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SUMMARY

Three numerical simulations on the NASA Active Noise Control Fan (ANCF) rig have been per-
formed to investigate rotor-stator interaction noise on a realistic turbofan with a high hub-to-tip
ratio. These simulations achieved with the PowerFlow solver based on the Lattice Boltzmann
Method provide very good direct acoustic prediction for both tonal and broadband noise. The
tonal noise directivity is noticeably very well captured. These reliable results are then used to
validate the implementation of in-duct rotor-wake interaction noise based on Amiet's analytical
isolated blade response, in the in-house OPTIBRUI solver. The required detailed wake excita-
tion is obtained by an averaging procedure that extracts the wake information from the numerical
results while removing the potential effect. The analytical results for the rotor-stator interaction
compare well with the detailed duct-modes measurements performed on the ANCF configuration.
The influence of the stator vane count and the rotor-stator distance of the wake evolution are also
emphasized and well captured on these well documented configurations. The precise description
of the blade geometry in terms of stagger is also shown to be a key parameter for a realistic noise
radiation upstream and downstream.

INTRODUCTION

The NASA Active Noise Control Fan (ANCF) rig has been intensively studied at the Aeroacoustic
Propulsion Laboratory facility at NASA Glenn. Measurements have been performed on various stage
configurations and flow conditions yielding a large aerodynamic and acoustic database for turbofan
noise of high-bypass ratio [1, 2, 3]. Therefore this low hub-to-tip ratio axial fan stage provides an
excellent test bed for aeroacoustic code validation of ducted turbomachines with significant modal
content. Moreover the relatively low Mach number of the ANCF allows comparing various numeri-
cal approaches solving either the Navier-Stokes equations [4] or the Boltzmann equations for the gas
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dynamics. Indeed detailed 3D turbulent compressible unsteady simulations have been recently per-
formed on one configuration of this fan stage using a Lattice-Boltzmann Method particularly adapted
to low-speed Mach numbers [5, 6]. These simulations including the full geometry of the installa-
tion were shown to reproduce the acoustic measurements made in the anechoic facility accurately.
They complement the experimental database possibly providing a direct insight into the aerodynamic
sources (mainly the rotor wakes impacting on the stator) on top of the in-duct and far-field acoustic
propagation.

The present work aims at first extending these initial works to more configurations with various num-
ber of stator vanes and rotor-stator distances, and particularly to the 14 stator-vane configuration that
provides more detailed flow and acoustic measurements. Some emphasis is put on the possible flow
features responsible for the noise generation. Once validated the numerical simulations can then help
validating an analytical noise prediction code OPTIBRUI on these well documented ANCF configu-
rations. The software accounts for the complex description of the rotor and stator geometry including
varying lean, sweep stagger and camber angles, non-uniformly spaced blades and several analytical
models are implemented including free-field or in-duct acoustic propagationmodels and isolated [7, 8]
or cascade blade responses [9] The analytical models require flow modeling as input and the results
obtained with analytical, experimental and numerical flow descriptions can then be compared. In par-
ticular, the effect of camber is investigated. Some recommendations on the flow extractions from the
LBM simulations are also made using the unsteady results.

METHODOLOGY

The rotor wake interactions with the outlet guide vanes is the main tonal contributor to the turbofan
noise. The rotor periodic excitation interference with the stator vanes was first shown by Tyler &
Sofrin [10]. This noise mechanism can be captured with analytical acoustic models: a blade response
to the distortion harmonics of the rotor wakes is propagated into the duct of the turbofan to provide the
upstream and downstream acoustic levels. The precise description of the rotor excitation interacting
on the stator leading-edge is the key parameter to capture the stator lift fluctuations accurately.

The wakes can be modeled using Gaussian models whose shape and evolutions are based on empirical
or semi-empirical models [11, 12, 13]. The high swirl flow in the rotor-stator space and the tip and
hub secondary flows make the prediction of the rotor wake that interacts with the stator vanes very
challenging to predict in a practical case [12, 14].

In the present work, the excitation is extracted from the LBM numerical simulations performed on
the ANCF configuration. The evolution of the wakes in the inter-stage realistic flow, the effect of
the secondary flows and of the potential effects from the stator row will be analyzed in the result
section. The details of the simulations and of the analytical model used for the acoustic predictions
are presented in the next two paragraphs.

Numerical simulations

The present simulations use the PowerFlow solver 5.0a based on the Lattice Boltzmann Method
(LBM). The approach is naturally transient and compressible providing a direct insight into hydro-
dynamics mechanisms responsible for the acoustic sources but also into acoustic propagation in the
nacelle and outside in the free-field.

Instead of studying macroscopic fluid quantities, the LBM tracks the time and space evolution on a
lattice grid of a truncated particle distribution function. The particle distribution evolution is driven
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to the equilibrium by the so-called collision operator, approximated by the BGK model. The discrete
Lattice-Boltzmann equations needs to be solved for a finite number of particle velocity. The dis-
cretization retained in Powerflow involves 19 discrete velocities for the third order truncation of the
particle distribution function, which has been shown sufficient to recover the Navier-Stokes equations
for a perfect gas at low Mach number in isothermal conditions[15, 16, 17]. In Powerflow, a single
relaxation time is used, which is related to the dimensionless laminar kinematic viscosity [18]. This
relaxation time is replaced by an effective turbulent relaxation time that is derived from a systematic
Renormalization Group procedure detailed in [19]. It captures the large structures in the anechoic
room but also the small turbulent scales that develop along the blade and duct surfaces where law
of the wall boundary conditions accounting for pressure gradients are applied using specular reflec-
tions [20]. The particular extension of the method developed for rotating machines can be found in
Zhang et al. [21].

Figure 1: Simulated geometry and extraction planes.

With this method, the flow field is computed on the full test-rig of the Aero-Acoustic Propulsion
Laboratory at NASA Glenn [1, 2, 3]. Only the rotor driving system and the measurement system are
not considered in the setup as shown in Fig. 1 The actual laboratory is also replaced by a very large,
132x113x113 m wide, anechoic room. The present full setup is based on the initial model provided
by EXA and used in previous studies [5, 6]. The configuration includes the 1.22 m diameter duct with
the precise geometry for the bellmouth and the hub. The study focuses on the nominal fan conditions:
the fan has B = 16 blades with a 28◦ pitch angle at the hub, and is rotating at Ω = 1800 rpm. The
tip clearance of 0.05% fan diameter is ignored by extruding the blades to the duct. The finest grid
resolution around the rotor and stator is 0.1% fan diameter and 0.2% fan diameter in the inter-stage
space. In the original setup [6, 5] the rotor-stator distancemeasured at the hubwas 0.3CR and the stator
vane count was 13. In the present simulations, several stator configurations have been investigated to
compare with the ANCF experimental database, summarized in Tab. 1. The rotor-stator distance dR/S

is measured at the hub and given in terms of rotor chord CR. The simulation timestep is 2.44×10−6 s.
A transient time of 10 fan rotations is observed. Volume measurements are recorded in the rotor-
stator vicinity 26 times per blade passing period Tbpp = 1/BΩ. Velocity components of the wake
flow are recorded at higher-rate every Tbpp/213 on a disk located at CR/4 downstream from the rotor
trailing-edge as shown in Fig. 1. In the case of the 14-C simulation, an additional plane is located at
3CR/4.
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Simulation Id Vane count Rotor-Stator distance
13-HC 13 dR/S = CR/2
14-HC 14 dR/S = CR/2
14-C 14 dR/S = CR

Table 1: Summary of performed simulations.

Analytical model

This section presents the tonal analytical model used for the acoustic prediction and comparison with
experimental measurements and numerical results. This model is integrated in the OPTIBRUI soft-
ware for noise prediction of axial turbomachine developed at Université de Sherbrooke.

The stator is mounted in an infinite annular duct of constant section. The cylindrical reference frame
Rd(rd, θd, zd) is fixed to the duct with its axial direction corresponding to the machine axis oriented
towards the exhaust of the duct. In order to account for the complex blade geometry, the vane is split
into several annular strips of identical span dr. At each strip rd, the blade element is described as a
flat plate of constant chord C (rd) and stagger angle χ (rd). The radial stacking of the blade elements
is parameterized by the lean and sweep angles (φLE(rd),ψLE(rd)) that define the location of the blade
element leading-edge with respect to a rotational and a meridional plane crossing the blade leading-
edge at the hub. Each annular strip can be unwrapped into a rectilinear cascade geometry. A local
Cartesian reference frameRc(xc, yc, zc) is defined to compute the blade element acoustic response.

For the acoustic propagation, the rotational speed of the machine being low, the swirl effects are ig-
nored. Only an inviscid mean axial flow ofMach numberMa is considered. Within these assumptions,
Goldstein's analogy [8] provides the acoustic pressure in the duct resulting from the force f⃗ exerted
by the blade surface S on the fluid using the annular duct Green's function G:

p(x⃗, t) =

∫ T

−T

∫∫
S

∂G (x⃗, t|x⃗0, t0)

∂x0,i

fi (x⃗0, t0) dS (x⃗0)dt0 (1)

with T a large but finite time period sufficient to capture all the aerodynamic effects on the sound, t0
and t the emission and observer times and x⃗0 and x⃗ the emission and observer positions respectively
in the duct coordinate system.

The Green's function can be written on the duct mode basis using the indices n and j for the circum-
ferential and radial modes respectively in the frequency space:

G (x⃗, t|x⃗0, t0) =
i

4π

+∞∑
n=−∞

+∞∑
j=0

Enj(r0)Enj(r) e
in(θ−θ0)

Γnj

∫ ∞

−∞

e−i(γ±
nj(x−x0)+ω(t−t0))

κnj

dω (2)

with k0 = ω/c0, Enj the duct radial function depending on the eigenvalue χnj of norm Γnj/2π,
γ±nj =

Mak0±κnj

β2 the axial acoustic wavenumber and κ2
nj = k2

0 − β2χ2
nj the cut-off criteria. The

superscript ± is related to the direction of propagation for z > z0 and z < z0 respectively.

The force can be related to the pressure jump across the blade: f⃗ = ∆Pn⃗ with n⃗ = −sign (Ω) e⃗y,c

the local normal of the blade pointing towards the suction side. Because of the low count of stator,
an isolated blade response model is used to compute the pressure jump. In the present work only
gusts parallel to the stator are considered, and the deterministic gusts are periodic. Thus it can be
decomposed into a Fourier series to account for the wake passing periodicity. The Fourier coefficient
for the positive harmonic frequencymB |Ω| is computed at each strip along the flat plate and is written
∆̂PmB (rd, zd).
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As the acoustic source are fixed in the duct reference frame, the order of integrals in Eq. (1) can be
exchanged. Then for a rotation period integration and uniformly distributed rotor blades the acoustic
pressure becomes the summation of tones at the blade passing frequency. The acoustic pressure at the
positive harmonic frequencymB |Ω| writes:

p̂± (rd, θd, zd, t) =
+∞∑

n=−∞

+∞∑
j=0

Enj(r) e
i(nθd−γ±

njzd)P±
nj,mB e

−imB|Ω|t (3)

Assuming that the V stator vanes are uniformlly distributed, the double infinite sum in Eq.(3) is limited
to the acoustic duct modes (n, j) excited by the rotor-stator interaction following Tyler & Sofrin [10, 9]
relation adapted for any rotation sign:

sign(Ω)mB − n = zV with: z ∈ Z (4)

The modal coefficient P±
nj,mB can be computed by splitting the summation first along the circonfer-

ential extent of the blade then along its span.

P±
nj,mB =

sign(Ω)V

2Γnjκnj

∫ RT

RH

{
−iQ23

∂

∂r0
− n

r0
Q22 + γ±njQ21

}
Enj(r0)

× ei(γ±
njzd,LE(r0)−nθd,LE(r0))I±nj,mBdr0 (5)

with Q the transformation matrix from the Rd to Rc reference frames. The chordwise integral I±nj

is approximated assuming a chordwise wavenumber without sweep nor lean effects. Following the
acoustic flat plate response of Amiet & Patterson [22], the pressure jump chordwise integral can be
computed analytically and related to the harmonics of the incident upwash velocity gust wmB seen by
the leading-edge of the blade.

I±nj,mB =
C

2r0

∫ 2

0

∆̂PmB(x∗c)e
iC
2

(
n
r0

sinχS+γ±
nj cosχS

)
x∗

cdx∗c = 2πU ŵmB

(
L1

nj + L2
nj

)
(6)

where U is the absolute velocity and L1
nj and L2

nj are the blade response and back-scattering from the
trailing-edge respectively for supercritic gusts defined in [23].

Finally the acoustic power at the harmonic m reads after integration on a duct section [24]:

Π±
mB =

+∞∑
n=−∞

+∞∑
j=0

Γnjβ
4k0κnj

ρ0c0 (k0 ±Maκnj)
2

∣∣P±
nj,mB

∣∣2 (7)

RESULTS

Flow topology

In the three performed calculations, the flow topology of the rotor-stator interaction has the same
features. An unrolled blade-to-blade surface at midspan of an instantaneous field of the simulations
is shown in Fig. 2. The trace of the rotor wakes is strong and persist to the stator leading-edge where
it is chopped1. The wakes interact with the stator-vane circulation inducing lift fluctuations. The

1It must stressed that the field discontinuity at the rotor-stator interface is only a post-processing effect as projected
nodal values were manipulated while the simulation data are computed at the element center.
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wakes impact with slightly lower velocity deficits. The pressure fields shown in the bottom pictures
of the unrolled maps show how strongly the potential field from the stator influences the rotor. The
strongest interaction seems to appear for the 13-HC simulation where strong distortions from passage
to passage can be identified. The 14-C simulation shows the least distorted pressure field.

The secondary flows can be identified using the Q-criterion computed in the local reference frames
of each blade row, where Q stands for the second invariant of the velocity-gradient tensor. Similar
structures have been identified in the three simulations, and only the visualization made for the 14-
C simulation is shown in Fig. 3 as the larger inter-stage spacing allows for a clearer identification.
First on the rotor, two tip-vortex structures can be identified. Close to the leading-edge the tip leakage
vortex is very limited (similar to a distorted horse-shoe vortex) as the tip-gap geometry has been closed
artificially. The tip separation vortex is thin but very coherent and interacts with the stator tip leading-
edge. On the hub a corner vortex can be observed. It is quite coherent and propagates towards the
stator hub leading-edge. On the stator, the wake interaction can be clearly identified by the swept
trace on the suction side. The blade rotor has a varying stagger from hub to tip inducing a longer
convection time for the wake part impacting at the tip than the one impacting at the hub. Two major
flow separations (cornex vortices) can also be observed at the tip and foot of the stator. Similar flow
patterns have been observed and investigated in detail in Pasco et al. [4] and Guedeney&Moreau [25].

(a) 13-HC. (b) 14-HC.

(c) 14-C.

Figure 2: Instantaneous flow visualization on an unrolled blade-to-blade surface at mi-span of the duct. Top:
contours of the axial component of the absolute velocity. Bottom: static pressure contours.

Wake evolution and potential effects

The main input of the analytical model is the harmonics excitation coming from the wake. As already
observed in Fig. 2 the potential effect coming from the stator vanes is quite strong and might influence
the excitation. The wakes have been extracted at different spanwise positions from the rotor trailing
edge to the stator leading-edge from an instantaneous field in the three simulations. The Fourier
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Figure 3: Snapshot of the flow structures identified by an iso-surface of Q-criterion computed in the local
reference framesQ = 2×106s−1 colored by the radius for the 14-C simulation. Left: rotor-stator visualisation
observed from downstream, right: suction side of the stator.

coefficients of the periodic signals have been computed. The evolution of the first and secondary
rotor blade harmonics are shown in Fig. 4 for the three simulations.

(a) 1BPF - 70% span. (b) 1BPF - 90% span.

(c) 2BPF - 70% span. (d) 2BPF - 90% span.

Figure 4: Evolution of the rotor wake Fourier coefficients along the machine axis.
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The wake coefficients of the first rotor blade harmonics are the most affected by the potential effects.
The differences between the 13-HC and 14-HC case are very limited to the stator vicinity, while the
differences with the 14-C setup appear starting from a distance CR/3 of the rotor trailing-edge. The
wake Fourier coefficient can be between 20% to 70% different.

This is thus very important to remove this effect to prescribe the proper rotor wake excitation in the
acoustic model. The wakes are extracted in a vertical plane at integer numbers of rotation. The
rotor wakes are time averaged in the rotor reference frame. The stator sweeps a full rotation thus its
potential effect is averaged and does not contribute in the distortion harmonics anymore. The upwash
absolute velocity at the blade leading edge is computed using the precise definition of the stator at
each blade strip. The coefficients of the upwash velocity for the three calculations (including the one
computed on the furthest plane for the 14-C calculation) are given in Fig. 5. The 14-HC and 14-C
computed at the same distance from the rotor agree very well showing that the averaging procedure is
well adapted to remove the potential effect. The excitation computed in the downstream plane for the
14-C calculation show lower levels, showing that the upwash fluctuations decrease while convecting
towards the stator. Surprisingly, the amplitudes for the 13-HC case are very low while recorded at the
same location as the 14-HC case.

(a) 5% span. (b) 50% span. (c) 95% span.

Figure 5: Wake Fourier coefficients used in the analytical calculations.

Acoustic results

The far-field results directly measured in the calculations with probes located at 3 rotor diameter
from the rotor axis are first compared to the far-field acoustic measurements performed at the same
locations. The experimental data is acquired on 20 s with a sampling frequency of about 7680 Hz (256
times per revolution). The numerical data is acquired with a sampling frequency of about 5,000 Hz
on 0.5 s. The numerical spectra using the Welch's algorithm with 8 overlapping windows yields a
spectra with 6.5 Hz of resolution. For the experimental data, the chunk size in the Welch's algorithm
is adapted to results in a similar spectral resolution. In the ANCF database recorded in 2008, the
13-HC configuration has not been kept, but had been intensively investigated in 1996 by Sutliff et
al. [1].

The direct acoustic predictions show once again that the LBM solver is well adapted for the aeroa-
coustics of low-speed rotating machines. The low dissipation of the method allows capturing the first
three blade passing frequencies in the spectra within 5 to 8 dB accuracy. The simulation 14-C yields
lower levels for the first BPF than the 14-HC in agreement with the experimental observations. The
direct LBM noise prediction is therefore able to reproduce the experimental trends. The broadband
noise levels are under-predicted with 10 dB accuracy up to 1000 Hz (maximum resolved frequency
for a voxel size of 12 mm and 12 points per wavelength [5]). It could be related to the inaccurate
representation in the simulation of the tip gap or other small details in the mockup geometry. Also a
higher resolution would certainly helps to better resolve the turbulence levels in the wake, redistribut-
ing some energy from the tones to the broadband noise level. In particular the broadband level of the
experiments is slightly better captured in the 14-HC simulation than in the 14-C stressing the effect
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of a slightly over-predicted dissipation of the rotor turbulent wakes.

(a) 14-HC. (b) 14-C.

Figure 6: Acoustic spectra measured at 4 m from the rotor axis, at 125◦ downstream from the rotor axis.

The directivity of the first and second harmonics is given in Fig. 7. Both tone directivities are cor-
rectly captured, within 5dB of the main lobes. In particular the lower levels downstream for the 14-C
setup demonstrate that the in-duct acoustic propagation is well reproduced by the simulations. Some
additional sources might be missing to reproduce the directivity in the range 60◦-120◦ and could also
be related to installation effects in the experiments.

(a) 1 BPF. (b) 2 BPF.

Figure 7: Directivity of the tonal noise measured at 4 m from the rotor axis, upstream and downstream of the
fan.

In a plane upstream of the rotor located in the annular section shown in Fig. 1, the pressure is recorded
on a rake of 50 points in radius and 180 points in azimuth over three fan rotation periods. Time and
azimuthal Fourier transforms are performed to obtain the azimuthal pressure coefficients pn,s evolution
over the radius for each harmonics mB. This coefficient is projected onto the infinite annular duct-
modes En,j basis using the Moore-Penrose pseudo-inversion to obtain the pressure modal amplitude
Pnj . Applying the scaling shown in the sums of Eq. 7, the power modal amplitude upstream and
downstream can be extracted from the simulations.

The acoustic propagation inside the duct has been investigated in the ANCF configuration [2, 26, 27].
This database is used to compare with the power modal amplitude extracted from the simulations and
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predicted with the analytical model based on the wake distortion and the incoming absolute velocity
extracted from the simulations. For each case, the OPTIBRUI analytical tool has been applied on the
stator vanes discretized into 19 strips. In the case of the 14-C configuration, the two extractions are
compared. Each strip, considered as an infinite flat plate, has its own stagger angle. Lean and sweep
are also considered but very small in the present geometry. For each case, two stagger angle values
are considered: the stagger angle χ of the flat plate from the leading-edge to the trailing-edge, and a
modified value accounting for the camber of the profile. In the latter case χ′ = χ+0.9σLE +0.1σTE to
better fit the leading-edge orientation where most of the diffraction occurs. The results are compared
for the acoustic modes propagating upstream with experimental results in Figs. 8, 9 and 10. With the
analytical model, the acoustic modal power is over-predicted up to 10 depending on the configuration.
The predictions computed from the wake extraction closer to the leading-edge of the stator provide the
best agreement for the 14-C configuration, highlighting that the wake evolution has a strong effect.
The modification of the stagger angle by the camber at the leading-edge is globally providing a better
agreement, radiating less energy upstream, which is consistent with the findings of de Laborderie
et al. [28]. Still on some modes, the effect is not clear or may degrade the agreement. The mode
extracted from the numerical simulations show a good agreement within 5 to 10 dB to the experiment
mode amplitudes. In the analytical prediction the acoustic propagation is computed for an infinite
duct missing the damping effects from the inlet of the nacelle.

(a) 1 BPF (b) 2 BPF

Figure 8: Acoustic modes predicted upstream in the 13-HC configuration.

(a) 1 BPF (b) 2 BPF

Figure 9: Acoustic modes predicted upstream in the 14-HC configuration.
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(a) 1 BPF (b) 2 BPF

Figure 10: Acoustic modes predicted upstream in the 14-C configuration.

CONCLUSIONS

In the present work three numerical LBM simulations on the NASA-ANCF configurations have been
performed to investigate the rotor-stator interaction in a realistic turbofan, which complements some
prior works on a single configuration [6, 5]. The selected ANCF test-bed provides a large and open
experimental database for the validation of aeroacoustic tools. The configuration is also very repre-
sentative of turbofan with a high hub-to-tip ratio. Only the rotational speed and the operating Mach
number are low, which makes it an excellent test-bed for several numerical methods. The direct LBM
noise predictions with PowerFlow are in very good agreement with the available experimental data for
all 3 configurations providing confidence in the numerical simulations that are then used to validate
the OPTIBRUI aeroacoustic tool developed by Université de Sherbrooke. The latter uses the wake
distortion inputs from the numerical simulations of the three configurations that have different stator
vane counts and rotor-stator spacings. The rotor-stator interaction in the simulations is first analyzed
and the emphasis is put on the potential effects from the stator vanes. This effect biases the extraction
of the rotor wakes from the CFD results. To overcome the potential effect, an averaging procedure in
the rotor frame of reference has been implemented. The far-field acoustic results directly predicted
in the simulations are compared with the experimental database. The simulations capture both the
tonal and broadband noise very well. Even the directivity of the tones is well predicted and the trend
between the different configuration is well reproduced. The simulations accurately resolve the rotor-
stator interaction, and the acoustic propagation first in the duct, then in free-field. The velocity fields
extracted from these simulations are therefore reliable inputs for the acoustic validation of OPTIBRUI.
A strip theory with Amiet's analytical response [7] for isolated flat plates is used to discretize the sta-
tor blade geometry, and the acoustic power upstream and downstream of the fan is obtained by using
Goldstein's acoustic analogy [8]. The resulting in-duct acoustic powers compare well with the mea-
surements, particularly for the second harmonics that is predicted within 5 dB. The correction on the
stagger angle accounting for the camber also improves the predictions. Therefore reliable rotor-stator
interaction noise predictions can be performed with OPTIBRUI at the design stage.
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