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Highlights

Exploring the efficacy of the reduced-order model Harmonic Balance in capturing
surface pressure oscillations.

Novel coupling of the HB method in SU2 with an FWH formulation to compute
farfield sound pressure levels.

The noise directivity obtained with the proposed method for an isolated small-scale
propeller closely align with a fully time-accurate solutions, significantly reducing
computational expenses.

Higher accuracy in the noise intensity at the blade pass frequencies with respect to
a steady RANS solution obtained in a rotating reference frame.
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Abstract

In this paper, a novel open-source framework is presented for the evaluation of
noise emissions produced by aerodynamic bodies exhibiting dominant motion at
specific frequencies. This behaviour is frequently encountered in propellers used
for urban air mobility applications. The reduced order model called harmonic
balance is employed to compute the unsteady flow solution, reducing the compu-
tational cost. The approach tackles K different frequencies by capturing the flow
solution at N discrete time instances within a single period, where N is defined
as 2K + 1. The time history of the conservative variables on the solid surfaces
is reconstructed through a Fourier interpolation. The Kirchhoff Ffowcs Williams
Hawkings integral formulation, integrated into SU2, is used to compute the sound
pressure level perceived by farfield observers. The integral formulation propa-
gates the acoustic solution with a computational cost independent of observer
distance. The noise emission of a pitching wing and a propeller are computed
with the proposed framework.Regarding a small, isolated propeller operating at
low Reynolds numbers in forward flight, we conducted a comparison of the aero-
dynamic and aeroacoustic results between a fully time-accurate solution and a
steady-state Reynolds Averaged Navier-Stokes solution within a rotating ref-
erence frame. The harmonic balance results demonstrated improved agreement
with the fully unsteady solution across the first three blade-pass frequencies and
exhibited this consistency over a broader range of propagation angles.
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Nomenclature

CFD Computational Fluid Dynamics

HB Harmonic Balance

Sound Pressure Level

Discrete Fourier Transform matrix

Number of time instances

Number of frequencies

Vector of conservative variables for a single time instance

Vector of conservative variables for all N time instances in a control volume
Time period corresponding to smallest of the input frequencies

Vector of the frequencies solved in [rad/sec]

angle of attach [°]

free-stream velocity [m/sec]

speed of sound [m/sec]
free-stream density [kgm™
propeller diameter [m]
rotational speed [rev/s]
advance ratio Uy /(nD)
tip Mach number

C lift coefficient, L/(0.5p0U2 Ay )

Cy drag coefficient, D/(0.5p0UZ Ay )

Cp pressure coefficient, P/(0.5p9UZ Ay )
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1 Introduction

The significance of airframe-related noise emissions is becoming increasingly pro-
nounced across various domains in aeronautics, particularly in the context of wind
turbines, pitching blades, and propellers designed for urban air mobility. These tech-
nologies must now operate in environments where interactions with nearby residential
areas and adherence to stringent noise regulations and certification standards are
crucial. It is necessary to develop reliable and verified noise emission models that
can be integrated into a design process. Obtaining an accurate prediction of the
noise emittance is challenging and computationally expensive due to its unsteadiness
and turbulent nature. An accurate time-resolved flow solution is required. Methods
like adaptive grid refinement (AMR) and the utilization of higher-order solvers have
enabled the reduction of necessary grid sizes, resulting in enhancements in simulation
speed or a more precise representation of the flow field. This paper explores an alter-
native approach to compute noise emittance while mitigating computational expenses
through the examination of a frequency domain method.

Early frequency domain solvers employed a linearized approach [1]. The mean flow is
computed with a steady simulation, and it is assumed that any unsteadiness is both
small and characterized by harmonics. Consequently, the governing flow equations
can be linearized around the mean flow. In this linearization process, the temporal
derivatives are replaced by their harmonic counterparts jw, allowing for cost-effective



solutions without explicit time dependence. While this approach yields computation-
ally efficient solutions, it has limitations in capturing nonlinear effects and is primarily
suited for small disturbances.

The Harmonic Balance (HB) method is an extension of the time-linearized approach
first presented by Hall [2]. In a theoretical framework, this methodology begins by
representing flow variables as a Fourier series in time with coefficients that exhibit spa-
tial variability. A system of interlinked partial differential equations is subsequently
formulated to determine the unknown coeflicients. These equations incorporate a
harmonic source term, effectively replacing the temporal derivative, thereby facilitat-
ing efficient solutions through the application of pseudo-time marching techniques in
combination with various computational fluid dynamics acceleration strategies. The
time-linearized approach’s speed of computation is matched by the harmonic balance
technique, which, in contrast, does not place a restriction on the magnitude of unsta-
ble disturbances, allowing it to capture nonlinear effects.

Historically, frequency domain methods were predominantly employed for forecasting
limit cycle oscillations [3] and found significant traction in the turbomachinery domain
[4]. Additional applications encompass rotor helicopters [5][6] and the study of wind
turbine flow [7]. Traditionally, deterministic noise has been identified as the primary
contributor to the energy spectrum in helicopter rotors, significantly impacting what
is heard within the audible range [8]. However, recent research focusing on isolated
propellers utilized in Urban Air Mobility (UAM) applications indicates a shift in this
understanding. These studies reveal that the stochastic segment of noise, commonly
referred to as broadband noise, not only falls within the range most detectable by
human hearing but also, depending on specific rotor geometries, may emerge as the
predominant source of noise [9].

The potential of applying harmonic balance techniques to forecast the aerodynamic
performance of small propellers and determine if it can provide improvement in the
good results already obtained with very computationally cheap method like a RANS
solution in a rotating reference frame remains unexplored [10]. Harmonic balance is
commonly employed to predict aerodynamic coeflicient variations over time, to intro-
duce the noise analysis, in a modular style, a CFD-CAA aeroacoustic solver was
implemented in the open-source high-fidelity software SU2 [11]. In this work, the Kirch-
hoff Ffowces Williams Hawkings integral formulation (FWH) in the Di Francescantonio
version [12], is used to compute the sound pressure level (SPL) perceived by farfield
observers. To correctly predict the SPL, a high time resolution of the flow solutions
is required. In this paper, the flow is computed using HB, K frequencies are solved
obtaining as output the flow solution at N time instances equally distributed inside
the main period of revolution or oscillation 7', where N = 2K + 1. Since N is usually
of the order of units and a way more time-resolved solution is needed for acoustics
of a higher number of periods T, a Fourier interpolation of the conservative variables
on the CFD grid is performed. This way, the surface solution is obtained for a time
vector t* = p x T of length N* >> p x N, with p an integer higher than one.

This work aims to compare the harmonic noise prediction obtained with the HB
method with the results achieved with an Unsteady Reynolds Averaged Navier Stokes
(URANS) solver, considered has the high fidelity reference solution. In the case of



the isolated propeller in forward flight with the flow aligned with the axis of rotation,
also the computationally cheap RANS solution obtained in a rotating reference frame
(RRF) is part of the discussion. This comparison aims to underline both the benefits
and the limitations of the HB method. The paper is structured as follows: Section 2
describes the HB-FWH method after a brief introduction to the SU2 code. Section 3
presents the aerodynamic and aeroacoustics results obtained with three different test
cases. Section 4 discusses the main findings of the current work.

2 Methods

The framework introduced in this study harnesses the time-spectral technique known
as harmonic balance to compute a set of N CFD flow solutions evenly distributed
within a period T'. By applying Fourier interpolation, a finely detailed time history of
the conservative variables on the CFD grid is reconstructed across multiple periods.
This resulting solution serves as the input for the Computational Aeroacoustics (CAA)
module, responsible for assessing the noise sources on the surface and propagating the
resulting pressure perturbations to an observer situated at a specified distance.

2.1 SU2 URANS Solver

Concerning this work, all the numerical computations were obtained with the open-
source SU2 code, which is a C++ code specifically tailored for the analysis of partial
differential equations (PDEs) and PDE-constrained optimization on unstructured
meshes, making them particularly well-suited for aerodynamic shape design. Within
SU2, spatial discretization employs a finite volume method (FVM) with an edge-based
data structure on a dual grid, and control volumes are constructed through a median-
dual, vertex-based approach. Median-dual control volumes are formed by connecting
the centroids, face, and edge midpoints of primal cells that share a given vertex. Eval-
uation of convective and viscous fluxes takes place at the midpoint of an edge, with
the option to discretize convective fluxes using centered or upwind schemes, such as
the Jameson-Schmidt-Turkel (JST) scheme [13] or the approximate Riemann solver
of Roe [14]. Second-order reconstruction for upwind methods is achieved using the
MUSCL approach, and slope limiters are available to preserve solution monotonicity
during higher-order reconstruction [15]. Source terms are approximated at each vertex
using piece-wise constant reconstruction within the dual control volumes.

A dual time-stepping strategy is employed to achieve higher-order accuracy in time
[16], using a second-order backward difference formula for this purpose. Dynamic
mesh motion is implemented through rigid mesh transformations for pitching cases.
Additionally, when computing unsteady flows on dynamic meshes with the Arbitrary
Lagrangian-Eulerian (ALE) form of the equations, the Geometric Conservation Law
(GCL) is applied [17].

2.2 SU2 Harmonic Balance Solver

The harmonic balance solver in SU2 is implemented with a segregated approach: each
of the NV time instances that need to be solved exists as a unique instantiation of the



fluid solver. Each of them is a steady-state solver that communicates with the others
by a source term. This source term is calculated by performing a matrix-vector product
of the system matrix derived from the harmonic balance operator and the vector of
conservative variables at all time steps. The solution algorithm that emerges from the
segregated approach adopts the sweeping pattern of Gauss-Seidel [18]. This pattern
traverses through time instances, with each instance undergoing relaxation in pseudo-
time through one or more iterations. The standard time and spatial discretization
techniques employed for a steady-state solver can be applied within each instance. This
reuse of established methods enhances convergence acceleration and solution accuracy.
The drawback is that more advanced preconditioning techniques and linear solvers to
the complete system cannot be applied.

This section briefly introduced the formulation, mathematical detail can be found in
[4, 19]. Starting from the dual-time stepping method, where at each physical time step
the compressible Navier-Stokes equation discretized in space is solved as a steady-state
in the pseudo-time 7:

ou,
or

ou,
or

19] + Q| DU, + R(U,) = |9 +R*(U,) =0 (1)
where || is the control volume, U, indicates the vector of the conservative variables
discretized in space and evaluated at the time step t¢,, R(U) includes convective and
viscous fluxes integrated over a control volume’s surface area, in addition to any source
terms integrated over the volume of the cell. In fully time-accurate methods, the time
derivative term D,U, is approximated with implicit or explicit finite difference tech-
nique. Concerning the harmonic balance, a reduced order model of the time operator
is introduced, which consists of the matrix-vector product between the vector U con-
taining the conservative variables for all N = 2K + 1 time instances and the harmonic
balance operator H = H = E~1DE where D = diag(&). The effectiveness and condi-
tioning number of the HB operator relies on both the simulation time period, denoted
as T, and the specific selection of input frequencies @. Usually, the fundamental fre-
quency (the highest wave number) defines the period with the formula wy = k%’f

In the end, introducing in equation 1 the reduced order model of the time operator
HU, remembering that U is set of the conservative variables evaluated at N time
instances, the system to be solved in the pseudo-time ¢ can be written as:

Ut — [«

Q
it AT

+|QHUT + R(UTT) =0 (2)
The flow solution within an arbitrarily defined temporal window, involving a higher
number of time instances N* compared to the initially obtained N instances, is
achieved through Fourier interpolation. This interpolation method, specifically imple-
mented in SU2 for the purposes of this paper, utilizes the larger interpolated Inverse
Discrete Fourier Transform (IDFT) matrix denoted as E*~!, with dimensions N* x N.
In this matrix, the N* time instances are significantly greater than N and are uni-
formly distributed over a physical time interval that is an integer multiple of 7. The
conservative variables on all the solid surfaces considered for the computation of the



noise sources are obtained by:
U: = E*1(ED) (3)

2.3 FWH Solver in SU2

This study introduces a hybrid Computational Fluid Dynamics-Ffowcs Williams-
Hawkings (CFD-FWH) method for the prediction of far-field tonal noise. As indicated
in previous research [20], this approach is motivated by the computational challenges
associated with the direct calculation of far-field noise in turbulent flows, where both
the flow frequency and the sound spectrum need to be solved, requiring a dense CFD
grid not only close to the body but also from the entire space between the noise source
and the observer. Both CFD solvers previously presented are interfaced with a CAA
module which propagates the acoustic perturbations to a remote observer location by
means of a more computationally efficient wave equation. This configuration, referred
to as the ”wind tunnel configuration,” maintains a fixed relative position between the
noise source and the observer. To facilitate the computational process, the integral for-
mulation Kirchhoff or Ffowcs Williams-Hawkings is employed [21], with the distinct
advantage of computational cost independence from observer distance. Specifically,
the formulation utilized in this work is based on the proposal by Di Francescantonio
[12], combining favorable aspects of both Kirchhoff and FWH equations. The FWH
equation in differentiable form is reported here:

) P 0°T;;
0% [(p — po)] = 5 [poUnd(f)] — e [Lijn;6(f)] + 9z, 0z, (4)
with:
U; = ui + (£ = 1)(u; — vy) (5)
Po
Lij = P}; + pui(u; — v;) (6)

where the Lighthill’s stress tensor is T;j, Pi’j
indicates the discontinuity surface and [? is the wave operator. To contain the com-
putational cost, the volumetric sources known as quadrupole are neglected. These
neglected terms are negligible outside the transonic speed range [22], which is not
typical for the small propellers used for urban air mobility analyzed in this work. To
derive an integral representation of the issue for propagating the perturbation with-
out incurring computational costs that increase with distance, a Green function is

employed:

iy — / Po (U’ini + Umz) s +/ poUin; K s
p S 7"|1_M7‘|2 S T2|1—MT|3 ret
1
4
CJs

is the perturbation stress tensor, f

ret

Fir; Firy — F;M; 1 Fii K
' dS (22 3 K3 dS - (22 dS
T|1_MT|2] . +/S |:T21_MT|2:|Tet +C~/S[7"2|1_Mr|3:|ret

(7)




where

of
F; = (Pij + pui(u; — vj)) Py
K = M;#ir + Myc — M?c, (8)
Ui = u; + [(p/po) — 1] (u; — vy),

’I“Ai = ri/r.

r is the Euclidean distance between the noise source and the observer, the flow velocity
through the surface is indicated with u, while v stands for the grid velocity. The
derivatives are computed in the retarded time 7 = ¢t — r/c, which is the time the
observer hears the noise signal. The initial two components in Equation 7 are linked
to the generation of thickness noise, while the remaining three terms are connected to
the so-called loading noise source. Imposing that a mass flux is not allowed through
the control surface, the solid-surface formulation is obtained. This non-porous version
is the one used in the entire paper.

3 Results

In this section, three test cases of increasing complexity are presented in order to assess
the possibility of using harmonic balance to compute the noise emission of propellers.
To validate, the numerical results obtained with the reduced order model are com-
pared with a full-time accurate URANS solved with a dual-time stepping technique
previously presented. The quantities of interest are the aerodynamic coefficients and
the sound pressure level (SPL) perceived by farfield observers, where SPL is computed
as:

/
SPL[dB] = 20logy, (2023:“;3_6> , (9)

3.1 Pitching Airfoil

The SU2 community proposes as test cases of the harmonic balance a NACA64A010
pitching airfoil in viscid flow. An imposed time-varying angle of attack calculated
as a(t) = 1.01sin(wt) + ap is applied. Under standard pressure and temperature
conditions, the freestream Mach number is M = 0.796, resulting in a Reynolds number
of 12.56 x 10°. A moving shock on the upper side of the airfoil is observed, Fig. 1. In
the simulation, a Jameson-Schmidt-Turkel convective scheme is implemented with an
2th order artificial dissipation term set at 0.5 and the 4! order set at 0.02 as well.
Furthermore, a one-equation turbulence model, specifically the Spalart-Allmaras (SA)
model [23], is utilized. The computational grid employed is a hybrid O-grid consisting
of 40,000 elements, which is sourced from the SU2 repository with 200 points on the
surface. The flow simulations are performed at an angle of attack ag of 0 degrees.



Fig. 1: Pitching Airfoil: Mach field at t=T

Concerning the URANS, the simulation reaches a periodic behaviour after six

periods of oscillations where T" = 0.057465s, with 200 physical time steps per period
and 20 inner iterations per time step. Instead, the HB simulations are performed with
three, five and seven-time instances equally distributed inside 7', corresponding to a
frequency vector of w3 = [0;+wy], @5 = [0; fwy; Tws] and w7 = [0; Twi; tws; tws)
where w1 = w = 109.339, we = 2w; and w3 = 3w;. Even if the FWH formulation
is inapplicable in a two-dimensional context, this test case is useful for comparing
aerodynamic coefficients and local pressure oscillations at various locations on the
airfoil. The authors intend to verify that the HB solution is accurate enough to allow
the computation of the noise sources via a solid body integral formulation, particularly
the dipole term, which is directly linked with local pressure history.
Fig. 2 compares the history of the drag and lift coefficients. Concerning the drag
history obtained with the URANS, it can be noticed that between the first and second
pick, there is still a small change of value. Three frequencies are sufficient to capture
integral information, with a relative error between HB and URANS of the Cy around
0.65%. Increasing the resolved frequencies to seven it lowers it to 0.62%. However,
looking at the pressure of location C on the airfoil surface, which is close to the trailing
edge, Fig. 2, it emerges that a higher number of harmonics is required to use the time-
spectral solution to correctly compute the dipole term, Fig. 5. However, no relevant
accuracy improvement is obtained by passing from five to seven frequencies. The
explanation can be found in the frequency spectrum of the pressure signal computed
with the URANS solver, Fig. 6, where no energetic contribution is provided by ws.
Note that location C is one of the few points on the airfoil that present a higher
discrepancy between the HB solution and the reference one: this does not occur for
location B where increasing the number of frequencies which are not present in the
FFT seems to slightly affect accuracy, Fig. 6. Locations A and D shows an improvement
in capturing the pressure history increasing the resolved frequencies but with a good
accuracy already with the lowest number, Figs 4 5.
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3.2 Pitching Wing

To perform an aeroacoustics analysis, a straight wing with flat tip of span 3m and
chord 1m is obtained by extruding the same airfoil of the previous section. The same
free-stream conditions are imposed, with a slight increase of amplitude of oscillation
obtaining the following law for the angle of attack:

a(t) = 1.06sin(wt) + ap  with ag=3°
A mixed-elements grid is generated with 160 points chordwise and 70 in the span-
wise direction, at least 15 layers in the normal direction. The height of the first cell

10



guarantees a y+ around one on the entire surface and a growth ratio in normal direc-
tion similar to the 2D test case around 1.18. The URANS and HB simulations are
performed with the same set-up of the previous section, to compute the SPL three
periods of oscillations are considered as input of the FWH module. Concerning the
HB framework, the interpolation phase provides the same number of time steps of
the URANS inside the time period chosen for the acoustic. The sound pressure level
is computed for 17 observers equally distributed on an arch of radius 10m from the
upstream direction ¢ = 10° to downstream ¢ = 170°. All the observers are on a plane
perpendicular to the wing span at the middle of it.

In the analysis of the aerodynamic coefficients, Fig. 7, we observed that the lift coeffi-
cient C is accurately represented with just three harmonics in the Harmonic Balance
(HB) solution. However, a noticeable discrepancy between the HB solution and the
reference one is found in the case of the drag coefficient Cy. The average relative error
of the local pressure for the surface nodes in respect to the URANS solutions is around
5%. To address this, the number of solved frequencies is increased to five, and this
adjustment resulted in a significantly improved representation of the drag’s time his-
tory. Also, the average local error of the pressure decreases lower than 1%, the strong
improvement in accuracy can be visually appreciated from the C, plot a two differ-
ent span section, Fig, 8. Turning attention to the pressure perturbations perceived by
the observers, a comparison of the SPL computed with the two method is presented.
Remarkably, we observed a strong consistency between the two. The relative error
between these solutions is less than 1%, underscoring the robustness and accuracy of
the HB method in capturing the pressure perturbations in this context, Fig 9.

Drag Coefficient
Lift Coefficient

W \ L\
0065 yuf vl L)

0.06

0.4 0.45 0.5 0.55 0.4 0.45 0.5 0.55
Timels] Time]s]

Fig. 7: Pitching Wing: (left)drag and (right)lift coefficient comparison for one period
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3.3 Propeller Forward Flight

The test case presented in this section concerns the simulation of the isolated propeller
used in an experimental campaign conducted at the Politecnico di Milano [24]. The
propeller is constructed with a hub featuring three blades, each of which is left-handed
VarioProp 12C, Fig. 10. This configuration yielded a propeller disk with a diameter
denoted as D measuring 300 mm. Additionally, a 65 mm diameter aluminum spinner
was securely attached to the propeller hub. To reduce the grid dimension, the nacelle
has been removed from the CFD simulation. The numerical study aims to replicate the
wind tunnel testing conditions, emulating a standard cruise flight scenario for electric
Vertical Takeoff and Landing (eVTOL) aircraft. This involves operating at an advance
ratio denoted as J = Z—B = 0.8, where Uy, represents the free-stream velocity and
n indicates the rotor speed in revolutions per second. In the following table 5 is the

collective pitch of the blades, which can be adapted to the flight condition.

12



Symbol Value  Unit

J 0.8 -

n 7050 RPM
Jéj 26.5 °

0 294.05 K

p 1.18 kgm™3

Table 1: Isolated pro-
peller test and simulation
conditions.

y
90° %
Blade1 60° g4 ¥ ¥ % o 120
* %*
* I %*
300 * o * 1500
* %*
%) * ¥ Observers *
X Rotor Disk
* *
0° X 180°
0 15R

Fig. 10: Propeller: reference system and front view (left), observers array (right)

In continuity with the previous test cases, SA is chosen as a turbulence model and
the convective fluxes are computed using JST numerical scheme with 0.5 and 0.005
as 2" and 4*" order dissipation coefficients, respectively. The grid convergence and
the comparison of the flow field have been presented in [25]. In this paper, to compare
the results with HB, the medium mesh is used and 360 time steps per revolution are
considered. Concerning the harmonic balance simulation, a vector of five frequencies
is used, with @5 = [0; tw1; Fws] where w; = w = 188.18 and ws = 2w;. In terms of
the aerodynamic coeflicient mediated over the period of rotation, the relative error
between the fully time-accurate simulation and the HB is 1.2% for the thrust and
1.8% for the torque in respect to an average reference value in the last two revolutions
of 13.55 N and 1.011 N m. This small difference can be appreciated by the comparison
of the C}, plot for two different sections along the radius blade, Fig. 11, when the
azimuth angle is ¢ = 0°. Very low oscillations of the thrust and torque are present
during a revolution. An isolated propeller in forward flight with the flow aligned with
the axis of rotation can efficiently be simulated, changing the reference system into
a non-inertial frame [26]. The so-called rotating reference frame makes possible to
perform a steady simulation of the propeller with a very low computational cost.
Concerning the noise propagation, the accuracy of the solution obtained with this
method for small propellers at low Reynolds is well proved when the observers are
close to the plane of rotation and the dominant energy of the spectrum is generated
by the first blade pass frequency (BPF)[27]. In this section, it is investigated the
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possibility of improving the RRF accuracy with a method which computational cost
is lower than a fully unsteady simulation. The same numerical methods are used
also for the RANS-RRF simulation, providing a value of thrust and torque very
comparable with the HB ones, resulting in a relative error in respect to the reference
values of 1.28% and 1.92%. The steady RRF method cannot capture the variation
of pressure distribution along a revolution, which is one of the surface noise’s source
associated with the third term of the FWH formulation, see Equation 7. This source
of unsteadiness is well visually represented by the surface p..,, . computed on the last
two revolution, whose magnitude for the URANS and the HB is shown in Fig. 12.
The pressure oscillation is well captured close to the leading edge and the tip, the
unsteadiness is underpredicted by HB close to the trailing edge and the area of low
Reynolds, the root region. The spinner is designed to have a low contribution to the
total thrust, which results in a negative value around —4.5% and well captured by
the three methods. The contribution to the torque and noise is almost negligible.

—Urans 1 —Urans

0 02 04 ) 08 i o2 0 02 04 de 08 i 12

Fig. 11: Propeller: C), comparison between URANS and HB at (left) r/R=0.75 (right)
r/R=0.95
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Fig. 12: Propeller: difference of p°,,, ; in dB on the blade surface between (left) URANS
and (right) HB solution, computed over the last two revolutions.

v

The FWH integral formulation, in the solid surface version, propagates the acoustic
perturbation to 17 microphones equally positioned from ¢ = 10° to ¢ = 170° at a
Euclidean distance of fifteen times the blade radius, Fig. 10. Two revolutions are taken
as input to the CAA module. Similar to the earlier test cases, the comparison of Sound
Pressure Level (SPL) in dB depicted in Fig. 13 reveals a robust agreement between
the two solutions, underscored by the minimal relative error. For the arch, ranging
from ¢ = 40° to ¢ = 140° the accuracy of the noise computed with the HB is totally
equivalent to the one obtained with the RRF solution, only when the observers are
closer to the axis of rotation an improvement is notable. The thickness component is
well predicted for the entire arch by both numerical method, the difference arises from
the loading terms and the lower relative error obtained with HB is plotted in Fig. 13.
Furthermore, we delve into the examination of the spectrum of pressure perturbation
signals as perceived by each observer. The first three blade pass frequencies are shown
in Fig. 14. In the previously mentioned range, the first BPF is dominant and well
captured by all the three solvers, since it is related to the average loading of the
blades. When the observers are closer to the axis of rotation, also the second and
third BPF has the same magnitude of the first one. Especially the second BPF shows
grater agreement on the entire arch between the URANS and the HB, this is often
correlated to the capability of the method to predict the oscillations of the loading
inside a revolution and therefore connected to the Fig, 12. This can explain the higher
agreement of the HB in the noise solution in respect to RRF also for this simple
propeller in forward flight, the advantage could even be more remarkable for a hover
configuration where the physics involved is more complex and unsteady [28].
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Fig. 13: Propeller: (left) OASPL comparison and (right) relative error of the loading
noise with URANS results as reference value.
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Fig. 14: Propeller: comparison blade passing frequencies (BPF) SPL among the results
obtained with the three solvers.

3.3.1 Computational Time

To measure and analyze the performance data generated during the execution of both
numerical methods involved, the tool named ”Craypat” is used [29]. The propeller
test case is considered as reference. Simulations have been performed on 128 cores dis-
tributed on two processors "AMD EPYC 7513” on the same CFD grid. Concerning
HB, a reduction of seven orders of magnitude of the residual of the density variable,
plus the Cauchy criteria for the thrust coefficient is applied ensuring that the fifth
decimal digit remains constant. The number of iterations required is 20025 and each
of them requires an average of 1.805s for a total estimation of the time required to
solve the HB system of ~ 10h. The interpolation phase computes the flow solution
for 720 time steps equally distributed inside two revolutions, only the solution on the
solid surfaces is written on the disk. For the steady RRF simulation, the same criteria
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of converge of the HB are applied. Convergence is reached in 4800 iterations. The sur-
face solution is then iteratively rotated of one degree to generate the two revolutions
required for the acoustic comparison with the same time discretization. Regarding
the URANS simulation, a time step corresponding to a rotation of the blade of 1°
is applied. The transitory period corresponds to five revolutions plus two more are
resolved and saved on the disk following what is done in the HB simulation. Since a
dual time step technique is used to solve URANS, at each time step a reduction of
3.5 orders of magnitude of the density residual and the same Cauchy criteria for the
thrust mentioned before is applied corresponding to an average of 36 iterations in the
pseudo time. Each one of them requires 0.6s for a total time of ~ 15h. The discrepancy
is much higher when analyzing the wall clock time required for the entire execution
of the simulation, reported in Tab. 2. The major difference between the two meth-
ods is linked to the rotation of the grid for the URANS is required at each time step,
instead with the HB solver is performed only 2K + 1 times. The execution time of
the HB framework also includes the interpolation phase, which requires the rotation
of the superficial nodes. All the three methods write to disk only the solution for two
revolutions which is then taken into input by the CAA module, which is excluded by
this analysis. It must be noticed that the virtual memory allocation of the HB is way
higher and increases almost linearly with the number of frequencies simulated and can
be a limitation to the applicability of the method.

In SU2, the three numerical methods are handled basically by the same ”CSin-
glezoneDriver”, only the righted side of the system is different, assuring the same
scalability properties [30]. Therefore, it must be underlined the HB solver has a num-
ber of point of the grid assigned per core which is 5 times higher in respect to the
URANS and the steady-RRF method.

Table 2: Performance analysis obtained with Craypat

Method  Wall Clock time (s)  Wall Clock Time (h) Memory Average (Mb)

URANS 66708 ~ 18.5 160.8
0B 40800 ~ 11.3 430
RRF 3350 ~ 1.1 178

4 Conclusions

In conclusion, this paper introduces a novel open-source framework for evaluating
noise emissions of aerodynamic bodies with dominant motion at specific frequencies,
a common occurrence for example in propellers used for urban air mobility. The
reduced-order model called harmonic balance is employed to compute the unsteady
flow solution, significantly reducing computational costs in respect to a fully unsteady
simulation. This approach addresses various frequencies by capturing the flow solu-
tion at discrete time instances within a single period. Since only N discrete time
instances within a single period are obtained with HB, where N is defined as 2k +1, a
Fourier interpolation module has been implemented. Thanks to the interpolation, the
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conservative variables on the solid surfaces are obtained for an arbitrary number of
revolutions and time-frequency. This enables the possibility of using the HB solution
for computing the sound pressure level perceived by farfield observers. Moreover,
the 2D test case of a pitching airfoil demonstrates the capability of HB with a suffi-
cient number of harmonics to capture not only the time history of the aerodynamic
coefficients but also the local variation of the pressure on the entire solid surface,
which is needed for a good approximation of the dipole noise source. The Kirchhoff
Ffowcs Williams Hawkings integral formulation integrated into SU2. Notably, this
integral formulation propagates the acoustic solution with a computational cost that
is independent of the observer’s distance.

The framework is applied to compute the noise emissions of a pitching wing and a
propeller, with results showing a high degree of agreement with fully time-accurate
solutions in terms of sound pressure levels and frequency analysis with a significant
reduction of the computational cost.

However, it must be observed that a very comparable aerodynamic and noise emission
prediction of the isolated propeller can be obtained also with a steady-RRF simula-
tion, which computational cost is way lower than the harmonic balance. Improvements
in the accuracy of the tonal noise are observed only for the loading terms and when
the observers are inside the arch between ¢ = 40° and ¢ = 140°. The RRF method
notably well captures the first BPF, which is dominant in the spectrum of the
observers which are close to the plane of rotation; the better prediction of the loading
term obtained with the HB method for the observers close to the axis of rotation can
be connected to the fact that it better captures the surface pressure oscillation during
a revolution, which have more importance in the total noise for those observers.
Future development can be related to the noise minimization for an isolated propeller,
which is conducted by the authors with a steady adjoint framework, using the RRF
solver which has revealed some limitations [31]. Since frequency domain methods turn
the problem into a large steady state to be solved, these methods are also attractive
for gradient-based optimization [32]. When the physics involved is too complex for a
steady based solver, the HB can be an alternative to the fully unsteady adjoint [33]
with an intermediate computational cost, a hybrid solution has been proposed in [34].
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