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Fan wakes interacting with outlet guide vanes is a major source of noise in modern turbofan
engines. In order to study this source of noise, the current work presents two-dimensional simu-
lations of turbulence-cascade interaction noise using a computational aeroacoustic methodology.
An advanced digital filter method is used for the generation of isotropic synthetic turbulence in a
linearised Euler equation solver. A parameter study is presented to assess the influence of airfoil
thickness, mean flow Mach number, stagger angle and gap-to-chord ratio on noise. Results are
validated against predictions from an analytical method for two-dimensional flat plate cascades.
Fan wake modelling is also addressed by extending the advanced digital filter method to account
for spatial variations of the turbulence intensity.

1. Introduction

Airworthiness authorities are becoming increasingly strict in terms of noise pollution. Stringent
targets have been set in Europe for noise reduction by 2050, which intend to reduce perceived aircraft
noise by 65% against a baseline from the year 2000 [1]. In order to keep a sustainable growth of
aviation, a reduction of aircraft noise emissions is necessary in the coming years. Engine fan broad-
band noise is one of the main contributors to noise pollution in the current generation of commercial
aircraft. Particularly, the interaction of fan wakes with Outlet Guide Vanes (OGVs) has been found to
be the dominant source of broadband noise in experiments of a 18-inch fan rig [2].

The objective of the current work is to improve understanding of the turbulence-cascade interac-
tion noise through a number of two-dimensional Computational AeroAcoustic (CAA) simulations.
Early works in this area focused on the interaction of harmonic gusts with airfoil cascades. For
instance, Namba and Schulten [3] proposed a three-dimensional benchmark case to study a simpli-
fied cascade geometry. Fan wakes were modelled by a discrete sum of harmonic gusts. Another
benchmark case was proposed by Envia [4] on a quasi two-dimensional cascade configuration with a
realistic OGV geometry. Three harmonic gusts were introduced into the computational domain and
convected downstream by the mean flow.

More realistic three-dimensional configurations of turbulence-cascade interaction noise were ex-
amined by Polacsek et al. [5]. Fan wakes were generated by a stochastic method based on a sum-
mation of Fourier modes, whose amplitude was modulated by an isotropic turbulence spectrum. The
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study was limited to a discrete number of frequencies and only velocity fluctuations perpendicular to
the airfoil chord were considered.

Wohlbrandt et al. [6] adapted the Random Particle-Mesh (RPM) method [7] for the prediction of
two-dimensional turbulence-cascade interaction noise using a CAA solver. The method was applied
to reproduce the fan wake with Gaussian spectra and different assumptions, such as space-varying
turbulence intensity and length scale. However, synthetic turbulence was only introduced in a small
region of the CAA domain, so that only a few OGVs interacted with the fan wakes, and spurious noise
reflections were found at the edge the CAA domain.

In this work, a Linearized Euler Equation (LEE) solver is used along with an advanced digital filter
method to generate synthetic turbulence for the fan wake modelling [8]. This synthetic turbulence
method combines the advantages of RPM methods [7, 9], for the mathematical background, and
synthetic eddy methods [10, 11], for the numerical implementation. Unlike Fourier mode methods,
the resulting fluctuating velocity field is not periodic and has a continuous turbulence spectrum. The
isotropic von Kármán spectrum, which was reported to closely match the spectral content of fan
wakes in experiments [2], is preferred herein to extend the validity of the sound power spectra to
higher frequencies than in previous CAA studies. The fluctuating velocity field is introduced into the
CAA domain upstream of the OGVs all along the circumferential direction. The fluctuating velocity
field is convected downstream by the mean flow, thus interacting with all vanes in the CAA domain.

CAA simulations of cascades are validated with Cheong et al.’s analytical model [12], which was
adapted by Jenkins [13] to be used with both CFD and experimental input data from fan wakes. The
analytical model predicts the sound power spectra from the interaction of isotropic turbulence with
an unloaded two-dimensional flat plate cascade using the LEEs. Recently, this analytical method was
used by Kim et al. [14] to validate a synthetic turbulence inflow based on the RPM method.

The current work is organized as follows. The CAA method is described in Section 2. A parameter
study is presented in Section 3 to investigate geometry effects on sound power spectra due to cascades
interacting with isotropic synthetic turbulence. Finally, Section 4 extends the advanced digital filter
method to account for fan wakes with spatial variations in turbulence intensity.

2. CAA method

The characteristics of the CAA solver used in this work can be found in a previous study of
leading edge noise from isolated airfoils [8]. Numerical simulations presented herein were run with
mean flow density ρ0 = 1.2 Kg/m3 and speed of sound c0 = 340 m/s. The reference value for the
sound PoWer Level (PWL) calculations is 1 × 10−12 W. All computations used the IRIDIS 4 high
performance computing facility at the University of Southampton.

2.1 Computational setup

A schematic of the two-dimensional cascade configuration that is investigated in this work is
shown in Fig. 1(a), where Mx = Ux/c0 and My = Uy/c0 are the mean flow Mach numbers in the
axial and circumferential directions, α is the stagger angle, s is the inter-vane gap and c is the airfoil
chord. This cascade configuration is similar to that considered in Cheong et al.’s analytical model [12]
for flat plate cascades in isotropic turbulence. In this work, airfoils are symmetric and unloaded, with
c = 0.15 m. The mean flow is aligned in the chordwise direction.

Numerical sound power spectra upstream (P+) and downstream (P−) of the airfoil cascade are
compared to analytical predictions using Cheong et al.’s model [12]. Numerical noise predictions
are obtained from an array of monitor points at |xu| = 3c upstream and at |xd| = 4c downstream of
the airfoil cascade. Potential cut-off modes in the acoustic pressure field are expected to be damped
before reaching the monitor points, so that cut-off modes do not contribute to the sound power spectra.
Assuming that the mean flow is uniform where the monitor points are located, numerical sound power
spectra [14] can be evaluated by using
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where B is the number of vanes, ω = 2πf is the angular frequency, p̂l(ω) is the amplitude of the
fluctuating pressure from a spatio-temporal Fourier transform, the acoustic wavenumber in the cir-
cumferential direction is ky,l = 2πl/(Bs) with l being an integer that represents the order of the
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Figure 1: Two-dimensional airfoil cascade in the CAA domain.

2.2 Synthetic turbulence modelling

In this work, the digital filter method proposed by Gea-Aguilera et al. [8] is used to generate
two-dimensional isotropic synthetic turbulence. The resulting turbulent flow is obtained from a su-
perposition of Gaussian eddies. Each Gaussian eddy introduces a divergence-free fluctuating velocity
field that vanishes far from its centre, therefore acting as a spatial filter. Figure 1(b) shows numerical
implementation of the synthetic turbulence method in the CAA solver. The fluctuating velocity field
introduced by each eddy in the inlet section is

ux(x) = −ε∆
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where urms,i and Λi control the amplitude and length scale of the Gaussian eddies, respectively, r is
the distance between a point in the flow field (x, y) and the eddy centre (xe, ye), ∆ is the separation
between eddy centres, and ε randomly takes the values ±1. The eddies are injected into the CAA
domain through an inlet section, without requiring an additional boundary condition, and are con-
vected downstream by the mean flow for their interaction with the vanes. The inlet section extends
along the whole circumferential length, and periodic boundary conditions are used on the upper and
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lower edges of the CAA domain. The correct turbulence statistics are recovered provided that the
eddy spacing and radius satisfy ∆ ≤ min {Λi} /2 and re ≥ 3 max {Λi} /2, respectively.

The Gaussian superposition methodology is applied to generate two-dimensional isotropic turbu-
lence with the spectral content of the von Kármán energy spectrum,

E2D (k) =
110u2

rmsΛ

27π

(
k
ke

)4

[
1 +

(
k
ke

)2
]17/6

, (5)

where ke = [
√
πΓ(5/6)] / [ΛΓ(1/3)] with Γ() as the Gamma function. The turbulence intensity and

integral length scale are set to urms/U = 0.017 and Λ = 0.008 m, respectively. Table 1 shows the
parameters necessary to recover the von Kármán energy spectrum from the Gaussian superposition at
different mean flow Mach numbers.

Table 1: Parameters for Gaussian superposition using the advanced digital filter method.

Λi [m]
u2
rms,i [m2/s2]
(M = 0.3)

u2
rms,i [m2/s2]
(M = 0.5)

u2
rms,i [m2/s2]
(M = 0.6)

2.524× 10−2 5.194× 10−2 1.405× 10−1 2.077× 10−1

1.401× 10−2 2.152× 10−1 5.772× 10−1 8.608× 10−1

7.285× 10−3 3.012× 10−1 8.845× 10−1 1.205
3.023× 10−3 4.667× 10−1 1.261 1.867
2.238× 10−3 8.929× 10−3 2.981× 10−2 3.566× 10−2

3. Parameter study of isotropic turbulence-cascade interaction noise

CAA simulations of a 4-vane cascade of NACA 0001 airfoils with s/c = 0.75 are performed to
validate the numerical methodology for the prediction of upstream and downstream PWL spectra. The
mean flow is uniform, with a freestream Mach number of M = 0.6, so that the turbulent structures
are not distorted by mean flow gradients in the leading edge region of the airfoils. This assumption
has been shown to be suitable for leading edge noise predictions of thin airfoils [15], and is consistent
with Cheong et al.’s analytical model [12]. The CAA mesh extends approximately 5 chordlengths
upstream and downstream of the airfoil cascade and contains 1,400,000 grid points. The grid was
designed to propagate the smallest vortical waves with at least 8 points-per-wavelength. For the
numerical calculation of P±, a total number of 3.18× 104 fluctuating pressure samples are collected
every 566 non-dimensional time steps dtc0/Lref = 4× 10−6, with Lref = 1 m.

Figure 2 shows a comparison between sound power spectra of the NACA 0001 airfoil cascade, at
α = 0o and α = 30o, and their corresponding flat plate prediction. Numerical noise predictions of the
NACA 0001 airfoil cascade are able to reproduce the correct shape of peaks and valleys in the spectra
due to the interference of several cut-on modes propagating upstream and downstream of the cascade.
Overall, numerical PWL spectra show an agreement within 2 − 3dB of the analytical prediction for
the majority of frequencies, which validates the numerical approach.

Additionally, the sound power spectrum from an isolated flat plate was calculated and scaled by
the number of vanes, B = 4, as shown in Fig. 2. Cheong et al. [12] reported that sound power spectra
have a low sensitivity to the vane count at low frequencies. In contrast, sound power spectra scale
with the number of vanes at high frequencies, in which case cascade effects on noise are negligible.
Similar results were also shown by Blandeau et al. [16]. The comparison of analytical PWL spectra
in Fig. 2 between the cascade and isolated flat plate predictions shows a good agreement, especially
at high frequencies.
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Figure 2: Upstream and downstream PWL spectra of NACA 0001 airfoil cascades in a M = 0.6 flow with
B = 4 and s/c = 0.75.

3.1 Airfoil thickness and freestream Mach number effects on noise

In this section, turbulence-cascade interaction noise is investigated using a 4-vane cascade of
NACA 0012 airfoils with s/c = 0.75 and α = 0o. An inviscid steady mean flow at M = 0.3 and
M = 0.5 is used in the CAA simulations to study freestream Mach number effects on noise, while
keeping a subsonic mean flow around the airfoil cascade. Instantaneous contours of non-dimensional
fluctuating vorticity and pressure are shown in Fig. 3 for isotropic turbulence interacting with a 4-
vane cascade of NACA 0012 airfoils. Fluctuating pressure contours show a number of upstream- and
downstream-going cut-on modes. These are radiated from the leading edge of the airfoils, following
a dipole source pattern.

(a) Non-dimensional vorticity magnitude. (b) Non-dimensional fluctuating pressure.

Figure 3: Instantaneous plots of a 4-vane cascade with NACA 0012 airfoils in a M = 0.5 flow.

Figure 4 shows numerical PWL spectra of a 4-vane cascade with NACA 0012 airfoils and the
corresponding analytical prediction for a flat plate cascade. A significant noise reduction due to
airfoil thickness is found at high frequencies, especially for downstream observers. These findings are
consistent with previous studies on isolated airfoils [8, 15]. Additionally, ∆PWL = PWL|flat plate −
PWL|NACA 0012 is larger in the lower Mach number simulation for most reduced frequencies, fc/U .
This suggests that ∆PWL as a function of fc/U may not overlap in cascades with thick airfoils, as
is the case for isolated airfoil configurations [17].
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Figure 4: PWL spectra of NACA 0012 airfoil cascades in freestream flows at M = 0.3 and M = 0.5.

3.2 Gap-to-chord ratio and stagger angle effects on noise

The s/c ratio and α are varied independently in the NACA 0012 airfoil cascade that was used in
Section 3.1. Thus, the baseline cascade configuration corresponds to B = 4, s/c = 0.75, α = 0o and
M = 0.3. Figure 5(a) shows downstream PWL spectra for a variation of 30o in the stagger angle with
respect to the baseline cascade configuration. This change in stagger angle leads to a modification on
the spectral peaks due to a different distribution of the cut-on circumferential modes that contribute
to the radiated downstream PWL spectrum. However, similar noise levels are found for NACA 0012
airfoil cascades at α = 0o and α = 30o. This result shows that variations in stagger angle of cascades
with thick airfoils may have little effect on noise levels, as reported by Cheong et al. [12] for flat
plates.
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Figure 5: PWL spectra of NACA 0012 airfoil cascades for varying α and s/c.

The effect of the s/c ratio on cascade noise is assessed and results are shown in Fig. 5(b), which
gives downstream PWL spectra for an increased inter-vane gap of s/c = 1.5 with respect to the
baseline cascade configuration. The increase in the s/c ratio leads to a slight increase in noise levels
at low frequencies and similar noise levels at high frequencies. It should be noted that as the s/c ratio
increases, cascade effects become less important, and the PWL spectrum of the cascade with NACA
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0012 airfoils is expected to become closer to that of the isolated airfoil response, scaled by the number
of vanes.

4. Fan wake modelling for turbulence-cascade interaction noise

This section presents a simple strategy to generate a train of two-dimensional fan wakes with a
Gaussian shape, based on the cyclostationary analysis of Jurdic et al. [18]. Turbulent fan wakes are
assumed to be locally isotropic, with a constant integral length scale but including spatial variations
in the turbulence intensity. This can be achieved by multiplying the fluctuating velocity components
of each eddy in Eqs. 3 and 4 by the amplitude scaling factor

Aw(ye, t) =
+∞∑

i=−∞

{
exp

[
− ln 2

h2
w

(ye − ΩR(t+ iTw))2

]}1/2

, (6)

where hw is the semi-wake width, Ω is the angular velocity of the fan wakes, R = Bs/(2π) is
the radius of the wrapped cascade, and Tw = Bs/(nwΩR) is the period of the fan wakes, with nw

the integer number of wakes within the CAA domain. The present fan wake modelling is based on
Dieste’s work [9], in which the suitability of different implementation strategies was investigated to
study noise from an isolated flat plate interacting with fan wakes.

Figure 6 shows instantaneous non-dimensional contours of fluctuating vorticity magnitude in fan
wakes and acoustic pressure. The parameters for the fan wake are nw = 4, Ω = 3640 rad/s and
hw = Λ/0.42, where the semi-wake width value was chosen according to Jurdic et al.’s work [18].
The present methodology allows a more realistic representation of the fan wake-OGV interaction than
the isotropic turbulence assumption. It should be noted that the root-mean-square fluctuating velocity
of the fan wakes at a fixed point upstream of the cascade is proportional to Aw,rms. Consequently,
the resulting sound power spectra are similar in shape to those of the simulations using isotropic
turbulence (see Section 3), but with a scaled amplitude.

(a) Non-dimensional vorticity magnitude. (b) Non-dimensional fluctuating pressure.

Figure 6: Instantaneous plots of a 4-vane cascade with NACA 0012 airfoils in a M = 0.3 flow.

5. Conclusions

This paper has presented a CAA methodology to investigate two-dimensional turbulence-cascade
interaction noise using isotropic synthetic turbulence. A number of cascade configurations has been
studied to assess potential geometry effects on noise. Cascades with thick airfoils have been found to
reduce noise levels at high frequencies, especially downstream of the cascade. Increasing mean flow
Mach number has been reported to decrease ∆PWL = PWL|flat plate − PWL|NACA 0012 at a fixed
reduced frequency. PWL spectra presented similar noise levels with a 30o variation in the stagger
angle and a significant increase in the s/c ratio, although the shape of the peaks and valleys was
significantly altered.
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