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This manuscript presents a rod-linear cascade model for emulating rotor-stator interaction noise. The 
model is intended as a test platform for studying noise mitigation techniques for a turbofan fan stage, 
while it also extends the classical rod-airfoil configuration by considering a row of blades based on 
realistic geometrical details. The rod-linear cascade model consists of a rod positioned upstream of a 
7-blade linear cascade, such that the rod wake impinges onto the central blade. The rod is scaled to 
obtain a fundamental shedding frequency equal to the first blade passing frequency of the NASA-Glenn 
Source Diagnostics Test (SDT) fan stage at approach condition. The cascade blade profile is also based 
on the OGV of the SDT sampled at 90% of the radial span. Subsequently, numerical simulations are 
performed using lattice-Boltzmann Method on a computational setup comprised of a contraction and 
a test section enclosing the rod-linear cascade model. The integral length scales of the rod wake and the 
mean loading of the central blade have been found to be in good agreement with the trends observed 
in the SDT fan stage. The primary noise sources are localized at the central blade leading edge, although 
noise propagation to the far-field is influenced by additional diffraction by the other blades. Furthermore, 
the acoustic-blade row interaction causes intense pressure fluctuation within the inter-blade channels, 
including in those that are not directly affected by the rod wake.

© 2019 Published by Elsevier Masson SAS.
1. Introduction

One of the noise generation mechanisms in an aeroengine is 
the rotor-stator interaction [1], which involves periodic impinge-
ment of the rotor wake on the stator. The process causes unsteady 
loading on the stator surface followed by noise radiation with both 
tonal and broadband components [2]. Rotor-stator interaction in a 
modern high-bypass turbofan can be found, for instance, in the 
fan stage, where the turbulent fan (rotor) wake interacts with the 
outlet guide vanes (OGV/stator). The interaction process is also ex-
pected to become more significant as future designs are heading 
towards higher bypass ratio [3], since the increased engine di-
ameter would be accompanied with reduced axial length due to 
weight and structural constraints. This causes the fan wake to be 
more coherent when impinging the OGV, resulting in increased 
tonal noise production. Considering this trend, it is of practical in-
terests to gain further insights on the aeroacoustics of the noise 
generation mechanism and to explore potential noise mitigation 
strategies. Nonetheless, investigating a complex system, such as 
a complete fan stage, may become quite challenging and expen-
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sive, especially in early stages of design. Instead, it would be more 
feasible to first examine models based on simplified geometrical 
elements that still preserve the flow features of interest. A number 
of models have been proposed for studying various aviation noise 
sources, such as the tandem cylinder configuration for landing gear 
noise [4–6], the rod-airfoil configuration for blade-vortex interac-
tion in helicopter and rotor-stator interaction in turbofan [7,8], and 
square cylinder-wedge configuration for high-lift devices noise [9].

The rod-airfoil configuration (RAC) has been quoted to be suit-
able for emulating the rotor-stator interaction mechanism due to 
the quasi-tonal and broadband excitation induced by the rod wake 
onto the airfoil [7,8,10–12]. The classical RAC consists of a rod po-
sitioned upstream of an airfoil, and it was introduced as a bench-
mark configuration for computational aeroacoustics (CAA) studies 
on turbulent wake-body interaction [7,13–16]. However, there are 
various features inherent of the rotor-stator aeroacoustics which 
are absent in the RAC due to the usage of the isolated, symmetri-
cal airfoil; two among which will be addressed in this manuscript. 
Firstly, typical stator vanes in a fan stage are designed with large 
camber, installed at high incidence angle, and arranged in a cas-
cade to achieve significant flow deflection. Secondly, the high-
solidity environment typical of a fan stage results in significant 
acoustic interactions between one blade and its neighbors [17,18]. 
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Collectively, these aerodynamics and aeroacoustics implications are 
often referred to as cascade effects.

To demonstrate the significance of cascade effects, Finez et al. 
[19] previously performed experimental measurement on the trail-
ing edge noise of a linear cascade. They observed that Amiet’s 
isolated airfoil model [20] underpredicted their measurements by 
5–20 dB at low to mid frequency ranges. The authors obtained bet-
ter results using the modified Glegg’s cascade trailing edge noise 
model [17] with additional corrections to compensate for the im-
perfect periodicity of the experimental setup. They also discovered 
that the cascade effects are more prominent at frequency ranges 
where the acoustic wavelength is larger than the blade-to-blade 
separation.

Meanwhile, other studies have shown how geometrical details 
may influence the cascade acoustics response, particularly for the 
tonal noise component [21–25]. In a recent study, De Laborderie 
et al. have investigated the camber effects to cascade acoustics re-
sponse [25]. They extended the flat-plate-cascade acoustic model 
of Posson et al. [26] by including the camber effects, and applied 
the model on a single-stage axial compressor. The results were 
also compared to CAA (Computational Aero-Acoustics) computa-
tions based on 3D compressible Navier-Stokes equations [27]. The 
inclusion of camber effects to the acoustic model was shown to 
improve the agreement of the analytical model against the CAA 
results.

Consequently, replacing the isolated airfoil of the RAC with a 
linear cascade is beneficial for obtaining a more representative 
setup for emulating the fan wake-OGV impingement mechanism, 
hence the rod-linear cascade model (RLC). The cascade profile and 
the forcing period of the rod wake are also derived from those 
of the NASA-Glenn Source Diagnostic Test (SDT) fan stage. How-
ever, the RLC only considers one blade that undergoes rod wake 
impingement for the following reasons: 1) it would be difficult to 
synchronize the phase of the vortex shedding from multiple rods 
to match the phase relation between the wake impingement on 
one blade and the others, as in the case of a real turbofan, and 
2) to avoid unwanted feedback mechanism due to the presence of 
multiple vortex streets close to each other [28]. To this scope, this 
manuscript aims at characterizing the aerodynamics and aeroa-
coustics features of the rod-linear cascade model. The study is 
performed using commercial lattice-Boltzmann solver, PowerFLOW, 
to reproduce the RLC setup as closely as possible to an experimen-
tal setting. Moreover, the outlook of this study is to employ the 
RLC for studying the effects of various noise mitigation techniques 
in a turbomachinery-like flow field, including potential impacts on 
the aerodynamic performance.

This paper is organized as follows. Section 2 provides the de-
scription of the methodologies used in this paper, including a brief 
overview of lattice-Boltzmann method in PowerFLOW, the rod-
linear cascade configuration, and details of the simulation setup. 
Section 3 discusses the computational results on the rod-linear 
cascade test rig, including a grid independence study. A summary 
of this paper is reported in section 4.

2. Methodology

2.1. Numerical technique

This section describes the numerical technique of the commer-
cial solver SIMULIA PowerFLOW 5.4b, a solver based on lattice-
Boltzmann Method (LBM). The same methodology has also been 
used previously for studying the RAC [14] and the tandem cylinder 
configuration [6]. Further details on the methodology can be found 
in [29].

The LBM is derived from the Boltzmann’s kinetic theory of 
gases which describes the motion of fluid particles on microscopic 
level, such as random movement (i.e., Brownian motion) and par-
ticle collision. These phenomena can be mathematically expressed 
as the Boltzmann transport equation (BTE), in which the states of 
each particle (e.g., position and momentum) are given as probabil-
ity distribution functions. After neglecting the body forces, the BTE 
is mathematically expressed as follows.

∂ F

∂t
+ �V · ∇ F = C (1)

where F (�x, t) is the particle distribution function in spatial (�x) and 
temporal dimension (t), �V is the particle velocity vector, and C
is the collision operator. With the LBM approach, the BTE is dis-
cretized onto a Cartesian grid (i.e., lattice) where fluid particles 
are confined within the nodes, and the velocity vector of the fluid 
particles are limited to a number of directions. PowerFLOW em-
ploys D3Q19 model, which considers 19 discrete velocity vectors 
in 3 dimensions, for solving low Mach number problems [14,30]. 
The mathematical expression for the lattice-Boltzmann equation is 
given as follows.

Fn(�x + �V n�t, t + �t) − Fn(�x, t) = Cn(�x, t) (2)

where Fn is the particle distribution function in nth direction 
within the lattice, �V n is the discrete particle velocity vector in nth

direction. The left hand side of Eq. (2) is an expression for time-
explicit advection with the increment of �V n�t (spatial) and �t
(temporal). The collision term Cn follows that of Bhatnagar-Gross-
Krook model [31]:

Cn = −�t

τ
[Fn(�x, t) − F eq

n (�x, t)] (3)

where τ is the relaxation time which is a function of fluid viscos-
ity and temperature, and F eq

n which is the equilibrium distribution 
function. The single relaxation time is also related to the dimen-
sionless kinematic viscosity as follows [32].

ν = a2
s

(
τ − �t

2

)
(4)

Moreover, for low Mach number, F eq
n is approximated with a 

second-order expansion as follows [30].

F eq
n = ρωn

[
1 + �V n · �u

a2
s

+ ( �V n · �u)2

2a4
s

− |�u|2
2a2

s

]
(5)

where ωn are the weighting functions based on the D3Q19 model, 
and as = 1√

3
is non-dimensional speed of sound in lattice unit. 

Eventually, macroscopic flow quantities, such as density ρ and ve-
locity �u, can be recovered after obtaining Fn.

ρ(�x, t) =
∑

n

Fn(�x, t) (6)

ρ�u(�x, t) =
∑

n

�V n Fn(�x, t) (7)

For high Reynolds number flows which are common in aero-
space applications, the Very Large Eddy Simulation (VLES) model 
based on two-equations k − ε Renormalization Group (RNG) [33]
is employed for taking into account the sub-grid unresolved turbu-
lence scales. The k − ε RNG is used to locally adjust the turbulent 
relaxation time τeff as follows.

τeff = τ + Cμ
k2/ε

(1 + η2)0.5
(8)
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where Cμ = 0.09 and η is based on a local strain parameter 
(k|�S/ε|), a local vorticity parameter (k| �ω/ε|), and local helicity 
parameters. Furthermore, a wall function is applied on the first 
wall-adjacent grid on a no-slip wall. It is based on the general-
ized law-of-the-wall model [34], extended to consider the effects 
of pressure gradient and surface roughness. The wall function is 
expressed as follows.

u+ = 1

k
ln

(
y+

A

)
+ B, (9)

where

A = 1 + f

(
dp

dx

)
, B = 5.0, k = 0.41, y+ = uτ y

ν
(10a-d)

and where A is a function of the pressure gradient.
The LBM scheme is carried out on a lattice of cubic elements 

which are referred to as voxels (i.e., volumetric pixel). The voxel 
resolution in a certain region can be adjusted depending on the 
required detail, such that the resolution of voxels in adjacent re-
gions is allowed to vary by a factor of 2. The resolution is specified 
as a number of voxels assigned for a certain characteristic length 
(e.g., rod diameter D in this manuscript). Meanwhile, solid bodies 
are discretized with planar surfaces, referred to as surfels (surface 
elements), at locations where a voxel intersects with the surface of 
the body. Furthermore, the fluid particle interaction with the solid 
surface is governed by the wall boundary condition, such as par-
ticle bounce-back process for no-slip wall and specular reflection for 
slip wall [32] respectively.

The numerical scheme within LBM is inherently compressible 
and unsteady. Furthermore, the low dispersion and dissipation 
properties of LBM allows the acoustic field to be resolved directly 
within the computational domain (i.e., direct acoustics computa-
tion), with a cutoff frequency that corresponds to approximately 15 
voxels per wavelength. Due to this requirement, using an acoustic 
analogy remains a more feasible option for far-field noise compu-
tation. For this purpose, PowerFLOW employs Ffowcs-Williams & 
Hawkings (FW-H) analogy [35] based on Farrasat’s formulation 1A 
[36] with forward-time solution [37], extended for permeable sur-
face integration.

2.2. The rod-linear cascade model

The present study considers a setup as shown in Fig. 1, which 
consists of a contraction and a test section housing the rod and the 
linear cascade. The setup is also intended to be an experimental 
rig for the Anechoic Vertical Tunnel at Delft University of Tech-
nology. The contraction is 1 m long and has a circular inlet with 
a diameter of 0.6 m and a rectangular outlet of 0.4 m wide and 
0.25 m high. Consequently, the test section is designed with the 
same dimensions as the contraction outlet, with its width equal to 
the span of the rod and the cascade blades (i.e., 0.4 m). For com-
pensating the flow deflection induced by the linear cascade (i.e., 
40◦ [38]), the test section includes a curved segment upstream of 
the RLC, where the inflow is turned of the opposite of the flow 
deflection angle. This treatment also prevents the outflow of the 
test section from potentially damaging the walls of the anechoic 
chamber when an experiment is performed. The curved segment 
starts at 50 mm downstream of the test section inlet and ends at 
180 mm upstream of the rod center. The radius of curvature (i.e., 
650 mm) has been carefully chosen to avoid flow separation within 
the test section.

The cascade profile has been derived from the OGV of the NASA 
Glenn - Source Diagnostics Test (SDT) rig [39], sampled at 90% 
of the outer radius. This represents the location where the fan 
wake-OGV interaction is stronger due to the relatively high mean 
Fig. 1. Technical drawing of rod-linear cascade experiment setup, dimensions are in 
mm.

velocity, yet the interference from the blade tip remains negligible 
[38]. The SDT OGV profile is scaled at 1:1 and extruded to obtain 
a blade that spans 400 mm with constant chord. The solidity (σ ) 
of the OGV in the SDT rig at the selected radial location is 1.22, 
which corresponds to the blade-to-blade separation of 32.5 mm. 
With the given cascade solidity, 7 blades can be accommodated 
within the test section. The blades are installed at an incidence of 
1◦ to achieve the blade outlet angle as measured from previous 
numerical studies on the SDT rig [38,40]. 29◦ stagger angle has 
been chosen to ensure that the blade leading edges are positioned 
at the identical streamwise distance from the rod. This stagger an-
gle is different than the one applied on the SDT (i.e., 11◦), however 
it will be shown later that the loading on the OGV of the RLC and 
the SDT remain comparable. Additionally, zig-zag tripping elements 
[40] have been installed on both the pressure and suction sides of 
the blades at 10% chord length to force laminar-turbulent transi-
tion.

The rod is mounted upstream of the cascade with 41 mm 
separation in between the rod base and the central blade lead-
ing edge. The rod has a diameter of D = 5.2 mm such that the 
mean vortex shedding frequency matches with the first blade-
passage-frequency (BPF-1) of the SDT fan stage (≈ 2.87 kHz [39]) 
at the freestream velocity U∞ of 75 m/s. The U∞ is chosen to 
be slightly lower than that measured in the SDT fan stage [38]
at approach condition (i.e., 61.7% of maximum RPM) due to the 
limitation of the wind tunnel facility where the experiment is 
planned. The resulting Reynolds number based on the rod diam-
eter is ReD = 26 600), which falls into the shear layer transition 
regime [41]. Thus, a vortex shedding Strouhal number based on 
the rod diameter StD of around 0.19 − 0.2 is expected [41,42].

A close-up schematic of the rod-linear cascade model is pro-
vided in Fig. 2, in which the coordinates have been normalized 
with the rod diameter D . The figure also describes two coordinate 
systems. The first is the local coordinate system (X and Y ), whose 
X axis is aligned with the inflow vector. The local coordinate sys-
tem is inclined at γ = 40◦ against the global coordinate system 
(XG and YG) whose XG is aligned with the cascade outlet angle. 
Thus, γ is equal to the flow deflection angle induced by the cas-
cade. The Z axis for both coordinate systems are coinciding and 
thus does not require separate nomenclature. The local coordinate 
system should be taken as the default throughout this manuscript 
unless otherwise specified.
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Fig. 2. Details on positioning of the rod-linear cascade components with 3 out of 
the 7 blades are shown.

It is also convenient to define a blade nomenclature system 
since there are a number of blades to be referred to. The central 
blade refers to the one whose leading edge is located at Y /D = 0, 
while the other blades are given letters (T - top, B - bottom) and 
numbers (1, 2, and 3 - the higher the number the further away the 
blade is from the central blade).

2.3. Numerical setup

A lateral cutaway of the computational domain is shown in 
Fig. 3. The simulation domain is a box that is 3.85 m long in 
the XG direction, and 2.6 m in both YG and ZG directions. The 
RLC setup is placed inside the domain such that the contrac-
tion inlet coincides with the upstream boundary. The mass flow 
boundary condition is specified at the contraction inlet to achieve 
U∞ = 75 m/s at the contraction exit (i.e., test section inlet). The 
downstream boundary is an outlet where atmospheric pressure 
(i.e., p∞ = 1 atm) is specified. All of the other boundaries are spec-
ified as inlet with zero velocity. Solid bodies, including the contrac-
tion, test section, rod, cascade blades, and zig-zag trips, are no-slip 
walls. An acoustic buffer zone is defined beyond the outer radius of 
100D (i.e., the buffer zone boundary is shown in Fig. 3), where the 
center is located at 60D downstream of the central blade trailing 
Fig. 4. A cut plane showing the grid arrangement at the domain midspan. The inset 
shows a close-up view on the region bounded by the red box. (For interpretation of 
the colors in the figure(s), the reader is referred to the web version of this article.)

edge. The buffer zone dampens outward-traveling acoustic waves 
as well as inward-reflected waves from the domain boundaries.

The domain contains a total of 12 grid refinement regions with 
the smallest cell size being 0.016D . Consequently, the average y+
of the first wall-adjacent cell is 8 on the rod and the leading edges 
of the central blade, blade T1, and blade B1; the y+ on the other 
blades is twice as much due to coarser grid resolution. Grid refine-
ment is also performed surrounding the contraction to resolve the 
boundary layer development upstream of the test section. The dis-
cretization strategy results in a total of 645 × 106 voxels for the 
finest grid resolution, and an example of the voxel arrangement 
surrounding the RLC is shown in Fig. 4. A grid independence study 
has been performed to verify the convergence trend of the solu-
tions, and it will be discussed in the subsequent section.

Far-field noise computation is performed using a FW-H inte-
gration surface that encloses the exterior of the test section, as 
shown in Fig. 5. Parts of the FW-H surface that intersects with 
nonquiescent flow field should be removed to eliminate the ef-
fects of pseudo-sound (e.g., hydrodynamic fluctuations) [43,44]. 
These parts are located at 1) upstream of the rod-linear cascade 
model where the FW-H surface intersects with the test section, 
Fig. 3. Lateral cutaway of the simulation domain, including boundary conditions specified on the domain boundaries. This figure is not drawn to scale.
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Fig. 5. Ffowcs Williams – Hawkings permeable surface setup with 7 caps are shown. 
The contraction is hidden from the view. The main FW-H surface is shown as wire-
frame with transparent surface.

and 2) downstream of the test section outlet where the jet shear 
layer from the test section permeates the FW-H surface. Unfortu-
nately, removal of the latter would reduce the measurement ac-
curacy at shallow angles close to the test section outlet [45,46]. 
Consequently, the FW-H caps are applied on top of the main per-
meable surface to filter pseudo-sound contamination. The caps are 
planar surfaces that are stacked in the streamwise direction with 
a small separation (i.e., 20 mm or 3.85D) in between. The sepa-
ration would cause the hydrodynamic fluctuations to be recorded 
by each cap with temporal lag. This lag is significantly shorter for 
the passing acoustic waves since the speed of sound is much faster 
than the convection velocity of the hydrodynamic fluctuations. This 
results in the pseudo-sound signal to be averaged out during the 
FW-H computation, while the acoustic ones are preserved.

Subsequently, far-field noise is evaluated on 31 probes that are 
placed on an arc located at the midplane of the test section. The 
radius of the arc is 1 m with the origin located at the center of 
the rod. The arc’s zero-angle reference is aligned with positive XG
axis. The probes are spread across the range of [−150◦, 150◦] and 
an increment of 10 degree. The permeable surface records 2800 
samples at 56.5 kHz for 160 vortex shedding cycles (i.e., 56 ms). 
A Fourier analysis of the acoustics time series is performed using 
Welch’s power spectral density estimate with 50% overlap between 
FFT bins, resulting in sound spectra with frequency resolution of 
51.4 Hz. Unless specified, the power spectral density is normalized 
in logarithmic scale with reference pressure of 20 μPa, while the 
frequency is expressed as Strouhal number based on the rod diam-
eter (StD ).

After an initial transient, the simulation is carried out for 
56.7 ms, which is equivalent to 162 vortex shedding cycle of the 
rod wake. The total simulation time would allow reliable acoustics 
measurement for frequencies as low as 300 Hz. All simulations are 
carried out on a parallel computing facility running 200-core of 
Intel-Sandybridge Xeon E5-2660.

2.4. Grid independence study and verification

A grid independence study has been conducted with three dif-
ferent grid resolutions, namely coarse, medium, and fine with re-
finement ratio of 

√
2 in between. A summary of the test matrix is 

provided in Table 1. The convergence trend of the computational 
domain will be examined based on two aspects of the solution, 
aerodynamics and far-field acoustics. Unless specified, the results 
shown has been obtained using the finest grid configuration.

2.4.1. Aerodynamics of the rod and the central blade
The spanwise correlation of surface pressure fluctuations on the 

rod has been observed to affect the statistical behavior of the rod 
wake [7,42,47], and therefore, should be well-resolved to obtain
Fig. 6. Spanwise correlation of rod surface pressure fluctuation. The rod ReD is 
26 600 in the present simulation.

Table 1
Domain specifications for grid convergence study.

Type Resolution (voxels/D) Voxel count (106) CPU hours (103)

Coarse 62.5 107 7.4
Medium 88.4 300 29.4
Fine 125 645 118

accurate three-dimensional characteristics of the vortex street. The 
cross-correlation of the surface pressure fluctuation (R p′ p′ ) at a 
location shifted by �Z relative to a reference location Zref is math-
ematically expressed as follows.

R p′ p′(Zref + �Z) =
〈
p′(Zref + �Z)p′(Zref)

〉
〈p′(Zref)p′(Zref)〉 (11)

where p′(Z , t) = p(Z , t) − p(Z) (i.e., pressure fluctuation surround-
ing a time-averaged value), and 〈·〉 is the ensemble average opera-
tor. The reference point Zref is located at the midspan of the rod, 
90◦ away from the mean stagnation point.

The results are shown in Fig. 6, in which the spanwise coor-
dinate has been non-dimensionalized with rod diameter D . The 
fine case is shown to produce good agreement against other ex-
perimental measurements on isolated rod at subcritical Reynolds 
number range [42,47]. The discrepancies that are present might be 
attributed to the weak feedback from the airfoil downstream as 
observed by Jiang et al. [15].

The interaction between the turbulent rod wake and the cen-
tral blade is reflected by the surface pressure statistics. The grid 
convergence trends of the mean and root-mean-square (RMS) fluc-
tuations of the surface pressure on the central blade are shown 
in Fig. 7. The mean pressure coefficient is defined as Cp,mean =
(p − p∞)/(0.5ρ∞U 2∞), while the RMS of the pressure fluctuations 
is normalized as p′

RMS/(0.5ρ∞U 2∞). In general, the trend shows 
consistent results among the three resolution levels, except for 
the p′

RMS of the coarse case that overpredicts the other results. 
This might be caused by the insufficient resolution to properly re-
solve the turbulent structures shed by the tripping elements, since 
Fig. 7 (ii) shows that the p′

RMS of the coarse simulation matches 
the others quite well up to X/C = 0.1 where the tripping element 
is located. This is also evident in Fig. 8 (i) in which a continuous 
streak of high vorticity region can be observed to originate from 
the tripping elements. This streak appears to be similar in nature 
to a shear layer, however, it is not present in both medium and 
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Fig. 7. Mean and fluctuation RMS of surface pressure on the central blade. The distri-
bution on the pressure side is indicated with ×, while the suction side is unmarked.

fine simulations, resulting in a more similar p′
RMS distribution for 

both cases.

2.4.2. Far-field acoustics with FW-H analogy
The present study employs FW-H caps to filter pseudo-sound 

due to the jet shear layer from the test section outlet interacting 
with the FW-H permeable surface. The FW-H results have been 
shown to converge as the number of caps is increased [46]. The 
convergence trend for the RLC setup is shown in Fig. 9 in term of 
overall sound pressure level (OSPL). When no cap is used, the OSPL 
is underpredicted in the directions that are close to the normal of 
the missing cap (e.g., [−30◦, 30◦]). Conversely, using a single cap 
results in overprediction due to the additional contribution from 
the pseudo-sound associated with the jet shear layer coming out 
from the test section. Nonetheless, the figure shows that 7 caps are 
sufficient for obtaining converged OSPL at all observation angles.

The sound power level (PWL) can be used to evaluate the ef-
fect of varying grid resolution on the overall characteristics of 
the sound sources. The PWL is evaluated through a summation of 
Fig. 9. Effect of the number of FW-H caps on the far-field overall sound pressure 
level (OSPL).

sound intensity over a spherical dome enclosing the test section. 
The dome has a radius of 1 m relative to the rod center and it 
sweeps a full circle in the azimuthal direction but is limited from 
0◦ to 150◦ in the meridian direction. The dome surface is then dis-
cretized into a rectangular grid with a probe located at each vertex 
with 10◦ increment. This discretization strategy results in a total of 
491 probes.

The PWL spectra in Fig. 10 exhibits good convergence trend, 
especially between medium and fine cases. The fundamental tone 
level and the first harmonics are identical across the three grid res-
olutions. The coarse case, however, shows lower broadband level 
across the spectra as the corresponding grid resolution is less ca-
pable at resolving fine turbulent structures in the rod wake that 
are responsible for broadband noise generation; this is also clearly 
shown in Fig. 8. The PWL spectra of the RLC is characterized by a 
broadband base at around 60 dB, and narrowband peaks surround-
ing StD = 0.2, 0.4, and 0.6 that correspond to the fundamental 
frequency and the harmonics of the rod wake shedding.

The reliability of the FW-H results is also assessed by compar-
ing with acoustic information extracted directly from the compu-
tational domain (i.e., direct acoustics computation – DAC). The DAC 
probes are placed at a radius of 0.6 m from the rod center, which 
is still located outside of the acoustic buffer zone. The probes ac-
quire 1400 samples at a sampling rate of 28.3 kHz for the same 
sampling length as the FW-H permeable surface. The results are 
shown in Fig. 11 where generally good agreement can be observed 
for various measurement angles. The discrepancy at high frequency 
ranges is caused by the lower cutoff frequency of the DAC probes, 
Fig. 8. Comparison of spanwise vorticity (ωZ ) contour between various voxel resolution settings. These instantaneous snapshots were taken at approximately the same 
shedding phase.
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Fig. 10. The convergence trend of the acoustics source power level (PWL) against 
various grid resolutions.

since they are located at region with coarser grid resolution com-
pared to that which encloses the FW-H permeable surface.

3. Results and discussions

3.1. Velocity field statistics and integral length scales in the rod wake

The mean and RMS statistics of the velocity profile within the 
test section are shown in Fig. 13. The mean streamwise velocity 
u and the RMS of the velocity fluctuations u′

RMS are normalized 
against freestream velocity U∞ = 75 m/s, and the tangential co-
ordinate with the rod diameter D . Meanwhile, Fig. 15 shows the 
velocity fluctuations spectra in selected locations within the test 
section. These locations are also depicted in Fig. 12.

The velocity profile in the test section upstream of the rod 
(X/D = −7) is shown to be uniform, aside from a small region 
in proximity of the boundary layer edge at Y /D = 20, where 
the mean velocity is 3% higher than U∞ . The turbulence inten-
sity along the height of the test section also remains below 1%. 
The velocity fluctuation spectra at a further upstream location 
(X/D = −10, Y /D = 0) in Fig. 15 shows the peaks corresponding 
to the rod shedding frequency and its harmonics. This is likely due 
to acoustic waves from the central blade since the turbulent fluc-
tuations in the area is relatively low.

In Fig. 13 (ii), the rod wake can be identified as the deficit in 
the mean streamwise velocity, and the increased turbulent fluc-
tuation. An inset in the u′

RMS profile visualizes a pair of peaks 
that corresponds to the shear layer from the upper and lower 
sides of the rod. The velocity fluctuation spectra in the rod wake 
(Y /D = 0) is dominated by the broadband components although 
the tonal peaks are still distinguishable. Outside of the rod wake 
(X/D = 4, Y /D = 15), the broadband level is much lower, similar 
to that upstream of the rod (X/D = −10, Y /D = 0). This also in-
dicates that the peaks in the spectra at these locations are caused 
by acoustic waves.

The velocity profile inside the cascade channels is presented in 
Fig. 13 (iii). The RMS velocity plot clearly shows that only the in-
ner channels adjacent to the central blade are influenced by the 
rod wake; the other channels have very similar mean velocity and 
turbulent fluctuation profiles (see Fig. 14). This observation is con-
sistent with the spectra in Fig. 15 where the PSD level within 
the central blade - blade T1 channel (X/D = 10, Y /D = 3) is sig-
nificantly higher than that in the blade T2 - blade T3 channel 
(X/D = 10, Y /D = 15).

Moreover, the PSD level upstream of the blade T2 - blade T3 
channel (X/D = 4, Y /D = 15) above StD > 0.5 is also higher than
Fig. 11. Comparison between results of FW-H and direct acoustics computation for 
the “fine” grid configuration at various microphone angles and radial distance of 
0.6 m.

that inside the channel (X/D = 10, Y /D = 15). The discrepancy is 
likely to be due to the compactness of the acoustic waves relative 
to the blade chord length. Since the blade chord corresponds to the 
wavelength at the frequency of StD = 0.58, acoustic waves close to 
or higher than this frequency would be diffracted less efficiently 
by the cascade blades.

Plot (iv) of Fig. 13 depicts the flow field at the test section out-
let. Due to the cascade stagger angle setting, the height of the 
test section downstream of the cascade is narrower by 30%. Con-
sequently, the mean velocity at the test section outlet becomes 
significantly higher than U∞ . The influence of the rod wake can 
still be observed at this location as the bump surrounding Y /D = 0
in the RMS velocity plot. The velocity fluctuation spectra at the 
center of the outlet is shown to be broadband in Fig. 15, implying 
that the coherence of the large scale vortices in the rod wake is 
lost after impinging the central blade.

Spanwise vorticity (ωz) contour and λ2 [48] iso-surface are 
shown in Fig. 16 to illustrate the instantaneous flow field in prox-
imity of the rod and the central blade. The rod sheds turbulent 
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Fig. 12. Sampling locations of velocity statistics shown in Fig. 13 and 15.

Fig. 13. Profiles of mean axial velocity (U/U∞) and root-mean-square of velocity 
fluctuations (u′

RMS/U∞) measured at various stations throughout the midspan of 
the test section (Z/D = 0).

Fig. 14. A closer look at the velocity profiles of Fig. 13 (iii). The locations of each 
blade are also indicated.

Fig. 15. Power spectral density of streamwise velocity fluctuation at the midspan of 
the test section.

Fig. 16. Instantaneous contour of spanwise vorticity (ωz ) at the midspan and 
lambda-2 iso-surface (λ2 = −3 × 109 s−2) with y = 0 plane included for highlight-
ing the wake pattern. The iso-surface is shown up to ±5D in the spanwise direction. 
Both contours correspond to the same time instance.
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Fig. 17. Cross-correlation coefficients Rm
ij (�x) of the three velocity fluctuation compo-

nents and the cumulative length at 2D upstream of the central blade.

Table 2
The integral length scales of within the rod wake at D distance upstream of the 
central blade leading edge.

Present Podboy et al. [52]* Casalino et al. [51]
+

L X
uu 4.78 mm 4.65 mm 6.50 mm

LY
v v 3.78 mm – 4.50 mm

L Z
w w 3.64 mm – 6.80 mm

* Hotwire measurement inside the NASA SDT rig.
+

LBM/VLES simulation of the NASA SDT rig.

vortices which are then impinging the leading edge of the cen-
tral blade. The vortices are severely deformed and broken down 
into small eddies as they interact with the leading edge, producing 
sound in the process as described by Powell’s analogy [49]. Fig. 16
also shows that the unsteady rod wake does not appear to contam-
inate the flow field in the cascade channels except the two next to 
the central blade.

The turbulent wake impinging on the central blade leading edge 
can be characterized using the integral length scales Lm in mth di-
rection, using the estimation procedure based on cross-correlation 
proposed by Gea Aguillera et al. [50]. The integral length scales 
are expressed as in Eq. (12). The same method was also applied in 
similar studies [40,51,46].

Lm
ij (�x) =

∞∫
0

Rm
ij (�x)d�x

=
∞∫

0

〈
u′

i(�x + s�em)u′
j(�x)

〉
〈
u′

i(�x)u′
j(�x)

〉 d�x
(12)

where Rm
ij (�x) is the correlation coefficient between the time series 

at locations along �x, u′
i and u′

j are the turbulent velocity fluctu-

ation components in ith and jth directions respectively, em is the 
unitary vector in mth direction, s is the separation from a reference 
location �x, and 〈·〉 is the ensemble-averaging operator.

The cross-correlation is computed based on a reference posi-
tion located at D distance upstream of central blade leading edge. 
From the reference position, 50 points are spread along the posi-
tive streamwise (X), tangential (Y ), and radial (Z ) directions. The 
separation between each point is 0.02D in the streamwise direc-
Fig. 18. Mean surface pressure distribution at the midspan of the rod and the cas-
cade blades.

tion and 0.1D in both the tangential and radial directions. After-
ward, 1600 samples of the corresponding velocity fluctuations are 
retrieved at 28.6 kHz from each point.

The results of Eq. (12) are shown in Fig. 17 and the length 
scales are summarized in Table 2. The results are also compared to 
other studies conducted with the NASA-Glenn SDT fan stage [51,
52]. It is important to note, however, that the length scale esti-
mate of Podboy et al. [52] is based on the averaging of velocity 
fluctuation spectra at a given location (i.e., autocorrelation) in the 
limit of zero frequency. This estimate was considered to be unsuit-
able in the present study due to the fact that the sampling time of 
a simulation is typically much shorter than that of an experiment, 
which would lead to unreliable spectral averaging at the low fre-
quency ranges. Casalino et al. [51] also used the cross-correlation 
procedure and found that their results overestimate that of Podboy 
et al. Nevertheless, all results show similar order of magnitude and 
trend, e.g., the length scale in the axial direction is longer than in 
the other directions. This information would be useful for design-
ing relevant noise mitigation technique, such as the leading edge 
serrations [50,51,53].
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Fig. 19. Comparison of the distribution of the surface pressure difference between 
pressure side and suction side of the RLC central blade and the NASA SDT OGV.

Fig. 20. RMS surface pressure distribution on the central blade, blade T1, and blade 
B1.

3.2. Surface pressure statistics

The mean surface pressure coefficient on both the rod and the 
airfoil are shown in Fig. 18. Jiang et al. [15] has previously ob-
served that as the separation between the rod and the downstream 
body becomes larger than 6D , the rod pressure distribution ap-
proaches that of an isolated rod. This is consistent with the present 
result in Fig. 18 (i) since the rod-central blade separation is 8D in 
present case. The rod of the RLC also show very similar pressure 
distribution compared to that of the RAC [15,54], which may im-
ply that the cascade of the RLC does not affect the rod differently 
than that of the RAC.

The mean pressure coefficient of the central blade is compared 
with the adjacent blades (i.e., blade T1 and B1) in Fig. 18 (ii). The 
freestream velocity used for normalizing the surface pressure of 
the central blade, however, is 0.9U∞ . This is obtained by time-
averaging the streamwise velocity component at 2D upstream of 
the central blade leading edge. The resulting scaled pressure coef-
ficient resembles that of the T1 and B1 blade, which is consistent 
with the observations in previous section that the rod wake causes 
momentum deficit in the flow field surrounding the central blade.

It is also interesting to compare the loading characteristics of 
the central blade to the OGV of the SDT fan stage since the purpose 
of using a detailed geometry is to approach the realistic operat-
ing condition as close as possible. This comparison is provided in 
Fig. 19 in term of �Cp,mean , which is the difference of pressure 
coefficient between the pressure and suction sides of the blade 
(Eq. (13)). �Cp,mean is then normalized with the maximum value 
for each respective case (i.e., max(�Cp,mean)).
Fig. 21. Far-field sound spectra and OSPL directivity pattern measured at an arc 
along the midplane of the test section.

Table 3
Mean and fluctuation statistics of lift and drag coefficients of the RLC components.

CL,mean CD,mean C′
L,RMS C′

D,RMS

Rod ≈ 0 1.22 0.16 0.019
Central blade 1.18 0.52 0.16 0.066
Blade T1 1.53 0.64 0.11 0.051
Blade B1 1.54 0.64 0.12 0.069
Blade T2 1.52 0.65 0.07 0.035
Blade B2 1.54 0.66 0.10 0.059

�Cp,mean = Cp,mean|pressure − Cp,mean|suction (13)

The comparison shows acceptable agreement except at X/C =
0.2 and at downstream of X/C = 0.4. The former may have been 
caused due to the tripping element used in the RLC, while the 
latter could be associated with the discrepancy in the flow field 
characteristics downstream of the blade mid-chord due to different 
stagger angle settings.
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Fig. 22. Far-field sound spectra at selected directions. Plots (ii) to (v) provide zoomed view at frequency bands as specified in Fig. 21.
The surface pressure fluctuations distribution is illustrated in 
Fig. 20, where p′

RMS has been normalized with 0.5ρ∞U 2∞ . As ex-
pected, the rod wake causes high level of pressure fluctuation at 
the central blade leading edge. Nonetheless, the fluctuation inten-
sity decreases immediately further downstream, which indicates 
that the unsteady loading associated with the rod wake impinge-
ment is localized at the leading edge region. Another spike is also 
observed nearby the central blade trailing edge which might be 
caused by the turbulent structures over the central blade inter-
acting with the trailing edge. Meanwhile, the pressure fluctuation 
level on the blade T1/B1 is significantly lower, although closer 
comparison reveals that the sides of the blades that are facing the 
central blade (e.g., pressure side of blade T1 and suction side of 
blade B1) experience slightly higher level compared to the oppo-
site sides.

A summary on the aerodynamic forces statistics of the RLC 
components are provided in Table 3. The forces are expressed as 
lift and drag coefficients with respect to the local coordinate sys-
tem. The rod CD,mean is within the expectation of an isolated rod 
[41,47] and the rod in the RAC [15]. The mean lift and drag on 
all blades are almost identical, except for the central blade that is 
under the rod wake influence. On the other hand, the RMS forces 
on the inner blades (i.e., T1/B1) is slightly higher than that of the 
outer ones (i.e., T2/B2). Consistent with the observation on p′

RMS
distributions in Fig. 20, this implies that the aerodynamic influ-
ence of the rod wake is limited only to the channels neighboring
the central blade.

3.3. Acoustics analyses

Unlike the RAC, the sound propagation from the central blade 
in the RLC is heavily influenced by the usage of the cascade and 
the test section. This is elaborated further by the far-field sound 
spectra in Fig. 21 (i) and Fig. 22, and bandwidth-filtered directivity 
pattern in Fig. 21 (ii). Furthermore, the dilatation field (∇ · �u) and 
RMS pressure fluctuation (p′

RMS) contours in Fig. 23 and 24 pro-
vide acoustic field visualization surrounding the RLC. The dilatation 
field is expressed in term of time derivative of pressure as shown 
in Eq. (14) [55].

∇ · �u = − 1

ρ∞c2∞
∂ p

∂t
(14)

where ρ∞ and c∞ are freestream density and speed of sound re-
spectively. Afterward, ∂ p

∂t is normalized using freestream dynamic 
pressure (i.e., 0.5ρ∞U 2∞) and the characteristic time (i.e., D/U∞).

The lowest frequency band (i.e., 0.02 < StD < 0.05) is mainly 
associated with the fluctuations inside the shear layer at the test 
section outlet, which can be clearly observed in Fig. 23 (i) and 
Fig. 24 (i). Nevertheless, the fluctuations are not present in other 
higher frequency bands, implying that the sound from the shear 
layer is restricted to the low frequency ranges.

The frequency band surrounding the fundamental shedding fre-
quency (i.e., 0.15 < StD < 0.25) is shown to dominate the spectra. 
The sound source of this band corresponds to the periodic upwash-
downwash fluctuations in the rod vortex street as shown in Fig. 23
(ii), which are scattered by the central blade leading edge. Subse-
quently, sound waves are propagated into the adjacent channels, 
diffracted by the neighboring blades before impinging the ceiling 
and the floor of the test section. The acoustic-blade interaction 
of this frequency band is also responsible for the high p′

RMS level 
within the inter-blade channels as shown in Fig. 24 (ii). This phe-
nomenon may be similar in nature to the cascade resonance within 
the inter-blade channels as observed by Parker [56] and more re-
cently by Yokoyama et al. [57]. Nevertheless, the p′

RMS in the chan-
nels further away from the central blade is lower than the closer 
ones since the aerodynamic excitation is limited only to the cen-
tral blade, unlike the case of Parker and Yokoyama in which the 
entire cascade is excited due to vortex shedding from each blade.

The smaller eddies within the rod wake are responsible for 
the noise generation at higher Strouhal bands (i.e., StD > 0.25), as 
depicted in Fig. 23 (iii). These frequency bands exhibit stronger 
radiation toward the upper arc in contrast with the lower and 
mid frequency bands. While the reason for this behavior remains 
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Fig. 23. Bandpass-filtered contour of instantaneous dilatation field in term of time 
derivative of pressure.

unclear, it might be associated with the cascade stagger setting 
and the influence of the acoustic wave compactness relative to the 
blade-to-blade separation, which in turn affects the duct mode ra-
diation from each cascade channel [23]. The high p′

RMS regions 
remain present in the frequency band of 0.5 > StD > 0.75 (i.e., 
Fig. 24 (iii)), although the extent of the regions is smaller, i.e., lim-
ited to the channels adjacent to the central blade.

The directivity of the sound coming out of the test section out-
let is relatively uniform at low frequency ranges up to StD = 0.05. 
Above this frequency, the directivity starts to take cardioid shape 
with the preference towards the lower arc for 0.05 > StD > 0.5. 
This is clearly shown in Fig. 22 (iv) in which the peak at StD = 0.19
is around 5 dB higher at −50◦ compared to at 50◦ . Nonetheless, 
this trend reverses for frequency ranges above StD > 0.5 where 
the broadband sound distribution is generally higher towards the 
upper arc (i.e., in Fig. 22 (vi)). These asymmetrical radiation be-
haviors might be related to the geometrical aspects of the cascade 
itself (e.g., blade camber and stagger angle) [22,23,58], and these 
are also interesting aspects of the RLC to be verified in the future 
experimental study.
Fig. 24. Bandpass-filtered contour of RMS of pressure fluctuation in decibel scale.

4. Conclusion and outlook

This manuscript has presented a numerical study on the aero-
dynamics and aeroacoustics characteristics of the rod-linear cas-
cade model (RLC). The flow field was solved using unsteady, ex-
plicit solver based on lattice-Boltzmann method, while the far-
field noise was computed using the Ffowcs-Williams and Hawkings 
analogy. A grid independence study has been performed to ensure 
the robustness of the present numerical solutions.

The rod has been designed to shed turbulent vortex street with 
a fundamental frequency that equal to the 1st BPF of the NASA-
Glenn SDT fan stage at approach condition. The cascade profile and 
solidity are also derived from the SDT, which allowed 7 blades to 
be used inside a rectangular test section. The test section has been 
equipped with a curved segment upstream of the RLC to compen-
sate the flow deflection produced by the cascade. Nonetheless, flow 
field assessment revealed that the velocity distribution has become 
sufficiently uniform with relatively low turbulent intensity at the 
rod location.

The rod shed turbulent wake that impinged onto the central 
blade leading edge. The integral length scales within the rod wake 
were measured and found to follow the trend observed in the 
SDT fan stage, despite the streamwise length scale being signifi-
cantly underpredicted. The rod wake impingement process induced 
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strong unsteady pressure fluctuations on the central blade leading 
edge, which are subsequently scattered as sound waves.

Surface pressure measurements on the rod revealed that the 
central blade did not cause significant feedback between the two 
bodies. However, the mean loading on the central blade was lower 
compared to the other blades due to the momentum deficit in-
duced by the rod wake. Nevertheless, by using normalization based 
on the lower mean velocity in the rod wake, the central blade and 
the adjacent blades were found to have similar loading characteris-
tics. Consistently, the mean forces acting on the blades, except the 
central blade, were identical, while the forces RMS were slightly 
higher for those located next to the central blade.

Acoustic analyses have shown that the installation and cascade 
effects have a significant influence on the far-field sound character-
istics. The frequency band surrounding the fundamental shedding 
frequency dominated the sound spectra in all measured directions, 
whereas the installation effect associated with the jet shear layer 
at the test section outlet was limited to the low frequency ranges. 
Furthermore, the cascade effects caused high pressure fluctuation 
inside the inter-blade channels, including those that are not di-
rectly perturbed by the rod wake. The pressure fluctuation level 
was observed to be lower in channels further away from the cen-
tral blade, as well as at higher frequency ranges.

To conclude, the RLC is a system that couples two aeroacoustics 
phenomena, namely the leading edge noise generation by inter-
action with oncoming turbulence, and the acoustics-blade interac-
tions due to the usage of high solidity cascade. Since these phe-
nomena are inherent in fan wake-OGV interaction mechanism, the 
RLC presents the opportunity as a test rig for exploring novel noise 
mitigation techniques for applications in future turbofans. It is also 
conjectured that noise reduction within the RLC could be achieved 
with the following mechanisms: 1) dampening the surface pres-
sure fluctuation at the leading edge (e.g., with porous materials 
[59]), 2) enhancing decorrelation or phase interference effects of 
the turbulence impingement process (e.g., with leading edge serra-
tions [53]), and 3) reducing the cascade effects (e.g., with acoustic 
treatment on the blade surface [60]). Furthermore, future studies 
using the RLC would also allow elucidating the impact of various 
noise mitigation strategies on the OGV performance since the geo-
metrical details are preserved.
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