model for isotropic turbulence
at (a) U∞ = 5 m/s, (b) U∞ = 10 m/s, and (c) U∞ = 15 m/s.

f is the frequency, Luu is the integral length scale in the streamwise direction, and � is the
gamma function. In practice, the integral length scale Luu is often estimated by extrapolating the
low-frequency range of the measured power spectrum [42]

Luu =
[

Euu( f )U

4u′2

]
f →0

. (4)

In a similar manner, the transverse integral length scale, Lvv , can be determined by

Lvv =
[

Evv ( f )U

4v′2

]
f →0

. (5)

Figure 8 shows the Euu( f ) of the streamwise velocity fluctuation, at U∞ = 5, 10, and 15 m/s,
respectively. The von Kármán spectrum, E (∗)

uu ( f ), is also plotted for comparison, where Luu is com-
puted based on the hot-wire measured results by Eq. (4). The frequency is shown in the normalized
form of f d/U∞. The turbulence spectra under various U∞ show similar spectral characteristics,
which can be divided into two distinct ranges: the energy-containing range ( f d/U∞ < 0.1) and
the equilibrium range ( f d/U∞ > 0.1). In the energy-containing range, vortex structures contain
the majority of the energy, with their size characterized by Luu. Overall, the von Kármán model
underestimates the spectra levels in this range slightly, and it exhibits the expected −5/3 power
law of energy decay over the entire equilibrium range. In general, the spectrum of grid turbulence
shows good agreement with the von Kármán model. At higher frequencies, the spectrum of the
grid turbulence deviates from the presumed von Kármán spectrum as the actual turbulence is within
the dissipation range. Notably, the frequency where the grid turbulence starts to dissipate increases
with the freestream velocity U∞, which is expected to affect the resulting interaction noise with the
downstream rotor blades.

2. Large-scale isotropy

In this work, we also investigate the large-scale isotropy of the grid turbulence using the measured
u′ and v′ results. The streamwise evolution of the isotropy ratio u′/v′, which should be 1 for the
ideal isotropic turbulence, is shown in Fig. 9. For the measured cases, the value of u′/v′ is generally
larger than 1, and it increases with the streamwise location X . The ratio gradually converges to
u′/v′ = 1.12, which is reasonably consistent with previously reported turbulence measurements
[44].

The integral length scale is a measure of the largest vortex size in the turbulent flow. For isotropic
turbulence, the relationship between the streamwise and transverse integral length scales should be
Luu = 2Lvv [42,45]. Figure 10 presents the streamwise profile of Luu and Lvv measured at U∞ = 10
and 15 m/s, with detailed values given in Table I. The measurements are shown in symbols, along
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FIG. 9. Isotropy ratios, u′/v′, in the streamwise direction of the grid turbulence. The data were acquired by
the cross-wire probe at the center of the jet exit.

with fitted curves. The results indicate that Luu/Lvv values are above 2 for all the measured locations,
suggesting that the velocity fluctuations in the streamwise direction are more significant in the grid
turbulence. The results are also consistent with the fact that the isotropy ratio u′/v′ is slightly larger
than 1. Moreover, the value of Luu/Lvv appears to increase with U∞. Both Luu and Lvv increase with
the streamwise location X following a power law of 1/2, which is consistent with previous works
on nearly isotropic turbulence [42,46–49].

D. Gaussianity

The Gaussianity of grid turbulence is assessed using the probability density function (PDF) of the
time series of velocity fluctuations, u′(t ), to indicate the velocity skewness [50–52]. For the ideal
isotropic turbulence, the PDF is expected to be Gaussian. The results at freestream velocities of
U∞ = 10 and 15 m/s are depicted in Fig. 11. Ideal Gaussian PDF curves with the same deviations
are also shown for comparison. The results indicate that the data from the present study follow a
Gaussian distribution regardless of freestream velocity. This suggests that there is no discernible
directional trend in the turbulent fluctuations.

FIG. 10. Streamwise integral length scale profiles of both Luu and Lvv: (a) U∞ = 10 m/s and (b) U∞ =
15 m/s. The data were acquired by the cross-wire probe at the center of the jet exit.
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TABLE I. Integral length scales at various streamwise locations for U∞ = 10 and 15 m/s.

X/d U∞ = 10 m/s U∞ = 15 m/s

Luu (mm) Lvv (mm) Luu (mm) Lvv (mm)

34.0 6.26 2.41 7.05 1.87
56.0 7.46 2.81 7.88 2.46
78.0 8.18 3.25 8.88 2.73
82.4 8.47 3.11 8.83 2.61
89.0 8.53 3.41 9.69 2.92
95.6 7.82 3.57 9.40 3.17
97.8 8.21 3.69 9.17 3.16

We also calculated the PDF functions of the time derivative of u′(t ), which provides information
on the intermittency of small-scale turbulence motions [53]. Figure 12 presents the ∂u′(t )/∂t results
normalized by their root-mean-square values. While the ∂u′(t )/∂t results do not fit the Gaussian
curves, they share similar patterns at both U∞ = 10 and 15 m/s, indicating more active small-scale
turbulence motion in the positive flow direction. These findings suggest a non-Gaussian behavior in
the small-scale turbulence motion, which is consistent with previous studies [53].

In this section, we assess the characteristics of turbulence using various approaches. The stream-
wise evolutions of turbulence intensity and integral length scale show that the turbulence is nearly
isotropic. The turbulence power spectral density is analyzed, suggesting that the turbulence deviates
from the ideal von Kármán spectrum at higher frequencies. The PDF of streamwise velocity fluctu-
ations and their time derivatives are calculated to see the large- and small-scale intermittency. The
u′ shows a Gaussian statistical behavior, while the small-scale intermittency can be demonstrated
by the PDF of ∂u′/∂t , indicating a tendency towards the positive flow direction.

IV. AERODYNAMIC AND AEROACOUSTIC MEASUREMENTS FOR THE ROTOR-GRID
TURBULENCE INTERACTION

A. Force measurement

In this study, a rotor was tested at different rotational speeds of 90, 100, 110, and 120 revo-
lutions per second (RPS) under various freestream velocities U∞. The advance ratio is defined as

FIG. 11. Probability density function of the streamwise velocity fluctuations u′ at (a) U∞ = 10 m/s and
(b) U∞ = 15 m/s. The data were acquired by the single-wire probe at the center of the measured plane at
X/d = 77.8.
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FIG. 12. Probability density function of the time derivatives of streamwise velocity fluctuations, ∂u′/∂t , at
(a) U∞ = 10 m/s and (b) U∞ = 15 m/s. The data were acquired by the single-wire probe at the center of the
measured plane at X/d = 77.8. The values of ∂u′/∂t are normalized by their rms values.

J = U∞/(nD), where n is the rotor rotational speeds in RPS, and D denotes the rotor diameter.
The averaged thrust T and torque Q are computed based on the sampling history of the load
sensor. Repeatability runs were conducted to quantify the uncertainties of load measurement. The
calculation method can be referred to in [15]. The measurement uncertainties for T and Q are 0.09 N
and 0.87 N mm, respectively. Time-averaged values of T and Q under various advance ratios and
rotational speeds are plotted in Fig. 13, with the data obtained under clean flow and grid turbulence
indicated by colored scatters. Additionally, two approximate surfaces containing all working points
are also included, showing different aerodynamic performances between the two flow conditions.

Overall, for all the rotational speeds, the rotor thrust and torque decrease with the advance ratio
J , as the axial freestream velocity reduces the induced velocity of the rotor disk, thus the blade
loading [54]. Furthermore, it is observed that T and Q increase with n for the fixed J . For a rotor
under clean flow, the blade loadings decrease more significantly compared to the rotor under grid
turbulence, particularly when J > 0.4. This trend is mainly attributed to the fact that the axial flow
velocity U of grid turbulence is smaller than 1, according to the mean flow measurements shown in
Figs. 5 and 6. The transverse component V is negligible compared to U , the effect of which is thus
not considered in the aerodynamic analysis. Notably, the rotor generates no thrust at the advance
ratio of J ≈ 0.84.

FIG. 13. Force measurement results of (a) thrust and (b) torque. Measurement points are indicated by black
and gray scatters for clean flow and grid turbulence, respectively.
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FIG. 14. Nondimensionalized force measurement results of (a) CT and (b) CQ.

To normalize the rotor aerodynamic performances, nondimensional thrust coefficient CT and
torque coefficient CQ are implemented [54]:

CT = T

ρA(
R)2 , CQ = Q

ρA(
R)2R
, (6)

where 
 = 2πn is the angular frequency in radians per second, ρ is the air density, A is the rotor
disk area, and R is the blade radius. The results for CT and CQ are presented in Fig. 14, with the
measurement uncertainties indicated by error bars. The CT and CQ curves for all rotational speeds
collapse reasonably well, indicating the aerodynamic performances remain relatively stable for the
tested rotational speeds. The normalized curves also exhibit a clear barrier at J = 0.4, dividing the
current rotor thrusting into the high-thrusting region (J < 0.4) and low-thrusting region (J > 0.4).
The CT and CQ curves drop more rapidly in the low-thrusting region.

B. Noise measurement

1. Spectral characteristics

Figure 15 presents noise spectra comparisons of turbulence-ingesting rotor noise at various
advance ratios to demonstrate different spectral characteristics under high-thrusting, low-thrusting,
and nonthrusting conditions. The frequency, f , is normalized by the BPF. The rotor noise exhibits
strong tonal components at the first 10 BPF harmonics, while broadband noise is dominant at higher
frequencies ( f /BPF > 10) for both flow conditions. The comparison of the spectra shows a high
signal-to-noise ratio of the BPF harmonics and the high-frequency broadband noise. Additionally,
there are observable high-frequency spikes, as indicated in Fig. 15, which are attributed to the
electric motor noise [15,38,55]. One might notice that the acoustic effect of turbulence ingestion
has a strong dependency on the thrusting condition, which will be discussed further below.

Figure 16 illustrates the SPL distributions below the first 10 BPF harmonics at various n and
J . The left column shows the rotor tonal noise under clean flow, while the right column shows the
results obtained under grid turbulence. The data were acquired from the microphone at θ = 90◦. In
the results, the background noise is excluded by subtracting the PSD from that of the total noise.
The primary BPF tone decreases as the advance ratio increases, which is consistent for all tested
rotational speeds. Overall, the BPF tone is higher under grid turbulence. In contrast, high-order BPF
harmonics could be amplified as J increases, such as the tone at 6×BPF at 120 RPS. Additionally, no
tonal noise haystacks [18,26] are observed in this study, possibly due to the relatively low correction
between the two consecutive blades of the current rotor setup. Unlike large-scale vortex or boundary
layer ingestion for underwater propellers [22,26], the length scale of grid turbulence generated
in this work is considerably smaller than the circumferential rotor spacing (R = 108.6 mm), as
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FIG. 15. SPL spectra comparison of rotor noise under various thrusting conditions at two observer angles:
(a) J = 0.2, θ = 60◦; (b) J = 0.2, θ = 90◦; (c) J = 0.6, θ = 60◦; (d) J = 0.6, θ = 90◦; (e) J = 0.84, θ = 60◦;
(d) J = 0.84, θ = 90◦. The rotation rate of the rotor is 120 RPS.

shown in Fig. 10. Thus, the bandwidth of BPF tonal noise remains consistent in the current test
configuration.

Similarly, Fig. 17 shows the SPL of the broadband noise against various rotational speeds
and advance ratios. The broadband contents are extracted from the narrowband spectra using a
local regression method [9,55]. The frequency is normalized by the blade pass frequency. For
the rotor noise under clean flow, distinguishable broadband noise can be found as the advance
ratio J increases, which is attributed to trailing-edge noise [14,15]. The range of trailing-edge
noise starts approximately from f /BPF = 20, and the dominant range rises as the rotational speed
increases. The noise level also increases with J and rotational speed. For turbulence ingestion noise,
it mainly dominates in the low-thrusting region (J > 0.4). The frequency range and noise level
seem to increase with the rotational speed, suggesting that the rotor-turbulence interaction is more
significant. Notably, the turbulence ingestion broadband noise is considerable at f /BPF = 10–50
compared to the clean flow configuration in the low-thrusting region. Comparisons between the two
flow configurations suggest that ingested turbulence imposes a particular broadband noise source to
the rotor, and the affected frequency range differs from the isolated rotor under clean flow.
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FIG. 16. SPL contours (at θ = 90◦) of the first 10 BPF harmonics for (a) 90 RPS, (b) 100 RPS, (c) 110
RPS, and (d) 120 RPS. Left column: clean flow; right column: grid turbulence. The background noise was
removed from the contours.
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FIG. 17. SPL contours (at θ = 90◦) of rotor broadband noise. Other setups are the same as those in Fig. 16.

2. Noise directivity

To demonstrate noise directivity under different thrusting conditions, we present results obtained
under high-thrusting (J = 0.2), low-thrusting (J = 0.7), and zero-thrusting (J = 0.84) in Figs. 18
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FIG. 18. Directivities comparison for tonal noise under various thrusting conditions. The rotor was rotating
at 120 RPS.

and 19. For tonal noise, the primary tone at the BPF and the overall sound pressure level (OASPL)
of the first 10 BPF harmonics are considered.

At J = 0.2 and 0.7, the BPF tone is most significant near the rotational plane (θ = 90◦).
Interestingly, the BPF shows an increasing pattern towards upstream at zero-thrusting conditions
(J = 0.84), for both clean flow and grid turbulence. In terms of noise level, the primary tone is
mainly attributed to the rotor steady loading [11]. Thus, the BPF tone decreases with J , as the
increasing axial flow velocity reduces the averaged blade loadings (Fig. 13). Meanwhile, the BPF
tone under grid turbulence is slightly higher at J = 0.2 and 0.7, and the difference in noise level is
notably larger at J = 0.84, which agrees with the aerodynamic force measurements.

The OASPL of the tonal noise components is computed by summing the acoustic spectral
power of the first 10 blade-passing frequencies, which is denoted by OASPL1−10BPFs. According
to the tonal noise contours in Fig. 16, high-order BPF harmonics could be amplified under higher
advance ratios. Therefore, OASPL1−10BPFs can provide a more comprehensive profile of the tonal
components in terms of level and directivity under different flow conditions. At the high-thrusting
condition (J = 0.2), OASPL1−10BPFs can maintain the shape of the noise directivity as the BPF
tone for both flow conditions. The noise difference compared to the BPF tone is within 1 dB.
At the low-thrusting condition (J = 0.7), the noise directivity under clean flow can be retained,
and the OASPL1−10BPFs is approximately 2 dB higher than the BPF tone. However, the directivity
of tonal components changes significantly under grid turbulence at J = 0.7. The shape of the
noise directivity becomes flatter compared to the BPF tone, and the discrepancies between all
observers are within 1 dB. The noise difference can be up to 5 dB at θ = 50◦ compared to the BPF

FIG. 19. Directivities comparison for the OASPL of broadband noise (from 1000 to 20 000 Hz) under
various thrusting conditions. The rotor was rotating at 120 RPS.
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tone. The results at J = 0.7 suggest that high-order BPF harmonics can be amplified by ingested
turbulence under low-thrusting conditions, and this effect is more significant in both the upstream
and downstream directions. At J = 0.84, this effect is even more significant for both flow conditions.
Notably, for the grid turbulence case, the difference between OASPL1−10BPFs and the BPF tone can
reach 10 dB, indicating significant amplifications of high-order harmonics caused by turbulence
ingestion.

The effect of turbulence ingestion on broadband noise is also assessed by extracting broadband
contents from narrowband spectra using a local regression method [9,15,38]. We estimate the
overall sound pressure level of broadband noise, OASPLBBN, by integrating the acoustic energy
from 1000 to 20 000 Hz, and the directivities under various thrusting conditions are shown in
Fig. 19. In general, the directivity for broadband noise shows a nearly monotonic increasing pattern
towards downstream for all thrusting conditions. The effect of turbulence ingestion is negligible
at J = 0.2, where the blade loadings are quite similar for clean flow and grid turbulence. At
J = 0.7, the turbulence ingestion yields a considerable increase of 4–5 dB in the broadband noise.
Particularly, the augmentation of broadband level is slightly greater at upstream locations. At a more
extreme condition of J = 0.84, where the rotor can maintain only a negligible amount of thrust, the
broadband noise level of the grid turbulence case is nearly identical to that of J = 0.7, while the
broadband level of clean flow decreases by another 5 dB. The drop in noise level is likely due to the
thrusting loss of the rotor at J = 0.84.

3. Dependence of the broadband noise of rotor-turbulence interaction on the flow and rotating speeds

In practical applications, the dependence of sound emission on key influential parameters is
favorable for rapid estimation of noise. Furthermore, the considered parameters should be able to
reveal the physics of sound generation. For the turbulence ingestion noise, we mainly consider the
coherent structures in turbulent flows and the effect of blade rotation. In this section, we study the
dependence of broadband noise under various turbulent flows based on the experimental data.

As a classical model for airfoil-turbulence interaction noise, the Sears theory [19] provides a
relationship for estimating the unsteady lift of a thin airfoil and the upwash velocity encountered by
the airfoil. A Mach number scaling law based on the Sears theory is derived for a rotor ingesting
turbulent flows [56], suggesting that the rotor acoustic power spectrum �pp( f ) can be scaled with
M2

∞M4
c , where M∞ and Mc are the Mach number based on convection velocity and freestream

velocity, respectively.
In this section, the scaling law of M2

∞M4
c is implemented to study the broadband noise due to

the interaction of turbulence and rotor under various working conditions. The convection velocity at

blade tip is estimated as Uc =
√

(
R)2 + U 2∞, since the noise generation is significant in the blade
tip region. M∞ is also considered based on U∞ as the upwash velocity is dominated by the oncoming
turbulent flow. The frequency f is also scaled with U∞R in the scaling analysis.

In Fig. 20, the rotor acoustic power spectra for various flow conditions are compared at different
observer angles with the M2

∞M4
c and f ∼ U∞R scalings. The unscaled noise spectra are also given.

Measurement results obtained from various rotational speeds and advance ratios are plotted in the
same figure. In general, results with the Mach number and frequency scaling can get a reasonable
agreement for f R/U∞ ranges from 20 to 80, indicating the dominant frequency range of turbulence
ingestion. Within the above-mentioned range, the turbulence ingestion broadband noise exhibits a
monotonically increasing trend, and the noise level can be well scaled with a maximum deviation
less than 2 dB.

V. CONCLUSIONS

In this work, the aeroacoustic effect of a rotor ingesting grid turbulence is studied. A passive
turbulence grid was installed in the jet exit of an anechoic wind tunnel to produce turbulent flows.
The flow properties were examined by the hot-wire anemometry at multiple downstream locations of
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FIG. 20. 1/3 octave band spectra comparison: unscaled results at (a) θ = 90◦ and (b) θ = 60◦; scaled
results with the M2

∞M4
c vs U∞/R scaling at (c) θ = 90◦ and (d) θ = 60◦.

the grid. Results show that the turbulence intensity decays with the streamwise locations, following
a power law of −5/7. The power spectral properties of the grid turbulence were also assessed,
which show a good agreement with the von Kármán turbulence spectrum in the inertial subrange,
suggesting that the grid turbulence can be considered nearly isotropic in the streamwise direction.
The aerodynamic coefficients of the rotor with respect to the advance ratio J collapse well for all the
tested rotational speeds. The grid turbulence can significantly affect the rotor noise for both spectral
characteristics and directivity patterns. The effect of turbulence ingestion is more significant in
the directions normal to the rotational plane for both tonal and broadband noise. The high-order
BPF harmonics can be amplified considerably by ingested turbulence, especially at higher advance
ratios. As for the broadband noise, the turbulent flows mainly affect the broadband contents at
f R/U∞ = 20–80. The broadband noise can be scaled by the Mach number scaling of M2

∞M4
c in this

range.
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APPENDIX A: ESTIMATION OF THE STREAMTUBE RADIUS AND SHEAR LAYER
THICKNESS AT THE ROTOR PLANE

One concern in this study is that the rotor disk could effectively pull in the shear layer generated
downstream of the jet nozzle if the rotor thrust is relatively high. A sketch of the problem statement is
shown in Fig. 21. As shown in Fig. 21(a), the freestream is pulled into the rotor disk and accelerated.
Consequently, the thrusting of the rotor causes the streamtube contraction. The streamtube upstream
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FIG. 21. Problem statement: (a) the rotor streamtube contraction in the presence of an open-jet wind tunnel;
(b) schematic top view of the open-jet shear layer expansion downstream of the jet nozzle.

of the rotor is the location where the streamtube is closest to the shear layer. The distance between
the rotor streamtube and the tunnel wall is defined as �R. Also, Fig. 21(b) presents the schematic
of the expanding shear layer and the rotor streamtube. The shear layer thickness at the rotor plane
is denoted by δ, which is assumed to be symmetrical about the tunnel wall. Thus, the potential
entrainment of the shear layer into the rotor can be assessed by comparing �R and δ/2.

An actuator disk analysis [57] is conducted to estimate the radius of the rotor streamtube. The
rotor thrust T can be obtained by

T = 2ρAT vi(U∞ + vi ), (A1)

where vi is the induced velocity at the disk plane and AT = A − Abody is the total thrusting area.
Thus, vi can be solved as

vi = −U∞ + √
U 2∞ + 2T/(ρAT )

2
. (A2)

Then, the mass continuity equation can be approximated by

AsU∞ = AT (U∞ + vi ), (A3)

where As is the area of the streamtube upstream of the rotor, which contracts to the rotor plane as
the flow is accelerated by the rotor.

By substituting Eq. (A2) into Eq. (A3), it yields

AsU∞ = AT

⎛
⎝U∞

2
+ 1

2

√
U 2∞ + 2T

ρAT

⎞
⎠, (A4)

and it can be further written as

As

AT
= 1

2
+ 1

2

√
1 + CT D2π3

2AT J2
, (A5)

which indicates the contraction of the slipstream caused by the addition of momentum at the rotor
disk. This ratio approaches 1 as CT approaches 0.

The distance between the rotor streamtube and the tunnel wall is given by

�R = Dj

2
− Rs, (A6)
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FIG. 22. Estimated results of potential core radius Ro at various working conditions under (a) clean flow
and (b) grid turbulence.

where

Rs =
√

As

π
, (A7)

and Dj is the jet diameter (400 mm for current configuration).
In this work, �R can be computed by Eqs. (A5) and (22) by using the measured CT values as

input. The estimated �R values at various advance ratios and rotation rates are plotted for both clean
flow and grid turbulence cases. As demonstrated in Fig. 22, the data measured at different rotation
rates can obtain good agreement for both flow conditions. The value of �R increases with J due to
decreasing rotor thrust coefficient.

The open-jet shear layer thickness downstream the nozzle can be approximated according to
Ref. [58]:

δ = 6√
2π

X

σ
, (A8)

where X is the streamwise location downstream of the nozzle as indicated in Fig. 1, and σ is an
empirical constant. For the current measurement setup, the value of σ follows Ref. [58] as 9, as the
nozzle dimensions are similar.

The value of δ/2 is plotted as the solid black lines in Fig. 22. For all the present measurements,
the values of �R do not exceed δ/2. Thus, we can ensure that none of the turbulence ingestion is
due to the entrainment of the tunnel open-jet shear layer for the current test configuration.
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