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Abstract: The aim of the present work is the improvement of a free-wake model for the
analysis of a small-scale two-bladed propeller in hover. The simulations are carried out
using a BEM approach implemented in the medium-fidelity solver RAMSYS. An acoustic
validation is also performed using the developed tool ACO-FWH. The work proves that
even mild discrepancies in the propeller geometry must be accounted for as their influence
is not negligible, especially on the aeroacoustics of the propeller. In particular, the proper
modeling of the blades enables the correct identification of the sub-harmonics of the
SPL spectra. An optimization procedure based on the application of the evolutionary
Genetic Algorithm is followed to identify the values of the parameters describing the
dissipative and diffusive properties in the Bhagwat-Leishman vortex core model, an
upgraded version of the classical Lamb-Oseen one. On average, this approach enabled the
further improvement of the accuracy of the numerical model in terms of acoustic signature
evaluation with respect to the one obtained by only modeling blade dissimilarities. The
results obtained demonstrate the promising capabilities of a fine-tuned free-wake medium-
fidelity approach to simulate the aerodynamic and acoustic details of a small-scale propeller
in hover, provided the accurate geometrical modeling of the propeller and the selection of
suitable parameters to be used in the wake modeling.

Keywords: aeroacoustics; aerodynamics; propeller; eVTOL; free-wake models; PIV

1. Introduction

Urban Air Mobility is, according to the EASA definition, an air-transportation system
for passengers and cargo in and around urban environments. The main reason for the
introduction of this innovative means of transportation lies in the fact that, according
to recent projections of the United Nations, a global population of 10 billion people is
estimated by 2050, 70% of which will be living in big, highly congested cities. Cities
and metropolitan areas are already today powerhouses of economic growth, contributing
about 60% of global gross domestic product (GDP), but they also account for about 70%
of global carbon emissions and over 60% of resource use, thus representing a threat to a
sustainable way of life. Therefore, UAM aims to overcome these problems by making use of
the largely untapped low-altitude air space above urban landscapes and using multirotor
aircraft equipped with electric propulsion (eVTOLs) that are safer, cleaner, and quieter than
conventional engines.
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In particular, according to EASA [1], the sustainability and social acceptance of UAM
are strongly influenced by the noise generated by eVTOLs in and around the urban areas.
Due to the regulations, the noise produced by flights over cities is requested to be below
safety values. Therefore, its reduction becomes the most relevant constraint for the progress
of this novel technology. This is the reason why, in recent years, several works, both
experimental, numerical, and analytical, have been developed aimed at understanding
noise pollution mechanisms related to multi-propeller systems. Full size tests are not
always possible and could require a very high effort. Moreover, the investigation of scaled
models in anechoic chambers or wind tunnels under monitored and controlled conditions
was considered a valuable tool also for the validation of numerical simulation software.

Among the many European initiatives aimed at investigating aerodynamics and aeroa-
coustics of eVTOL configurations, the Group for Aeronautical Research and Technology in
Europe (GARTEUR) Rotorcraft (RC) Group of Responsable, has promoted in the recent past
studies related to the interactional aerodynamics and aeroacoustics of multirotor configura-
tions. Partners from European industries, research centers, SMEs, and universities have
setup consortia to put together their resources and facilities to carry out numerical and
experimental research activities. In particular, the activities conducted in the GARTEUR
Action Group RC/AG-26 “Noise Radiation and Propagation for Multirotor System Config-
urations” were devoted to the study of noise footprint related to multirotor configurations
aimed at providing a comprehensive experimental database over different configurations of
multi-propellers contributed by the partners. In this framework, an experimental campaign
was conducted by DLR and CIRA [2] on small-scale two-bladed propellers in hover, both
in isolated conditions and in tandem and co-axial configurations. The resulting database,
used by the consortium to validate partners’ computational tools with different levels of
fidelity, is used in the present work to provide evidence of the improvements brought to
the applied free-wake model.

The aim of present work is to setup and propose a methodological approach to improve
the numerical simulation of the aerodynamic behavior of the isolated benchmark propeller
using a medium-fidelity method. Two aspects are investigated in particular:

1. Propeller geometry: The propeller posed some difficulties in the medium-fidelity
simulations carried out in the AG-26. A closer exam of the geometry, related these
problems to some geometrical differences between the two blades resulting from
inaccuracies in the manufacturing process. Indeed, although all the numerical aerody-
namic investigations conducted by the partners were able to correlate properly with
the experimental results, discrepancies appeared instead with the aeroacoustic analy-
sis. In particular, the simulations conducted using CFD methods provided reliable
aeroacoustic results, but medium-fidelity methods did not [3]. The reason for this
outcome was found in the procedure that is usually adopted to mesh the propeller
geometry. The volume grids used in CFD calculations are generated directly starting
from the CAD file of the geometry. In this specific case, the propeller CAD file was
composed of a single body. Instead, medium-fidelity solvers need to mesh just the
surface of the blades and usually do not model the hub. For this reason, the blades
are seen as separate entities. Since, usually, the blades of a generic rotor should be
the same, it is common practice to generate the mesh on one blade only and then
replicate it for as many blades as those composing the rotor. Once the dissimilarity be-
tween the two blades, they were modeled in the simulations performed in the present
work as two separate bodies, each with its own real geometry, to understand if the
differences found in the partners’ numerical results during the AG-26 activities were
produced by the geometrical inequality of the blades or by a limit in the simulation
methodologies applied.
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2. Vortex core model: A free-wake methodology was used in this work. The wake
and vortex characteristics were modeled and tuned by means of a set of parame-
ters. Their values and ranges have been investigated in the literature, mainly for
cases related to helicopters. The present work aims at identifying, in an automatic
way, the correct values of these parameters when the investigations are related to
small-scale propellers.

Over recent years, advancements in High-Performance Computing (HPC) and com-
putational methodologies have made the use of automated approaches possible for the
improvement of numerical simulations. More specifically, an optimization procedure was
built in the present work to evaluate the parameters used in the free-wake vortex core
model applied in the medium-fidelity aerodynamic solver RAMSYS [4] in order to im-
prove the simulation of the aerodynamic behavior of small-scale propellers. Finally, as a
final validation step, the effects of the aerodynamic improvements to aeroacoustics are
evaluated.

2. Materials and Methods
2.1. Propeller Geometry

The commercial Xoar-13x7 PJN wooden two-bladed propeller [5] was used for the
investigations described in the present work. The related CAD geometry was produced by
DLR via a 3D scan of the original propeller (see Figure 1).

N
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Figure 1. Original and 3D CAD scan of the Xoar-13x7 PJN propeller.

Figure 2 illustrates the blade chord, twist, and thickness distribution along the span
for the reference blade, indicated in the following as Blade A. The propeller has a radius of
0.165 m and an average chord length c equal to 0.0187 m. The solidity ¢ is equal to 0.072.
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Figure 2. Chord, Twist and Thickness Spanwise Distribution for reference Blade A.
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A detailed analysis of the propeller CAD file highlighted manufacturing inaccura-
cies consisting of geometrical differences between the reference Blade (Blade A) and the
secondary blade (Blade B), as shown in Figure 3.

The two blades differed particularly in the tip shape. More specifically, Figure 4
highlights both an in-plane more advanced position and an out-of-plane lower position of
the Blade B leading edge with respect to that of Blade A.

Figure 3. Geometry of Blade A (red) and Blade B (blue) overlapped.

0.015 0.015 0.015

&8
©>

0.01

o
©>
4
2
-]
28

0.005 0.005 0.005

E E £
T T “ %
-0.005 -0.005 -0.005
0.01 -0.01 -0.01
| | N A B B A A B
B 015 0. 01 0. 005 0 0.¢ 005 0,01 « 015 0. 01 -0. 005 J 0.4 005 0.01 -0.015  -0.01 -0.005 0 0.005 0.01 0.01
ym] ym] yIm]
(aQ)r/R=02 (b)r/R=04 (c) r/R=07
0.015 0.015 0.015
Blade A Blade A Blade A
0.01 Blade B 0.01+ Blade B 0.01 Blade B
0.005 0.005 0.005
E E E
-0.005 -0.005 -0.005
-0.01 -0.01 <0.01
RN RN T A A I A I A
-0.015  -0.01 -0.005 0 0.005 0.01 0.01 -0.015  -0.01 -0.005 0 0.005 0.01 0.01 -0.015  -0.01 -0.005 [J 0.005 0.01 0.01
y[m] ym] ym]
(d) r/R =0.89 (e)r/R=0.95 (f) /R=0.99

Figure 4. Comparison of Blade A and Blade B airfoil sections.

The investigated propeller was the object of a comprehensive experimental campaign
performed in collaboration between DLR and CIRA with a combined experimental setup
focused on aerodynamic interactional effects of co-axial propellers. The details are reported
in the works by Yin et al. [6], De Gregorio et al. [2], and Rossignol et al. [7]. Results of the
tests performed in this framework for a single propeller were considered to be a reference
for the validation of the numerical methodology developed in the present work. Test results
included both aerodynamic performance data acquired in terms of thrust and torque by
a six-component load cell and flow field data obtained by PIV measurements. Moreover,
acoustic data were obtained by a single pressure field microphone mounted on a 3-axis
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traversing system. Readers are referred to [2,3,8] for details on the experimental setup and
early results.

2.2. Numerical Methodology

The numerical investigation was performed using CIRA’s in-house RAMSYS code [4],
which is an unsteady, inviscid, and incompressible free-wake vortex lattice Boundary Ele-
ment Method (BEM) solver for multirotor, multi-body configurations developed at CIRA. It
is based on Morino’s boundary integral formulation for the solution of the Laplace equation
for the velocity potential ¢ [9]. The novel formulation proposed by Gennaretti et al. [10]
was applied in RAMSYS to avoid the instabilities arising in the numerical formulation
when wake panels are too close to or impinge the body. Readers are referred to [4] for
details on the mathematical formulation of the code.

In rotary-wing aerodynamics, tip vortices play a major role in the quantification of the
blade loads. Tip vortex models used in rotor wake simulations are typically specified in
terms of a 2D tangential (swirl) velocity profile. The other velocity components (the axial
and radial) are small and are usually neglected in most applications. This, however, may not
be a justifiable assumption at young wake ages. The challenge is to properly reproduce the
vortex behavior, but little is known about its core structure and dissipative/diffusive
mechanisms [11]. Vatistas introduced an analytical model for the swirl velocity Vj,
as follows:

FV r

7/ A S—
7 25 (r2n 4 p2n) U,

)

It is expressed as a function of radial distance from the vortex center and shows a
direct proportionality with respect to vortex filament circulation I'y and vortex core radius
tc. A family of curves can be generated by tuning the exponent n. When n approaches +oo,
Vatistas approximates Rankine’s swirl velocity. In this case, the vortex core is modeled
as a rotating solid body, and the outer region r > r, follows the potential law [12]. It is
important to observe the discontinuity produced at the vortex core radius. The exponent
n =1 represents the Kaufmann vortex [13], also known as the Scully model [14]. It exploits
an algebraic formulation to solve the discontinuity observed in Rankine’s formulation.
Another possibility is to have n = 2. In this case, the Vatistas model is the approximation of
the Lamb—-Oseen model [15,16].

To account for the vortex core growth with time, the model formulated by Bhag-
wat-Leishman was implemented in RAMSYS [17], in which the diffusive growth of a
viscous vortex is an extension of the classic Lamb—Oseen [16] core growth model with
an average apparent or eddy viscosity correction J for the effects of self-generated turbu-
lence. The apparent viscosity parameter, as given by Squire’s hypothesis [18], is estimated
based on several sets of experimental results documenting the characteristics of trailing tip
vortices [19]. In this model, the core radius growth r. is equal to:

Z+zp 4aévY
re(t) = /4adv Vo = 13+ a )

The axial direction coordinate zy generally has a finite core radius size at the initial

time instant tp and finite induced velocity. The velocity Vi is the velocity in the axial
direction under the rotor, and it represents the convection velocity in the same direction.
The formulation exploits the Oseen [15] parameter and the eddy viscosity coefficient J. The
latter one is proportional to the tip vortex circulation I'y as follows:
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The term I'y /v is equal to the tip vortex Reynolds number Rey, while a; is the Squire’s
empirical parameter specified to vary between 0.2 and 0.0002, as indicated in [17]. Finally,
a time decay of the tip vortex circulation was considered. The exponential law suggested
by Donaldson and Bilanin [20], proposed for fixed wing applications, define I'y; as:

Ty (t) = roexp(—bsﬁt), @)

where b is a decay coefficient, q represents the ambient turbulence and S is a geometrical
coefficient representing wing semi-span. For practical reasons, the term bq/S is expressed
in this work as a single term b; called decay exponent.

A characteristic of the Bhagwat-Leishman model is represented by its flexibility.
Indeed, being dependent on a set of user-defined parameters, it can be finely tuned to
provide, in principle, an optimal match with the experimental data, regardless of the size
of the rotor or propeller investigated and its operative tip Reynolds number. As previously
highlighted, the goal of this work is the introduction of a procedure for the tuning of vortex
and wake models to improve the prediction capabilities of mid-fidelity methods for the
investigation of propellers. Therefore, the whole procedure depends on four parameters
i.e., the n exponent in the Vatistas vortex core model; the initial core size ry; the Squire
coefficient a1; and the decay exponent b;, which are evaluated through an optimization
procedure that will be described in Section 2.2.2.

2.2.1. Propeller Numerical Model

The geometry used in the numerical simulations does not consider the hub and models
the blade from a root cut-out station set at # = 0.04 m. In order to replicate the experimental
setup in the numerical investigations, the fairing of the rotor support (pylon) was also
modeled (see Figure 5) as an aerodynamic surface made by Joukowsky’s airfoil sections,
ensuring no flow separation at the Reynolds numbers of the investigations [6]. The chord
length of the pylon is constant and equal to c,y;,, = 0.2 m along the first 51.26% of the
height, then it is tapered up to a chord length equal to ¢}, = 0.151 m at the top. The
propeller axis of rotation was located 0.04 m downstream of the fairing leading edge.

a) Side View b) Top View
P

Figure 5. Mesh of the Pylon Geometry.
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The main issue regarding the propeller geometry was the difference between the two
blades due to manufacturing inaccuracies. In order to build a consistent numerical setup, a
suitable number of panels was applied along spanwise and chordwise directions to model
accurately the different curvatures, especially approaching the tip region (see Figure 6).
The surface mesh was not uniform. Indeed, a finer discretization was applied chordwise
toward the leading edge and spanwise toward the blade tip.

The test condition selected for the numerical simulations is hover with a propeller
angular velocity ) equal to 10,120 rpm, which corresponds to a tip speed of V};, = 174.86 7.
The vortex core model implemented in RAMSYS requires as input data: the Squire co-
efficient a1, the Vatistas exponent 7, the decay exponent b;, and the initial vortex core
radius non-dimensionalized with respect to chord length ro/c. A baseline condition of
the propeller was defined by selecting as initial values for the parameters the set reported
in Table 1 usually applied by CIRA for small-scale helicopter rotors simulations. These
parameters were used for the sensitivity studies described in the following.

il
Ul
Ml
il

Figure 6. Mesh for Blade A (red) and Blade B (blue).

Table 1. Baseline Vortex and Wake Model Parameters used for RAMSYS simulations.

ai by n rolc

Baseline 3 x 1074 25 1 0.05

A grid sensitivity analysis was performed on the full propeller to remove any depen-
dence on the grid. Panel methods are particularly sensitive to the aspect ratio of each panel.
This was kept roughly constant and equal to 2.1 in all the discretization generated for the
sensitivity analysis, from the coarse to the fine one. The resulting number of panels for the
three grids is summarized in Table 2. The average propeller thrust coefficient Cr computed
on the last revolution for the three grids was compared to the experimental value Cr,,, to
evaluate the accuracy of the numerical model. In particular, the non-dimensional coefficient

TﬁCTexp

ACr calculated as ACt = Cchp x 100 was reported in Table 2 showing that the fine grid
produced a quite accurate agreement with the experimental value. Therefore, the fine mesh
was used in all the following simulations and for the optimization process.

Another important parameter affecting the results was the number of revolutions of
the propeller, which was also set equal to the number of wake spirals. A sensitivity analysis
was performed by considering up to 11 propeller revolutions. The average propeller thrust
coefficient Cr was computed for each of the last three revolutions as well as the error
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Cr.—Cr.

computed as err = % x 100, with i being the index of the revolution number. Results
i—1

of this study reported in Table 3 show that ten revolutions can be chosen as a trade-off

solution between the err value, sufficiently small, and the computational time effort.

Table 2. Parameters of grid sensitivity analysis.

Chordwise Panels  Spanwise Panels ACt [%]
Coarse 42 17 —-7.11
Medium 50 21 -3.07
Fine 60 26 —0.15

Table 3. Parameters of propeller revolutions analysis.

Cr err [%]
Rev. #9 0.09922 -
Rev. #10 0.09930 0.08
Rev. #11 0.09932 0.02

The time histories of the propeller thrust coefficient computed using the three grids
defined in Table 2 for 10 propeller revolutions are shown in Figure 7. This representation
confirmed the convergence of the solutions obtained with all the grids.

0.15

014 Coarse
Medium
Fine

0.13

0.12

0.11

0.1

¢,

0.08 -

0.07 |-

1 1 1 1
0!
0 50 2 4 8 8 10

Number of Revolutions

Figure 7. Time histories of the computed propeller thrust coefficient with different grid refinements.

The blade azimuth angle step selected for the evolution of the free-wake AY,, was
equal to 2° in all the following simulations. This term was related to the numerical
scheme, and its value had to be a trade-off between truncation error and an increase in
the computational time. Indeed, using a finite-difference explicit scheme to describe the
evolution of the wake, an error proportional to (AY¥)? is introduced. Smaller steps were
not considered due to the excessive computational time that would have been required.

2.2.2. Optimization Methodology

The goal of the optimization was to identify the most suitable combination of the wake
model parameters, i.e., a1, by, n and r¢/c defined earlier, providing a numerical solution
resembling as close as possible experimental results. In particular, two different initial core
radii for Blade A (ry/c); and Blade B (r(/c), were considered as they are characterized
by some differences in the geometry. A fitness function was defined to quantify the
error between the numerical and experimental solutions. In this specific case, the fitness
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function was built considering the induced velocities evaluated in a vertical plane of the
average flow field below the propeller disk. In particular, five crossflow profiles, i.e., at
z/R = —0.1,-0.2, 0.3, —0.4, and —0.5, were selected to take into account the behavior
of the wake downwash moving away from the propeller disk (see Figure 8(left)). Further
downstream of z/R = —0.5, it becomes more difficult to properly account for the vortex
characteristics at higher wake ages due to a tendency of the real flow to become non-
periodic [21]. For each i-th plane, the differences between the numerical and experimental
vertical component of the induced velocity w were first evaluated in N points along the
radial direction 0.3 < x/R < 0.9 (see Figure 8(right)). Therefore, the fitness function for the
i-th plane was defined as:

fuw; = \/Zj(wnum(x/R)N— wexp(x/R))Z' 5

Finally, the global fitness function f;, was then computed as:

fw == wai~ (6)

0 10
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Figure 8. PIV flow field (left) and induced velocity profiles (right) considered to build the
fitness function.

The properties of the identified fitness function required the use of approaches ex-
hibiting a lower sensitivity to numerical instabilities that could occur, especially in hov-
ering conditions, when modeling a large number of free-wake revolutions. For this rea-
son the gradient-free methods, as the genetic algorithms, were preferred to gradient-
based approaches.

The software used to solve the design optimization problem is the ADGLIB library
(ADaptive Genetic algorithm LIBrary) [22]. It is an evolutionary optimization software
library developed at CIRA based on the hybridization concept. ADGLIB allows the easy
definition of evolutionary optimization algorithms that combine, for example, classical
bit-string-based genetic algorithms (24-bit for each parameter) with hill-climbing special-
ized operators. The choice is motivated by the need to improve the efficiency of genetic
algorithms while keeping their flexibility in searching large design spaces, thus enhanc-
ing their exploration capabilities. ADGLIB allows the definition of scalar and vectorial
input/output variables and constants and is capable of performing both single and multi-
objective optimization. The initial population distribution is obtained by the quasi-random
low discrepancy Sobol’s sequence [23].

2.3. Acoustic Simulations

Acoustic simulations were performed for a final evaluation of the improvements
obtained in the aerodynamic calculations of the propeller, taking into account the differ-
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ences between the geometries of the two blades and the selection of suitable vortex core
parameters by the optimization procedure. The evaluation of the aeroacoustic free-field
was performed by the ACO-FWH solver based on FW-H formulation [24,25] using as input
the aerodynamic solution evaluated by RAMSYS and consisting of the rotor blade pressure
distributions. The advanced-time formulation of Farassat 1A [26] was employed, and the
linear terms (the so-called thickness and loading noise contributions) are computed through
integrals both on the moving blades surface (impermeable/rigid surface formulation) and
on the fixed surfaces. The quadrupole contribution due to the nonlinear terms distributed
in the perturbed field around the blade is neglected. Considering that the propeller wake
strongly interacts with the pylon, it contributes to noise generation.

In the numerical analysis of the acoustic field, 16 microphones were placed in the
vicinity of the test rig and reproducing the experimental setup [3]. In particular, the
microphones were installed in two linear arrays, Figure 9 left, and on a circular arc of radius
0.3 m with a spacing between the microphones of 15 deg, Figure 9 right.

0.2 0.2
®- 1 - o 11
® (9 | @ [10
ol-@1 o 5lel2l- @bl o[ @l ® 0 e 8
f,«—fE ® 8
H@fizs] @[ @ e P : L) 8
0.2 / o 5 0.2 ® 6
H ® B 2 36
N / N
0.4~ 0.4
06 : : foded 0.6
T O A O T 1 A N Lo I |
0.4 0.2 0 0.2 0.4 0.4 0.2 0 0.2 0.4
X YMIc

Figure 9. Microphones Setup for acoustic validation [3].

The acoustic results were represented in terms of spectra of the Sound Pressure Level
(SPL). In order to compute them, an advanced-time formulation of the FW-H analogy
was first used for computing the acoustic pressure in the time domain. The frequency-
domain counterpart of the acoustic pressure was then achieved by applying the Fast Fourier
Transform (FFT). According to this, the SPL is finally computed to represent the acoustic
spectrum for each microphone, according to:

SPL(f) = 2010g10(P’/1’;“§f)) @)

where the reference pressure Py.f is defined as P,y = 20 pPa and P;,(f) is defined as:

Pls(F) = P(PI/1/(2) ®)

with |p| is the module of the acoustic pressure in the frequency domain achieved with
the FFT.

3. Results and Discussion
3.1. Aerodynamic Results Analysis

In this section, aerodynamic simulation results obtained by the optimization procedure
are reported and compared to the ones obtained with baseline parameters as well as with

experiments. The design variables for the initial vortex core size of the two blades, i.e.,
(ro/c); for Blade A and (/)2 for Blade B, started from the same value but different values
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were explored since the first generation. The optimized core sizes were then obtained equal
to 0.146 for (rg/c); and 0.199 for (r/c),. These results were found to be in good agreement
with the equivalent experimental value obtained for Blade A, i.e., around ry/c = 0.15. The
decay coefficient b; trend toward optimal values showed only a mild change from baseline
value, as it was found to be equal to 2.653, with an increase of 6.12%. On the other hand, the
trend observed for Vatistas coefficient 7 led to an optimal value of 2.28, quite higher than
the baseline value equal to 1. The numerical optimization pushed a; Squire’s coefficient
towards higher values, reaching 0.01265. This is two orders of magnitude higher than the
baseline value, i.e., equal to 3 10~%. These results demonstrate that the diffusion for the
original model was not sufficient, and an additional level of turbulent diffusion was then
required to improve accuracy. Finally, the behavior of the fitness function (6) was reported
in Figure 10. The optimization procedure provided a value of the fitness function f = 7.66
with respect to the baseline value f = 10.14.

1.5 : ‘ i
F best

fitness

- L n n | n L n n n n n
0 200 400 600 800
individuals

Figure 10. Fitness Function in the Optimization Development.

The optimized set of parameters (Best) is reported in Table 4 and compared with
baseline one.

Table 4. Baseline and optimized Vortex and Wake Model Parameters.

(5] b1 n (T()/C)l (T()/C)z f
Baseline  3.000 x 10~* 2.500 1.00 0.050 0.050 10.14
Best 1.265 x 1072 2.653 2.28 0.146 0.199 7.66

This new set of parameters was used to perform aerodynamic simulations to assess the
improvements obtained by the application of the optimization procedure. Table 5 shows
the comparison of the propeller thrust coefficients obtained from simulations performed
with the baseline and best vortex and wake model parameters, as well as the differences
with respect to the mean experimental value.

The thrust coefficient Ct obtained with best parameters differs with respect to baseline
simulation value of about 0.6%, while discrepancy with the experimental is found to be
ACt = —0.72%. These small variations in the thrust coefficient are expected since the
optimization procedure was conceived to improve the induced velocity behavior only.

Table 5. Thrust Coefficient comparison for Optimized investigation.

Cr [_] ACT [o/o]
Exp 0.09945 + 0.000992 -
Base 0.09930 —0.15

Best 0.09874 —-0.72
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Therefore, the tip vortex displacements are analyzed, both comparing geometrical char-
acteristics of the wake vortical tube boundaries, highlighted by the tip vortex filament [27]
and comparing vorticity properties using the I', method, a vortex detection criterion for-
mulated by Graftieux et al. [28,29], to identify the vortices tracks. Figure 11 shows the
comparison of the streamtubes obtained for two blades with the baseline and optimized
simulations. Similarities of the two solutions up to 2-3 revolutions are apparent. In particu-
lar, the characteristics of the evolution of the baseline wake led the tip vortex filaments to
diffuse rapidly, making not possible to preserve their structure. On the other hand, for the
optimized simulation, the tip vortex filaments are preserved up to 10 revolutions, providing,
at the same time, a clear view of the contraction and development of the streamtube.

Baseline Baseline
® Best ® Best

(a) Blade A (b) Blade B

Figure 11. Tip Vortex Filament comparison for Optimized investigation.

The vortex tracks collected at several blade azimuthal phase angles ¥}, and identified
using the I'; method are compared in Figure 12.

xR [
- 0 0.5
T T T T

ol ! ! Te—

0.5

<
x *
N 1 %
*
3
*
*
.
*
151 . Base :
. Best s
[ Exper. 0; A
) Rin

Figure 12. Vortex Track comparison for Optimized Investigation obtained by superimposing several
phase-locked results.

The numerical trend properly approximates the experimental one for both the baseline
and optimized simulations, and only slight differences can be observed. In particular,
for z/R < —0.5, the baseline model does not show a good correlation with experimental
results as the path of the external vortices is not visible. Furthermore, the internal path is
better re-traced by the optimized set of parameters, particularly for z/R between —0.5 and
—1, whereas, for z/R < —0.5, it is not possible to identify the external path. Thus, in order
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to provide a clearer comparison, Figure 13 shows the comparison of the tip vortices paths
obtained at two separate blade azimuthal phase angles, i.e., ¥;, = 0° and ¥}, = 30°.

xR [-] xR []
-1 0.5 0 0.5 1 -1 0.5 0 0.5 1
T T T T T T
0 0 .
. *
24 * &
05+ 0.5
** .
*
o* *
= N e = . o
x4 M x 4
N N
* ‘e
.
* * . *
*
*
A5 * Base + * -1.5F * Base + *
* Best L[] * Best °
[ Exper. ] Exper.
2 - 2
(a) ¥, =0° (b) ¥, =30°

Figure 13. Vortex Track comparison obtained for two separate blade azimuthal angles.

For ¥, = 0°, a couple of vortices were detected in the region included in 0.8 < x/R <1
and —1 < z/R < —0.5 showing different characteristics both for the baseline and experi-
mental analysis (see Figure 13a). This was not present in the numerical optimized investi-
gation. Moreover, the same observation can be verified at different blade azimuth angles as
Y}, = 30° (see Figure 13b). In order to explain this behavior, the tip vortex filaments super-
imposed to the numerical flow field represented by means of vorticity magnitude contours
are shown in Figure 14 for the optimized solution obtained at ¥, = 0° and ¥}, = 30°.

0.5 e 0.5 e

ZIR[]
ZIR[]

Ak Vorticity Magnitude
3000

3
2500 2500
2000 — 2000
1500 1500
1000 1000
Lo 500 = 15k 500
1.5 ° 1.5 0

(@) ¥, =0° (b) ¥, = 30°

Figure 14. Tip Vortex Filament superimposed to the vorticity magnitude field for Optimized Investi-
gation obtained for two separate blade azimuthal angles.

In the above-mentioned region, the filaments reproduce the couple described, but the
equivalent vorticity is not able to reproduce the phenomenon properly. Indeed, increasing
the value of Squire’s coefficient, the turbulent diffusion increased, and the vorticity of
the two vortices merged, thus not allowing the identification of two separate vortices by
Graftieux’s method.

To better understand the advantages introduced by the optimization procedure, the
axial velocity profiles obtained from the average flow field downstream of the propeller
disk were compared at different values of z/R in Figure 15.
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Figure 15. Induced Axial Velocity comparison on several horizontal profiles downstream
propeller disk.
The axial velocity comparisons show a general global improvement obtained by op-
y P g g p y op
timized simulation with respect to experiments. In particular, at z/R = —0.1, a slight

improvement can be observed on the minimum value before approaching the shear layer
(see Figure 15a). Neither the baseline nor the numerical optimization are able to exactly
reproduce the experimental slope within the shear layer region since the former over-
estimates it, while the latter underestimates it. On the other hand, at z/R = —0.2, the
baseline numerical investigation can better reproduce the behavior of the curve in the shear
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layer region between 0.8 < x/R < 0.9 (see Figure 15b). The numerical optimization is
not equally accurate, although, in the second half of the shear layer region, it shows a
good correlation with the experimental results. In addition, for lower values of x/R, the
optimized case improves the baseline solution, approximating with higher accuracy the
experimental behavior from x/R = 0.4.

For z/R = —0.4 and z/R = —0.5, no major differences for x/R < 0.7 can be appre-
ciated as both simulations were able to reproduce with enough fidelity the experimental
curve (see Figure 15¢,d). Nevertheless, the baseline one shows a non-monotonic behavior
in the shear layer region. In this region, the curve presents two different slopes, both far
from the experimental one. On the other hand, the optimized case curves keep a smooth
trend within the whole region, improving the numerical slope at the same time.

The advantages brought by the optimization procedure are more evident by comparing
axial velocity profiles at z/R = —1 and x/R = —1.5 (see Figure 15e,f), as adjusting the
diffusive and dissipative characteristics led to a shear layer with improved correlation to
the experimental case. To better show this behavior, the first derivative of the axial velocity
calculated with respect to the radial direction is compared in Figure 16 over four profiles at
different z/R.

Outside the shear layer region, the numerical simulation approaches the experimental
behavior with good accuracy. For slices z/R = —0.1 and z/R = —0.2, the trend in the
shear layer is reproduced correctly by both simulations (see Figure 16a,b). Nevertheless,
the baseline one produces a secondary peak at x/R = 0.9, which is not present in the
experimental results. In addition, the peak is overestimated for the baseline case and
underestimated for the optimized case, but generally, the optimized simulation produces
more accurate results.

For slices at z/R = —1 and z/R = —1.5 (see Figure 16c,d), these advantages are
more evident as the baseline is not able to follow the experimental behavior. On the other
hand, the optimized numerical simulation provided a satisfying correlation to experimental
results but with a translation of the shear layer toward the inner region. Nevertheless,
the peak value, the shear layer width, and the axial velocity slope in this region are
correctly reproduced.

Up to this stage, only the global characteristics of the flow field were considered to
be the optimization procedure set to improve the averaged flow field. Considerations on
the local properties of the tip vortices were then provided by comparing the tangential
velocity Vp and circulation I'; of single tip vortices. Graftieux’s I'; method computes the
vortex properties in the radial direction and evaluates at r = 0 the center of the identified
viscous core. More specifically, the swirl velocity, the circulation, the radial velocity, and the
vorticity were computed, and the first two were used to compare the numerical simulations
to experimental results as they were directly influenced by the optimization parameters.

The experimental results at ¥;, = 30° were considered to be a benchmark for this
quantitative comparison of vortex characteristics. Only the first two vortices below the
propeller disk were considered, i.e., Vortex 1 and Vortex 2. Figure 17 shows the comparison
of the Vj velocity calculated for the two vortices under investigation at ¥;, = 30°. It is
clear that for both vortices, the baseline results overestimate the maximum value of the
swirl velocity and underestimate the vortex core radius. On the other hand, the optimized
simulation provides a better correlation with the experimental result for Vortex 1. For
Vortex 2, the numerical optimized results overestimate the core radius and underestimate
the swirl velocity Vj.
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Figure 16. Induced Axial Velocity Derivative comparison on several horizontal profiles downstream

propeller disk.
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Figure 17. Tip Vortex Swirl Velocity comparison at ¥}, = 30°.

The tip vortex circulation I'yy comparison is reported in Figure 18. It is possible
to observe that for Vortex 1, the numerical simulation shows a good agreement with
experiments in terms of circulation (see Figure 18a). On the other hand, for Vortex 2, higher
discrepancies with respect to experiments are also found for the optimized simulation (see
Figure 18b).
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Figure 18. Tip Vortex Circulation comparison at ¥}, = 30°.

This effect is mainly proven by the fact that Vortex 2 was captured with the wake age
Y = 210° where the diffusive and dissipative properties of the wake model grew in an order
of magnitudes. In particular, the vortex core radius is influenced by r¢/c and J parameters.
The latter one is described in Equation (3) and is itself influenced by 47 and I'y, and then by
the decay coefficient b;. On the one hand, b; was not able to change the order of magnitude
for J as the differences in the circulation were not so strong, especially at ¥, = 30°. In
addition, the optimization increased a; to values two orders of magnitudes higher than
the baseline value. Therefore, in order to further improve the model capabilities, a second
optimization procedure was performed, in which (r9/c)1, (r9/c)2, and n were kept equal
to those obtained in the first optimization and limiting a; exponent to —3, thus keeping
this latter parameter similar to the range defined by Leishman [30]. The results of this
second optimization procedure produced no change in the value of the decay coefficient
with respect to the first optimization. Thus, a second set of parameters was defined as
Best 2, where only the value of a; was changed to 2.947 x 10~3 with respect to the Best 1
parameters values reported in Table 1. The comparison of the results obtained in terms of
swirl velocity and circulation distributions between Best 1 and Best 2 solutions are reported
in Figures 19 and 20.
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Figure 19. Tip Vortex Swirl Velocity comparison for Best 1 and Best 2 solutions at ¥}, = 30°.
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Figure 20. Tip Vortex Circulation comparison for Best 1 and Best 2 solutions at ¥}, = 30°.

The simulation based on the Best 2 parameters shows a considerable improvement
in the accuracy for both the circulation and swirl velocity distributions. In particular, the
circulation for Vortex 2 was quite similar to experimental behavior, even increasing the
wake age (see Figure 20b).

Tables 6 and 7 summarize the comparison between the two vortices’ characteristics,
particularly highlighting the variations Delta with respect to experimental values obtained
by simulations in terms of vortex core radius r. and absolute peak of tangential velocity
|V6 ‘mux-

Table 6. Comparison of Vortex 1 radius . and absolute peak of tangential velocity |V |max-

rele [—] Arclc [%] | Vo|max [m/s] Al Vol max [%]
Exp 0.231 - 25.75 -
Base 0.129 —44.16 33.84 +31.42
Best 0.265 +14.72 21.72 —15.65
Best 2 0.203 —12.12 25.3 —-1.75

Table 7. Comparison of Vortex 2 radius 7, and absolute peak of tangential velocity |Vy|max-

rele [—] Arclc [%] | Volmax [mls] Al Vg|max [%]
Exp 0.305 - 21.39 -
Base 0.135 —55.74 30.07 +40.58
Best 0.486 +59.34 14.4 —32.68
Best 2 0.327 +2.29 20.55 —3.93

Results comparison shows how the Best 2 solution can improve the evaluation of both
vortices’ characteristics, leading to consistently reducing the discrepancies with respect to
experiments in terms of radius and swirl component peak. In Table 8, the thrust coefficient
Cr for the BEST 2 simulation was reported and compared with the previous analysis.
Negligible differences in aerodynamic performance are obtained.
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Table 8. Thrust coefficient comparison.

Cr [-] ACr [%]
Exp 0.09945 - 0.000992 -
Base 0.09930 —0.15
Best 1 0.09874 —-0.72
Best 2 0.09919 —0.26

Moreover, in Figure 21, the values of J for the Baseline, Best 1 and Best 2 are reported
and compared to the experimental value and literature references [19]. The Reynolds
number for the tip vortex was equal to Rey = 2.39 x 10% then, recalling Equation (3), it was
possible to compute the effective turbulent diffusion. The Baseline simulation produced
a0 = 8.17, Best 1 was two orders of magnitudes higher (6 = 303.26). The experimental
and Best 2 showed no significant discrepancies. Indeed, § was equal to 66 for the former
investigation and 71.4 for the latter one. Neither the baseline nor the first optimization were
able to reproduce the experimental equivalent effective turbulent diffusion. Once again,
focusing on the instantaneous properties of the vortex and limiting the growth for Squire’s
coefficient a; led to an improvement in the numerical-experimental correlation.
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Figure 21. Effective Diffusion Constant § comparison.

3.2. Acoustic Results Analysis

To also evaluate the effects of the optimization activity on the acoustic properties
of the propeller, an aeroacoustic analysis was carried out using the aerodynamic solu-
tions, namely the surface pressure distributions, obtained from the numerical simulations
performed with:

1. Baseline vortex model parameters with propeller equipped with two equal
Blades A (BEB);

2. Baseline vortex model parameters with propeller equipped with Blade A and
Blade B (BDB);

3.  Best 1 vortex model parameters with propeller equipped with Blade A and
Blade B (BST1);

4.  Best 2 vortex model parameters with propeller equipped with Blade A and
Blade B (BST2).

Figure 22 shows the comparison with experiments [3] of the aeroacoustic spectra in
terms of the SPL referring to microphones 02, 04, 07, 08, 13, and 14 as defined in Figure 9. In
particular, the experimental results, published in [3], highlighted the presence of harmonics
at every (2k — 1)BPF/2, now on defined as sub-harmonics, where k is an integer in the
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range [1, +-o0] and BPF is the Blade Passage Frequency, i.e., equal to 337.33 Hz, defined as

NpQRrpp/ 60, where Np is the number of blades. Their presence was attributed to a noise

component given by the electric motor but mainly by the dissimilarities of the two blades.
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Figure 22. Comparison of SPL spectrum for different microphones.

Indeed, the BEB solution produced a significant underestimation of the sub-harmonics
observed for all the investigated microphones, i.e., about 20 dB lower than the experiment
in the first two BPFE. This result was found to be common to all the medium-fidelity solvers
solutions reported in [3], whereas an accurate estimation was only obtained by high-
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fidelity Navier-Stokes CFD simulations. This outcome can be explained by the geometrical
differences between the two blades, particularly in the tip region, thus producing tip
vortices with different intensities and trailing from slightly different positions. These
differences influence the flow field around the propeller, altering the interactional effects
between the vortices inside the wake system and producing a non-negligible effect on
the aeroacoustic signature of the propeller. In addition, it must be further stressed that
in the medium-fidelity solver, the dissipative and diffusive properties of the flow are
accounted for through a vortex core model, depending on a set of parameters, whose fine
tuning can produce changes in the vortical properties of the wake, which, again, affects
the aeroacoustics. Therefore, the disregard of the blade differences and the use of non-
appropriate vortex core parameters can lead to inaccurate results. The use of a propeller
with different blades, as in the BDB simulation, led to a huge improvement in the results,
which are now in good agreement with the experiment. This confirms that the inaccuracy
obtained by the BEB simulation was not a limit of the medium-fidelity methodology but is
related to the incorrect blade geometrical modeling.

Further improvements to the accuracy of the sub-harmonics evaluation were obtained
by the applications of the two optimization procedures, BST1 and BST2, as it can be clearly
observed from the comparisons over all the investigated microphones. Indeed, the BDB
solution generally overestimates the SPL of the first sub-harmonic by 8 dB for mic 07 (see
Figure 22¢) and more than 5 dB for mic 04 and 13 (see Figure 22b,e). Instead, only negligible
differences with respect to experiments can be observed for both BST1 and BST2 acoustic
solutions. Finally, these improvements did not influence the prediction of the SPL at the
BPF, as they are more influenced by the overall propeller loading. On the other hand, even
if the effects on sub-harmonics could be considered less important with respect to BPFs for
the evaluation of the global SPL, the obtained improvement of the methodology must be
considered valuable due to the different implications of sub-harmonics on psychoacoustic
knowledge and harmonic theory [31,32].

4. Conclusions

The present work was focused on the improvement of a free-wake model for the
aerodynamic and aeroacoustic analysis of a small-scale two-bladed propeller in hover.
The first goal of the work was to investigate the effects on aerodynamic and acoustic
computations provided by geometrical discrepancies found between the two blades of
the propeller caused by manufacturing inaccuracies. In particular, the proper geometrical
modeling of the blades enabled the correct identification of the sub-harmonics of the
SPL spectra, demonstrating that the initial inability found in the frame of the GARTEUR
AG26 project was not produced by limits in the simulation capability of the medium-
fidelity solver.

A second goal consisted of improving the Bhagwat-Leishman vortex core model used
in RAMSYS to accurately predict rotor wake development. The approach followed in the
work was based on two consecutive sets of an optimization procedure. The first one was
aimed at identifying the most sui combination of the whole parameters able to reproduce
as accurately as possible the global behavior of the experimental time-average induced
velocity distribution below the propeller disk. In addition, the initial core radius was found
to be different for the two blades as the solution is sensitive to the geometrical differences
and subsequent vortex production characteristics. The second one was performed to un-
derstand the effects of Squire’s turbulent diffusion coefficient 7, and the decay coefficient
by on local characteristics of the tip vortex as the swirl velocity and related circulation. The
optimization procedure exploited the evolutionary Genetic Algorithm for the selection of
these parameters in their physical ranges by adjusting their value to match the diffusive
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and dissipative properties of the experimental data. The combined effect of the two sets
of optimizations further enhanced the improvements obtained in the evaluation of the
experimental sub-harmonics in the SPL spectra obtained by modeling the blade dissimilari-
ties. The results demonstrated the promising capabilities of a fine-tuned medium-fidelity
approach to simulate the aerodynamic and acoustic details of a small-scale propeller in
hover in the investigated setup, provided that the accurate geometrical modeling of the
propeller and the selection of suitable parameters are carried out correctly. Based on the
promising results obtained by this study, a more generalized procedure is planned to be
validated against test cases characterized by different rotational speeds of a single propeller
in hover and particularly for multi-propeller configurations.
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Abbreviations

The following abbreviations are used in this manuscript:

R propeller radius m

c blade chord m

o propeller solidity m

Cr thrust coefficient -

Co torque coefficient -

(@) Propeller speed rad/s

QOgrpym Propeller speed RPM

'y tip vortex circulation m?2/s

Ty initial vortex circulation m?2/s

v kinematic viscosity m? /s

Rey tip vortex Reynolds number -

e vortex core radius m

70 initial vortex core radius m

o Lamb-Oseen coefficient -
Vatistas coefficient -

by decay exponent -

aj Squire’s coefficient

1) effective diffusion constant Pa
time S

¢ velocity potential m?/s

Voo free-stream velocity m/s

Viip blade tip velocity m/s

Vo swirl velocity m/s

w axial velocity m/s
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fuw; i-th plane fitness function -
fw global fitness function -

¥ wake age rad
Yy blade wake age rad
AY blade azimuthal revolution rad
DPrey reference pressure Pa
r pressure fluctuations Pa
Pl root mean square of the pressure fluctuations Pa
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