NASA/ONERA Collaboration on Small Hovering Rotor
Broadband Noise Prediction using Lattice-Boltzmann Method
and Structured Navier-Stokes Solvers

Christopher S. Thurman*, D. Douglas Boyd Jr.", Pieter G. Buning*
NASA Langley Research Center, Hampton, VA, 23681

Gabriel Reboul®, Christophe Benoit!
DAAA, ONERA, Institut Polytechnique de Paris
F-92322 Chadtillon, France

This work compares two lattice-Boltzmann method solvers, PowerFLOW and ProLB,
and two structured Navier-Stokes solvers, OVERFLOW2 and FAST, used by NASA and
ONERA, respectively, for the broadband noise prediction of an ideally twisted rotor as part of
Implementing Arrangement number FR-0685-0, ‘Comparing Computational Fluid Dynamics
Solvers for Broadband Noise Prediction.” Predicted results are evaluated against measured
data from both smooth and rough blade sets acquired in the Small Hover Anechoic Chamber at
the NASA Langley Research Center. Aerodynamic thrust predictions are seen to agree more
favorably with the rough-blade measurements, whereas torque predictions agree better with the
smooth-blade measurements. A tonal noise comparison shows better agreement to the measured
data with the two structured Navier-Stokes solvers than with the two lattice-Boltzmann solvers,
which is thought to be caused by the different geometric discretization associated with each solver
paradigm. Broadband noise comparisons show that both lattice-Boltzmann method solvers trend
well with the smooth-blade measurements, with the exception of an overprediction by ProL.B
between 4 kHz and 15 kHz. OVERFLOW?2 is seen to capture the measured nondeterministic
tonal content between 3 kHz and 8 kHz on a narrowband spectral basis and FAST agrees well
with the rough blades on a one-third octave band basis.

Nomenclature
c = rotor blade chord length, m
Gix = power spectral density, Pa’>/Hz
k = turbulent kinetic energy, m? /s’
Miip = Mach number at the rotor blade tip
Np = number of rotor blades
Dref = reference pressure, 20 uPa
R = rotor radius, m
Reyip = Reynolds number at the rotor blade tip
r = rotor blade span location normalized by rotor radius
SPL = sound pressure level, dB

SPLi/3 = one-third octave sound pressure level, dB

y = radial observer location relative to the center of rotor rotation normalized by R
Af = narrowband spectra frequency resolution, Hz

€ = turbulent kinetic energy dissipation rate, m”/s>

Oobs = observer angle relative to rotor plane, deg
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Q = rotor speed, RPM

L. Introduction

RECENT years have seen considerable interest in advanced air mobility (AAM) vehicles, capable of transporting

personnel and packages across various environments in a safe and sustainable way. These vehicles are typically
comprised of multirotor systems and generally range in size from small unmanned aerial systems (SUAS) to single- or
multipassenger vehicles designed for operation in urban environments. Though the AAM industry is growing at a rapid
pace, noise is still a concern for the development and real-world application of these AAM vehicles. Designing AAM
vehicles to minimize the acoustic impact on communities has motivated research in identifying and characterizing
noise sources produced by sUAS, such as quadcopters. The study of these smaller UAS or their isolated components
(i.e., rotors) can aid the design of AAM vehicles with reduced acoustic emissions, mission planning, and trajectory
optimization. Due to the limited availability of experimental data, this paper will computationally examine an sUAS
rotor to gain a better understanding of larger AAM vehicles.

The large differences in size and operating conditions compared to traditional rotorcraft have led to a paradigm shift
in the relative importance of different noise-generating mechanisms. For example, it has been shown that the stochastic,
or broadband, portion of the noise emanating from sUAS lies in the most perceptible range of human audibility and may
be a dominant noise source when compared to the deterministic, or tonal, noise components [1, [2]. This is in contrast to
traditional rotorcraft, where tonal noise dominates over broadband noise. It is for this reason that, to date, limited work
has been done toward development for the prediction and analysis of rotor broadband noise.

Many tools exist for predicting both tonal and broadband noise [1} 3H5]]. Modeling tonal noise typically entails an
aerodynamic calculation to compute blade aerodynamic forces and kinematics and an acoustic propagation code to
predict the noise at an observer location. For the aerodynamic calculation, a wide range of tools with varying fidelity
exist: panel methods, blade element momentum theory (BEMT), comprehensive analysis codes (e.g., CAMRAD II,
CHARM, and RCAS), traditional Navier-Stokes (N-S) solvers (e.g., OVERFLOW2 and FUN3D), and scale-resolving
flow simulations (e.g., direct numerical simulations and large eddy simulations (LES)). Each of these tools is used
to predict unsteady aerodynamic forces, which are in turn used to predict acoustic pressure at an observer location
using an implementation of the Ffowcs Williams and Hawkings (FW-H) equation [6]. Similar approaches have
been used to predict broadband noise directly from unsteady aerodynamic forces using the lattice-Boltzmann method
(LBM) [3! 14} [7H9]], implicit LES [10], and hybrid Reynolds-averaged N-S (RANS)/LES [11H13].

Currently, there is much ambiguity surrounding the prediction of rotor broadband noise using finite-volume N-S
solvers. Hybrid RANS/LES paradigms are the workhorse finite-volume method implemented for practical engineering
problems; however, the boundary layer is often assumed to be fully turbulent and is modeled using RANS-based
turbulence models. This assumption is counterintuitive to the prediction of broadband self-noise sources such as
turbulent boundary layer trailing edge noise, because the noise-producing energetic turbulence in the outer region of
the boundary layer is being modeled and not resolved. This limitation is not unique to hybrid RANS/LES paradigms
and was shown to also be problematic when using wall-functions unless some triggering mechanism (e.g., boundary
layer trip) was used to activate the scale-resolving modality in the boundary layer [7, 18, [14]. However, it may be argued
that when external turbulence is present, such as blade wake entrained by tip vortices (i.e., blade-wake interaction
(BWI) noise), accurate broadband noise predictions can be attained. Furthermore, it was shown in Ref. [11]] that hybrid
RANS/LES solvers are capable of predicting broadband noise sources such as BWI noise, blade-wake back-scatter
noise, bluntness vortex shedding noise, and tip vortex formation noise, which were shown to be dominant noise sources
for a small hovering ideally twisted rotor (ITR) geometry at its design operating condition of Q = 5500 RPM.

The current work serves as a comparison study among different computational fluid dynamics (CFD) solvers used by
both NASA and ONERA as part of Implementing Arrangement number FR-0685-0, ‘Comparing Computational Fluid
Dynamics Solvers for Broadband Noise Prediction’ under the NASA-ONERA International Framework Agreement
on Cooperation in Civil Aeronautics Research. In this work, two LBM codes, PowerFLOW and ProLB, as well as
two structured N-S solvers, OVERFLOW?2 and Flexible Aerodynamic Solver Technology (FAST), are used to predict
broadband noise from the hovering ITR of Refs. [3]] and [[15]. Aerodynamic and acoustic predictions are then compared
to measured results from the Small Hover Anechoic Chamber (SHAC) facility at the NASA Langley Research Center,
and the codes from each participant are evaluated.



I1. Technical Approach

A. Rotor Design
The rotor utilized in this work was the four-bladed
(Np = 4) ITR, which is shown in Fig. [I] The ITR
has a radius of R = 0.15875 m, uses an NACA 0012
airfoil profile along the blade span, and has a constant
chord length of ¢ = 0.0254 m with a blunt trailing edge sﬂd
measuring 0.0157¢. It was designed using BEMT to
produce 11.12 N of thrust at a rotor speed of Q = 5500
RPM (Myip = 0.269, Reyp, = 1.98 x 10°). Further details
of the ITR design can be found in Ref. [15].

Fig.1 Ideally twisted rotor geometry.

B. Lattice-Boltzmann Method Solvers

The two LBM solvers compared in this work were PowerFLOW (V6-2020-R3) and ProLB (V2.8.0), with the former
being utilized by NASA and the latter by ONERA. Predictions using PowerFLOW on the ITR geometry with both a
coarse and fine grid have already been documented in Ref. [3] and the coarse grid results are used for the comparison in
this work. Application of ProLB to open rotor configurations is relatively new, specifically at low Reynolds numbers;
however, ProLB was recently evaluated by Daroukh et al. [16] using a low-speed turbofan geometry with promising
acoustic results. References [17] and [[18] provide a detailed theoretical explanation of LBM and only major code details
and differences will be discussed herein.

Both PowerFLOW and ProLLB utilize LBM in a similar fashion, entailing the use of an ‘automatic’ grid generator,
isotropic Cartesian cells with hanging nodes between different grid resolution regions, an immersed boundary method,
wall-functions in the first cell adjacent to the geometry, a rotating grid region encompassing the rotor geometry
with trilinear interpolation between stationary and rotating grids, and a form of LES in the off-body volumetric
regions. PowerFLOW recalibrates the viscous relaxation time in the Boltzmann equation using a two-equation k — €
renormalization group and ProLB recalibrates the viscous relaxation time using the shear-improved Smagorinsky model
of Lévéque et al. [19]. LBM is inherently explicit in time, meaning a local timestep is defined for each cell using the
local speed of sound, cell size, and a Courant-Friedrichs-Lewy number of unity. A comparison of the spatiotemporal
properties of the simulations conducted using each LBM solver is shown in Table[T} and the computational domain used
by ProLB is shown in Fig.[2] It should be noted that the major distinction between the two LBM predictions is that in
PowerFLOW, the laminar-to-turbulent transitional wall-function method [20] was used and in ProLLB, the fully turbulent
wall-function method was used.

Table 1 LBM simulation parameters.

Solver Number of Voxels Finest Voxel Size (%c) Finest Timestep CPU Hours per Revolution
PowerFLOW 132 million 0.33 0.0053° 2267
ProLB 113 million 0.40 0.0066° 1860

C. Structured Navier-Stokes Solvers

Two structured N-S solvers are also compared in this work, OVERFLOW?2 [21] used by NASA and FAST [22} 23]
used by ONERA. OVERFLOW?2 is a structured-grid N-S solver, which employs an overlapping grid methodology [24].
Full OVERFLOW?2 details can be found in Ref. [21]]. Exact discretization and numerical details of the OVERFLOW2
ITR simulation can be found in Ref. [L1]. This reference showed that using a finer spatial resolution improved broadband
noise prediction accuracy on a one-third octave band representation at the cost of narrowband prediction accuracy
of mid-frequency nondeterministic tonal content. Because of this, it was thought that the acoustic predictions from
Ref. [[L1], which used the one-equation Spalart-Allmaras (SA) turbulence model with a rotation/curvature correction
within the standard delayed detached eddy simulation (DDES) framework [235]], predicted the best representation of
broadband noise on a narrowband basis and will serve as the OVERFLOW?2 case in this work. It should also be noted
that adaptive mesh refinement (AMR) was used by OVERFLOW?2 in the off-body grids. FAST is also a structured-grid
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Fig. 2 ProLB computational domain visualization.

N-S solver, which used an overset technique similar to OVERFLOW?2 to rotate the near-body blade grids through the
stationary background grid. FAST uses a regular Cartesian core around the rotor with off-body grid spacing gradually
increasing away from the Cartesian core. FAST employed the zonal detached eddy simulation (ZDES) of Deck [26]],
which consisted of using the SA turbulence model with a rotation correction in the boundary layer, and LES elsewhere.

A top view comparison of the blade surface grid can be seen in Fig. 3] where Fig. [3a] shows three surface grids
used by OVERFLOW?2; one encompassing the main portion of the blade and two in red on the tip and root end caps,
which overlap the main blade grid. Figure [3b|shows the increased spatial resolution of the surface grid used by FAST. In

(a) OVERFLOW?2. (b) FAST.

Fig. 3 Ideally twisted rotor surface grids.

general, it can be said that both OVERFLOW?2 and FAST are similar structured N-S solvers, with the main differences
being the overlapping grid methodology used by OVERFLOW?2, the spatiotemporal resolutions used, and the numerics
used for the simulations in this work, which are listed in Table[2] For the spatial discretization used by each solver,

Table 2 Structured Navier-Stokes simulation parameters.

Number of  Mean Surface  Finest Oft-Body ) CPU Hours
Timestep

Solver . . . . .
Grid Points  Cell Size (%c)  Cell Size (%c) per Revolution
OVERFLOW2 103 million 2.00 5.00 0.25° 700
FAST 450 million 1.06 1.80 0.125° 6600

OVERFLOW?2 used the improved Einfeldt’s version of the Harten, Lax, and Van Leer (HLLE++) upwind algorithm
with a fifth-order weighted essentially non-oscillatory (WENOSM) flux reconstruction across the entire computational
domain, and FAST utilized a third-order monotonic upstream-centered scheme for scalar conservation laws (MUSCL)
flux reconstruction with Roe flux difference splitting in the near-body blade grids and the low-dissipation advection



upstream splitting method (AUSM) of Mary and Sagaut [28]] in the off-body region. Second-order implicit timestepping
was used by both solvers to reduce the pseudo time integration error at each time step.

The spatial resolution differences can be partly explained by the use of AMR by OVERFLOW?2, which significantly
reduces the cell count when compared to using fixed resolution regions throughout the computational domain. Bearing
this in mind, the spatial resolution comparison between OVERFLOW?2 and FAST should consider the mean surface and
finest off-body cell sizes, which are roughly proportioned two-to-one, with the resolution from FAST being twice as fine
as from OVERFLOW?2. In general, it can be said that third-order MUSCL flux reconstructions require nearly twice the
number of cells to resolve the same content as a WENOS flux reconstruction [29-31], justifying the disparate spatial
resolutions between solvers as being similarly matched, in terms of resolvable content.

D. Acoustic Post-Processing

Unsteady blade loading for each simulation was sampled over approximately eight revolutions once aerodynamic
convergence was established. These sampled data were then provided to an FW-H solver for the computation of
propagated acoustic pressure time history (APTH) from the impermeable rotor blade surfaces to observer locations.
For the ProLB and FAST simulations, the Kirchhoff Integral Method (KIM) code [32] was utilized as an FW-H solver
where a forward-time calculation was used. Farassat’s Formulation 1A (F1A) [33H35]] was used to solve the FW-H
equation for both PowerFLOW using PowerACOUSTICS and OVERFLOW?2 using the ANOPP2 [36] CFD Acoustic
Propagation Tool (ACAPT).

The calculated APTH from the eight revolutions of sampled data was separated into eight equally sized blocks
corresponding to each revolution of rotor data. These eight revolutions of data were averaged together to obtain a mean
revolution of APTH, which is the periodic (i.e., tonal) acoustic component. This periodic acoustic component was then
subtracted from the raw, aperiodic APTH from the eight revolutions of data and the resultant residual APTH served
as the stochastic (i.e., broadband) acoustic component. The following acoustic processing methods were then used
and are similar to those used for the experimental data measured in the SHAC facility at the NASA Langley Research
Center [15]:

1. The mean rotor revolution of predicted data was repeated enough times to attain a Af = 20 Hz frequency resolution,
which was then processed by treating the repeated rotor revolution data as an aperiodic signal, computing the
fast Fourier transform (FFT) of the data with a Hanning window and no overlap, then using Eq. (I to produce a
narrowband spectrum of the predicted tonal noise sound pressure level (SPL);

2
ref

Gy * Af)

where G, is the resultant power spectral density from the FFT calculation and pf = 20 uPa.

2. For establishing tonal directivity patterns, the mean revolution of APTH was filtered using a second-order
Butterworth narrow bandpass filter with a +20 Hz frequency band centered on the fundamental blade passage
frequency (BPF). This filter served the purpose of mitigating spectral leakage associated with different measurement
and post-processing techniques. The root mean squared value of these filtered data, p,,s, was used to calculate
the amplitude of the fundamental BPF on a logarithmic basis using:

ﬁI'IIlS)

ref

SPLBPF = 2010g10 ( (2)

3. The extracted broadband noise signals from the computations were treated as aperiodic signals over which an FFT
using a Hanning window with 50% overlap was also calculated using eight blocks, or one block per revolution
of residual APTH data, resulting in a spectral resolution of Af = 91.68 Hz. Equation (I)) was used to produce
narrowband stochastic noise SPL values, which were then used to generate autospectral and one-third octave band
(SPL,3) representations.

I11. Aerodynamic Performance Results
The computed thrust and torque values using the LBM and structured N-S solvers are compared against measured data
in Table 3] For the experimental data, measurements from both the smooth stereolithography (SLA) and rough selective



laser sintering (SLS) blade sets of Ref. [[15] are shown. The SLA blades were thought to have a laminar-to-turbulent
transitional boundary layer and the SLS blades, a fully turbulent boundary layer. Though the wall-treatment for all
but the PowerFLOW simulation used a fully turbulent assumption, it is thought that the lack of predicted boundary
layer eddies in a wall-model or RANS framework would produce a boundary layer character more closely aligned with
the SLA blades; however, force and moment predictions using a fully turbulent assumption may be better suited for
comparison against the SLS blades. In general, it can be said that all thrust predictions compare better with the SLS
blades and all torque predictions compare better with the SLA blades.

Table 3 Aerodynamic performance comparison at the design operating condition.

Case Experiment Lattice-Boltzmann Solvers Structured Navier-Stokes Solvers
SLA SLS PowerFLOW ProLB OVERFLOW2 FAST
Thrust 10.1N 951N 9.08 N 8.96 N 930N 955N
Relative Diff. 10.1%/4.52%  11.3%/5.78% | 7.92%/2.21%  5.45%/-0.421%
Torque -0.213 N-m -0.242 N-m | -0.173 N-m -0.210 N-m -0.209 N-m -0.209 N-m
Relative Diff. 18.8%/28.5%  1.41%/13.2% | 1.88%/13.6% 1.88%/13.6%

It can be seen in the table that the two LBM codes predict very similar thrust values when compared to the experiment.
ProLLB does a much better job at predicting torque; however, as mentioned previously, ProLB used fully turbulent
wall-functions, whereas laminar-to-turbulent transitional wall-functions were used by PowerFLOW. One would expect
an increased skin friction prediction from using fully turbulent wall-functions, which may explain the more accurate
torque prediction by ProLB. Both OVERFLOW?2 and FAST also model the boundary layer as fully turbulent with
RANS, explaining their similar torque prediction when compared to the ProLB results. Similar predictions for thrust
and torque can be seen from both structured N-S solvers when compared to the measured data, with a slightly more
accurate thrust prediction from FAST. Both structured N-S solvers predict thrust more accurately than the LBM solvers
when compared to the measured data, possibly due to a better geometric resolution when using body-fitted grids rather
than an immersed boundary method approach.

IV. Aeroacoustic Results
Total noise spectra from Pettingill et al. [[15] for the smooth SLA and rough SLS blades at an out-of-plane observer
located ®yps = —35° below the rotor plane and y = 11.94R away from the rotor are shown in Fig. 4] It can be seen
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Fig. 4 Comparison of measured data at the out-of-plane observer location (®y,s = —35°, y = 11.94R).

that there are minor differences at the BPF and its harmonics between measured data. Broadband noise between
approximately 2 kHz and 8 kHz appears to have similar nondeterministic residual tonal peaks; however, the trough



amplitudes of these residual tones are elevated for the rough SLS blades when compared to the SLA blades, likely due
to the blade boundary layer differences discussed previously.

A. Tonal Noise

The first acoustic processing method was used to produce a tonal noise comparison between the predictions and
measured data on an SPL narrowband basis in Fig. |§| at an out-of-plane observer located ®,,s = —35° below the rotor
plane and y = 11.94R away from the rotor. Because the tonal noise was nearly identical between the SLA and SLS
blades as shown in Fig.[d} only the measured tonal noise data from the SLA blades are shown in this section. It was
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(b) Structured Navier-Stokes comparison.

Fig. 5 Tonal noise narrowband spectra at the out-of-plane observer location (Oy,s = —35°, y = 11.94R).

shown in Ref. [15] that the ITR tonal noise at the fundamental BPF is thickness noise dominant, implying that accurate
prediction of the BPF relies heavily on geometric discretization and kinematics of the rotor blades. Because both LBM
solvers use an immersed boundary method and isotropic Cartesian cells, the volumetric spatial resolution dictates
how well the geometry is resolved by the ‘automatic’ grid generator in the solver. Both LBM simulations had very
similar spatial resolutions, explaining their similar prediction accuracy of the BPF when compared to the measured data.
This postulation is further supported by Ref. [11], where a PowerFLOW simulation of the ITR using a finer spatial
resolution predicted a more accurate BPF amplitude compared to the smooth SLA blades. Because the structured N-S
computational domains contain stretched body-fitted grids that approach very near to the rotor blade surfaces, which are
also discretized with surface grids, there is more control of how well the geometry is resolved when compared to the



LBM solvers used in this work. Both structured N-S solvers can be seen to predict nearly identical fundamental BPF
amplitudes in Fig.[5b]and with much better agreement to the measured data than the LBM predictions shown in Fig. [5a]
This figure also shows that FAST predicts the first BPF harmonic (i.e., 2*BPF) more accurately than OVERFLOW?2.
The second acoustic processing method was used to establish directivity trends of the predicted fundamental BPF,
which are compared against experimental data in Fig.[6]to gain insight on prediction accuracy across multiple observer
locations. It can be seen in Fig. [ that both LBM solvers underpredict the measured BPF, with ProLB comparing more
accurately with the experiment than PowerFLOW. Both structured N-S solvers predict almost identical BPF directivity
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Fig. 6 Fundamental BPF directivity at y = 11.94R (Os = 90° is directly above the rotor).

patterns in Fig. [6b] including the acoustic null region around @gps = 50°, which was not predicted by the LBM codes in
Fig.[6a] In general, it can be said that the structured N-S solvers outperform the LBM codes in terms of BPF prediction.
All predicted results shown here trend well with the measured data.

B. Broadband Noise

Broadband noise spectra on both a narrowband and SPL,3 basis were produced using the third acoustic processing
method and are shown in Fig. [7|for measured data and results predicted using the two LBM solvers at the out-of-plane
observer. Because Fig. [4] shows similar nondeterministic tonal content between the smooth SLA and rough SLS blades,
only the smooth SLA blades are shown for the narrowband comparisons in this section to keep the figures orderly.
Figure[7]shows an overprediction from ProLB between approximately 4 kHz and 15 kHz, with excellent agreement to
the smooth SLA blades outside of this frequency range. The PowerFLOW prediction can be seen to agree well with
the smooth SLA blades at most frequencies prior to the spectral roll-off around 11 kHz. It should be noted that better
agreement was shown between the smooth SLA blades and a PowerFLOW simulation with a finer spatial resolution
in Ref. [3]. It can be seen in Fig. [7b] that both LBM predictions trend better with the smooth SLA blades than with
the rough SLS blades except above 11 kHz for PowerFLOW and between 4 kHz and 15 kHz for ProLB, which may
be explained by the absence of predicted boundary layer eddies due to using wall-functions in the first cell adjacent
to the geometry. The narrowband representation of the broadband noise in Fig.[/a] shows that many of the residual
tones between 2 kHz and 8 kHz are not adequately captured by either LBM solver; however, ProLB does a better job at
predicting the peak of these features between 3 kHz and 5 kHz.

A similar comparison between the structured N-S solvers and measured data is shown in Fig. [§]at the out-of-plane
observer. Figure[8a]shows that OVERFLOW?2 captures both the peaks and troughs of the residual tones observed in the
measured data between 3 kHz and 8 kHz and also predicts the two tone-like structures above 10 kHz, though at different
frequencies than in the measured data. It can also be seen that some of the residual tones are not well captured by FAST;
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Fig.7 Lattice-Boltzmann solver broadband noise comparison at the out-of-plane observer location (0,5 = —35°,
y = 11.94R).

however, Fig. [8b]shows that, in general, the FAST broadband noise prediction trends well with the rough SLS blade
measurement. It should be mentioned that the OVERFLOW?2 simulation case chosen from Ref. [11] was selected based
upon its ability to capture the residual tones on a narrowband spectral basis and that the finer spatial resolution case, not
shown in this work, more accurately captures the broadband noise on a one-third octave band spectral basis.

V. Conclusions

This work compared two lattice-Boltzmann method solvers and two structured Navier-Stokes solvers used by NASA
and ONERA for the prediction of aerodynamic performance, tonal noise, and broadband noise of an ideally twisted rotor
at its baseline hover operating condition of € = 5500 RPM. Results were compared against measured data from both
smooth SLA blades and rough SLS blades, which were thought to have different boundary layer characteristics (i.e.,
transitional vs. fully turbulent). Aerodynamic thrust predictions were seen to compare well with the rough SLS blades,
whereas the torque predictions compared better with the smooth SLA blades. Both structured Navier-Stokes solvers,
OVERFLOW?2 and FAST, showed similar aerodynamic performance predictions. In contrast, the two lattice-Boltzmann
method solvers, PowerFLOW and ProLB, predicted larger thrust and torque errors compared to the measured data.
The torque prediction from ProLB agreed much better with the structured Navier-Stokes solvers than the PowerFLOW
prediction, likely due to the use of fully turbulent wall-functions by ProLB compared to the laminar-to-turbulent
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Fig. 8 Structured Navier-Stokes solver broadband noise comparison at the out-of-plane observer location
(Ogps = —35°, y = 11.94R).

transitional wall-functions implemented in PowerFLOW.

A tonal noise comparison between the predictions and smooth SLA blade measurements at an out-of-plane observer
location showed that both lattice-Boltzmann method codes underpredicted the fundamental blade passage frequency
compared to the structured Navier-Stokes solvers. This underprediction was thought to be due to inadequate geometric
discretization caused by using an immersed boundary method with isotropic Cartesian grid cells rather than stretched
body-fitted grids, like those used by both structured Navier-Stokes solvers. It was also shown that FAST predicted the
first harmonic of the blade passage frequency more accurately than OVERFLOW?2 when compared to the measured data.
Directivity plots of the fundamental blade passage frequency showed nearly identical directivities from both structured
Navier-Stokes solvers, including the prediction of an acoustic null region around @yps = 50°. This acoustic null region
was not predicted by either lattice-Boltzmann method code; however, all codes trended reasonably well to the measured
data with PowerFLOW underpredicting the tonal noise directivity compared to the other three solvers.

Lastly, a broadband noise comparison showed that the two lattice-Boltzmann method solvers trended well with the
smooth SLA blades; however, ProLB results were overpredicted between approximately 4 kHz and 15 kHz, whereas a
spectral roll-off around 11 kHz was observed for PowerFLOW. It was shown that neither lattice-Boltzmann method
solver captured the nondeterministic tonal content between 2 kHz and 8 kHz, but ProLB did predict the peak amplitudes
of some residual tones between 3 kHz and 5 kHz. OVERFLOW?2 was the only solver capable of predicting this

10



mid-frequency nondeterministic tonal content on a narrowband basis; however, it showed poor agreement with measured
data on a one-third octave band basis. Although the mid-frequency tonal content was not captured by FAST, the
broadband noise predicted by this structured Navier-Stokes solver was shown to agree well with the rough SLS blades
on a one-third octave band basis.
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