Numerical characterisation of noise generated by a
distributed-propulsion propeller

Sidharath Sharma*,Guangyuan Huang',Stephen Ambrose* and Richard Jefferson-Loveday®
Gas Turbine and Transmissions Research Centre (G2TRC), University of Nottingham, Nottingham, NG7 2TU

The shift towards sustainable and eco-friendly future of aviation is further catalysed by the
aggressive targets set by administrative and industrial stakeholders. It has emerged as one
of the solutions with the potential to increase overall efficiency and improve noise emissions.
This paper characterises the flow and acoustic field associated with a DEP propeller. A hybrid
methodology using scale-resolving turbulence formulation and an acoustic analogy is used to
predict aerodynamic noise generation and acoustic wave propagation to the far-field for an
isolated DEP propeller. The numerical predictions are observed to be in reasonable agreement
with the measured values for both aerodynamic and aero-acoustic attributes. The sensitivity
of far-field acoustic spectra to the integration surface is also presented. The results are further
analysed to identify dominant noise sources in the system including propeller and wake flows.

I. Nomenclature

P = density

RANS = Reynolds-averaged Navier-Stokes
LES = Large eddy simulation

WALE = Wall-adopted local eddy-viscosity
DEP = Distributed electric propulsion

I1. Introduction

Sustainable aviation and protection of the environment by decarbonising and slashing emissions form a critical part
of the European vision for the aviation industry as specified in Flightpath 2050 [1]. The objectives are in line with the
air transport action group’s (ATAG) targets [2] to tackle climate change impact and includes reductions relative to a
standard new aircraft in 2000 as:

* Reduction in NOy emissions by 90%

* Reduction in CO; emission per passenger kilometre by 75%

* 65% reduction in the perceived noise emission of a flying aircraft

Distributed propulsion approaches are being researched [3]] as a means to achieve this vision. The approach of using
multiple propulsion units spread across the vehicle for providing thrust in such a way that it improves the performance
and/or capabilities of the system is a describing feature of the distributed propulsion. The system in which thrust is
obtained by electrical motor driven propulsors connected to electrical power sources via transmission lines is called
distributed electric propulsion (DEP). DEP concepts have shown promise to achieve the aforementioned aggressive
targets by enabling opportunities for higher overall efficiency and improved noise emissions [3l], specifically suitable for
regional routes.

The source of electrical power i.e. power generation and/or energy storage devices and the propulsion devices
producing thrust are not mechanically connected. This decoupling opens up opportunities in addition to the benefits
of incorporating efficient and compact electrical machines. These benefits include individual optimisation of power
sources and propulsors in terms of number, location and size. Furthermore, there is a huge potential in drag reduction
and efficiency improvement with the DEP concept [4] by altering wing sizes, vertical tail-plane and high-lift systems.
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Among critical design considerations for a DEP configuration that needs in-depth examination is the noise generated by
such a system. The understanding of noise generation mechanisms necessitates high-fidelity models, and consequently,
can enable better and quieter designs. This exploration is initialised by investigating the aerodynamic noise generated by
an isolated DEP propeller.

A propeller system generates aerodynamic noise in both tonal or discrete and broadband frequencies. The
mechanisms of discrete-frequency noise generation are deterministic components of [3] 6] thickness noise, loading
noise (non-impulsive loading noise, blade-vortex interaction noise), high-speed impulsive noise and quadrupole noise.
Broadband noise is caused by non-deterministic sources of loading noise such as turbulence ingestion noise, self-noise
(trailing edge noise, blade-wake interaction noise, tip vortex formation and laminar vortex shedding). Although
noise generation mechanisms in classical propeller based applications such as helicopters are well researched in the
literature, noise generation in DEP propellers could be significantly different due to deviations in the size and operational
parameters (rotational speed, Reynolds number, Mach number). For instance, Mach numbers for helicopter propeller
tips are usually [7] between 0.7 < M;;,, < 0.8 while DEP propellers are in the range of 0.1 < M;;, < 0.2. This puts the
acoustic signature of DEP propellers closer to small unmanned aerial vehicles (UAVs) propellers than the classical
helicopter propellers. Furthermore, the impact of the wake in the noise generation by the complete system for the
hovering regime is expected to be different from the forward-flight regime. Pertinent literature on noise generation in
the UAV’s is reviewed in this work.

Diaz and Yoon [8]], Perez and Lopez [9]], Zawodny et al. [10], Afari et al. [11] and Mankbadi et al. [7] numerically
investigated aerodynamic and acoustic aspects of small commercial UAVs. Diaz and Yoon [8] used a higher-order
accurate code with detached eddy simulation (DES) based turbulence formulation to model aerodynamic aspects of
single rotor and multi-rotor commercial drones while the acoustic aspects were not deliberated. Perez and Lopez [9]
also investigated flow field of a small UAV without solving for the acoustic parameters. Zawodny et al. [10] used
unsteady Reynolds-averaged Navier-Stokes (RANS) coupled with the Ffowcs-Williams and Hawkings (FW-H) acoustic
analogy to study broadband noise propagation for a small UAV while Afari et al. [11]] and Mankbadi et al. [7] employed
the DES turbulence formulation along with the FW-H formulation to investigate the propagation of both tonal and
broadband noise generated by a small UAV to the far-field. Several experimental campaigns to acoustically characterise
small UAVs include the work of Lu et al. [[12] and Intaratep et al. [13] while aerodynamic interaction between the
propellers of a DEP system is explored by Vries et al. [14]].

The current work focuses on computing flow field and corresponding acoustic propagation with an intent to
understand the acoustic aspects of a DEP concept. The experimental campaign to measure acoustic characteristics
of an isolated propeller is presented in Sec. [I1If followed by a brief discussion on the adopted hybrid computational
aero-acoustic (CAA) methodology for modelling in Sec. The details of computational model and obtained results
are presented in Sec.[V]and Sec. [V|respectively. Finally, the outcome of this work is summarised in Sec.

I11. Experimental Measurements

The aerodynamic and acoustic performance of an isolated propeller is experimentally characterised by measuring
aerodynamic thrust and far-field noise. The measurements are performed by the team in the University of Bristol in their
large aeroacoustic facility which is a closed-circuit, open-jet aeroacoustic wind tunnel housed in an anechoic chamber of
dimensions 7.9 m X 5.0 m X 4.6 m fully anechoic down to 160 Hz. The contraction nozzle used in the wind tunnel is of
dimensions 0.5 m % 0.775 m. The wind tunnel and its components are appropriately designed to yield a sufficiently low
background noise for accurate far-field measurements. Further details on the performance characteristics of the wind
tunnel are available in Mayer et al. [15[16].

The propeller and brushless electric motor are coupled via an adapter in the test rig. A load cell and speed controller
are also integrated in the test rig as illustrated in Fig.|l} The speed and thermal characteristics of the motor driving the
propeller are optimised for the operational range of the propeller. The rig and its supporting structures are housed in a
hub designed aerodynamically to minimise interference with the flow. Furthermore, the rig is securely connected to the
floor to minimise and avoid mechanical vibrations during its operation. The propeller rig was located along the axis of
the nozzle approximately 600 mm (dx) away from the nozzle exit. This ensures uniformity of the incoming flow on the
propeller by staying within the jet core [[15] and the acoustic reflections from the lip of the nozzle are also minimised.
Furthermore, acoustic foam is used to cover the potential sources of the reflective noise. The operation of a ~0.23 m
(9 inch) diameter propeller with pitch to diameter ratio (P/D) of 1 is investigated under an inflow velocity of 12 m/s
with a turbulent intensity of 4.9 % and a rotational speed of 6500 rpm.

The aerodynamic performance of the propeller is measured as thrust using multi-axis force transducers i.e. calibrated
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Fig.1 Schematic of the isolated propeller test rig along with the location of polar microphone array housed in
the aeroacoustic facility at the University of Bristol. Adapted from Wang et al. [16].

six axis load cell (ATI F/T sensor: Mini40 [17]) mounted directly behind the motor. The far-field acoustic propagation
is measured by a 1/4 inch GRAS 40PL [18]] polar microphone array located above the propeller unit at a distance of
1.75 m (dy) along the nozzle axis. The array consists of 23 microphones installed on a polar arc ranging from 40 °- 150 °
in an increment of 5 ° each as shown in Fig.[I] The signals from microphone array and load cell are acquired using NI
PXIe-1082 [19] system with a sampling rate of ~65.536 kHz. The signals are acquired for a total duration of 16s to
ensure statistically sufficient data length.

IV. Numerical Methodology

Aero-acoustic phenomena can be completely described by the compressible Navier-Stokes (NS) equations. The
numerical methods used to solve aerodynamic problems can also resolve the generation of aerodynamic sound, the
interaction between the aerodynamic and acoustic fluctuating fields and the propagation of acoustic waves. This
computational approach is referred to as a direct method. However, the characteristics of aero-acoustic problems
(such as disparity in energy and length scales, non-linearities) are significantly different from typical aerodynamic
problems [20] due to the distinct nature of the acoustic and flow variables. These distinctions limit the use of the direct
approach for industrial aero-acoustic problems as being computationally intractable and inefficient. Furthermore, the
differences in the physics of noise generation and noise propagation justify the decomposition of the problem into
different computational domains, which can then be resolved by different numerical methods. This approach is termed
as a hybrid method to model aero-acoustic problems [2]]. Figure[2]illustrates the decomposition of the computational
domain in three different regions viz. source, acoustic near-field and acoustic far-field region. The former region
accounts for the aerodynamic sound generation while the latter two are concerned about the propagation of acoustic
waves. This decomposition of the computational domain in a hybrid approach, by default assumes the non-interference
between different regions i.e. acoustic waves in the propagation region do not have any bearing on the noise generation
mechanisms in the source region. Therefore, the primary application of the hybrid approach is for problems with the
flow at low fluctuating Mach numbers, which aptly describes the current propeller operation. Therefore, a hybrid
approach to aero-acoustic modelling is selected.
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Fig.2 Decomposition of the computational domain for a hybrid approach to aero-acoustic problems. Adapted
from Rubio [22]

In essence, a methodology for aero-acoustic analysis requires the appropriate selection of the means to solve the
aerodynamic equations and propagation equations with optimal numerical and coupling techniques. The reliability of
the acoustic predictions made by using hybrid approaches primarily depend on accurate noise source modelling. This
necessitates employing high fidelity scale resolving turbulence formulations. Ideally, the complete resolution of the
aerodynamic scales by the means of direct numerical simulation (DNS) should be used but it is not computationally
feasible. Alternatively, part of the turbulent spectrum resolved by the means of scale-resolving simulations can be used
for aero-acoustic computations by hypothesising the efficient radiation of the noise by larger scales relative to smaller
scales. In this work, large eddy simulations (LES) is used to model the source region.

The coupling between source and propagation region is critical for an aero-acoustic analysis and is performed in this
work by using equivalent sources coupling strategy. This is based on the theory of the acoustic analogy wherein the
NS equations are reformulated to yield acoustic propagation and equivalent acoustic sources. For a flow solution q
satisfying compressible flow equations 8(q) = 0, an acoustic analogy can be formulated by rearranging &(q) = 0 into
Lq = S(q) where L is a wave propagation operator and S(q) is its corresponding equivalent sound source [23]]. The
intent of this reformulation is the inversion of L to provide q in the far-field where it only contains acoustic information.
For rotor noise, the FW-H approach has been extensively [5 [24] used in the literature.

Ffowcs-Williams and Hawkings [25] extended the work of Curle [26] and Lighthill [27] to develop a general analogy
incorporating the effect of surfaces in arbitrary motion. The source region variables are assumed to be of purely
aerodynamic nature. The integral formulation of the FW-H equation is derived using the free-space Green’s function. In
applying the FW-H equation, the volume quadrupole noise is negligible at low Mach numbers but becomes important at
transonic and supersonic Mach numbers. The explicit evaluation of quadrupole sources can be avoided by applying the
FW-H equation on a fictitious, permeable surface instead of the physical surface. This would lead to the inclusion of the
effect of the volume sources within the surface in the surface source terms. The replacement of solid boundaries by a
permeable stationary surface yields an alternative formulation of FW-H [25] analogy. A permeable stationary surface S
described by g = 0 will yield the following wave equation [28]:

p 2 9

W co p= 6x,-8xj

where H(g) represents Heaviside function with value O for g < 0 (interior domain) and 1 for g > 0 (exterior domain).
The velocity of fluid normal to the surface is represented by u,, and the intensity of local force on the surface is assumed

(1H(©) = o (prnd () + 5 (pund(e) )



to be 0. Similar formulations are also derived for the moving surfaces [3,29] too. Furthermore, the permeable F-WH
formulation allows to include sources placed outside the permeable surface, a surface located in the non-linear source
region can be used in this approach. Placement of an appropriate integral surface can be tricky and a potential source of
error. Therefore, the permeable F-WH formulation is used in this work to model the propagation of acoustic waves to
far-field and the various locations of integral surfaces are investigated.

In near-field region, the computed pressure fluctuations are recorded using various virtual probes while fluctuations
in the far-field are computed at the locations similar to that of the polar microphone using FW-H. The measured and
computed pressure traces are processed using Welch’s overlapped segmented averaging procedure [30]. The data blocks
are tapered using Hanning functions with a 50% overlap to compute power spectral density (dB/Hz).

V. Computational model

The propeller is designed and manufactured by the industrial partner Mejzlik [31]]. The Clark-Y aerofoil section is
used with a constant-pitch design approach for selected pitch-to-diameter (P/D) ratio that can be tested in the wind
tunnel. The computational domain (see Fig.[3) is extended to 7D in the streamwise direction with 2D upstream and 4D
in the crossflow directions. The computational domain is meshed as poly-hexcore [32] control volume generated in the
Fluent Meshing [33]. In this meshing configuration, octree hexahedron elements in the bulk region are connected to
isotropic poly-prisms used to model (propeller) walls and the boundary layer. This arrangement is expected to yield
lower cell count and thereby, speeding up the model solution as compared to conventional hexcore meshes. The
grid is shown in Fig. 3]
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Fig. 3 Axial cross-section of the computational domain specifying dimensions and boundaries.

Ansys Fluent is employed for solving the governing aerodynamic equations as well as acoustic wave propagation
using the FW-H implementation. The fluid is assumed to be air behaving as a perfect gas with the ideal gas law modelling
the fluid behaviour and Sutherland’s law approximating the dynamic viscosity. The propeller motion is modelled using
the rigid body motion approach, also known as sliding mesh in which the mesh actually rotates every time step at the
interface. A non-reflecting boundary condition of steady pressure far-field specifying free-stream Mach number
and static pressure is used for the inlet, outlet and the sides of computational domain. A numerical configuration with
sponge layer [34] along with pressure far-field boundary condition was also investigated, and yielded similar results.
Therefore, only non-reflecting pressure far-field boundary condition was selected for this work. The value of Mach
number is computed based on the inflow velocity used in the experimental campaign. The model uses 1% turbulent
intensity at the inlet. The propeller walls are modelled as smooth with adiabatic and no-slip boundary condition.

In this work, LES turbulence formulation with the Wall-Adopted Local Eddy-viscosity (WALE) [35]] model is used
with an intent to resolve the flow till the viscous sublayer assuming the wall resolution is sufficient. The WALE-LES
uses an algebraic local eddy viscosity based subgrid model to dissipate eddies in viscous sublayer and near wall regions.
This model improves upon the problem of the non-zero eddy viscosity in the laminar shear flow region observed in
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Fig.4 View of the computational domain, highlighting a slice of the fluid mesh and including the rotor surface
mesh and wake region refinement. Detail views show rotating region and the boundary layer inflation.

the Smagorinsky model [35]. The convective terms are discretised using bounded central difference scheme that is a
combination of the second-order accurate central difference scheme and the first-order upwind scheme to maintain the
boundedness of the solution. An implicit, second-order accurate scheme implemented in ANSYS Fluent is used for
temporal discretisation. The near-wall grid in terms of the height of the first cell is selected to resolve boundary layer
flow, specifically the viscous sublayer, by achieving a value of y+ less than unity. The contours of y+ value distribution
at the propeller surface is shown in Fig. 5] The boundary layer region is modelled using 20 prism layers.

Two mesh configurations viz. coarse and fine grids are investigated in this work. With the similar near-wall grid, the
coarse grid consists of approximately 6 million cells and the fine grid consists of approximately 22 million cells. The
solution is advanced with a physical time step of 5 x 107> s corresponding to 2 ° propeller rotation for the coarse grid

case and 1073 s corresponding to 0.39 ° propeller rotation for the fine grid case with up to 50 dual-time sub-iterations
yielding a 3 orders of magnitude drop in sub-iteration residual.
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Fig.5 4. Contours of y+ across the propeller surface.



VI. Computational Results
The credibility of the numerical predictions are ascertained by comparison with the experimental results. The
predicted aerodynamic thrust as well as sound pressure levels in the far-field are compared with the measured values.
This validation of the numerical model as well as further insights are presented in the upcoming section.

A. Aerodynamic Characteristics

The forward axial force predicted by the fine-grid numerical configuration is shown in Fig.[6] The mean values
of the predicted thrust generated by the propeller in both numerical configurations along with the relative deviation
from experimentally measured value are presented in Tab. [I] The mean thrust values are slightly over-predicted and are
observed to be in good agreement with the experimental measurement.

Table 1 Mean thrust predicted numerically are compared with the experimental measurement.

Mean Thrust [N]

Case ) ) Relative Deviation
Numerical Experimental

Coarse mesh case 3.21 0.3
. 3.20
Fine mesh case 3.22 0.6
3-5 ] ] 1 1
———Thrust

Force [N]
W W
N w £

w
-

2-9 1 1 1 1 1
0.22 0.23 0.24 0.25 0.26 0.27 0.28

Time [s]

Fig. 6 Thrust generated by the propeller. Instantaneous thrust value (blue) along with the mean value (red)
over the time are presented.

The contours of velocity and vorticity magnitude on the axial plane for the fine-grid configuration are presented in
Fig.[/l The smaller eddies are observed in the wake and agree with the results presented by Diaz and Yoon [8]. To
further the visual inspection of the wake flow, a shadowgraph defined as the magnitude of Vp/p has been plotted at
the axial plane in Fig. [8](left). The behaviour of the wake flow can be seen as the entrainment of swirling jet with the
downstream decay. In case of multiple propellers, this wake interactions is expected to be a significant quadrupole
acoustic source. Fig. [8|(right) shows the iso-surfaces of Q-criterion coloured by the vorticity magnitude emphasising
the swirling behaviour of the wake flow.

B. Near-Field Characteristics
Near-field spectra for the three points as shown in Fig.[9). The blade passing frequency (~216.67 Hz) is observed in
the spectra of all three locations. A broadband noise feature is also observed in the spectra of all three point in the range



Fig. 7 Instantaneous contours of axial velocity magnitude (left) and vorticity magnitude (right) on the axial
plane.
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Fig. 8 Instantaneous shadowgraph contours (left) at the axial plane and iso-surfaces of Q-criterion (right)
coloured by the magnitude of vorticity.
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Fig. 9 Near-field pressure spectra at the specified points.

The snapshot of pressure dilatations dp/dt on the axial plane (see Fig.[T0) shows both loading and thickness noise
components. On the basis of visual inspection, the loading noise component appears to be stronger than the thickness
noise component for the current case.

C. Far-Field Characteristics

The far-field aeroacoustic noise measurements and predictions of the isolated propeller are discussed in this
section. Acoustic FW-H analogy is used in this work to predict far-field acoustic characteristics wherein both solid
and permeable surfaces are investigated. Acoustic monopoles and dipoles, also known as thickness and loading noise
sources respectively are included in the (solid) surface distributions while quadrupole term is neglected. The impact
of volume or quadrupole term is incorporated using the permeable surface formulation. Various FW-H surfaces that
includes propeller surface (solid), an envelope around the propeller wake (permeable) and an envelope around the
propeller (permeable) investigated in the work are shown in Fig.[TT] It is worth pointing out that the near-blade envelope
(blue dashed line in Fig.[TT) is only investigated for the fine mesh case.

The sound pressure level measured at microphone 11 of the polar array representing an above-plane observer is
compared with the numerical results in Fig.[T2] The numerical results of both coarse and fine mesh cases using propeller
surface and wake envelope as FW-H surface are compared with the measured values. It is important to point out that the
experimental data presented in Fig.[T2]corresponds to the propeller operating at 7000 rpm with the inflow velocity of
10 m/s. Due to the lack of availability of the exact operating configuration used in the numerical modelling i.e. 6500
rpm and 12 m/s, closest acoustic measurement configuration is chosen to validate the numerical predictions. The tonal
features i.e. blade pass and its harmonics are observed in the predictions from the coarse mesh configuration while the
spectra is seen to decay rapidly as compared to experimental results. This is primarily due to the higher timestep used in
the coarse configuration. The numerical results from the fine mesh configuration shows significantly better correlation
with the measured values, specifically in terms of levels and the decay of spectrum at higher frequencies (< 10 kHz).

A significant increase in noise levels before the first BPF is observed in the permeable surface (wake envelope)
predictions relative to the predictions using blade surface for both coarse and fine mesh cases. Blade-wake interactions
and leading edge interactions are known to impact at the lower frequencies [36]], and therefore, it can be inferred that
the leading-edge interactions are better resolved by using wake envelope. It is also interesting to observe that the
decay of the spectra at higher frequencies is better captured by the predictions from propeller surface as compared



l‘g p@ D)

,".

e 0y

y o

Fig. 10 Snapshot of pressure dilatation dp/dt on the axial plane.

to the wake envelope. The shape and amplitude of tonal features are in reasonable agreements for both numerical
cases. The minimal differences in the broadband noise spectrum for solid and permeable surfaces implies the expected
insignificance of quadrupole source for propellers with low blade-tip Mach number [37]]. This being said, quadruple
source is posited [[7] to be significant component for multi-propeller configurations due to wake interactions. The
broadband in the range of 0.7 - 1.4 kHz is not observed in the either numerical spectra. In addition to the overall levels,
peak blade pass tones are under-predicted by the numerical model. This can be expected to be caused by omission of
test stand, load cells, spinners and motors from the numerical model along with the surrounding walls which are shown
to increase overall noise levels due to recirculation effects 36}, 38]. Furthermore, the coarser frequency resolution of the
numerical signal relative to measured signal also leads to the under-prediction of tonal peaks [39]].

Sound pressure level of the isolated rotor at microphone 11 and 20 are compared in Fig. [[3] The features in
the experimentally measured spectra are reasonably captured in the numerical predictions using propeller surface of
both coarse and fine mesh cases. The slight decrease in the amplitude of the BPF for microphone 20 along with the
suppression of blade pass harmonic is captured in the predictions of both numerical cases. Furthermore, higher overall
noise levels for microphone 20 as compared to microphone 11 are also reasonably predicted.

The impact of using solid and permeable FW-H surface for computing far-field noise propagation using coarse
and fine mesh cases are presented in Fig.[T4] and Fig. [T3|respectively. As described previously, an increase in noise
levels at lower frequencies is observed for the permeable surface implying better resolution of leading-edge interactions.
However, the spectra at higher frequencies decays rapidly for permeable surfaces as compared to solid surface. The
shape and amplitude of tonal features are in reasonable agreements for both solid and permeable surfaces. Additionally,
near-propeller envelope used in the fine-mesh case to compute far-field noise over-predicts noise levels and the causes
for this over-prediction are not understood at this time.

To understand the directivity of the propeller noise, the amplitude of sound pressure level spectra within specific
frequency limits, also known as overall sound pressure level (OASPL) is computed from the root mean squared averaged
of the pressure signal filtered using bandpass filter for the specified frequency range. Alternatively, the overall levels

10



Fig.11 Location of the FW-H integration (permeable) surface for far-field acoustic prediction. The integration
surfaces includes propeller surface, envelope around the wake (red dashed line) and envelope around the

PropelleAr surface

------ o -

Near-blade envelope

propeller (blue dashed line).

Fig. 12 Sound pressure level of the isolated rotor measured at microphone 11 (placed normal to the rotational
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Fig. 13 Sound pressure level of the isolated rotor at microphone 11 and 20 from measurements (right), fine
mesh (middle) and coarse mesh (left) are compared.
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Fig. 15 Far-field acoustic calculation at two microphone locations using various FW-H surfaces for the fine
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Fig. 16 Overall sound pressure level of the isolated propeller measured at the various microphones of the polar
array. Numerical predictions using various FW-H surfaces for the fine mesh case (top) are compared with
the experimental results (black dashed line). Furthermore, numerical predictions from the fine mesh case are
compared with coarse mesh case (bottom).
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between frequency bounds f; and f, can also be computed directly from the spectra by

o
SPLji_p, = 10log;o| > 105PH/10 )
i=fi

The directivity of the propeller noise in terms of OASPL for the polar microphone array is presented in Fig.[T6] The
experimentally measured values are compared with the OASPL values from the far-field predictions using various FW-H
surfaces for both fine and coarse mesh cases. It is worth pointing out that the power density spectrum is integrated in
the frequency band of 50 Hz to 20 kHz for both experimental and fine-mesh case while 50 Hz to 10 kHz is used for
coarse-case. This partly explains the significantly lower OASPL for the coarse-mesh case.

The OASPL of the experimentally measured spectra is expected to be higher than the numerical computations as
the effects introduced by wall recirculation and structural components are not included. This being said, the OASPL
predicted using the propeller surface are in a reasonable agreement with the measured valued except for the first two
microphone of the polar array. OASPL predicted using wake-envelope permeable surface under-predicts while there is a
reasonable agreement in the directivity pattern. Near-propeller envelope heavily over-predicts the OASPLS along with
huge deviations in directivity pattern.

VII. Conclusion

In this paper, the aerodynamic and aeroacoustic characteristics of an isolated propeller from DEP configuration
are numerically evaluated. Experimental performance values for the propeller are obtained from the testing campaign
in the university of Bristol aeroacoustic wind tunnel using a polar microphone array and load cells. Computational
modelling is performed using an hybrid approach wherein scale-resolving turbulence formulation is used to model
flow-field and noise generation while permeable FW-H acoustic analogy is used for far-field noise propagation. Two
numerical configurations i.e. coarse-mesh and fine-mesh cases are used. Aerodynamic thrust predicted by both
numerical configurations are in close proximity to the measured value. The predicted acoustic spectrum using solid
(propeller) surface and permeable surface (wake-envelope) demonstrated reasonable correlation to measurements in
terms of tonal features for both coarse-mesh and fine-mesh cases. The overall levels and low-frequency correlation
improved using wake-envelope of the fine-mesh case. Directivity results are also well correlated with the measurements
using propeller surface for FW-H calculation. An inconsistency of results observed with near-propeller envelope as
FW-H surface raises the further need to study placement and topology of the FW-H surface.
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