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Abstract

Fan broadband noise - in particular broadband rotor-stator-interaction noise -

is a significant noise source of modern aircraft. However, its accurate prediction

remains a challenge. RANS-informed synthetic turbulence methods are increas-

ingly applied for these types of noise predictions as they present a compromise

between accuracy and computational effort. Two-dimensional simulations are

especially inexpensive but their results are not necessarily representative for the

entire fan stage. To investigate this issue, the authors present the expansion

of an approach based on the fast Random Particle Mesh method to three-

dimensional space and apply it to the AneCom AeroTest Rotor 1 fan stage.

The three-dimensional simulations are compared in detail to two-dimensional

simulations to quantify and analyze observed differences between the results.

As a consequence, a correction technique for the two-dimensional simulation

results is proposed.
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Nomenclature

B number of rotor blades

c0 speed of sound, m/s

E (k) energy spectrum of turbulence, m3/s2
5

f frequency, Hz

2F1 Gaussian hypergeometric function

k turbulent kinetic energy, m2/s2

ki wavenumber in direction i, 1/m

ke characteristic wavenumber, 1/m10

k̂i wavenumber in direction i normalized by ke

l3 spanwise correlation length of turbulence, m

M free stream Mach number

p pressure, Pa

r radius, m15

r0 rotor tip radius, m

s streamline position

sV stator pitch, m

S22 upwash velocity frequency spectral density, m2/s

Spp pressure frequency spectral density, Pa2/s20

u velocity, m/s

V number of stator vanes
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β compressibility factor

γ blade sweep angle, rad.

ϑ angle, rad.25

Γ gamma function

κ0 free-field acoustic wavenumber, 1/m

λx in-duct acoustic wavelength in the axial direction, m

Λ integral turbulent length scale, m

ρ density, kg/m3
30

σL source term, Pa

Φii velocity wavenumber spectrum relative to direction i, m/s2

Sub- and Superscripts

′ fluctuating variable

0 mean variable35

1 streamwise direction

2 upwash direction

2D two-dimensional

3 radial direction

3D three-dimensional40

− radially or circumferentially averaged
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1. Introduction

Broadband rotor-stator interaction (RSI) noise in the fan stage of modern

engines is a primary sound source of commercial aircraft, particularly during

flight phases in close proximity to the ground. This sound mechanism is driven45

by the turbulence of the rotor wakes interacting with the surface at the leading

edges of the downstream positioned stator row.

Due to the successful application of noise abatement measures aimed at re-

ducing tonal noise, the relative importance of broadband noise to the overall

aircraft noise has further increased within recent years. The development and50

improvement of today’s fan broadband noise prediction techniques is therefore

crucial for gaining a deeper, physical understanding of the involved aerodynamic,

turbulent, and acoustic mechanisms, for improving fast and simple methods

based on these findings, and for gaining confidence in terms of achievable pre-

diction accuracy. These objectives are ultimately a key in developing quieter55

aircraft to meet more stringent noise regulation requirements in the future.

Today, applied methods range from numerical, fully scale-resolving methods,

which are able to account for the most complex geometries, to analytical meth-

ods, which are inherently limited to rather simple geometries. Analytical meth-

ods are based on simplifying assumptions and can yield results within a very60

short time making them ideal for the use in multidisciplinary design processes,

e. g. as detailed by Jaron [1]. Fully scale-resolving methods are capable of accu-

rately representing the physics, but their use is still very costly in terms of the

preparation of the setup and in terms of the computation time. These insights

can in turn be used to improve simpler methods. Synthetic turbulence methods65

have also gained popularity. They are hybrid, partly scale-resolving methods,

where a separate, highly optimized method addresses each part of the physical

problem. While some limitations and modeling assumptions remain, the aim is

to capture the physics as accurately as possible and to curb the computational

cost compared to fully or other partly scale-resolving methods. Synthetic tur-70

bulence methods typically work as follows: A Reynolds Averaged Navier Stokes
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(RANS) or an Unsteady Reynolds Averaged Navier Stokes (URANS) simula-

tion is needed to provide inputs for flow and turbulence characteristics. The

turbulence statistics are used to synthesize turbulence upstream of the stator

vanes. Synthetic turbulence is commonly generated by filtering [2, 3], by su-75

perposing random Fourier modes [4–6], or by using synthetic eddies [7–9]. The

turbulence is then injected into a computational domain, where it is convected

and interacts with the stator leading edges to create noise. High-order, opti-

mized schemes implemented in so-called Computational AeroAcoustics (CAA)

solvers enable an efficient calculation of the produced acoustic sound field. The80

sound in the far field can either be directly determined at sensor positions in

the computational domain or by applying a Ffowcs-Williams–Hawkings method

relying on pressure fluctuation information on the blade surfaces.

Two-dimensional synthetic turbulence methods are convenient due to their

comparatively low computation costs, which enable overnight simulations on85

regular computers. The fast computations enable extensive parameter studies,

e. g. to investigate cylostationary effects [10], the relative importance of back-

ground versus wake turbulence [11], rotor blockage effects [12], the influence of

anisotropic turbulence [13] etc. Nonetheless, one central issue remains: How

representative are these findings for a real, fully three-dimensional fan stage?90

On the one hand, two-dimensional simulations are restricted to one streamline

or radial position making it difficult or entirely impossible to capture three-

dimensional flow effects, like flow detachments or three-dimensional geometry

features like blade lean, blade sweep, or leading edge serrations. It is also ques-

tionable if a solution computed at one single radial position is valid for the95

entire fan stage. To increase the reliability of results, simulations at multiple

streamline positions can be combined [11, 12, 14] or a simulation can be set

up using a representative streamline and imposing three-dimensional-equivalent

(3D-equivalent) turbulence characteristics as proposed by Kissner et al. [14].

On the other hand, there are differences in the sound mechanism between two-100

dimensional and three-dimensional simulations as the third dimension is es-

sential for capturing several important aspects of the physical problem as will
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be addressed during the course of this paper. No universal correction method

exists. Instead, multiple different approaches are used:

• Amiet-based [15] correction techniques were proposed by Dieste [16] and105

Hainaut et al. [17]. Amiet-based corrections are formulated for an ob-

server positioned in the far-field at 90◦ relative to the midspan of a single

blade. The correction accounts for the fact that the far-field sound propa-

gation of a two-dimensional (2D) space is described by p ∝
√
r, whereas 3D

simulation captures a realistic behavior of the sound propagation, where110

p ∝ r. The formulation also includes the turbulence correlation length

in the spanwise direction to account for the fact that the source at the

leading edge is only correlated over a distance, which is typically much

shorter than the airfoil span. Thereby, the source correlation length and

the turbulence correlation length are assumed to be equal. The Dieste115

correction further contains a correction to account for the differences in

2D and 3D turbulence spectra, while the Hainaut correction neglects this

aspect. Gea-Aguilera [13, 18] proposed the use of a so-called pseudo three-

dimensional turbulence for 2D simulations, which is essentially a numeri-

cal implementation of Hainaut’s correction. Another correction technique,120

which was initially proposed by Ewert et al. [19], is identical to Hainaut’s

formulation for low Mach numbers. While Ewert’s formulation was orig-

inally proposed for analyzing trailing edge noise, it can also be applied

to leading edge noise as shown e. g. by Polacsek et al. [20]. It should

be noted that these Amiet-based methods are generally only applied for125

low-speed, single airfoil cases.

• A correction formulated by Wohlbrand et al. [10] accounts for the differ-

ence in spectral shape of 2D versus 3D transverse turbulent velocity spec-

tra. As previously mentioned, the Dieste correction can be interpreted as

inherently containing this correction.130

• Another approach, which was applied e. g. by Blázquez and Corral [12],

is to discard subcritical turbulent gusts for 2D simulations. In 3D sim-
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ulations, only turbulent modes featuring a supersonic trace velocity, i. e.

supercritical modes, produce pressure waves capable of propagating. Due

to the absence of the radial dimension, 2D simulations cannot reproduce135

this physical phenomenon. Instead, all turbulent modes generate sound,

which causes 2D simulations to overestimate predicted sound levels. The

criterion for distinguishing between subcritical and supercritical turbulent

gusts was originally proposed by Graham [21], who formulated similar-

ity rules for describing the loading of thin, single airfoils. Later, Glegg140

[22] showed that the distinction between sub- and supercritical turbulent

modes is also applicable for cascades as he formulated an airfoil response

for swept blade rows in free field.

Recently, Kissner et al. [23] expanded the fRPM-fan method - a synthetic

turbulence method based on the fast Random Particle Mesh (fRPM) method145

- to three-dimensional space and presented a first working example for a real-

istic fan configuration. In addition, an optimization of simulation parameters

was performed resulting in significant improvements in the computational ef-

fort while still ensuring accurate results. In this work, the authors build on

these findings and shift the focus from method development to understanding150

the physics involved in the simulations. The following research questions are

addressed:

• Can the newly implemented 3D fRPM-fan method yield realistic fan broad-

band noise levels for the AneCom AeroTest Rotor 1 (ACAT1) fan?

• Can the experimental trends observed between different operating points155

be reproduced by 2D and 3D simulations?

• How do the results of 2D and 3D simulations differ in terms of turbulence

realization, in-duct sound power and sound pressure levels? Based on

this analysis, is it possible to formulate a reasonable correction for 2D

simulations?160

In order to investigate these questions, the authors set up 3D and 2D fRPM-
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fan simulations at two approach operating points on two different working lines

for the ACAT1 fan. In addition, the 2D simulation approach is applied for the

first time to two operating points featuring much higher rotational speeds. As

an analysis of the turbulence characteristics near the stator leading edges reveals165

that the relative contribution of background turbulence to the overall turbulence

levels is small for this fan configuration, cyclostationary effects are neglected for

all simulations, which is in agreement with previous findings [10, 11]. The large

data set of simulations allows for analyzing experimental and numerical trends

and it allows for a detailed comparison of 2D and 3D results. In formulating170

reasonable corrections for the 2D simulation results, the aim is to ensure that

the correction technique is valid for a range of different operating points.

2. Overview of the fRPM-fan method

To distinguish between different simulation techniques using the fRPM method,

the authors use the term fRPM-fan method. The fRPM-fan method denotes175

a hybrid, fRPM-based synthetic turbulence method, which was specifically op-

timized for fan applications. The concept of the method was introduced by

Wohlbrandt [24]. It consists of running – partly sequentially, partly simultane-

ously - three different simulation techniques: the Computational Fluid Dynam-

ics (CFD) method, the fast Random Particle Mesh (fRPM) method, and the180

Computational AeroAcoustics (CAA) method.

A CFD solution - RANS or URANS - is necessary to provide mean flow

and turbulence characteristics, which are required as inputs for the fRPM and

CAA methods. The fRPM method is a fast implementation of the Random

Particle Mesh (RPM) method relying on recursive filter implementations on185

typically Cartesian grids to speed up simulations [25]. The RPM method was

originally developed by Ewert [3]. Three-dimensional in-duct applications are

challenging for these filter implementations: 1.) The grids are not Cartesian as

the cell length in the circumferential direction increases with the radial position.

2.) Mean flow and turbulence characteristics vary with respect to the radial190
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position. Therefore, a recursive Gaussian filter featuring a spatially anisotropic

formulation was applied. This filter, which was proposed by Purser et al. [26],

is advantageous as it can handle slowly changing cell sizes and turbulent length

scales.

For fan applications, the fRPM method does not directly model source terms195

but synthesizes time-space-dependent turbulence upstream of the stator row.

White noise is scaled by a local variance, i.e. a turbulent kinetic energy, and

then spatially filtered by a local length scale. Several Gaussian filters of different

filter lengths can be superposed in order to realize a target spectrum, e. g. a

von Kármán or a Liepmann spectrum [27]. The variance of each filter depends200

on an analytical weighting function.

The convection of the synthesized turbulence, the sound generation, and the

sound propagation are computed by the CAA solver PIANO [28]. In this work,

PErturbed Nonconservative Nonlinear Euler Equations (PENNE) as proposed

by Long [29] are solved for the 3D simulations, while Linearized Euler Equations205

(LEE) are solved for the 2D simulations. This difference in equations is not

expected to have any significant impact on the predicted fan broadband noise

as Kissner et al. [30] have previously shown that linear effects rather than non-

linear effects are dominant for a comparable fan. The choice to apply PENNE

for the 3D simulations was motivated by stability implications in flow regions,210

which are not relevant to the noise generation mechanism. When the synthesized

vortices interact with the stator wakes or with regions of detached flow on the

stator surfaces, hydrodynamic perturbations arise. When applying LEE, these

perturbations grow continuously, which can make the simulation unstable. In

reality, hydrodynamic fluctuations grow linearly, saturate, and decay with an215

increasing distance from the source. The PENNE can more realistically capture

this effect and thus have a stabilizing impact in the regions near the trailing

edge of the stator vanes. For 2D simulations, there were no such issues with

instabilities and therefore, the simpler LEE were used. For both 2D and 3D

simulations, a fourth order low-dispersion low-dissipation Runge-Kutta scheme220

[31] was used for time integration and the dispersion-relation-preserving finite
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difference scheme by Tam and Webb [32] was used for the spatial discretization.

The fluctuating velocity fields synthesized by the fRPM method are coupled

into the CAA domain by adding a relaxation term to the impulse equations as

proposed by Ewert et al. [33].225

RSI broadband noise is generated when the turbulence interacts with the

leading edge of a stator vane. The sound is then propagated to sensor positions

located at a distance several stator chords away from the stator to determine

sound power or sound pressure levels. Note that the method is technically not

restricted to the consideration of rotor-stator-interaction noise, which results230

from the interaction of the wake turbulence with the stator leading edges. In

fact, ingested turbulence can be considered separately or with a cyclostationary

approach as discussed by Kissner and Guérin [11]. All turbulence components,

which are computed by a RANS simulations, are also considered by the 3D-

equivalent approach (see section 3.2.1).235

3. fRPM-fan method applied to the ACAT1 fan

All fRPM-fan simulations were performed for the ACAT1 fan, which consists

of 20 rotor and 44 stator blades. For this fan configuration, a comprehensive

measurement campaign was conducted at the Universal Fan Facility for Acous-

tics (UFFA) test rig at AneCom AeroTest in the framework of the European240

project TurboNoiseBB. The aim was to record a comprehensive data set for

this fan at various operating conditions. In this work, hot-wire data in the fan

interstage as well as acoustic measurement data up- and downstream of the fan

stage are used. A more comprehensive overview of the measurement campaign

was provided by Guérin et al. [34, 35] and Kissner et al. [36]. For more details245

regarding the hot-wire measurements, refer to Meyer et al. [37]. In-duct acous-

tic measurements and post-processing methods were presented and described

by Tapken et al. [38]. Pereira and Jacob [39] obtained very similar results using

their own post-processing treatment.

In the following section, the application of the fRPM-fan method to the250
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ACAT1 fan is described in more detail. In a first step, the RANS simulations,

which provide inputs for both 2D and 3D simulation techniques, are presented.

In a second step, the setup for the CAA and fRPM methods are discussed. For

the 2D simulations, this also includes a brief explanation of the so-called 3D-

equivalent approach, which is a technique aimed at setting up 2D simulations255

that are more representative for the entire fan stage. Lastly, an overview of all

fRPM-fan simulations, which are comprised in this paper, is given.

3.1. RANS input calculations

For this paper, all RANS simulations were performed using the DLR in-

house CFD solver TRACE [40] and used the Speziale-Sarkar-Gatski/Launder-260

Reece-Rodi-ω (SSG/LRR-ω) Reynolds stress turbulence model [41]. This tur-

bulence model provides reasonable results for acoustic predictions as discussed

by Kissner et al. [36]. An advantage compared to the commonly applied Menter

Shear Stress Transport (SST) k-ω turbulence model [42] is that the SSG/LRR-ω

Reynolds stress model provides reasonable dissipation rates and therefore rea-265

sonable turbulent length scales between the wakes in the fan interstage, even

if the ingested inflow turbulence is non-negligible. A mixing plane approach

[43] was used. The position of the mixing plane and part of the CFD domain

are shown in Fig. 1. The engine support stator vanes in the core duct were

neglected.270

RANS simulations were performed at three acoustic certification operating

points on two different working lines, which correspond to two different rotor

loadings: approach (AP) on the Sea Level Static (SLS) and on the Low Noise

(LN) working line, cutback (CB) on the SLS working line, and sideline (SL) on

the SLS working line. As the atmospheric conditions varied throughout the test275

campaign, operating points normalized to International Standard Atmospheric

(ISA) conditions were prescribed for the RANS simulations (see Table 1). The

experimental, normalized mass flows, rotational speeds, and inflow turbulence

characteristics were directly applied as boundary conditions. The mesh was

adjusted for each operating point to realize measured tip clearances at the rotor280
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(a)

(b)

Figure 1: (a) RANS domain with mixing plane (purple, left triangle markers). (b) 3D CAA

domains shown for full (black) and reduced (grey, right triangle markers) radial domain;

streamlines used for 2D simulations at AP SLS (red, square markers), AP LN (blue, diamond

markers), CB SLS (green, circle markers), and SL SLS (orange, delta markers).
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Table 1: ISA-corrected operating conditions used to initialize and to validate the 3D RANS

simulations.

AP SLS AP LN CB SLS SL SLS

rotor speed (rpm) 3797.6 3797.9 6077.1 6836.7

rotor speed (rpm) [% of speed at design point] 50 50 80 90

bypass mass flow [kg/s] 50.03 53.38 81.50 93.07

core mass flow [kg/s] 6.58 6.56 10.44 11.70

bypass ratio 7.6 8.1 7.8 8.0

rotor tip clearance (LE) [mm] 0.58 0.58 0.44 0.37

rotor tip clearance (TE) [mm] 0.69 0.69 0.46 0.35

inlet turbulence intensity [%] 0.30 0.30 0.20 0.10

inlet integral length scale [m] 0.040 0.040 0.035 0.01

measured bypass FPR 1.108 1.106 1.307 1.410

RANS bypass FPR 1.105 1.104 1.316 1.415

measured core FPR 1.098 1.097 1.266 1.339

RANS core FPR 1.095 1.093 1.257 1.300
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Figure 2: Comparison of the non-dimensional mean flow velocity of the RANS simulation to

experimental values in the fan interstage for operating points (a) AP SLS and (b) AP LN.

Leading Edge (LE) and the rotor Trailing Edge (TE). The fan pressure ratio

(FPR) of the bypass flow was measured by sensors in the interstage domain of

the fan. To ensure comparability, the FPR’s were computed analogously for the

RANS simulations. Table 1 shows an acceptable agreement between measured

and numerically simulated FPR values.285

In addition to global performance values, hot-wire data in the interstage

domain of the fan stage can also be used to analyze the RANS simulations.

Comparison of the circumferentially averaged mean flow velocity u0 and turbu-

lent kinetic energy k are shown for the approach operating points in Figures 2

and 3. Note that the values are dimensionalized with the respective radially290

averaged mean flow velocity u0 and the averaged rotor tip radius r0 = 0.428 m.

While the mean velocity of the RANS and the hot wire measurements show a

reasonable agreement, the discrepancies in terms of the turbulent kinetic energy

are more pronounced. Note that the experimental turbulent kinetic energy was

multiplied by a factor of 1.5 as suggested by Polacsek et al. [44] to account295

for the cut-off frequency of the hot wires at about 7 to 8 kHz. For AP SLS,

the agreement between hot wire and numerical data is good up to the midspan

position. Towards higher radial positions, the circumferentially averaged, ex-

perimental values are significantly lower than the numerical values. It can also
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Figure 3: Comparison of the non-dimensional turbulent kinetic energy of the RANS simulation

to experimental values in the fan interstage for operating points (a) AP SLS and (b) AP LN.

be observed that the wakes of individual rotor wakes vary significantly in the300

experiment. The RANS simulation predicts a severe flow separation at the lead-

ing edge of the rotor resulting in a thick wake, particularly near the tip wall.

This leading edge flow separation is visualized in Fig. 4. The streamlines clearly

indicate a strong vortex structure near the rotor LE at AP SLS resulting in a

thickened boundary layer as indicated by the first axial cut. The pronounced305

wake observed in the interstage of the CFD simulation can therefore be clearly

attributed to the leading edge flow separation. In the experiment, most rotor

wakes do not seem to be influenced by such an effect. This discrepancy between

experiment and simulation was also observed in other studies for this fan at

AP SLS. The RANS benchmark results published by Kissner et al. [36] showed310

that nearly all turbulence models predict a strong leading edge flow separation

for this operating point. For approach conditions on the LN working line, the

leading edge flow separation is still present but much less pronounced as can be

seen by the streamlines and contours in Fig. 4. Thus, the higher bypass flow

stabilizes the off-design operating condition as it enables a reduction in rotor315

loading. As a consequence, the discrepancy between numerical and experimen-

tal turbulent kinetic energy is smaller at higher radial positions. In addition, the

individual rotor wakes are more similar for the LN working line (see Fig. 3). Un-
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Table 2: Mean flow and turbulence characteristics of the 2D fRPM-fan simulations as deter-

mined using the 3D-equivalent approach

s [%] ρ0

[
kg
m3

]
u0

[
m
s

]
k
[

m2

s2

]
Λ [mm]

AP SLS 55.54 1.23 129.06 32.24 5.31

AP LN 50.38 1.22 133.44 20.82 3.83

CB SLS 54.91 1.25 205.89 37.96 3.22

SL SLS 60.75 1.26 231.52 37.71 2.82

fortunately, similar comparisons between hot wire and RANS were not possible

at higher rotational speeds as the hot wire signals were severely contaminated320

by vibrations. However, the RANS simulations do not feature a flow separation

at the rotor LE as shown in Fig. 4. Based on the observations regarding the

approach operating points, it is reasonable to think that the discrepancies in

the interstage turbulence between the experiment and the simulations decrease

as the simulated rotor leading edge flow separation disappears.325

3.2. fRPM-fan simulation setups for two- and three-dimensional simulations

This section gives a brief overview of the 3D-equivalent approach. Its aim is

to enable 2D simulations, which are as representative as possible for the entire

3D fan stage. In addition, the general setup of 2D and 3D simulations using the

fRPM-fan method is described. Mesh resolution requirements and computation330

costs are also discussed.

3.2.1. 3D-equivalent approach for 2D simulations

The 3D-equivalent approach was recently proposed by Kissner et al. [14]

in an attempt to make 2D simulations more representative. Instead of av-

eraging results from simulations at multiple radial or streamline positions, the335

3D-equivalent approach determines a streamline whose mean flow characteristics

correspond to the radially averaged flow characteristics for the 3D duct. The im-

posed turbulence characteristics are matched to a radially averaged turbulence

spectrum. In the following section, a brief description is given for completeness
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(a) (b)

(c) (d)

Figure 4: Impact of detached versus fully attached boundary layer flows near the rotor leading

edge on the wake structure at an interstage position for operating points (a) AP SLS, (b) AP

LN, (c) CB SLS, and (d) SL (bottom right): Streamlines are shown in black and the contour

shows non-dimensional turbulent kinetic energies.

17



and to better understand the implication of this approach. The key advantage340

of the method is that it should allow for more representative 2D simulations,

which are less dependent on the rotor geometry and on the operating point.

It is a well defined technique and therefore less arbitrary than choosing a ran-

dom streamline position that may have worked in the past for one specific fan

and operating point. Applying the technique is also less costly than performing345

simulations at multiple streamline positions.

In a first step, flow data are extracted at a cross-section of the duct from

each three-dimensional RANS simulation in the interstage region, preferably

close to the stator leading edge. In this case, the slice is positioned in the

bypass duct slightly upstream of the mixing plane, whose position is indicated350

in Fig. 1. Since the mixing plane is located close to the stator leading edge and

the turbulence characteristics show an asymptotic behavior with an increasing

distance from the rotor, it can be assumed that the turbulence on that extracted

slice is similar to the turbulence at the stator leading edge, which is relevant for

the investigated sound mechanism.355

Secondly, mean flow characteristics are circumferentially averaged and cir-

cumferentially averaged turbulence velocity frequency spectra at all radial po-

sitions are computed as follows:

S22(f) =
1

2π

2π∫
0

S22(f, ϑ)dϑ. (1)

The turbulent length scale (TLS) and turbulent kinetic energy (TKE) can then

be determined by fitting the circumferentially averaged spectrum to a suitable

target spectrum like a von Kármán spectrum. This spectral averaging tech-

nique [10, 30] has also been applied in past papers to determine turbulence

characteristics. Circumferentially averaged mean flow and turbulence charac-360

teristics for the different operating points are shown in Fig. 5. The values are

dimensionalized using the respective radially averaged values listed in Table 2.

In the next step, an equivalent flow is determined and matched with the

streamline, which intersects the equivalent radial position at the position of the
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Figure 5: Circumferentially averaged, non-dimensional (a) turbulent kinetic energy, (b) tur-

bulent length scale, (c) mean flow velocity, and (d) mean density on an analysis plane near

the stator leading edge. Grey areas indicate the radially reduced domain used for the main

3D simulations.
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Table 3: Overall turbulence contributions estimated using the 3D-equivalent approach

wake background boundary layer

turbulence [%] turbulence [%] turbulence [%]

AP SLS 73 1 26

AP LN 87 1 12

CB SLS 83 1 16

SL SLS 81 2 17

extraction surface. For analytical formulations of broadband RSI noise, the far

field sound can be related to the square of the magnitude of a source term |σL|.

If this unsteady loading noise is assumed to be the dominant source, this term

can be related to the squares of mean flow velocity and mean density and to the

auto-correlation spectrum of the transverse velocity component. The hereafter

used proportionality is formulated according to Moreau [45]:

Spp(f) ∝ |σL|2 ∝ ρ2
0u

2
0S22(f). (2)

For mean flow components involved in this noise source, the following averaging

technique was employed:

ρ2
0u

2
0 =

1

n

n∑
i=1

ρ0(ri)
2u0(ri)

2, (3)

where n is the number of discrete radial positions. For the resulting radially

averaged flow ρ2
0u

2
0, the matching streamline position is sought, whereby the

matching streamline may not be located within the casing boundary layers.365

The radially averaged flow characteristics and streamline positions are listed

in Table 2. The corresponding streamline positions for the 2D simulations are

shown in Fig. 1.

The circumferentially averaged turbulence spectra are radially averaged us-

ing Eq. 4, where the weighting is motivated by Eq. 2. Here, it is assumed that

the transverse velocity component is the most relevant for noise. This assump-

tion is typically made in analytical models [35] and has also been numerically
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Figure 6: Radially averaged transverse velocity frequency spectra for the total turbulence, the

wake turbulence, the boundary layer and boundary layer/tip vortex interaction turbulence,

and the background turbulence at the operating points (a) AP SLS, (b) AP LN, (c) CB SLS,

and (d) SL SLS.
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confirmed for symmetric airfoils [46]. The radially averaged upwash velocity

frequency spectrum is determined as follows:

S22(f) =
1
n

∑n
i=1 ρ0(ri)

2u0(ri)
2S22(ri, f)

ρ2
0u

2
0

. (4)

Note that the formulation in Eq. 4 is equivalent to performing a mass flow av-

eraging. The total averaged spectra are shown in Fig. 6. For a more in-depth370

analysis, averaged turbulence spectra can be roughly estimated for each tur-

bulence component - wake, background, or casing boundary layer/tip vortex

turbulence - by only considering its respective, relative contribution at each ra-

dial position. A threshold TKE, which is related to the prescribed TKE at the

inflow of each RANS simulation, is used as the main criterion to distinguish be-375

tween the different turbulence components. Local turbulence spectra featuring

a TKE below the threshold are attributed to the background turbulence compo-

nent. If the TKE is higher, the turbulence is considered to be wake turbulence,

as long as the relative wake width does not span most of the rotor passage. The

remaining turbulence spectra are counted as boundary layer turbulence. As a380

consequence, the boundary layer turbulence component also includes interaction

effects between the boundary layer, the tip vortex, and the wake. The spectra

for each type of turbulence are shown in Fig. 6 and the relative contributions to

the overall turbulence estimated from the respective turbulent kinetic energies

related to the radially averaged turbulence spectra of each type of turbulence385

are listed in Table 3. The spectral shapes and frequency peaks related to the

two main turbulence contributors (wake and casing boundary layer) are similar,

while the frequency peak of the background turbulence spectrum is shifted to

a lower frequency due to the larger TLS of the ingested turbulence. However,

since the contribution of the background turbulence is small, the shape of the390

total spectrum is shaped like a von Kármán spectrum. It is therefore not nec-

essary to consider cyclostationary effects as opposed to the works presented by

Kissner et al. [11, 30].

To determine the TKE and TLS of the radially averaged turbulence spec-

trum S22, the latter is fitted to a von Kármán spectrum using the previously395
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(a) (b)

Figure 7: (a) 2D and (b) 3D CAA setups containing 11 stator vanes: Contours show non-

dimensional, axial mean flow velocities. Sensor positions are marked in black. The vortex

source fRPM patch is shown upstream of the stator row, while the vortex sink fRPM patch is

shown downstream of the stator row. In the 3D case, the radial extent of the fRPM patches

corresponds to the reduced, radial simulation domain.

determined mean flow velocity u0. The resulting values of TKE and TLS are

listed in Table 2.

In the last step, the 2D fRPM-fan simulation is set up by using the deter-

mined streamline at the position of the radially averaged flow and by prescribing

the TKE and TLS values to the turbulence synthesized by the fRPM vortex400

source. Thus, the simulation is performed using a 3D-equivalent flow and a

3D-equivalent turbulence.

3.2.2. Description of CAA and fRPM simulation setups

This section describes the setup of 2D and 3D simulations for one exemplary

operating point and setup design. It includes a general overview of the setup405

and a discussion of meshing requirements.

General overview. The simulation setups of 2D and 3D simulations are designed

as analogously as possible to ensure a fair comparison between the simulations.

Nonetheless, 3D simulations require a finer and more high-quality mesh and tend

to be more prone to numerical instabilities. They also require a significantly410
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(a) (b)

Figure 8: Instantaneous (a) axial velocity fluctuations and (b) pressure fluctuations shown

on a radial slice for a 3D simulation with a reduced, radial domain. Contours show non-

dimensional, axial fluctuating flow velocities and non-dimensional fluctuating pressures.

higher computational effort. The radial CAA simulation domains are shown in

Fig. 1. The setups in Fig. 7 are shown for the AP SLS case. The circumferential

domain was reduced from 44 to 11 stator vanes and the radial extent of the 3D

domain was reduced to one third of the stator height for 3D most simulations.

Note that the 3D setup in Fig. 7 is shown for a simulation featuring a reduced,415

radial domain. To ensure that the radially reduced domain has representative

flow characteristics, the reduced radial domain is centered around the streamline

determined with the 3D-equivalent approach for the operating point AP SLS.

In addition, the radially averaged transverse frequency spectrum of the radially

reduced domain is nearly identical to that of the full domain so that similar420

results can be expected for both the full and reduced radial domains. Note

that all 3D simulations use the same boundary conditions, i. e. the streamlines

defining the radial extent of the reduced domain are treated like hub and tip

walls. Reducing the domain is an effective way of lowering the computational

effort. The implications of these domain reductions are further discussed in the425

section Appendix C.

In the Fig. 7, the vortex source fRPM patch is outlined in red. The fRPM
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patch synthesizes turbulence upstream of the stator leading edges. The turbu-

lence is then injected into the CAA domain through an eddy relaxation term

[33] and convected. The turbulence interacts with the blade geometry. Note430

that the vortex source spans the entire circumference. Therefore, no assump-

tion regarding the acoustic correlation of the blades is necessary as was the

case in some previous works [10, 11, 14, 30]. Downstream of the stator vanes,

a vortex sink fRPM patch (outlined in blue in Fig. 7) sets the target vorticity

to zero, which gradually eliminates the turbulent vortices. As a consequence,435

the signals at the downstream positioned microphone positions (indicated by

the black markers) only contain acoustic velocity perturbations. This is critical

for computing the sound power levels using Morfey’s [47] intensity formulation.

The evenly spaced sensors up- and downstream of the stator vanes serve to

measure emitted in-duct noise in terms of sound pressure and sound power,440

while the remaining sensors are used to monitor the simulation. Figure 8 shows

instantaneous axial velocity fluctuations indicating the synthesized vortices and

generated instantaneous pressure fluctuations for the AP SLS case.

As for previous studies [10, 11, 14, 23, 30], precautions were adopted to avoid

spurious noise. Viscous wall conditions were used on the blade surfaces to ensure445

a realistic deformation of the vortices near the blades. This minimizes the direct

interaction of the vortices with strong flow gradients at the TE, which can cause

artificial noise. Furthermore, sponge zones and an increased cell stretching are

employed near the inflow and outflow boundary conditions to avoid reflections.

As the 3D simulations tend to be more prone to numerical instability, fur-450

ther measures were introduced. Instabilities can arise at the hub and tip walls,

particularly in areas featuring high velocity gradients or in proximity of the vor-

tex source fRPM patch. To suppress these issues, inviscid wall conditions were

applied at the hub and tip walls and the mean velocities at the wall nodes were

set equal to their radially adjacent nodes. This was the only necessary modifi-455

cation applied to the mean flow. Note that the boundary layer is still present

as only the cells directly at the wall were modified and flow gradients related to

the boundary layer are still present in the nodes close to the hub and tip walls.
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In especially critical areas, damping spots featuring a Gaussian shape defined

by a half-value radius and a relative damping magnitude were also introduced460

at specified positions. By using damping spots rather than introducing a global

damping, the simulated solution is only modified very locally and the impact on

the overall solution is smaller. The implication of using these damping points

will be discussed during the course of this paper. A further challenge is that the

fRPM patch does not ”know” the boundary conditions of the CAA domain. A465

direct intersection of the vortex source with the wall and periodic boundary con-

ditions therefore causes spurious noise. As a consequence, the outermost cells

in circumferential and radial directions were removed. In addition, the forcing

factor was set to zero in the three radial fRPM nodes closest to the upper and

lower boundary surfaces of the radially truncated domain. For the vortex sink470

patch, the outermost cells in the direction were also removed as the interaction

of the wall conditions with the vortex sink partly blocked the emitted sound

downstream of the stator vanes. These precautions enabled stable 3D simula-

tions without falsifying or simplifying the physical problem. It should be noted

that many of these problems are not unique to the fRPM-fan method. In fact,475

Polacsek et al. [44] also reported difficulties with flow gradients and spurious

noise for their 3D simulations and introduced appropriate measures to achieve

a numerically stable computation.

Mesh resolution. The chosen mesh resolution is an important driver for the

computational cost of a simulation. The goal of the mesh design is therefore480

to create a mesh, which meets accuracy targets with the least amount of com-

putational effort. Two key ingredients need to be considered for dimensioning

the mesh: turbulence and acoustics. The turbulent vortices need to be well re-

solved upstream and in the proximity of the stator vanes. Acoustic criteria are

crucial in the entire domain, except near the in- and outlet boundaries, where485

cell stretching and damping are applied to eliminate reflections at these bound-

ary conditions. The chosen target frequency of the 3D simulations was 10 kHz,

while 20 kHz were chosen for the 2D simulation setups. 3D simulations were
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Table 4: Comparison of mesh resolutions in all spatial directions with respect to the target

frequency of each simulation and total mesh sizes per stator passage

λ̃−x
∆x−

λ̃+x

∆x+

λ̃rθ
∆r

λ̃r
∆rθ npassage

3D, AP SLS, red. domain 14.6 29.6 32.5 54.1 665,712

3D, AP SLS, full domain 14.6 29.6 32.5 54.1 2,544,128

2D, AP SLS 9.2 8.8 - 22.8 51,400

2D, CB SLS 8.6 10.3 - 23.8 63,744

2D, SL SLS 7.9 10.8 - 26.2 86,320

only performed at approach operating points, whereas 2D simulations were also

performed for the sideline and cutback operating points, whose frequency peaks490

are expected to be shifted towards higher frequencies as can be inferred from

the transverse velocity frequency spectra shown in Fig. 6.

To determine the maximum permissible cell size with respect to all spatial

directions (∆x+, ∆x+, ∆r, and ∆rθ) for a specific target frequency, the prop-

erties of all sonic eigenmodes capable of propagating within the computational495

domain were computed up- and downstream of the stator vanes. For the 3D

simulations, a plug flow assumption was used. While this is a valid assumption

for the flow downstream of the stator vanes, it is a bit questionable for the up-

stream direction. However, turbulent resolution requirements are more stringent

for a low-speed operating point like approach, which determine the mesh reso-500

lution upstream of the stator vanes. For the 2D simulations, a relatively simple

rigid body swirl formulation was used, where the azimuthal modes are the only

relevant eigenfunctions. This approach for designing 2D meshes was discussed

in more detail by Kissner et al. [14]. For the high-speed operating points of

CB and SL, the acoustic mesh resolution requirements are more restrictive than505

turbulent mesh resolution requirements. The wavelengths of all cut-on acoustic

modes in the target frequency range were resolved with at least 7 points per

wavelength (PPW) in all spatial directions. This complies with the theoretical

resolution limit of 5.4 PPW for a Dispersion-Relation-Preserving scheme [48].
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To synthesize a realistic turbulence spectrum like a von Kármán spectrum,510

Gaussian filters are superposed to approximate a target spectrum. In order

to determine the computationally most efficient settings in terms of number of

filters, cell sizes, and Gaussian length scales, an optimization routine was in-

troduced by Kissner and Guérin [23]. The routine uses inputs like turbulence

and flow characteristics, the maximum permissible cell size for acoustic reso-515

lution, the maximum target frequency, and a maximum deviation between the

target and synthesized spectra to compute efficient settings. The routine relies

on findings from parameter studies regarding the computational effort and pa-

rameter constraints to ensure meaningful outcomes of the routine. The method

was applied for 2D and 3D simulations. For 3D simulations, multiple radial520

positions were considered. Mesh resolutions and mesh sizes are listed in Ta-

ble 4. The mesh resolutions are given as median points per wavelengths in all

spatial directions. The median value was computed with respect to all cut-on

eigenmodes at the target frequency (10 kHz for 3D simulations, 20 kHz for 2D

simulations). These values are conservative estimates as the resolution is com-525

puted in terms of the critical cell sizes, whereas the actual cell sizes are smaller.

Furthermore, a median instead of a mean value was chosen as it minimizes the

contribution of high wavelengths near the cut-on criteria. It can be seen that

the mesh resolution requirements are more stringent for 3D simulations as all

cut-on modes have to be fully resolved in all spatial directions at each radial530

position. Note that the same meshes were used for both AP operating points

as the mesh resolution requirements are similar and only the values for AP SLS

are included in Table 4. The approach simulation settings and meshes of the 3D

simulations in this work are similar to those discussed by Kissner and Guérin

[23]. In that paper, the authors also presented a mesh study, which indicated535

that the chosen mesh resolution was suitable.

3.3. Test matrix of fRPM-fan simulations

Fourteen different simulations including eight 3D and six 2D simulations are

discussed in this paper. Details regarding the simulations are listed in Table 5.
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The simulation numbers are used in the following figures and in the subsequent540

text as an addition to more intuitive descriptors in order to unambiguously

identify referenced simulations.
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Table 5: Test matrix of performed simulations

dimension operating point radial turbulence profile number of stator vanes radial extent damping magnitude at casing

1 3D AP SLS constant 11 reduced 0.2

2 3D AP LN constant 11 reduced 0.2

3 3D AP SLS varying 11 reduced 0.2

4 3D AP SLS constant 11 reduced 0.3

5 3D AP SLS constant 11 reduced 0.5

6 3D AP SLS constant 11 reduced 0.7

7 3D AP SLS constant 11 full 0.5

8 3D AP SLS varying 5 full 0.5

9 2D AP SLS - 11 - -

10 2D AP LN - 11 - -

11 2D CB SLS - 11 - -

12 2D SL SLS - 11 - -

13 2D AP SLS - 5 - -

14 2D AP SLS - 44 - -
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The main focus of this paper is to directly compare 2D and 3D simulations at

the two approach operating points. The main simulations are therefore simula-

tions 1, 2, 9 and 10, which all contain 11 stator vanes. Notice that the most rel-545

evant 3D simulations were performed with constant turbulence characteristics,

which are identical to those determined by the 3D-equivalent approach for the

2D simulations. This simplifies the comparison between 2D and 3D simulations

but also inherently contains the assumption that the 3D-equivalent approach is

reasonable. To check this assumption, simulation 3 was performed. It features550

radially varying turbulence characteristics, which were directly extracted from

the RANS simulation and circumferentially averaged. It is expected that this

simulation produces similar results to simulation 1. The reduced radial domain

was also extracted with the 3D-equivalent approach in mind: To ensure repre-

sentative flow characteristics, the reduced radial domain is centered around the555

streamline used for simulation 9. To ensure representative turbulence charac-

teristics, it was verified that the radially averaged transverse velocity spectra of

the reduced and full radial domains are nearly identical. The radially reduced

domain is convenient for parameter studies since the computational effort is

significantly reduced. Simulations 7 and 8 were performed to verify that the560

setup spanning the entire stator domain produces similar results as the radially

reduced domain. Simulation 8 is also useful in assessing the consequences of

reducing the computational domain in circumferential direction as it contains

fewer vanes. To check whether the findings also hold true for 2D simulations,

two additional simulations featuring 5 (simulation 13) and 44 stator vanes (sim-565

ulation 14) were performed at operating point AP SLS. As discussed in the

above section 3.2.2, damping spots were introduced at the hub and tip walls.

Their impact was analyzed by performing different simulations (4-6) with vary-

ing relative damping magnitudes. Finally, to demonstrate that the simulation

approach is in principal also applicable for high-speed operating points, 2D sim-570

ulations were performed at cutback (simulation 11) and sideline (simulation 12)

conditions.

All 2D simulations were resolved up to a target frequency of 20 kHz. They
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were performed on a small cluster computer featuring Intel(R) Xeon(R) CPU

E7-4830 v3 @ 2.10GHz CPU’s but can technically also be performed within a few575

hours on a regular computer. The simulation time scaled linearily as the number

of grid points per processor was similar. It ranged from 6.9 to 10.1 CPU hours

per 100,000 grid points per 100,000 time steps. Since 2D simulations are cheap,

longer sampling times resulting in smoother spectra were used, yet 100,000 time

steps are enough to achieve convergence in terms of spectral shapes and levels.580

The 3D simulations have a mesh resolution limit of 10 kHz and were computed

within a few days on the modern HPC (High Performance Computing) DLR

cluster CARA (Cluster for Advanced Research in Aerospace), which features

AMD EPYC 7601 32-Core processors. The computing time ranged between

94.9 and 99.7 CPU hours per 100,000 grid points per 100,000 time steps. Since585

the 3D simulations are more expensive, shorter sampling times were used.

4. Comparison of two- and three-dimensional simulation results

The following section focuses on the comparison of 2D and 3D simulation

results at two approach operating conditions on two different working lines. The

simulations were set up as analogously as possible. The following observation –590

see justifications in the appendix – were made:

• In accordance with the proposed 3D-equivalent approach, both constant

(determined with the 3D-equivalent approach) and radially varying tur-

bulence characteristics (directly extracted from RANS) produce the same

results for 3D simulations.595

• The use of local damping spots at hub and tip walls of 3D simulation

domains has a limited influence on predicted fan broadband noise levels.

• The reduction of the radial domain to about one-third of the stator domain

has a limited impact on the results of the 3D simulations.

• Simulations containing only 11 stator vanes instead of the full 44 stator600

vanes are capable of producing reliable results.
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Figure 9: Comparison of (a) transverse velocity frequency spectra and (b) offsets at selected

radial positions.

The section is structured as follows: In a first step, the turbulence realization

is briefly discussed. In a second step, the numerical data are compared to

experimental data in terms of in-duct sound power and sound pressure. Lastly,

corrections for 2D simulations are formulated to address observed discrepancies605

between 2D and 3D simulation results.

4.1. Turbulence realization

The turbulence realization of the simulations is verified at a position near the

stator leading edge. For the AP SLS operating point, the numerically realized

transverse velocity frequency spectra of the 2D and 3D simulations are compared610

to the target spectra on the left hand side of Fig. 9. For the 3D simulations,

only a few radial positions are shown and the target spectra at all positions

are nearly identical due to the use of constant turbulence characteristics. The

3D simulation tends to underestimate the target turbulence at low frequencies,

while the agreement is quite satisfactory at higher frequencies up to the target615

frequency of 10 kHz. The 2D spectrum differs in shape, which is in agreement

with the theory as formulated by Pope [57]. Related formulas for the von
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Kármán spectrum are listed in the appendix (compare Eq. D.4 and Eq. D.7).

The agreement between target and realized spectra is good over a majority

of the frequency range up to the target frequency of 20 kHz. However, the620

realized turbulence levels at very low frequencies are higher than the targeted

levels. This seems to be a convection effect as this feature develops with an

increasing distance from the vortex source fRPM patch. It should also be noted

that very low levels and steep gradients as for the 2D spectra at low frequencies

are generally more challenging to realize. The observed trends are similar for625

the other 2D and 3D simulations, which were performed for this paper. Since

the main goal of this paper is to compare 2D and 3D simulation results, the

discrepancies in the turbulence realization, particularly at low frequencies, have

to be considered. To compensate for these differences, the spectral offsets (see

right hand side of Fig. 9) between target and realized spectra are added to630

the sound pressure and sound power level spectra. This correction technique

assumes that the transverse velocity frequency spectrum is the most relevant

fluctuating velocity component for this sound source. This method was also

applied in a previous paper [14].

4.2. Comparison to experimental results635

Numerical sound pressure and sound power levels were computed at sensor

positions up- and downstream of the stator row and corrected in terms of their

respective turbulence realizations as discussed in the preceding section. While a

simple averaging is applied to compute the sound pressure levels, the numerical

sound power levels were computed by weighting the intensity spectra at each640

sensor position by an appropriate elemental area.

Comparisons of numerical and experimental sound pressure and sound power

levels up- and downstream of the stator vanes are shown in Figures 10 and 11.

The spectra are shown relative to the frequency f and the Helmholtz number

κ0r0, which is defined in terms of the free-field acoustic wavenumber and the645

rotor tip radius. The speed of sound was assumed to be similar for all operating

points and was set to ISA conditions: c0 = 340.3 m/s.
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Figure 10: Comparison of experimental and numerical sound pressure levels (a) up- and (b)

downstream of the stator vanes.
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Figure 11: Comparison of experimental and numerical sound power levels (a) up- and (b)

downstream of the stator vanes.
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The downstream, experimental values were determined with the so-called

WaveNumber Decomposition (WND) method using signals from a linear sensor

array of microphones flush-mounted on the outer casing wall of the bypass duct.650

This method allows for the separation of acoustic and hydrodynamic pressure

fluctuations [49], tones were removed [50], and an equal energy density distribu-

tion between propagating modes of the same frequency band was assumed [51].

The upstream sound power levels were directly determined by integrating over

a far-field array composed of 25 microphones, which were positioned at equidis-655

tant polar angles. No assumption regarding the modal energy distribution is

necessary but tones are still present. In-duct upstream sound pressure levels

were determined by applying the Azimuthal Mode Analysis (AMA) method at

a ring sensor array positioned in the inlet duct. Further details regarding the

AMA measurements can be found in a study by Behn et al. [52]. Note that the660

AMA measurements are prone to uncertainty as the method cannot separate

hydrodynamic from acoustic pressure fluctuations and no distinction between

up- and downstream propagating modes can be made. Some signal contami-

nation, particularly at low frequencies, is therefore expected. It should also be

noted that the measurements inherently contain rotor blockage effects, while665

the numerical data does not consider these. Guérin et al. [35] postulated that

the measurements contain at least two major broadband noise sources: one at

lower frequencies and one at higher frequencies, which is mostly due to broad-

band rotor-stator-interaction noise. It is thought that the self-noise of the test

rig may play a role, especially at lower frequencies, and it could also be that670

there are additional, less prominent broadband noise sources contained in the

spectrum, which cause increased levels.

The Figures 10 and 11 show that the 2D and 3D numerical results have

a similar shape but the absolute levels do not match. It should be recognized

that the increase in 3D sound power levels at low frequencies is probably related675

to some remaining vortices in the simulation domain, as it can be challenging

to completely eliminate large-scale turbulent structures within a limited axial

space using the eddy relaxation technique. While the 2D results overpredict
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Figure 12: Comparison of experimental, analytical [35] and numerical sound power levels (a)

up- and (b) downstream of the stator vanes.

the experimental levels, the 3D results tend to underestimate the experimental

levels. In Fig. 12, the numerical results are compared to predictions issued680

from a benchmark of analytical methods shown and discussed by Guérin et al.

[35]. While the RANS inputs were different, this aspect is likely negligible [36].

Like the 3D results, the analytically predicted sound power levels tend to be

lower than the experimental values. In fact, an underestimation of sound power

and sound pressure levels was consistently reported for analytical methods [34–685

36, 53], synthetic turbulence methods [23, 44, 54], and scale-resolving methods

[55] for this fan operating the approach point on the SLS working line. In

conclusion, the 3D results are likely more realistic than the 2D results.

To further compare the numerical and experimental results, the trends of the

operating point AP LN with respect to the operating point AP SLS are shown in690

Fig. 13. While the absolute levels of the sound power and sound pressure of the

2D and 3D simulations deviate significantly, the 2D and 3D trends are nearly

identical. In addition, the numerical and experimental trends are quite similar.

The larger discrepancies between the experimental sound pressure levels may
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Figure 13: Comparison of numerical and experimental trends (a) up- and (b) downstream of

the stator vanes for the operating point AP LN.

be an artifact of the AMA method as discussed in the preceding paragraphs. At695

higher operating speeds, the overall trends between 2D numerical results and

experimental values are also quite satisfactory as can be seen in Figures E.22

and E.23. While the absolute levels do not agree perfectly, the differences are

well reproduced by the simulations.

4.3. Correction of two-dimensional results700

In this section, the 2D and 3D results are discussed in terms of the sound

pressure level spectra and a suitable correction technique is proposed.

As observed in the previous section, the spectral shapes are similar but

there seems to a an offset in the absolute levels. For clarity, the numerical

sound pressure levels are shown without any experimental values in Fig. 14.705

To explain these discrepancies, a correction addressing two different aspects

regarding the differences in 2D and 3D simulations is applied.

The first relevant factor is that the 2D and 3D turbulence realization differs

in terms of the transverse velocity component as can be seen in Fig. 9. As the
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Figure 14: Comparison of 3D and 2D sound pressure levels (a) up- and (b) downstream of

the stator vanes.
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Figure 15: Impact of the correction for the difference in spectral shape of the transverse

velocity spectra (Eq. 5, solid lines) and the correction based on Graham’s similarity rules

(Eq. 9, dotted lines) on 2D sound pressure levels (a) up- and (b) downstream of the stator

vanes.
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transverse velocity component is the most relevant for fan broadband noise, the

correction needs to consider this difference in spectral shape:

S3D
pp

S2D
pp

∼ Φ3D
22 (k1)

Φ2D
22 (k1)

, (5)

where the definitions of the transverse wavenumber spectra for the von Kármán

spectrum can be found in the appendix (see Eq. D.4 and Eq. D.7). This type

of correction was first proposed by Wohlbrandt et al. [10] and causes an in-710

crease of the 2D levels at low frequencies, while the levels at mid and high

frequencies are only slightly decreased as can be seen in Fig. 15. Note that all

one-dimensional, two-sided velocity wavenumber spectra can be easily converted

into one-sided velocity frequency spectra, which have been previously used in

this paper: Sii (f) = 2Φii (k1) 2π
u0

, where u0 is the mean total velocity.715

The second relevant aspect is related to Graham’s similarity rules [21]. Only

turbulent waves, whose wave fronts have a supersonic trace velocity, are able

to generate sound capable of propagating within the duct. Supercritical waves

fulfill the criterion:

k3 <
κ0

β
, (6)

where the acoustic wavenumber κ0 can be expressed in terms of the Mach num-

ber and the turbulent streamwise wavenumber component (κ0 = |k1|M) and

the compressibility factor β is given as β =
√

1−M2. Since the stator blade

features a sweep of about γ ≈ 15◦, the radial wavenumber can be defined as

suggested by Glegg [22] and successfully applied e. g. by Clair et al. [56]:

k3,γ =
k1M

2

1−M2
tan(γ) + k3. (7)

The cut-on criterion can therefore be reformulated as follows:

k3 <
κ0

β

(
1− M tan(γ)

β

)
. (8)

While the 3D simulations inherently contain this physical mechanism and any

sound emission due to subcritical gusts dissipates quickly, this is not the case

for 2D simulations. For 2D simulations, all incoming turbulent waves create
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Figure 16: Comparison of 3D and corrected, 2D (Eq. 10) sound pressure levels (a) up- and

(b) downstream of the stator vanes.

sound, which causes the emitted sound pressure in the duct to be higher than

can be expected in reality. In addition, no sweep can be considered. Another

correction can therefore be introduced:

S3D
pp

S2D
pp

∼
2
∫ κ0

β (1−M tan(γ)
β )

0 Φ3D
22 (k1, k3) dk3

Φ3D
22 (k1)

. (9)

The exact derivation of the integration for the von Kármán spectrum can be

found in the appendix (see Eq. D.8). A similar correction was also applied by

e. g. Blázquez and Corral [12] to discard the contribution of subcritical, turbu-

lent waves, although they did not consider blade sweep. However, the impact of

considering blade sweep at low Mach numbers is small for the moderate sweep720

angle of this fan configuration. The correction (Eq. 9) causes a decrease in the

overall sound pressure levels as can be seen in Fig. 15. The correction has a

stronger influence at lower than at higher frequencies. It reduces the number of

total cut-on modes, therefore causing a reduction in emitted noise levels.

When the two aspects are combined, the following correction factor can be
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defined:

S3D
pp

S2D
pp

∼
2
∫ κ0

β (1−M tan(γ)
β )

0 Φ3D
22 (k1, k3) dk3

Φ2D
22 (k1)

. (10)

This correction factor considers the difference in spectral shape of the 2D and725

3D transverse velocity spectra and discards subcritical turbulent waves, which

are not capable of propagating efficiently within a 3D duct. Using the correction

in Eq. 10, Fig. 16 now shows a reasonable agreement between the corrected, 2D

and the 3D results for most of the frequency range and a significant improve-

ment can be achieved compared to the initial results shown in Fig. 14. At the730

lowest frequencies, the corrected, 2D results underestimate the 3D results. At

the highest frequencies, the 2D results slightly overpredict the 3D results. How-

ever, this can largely be attributed to the reduction of the radial domain and

the increased attenuation due to the local damping spots as the comparison to

3D results over the full radial domain are in even better agreement with the735

corrected, 2D results. The impact of the reduction of the radial domain and of

damping spots are further discussed in sections Appendix B and Appendix C.

The corrected, 2D results are also compared to experimental and analytically

predicted sound power levels in the appendix (see Figures F.24, F.25, and F.26).

All spectra are within an expected range and it can be shown that blade sweep740

becomes increasingly important for increasing rotational speeds. It should be

noted that this proposed correction assumes that the sound propagation pro-

duces similar pressure levels for a 2D and a 3D duct. In reality, this is not true

at low frequencies due to the reduced number of acoustic propagating modes.

However, the hypothesis becomes valid as the number of acoustic cut-on modes745

is statistically large. It also assumes the 2D and 3D blade response are – on

average – comparable.

The correction factor in Eq. 10 can be related to existing correction tech-

niques, when blade sweep is neglected. For low Mach numbers, it can be shown

that the following relationship holds true:∫ κ0/β

0

Φ22 (k1, k3) dk3 ∼ κ0Φ22 (k1, k3 = 0) . (11)
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Thus, the correction factor in Eq. 10 can be related to Dieste’s [16] and Hainaut’s

[17] corrections, if the terms related to the distance of sound propagation are

neglected. Both corrections are Amiet-based [15] formulations. For low Mach

numbers, the following relationship exists:

S3D
pp

S2D
pp

∼
2
∫ κ0/β

0
Φ3D

22 (k1, k3) dk3

Φ2D
22 (k1)

∼ 2κ0Φ3D
22 (k1, k3 = 0)

Φ2D
22 (k1)

=
Φ3D

22 (k1)

Φ2D
22 (k1)

2κ0l3
π

,

(12)

where l3 is the acoustic correlation length in the radial direction. The definition

of l3 for von Kármán turbulence was e. g. given by Amiet [15]. Dieste’s for-

mulation inherently contains both a correction of 2D versus 3D spectral shapes750

of the transverse velocity component and considers only supercritical turbulent

waves. Hainaut’s formulation 2κ0l3
π is essentially a simplified version of Dieste’s

correction, which assumes that 2D and 3D turbulence realizations are identical.

Both corrections can be seen as low-speed approximations for the proposed cor-

rection in Eq. 10, which both considers differences in 2D versus 3D turbulence755

realization and discards subcritical turbulent waves. This relation to previously

applied, Amiet-based correction techniques further confirms that the proposed

correction approach is reasonable.

5. Conclusion

This paper presented a study based on 2D and 3D fRPM-fan simulations760

at different operating points of the ACAT1 fan. The focus of this paper was

to compare the 2D and 3D approaches and to formulate a suitable correction

technique for 2D results.

Both 2D and 3D approaches are capable of reproducing experimental trends.

The sound power level spectra obtained with the 3D simulation approach were765

found to be consistent with previous findings reported in numerous works, which

showed that the predicted levels are typically lower than the measured levels for

this fan. To perform 2D fRPM-fan simulations, which are as representative as

possible for the entire fan geometry, the so-called 3D-equivalent approach was

applied. This approach selects a streamline featuring representative mean flow770
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characteristics and prescribes turbulence characteristics determined by fitting

a radially averaged upwash velocity frequency spectrum to a reasonable target

spectrum like a von Kármán spectrum. While the raw 2D sound power and

sound pressure level spectra were similar in shape as the 3D spectra, the abso-

lute levels were significantly overestimated. To rectify this issue, a correction775

technique was proposed, which addresses two separate physical aspects:

1. The critical transverse velocity spectrum differs for 2D and 3D turbulence

in terms of its spectral shape.

2. Only turbulent gusts featuring a supersonic trace velocity generate sound,

which can propagate in a duct. Due to the absence of the third dimension,780

this physical mechanism cannot not be captured by 2D simulations.

This correction technique lowered the absolute spectral levels and a good agree-

ment between 2D and 3D results was achieved. The similarities to other com-

monly used correction techniques reiterate its suitability.

For this fan configuration, the 2D fRPM-fan method in combination with785

the 3D-equivalent approach and a suitable correction technique was a good

choice. Not only were the results realistic, the simulations were exceptionally

fast and could be performed within a few hours on a conventional computer.

The 2D method is therefore well suited for performing parameter studies to

further analyze different aspects related to the fan broadband noise mechanism.790

However, it should be noted that some effects like acoustic cut-on effects tend

to be exaggerated for 2D simulations compared to 3D simulations. In contrast

to the 2D method, the 3D method is more expensive and its simulation setup

requires more user effort. Firstly, 3D simulations require a finer and more high-

quality mesh design. Secondly, these simulations are more prone to numerical795

instabilities, in particular where CAA boundary conditions at the duct walls

interact with fRPM patches. Compared to other measures, the introduction of

local damping spots near the duct walls is less intrusive. Nonetheless, they can

have an effect, especially for simulations featuring a reduced, radial domain.

While the 2D approach is well suited for the investigated fan, the 3D fRPM-fan800
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approach is necessary when considering more complex geometrical features such

as leading edge serrations or when studying the impact of anisotropic turbulence.
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Appendix A. Influence of constant versus radially varying turbu-810

lence characteristics
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Figure A.17: Influence of constant versus radially varying turbulence characteristics on sound

pressure level spectra (a) up- and (b) downstream of the stator row.

The 3D simulations used for direct comparisons with 2D simulations were

performed with constant turbulence characteristics, which were determined by
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radially averaging transverse velocity frequency spectra and fitting the result

with a von Kármán spectrum to determine the turbulent kinetic energy and815

the turbulent length scale. This choice is convenient as it simplifies the di-

rect comparison. To ensure that this approach, which is in accordance with

the 3D-equivalent method, is reasonable, two simulations were performed (see

Fig. A.17). The sound pressure spectra up- and downstream of the stator row

are indeed nearly identical.820

Appendix B. Influence of local damping at the duct walls of 3D sim-

ulations
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Figure B.18: Influence of local damping at duct walls on sound pressure level spectra (a) up-

and (b) downstream of the stator row.

Local damping spots featuring a Gaussian shape and small radius were im-

posed in certain sections of the duct walls to increase the numerical stability

of 3D simulations. This measure is less invasive than increasing the global825

damping, which is often done as it is more convenient and easier to realize.

Nonetheless, any kind of damping can have an impact. Therefore, several sim-
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ulations featuring different relative damping magnitudes ranging between 0.2

and 0.7 were performed. A further reduction of the relative damping magnitude

leads to numerical instabilities in areas of the mesh close to the vortex source830

patch or in regions featuring flow gradient. The impact of the relative damping

magnitude can be seen in Fig. B.18. Note that the spectra are shown after

the same sampling time. Figure B.18 shows that the sound pressure levels are

least impacted in the mid frequency range, which includes the critical peak of

the spectrum. In the low frequency regime, reducing the damping magnitude835

leads to lower levels. Conversely, sound pressure levels increase with decreasing

damping magnitudes at high frequencies. The effect also is less pronounced

downstream of the stator vanes than upstream of the stator vanes. This is

likely a consequence of the fact that most flow domains prone to instabilities

are located upstream of the stator. In conclusion, the local damping does play840

a role, therefore the magnitude for all 3D simulations was reduced to the lowest

possible level that still permits numerically stable solutions. It is also conjec-

tured that this effect is more pronounced for the reduced radial domain because

the relative domain covered by local damping spots is larger than for the full

domain.845

Appendix C. Influence of reducing simulation domains in radial and

circumferential direction

To reduce computational effort and enable comprehensive parameter stud-

ies, the computational domain was restricted to 11 stator vanes and the radial

domain was reduced for 3D simulations.850

Reducing the radial domain seems to have a small impact at most frequencies

as shown in Fig. C.19. At higher frequencies, the sound pressure levels are

higher for the simulations featuring a full stator domain than for the simulation

featuring a reduced radial domain. This may not be directly related to the

difference in span but could be an artifact of the local damping spots, which855

were discussed in the preceding section. While the lowest, relative damping
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Figure C.19: Influence of reductions of the 3D simulation domain on sound pressure level

spectra (a) up- and (b) downstream of the stator row.

magnitude is set at a higher value for the full domain simulations due to stability

limitations, the number of damping spots pro unit volume is lower.

According to analytical formulations for in-duct fan broadband noise as e. g.

described by Guérin et al. [35], one can formulate the following proportionality

for the acoustic pressure p′:

p′2 ∝ V

R2
r, (C.1)

where V denotes the number of stator vanes, r is some radial position of the

source, and R is the tip radius. The fraction 1
R2 is related to the in-duct Green’s

function. It can be assumed that r ≈ R, which is exactly true for 2D simula-

tions. A reduction of the number of stator vanes essentially reduces the duct

radius r due to the imposed periodic boundary conditions in the circumferential

direction. Therefore, the duct radius can be expressed as follows:

r =
V sV
2π

, (C.2)

where sV describes the stator pitch, which is a constant in 2D space. Thus, the

sound pressure level is proportional to a constant p′2 ∝ 2π
sV

and it can thus be860

expected that the sound pressure level is independent of the number of stator
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Figure C.20: Influence of a circumferential reduction of the 2D simulation domain on sound

pressure level spectra (a) up- and (b) downstream of the stator row

vanes, i. e. a reduction of the circumferential domain. In fact, Fig. C.20 shows

that the solutions of all 2D simulations agree well at high frequencies, while

larger deviations - particularly for the simulation containing only 5 stator vanes

- can be seen at lower frequencies. The peaks at low frequencies for simulation 13865

are related to acoustic modes, which transition from cut-off to cut-on at certain

frequencies. Since the cut-on frequency of modes is inversely proportional to

the duct circumference, more modes are cut-on for an increasing duct radius,

which explains why these effects are less relevant for simulations featuring a

higher number of stator vanes. It also means that more modes are cut-on at870

higher frequencies, which lessens the impact of each additional, cut-on mode.

Similar observations were also made in other works [10, 13, 14]. The simulation

containing all 44 stator vanes has the smoothest spectra but is overall very

similar to the simulation including only 11 stator vanes. It can therefore be

concluded that the reduction to 11 stator vanes is a reasonable choice. It is875

interesting to note that these cut-on effects do not seem to play a significant

role for 3D simulations. For 2D simulations, the cut-on frequency is related to
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one specific frequency due to its reduction to one specific duct radius. As a 3D

simulation spans a range of radii, these cut-on effects are smeared and likely

much less distinct as a consequence.880

Appendix D. Supercitical turbulence gusts of a von Kármán turbu-

lence

Von Kármán turbulence describes homogeneous, isotropic turbulence and

is a popular assumption for turbomachinery applications as its spectral shape

resembles measured spectra. For completeness, some useful formulas and defi-885

nitions for von Kármán turbulence are given in this section. The energy of the

von Kármán spectrum in terms of the three-dimensional wavenumber space is

given as:

E (|k|) =
55

9π
u′2Λ

|k̂|4(
1 + |k̂|2

)17/6
, (D.1)

where the bold variables indicate vector quantities. The wavenumber vector is

defined in terms of the direction of the mean velocity and has a components890

in streamwise (1), transverse (2), and radial (3) dimensions: k = (k1, k2, k3)
T

.

The wavenumber is often normalized with ke =
√
πΓ(5/6)

ΛΓ(1/3) , hence k̂ = k/ke. The

integral turbulent length scale is indicated by Λ, whereas u′2 is related to the

turbulent kinetic energy k = 3
2u
′2 under the assumption of isotropy.

The transverse velocity component is the most critical for fan broadband

noise. Its spectrum can be related to the energy spectrum as follows:

Φ22 (k1, k2, k3) =
E (k)

4π|k|2

(
1− k2

2

|k|2

)
. (D.2)

This three-dimensional spectrum can be integrated over the transverse wavenum-

ber component from negative to positive infinity to compute a two-dimensional

transverse velocity spectrum:

Φ22 (k1, k3) =
4u′2

9πk2
e

k̂1
2

+ k̂3
2(

1 + k̂1
2

+ k̂3
2
)7/3

. (D.3)
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The one-dimensional transverse velocity spectrum in terms of the streamwise

wavenumber k1 can be derived by integrating over k3 from negative to positive

infinity:

Φ22 (k1) =
u′2Λ

2π

1 + 8
3 k̂1

2(
1 + k̂1

2
)11/6

. (D.4)

For two-dimensional turbulence, the transverse velocity spectrum differs and

can derived according to Pope [57]:

Φ2D
22 (k1) = −k1

dΦ11 (k1)

dk1
, (D.5)

where the streamwise velocity spectrum Φ11 (k1) is identical for 2D and 3D

turbulence and is equal to:

Φ11 (k1) =
u′2Λ

π

1(
1 + k̂1

2
)5/6

. (D.6)

Solving Eq. D.5 using the definition in Eq. D.6 results in a 2D, transverse velocity

spectrum:

Φ2D
22 (k1) =

5u′2Λ

3π

k̂1
2(

1 + k̂1
2
)11/6

. (D.7)

Eq. D.3 can also be integrated to only include supercritical modes according

to Graham [21]:

2

∫ κ0
β (1−M| tan(γ)|β )

0

Φ22 (k1, k3) dk3 =

2
4u′2

9πk2
e

[
I

(
k1, k3 =

κ0

β

(
β −M | tan(γ)|

β

))
− I (k1, k3 = 0)

]
.

(D.8)

The definite integral I can be expressed as follows:

I (k1, k3) =

(
k̂3

(
−
(
1 + k̂1

2)2(
3 + 8k̂1

2)(1 + k̂1
2

+ k̂3
2

1 + k̂1
2

)4/3

2F1

(1

3
,

1

2
,

3

2
,− k̂3

2

1 + k̂1
2

)
+ 24k̂1

4
+ 3k̂1

2(
9 + 8k̂3

2)
+ 9k̂3

2
+ 3

))
/

(
16
(

1 + k̂1
2
)2 (

1 + k̂1
2

+ k̂3
2
)4/3

)
.

(D.9)
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Figure E.21: Comparison of experimental and numerical sound power levels (a) up- and (b)

downstream of the stator vanes for operating points CB SLS and SL SLS.

Appendix E. Comparison of numerical and experimental data at895

high-speed operating points

Experimental and 2D, numerical sound power level spectra up- and down-

stream of the stator row are shown in Fig. E.21. Note that the shown numerical

values do not contain any corrections, which means that the numerical results

are expected to be too high and the good agreement of the downstream spectra900

is therefore misleading. For the upstream spectra, the numerical spectra do not

include any rotor blockage effects, which are expected to be more relevant at

high speeds as discussed by Blázquez and Corral [12].

The numerical and experimental trends of operating points CB SLS and SL

SLS with respect to the operating point AP SLS are shown in Figures E.22 and905

E.23. As for the operating point AP LN, the tendency of the Delta curves is

well captured.
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Figure E.22: Comparison of numerical and experimental trends (a) up- and (b) downstream

of the stator vanes for the operating point CB SLS.
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Figure E.23: Comparison of numerical and experimental trends (a) up- and (b) downstream

of the stator vanes for the operating point SL SLS.
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Figure F.24: Comparison of corrected, 2D results to experimental and analytical [35] sound

power levels (a) up- and (b) downstream of the stator vanes for operating point AP SLS.

Appendix F. Comparison of corrected, 2D results to experimental

and analytical data

In Figures F.24, F.25, and F.26, the corrected, 2D results are compared to910

experimental as well as analytical predictions using different models, which were

initially presented and discussed by Guérin et al. [35]. As observed for the 3D

results, the corrected, 2D results are within a similar range as the analytical

predictions. This indicates that the results and the correction technique are

reasonable. Numerical, downstream sound power levels underestimate experi-915

mental levels. Numerically predicted upstream sound power levels in comparison

to measurements increase relative to the rotational speed, which can likely be

explained by rotor blockage effects.

References

[1] R. Jaron, Aeroakustische Auslegung von Triebwerksfans mittels multidiszi-920
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