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ABSTRACT:
Amiet’s model for turbulence-ingestion noise prediction for rotors is adapted to incorporate pointwise velocity mea-

surements as input. This is accomplished by using an inverse strip theory approach and transforming the three-

dimensional turbulence spectrum, which models inflow conditions, into a one-dimensional term. This latter modifica-

tion enhances the low-fidelity prediction tool in two key ways. First, it enables its application in cases where turbu-

lence modeling is unavailable, or detailed inflow characterization is impractical. In this way, for example, hot-wire

anemometry measurements of the incoming turbulence can be used to compute the acoustic prediction. Second, since

the conversion of the turbulence term entails introducing two new functions describing spanwise and axial turbulence

correlations; this approach establishes a framework for Amiet’s theory in which the contributions to turbulence alter-

ation and noise scattering are separated and represented individually. This “modular” structure enables independent

analysis and modeling of these contributions, facilitating the application of Amiet’s model to complex flow configu-

rations and rotor geometries. The proposed methodology is successfully validated through experimental measure-

ments of a simplified axial-flight turbulence-interaction setup, where a two-bladed propeller interacts with grid-

generated turbulence at three different advance ratios.
VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons
Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1121/10.0037185
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I. INTRODUCTION

The field of urban air mobility (UAM) has experienced

rapid expansion in recent years, with a diverse range

of potential applications envisioned for this technology.

This has driven considerable growth in research efforts. In

particular, significant focus is being directed toward the

optimization of the acoustic performance of rotors, domi-

nated by aerodynamic noise, as it represents one of the main

obstacles to the diffusion of UAM (Rizzi et al., 2020;

Boucher et al., 2024). Among the various flow-induced

noise sources, turbulence-ingestion noise (TIN), generated

by the interaction of incoming turbulence with the rotor, is a

key area of attention (Thurman et al., 2025).
This attention is first due to the highly turbulent flows

characterizing urban environments, where UAM vehicles

are planned to operate and where the minimization of acous-

tic emissions is crucial. Second, the importance of TIN

research is growing as, for UAM vehicles, the broadband

noise component not only prevails over the tonal one—

which represents a key difference from previously studied

rotorcraft applications—but also practically overlaps with

the human hearing range (Zawodny et al., 2016; Greenwood
et al., 2022; Thurman et al., 2025). Last, the ongoing and

extensive investigation into this area is driven by the com-

plexity and diversity of the physical mechanisms involved

(Piccolo et al., 2024; Zamponi et al., 2021). These deserve

particular attention, as the accuracy of their description and

modeling affects the reliability of low-fidelity noise predic-

tion, which represents the most suitable tool for the optimi-

zation phase because of the lower computational cost

compared to numerical simulations.

TIN, investigated and modeled for the first time by

Sharland (1964), is produced by the unsteady surface pres-

sure induced by turbulence interacting with the blades. A

wide range of turbulence scales, ranging from the diameter

of the rotor to the thickness of the blade, contributes to the

sound generation (Simonich et al., 1986). These turbulent

structures are deformed by the rotor-induced streamtube, as

first shown by Hanson (1974). This implies that, even

assuming a state of homogeneity and isotropy for the turbu-

lence far away from the rotor, noise is actually generated

by the interaction of anisotropic turbulence with the blades.

In particular, Hanson (1974) showed that the contracting

a)This paper is part of a special issue on “Advanced Air Mobility Noise:

Predictions, Measurements, and Perception.”
b)Email: a.piccolo@tudelft.nl
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streamtube induces a stretching of the turbulent structures

into elongated eddies, which are hence prone to be cut mul-

tiple times by the passage of different blades. This mecha-

nism, defined as blade-to-blade correlation, causes partially

coherent unsteady surface pressure on different blades, add-

ing quasi-tonal peaks at the blade-passage frequency (BPF)

harmonics to the mainly broadband characteristics of the

TIN spectra. This narrowband noise feature is also referred

to as haystacking (Raposo and Azarpeyvand, 2024). Hanson

(1974) also developed a model for sound prediction, using

flow-field measurements and surface pressure as input to

characterize the statistical distribution of eddies. These were

incorporated into random pulse-modulation theory to calcu-

late the unsteady blade forces and the resulting noise.

Hanson’s work laid the foundation for the study of

Majumdar and Peake (1998), who employed rapid distortion

theory (RDT), following Goldstein’s formulation

(Goldstein, 1978), to account for turbulence distortion in the

streamtube in the case of an aero engine. The same approach

was also used by Simonich et al. (1986, 1990) and Amiet

et al. (1990) to investigate TIN in helicopters. Their findings

demonstrated that turbulence distortion is influenced by the

operating conditions of the rotor, since the contraction of the

streamtube varies with the operating regime. Specifically,

they observed significant turbulence alteration at low free-

stream velocities, such as in hover and low-speed ascent,

where the streamtube contraction is most pronounced. In

contrast, in forward flight and high-speed ascent, the defor-

mation of turbulent structures is less pronounced. The model

was also capable of accounting for the effects of blade-to-

blade correlation (referred to as “B2B” from now on).

The theory of Amiet (1976) was based on the formula-

tion developed for a wing in rectilinear motion, for which

the radiated sound was related to the inflow-turbulence spec-

trum through the aerodynamic and acoustic response of a

linearized airfoil, i.e., a flat plate (Amiet, 1975). This frame-

work was extended to the rotational motion by assuming

that it could be approximated to a rectilinear one. This

assumption holds for acoustic frequencies significantly

larger than the rotor rotational speed. Amiet’s approach

overcame the low-frequency limitations of the earlier model

by Homicz and George (1974), who treated the blade as a

moving dipole source by relying on a low-frequency

response function and a blade-compactness assumption to

compute unsteady loading and the resulting acoustic pres-

sure field. Amiet’s model has thus emerged as the most

robust and feasible theory for low-fidelity TIN prediction.

This has recently been confirmed by Raposo and

Azarpeyvand (2024), which proved that the model can

effectively capture both broadband characteristics and nar-

rowband haystacking features. despite all the assumptions

regarding blade geometry and inflow conditions.

Therefore, in a simple turbulence-rotor interaction con-

figuration, two intrinsically related and consecutive physical

mechanisms characterize the interaction: the elongation of

turbulent structures due to streamtube contraction and their

subsequent repeated chopping by multiple blades. In theory,

another physical mechanism is expected to influence turbu-

lence alteration during its interaction with the blades, thereby

affecting noise generation and prediction. This is the defor-

mation induced by the flow that accelerates along the leading

edge itself, investigated and modeled by several studies

(Santana et al., 2016; dos Santos et al., 2022; Piccolo et al.,
2024), which proved its relevance in high-frequency noise in

the 2D regime in the case of blunt airfoils. No studies cur-

rently investigate or model this effect for rotating blades, but

this is expected to play a significant role in the case of small-

scale turbulence relative to the leading-edge radius, e.g., for

thick blades, and at significant pitch angles (Piccolo et al.,
2024). A conceptual representation of turbulence alteration in

the interaction with a rotor is reported in Fig. 1.

The studies mentioned above clearly demonstrate the

complexity of the physical mechanisms underlying TIN gen-

eration and modeling. Moreover, the growing variety of con-

figurations and operating conditions envisioned for UAM

vehicles has led to increasingly heterogeneous and complex

geometries and inflow conditions. In addition to the previ-

ously discussed mechanisms, these factors introduce new and

unexplored interactions that can influence noise generation.

FIG. 1. Physical mechanisms undergone by turbulence approaching a rotor.
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This highlights the need for further research on low-fidelity

noise prediction, emphasizing the importance of direct physi-

cal investigations before engaging in any modeling efforts

(Goldschmidt et al., 2022). This study goes in this direction

by proposing a modification to Amiet’s model that allows

pointwise flow measurements with local velocity information

to be used as input. Indeed, the canonical formulation of

Amiet’s model relies on a 3D turbulence input, which is nota-

bly difficult to measure and compute, both experimentally and

numerically. Calculating such a spectrum requires knowledge

of turbulent velocity fluctuations throughout an entire volume

of the flow field, within which the 3D two-point correlation

must first be computed and then integrated. The final accuracy

of the result is then directly influenced by both the extent of

the volume and the spatial resolution. Glegg et al. (2013;
Glegg et al., 2015) introduced a time-domain approach—not

based on Amiet’s theory—to pursue the same goal, but the

model still requires measuring the four-dimensional velocity

correlation function in the rotor plane, which is not always fea-

sible. Similar limitations affect the prediction method devel-

oped by Brooks and Burley (2004) for blade-wake interaction

(BWI) noise, which is based on the measured leading-edge sur-

face pressures as input. By retaining Amiet’s frequency-based

framework and reducing the 3D turbulence input to a 1D, this

study enables the use of hot-wire measurements as input in

experimental configurations or pointwise acquisitions in

numerical simulations. This formulation makes the model a

simple yet effective hybrid tool for estimating acoustic perfor-

mance and assessing inflow effects in complex configurations

where sophisticated measurements are impractical and inflow

modeling is unavailable. Additionally, it enables the applica-

tion of turbulence-distortion models developed for rectilinear

motion to rotors, potentially improving predictions in configu-

rations where the distortion due to leading-edge bluntness is

significant. The proposed methodology is validated with the

results of an experimental campaign carried out to investigate

the noise generated by a two-bladed propeller operating at low

Reynolds at three different advance ratios. This also enables a

systematic assessment of Amiet’s model accuracy across vari-

ous operating conditions, addressing a gap in the existing

literature.

The paper is structured as follows: Sec. II reports the

information about the experimental setup and a quick over-

view of Amiet’s model for TIN in rotors. The proposed

methodological modifications and their validation are pre-

sented in Sec. III. Conclusions are drawn in Sec. IV.

II. METHODOLOGY

A. Experimental setup

The experimental campaign has been conducted in the

anechoic wind tunnel (A-Tunnel) of the Flow Physics and

Technology Department of TU Delft. This facility consists

of a vertical open-jet wind tunnel, with the test section being

an anechoic chamber lined with melamine wedges. To avoid

potential acoustic reflections, the metal grids that typically

cover the sound-absorbing foam on the floor were removed

during the noise measurements. A detailed description and

characterization of this wind tunnel is provided by Merino-

Mart�ınez et al. (2020). A picture of the rig in the anechoic

FIG. 2. (A) Picture of the experimental setup mounted in the A-Tunnel at TU Delft, (B) descriptive sketch of the setup with the main dimensions, distances,

and operational parameters.
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chamber is reported in Fig. 2, which also shows a qualitative

sketch of the experimental setup with the main dimensions,

distances, and operational parameters. The reference system

is consistent with the notation used in Amiet’s formulation

(Amiet, 1989). The axial direction, aligned with the free-

stream velocity but oriented in the opposite direction, is

denoted by z, with the corresponding velocity component

being w. The origin is set at the rotor hub and the x and y
axes—whose respective velocity components are u and

v—lie in the rotor plane, forming a right-hand coordinate

system.

A constant-section circular nozzle with diameter H and

length l1 equal to 0:60m has been placed at the exit of the

tunnel. Turbulence is generated by a rectangular grid posi-

tioned upstream of the constant-section nozzle to minimize

background noise. The grid consists of rectangular bars with

a width of d ¼ 0:01m and a mesh length of M ¼ 0:10m,

as shown in the detail of Fig. 2. The free-stream velocity

at the nozzle exit isW1 ¼ 9:5ms�1. Turbulence is character-

ized by the turbulence intensity, which quantifies the strength

of velocity fluctuations relative to the mean flow, and

the integral length scale, which estimates the size

of the energy-containing eddies. The turbulence intensity isffiffiffiffiffiffiffi
w02

p
=W1 ¼ 6 %, where w0 denotes fluctuations of the axial

velocity component, and the integral length scale is

Lzww ¼ 0:018m. These flow characteristics have been

obtained through hot-wire measurements, as described in

Sec. IIA 2, conducted at the nozzle exit without the propeller.

The propeller and test rig used in this experimental cam-

paign are the same as used by Grande et al. (2022b). The test

rig consists of an aluminum nacelle with a diameter of 0:05m,

which stems from a stiffened hollow aluminum NACA-0012

wing [Standard Airfoil Profile, National Advisory Committee

for Aeronautics (NACA), Washington, DC] with a 0:06m
chord. The entire structure is suspended above the tunnel nozzle

by four steel-wire tubes, each with a diameter of 2 cm, secured

to the tunnel to minimize vibrations and interference. Thin rub-

ber layers have been added between the stiffened wing and the

steel-wire tubes, as well as at the joints where the tubes attach to

the nozzle lip, to further dampen vibrations.

The structure is mounted so that the propeller is posi-

tioned downstream of the nozzle exit at a distance

l2 ¼ 0:40m. The propeller APC 9� 6, which has a diameter

of 900 (0:229m) and a pitch of 600 (0:152m), has been used as

a reference to design the propeller of the present investiga-

tion. This has been obtained by scaling the diameter to

D¼ 0.30 m and reshaping the blade sections to a NACA-

4412 profile, except for the first 0:01m, which features an

elliptical section. Figure 3 reports the chord and twist angle

distributions of the blade. Further details on the design of

the propeller can be found in Grande et al. (2022b).
The nacelle contains the motor driving the propeller, a

Lehner Motors LMT 2280=34 brushless inrunner (LMT

2280 Brushless Inrunner Motor, Lehner Motoren Technik

GmbH, Hohenbrunn, Bavaria, Germany). It features 2280

windings, which results in a motor velocity constant Kv of

218 RPM V�1. This constant defines how many revolutions

per minute (RPM) the motor turns per volt of applied voltage

under no-load conditions. The motor is controlled by a trape-

zoidal electronic speed controller (ESC) that operates using

pulse width modulation (PWM) and is powered by an external

programmable 5 kW direct current (DC) power source.

Three different rotational speeds, i.e., 4000, 6000, and

8000 RPM, have been investigated to validate the proposed

methodology. Calculating the advance ratio as J ¼ W1=nD,
with n being the propeller rotational frequency in hertz, the

resulting values correspond to J ¼ 0:45, J ¼ 0:30, and

J ¼ 0:23, respectively.

1. Acoustic measurements

A directivity arc, equipped with tenG.R.A.S. 40PH ana-

log free-field microphones (GRAS 40PH-10 CCP Free-field

Array Microphone, G.R.A.S. Sound & Vibration A/S, Holte,

Denmark), has been used to take acoustic measurements. The

microphones have a diameter of 7mm, a frequency range

between 10 and 20 kHz, and a maximum sound pressure

level (SPL) of 135 dB. The arc has a radius of 1:5m, but

the microphones have been placed at Rmic ¼ 1:3m from

the rotor hub. The angular positions of the ten microphones

FIG. 3. (A) 3D model of the two-bladed propeller, (B) chord and pitch

angle distributions.
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are referenced to the rotor axis, as illustrated in Fig. 2.

Microphone 1 is positioned at 60�, oriented upstream with

respect to the rotor plane, while microphone 10 is located

at 150�. The angular spacing between two adjacent micro-

phones is Dhmic ¼ 10�.
The calibration of the microphones has been performed

using a G.R.A.S. 42AA pistonphone (GRAS 42AA

Pistonphone, Class 1, G.R.A.S. Sound & Vibration A/S, Holte,

Denmark.) with a calibration level of 114 dB and a reference

sound pressure of 20lPa. A National Instrument PXIe-4499

(PXIe-4499 High-Channel Count Sound and Vibration Module,

National Instruments Corporation, Austin, TX) has been used to

acquire the acoustic data and the encoder signal. The signals

measured by the microphones have been recorded for 60 s at a

sampling frequency of 51:2 kHz. Finally, Welch’s method has

been applied with a Hanning window characterized by a 50%

overlap to obtain power spectral densities (PSDs) with a fre-

quency resolution of 100Hz.

2. Aerodynamic measurements

The flow approaching the propeller has been character-

ized by hot-wire anemometry (HWA). The fluctuations mea-

sured using this technique are primarily aligned with the

mean velocity (Zamponi et al., 2020), which, in this case,

corresponds to the axial direction. Flow velocity has been

measured on a point grid of eight streamwise positions and

nine radial positions, as shown in Fig. 4. The probe, a

platinum-plated tungsten wire 5 lm–wide and 1.25mm–

long, is a Dantec Dynamics P11 (P11 Hot-Wire Probe,

Dantec Dynamics A/S, Skovlunde, Denmark) (R20 ¼ 3:4,
Rl ¼ 0:5, a20 ¼ 0:36) operated using a constant temperature

bridge and is mounted on a remotely operated 2D traversing

system. Measurements are performed at a sampling fre-

quency of 51:2 kHz for 60 s. The same parameters for

Welch’s method as in the aeroacoustic measurements have

been applied to process the HWA data.

3. Test matrix

The investigated cases are summarized in the test matrix of

Table I. Acoustic measurements have been taken for all configu-

rations, for a total of 14 cases considering that three different

RPM values are taken into account for each flow condition.

Conversely, HWA measurements have been performed only for

the configuration without the propeller in order to characterize

the turbulent inflow at the nozzle exit and in the propeller case

at 6000RPM, considered the baseline one. The configurations

where aerodynamic measurements are available are indicated

with a colored cell in the table.

B. Amiet’s model for rotors

A quick overview of Amiet’s model for the low-fidelity

prediction of TIN in the formulation accounting for B2B

correlation is presented here. The reader is referred to Amiet

(1976, 1989) for a more detailed formulation.

Figure 5 reports a sketch of the rotor problem, together

with the most important quantities and parameters. The

fixed reference frame x0 is centered at the rotor hub. The

x–y plane lies in the rotor plane, while z corresponds to the

axial direction, along which the free-stream velocity W1 is

directed. The listener position is identified with the distance

R0 from the rotor hub and the elevation angle h, taken with

respect to the upstream direction of the z axis. The azimuthal

angle c ¼ Xt measures the instantaneous angular distance of

the blade from the x axis.
For consistency with Amiet’s notation, velocities are

expressed in terms of Mach numbers. The axial Mach num-

ber is indicated with Mz, while, considering a blade element

FIG. 4. (A) HWA setup, (B) HWA

locations. Axial (streamwise) and radial

(crosswise) distances are reported in

terms of the propeller radius R.
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at a distance r from the rotor hub, the tangential (or azi-

muthal) Mach number Mt ¼ Xr=c1 is obtained. With

respect to the fixed reference frame, this is indicated in vec-

torial form as

Mt ¼ �Mt sin c;Mt cos c; 0ð Þ: (1)

In the most general configuration, the rotor is assumed to

interact with a transverse velocity in its plane, characterized

by a Mach number Mf . The angle between this velocity and

the y axis, fixed relative to the rotor, is denoted as w. BothMf

and w are equal to zero in the present investigation but are

kept in the formulation to keep the generality of the discus-

sion. Taking into account these velocities, the blade element

at a distance r, simplified in Amiet’s theory into a flat plate

with no radial pitch distribution, interacts with a velocity Ub

directed along the chord direction, with Mach number indi-

cated asMb (see the details of Fig. 5), calculated as

Mb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

z þ Mt þMf cos cþ wð Þð Þ2
q

: (2)

This velocity forms an angle a with the rotor plane, obtained

as

a ¼ arccos
Mz

Mt þMf cos cþ wð Þ
� �

: (3)

Following the approach of Sinayoko et al. (2013), the pre-

sent implementation of the model accounts for the radial

pitch distribution /ðrÞ. The velocity along the blade

direction is thus given by Ux ¼ Ub cos d and the correspond-

ing Mach number is denoted as Mx. Here, d ¼ a� / repre-

sents the angle between Ub and the chord direction, as

shown in the detail of Fig. 5.

The motion of the blade, and hence the relative position

of the sound source with respect to the listener, must be

accounted for to correctly retrieve the noise prediction. In the

fixed reference frame, the listener position is identified by

x0 ¼ R0 sin h;
y0 ¼ 0;
z0 ¼ R0 cos h:

8<
: (4)

This position must be expressed in terms of the moving refer-

ence frame associated with the blade rotation, taking into

account also the retarded source position of the airfoil segment,

i.e., the position where the source is when the acoustic wave

reaches the listener. This is indicated with xs and is expressed by

xs ¼ �Mfre sinw;
ys ¼ �Mfre cosw;
zs ¼ �Mzre;

8<
: (5)

with re being the distance of the listener from the retarded

source derived as

re ¼ R0

Ms cosKþ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�M2

s sin
2K

p
1�M2

s

: (6)

Ms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

f þM2
z

p
is the convection Mach number and K is

the angle between Ms and x0,

TABLE I. Experimental test matrix. The free-stream velocity was kept constant at 9:5ms�1, meaning that the advance ratios at the three rotational speeds

considered are J ¼ 0:45, J ¼ 0:30, and J ¼ 0:23, respectively. Colored cells indicate cases where HWA measurements are available.

Rotational speed (RPM)

Grid Motor Propeller 4000 6000 8000 Description

Off Off Background noise (clean)

On Off � � � Background noise (clean) þ motor

On � � � Propeller noise with clean inflow

On Off Background noise (turbulent)

On Off � � � Background noise (turbulent) þ motor

On � � � Propeller noise with turbulent inflow

FIG. 5. Rotor problem with key parameters and quantities.
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K ¼ arccos
Mf sinw sin hþMz cos h

Ms

� �
: (7)

The “present” source position xp must then be deter-

mined. This corresponds to the position of the source as

if it had moved in the chordwise direction during the

time taken by the acoustic wave to travel from its emission

point identified by xs to the listener. Amiet (1989) shows

that xp reads as

xp ¼ re½� Mt sin cþMf cos c sin cþ wð Þ� ��;
yp ¼ re½Mt cos c�Mf sin c sin cþ wð Þ�;
zp ¼ 0:

8>><
>>:

(8)

With respect to xp, the listener will be identified by x0 � xp.
Accounting for the rotation around the z axis to consider the

azimuthal rotation ðp=2� cÞ with a rotation matrix Rz,

Rz ¼

cos
p
2
� c

� �
�sin

p
2
� c

� �
0

sin
p
2
� c

� �
cos

p
2
� c

� �
0

0 0 1

2
6666664

3
7777775
; (9)

and for the angle a formed by the blade with respect to the

rotor plane with a rotation matrix Ry,

Ry ¼
cos a 0 �sin a
0 1 0

sin a 0 cos a

2
4

3
5 (10)

[as in the formulation of Sinayoko et al. (2013)], the posi-

tion of the listener xB in the blade reference frame (from

which the subscript B) is finally obtained as

xB ¼ RyRz x0 � xpð Þ; (11)

resulting in

xB ¼ ½ x0� xpð Þ sinc� y0� ypð Þcosc�cosa� z0� zpð Þsina;
yB ¼ x0� xpð Þcoscþ y0� ypð Þsinc;
zB ¼ ½ x0� xpð Þ sinc� y0� ypð Þcosc�sinaþ z0� zpð Þcosa:

8><
>:

(12)

Once the motion of the sound source is taken into

account, Amiet (1976) treats the sound produced by each

rotating blade at a certain azimuthal position as if it was

generated in rectilinear motion, enabling the application of

the analytical model (Amiet, 1975) to the rotating regime.

This procedure relies on a fundamental assumption: the fre-

quency range of the noise is much higher than the rotational

speed of the rotor.

The far-field acoustic pressure SppðxB;x0Þ at the lis-

tener position xB ¼ ðxB; yB; zBÞ, with x0 ¼ 2pf being the

sound frequency as heard by the observer in the fixed refer-

ence frame, is hence retrieved through the azimuthal

average of the instantaneous noise emission S0ppðxB;x0; cÞ
through

Spp xB;x0ð Þ ¼ 1

2p

ð2p
0

xB

x0

� �
S0pp xB;x0; cð Þdc: (13)

xB=x0 describes the Doppler’s effect due to the sound

source motion with respect to the listener position. This is

calculated as

x0

xB

¼ 1þ Mt � ŝ
1�Mr � ŝ ;

with Mr representing the Mach number of the source with

respect to the fluid, expressed in vectorial form as

Mr ¼ Mf sinw�Mt sinc;Mf coswþMt cosc;Mzð Þ; (14)

ŝ being the unit vector from the retarded source position to

the listener according to

ŝ ¼ xs � x0
re

;
ys � y0

re
;
zs � z0
re

� �
: (15)

S0ppðxB;x0; cÞ, expressed in terms of the Doppler-

shifted frequency as heard by the listener x0, is related to

SppðxB;xB; cÞ, depending on the angular frequency of the

blade forces xB through

S0pp xB;x0; cð Þ ¼ xB

x0

Spp xB;xB; cð Þ; (16)

meaning that a factor ðxB=x0Þ2 will appear in Eq. (16).

In the formulation accounting for the correlation of

the unsteady surface pressure induced by the chopping of

an eddie by more than one blade, SppðxB;xB; cÞ takes the

form

Spp xB;xB;cð Þ¼ GjL Kx;Ky;Mxð Þj2

�
X1
n¼�1

Uww Kx;Ky;K
nð Þ
z

� �
2p

c

2

� �2

w02Z
; (17)

with

G ¼ xBzBq0c
2c0r2

� �2

pUx

L

2

� �
w02 c

2

� �2

: (18)

q0 indicates the flow density and c0 is the speed of sound.

The blade geometry is represented by the chord c and the

span L, while the convection effects are accounted for

through r0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2B þ b2xðy2B þ z2BÞ

q
, with bx ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�M2

x

p
.

LðKx;Ky;MxÞ is the aeroacoustic transfer function, for

which the original formulation of Amiet (1989) has been

used, while UwwðKx;Ky;K
ðnÞ
z Þ is the 3D turbulence spectrum.

The wavenumbers are calculated as
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Kx ¼ xB

Ux

;

Ky ¼ xByB
c0r

;

K
nð Þ
z ¼ 2pnþ x0T2

Z
:

8>>>>>><
>>>>>>:

(19)

Kx takes this form under the hypothesis of frozen turbulence,

while Ky under the large-span wing assumption, i.e.,

M1 Kx L=2 � 0, and KðnÞ
z is obtained in the framework of

the B2B correlation. The latter term features the Doppler-

shifted frequency x0, the time between consecutive chops

of a certain eddy as heard by the listener T2, and the distance

Z, which represents the distance between the path of two

adjacent blades measured with respect to the fluid, nZ thus

being the distance between the zeroth and the nth blade

paths. T2 is calculated by adding a Ds to the time between

eddie chops T1 through

T2 ¼ T1 þ Ds: (20)

The expression for T1 reads

T1 ¼ Tt
Vt

Vz

� �
sin a cos a; (21)

where Tt ¼ 2p=XB, while Ds is calculated as

Ds ¼ X
Mx � xB

r0
b2xc1

0
@

1
Aþ Y

yB
c1r0

; (22)

with X ¼ ðTt � T1Þ Vt, Y ¼ T1 Vf sinðcþ wÞ. The distance
Z is calculated as Z ¼ Tt Vt sin a. The reader is referred to

Amiet (1976, 1989) for the physical meaning of these

parameters and the derivation of the respective expressions,

whose explanation is beyond the scope of this study.

III. AMIET’S MODEL MODIFICATION

A. Analytical formulation

The modification of Amiet’s model proposed in the pre-

sent study consists of converting the 3D spectrum

UwwðKx;Ky;K
ðnÞ
z Þ in Eq. (17) into a 1D one HwwðKxÞ. This is

achieved by applying a strip theory approach (Christophe

et al., 2009), which models the noise produced by a blade of

span L as the summation of the noise contributions gener-

ated by M narrow spanwise portions of the blade, referred to

as strips. The present procedure implements the theory in its

inverse formulation, as done by K€uc€ukcoskun (2012), in

which the noise emitted by a blade strip is calculated as the

difference of the sound produced by two very large-span

blades whose difference in width is equal to the strip width

L=M itself, as shown in the conceptual sketch of the inverse

strip theory approach reported in Fig. 6. For the present

case, this is expressed considering S0ppðxB;x0; cÞ as the noise
emitted by the strip m, which is therefore obtained through

S0pp xB;x0; cð Þjm ¼ S0pp xB;x0; cð ÞjL1 � S0pp xB;x0; cð Þ
		
L2

� �			
m
;

(23)

with L1 � L2 ¼ L=M and L1; L2 ! 1.

The overall noise produced is hence computed by

applying Amiet’s model M times, one for each blade consid-

ering local inflow conditions. By using Eqs. (16) and (17),

all the contributions are summed through

Spp xB;x0ð Þ ¼ B
XM
m¼1

Spp xB;x0ð Þ
			
m
; (24)

with B indicating the number of blades. The application of

the inverse strip theory does not involve any assumption or

modification of the turbulence term: the analytical spectrum

selected to describe the inflow will be scaled through the

local turbulence characteristics, regardless of its form.

The substitution of UwwðKx;Ky;K
ðnÞ
z Þ with HwwðKxÞ in

Eq. (17) can be carried out considering the work of Wilson

(1997), who calculated the 3D correlations and spectral

functions in the case of homogeneous isotropic turbulence.

Indeed, considering a generic 3D reference system x, y,
and z with corresponding wavenumbers kx, ky, and kz, the
3D turbulence spectrum of the w velocity component

Uwwðkx; ky; kzÞ is obtained as the Fourier transform with

FIG. 6. Sketch of the application of the inverse strip theory approach for

the calculation of the blade instantaneous sound emission.
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respect to kz of the two-dimensional (2D) cross-spectrum

Rwwðkx; ky; zÞ,

Uww kx; ky; kzð Þ ¼ 1

2p

ðþ1

�1
Rww kx; ky; zð Þe�izkzdkz: (25)

Starting from the analytical expression of Uww, valid in the

case of homogeneous isotropic turbulence, Wilson (1997)

explicitly calculated Rwwðkx; ky; zÞ as

Rww kx; ky; zð Þ ¼ u02k2hL
4
wwf

�þ2
h

p2�þ1C �ð Þ 1þ k2hL
2
ww

� ��þ2
B�þ2 fhð Þ; (26)

with k2h ¼ k2x þ k2y , fh ¼ ðz=LwwÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ k2hL

2
ww

q
, B�þ2 being

the Bessel’s function of the second kind of order � þ 2, and

� setting the generic power law dependence in the inertial

subrange. For simplicity, the superscript z in the integral

length scale Lzww has been omitted.

For z ¼ 0, Rwwðkx; ky; zÞ can be seen as the 2D wave-

number spectrum Wwwðkx; kyÞ, and Eq. (26) simplifies into

Www kx; kyð Þ ¼ � � þ 1ð Þu02k2hL4ww
p 1þ k2hL

2
ww

� ��þ2
: (27)

Using Eq. (27), Eq. (26) can be rewritten as

Rww kx;ky;zð Þ¼ 1

� �þ1ð Þ
f�þ2
h

2�þ1C �ð ÞB�þ2 fhð Þ
" #

Www kx;kyð Þ

¼A kx;ky;zð ÞWww kx;kyð Þ; (28)

with the auxiliary function Aðkx; ky; zÞ introduced to indicate

the terms in square brackets.

This relationship between the 2D cross-spectrum and

the 2D wavenumber spectrum [Eq. (28)] can be used to

modify the turbulence term of Eq. (17). Indeed, it is possible

to write

Uww Kx;Ky;K
nð Þ
z

� �
¼F Rww Kx;Ky;Z

nð Þ
� �n o

¼ 1

2p

ð1
�1

Rww Kx;Ky;Z
nð Þ

� �
e�iZ nð ÞK nð Þ

z dK nð Þ
z ;

(29)

with ZðnÞ indicating a fictitious spatial coordinate corre-

sponding to the wavenumber KðnÞ
z and F representing the

Fourier transform operator. By applying Eq. (28) to the pre-

sent case and moving the 2D wavenumber spectrum outside

the Fourier transform operator, it follows that

Uww Kx;Ky;K
nð Þ
z

� �
¼F A Kx;Ky;Z

nð Þ
� �

Www Kx;Kyð Þ
n o

¼Www Kx;Kyð Þ ~A Kx;Ky;K
nð Þ
z

� �
; (30)

with A indicating the auxiliary function allowing the conver-

sion of the turbulence term from 3D to 2D and ~A its Fourier

transform. However, rather than performing the Fourier

transform of A, ~A can be conveniently obtained as

~A Kx;Ky;K
nð Þ
z

� �
¼

Uww Kx;Ky;K
nð Þ
z

� �
Www Kx;Kyð Þ ; (31)

considering that, under the assumption of homogeneous iso-

tropic turbulence, analytical expressions exist for Uww and

Www. Since any axial dependence has now been removed

from the turbulence velocity spectrum, the auxiliary function
~AðKx;Ky;K

ðnÞ
z Þ can be defined as axial correlation length.

Owing to von K�arm�an’s assumptions and framework for

homogeneous isotropic turbulence (von K�arm�an, 1948), � is

finally considered equal to 1=3, resulting in Kolmogorov’s

�5=3 power law, and the three-wavenumber spectrum of the

upwash velocity component with respect to the blade, i.e.,

corresponding to the axial velocity component in the present

reference frame, reads

Uww kx; ky; kzð Þ ¼ E kð Þ
4pk2

1� k2z
k2

� �
; (32)

with

E kð Þ ¼ 55

9
ffiffiffi
p

p C 5=6ð Þ
C 1=3ð Þ

w02

ke

k

1þ k

ke

� �2
" #17=6

: (33)

The expression of the two-wavenumber spectrum of the

same velocity component is then

Www kx; kyð Þ ¼ 4

9p
w02

k2e

kx
ke

� �2

þ ky
ke

� �2

1þ kx
ke

� �2

þ ky
ke

� �2
" #7=3

; (34)

leading to the following expression for ~AðKx;Ky;K
ðnÞ
z Þ:

~A Kx;Ky;K
nð Þ
z

� �
¼ 55

16

Lww
p

� �
1þ k̂

2

h

� �7=3

1þ k̂
2

� �17=6
: (35)

The last step consists of turning the 2D wavenumber

spectrum Www into the product of a 1D spectrum Hww and

another auxiliary function. This has been done by Amiet

(1975) for his formulation for an airfoil in rectilinear motion

under the assumption of large span. This is a reasonable

assumption considering that the inverse approach of the strip

theory considers the sound as produced by an airfoil of infi-

nite span. It is hence possible to write

Www Kx;Kyð Þ ¼ 1

p
Hww Kxð Þly Kxð Þ; (36)

with lyðKxÞ being the spanwise coherence length of the

upwash velocity component, for which Amiet (1975) pro-

poses the following expression:
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ly Kxð Þ ¼ 8Lzww
3

C 1=3ð Þ
C 5=6ð Þ


 �2 K̂
2

z

3þ 8K̂
2

z

� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ K̂

2

x

q : (37)

This formulation, which incorporates the 1D turbulence

term and the spanwise coherence length, is valid for a lis-

tener positioned in the midspan plane of a blade in rectilin-

ear motion. However, as will be shown in Sec. III B, this

modification does not impact the accuracy of noise directiv-

ity compared to the canonical implementation of Amiet’s

model.

The introduction of the axial correlation length
~AðKx;Ky;K

ðnÞ
z Þ and the spanwise coherence length lyðKxÞ

allows hence the turbulence term to be expressed in terms of

the 1D spectrum HwwðKxÞ, finally converting Eq. (17)

(applied to the mth strip) into

Spp xB;xB; cð Þjm ¼ GjL Kx;Ky;Mxð Þj2 1

p
Hww Kxð Þly Kxð Þ

� �

�
X1

n¼�1
~A Kx;Ky;K

nð Þ
z

� �
2p

c

2

� �2

w02Z
: (38)

The 1D spectrum can be modeled using a von K�arm�an
spectrum

Hww Kxð Þ ¼ 2

27
ffiffiffi
p

p C 5=6ð Þ
C 7=3ð Þ

w02

ke

3þ 8 Kx=keð Þ2
½1þ Kx=keð Þ2�11=6

; (39)

with ke ¼
ffiffiffi
p

p
=LzwwCð5=6Þ=Cð1=3Þ. This implementation,

whose validation is presented in Sec. III B, only requires the

knowledge of the turbulence intensity, free-stream velocity,

and integral length scale. Alternatively, it is possible to use

a direct probe measurement in the frequency domain as

input, such as that obtained by means of HWA, as in

Sec. III C.

B. Validation with experimental data

The proposed modification is validated using experi-

mental acoustic measurements. Amiet’s model has been

applied using the radial distribution of flow characteristics

sampled far upstream at the nozzle exit in the configuration

without the propeller (see Sec. II A). Comparisons between

the predictions and the measurements are reported in terms

of SPL in Fig. 7 for 4000, 6000, and 8000RPM, respec-

tively. For each case, experimental measurements with both

turbulent and clean inflow are presented, with listener posi-

tions considered at 60� and 130�. Background noise, omitted

from the figures for clarity, was verified to be well below

the propeller noise levels in both inflow cases.

Amiet’s model has been implemented in two formula-

tions featuring the 3D turbulence spectrum Uww and the 1D

one Hww. These have been modeled using the von K�arm�an
expressions given in Eqs. (32) and (39), respectively. Both

have been applied with the inverse strip theory approach,

retaining the B2B correlation modeling. This comparison

allows possible effects resulting from the modification of

the turbulence term to be identified.

TIN dominates the sound spectra in the low- and mid-

frequency range, approximately up to the 20th–30th BPF

(Paterson and Amiet, 1982), as can be seen from the cases at

4000 and 6000 RPM with respect to the clean inflow config-

uration. At higher frequencies, up to the 100th BPF, the

spectra feature a clear bump with tones concentrated

between the 40th and the 70th BPF. These are clearly caused

by the propeller motor, as indicated in the plots with an

arrow, while the bump can likely be attributed to the blade

self-noise and laminar separation (Grande et al., 2022a;

Casalino et al., 2022). The bump in the high-frequency

range can hardly be recognized for the case at 8000RPM, as

the noise levels related to TIN increase significantly in this

rotation regime.

In general, the acoustic spectra exhibit clear signs of

reflections, most likely originating from the nozzle, nacelle,

or support rig. These reflections primarily affect the high-

frequency range beyond the 10th BPF, introducing “saw-

tooth” peaks in the spectra. These peaks, particularly evident

for the listener position at 60� and marked in the plots with

an arrow, should not be confused with the haystacking fea-

tures in the low- and mid-frequency ranges. Indeed, here the

far-field acoustic spectra exhibit distinct broadband charac-

teristics along with quasi-tonal peaks resulting from the

B2B correlation. As expected, the prominence of these nar-

row peaks and the frequency range over which they appear

increase with rotational speed. This occurs because, at

higher speeds, turbulent eddies are more likely to be

chopped by multiple blades.

Regarding the low-fidelity prediction, the two formula-

tions of Amiet’s model retrieve nearly identical results at

4000. 6000, and 8000 RPM. Only a slight difference, seem-

ingly proportional to the rotational speed, becomes noticeable

at frequencies above the 10th BPF. Specifically, the curve cor-

responding to the original implementation of Amiet’s model

with the 3D turbulence spectrum lies slightly below that of the

modified approach using the 1D spectrum. The match between

the two formulations is confirmed by the directivity plots in

Fig. 8. These show the overall sound pressure level (OASPL)

calculated in the frequency range where TIN dominates [ f¼
(0.1BPF–30BPF)]. Experimental measurements have not

been included, as microphone data is dominated by other

flow-induced noise sources in the angular range where TIN

directivity decreases. As a result, these additional noise contri-

butions would hinder a meaningful comparison.

The exact agreement between Amiet’s model in its orig-

inal formulation with the 3D spectrum and the modified

approach using a 1D turbulence input serves as a validation

of the proposed methodology. At the same time, both pre-

dictions closely match the experimental SPL, accurately

capturing both the broadband and quasi-tonal components

within the low-fidelity framework. The tonal peaks at BPF

harmonics are not captured as the turbulence input term in
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Amiet’s model does not include the description of this

contribution.

C. Application of the methodology with hot-wire mea-
surements of the turbulent inflow as input

The formulation with the 1D turbulence term is

applied for the case at 6000RPM using the velocity fre-

quency spectra obtained from the HWA measurements as

input. The probe specifically measures velocity fluctuations

in the axial direction, as explained in Sec. II A 2, which

corresponds to the upwash component relative to the rotor

plane. This velocity component is responsible for inducing

unsteady loading on the blades, meaning that this

measurement can be rightfully used as input in the low-

fidelity model.

1. Turbulent inflow characterization

Figure 9 presents the radial distributions of the time-

averaged velocity and the root mean square of the velocity

component measured with HWA. The distributions sampled

far upstream at z=R ¼ 1:000 (indicated in the figure also

with “ups”) are compared to those measured near the rotor

plane at z=R ¼ 0:050 (indicated with “dws” which stands

for “downstream”). For the latter, the root mean square is

reported both for the original signal and after filtering out

the tonal components caused by the blade passage. Filtering

FIG. 7. Sound pressure level predicted by Amiet’s model with 3D and 1D turbulence inputs compared to experimental measurements with turbulent and

clean inflow at the three rotational speeds and at two different microphone positions. The reference pressure used to calculate the SPL is 2� 10�5 Pa.
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is performed using an in-house peak detection algorithm

applied to the PSDs of the HWA signals.

While the time-averaged velocity increases relative to

upstream conditions, the removal of tonal components

reveals a slight decrease in axial velocity fluctuations com-

pared to upstream conditions. This effect is due to the

streamtube contraction, which, as it stretches the turbulent

structures in the streamwise direction, causes a simultaneous

reduction in the streamwise velocity fluctuation, similar to

what occurs in the convergent section of a wind tunnel

(Amiet et al., 1990; Batchelor and Proudman, 1954).

Figure 10 compares the HWA velocity spectra for the

two sampling positions along the axial direction and for two

different radial positions: y=R ¼ 0:500 and y=R ¼ 1:000.
The plot also presents the filtered HWA velocity spectra

sampled at the rotor plane, with the tones removed.

The HWA spectra sampled close to the rotor plane pre-

sent lower levels in the low-frequency range (approximately

up to f=BPF ’ 0:6). This is especially evident at the central

radial locations, whereas positions near the rotor axis and

toward the blade tip exhibit upstream and downstream

spectra that almost perfectly overlap. This behavior is attrib-

uted to the reduction in streamwise velocity fluctuations due

to streamtube contraction, as observed in the root mean

square variation. This variation can be calculated from the

upstream conditions using RDT, as done by Majumdar and

Peake (1998) and Simonich et al. (1986). An implementa-

tion of Goldstein’s formulation (Goldstein, 1978) has been

implemented here following the approach of Glegg and

Devenport (2017) for the axisymmetric contraction, with the

predicted altered spectra reported in Fig. 10 together with

the HWA ones. Good agreement is observed between the

RDT results and the experimental measurements at

z=R ¼ 0:050, demonstrating how simple pointwise measure-

ments can effectively describe the inflow conditions and

their alteration. The impact of this alteration will become

evident in the application of the modified Amiet’s model

using directly probe measurements as input.

2. Noise prediction

To correctly incorporate HWA measurements into the

low-fidelity model, an appropriate conversion to a spatial

wavenumber spectrum is required. This conversion relies on

Taylor’s hypothesis, which considers frozen turbulence, as

also assumed by Amiet (1975, 1976). By assuming the con-

vective velocity to be equal to the inflow velocity W1, the

spectrum HwwðKxÞ used in Amiet’s model can be derived

from the experimental frequency spectrum through

Hww Kxð Þ ¼ W1
2p

Hww fð Þ
			
HW

: (40)

The advantage of using pointwise flow measurements

as input is assessed by comparing the predictions obtained

with the spectra sampled far upstream (z=R ¼ 1:000) and

very close to the rotor plane (z=R ¼ 0:050), shown in

Fig. 11. The modified Amiet’s model has been implemented

using the respective radial distributions of the time-average

and root mean square of the axial velocity component shown

in Fig. 9. The plot compares the low-fidelity predictions

with the experimental acoustic measurements at the angular

positions h ¼ 60� and h ¼ 130�. An accurate result is

FIG. 8. Overall sound pressure level predicted by Amiet’s model with 3D

and 1D turbulence for the angular range h ¼ ½30�; 150�� at 4000, 6000, and
8000 RPM. The reference pressure used to calculate the SPL is 2� 10�5 Pa.

FIG. 9. Radial distributions far upstream at z=R ¼ 1:000 and near the rotor plane at z=R ¼ 0:050 (in the filtered and non-filtered cases) for the (A) time aver-

age, (B) root mean square of the axial velocity component measured using HWA.
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obtained using the HWA frequency spectra as input on the

whole frequency range where TIN dominates, proving the

validity of the proposed approach.

As expected, the alteration undergone by turbulence as

it approaches the rotor due to the streamtube contraction

leads to different results in the prediction. The implementa-

tion of Amiet’s model with the velocity spectrum sampled

far upstream yields a slight overprediction in the low-

frequency range. In contrast, the velocity spectrum sampled

near the rotor plane leads to a more accurate prediction in

this frequency range. Such an effect plays a significant role

in cases for which the variation of section of the stream-

tube is particularly pronounced, as in hovering conditions

or high-speed rotation regimes. Figure 11 also shows

Amiet’s model implemented with the distorted spectrum

obtained through RDT, which closely matches the predic-

tion obtained using the downstream HWA spectra as input.

This analysis demonstrates how the modified Amiet’s

model can be used to evaluate the impact of the inflow

conditions on the acoustic spectra through direct HWA

measurements.

IV. CONCLUSIONS

A modification to Amiet’s model for TIN prediction in

rotors is proposed to directly use probe measurements of the

inflow conditions as inputs. This formulation enables the

model to be applied to complex configurations with limited

turbulence modeling and measurement availability. It is

achieved by transforming the original 3D turbulence spec-

trum used as input into a 1D one. This conversion is made

possible by using an inverse strip theory approach and intro-

ducing two auxiliary functions, i.e., the axial and spanwise

correlation length. The former describes the radial correla-

tion of the velocity fluctuations perpendicular to the rotor

plane, while the latter accounts for the blade-to-blade

correlation.

The proposed methodology is validated using experi-

mental measurements of a two-bladed propeller interacting

with grid-generated turbulence at three different advance

ratios. Good agreement is found between the experimental

measurements and the modified Amiet’s model at all the

considered advance ratios. This result proves the validity of

the present model for an axial-flight configuration, which is

FIG. 10. Frequency spectra of the inflow velocity at the radial positions (A) y=R ¼ 0:500, (B) y=R ¼ 1:000. The spectra sampled far upstream at z=R ¼
1:000 and near the rotor plane at z=R ¼ 0:050 (in the filtered and non-filtered cases) are compared with the altered spectrum modeled by the RDT from

upstream flow conditions.

FIG. 11. Sound pressure level predicted by Amiet’s model applied using HWA spectra sampled far upstream (z=R ¼ 1:000) and near the rotor plane

(z=R ¼ 0:050) compared to experimental measurements at X ¼ 6000RPM for (A) h ¼ 60� (microphone 1), (B) h ¼ 130� (microphone 8). The comparison

includes the prediction using the altered velocity spectrum from the RDT as input. The reference pressure used to calculate the SPL is 2� 10�5 Pa.
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characterized by less pronounced distortion due to stream-

tube contraction. Additional validation would still be neces-

sary to assess the robustness of the methodology in

conditions where such effects are more pronounced, such as

during hovering flight.

While converting the 3D turbulence term into a 1D

spectrum through the introduction of auxiliary functions

may seem like an added complexity and a limiting simplifi-

cation, it actually creates a flexible and robust framework

for applying this modified low-fidelity prediction tool. Two

key points should be highlighted in this regard. First, the

velocity spectrum is the key quantity to accurately describe

for noise prediction, as the spanwise coherence length

directly influences noise levels, while the axial correlation

length serves as a transformation function that accounts for

haystacking effects. Second, this formulation is intended to

be used within a strip theory framework. Under these condi-

tions, the assumption of homogeneous and isotropic turbu-

lence used to introduce the axial correlation length becomes

more justifiable, given that the inflow conditions can reason-

ably be considered piecewise homogeneous and isotropic.

Moreover, the robustness of the model beyond such hypoth-

eses, i.e., under non-homogeneous and anisotropic flow con-

ditions, is supported by the accurate results obtained using

probe measurements taken near the rotor plane and the RDT

spectrum as input, both of which represent altered turbu-

lence conditions.

The result is, hence, a formulation that configures

Amiet’s model as a modular tool, where the various contri-

butions affecting the turbulence interacting with the rotor

and the resulting noise scattering are represented by

decoupled terms. This enables the individual investigation

and modeling of each physical mechanism and its relative

impact on noise generation. While currently focused on

improving the description and modeling of the input turbu-

lence term, the proposed modification broadens the potential

of the model for new applications. Upon adequate validation

or adaptation, the inherent structure of the model makes it

indeed well suited for complex configurations, such as pro-

pellers in vortex-ring state, rotors ingesting boundary layers,

contra-rotating propeller cases, and strongly anisotropic

inflow conditions, as limited inflow measurements are

required for its application.

Furthermore, in its current state, the proposed frame-

work lays the ground for combining different models avail-

able in the literature to describe the successive phases of

turbulence alteration as it approaches the rotor. For instance,

the deformation due to the streamtube contraction can be

taken into account through the RDT into the velocity spec-

trum term, while the multiple chopping of the elongated tur-

bulent eddies is modeled through the axial correlation

length. In addition, future developments could focus on

characterizing the interaction between the chopped elon-

gated turbulent structures and the leading edge, which can

now be incorporated through the conversion of turbulence

input into a 1D spectrum. The potential to account for such

a mechanism, particularly relevant for cases introducing

significant flow disturbances, would make the proposed

model especially well suited to capture the effects of blades

with realistic shapes and complex rotor geometries.
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