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Abstract

A scale model of a fan stage operating at approach condition is investigated using
wall-resolved Large Eddy Simulations. The configuration is a state-of-the-art
fan stage (rotor + stator) of an Ultra High Bypass Ratio turbofan engine, and
the computational cost has been reduced by simulating a radial slice of a peri-
odic sector. At low fan speeds and Reynolds number, a recirculation bubble can
be observed on the suction side of the fan blades, near the leading edge. This
recirculation bubble causes the boundary layer transition to turbulence and is
associated with high levels of wall pressure fluctuations. The noise spectra up-
stream of the fan blades show high frequency tones, which are related to the
noise generation mechanism of the recirculation bubble. It has been found that
the size, position and pressure disturbances in the bubble depend on the mass
flow rate. Furthermore, the frequencies and amplitudes of the high frequency
tones in the noise spectra also depend on the mass flow rate. As the mass flow
rate decreases, the size of the bubble increases, the bubble shifts towards donw-
stream locations, and high levels of wall pressure fluctuations can be found along
the suction side of the fan blade. The acoustic signature of the bubble shifts
towards lower frequencies with the mass flow rate, but its amplitude increases.
A coherence analysis and a Dynamic Mode Tracking technique are used to con-
firm that high frequency tones can be generated by the recirculation bubble in
the separation region. The flow features at these frequencies suggest that a vor-
tex shedding mechanism is related to the noise radiated from the recirculation
bubble.

Keywords: Aeroacoustics, fan noise, broadband noise, recirculation bubble,
large eddy simulations, direct noise computation
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Nomenclature

CD Controlled-Diffusion

DMT dynamic mode tracking

DNS direct numerical simulations

LE leading edge

LES large eddy simulations

NSCBC Navier-Stokes characteristic boundary conditions
oGV outlet guide vanes

PSD power spectral density

RANS Reynolds-averaged Naviers-Stokes
RMS root-mean-square

TE trailing edge

TTGC Two-step Taylor Galerkin Convection
WR wall resolved

c chord length, [m]

Re Reynolds number

M Mach number

a angle of attack, [°]

B fan blade count

v stator vane count

Q, nominal rotation speed, [RPM]

Q rotation speed, [RPM]

w angular speed, [rad/s]

BPF blade passing frequency, [Hz]
VPF vane passing frequency, [Hz]

HFP high frequency peak, [Hz]

m mass flow rate, [kg/s]

Prot total pressure, [Pa]

Ptot,0 free-stream total pressure, [Pa]

P static pressure, [Pa]

Tiot total temperature, [K]

pu streamwise momentum, [kg m/s?|
T, Y, 2 streamwise, transverse and spanwise directions, [m]
xT, y*, 2zt dimensionless wall distances

Aac acoustic wavelength, [m]

ATa Taylor micro-scale, [m]

v kinematic viscosity, [m?/s]

ky turbulent kinetic energy, [m?/s?]
€ turbulent dissipation rate, [m?/s?]
f frequency, [Hz]

fe cut-off frequency, [Hz]

P RMS pressure fluctuations, [Pa]
M, isentropic Mach number

ration of specific heats
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Cy friction coefficient

OTE boundary layer thickness at the trailing edge, [m]
01 boundary layer displacement thickness, [m]

02 boundary-layer momentum thickness, [m]

Hyo boundary-layer form factor, [m]

i moving average of a velocity component, [m/s]
Ul moving average of RMS velocity fluctuations, [m/s]
u streamwise velocity component, [m/s]

U velocity magnitude, [m/s]

Uy free-stream velocity magnitude, [m/s]

00 free-stream density, [kg/m3]

p density, [kg/m?]

0 angular angle, [°]

O max angular sector of a single fan blade passage, [°].
b wake half-width, [m]

x streamwise direction [m]

m azimuthal order

t time, [s]

? imaginary unit

2 coherence

Duw wall pressure fluctuations, [Pa]

p’ pressure fluctuations, [Pa]

St Strouhal number

fo frequency of the vortex shedding, [Hz]

1. Introduction

One of the main contributors to the noise emitted by modern turbofan en-
gines is the fan stage. The next generation of Ultra High Bypass Ratio (UHBR)
engines is expected to improve the propulsive efficiency. To this end, the fan di-
ameter will increase, whereas the jet exhaust speed will decrease. Furthermore,
a short and thin nacelle will be used to reduce drag, such that the available
space for acoustic liners could be reduced. Consequently, the contribution of
the fan noise to the overall noise level is expected to be increased [T}, 2].

The dominant fan noise sources are (i) the fan tip leakage flow noise, (ii)
the turbulence interaction noise and (iii) the airfoil self-noise [3, [4]. The tip
leakage flow noise is associated with the highly unsteady flow that develops in
the gap between the tip of the fan blades and the outer casing. This highly
unsteady flow can be diffracted at the Trailing Edge (TE) corner of the blade
tip and interact with neighboring blades to generate noise. Turbulence inter-
action noise is produced as the turbulent wakes of the fan blades impinge on
the Leading Edge (LE) of the Outlet Guide Vanes (OGV). The coherent and
periodic component of the wakes, i.e. the wake velocity deficit, produces tonal
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noise at the blade passing frequency, whereas the stochastic component of the
wakes, i.e. the turbulent flow, produces broadband noise. The airfoil self-noise
is associated with the turbulent flow that develops in the boundary layers of the
fan blades and OGV. Self-noise has been shown to be a significant noise source
in many applications, such as wind turbines [5], low speed ventilation fans [6]
and aero-engines [7], and has been the motivation for several studies [8], @] [10].

When the flow remains attached along the surface of an airfoil with a sharp
TE, the turbulent eddies in the boundary layer are diffracted when passing
the TE and generate noise. This is usually the case for a fan stage at its
nominal operating regime. At low fan speeds, such as at approach conditions,
a flow separation region may appear close to the LE of the fan blades, which
may produce a recirculation bubble. This phenomenon and its contribution to
the self-noise have been extensively studied experimentally [111, 12| 13| 14] and
numerically [I5] [16] [17] I8, 18], 19, 20] on a single airfoil configuration.

Direct Numerical Simulations (DNS) of the airflow around a NACA0012
airfoil were performed by Sandberg et al. [I5][16] at Reynolds and Mach numbers
of Re =5 x 10* and M = 0.4, respectively. They assessed the capability of an
analytical model, in which the airfoil is assimilated to a flat plate aligned with
the flow, to predict self-noise from an airfoil at non-zero angle of attack (a # 0°).
Sandberg et al. [15] [16] observed that a laminar separation bubble can be found
on the suction side of an airfoil at low Reynolds number flow and non-zero angle
of attack. This separation bubble is followed by a transition to turbulence and
a reattachment of the boundary layer. The noise results from the DNS indicate
the presence of an additional noise source on the suction side that is not located
at the TE and can change significantly the noise directivity. Similar conclusions
found by Jones et al. [I7], who observed that this additional noise source was
dominant at high frequencies.

Another DNS study was performed by Wu et al. [I8], who investigated the
flow around a Controlled-Diffusion (CD) airfoil at o = 8°, Re = 1.5 x 10* and
M = 0.25. Downstream of the LE, the flow is laminar and spanwise coherent
structures are generated due to the Kelvin-Helmholtz instability [21) 22] 23].
This is related to a short recirculation bubble in the separation region that trig-
gers the laminar to turbulent transition of the boundary layer. Downstream of
the transition region, the size of the turbulent structures decreases as they are
convected, and the turbulence is fully developed at the TE. Inside the separa-
tion region, a hump is observed in the amplitude of the wall pressure spectra.
In this region, the space-time correlation of the fluctuating pressure shows a
periodic pattern in time and significant levels of correlation in space due to
large coherent spanwise structures. Similar results were obtained by Sanjosé
et al. [24] using the Lattice-Boltzmann method with a DNS resolution for low
Mach and Reynolds numbers and by Deuse et al. [19] and Shubham et al. [20]
using Large Eddy Simulations (LES). The axial position of the separation region
and the velocity fluctuations in this region are observed to significantly oscillate,
generating additional noise.

Experimental studies using airfoils at low Mach and Reynolds numbers and
high angles of attacks [13] [14] have shown an increase in the amplitude of the
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velocity fluctuations in the separation region. This occurs close to the LE and is
due to the onset of a recirculation bubble in the separation region. Experimental
results from Kurelek et al. [I4] exhibit evidence of a triple peak pattern for the
profiles of the Root-Mean-Square (RMS) streamwise velocity fluctuations and a
significant increase in the RMS velocity fluctuations normal to the airfoil surface.
Additionally, Michelis et al. [13] show a dominant broadband peak in the Power
Spectral Density (PSD) of the velocity fluctuations in the bubble region, which
is related to Kelvin-Helmholtz instabilities.

Based on the observations discussed above, high angles of attack can be
found at the fan LE at approach conditions, unlike those at cruise conditions.
This might be related to the reduced freestream Mach number and fan rotational
speed at approach conditions, which may result in local flow separations and
in a recirculating bubble near the LE [I0} 25l 26]. A recirculation bubble plays
an important role in the boundary layer transition to turbulence on the fan
blade surface and produces an additional noise source that can be associated
with a highly unsteady flow in the bubble region [26]. It should be noted that a
classical solution to suppress a laminar separation bubble consists of increasing
the roughness (e.g. using a tripping band) near the LE in order to force the
transition to turbulence before the flow separation [27, 28]. However, the use
of a tripping band near the LE to prevent a separation bubble at approach
conditions could increase aerodynamic losses at cruise conditions.

Although the presence of a recirculation bubble has been observed and was

suggested as a significant noise contributor to the fan noise [26], a detailed
analysis of the flow in the bubble and its acoustic signature in aero-engine
applications have received limited attention. The objective of the present work
is to improve current understanding of the unsteady aerodynamic characteristics
and the noise generation mechanisms of a recirculation bubble in a state-of-the-
art fan stage, by using LES. Particularly, this paper focuses on the effects of the
mass flow rate, i.e. the angle of attack, on the evolution of the bubble and its
acoustic signature.
This is achieved by performing a number of wall-resolved LES with varying mass
flow rates. To reduce the computational cost, only a radial slice of a periodic
angular sector of the fan-OGYV stage is considered. Meshes were designed such
that the acoustic propagation is resolved by the LES up to one chord length (c)
upstream of the fan. The effects of the mass flow rate are analyzed in terms
of the steady and unsteady characteristics of the flow in the vicinity of the
fan blade surface, and the noise contributions that can be attributed to the
recirculation bubble. To this end, a Dynamic Mode Tracking (DMT) method
is used to examine the behavior of the flow at any frequency of interest for the
recirculation bubble.

The paper is organized as follows. Section [2] presents a description of the
computational domain, the characteristics of the meshes and the numerical pa-
rameters. The statistical and numerical convergence of the LES simulations,
and a mesh convergence study are shown in Section Finally, the effects of
the mass flow rate on the formation of the recirculation bubble and its acoustic
signature are presented in Section [ for a reduced computational domain of a
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state-of-the-art fan stage.

2. Large Eddy Simulation numerical setup

2.1. Computational domain and operating conditions

The geometry used for the present LES is the ECL5 fan/OGV stage [29, [30],
which has been designed at Ecole Centrale de Lyon. This state-of-the-art fan
stage is composed of B = 16 rotor blades and a low-count stator with V =
31 vanes. In order to reduce the computational cost of the simulations, the
original 16 blades and 31 vanes configuration has been adapted to 32 vanes to
allow for a 27/16 angular periodicity. According to Rai et al. [31], the stage
performance is kept constant by adjusting the vane chord length to maintain
the same solidity, which is defined as the ratio between the chord length and
the inter-vane spacing. For further computational cost reduction, only a radial
slice (presented in Figure|[l)) representing 12% of the complete span (i.e. a span
of 12mm) is simulated. To assess whether the spanwise extent is large enough,
the spanwise correlation length was calculated at a streamwise position in the
recirculation bubble region. The spanwise extent was found to be approximately
3.5 times longer than the maximum turbulence length scale. This implies that
the current spanwise computational domain size is suitable for a statistically
independent acoustic source region and is considered to be valid for the present
study.

RANS computations have been performed in order to compare the perfor-
mance of the modified and original configurations. Both configurations show a
similar flow topology and aerodynamic performances, which validates the mod-
ified vane count for the present study. The slice is centered at a radial position
that corresponds to 80% of the hub-to-tip distance, and the blade and vane
cross-section is kept constant in the spanwise direction. According to the full-
span RANS results, the position of the radial layer at 80% minimizes 3D-effects
and the radial velocity component.

An overview of the computational domain and the main geometrical dimensions
are shown in Figure The domain extends from 3.75 fan chord lengths up-
stream of the fan to 4.25 vane chord lengths downstream of the stator.

The nominal rotation speed of the ECL5 fan is €, = 11000 RPM. The LES
are performed at approach conditions with a rotation speed of 2 = 0.55€2,, =
6050 RPM, which leads to a circumferencial Mach number of 0.48 at the radial
location of the slice, and a Blade Passing Frequency BPF = 1613 Hz. At the
inlet section, the axial Mach number is set to 0.3 and the relative Mach number
is set to 0.56. Thus, the fan operates in a fully subsonic regime. At approach
conditions, the reference mass flow rate is m = 20kg/s (full span), and the
total pressure ratio is 1.1. The Reynolds number based on the chord length is
approximately 10%. Additionally, three other values, which correspond to full
span flow rates of 19kg/s, 21kg/s and 22kg/s, are considered in this study.
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Figure 1: (a) Radial slice sector of the Fan/OGV stage. (b) Blade-to-blade view of the ECL5
fan/OGV configuration at 80% of the span. Dimensions are given in mm. Angles are given
in degrees.

2.2. LES numerical parameters

The TurboAVBP solver is used to solve the LES governing equations in the
present work. It is an explicit unstructured compressible LES code that has
been developed at CERFACS [32]. For the present application, two LES do-
mains are coupled. The first one is a rotating domain that contains the fan
blade, and the second domain contains the 2 stator vanes. The data exchange
between the two domains is performed by using the cwipi library developed by
ONERA [33].

The filtered compressible Navier-Stokes equations are solved using a finite-
volume Two-step Taylor Galerkin Convection (TTGC) scheme [34], which is
a third-order convective numerical scheme in space and time. The unresolved
turbulent eddies are modeled using the SIGMA subgrid-scale model [35]. At the
inlet and outlet sections of the computational domain, non-reflecting Navier-
Stokes characteristic boundary conditions (NSCBC) [36] are used. At the inlet
section, the flow is purely axial and uniform without turbulence injection and
total pressure and temperature are imposed (total pressure pyor = 101325 Pa
and total temperature Tty = 300K). At the outlet section, the static pressure
is adjusted to match the streamwise momentum pu upstream of the rotor, as
obtained from a full-span RANS simulation with the target mass flow rate. A
periodic boundary condition is used on the circumferential sides of the computa-
tional domain, whereas a slip wall boundary condition is used at the boundaries
in the radial direction. On the surface of the blades and vanes, a no-slip wall
boundary condition is used. Two rotor rotations are required for the numerical
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and statistical convergence (see Section , and four additional rotations for the
acoustic data collection.

2.3. Mesh characteristics

Details of the LES grid are shown in Figure[2} The hybrid unstructured mesh
is composed of prismatic cells on the blade walls, tetrahedral cells away from the
blades, and pyramidal cells in the transition region between the prismatic and
the tetrahedral cells. The mesh was designed based on turbulent and acoustic
criteria established in a recent work of the authors [37]. In order to obtain
a suitable spatial resolution to fully resolve the boundary layer on the airfoil
surfaces, the mesh is particularly refined in this region. The first layer near the
wall corresponds to the smallest spacing normal to the wall, and the cell size
increases progressively away from the wall. Using prism layers on the walls, the
values of 2T, yT and 21 can be chosen in the appropriate ranges for wall-resolved
LES. At reference mass flow rate, three different meshes have been designed and
the properties of each mesh are presented in Table 2] These meshes differ by
the number of prismatic layers and the growth ratio of the prisms. Away from
the walls, mesh refinement is controlled by two main criteria:

e The number of points per acoustic wave-length \,. = M, where cq

is the speed of sound, M is a mean Mach number, and f. “is the desired
mesh cut-off frequency.

e A constant ”A” that is the ratio of the mesh size to the Taylor micro-
scale A, = (10”7]“)(1/2), where v is the kinetic viscosity, k; the turbulent
kinetic energy, and € the turbulent dissipation rate.

According to a previous study by the authors [37] using a similar mesh
topology and numerical scheme, 13 points per A,. and a value A = 30 are
adopted. The latter condition implies that the mesh size is limited to 30 times
the Tylor micro-scale to reduce the computation expense while providing a good
resolution for the turbulent structures. The main refinement regions of the mesh
that follow the above criteria are listed below.

e Upstream of the rotor and downstream of the stator. The mesh is refined
over one blade chord length upstream of the LE of the rotor and one vane
chord length downstream of the TE of the stator in order to ensure a
correct acoustic propagation in these regions up to 30 kHz.

e Rotor-stator interstage. The refinement of the mesh at the interstage
ensures that the fan wakes are correctly propagated between the TE of
the fan blades and the LE of the vanes.

e Around the blades. A smooth transition region between the prismatic
layers and the tetrahedral cells has been ensured for all the meshes used
in this study.
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Table 2: Mesh properties for the different LES. z+, yt and 2zt are the dimensionless wall
distances in the streamwise, normal and spanwise directions, respectively.

WR-Meshl | WR-Mesh2 | WR-Mesh3

Number of cells [10°] 68 80 100
at =2zt 35 35 35

yt 1.0 1.0 1.0

Number of prismatic layers 8 16 24
Stretching ratio [%] 12 6 3
Time step [107%s] 0.8 0.8 0.8

CPUh/blade passage [10%] 238 280 350
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Figure 3: Mesh convergence. (a) The isentropic Mach number M;s and (b) RMS pressure
fluctuations Prms along the rotor blade. (c) The friction coefficient Cy and (d) boundary layer
displacement thickness §; along the suction side of the rotor blade. p is the density and 7y, is
the wall shear stress.
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Figure 4: Time convergence for the WR-Mesh2 case. (a) Numerical convergence. The number
of rotations corresponds to the end of the first segment. (b) Statistical convergence. The
mean value of (@) and the standard deviation (o(u)) of the streamwise velocity component
are normalized by their values at the end of the simulation (¢ = teyq, where ”¢” corresponds
to the time).

3. LES convergence criteria

3.1. Mesh convergence

In this section, the mesh convergence of the LES is assessed by comparing
the results from the 3 meshes presented in Table [2] for the reference mass flow
rate th = 20kg/s. Figure [3|shows comparison between the different meshes for
several quantities characterizing the mean flow (isentropic Mach number, fric-
tion coefficient, boundary layer thickness) and the fluctuations (RMS pressure
fluctuations Pys) in the vicinity of the fan blade surface. The isentropic Mach
number M;, is defined as,

=1
M;, = (pmmo) T L7
p y—1

where piot,0 is the total pressure in the free-stream outside the boundary layers,
p is the static pressure and +y is the ratio of specific heats (in this case v = 1.4).
The friction coefficient C'y and boundary layer displacement thickness J; are
shown for the suction side only, where the separation bubble appears. Overall,
the results show a good agreement between the different meshes along the blade
chord length. The distributions of M;s and P, on the pressure side are close
for the 3 meshes. On the suction side, near the LE, a separation zone can
be associated with a region of negative friction coefficient and a plateau of
isentropic Mach number. It should be noted that high pressure fluctuations are
also observed in that region. Some discrepancies between WR-Mesh1 and WR-
Mesh3 results can be seen for all the quantities in Figure [3] particularly in the
separation region. These differences are more pronounced for d; over the whole
suction side, where WR-Mesh1 predicts a faster increase of the thickness of the
boundary layer. This may be due to differences in the laminar to turbulence

11
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Figure 5: Iso-surfaces of Q-criterion (Qc2/UZ = 1500), colored by the vorticity magnitude,
for the different mass flow rates. The cases are shown by decreasing mass flow rate, and
increasing the angle of attack of the fan blade.

transition, which may lead to cumulative discrepancies. When comparing WR-
Mesh2 and WR-Mesh3, similar results are obtained for the different quantities
in Figure [3| along the whole blade surface. This justifies the use of WR-Mesh2
to study of the effects of the mass flow rate in Section [

3.2. Time convergence

Temporal convergence is necessary to ensure proper physical analysis. Two
different types of temporal convergence are studied here for the mesh WR-
Mesh2 at a mass flow rate of h = 20kg/s. The first type of convergence is
referred to as numerical convergence and corresponds to the end of the transient
state. The second type of convergence is referred to as statistical convergence
and corresponds to the convergence of the flow statistics. Unsteady velocity
samples were collected for the convergence analysis. These were obtained from
the suction side boundary layer near the fan TE, at a normalized wall-normal
distance of y* = 50. Based on the convergence analysis methodology introduced
by Boudet et al. [38], the velocity signal is split into four segments and statistical
estimates based on the last three segments are compared. The convergence is
estimated by introducing the function

@ — gl @ 1)
k(u) = max | max % , max W x 100
0,j=2..4 u i,j=2..4 URMS

where 79 and ulg& ¢ are the moving average of a velocity component and the

moving average of RMS velocity fluctuations, respectively, which are calculated

12
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Table 3: Fan blade angle of attack « for various mass flow rates 1.

i [kg/s] | 19 | 20 | 21 | 22
o] | 125910 | 7.40 | 5.30

over the i-th segment. The evolution of x(u) is presented in Figure 4| (a). Nu-
merical convergence is reached when « stabilizes within a few per cent (4% in
this case), which corresponds to the end of the first segment. The statistics are
then calculated from this point.

The statistical convergence is considered to be reached when the statistics reach
a constant value. Figure |4| (b) shows the evolution of the mean (@) and the
standard deviation (o(u)) of the streamwise velocity component (u), both nor-
malized by values at the end of the simulation. It can be observed that the
simulation is well converged after 1.5 rotations.

4. Effects of the mass flow rate

In this section, the mesh WR-Mesh2, which has been shown to properly
describe the separation bubble in Section |3} is adopted. The effects of the mass
flow rate on the characteristics of the bubble and the generated noise are studied
by comparing the results for four different mass flow rates ranging from 19 to
22 kg/s.

4.1. Aerodynamic results

The increase of the fan blade angle of attack a with the mass flow rate m
(shown in Table [3)) is expected to cause variations of the recirculation bubble
characteristics, which are detailed in the following.

The turbulent structures on the suction surface of the rotor blade are shown
in Figure[B] for the different mass flow rates, using iso-surfaces of the Q-criterion
(Qc?/UE = 1500, where Uy is the free-stream velocity magnitude) colored by
the vorticity magnitude. For all the cases, a laminar boundary layer is formed
near the LE, followed by a transition region, where a recirculation bubble is
identified. This bubble is characterized by a significant level of vorticity and
forces the transition of the boundary layer to turbulence. Downstream of the
recirculation bubble, the flow reattaches to the airfoil and remains attached
right up to the TE. When comparing the different cases, the reduction of the
mass flow rate delays the boundary layer transition and leads to larger turbulent
structures in the separation region and in the downstream direction.

The flow topology around the rotor blades is then analyzed by means of the
mean streamwise velocity component, u, (Figure @ and the turbulent kinetic
energy, k:, (Figure , which have been averaged in the rotating reference frame.
The averaged values are computed over 3.5 rotations of the fan. On the blade
suction side, near the LE, a zone of negative velocity and high turbulent kinetic

13
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flow rates, (a) = 22kg/s, (b) m = 21kg/s, (c) m = 20kg/s and (d) n = 19kg/s.
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Figure 9: Average friction coefficient C along the rotor blade for various mass flow rates. (a)
suction side. (b) pressure side.

energy can be found. This recirculation region corresponds to the bubble iden-
tified by the Q-criterion iso-surfaces in Figure [5] which leads to the boundary
layer transition to turbulence. By comparing the flow topology obtained from
the different cases, we can observe that as the mass flow rate decreases, the
bubble position is shifted downstream over the suction side and the size of the
bubble increases. However, smaller values of the maximum turbulent kinetic
energy are observed when the mass flow rate decreases, which delays the tran-
sition to turbulence. Consequently, both the boundary layer thickness and the
wake thickness increase when the mass flow rate is reduced.

The distribution of isentropic Mach number, M, , which is related to the
static pressure distribution on the blade, and the RMS of the pressure fluctua-
tions (Prms) along the blade are presented in Figure |8 For the different cases,
the pressure side shows a favorable pressure gradient. On the suction side, a
plateau of M;, can be observed near the LE, which indicate the presence of the
recirculation bubble. Downstream of the bubble region, the turbulent boundary
layer is subject to an adverse pressure gradient right up to the TE. The bubble
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region also exhibits high P, values, as shown in Figure [§] (b). It can be ob-
served that, as the mass flow rate decreases, the bubble is shifted downstream
and its size increases, which is consistent with our previous findings from the
flow topology. The strength of the additional self-noise source due to the recir-
culation bubble can be partly related to the P,,s levels. When the mass flow
rate decreases, the maximum value of P, is lower, but the width of the peak
increases. These changes are expected to have an impact on the noise radiated
by this additional noise source.

The friction coefficient, C'f, can also provide useful information about the
recirculation bubble. A comparison of Cy between the different mass flow rates
is presented in Figure [0} over the suction side (a) and the pressure side (b) of
the rotor blade. For all the cases, a region of negative friction coefficient is
observed close to the LE of the blade on the suction side, which is related to the
presence of the bubble. Downstream of this region, C'y remains positive along
the suction side right up to the TE. The locations where C'; reaches zero can be
considered as the initial and end points of the bubble, respectively, which allows
us to define the size of the bubble. As for the analysis of M;s in Figure 8] the
reattachment point is shifted downstream as the mass flow rate decreases, which
leads to a larger recirculation bubble. On the pressure side, the distribution of
C is quite similar for the different mass flow rates and remains positive, which
suggests that the flow is attached all along the pressure side.

Several boundary layer parameters have been computed on the suction side
of the rotor blade for the different mass flow rates and compared in Figure
The displacement thickness is defined as,

_ [0 U
5, = /0 (1= L (2)

The momentum thickness is defined as,

5
pU U
1) :/ 1 — —)dn, 3
= POUO( Uo) )

and the shape factor Hia = 61/d2, where n is the normal wall distance to the
suction side surface of the blade, pg is the freestream density, and p and U are
the density and the velocity magnitude in the boundary layer, respectively. The
development of the boundary layer can be divided into three main regions, (i)
the separation region, (ii) the reattachment region and (iii) the adverse pressure-
gradient region. For all cases, near the LE, the displacement thickness §; reaches
a local maximum in the recirculation bubble, while the momentum thickness
02 is almost constant. Thus, in this region, large values of the shape factor
Hi5 are reached. Downstream of the recirculation bubble, the boundary layer is
reattached and the shape factor decreases significantly. As previously discussed,
the streamwise location of the reattachment point varies significantly with the
mass flow rate, from 0.1c for the highest mass flow rate (m = 22 kg/s) to 0.35¢
for the smallest mass flow rate (i = 19 kg/s). After the reattachment, a plateau
is observed for the boundary layer parameters. The size of this plateau increases
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Figure 10: Comparison of boundary layer parameters on the suction side of the rotor blade

for various mass flow rates. (a) Boundary layer displacement thickness 61, (b) momentum
thickness d2, (c¢) and shape factor Hia.
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Figure 11: Comparison of the streamwise velocity component u (a) and k¢ (b) profiles in the
wake of the rotor blade, at one chord length from the TE.

with the mass flow rate. At further downstream locations, the combined effects
of the adverse pressure gradient and the friction lead to an increase in both the
displacement and momentum thicknesses while the shape factor remains nearly
constant. By comparing the different cases, it can be observed that decreasing
the mass flow rate leads to a thicker boundary layer with a larger separation
region, and a reattachment point that is shifted further downstream.

The evolution of the boundary layer is controlled by several parameters,
including the separation region due to the recirculation bubble, the pressure
gradient and the skin friction. In order to study the effect of the recircula-
tion bubble on the boundary layer, the displacement thickness has also been
computed using the integral formulation available in the numerical software
Xfoil [39, [40]. The results are compared to the LES computations for the differ-
ent mass flow rates in Figure When using the integral formulation in Xfoil,
the boundary layer is assumed to be fully turbulent from the LE, such that there
is no recirculation bubble. However, the levels of §; obtained from the integral
formulation have been adjusted to match the value of §; in the LES at a given
axial position by adding a constant value. This allows for the comparison of the
01 distribution, taking into account the effect of the bubble on the boundary
layer thickness. The differences in the §; distribution for the different mass flow
rates are mainly due to differences in the angle of attack and Reynolds number.
The results from the LES and the integral formulation for the different mass
flow rates show similar trends once the boundary layer is reattached, whereas
significant differences can be found in the separation and reattachment regions.
This is particularly true for the large mass flow rates (21kg/s and 22kg/s),
which suggests that downstream of the bubble, the boundary layer is fully tur-
bulent and its thickness is only controlled by the pressure gradient and the skin
friction. For small mass flow rates, discrepancies become significant due to the
presence of a large recirculation bubble, which affects the boundary layer devel-
opment over a larger region of the blade. Once the flow is reattached, the §;
distribution has a similar trend despite the differences in absolute value.
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Figure 12: Streamwise evolution of the wake half-width b, normalized by the momentum
thickness in the far wake d2 (a), and the boundary layer thickness at the blade TE drg (b).
z is the streamwise direction and £ = 0 m corresponds to the blade TE.

Finally, the effect of the mass flow rate on the rotor wakes is studied. Fig-
ure shows the distributions of streamwise velocity component u and the
turbulent kinetic energy k; at a distance of one chord length from the TE of
the rotor blade. 60,,4, is the angular sector of a single fan blade passage, which
corresponds to 2mw/16. When the mass flow rate decreases, the wake becomes
thicker whereas both the velocity deficit and turbulent kinetic energy increase,
which is consistent with results in Figures [6] and For the largest mass flow
rate case (22kg/s), it seems that a symmetric Gaussian function could fit the
circumferential distribution of k;, whereas cases with a low mass flow rate show
skewed wake profiles towards the suction side. The wake is further analyzed
by calculating the wake half-width, b, which can be defined as the width of the
wake where the velocity reaches 50% of the maximum velocity deficit. The axial
evolution of the wake half-width is shown in Figure [12] (a), in which the vari-
ables have been normalized by the momentum thickness in the far-wake that is
assumed to be constant for each case. It should be noted that the momentum
thickness in the far-wake can be computed from Eq[3] which can be rewritten
as 0z = 06 ﬁ( Uio)dn7 where u corresponds to the streamwise component
of the mean velocity in the wake, and Uy corresponds to the freestream velocity
magnitude outside the wake. Results in Figure (a) are shown for the far-wake
region (/65 > 800), where the wake properties are assumed to have an asymp-
totic behavior and 6, is nearly constant. An apparent linear increase of b with
the downstream distance can be observed for the different cases. Furthermore,
the wake half-width also increases as the mass flow rate decreases, which is con-
sistent with the trends in the boundary layer thicknesses in Figure Figure[12]
(b) shows the evolution of b normalized by the boundary-layer thickness at the
TE of the fan blade, é7g, that is defined as the wall-normal distance from the
blade surface where the velocity reaches 99% of the freestream velocity. All cases
seem to collapse onto a single trend, particularly beyond a streamwise distance
where the wake is fully developed (/02 > 2500). In this case, the evolution of
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Figure 13: Instantaneous contours of dilatation rate and iso-surfaces of Q-criterion (Qc2/U02 =
100) colored by the vorticity magnitude at m = 20 kg/s. The star symbol indicates the
location of the monitor point where unsteady pressure samples were collected for the PSD
computation. The dashed-line shows the location of the monitor points used for the calculation
of the coherence.

the fan wake is controlled by the boundary layer thicknesses at the TE of the
blade.

4.2. Aeroacoustic results

Contours of the instantaneous dilatation rate (V - u) for mm = 20kg/s are
shown in Figure along with iso-surfaces of Q-criterion (Qc?/UZ = 100)
colored by the vorticity magnitude. The development of turbulent structures
around the blades and in the wakes can be observed. The contours of instan-
taneous dilatation rate show wave-fronts generated by the TE and the bubble
region near the LE. The present simulations are able to capture the noise gen-
eration mechanisms at the TE and in the bubble region, as well as the acoustic
wave propagation in the refined-mesh region around the fan stage. It should be
noted that there are no acoustic reflections from the upstream and downstream
boundaries of the domain. The turbulence in the fan wakes near the TE in
Figure [13] does not seem to contribute to the radiated noise from the fan stage,
which indicates that quadrupole noise sources from the wake are not dominant
when compared to dipole noise sources from the blades.

The acoustic field is directly computed in the LES simulations up to one
rotor chord length upstream of the rotor blades, in the mesh refinement region.
A comparison of the PSD of the pressure fluctuations (p’) for various mass flow
rates is showed in Figure (a). All PSD spectra are obtained by multiplying
the pressure signals by a Hanning window with 50% overlap and by averaging the
signals using 5 segments of length 21°. A pressure reference of Pt = 2.10° Pa is
adopted. The location of the monitor point used for the unsteady data collection
is indicated by the star symbol in Figure [[3] For the different cases, tones
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Figure 15: Spatial distribution of the density modes using the DMT technique. (a) VPFIst,
(b) HFP1st,
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at 3200 Hz and 6400 Hz can be observed. The frequencies at which these
tones appear are independent of the mass flow rate and correspond to the first
two harmonics of the Vane Passing Frequency VPF = V/60, where ) is the
rotation speed that is given in RPM, and V' = 32 corresponds to the number
of vanes in the full stage. The presence of tones at harmonics of the VPF for a
monitor point that is rotating with the rotor domain can be associated with the
noise emitted by the periodic interaction of the rotor blade wakes with the stator
vanes. For a monitor point in the stator domain, this interaction is expected to
generate noise at the BPF and its harmonics BPF,, = nBw, where w = Q/60
and n corresponds to the order of the BPF harmonic. Using the Tyler and
Sofrin rule [41], the acoustic modes that are generated by the interaction noise
have azimuthal orders m = nB — kV, where k is an integer. If the monitor
point is in a rotating reference frame, its angular position 6 varies with time,
such that (t) = wt. Thus, for a duct mode of order m, the phase term of the
pressure fluctuation that depends on 6 and t in the rotating reference frame can
be written as,

ei(mé)(t)—wt) — ei([nB—kV]wt—ant) — e—ikat (4)

where ¢ is the imaginary unit and the frequency kVw corresponding to the VPF
harmonics can be recognized.

At higher frequencies, between 10 kHz and 13 kHz, a peak is visible for each
case, except for the largest mass flow rate (rh = 22 kg/s). This peak is referred
to as HFP'** in Figure Its second harmonic, denoted HFP?"?, can also be
observed in Figure When the mass flow rate increases, the frequency of
these High Frequency Peaks (HFP) increases (e.g. from 10.5 kHz to 12.8 kHz
for HFP!'**) whereas their amplitude decreases. For each case where HFP peaks
are present, an additional peak denoted INTER in Figure|14|can be observed at
a frequency INTER = HFP'** + VPF'**. The HFP peaks are related to a noise
mechanism associated with the recirculation bubble, and are discussed below,
whereas the INTER peak is an interaction tone between HFP$* and VPF!st,
The effects of the stator on the generated noise can also be observed when com-
paring the acoustic spectra from the different mass flow rates in Figure (a).
As the mass flow rate is reduced, the turbulent kinetic energy in the bound-
ary layers on the suction side of the rotor and in the rotor wakes is increased.
Consequently, both the trailing edge noise and the rotor-stator interaction noise
increase. In Figure [14] (a), it can be seen that the broadband noise component
is increased with the reduction of the mass flow rate, which can be attributed
to the increase in the size and turbulence intensity of the recirculation bub-
ble. This can be partially explained by the rotor-stator interaction noise, which
highlights the effect of the stator on the generated noise.

The broadband noise from the rotor-alone simulation can be compared to the
rotor-stator interaction noise, which is considered to be the dominant noise
source in a fan/OGV stage at approach conditions. The amplitude of the tones
VPF!*t and HFP'** are compared in Table for various mass flow rates. For the
different cases, the contribution of the rotor-stator interaction noise is shown to
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Table 4: Comparison of the amplitude of the tones VPF1s* and HFP!$? for different mass
flow rates.

m [kg/s] | [VPF™'|| [dB/Hz] | [HFP™™|| [dB/Hz] | A([VPE™*'| - [HFP™'[)) [dB/Hz]
19 111.0 103.5 75
20 107.0 98.6 8.4
21 106.2 96.6 9.6
22 106.0 86.5 19.5

be dominant. As the mass flow rate decreases, the amplitude of the tone at the
VPF!#! increases. This is due to a more pronounced rotor wake deficit as the
strength of the recirculation bubble increases (e.g. see Figure @, which leads
to an increase in the rotor-stator interaction noise. It is also useful to compare
the amplitude of the HFP!*! from the lowest mass flow rate (rh = 19 kg/s) with
the amplitude of the VPF!** from the highest mass flow rate (rm = 22 kg/s),
for which the bubble has limited influence on the rotor wakes. In this case, the
difference between the HFP!*? (1 = 19 kg/s) and the VPF!$! (1 = 22 kg/s) is
approximately 2.5 dB/Hz, which suggests that the tonal noise associated with
the recirculation bubble can be of the same order of magnitude as the rotor-
stator interaction noise in a stage without the presence of a recirculation bubble.

In order to better understand the effects of a recirculation bubble on the fan
noise, an additional LES has been performed at i = 21 kg/s without the stator
vanes. Nevertheless, the stator domain without vanes that is downstream of
the rotor is kept in the simulation in order to maintain the same length of the
computational domain. The PSD of the pressure fluctuations obtained from the
simulations at 21 kg/s, with and without the stator vanes, are compared in Fig-
ure (14| (b). As expected, the peaks at the VPFs and INTER frequencies are not
present in the spectrum for the simulation without stator vanes. However, the
HFPs can still be seen in the noise spectrum. The frequencies at which these
tones appear are similar between the two cases, with and without the stator
vanes, whereas their amplitudes are reduced in the case without stator vanes
(a reduction of 5 dB/Hz for HFP'** and 4 dB/Hz for HFP?"4). Additionally,
the absence of the stator vanes leads to a broadband noise reduction of 5 to
8 dB/Hz in the frequency range from 3 kHz up to the cut-off frequency (30
kHz). This shows that the rotor-stator interaction noise, which is due to the
interaction of the rotor wakes with the stator vanes, is a significant noise source
that is increased by the presence of a recirculation bubble.

The tones observed in Figure[I4]can be further investigated using a mode de-
composition technique, which is known as Dynamic Mode Tracking (DMT) [42].
The DMT has been developed to study the spatial and temporal features of the
flow at a given frequency. It has the advantage to be an “on-the-fly” method,
which is useful to reduce the computational expense and data storage require-
ments. Figure shows DMT results calculated from the density in the LES
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Figure 16: Spatial distribution of the density modes using the DMT technique for the case at
m = 21 kg/s without stator vanes. (a) VPF!st. (b) HFP!st.
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Figure 17: Spatial distribution of the density modes using the DMT technique on the suction
side of the rotor blade at 7 = 19 kg/s. (a) HFP'st. (b) HFP2"d,

with the stator vanes at VPF!** and HFP!*!, for various mass flow rates. Fig-
ure [16] shows the DMT results for the simulation without the stator vanes, at
m = 21 kg/s. For the simulations with stator vanes, the mode that is related to
the VPF!s! shows wave-like fluctuations coming from downstream of the rotor
and propagating in the upstream direction (An animated sequence is provided
as supplementary material (movie 1)), through the blade passage. For the sim-
ulation without the stator vanes, the upstream propagating density fluctuations
are not observed in Figure[16{a). Thus, the behavior of this mode at the VPF!s¢
confirms that the peaks observed at this frequency in Figure [[4] are associated
with the interaction tones between the periodic rotor wakes and the stator vanes.

The DMT results computed at the HFP!*! in Figures and show a
density mode in the boundary layer that is convected by the flow, and another
mode generated in the bubble region that propagates in the upstream direction
(An animated sequence is provided as supplementary material (movie 2)). The
latter can be associated with acoustic waves and confirms that the peak observed
at the HFP'*! in Figure [14]is generated by a noise source located in the bubble
region.

In Figure the spatial distribution of the density modes from the DMT
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Figure 18: Coherence between the pressure fluctuations in the bubble region and the pressure
fluctuations upstream of the rotor blade and normal to the LE. (a) i = 20 kg/s and (b)
m = 21 kg/s. (c) Coherence at Az/c = —1. The origin of the z axis is the rotor LE.

technique at HFP'** and HFP?" is shown on the suction side of the rotor blade
for a mass flow rate mn = 19 kg/s. The maximum value can be found in the
separation region close to the LE and the modes travel towards the TE. Thus,
the TE noise is expected to be affected by disturbances that are generated by
the recirculation bubble.

In order to better understand the noise sources, the coherence between pres-
sure fluctuations in the separation region of the rotor blade and pressure fluctu-
ations at several positions upstream of the rotor is calculated for m = 20 kg/s
and 1 = 21 kg/s. The location of 100 monitor points is shown by a dashed line
in Figure The coherence between the both signals is defined as,

2 _ |Spwp’(f)|2
’prp/(f) B Spwpw (f)Sp’p’ (f)’ (5)

where Sy, p, is the spectral density of the wall pressure fluctuations p,, in the
separation region, Sy, is the spectral density of the pressure fluctuations p’ at
a probe location upstream of the rotor blade, and S, is the cross-spectral
density between p,, and p’. The resulting coherences are presented in Figure
(a) and (b) as a function of the frequency and the distance Axz/c between
the reference point on the blade surface and the monitor point located in the
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Figure 19: Iso-surfaces of Q-criterion (QCZ/Ug = 5000), colored by the vorticity magnitude,
for the mass flow rate m = 20 kg/s. (a) Instantaneous flow field. (b) Mode using the DMT
technique at HFP1st,

Table 5: Strouhal number St parameters for various mass flow rates. d1 Lupble corresponds to
the local maximum of the boundary layer displacement thickness d; in the separation region.

m [kg/s] | Uy [m/s] | 61 pubble [mm] [ HFP'' frequency [kHz] St
19 80 1.81 10.5 0.237
20 84 1.61 11.6 0.222
21 88 1.38 12.8 0.201

upstream direction. Additionally, the coherence spectrum farthest to the blade
surface (at Az/c = —1) is plotted in Figure [1§| (c) for 7 = 20 kg/s and m =
21 kg/s. All cases show high coherence levels and large peaks in the spectra at
the high frequency peaks HFP$*, HFP?"? and INTER up to a large distance
away from the recirculation bubble.

Results from the coherence analysis confirm the observations made using the
DMT technique (Figures and. Thus, the bubble region can be considered
as an additional source of fan noise that produce high frequency peaks in the
noise spectra. The low coherence in Figure [18|at the VPF!*' and VPF?"¢ also
confirms that the bubble region does not contribute to the peaks observed in
the acoustic spectra at these frequencies. In Figure (c), the frequencies of
the peaks HFP'$*, HFP?"¢ and INTER are increasing with the mass flow rate,
which can be related to the reduced size of the bubble and it is consistent with
the results in the acoustic spectra in Figure[I4] The coherence of the peaks are
slightly higher for the lowest mass flow rate. Since the noise produced by the
bubble region at the HFPs is higher for the reduced mass flow rates, a significant
contribution to the overall noise level at these frequencies might be attributed
to the bubble region, which leads to high coherence levels in Figure

The physical mechanism which cause the HFPs in the acoustic spectra is
also investigated. To this end, a snapshot of the turbulent structures is shown
in Figure (a) (An animated sequence is provided as supplementary mate-
rial (movie 3)) near the LE of the blade for the mass flow rate . = 20 kg/s.
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Note that similar turbulent structures were obtained for other mass flow rates.
The laminar boundary layer close to the leading edge detaches in the presence
of a strong pressure gradient, and nearly bi-dimensional vortices are formed.
Then, the vortical structures are subject to strong spanwise deformations as
they are convected in the downstream direction. In order to investigate the
relation between these vortical structures and the noise at the HFPs, Figure
(b) shows iso-surfaces of Q-criterion based on the filtered flow field from the
DMT at HFP'$*. Turbulent structures at this frequency can thus be identified.
2D structures are formed once again in the bubble region and convected in the
downstream direction. This indicates that the HFP!$! in the acoustic spectra
is related to a mechanism of vortex shedding in the bubble region. A Strouhal
number, defined as St = f,L/Uy, where f, is the frequency of the vortex shed-
ding, L is a length scale and U is the free-stream velocity magnitude upstream
of the fan, is calculated for each case. For a vortex shedding mechanism, the
length scale is usually chosen as a characteristic length in the direction nor-
mal to the incoming flow. Here, we propose to use the local maximum of the
boundary layer displacement thickness d; in the separation region, as shown
in Figure [10] (a). For a vortex shedding at the HFP%!| the Strouhal numbers
calculated for each case are shown in Table [l The values of Strouhal number
obtained are typical of a vortex shedding mechanism (St = 0.2). This confirms
that the noise radiated from the bubble region at the HFP'* is associated with
a vortex shedding mechanism.

5. Conclusion

A set of wall-resolved LES has been performed over a radial slice of a scale
model UHBR fan stage at approach conditions, for different values of the mass
flow rate. In order to reduce the computational cost, a periodic sector with a
single blade and two OGVs has been considered. The meshes have been designed
to ensure that the acoustic waves can be propagated to all monitor points in
the frequency range of interest.

For the different mass flow rates, a laminar separation bubble is observed on
the suction side near the blade leading edge, which causes the boundary layer
transition to turbulence. The size and position of the recirculation bubble, as
well as the amplitude of the pressure disturbances in the separation region,
appear to vary significantly with the mass flow rate. As the mass flow rate
decreases, the size of the bubble increases, the bubble shifts towards donwstream
locations, and high levels of wall pressure fluctuations can be found along the
suction side of the blade. The development of the boundary layer and the wake is
influenced by the presence of a recirculation bubble and its size. For a low mass
flow rate and a large recirculation bubble, both the boundary layer thickness on
the suction side and the wake width increase. However, the boundary layer on
the pressure side appears to be unchanged for all mass flow rates. It has been
found that the evolution of the wake width far downstream of the fan blade
scales with the boundary layer thickness at the trailing edge.
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Two different self-noise mechanisms have been identified on the rotor blade:
the trailing-edge noise generated by the scattering of the turbulent boundary
layer at the trailing edge, and an additional noise source due to the recirculation
bubble near the leading edge. High frequency peaks in the noise spectra are
associated with the recirculation bubble. This noise generation mechanism has
been studied in detail by using a DMT technique. It has been found that the
acoustic waves that are related to the first harmonic of the high frequency peak
come from the bubble region. This finding is consistent with the results of
the coherence between the wall pressure fluctuations in the recirculation bubble
region and pressure fluctuations away from the blade.

The frequency of the tones from the bubble decreases with the mass flow
rate, and the amplitude of the tones increases. An interaction tone between
the recirculation bubble and the stator vanes has been found by analyzing an
additional simulation performed without the stator vanes. Additionally, the
broadband noise levels have been found to increase for the low mass flow rates
over the whole frequency range.

Finally, iso-surfaces of Q-criterion have been computed using the DMT tech-
nique at the first high frequency peak to investigate the physical mechanism of
the noise from the recirculation bubble. This analysis suggests that a vortex
shedding from the bubble explains the noise radiated at this frequency.

It has been shown that the noise radiated from a recirculation bubble can
be a significant contributor to the fan noise. This noise source can be found at
approach conditions, as the mass flow rate of an aero-engine is reduced. Thus, it
might be useful to identify the presence of a recirculation bubble on fan blades
using high-fidelity models to reduce this noise source at an early design stage.
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