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Abstract

Turboprop aircraft are the best choice for short and midhdlel ights, because of their
considerably higher fuel ef ciency compared to turbofart$owever, their acoustic
emissions need to be reduced to comply with future noiseé @aron standards, and
to improve the comfort of passengers and crew.

The CFD solver of the University of Glasgow HMB3 was employed domparing
different propeller innovative designs and installatioptions on a twin-engined
high-wing aircraft, with the objective to identify the qtest solution. Tonal noise
was directly computed from (U)RANS results. Cabin sound wdsnased via
experimental transfer functions.

The propeller design is the key to decrease the emitted satisdurce level. A
blade geometry that unloads the tip and operates at lower RieMeg relevant
noise reductions (up to 6 dB in OSPL), without strong perfange penalties. Hub
arrangements aiming to redistribute the acoustic energymeore frequencies did not
clearly appear more pleasant for passengers.

The presence of the airframe modi es the propeller in owdarauses additional noise
sources as well as sound waves re ections. The need of siimglde whole airplane
in real operating conditions to accurately evaluate imtiggoise was highlighted. At
cruise conditions, and with propellers in phase, the cauat@ating top-in layout was
found the quietest, with a bene t in interior OSPL of morenhadB compared to co-
rotating propellers. The inboard-up propeller rotatiomedeped louder noise because
of the higher blade loading on the fuselage side, and of oactste sound waves
interferences. Acoustic interferences can instead be fesexdirably by propeller
synchrophasing, naturally promoting noise cancellatidmis strategy led to more
than 3 dB of OSPL noise reduction inside the cabin for cotiuggoropellers, whereas
was not bene cial for the counter-rotating top-in layout.
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Chapter 1

Introduction

1.1. Motivation

Short to medium range ights make up to 95% of the total aif ¢r@n European
routes [1]. Atthe same time, propeller-driven aircraftwebest option to decrease the
fuel burnt during these ights, as they have a consideralgiér propulsive ef ciency
in comparison to a similar capacity jet aircraft [2, 3]. Theceaft weight relative to
turbofan aircraft is lower, and, generating thrust from rgéa mass ow, propellers
allow up to 30% savings in fuel burn with respect to an eqeraturbofan engine.
Turboprops also need shorter take-off/landing lengthsdinab time, making them
preferable for operations from smaller regional airportd aner city airports with a
short runway. In addition, current propeller designs (segiié 1.1 for an example)
allow to achieve a similar speed, with a very long availab@ght range.

However, future environmental certi cations will requieereduction in the aircraft
acoustic emissions. Compared to the capabilities of tymeav aircraft in 2000,
European targets aim to reduce the perceived acousticriobtd ying aircraft by
50% for 2020 [5] and to achieve a total noise abatement of 6598050 [6]. Current
turboprops still emit substantial noise: on average, therior noise of advanced
turboprops is approximately 25 dB higher than turbofans [K]oreover, they are
perceived by passengers as more annoying than turbofaasgdeeof the several tone
components forming the propeller sound spectra. The cigales therefore to improve
propeller acoustics without a signi cant performance ggna

Starting from the IMPACTA project [8, 9] of Dowty Propellérs which aimed to
reduce and/or modify the noise spectra of the whole turppr@pulsion system,
this work studies innovative blade and hub designs, as veelllifierent propeller

* Project in collaboration with the Aircraft Research Assticin (ARA) [10], the Netherlands Aerospace Center (NLRY)][1
and the CFD Laboratory of the University of Glasgow [12].
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(a) Dowty Propellers R391 propeller system for Lock-
heed Martin's C-130J Super Hercules. The same
design is used on the Alenia Aeronautica C-27J.

(c) Dowty Propellers R408 propeller system of the
Bombardier Q400 Dash 8. The same design is
used on the Antonov AN-132D and the AVIC's
MA700.

(b) Dowty Propellers R381 propeller system for the Saab
2000.

Figure 1.1: Example of current propeller designs [4].

installation options, to identify the quietest solution. ngmutational Fluid Dynamics
(CFD) is used to perform this analysis, assessing variousnaoat methods to nd
the most suitable for capturing propeller sound genergtimeess, thus enabling an
adequate evaluation of their actual acoustics in ight.

1.2. Propeller Acoustics

The acoustic signature of a propeller inclutl@skness noisdue to the blades volume
displacementsteady-loading noisdue to the blades steady forcessteady-loading
noisedue to azimuthally not uniform loadingjuadrupole noisedue to non-linear
effects, androadband nois&ue to turbulence [13]. The relative importance of each
source depends on both propeller design and operatingtcomi
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Propellers always operate in a distorted ow- eld becau$éncidence thrust angle,
presence of the airframe and in ow turbulence. Flow distortresults in additional
noise, mainly unsteady loading noise, which is usuallyistgnt. Under non-uniform
and/or unsteady in ow conditions the sound directivity teat also differs from an
ideal in ow case. Tonal noise was shown to vary by up to 8 dB asr@ssequence of
unsteady loading, with effects in the up-stream directitbargjer than for the down-
stream [14]. The presence of the airframe also affectsphgtihe noise propagation.
The sound propagating through the fuselage boundary lagdergoes refraction
because of velocity and temperature gradients, the imdatteosound waves with
the fuselage is subject to scattering, and the wing can geombise shielding. It
is therefore important to analyse propellers as instaNestiesn, because disregarding
installation effects can lead to a substantial under-ptext of the actual sound levels
and to wrong directivities [13].

1.2.1 Noise Spectral Characteristics

Propeller noise is composed of harmonic noise, narrow-b@amdom noise and
broadband noise. The different spectral characteristidhase three elements are
shown in Figure 1.2.

o ‘E‘Pr
3 3 3
Qo = =
g E £
< a5s > <
Time )
Time Time
£ . £
33 s > 29
£3 K g3
2 - & 8-
wv ’ wv
BPF 2BPF  3BPF  4BPF BPF  2BPF  3BPF  4BPF
Frequency Frequency Frequency
(a) Harmonic noise. (b) Narrow-band random noise. (c) Broadband noise.

Figure 1.2: Spectral characteristics of propeller noisaponents [13].

Harmonic noises periodic, i.e. its time signature can be represented bgretant
rate pulse. Given a propeller witl, blades running at constant angular velocityhe
noise discrete peaks appear at the Blade Passing FregBBRGy N, nand its integer
multiples. The highest sound pressure level occurs at thdaimental frequency,
followed by an almost linear decrease as the harmonic ondezases [15]. Extra sub-
harmonics arise in the noise spectra if there are asymraeirithe blade geometry
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and/or in the azimuthal blade spacing. Besides, if a pistgmnens used, its periodic
non-uniform rotational motion also produces tonal noisedutating the noise spectra

if there is coincidence between BPF tones and the engine ¢ragkency or adding
further harmonics otherwise [16].

Narrow-band random noise almost periodic and its spectrum shows distinct tones.
Yet, the acoustic energy is not concentrated at isolategliéecies but spreads out,
especially at the higher frequencies.

Broadband noisés random in nature and contains components at all freqasnci
resulting in a continuous spectrum. Its contribution to tibkal noise of an aircraft

in ight was found to be not signi cant with respect to the ethnoise sources [17].

1.2.2 Sound-Generating Mechanisms

The sources of propeller noise can be categorised depeodithgpir time nature in the
rotating-blade system of reference, i.e. from the pointiedwof an observer seated on
a propeller blade. In this system we distinguish betweesdsteunsteady and random
sound sources.

Steady sourceare caused by the propeller rotation and contribute tonslenoThe
helical blade-tip Mach numbeMl,.1p is the main propeller operating parameter for
tonal noise and its increase results in a rapid increasegbiehinarmonic noise levels.
At subsonic tip speeds, steady noise sourceqiarte periodic ow displacement
caused by the nite thickness of the bladeshickness noiseand (ii) the periodic
pressure disturbance caused by the blade motion produwinsf and torqueloading
noise Thickness noise, whose amplitude is proportional to tleldlvolume, can
be described by a monopole source and it is prevailing at $pgleds, i.e. for a typical
general aviation propellé,tp  0:6 0:7. Loading noise is instead dominant at low
to moderate speeds and can be represented by an acouslgovdiats radiation lobes
directed forward and backward of the blade disk plane. Fasonic blade section
speeds, non linear effects become important and they camellad with quadrupole
sources distributed in the volume surrounding the bladé®on-linear quadrupole
noise) Linear thickness and loading sources are enhanced by Hdrupole source
and the noise increases, especially for unswept blades.

Unsteady sourcemiclude both periodic and random variations of the bladelilog
Every in ow distortion constant in time, e.g. a shaft tillagve to the in ow, results
in blade loading cyclic changes for each propeller revoluand thus generate noise
at the propeller tones. This can raise or lower the steadyinganoise depending
on the azimuthal position of the disturbance. In additibw $ound directivity is no
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longer axisymmetric but exhibits a number of lobes deteehiny the distortion order.
Unsteady loading noise is signi cant for contra-rotatirrgpellers, especially for low-
speed operations, because of the aerodynamic interfeteztogeen the two rotors.
Particular conditions can also cause nearly-periodicébladding, as for example a
vortex ingestion.

Random sourceare related to ow turbulence and contribute broadbandenoigvo
sources can be important for propeller noigg: the interaction between the blade
leading edge and the in ow turbulence, afiigl loading uctuations at the trailing edge
due to the turbulent boundary layer and the connected ttterabetween tip vortex
and trailing edge. An acoustic dipole with the axis perpeuldir to the blade chord
can be used to model this noise component.

1.2.3 Noise Predictions Methods

Since the 1920s experimental and theoretical investigatiave been carried out to
understand and predict propeller noise, the developmerbwiputers contributing
widely. By the end of the century a large number of methods weweloped of both
empirical and theoretical character, of various compjeaitd accuracy, included those
currently used.

It is noted that nearly all propeller acoustic predictiochieiques, still today, deal only
with the tonal noise component, because this is normallyntbst signi cant. For
broadband noise, a general and comprehensive model is eot/et reported, despite
the need for it was rst recognised in the 1930s [18, 19, 2@al®g noise laws [21]
and semi-empirical approaches based on speci ¢ sourceaneshs (e.g. Proudman's
formula [22, 23] or at-plate scattering derived methodg [25, 26, 27, 28, 29]) are
therefore nowadays usually adopted.

Empirical Methods

Empirical methods deliver estimates of noise levels, atirergging accuracy, from
gross parameters such as ight and rotation speeds, nunfblelades, powergtc
via simple procedures involving charts and hand held catou. They are therefore
mainly used for preliminary design analysis.

As an example of these methods, we recall here those progmsédiagliozzi in
1971 [30], by Smith in 1981 [31], and by Dobrzynski in 1994].3khe rstis reported
to give overall sound level estimates within 3 dB in the neda-and within 6 dB in the
far- eld. The second deduces an equation from A-weightathgdevel measurements
of certi cation tests and, taking into account blade twistldhickness, gives far- eld
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yover noise within 2.2 dB.. The third starts from a theoretical method and includes
an empirical piston engine noise prediction.

Theoretical Methods

Theoretical methods are more complex and more detailed éhgpirical methods,
offering more accurate predictions especially in the nelak- and thus essential in
the case of cabin noise evaluation. They usually requireadstla workstation and are
therefore used for advanced design and research. They sed ba the description
of the noise generation process, with various level of agpration and simplifying
hypothesis. A chronological summary of the key works on phep theoretical
harmonic noise prediction methods is presented in TableAlcbmprehensive review
of methods and efforts up to 1995, for both harmonic and Wyaad noise predictions,
was done by Metzger [35].

The great majority of the methods still employed today, tmpate propeller tonal
noise, can be derived from the Ffowcs Williams-Hawkings (RAYVequation [42]
published in 1969 (see Table 1.1). Approaches in the timeaitofiollow Farassat's
formulations [48, 54], usually adopting his formulation ¥&r sub-sonic source
regions and formulation 3 for super-sonic ones. Time-domathods can treat blade
geometry with any desired level of accuracy and can be appheinsteady loading
without modi cations. Frequency-domain techniques, oe tither hand, follow
Hanson's approach to represent the propeller blades asoltil surfaces [51, 52].
The Fourier transformation eliminates the numerical dénes and the computation
of retarded blade locations needed in the time-domain ndsth®his results in easily
coded formulas (with some versions even solved by hand, efeffiective radius
formulation is employed [13]). Some precision in the blagemetry representation
is generally lost and the version for unsteady loading hély more complex than
the steady one. However, results have good accuracy fordmesup to fairly high
order and this method can be more convenient if one is irtexteés noise harmonics
rather than pressure waveforms (the latter are determiyedroming a Fourier series,
whereas they are the direct output of time-domain techisigue addition, frequency-
domain approaches give direct insight to the effects ofdlgebmetry and operating
conditions on the tonal noise, enabling valuable analysth® sound spectrum per
frequency.

An alternative to the FW-H equation is the Kirchhoff-HelniiagK-H) theorem, which
expresses the acoustic eld produced by a de nite volumdaiomg sound sources in
terms of the ow variables at its bounding surface [55]. Tapproach is usually less
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1919-1920

1936

1937-1940

1952-54

1954

1969

1975-1992

1976-1993

Lynam and Webb [33],Bryan [34]

Earliest attempts to develop a noise prediction method based on the
Lancester's intuition that propeller noise “is due to the movement of
pressure centers of constant or nearly constant magnitude in a circular
orbit” [35]. No estimate of sound levels was given.

Gutin [36]

First analytical expression of radiated sound energy and directional
properties for the lower propeller harmonics under static conditions
(blade aerodynamic forces represented by a ring of dipoles). First theory
addressing correctly the noise generation process.

Deming [37, 38]

Extensions of Gutin's work to account for blade thickness (symmetric
airfoil at zero angle of attack assumed), higher harmonic noise (via
empirical relations), and thrust and torque contributions (using an
algebraic equation for their span-wise distribution). First assessment of
blades number impact on sound pressure at BPFs tones: at given tip
Mach, the more the blades the lower the harmonic sound pressure level.

Lighthill [39, 40]

Equation for the acoustic radiation of small turbulent ow r egions
embedded in an in nite homogeneous uid with constant densi ty and
sound speed (“Acoustic Analogy”). Basis of most modern aeroacoustic
theories.

Garrick and Watkins  [41]

General expression of both near and far sound pressure eld f or any
given harmonic under subsonic forward ight conditions (sy mmetric
pressure load assumed) - based on Gutin's theory. First
acknowledgement of the importance of in ow distortion.

Ffowcs Williams and Hawkings  [42]

Expression for the density eld radiated by turbulence in th e presence of
arbitrarily moving surfaces (Ffowcs Williams-Hawkings equation),
showing that propeller noise is due to blade thickness as a monopole,
loading variation as a dipole and non linear effects, important for unswept
blades at transonic tip speed, as a quadrupole - founded on Curle's
expansion of Lighthill's theory including solid boundaries effects [43].
Nowadays still employed for rotor and propeller far- eld no ise predictions.

Farassat [44, 45, 46, 47, 48, 49, 50]

Time-domain formulations of the FW-H equation for both subsonic and
supersonic rotating blades, considering the actual blade surface and
including non-uniform in ow conditions. Theoretical basi s of many
state-of-the-art prediction methods..

Hanson [51, 52, 53]

Frequency-domain method to solve the FW-H equation, theoretical basis
of modern frequency-domain noise estimation approaches. Refraction
and scattering by the fuselage and the boundary layer included via
matching analytical expressions of incident and scattered waves.

Table 1.1: Propeller tonal noise analytical predictiontmes: a time-line of key publications.
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exercised because of its more restricted applicability,clam be more ef cient since
it requires only velocity and pressure, and not their dées, it does not involve
volume integrals, and it avoids the complex quadrupole wymputation.

The Use of Computational Fluid Dynamics

The most recent approach to propeller noise predictionsemalirect use of CFD
codes. It is the highest- delity technique and the most appate for near- eld
installed noise, especially for high cruise or tip speeds¢esit naturally includes
actual distorted propeller in ow conditions, accuratedddoads and interactions with
the airframe.

The rst Computational AeroAcoustic (CAA) simulations werarded out between
the late 1980s and the early 1990s, using Euler's equati@espite the improved
capabilities of modern computers, the direct computatidhewhole propeller sound
eld with Navier-Stokes equations is still excessively exgive and time-consuming,
because of the high Reynolds number of such ows. CAA computali challenges
arise from the speci c character of aeroacoustic problefingese are, by nature, time-
dependent, usually covering a wide frequency range, antiplaibcales, i.e. the length
scale of the sound source is signi cantly different from theoustic wavelengths.
Moreover, sound waves have amplitudes remarkably smallpaoed to the mean
ow perturbations (often 5 to 6 orders smaller) and decayyvslowly, actually
reaching the boundaries of a nite computational domainmeding requirements
and computational issues of CAA simulations are describedetail in references
[56, 57, 58], together with the developed numerical scheanedssome applications. A
review of the recent progress in this eld, up until 2014, e by Leleet al.in [59].
Since direct CAA is nowadays prohibitive for far- eld noiseraputations [59, 60],
the current strategy is therefore to couple CFD in the nelt-with an acoustics
analogy method in the far- eld (see literature survey foamwples of this approach
regarding propeller noise). As for CFD methods in particusdeady or unsteady
Reynolds-Averaged Navier-Stokes equations (RANS/URANSharenally used for
tonal noise, whereas Large Eddy Simulation (LES) or hyle@hhiques (see Section
2.3) are employed if broadband noise is of interest as well.

1.2.4 Control of Propeller Noise

From the understanding of the generating mechanisms andhartagysis of the
governing equations, it is possible to obtain guidancenit [propeller noise. Targets
and constraints are various:
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1. near- eld noise requirements, mainly concerning cragi@editions, include cabin
noise comfort and airplane structural acoustic fatigue;

2. far- eld noise requirements, generally related to Igpesd operating conditions,
comprise noise certi cations and additional communitysgoiestrictions.

Reducing Noise at Source

Noise control approaches can act on propeller operatinglitons and/or design
parameters, to reduce the sound at source maintainingdheed thrust.

Since all sound sources have radiation ef ciencies deteechby the relative velocity,
lowering the tip speed reduces the noise almost always: dhalabene t depends
on the speci ¢ design and operating conditions, but an dvexse reduction was
observed to vary as 40 times the tip Mach number for conveatipropellers of the
1970s [13].

Another strategy based on propeller operating conditistis lessen the disk loading
by increasing the propeller diamef@ras the loading noise decreases as approximately
1=D? [13]. Moreover, the propeller ef ciency at low-speed teridsbe higher with a
larger diameter, and thus the increase in the diameter caorbbined with a lower tip
speed to achieve further noise reductions.

Loading noise can also be signi cantly reduced, especiallyrigher harmonics, by
increasing the blade count. Although adding blades ralse$réquencies generated,
and hence perceived noise levels can increase (partigalaring high-speed cruise),
a noise reduction can still generally be obtained. Quadeupoise bene ts as well
from a larger blade count.

Thickness noise, which is relevant at high-speed cruiseotisonsiderably affected
by this choice, provided that the blade volume is decreasecethucing the blade
chord because more blades means more thickness noise. fébeasf the spectrum
of a decrease in blade thickness and chord depends on the stidipe. A thickness
reduction at constant chord yields lower noise levels ahatimonics, with a noise
decrease that goes approximately as the square of the liadees[13].

During high-speed cruise, a larger blade sweep is also viéegtee in reducing
the propeller noise, particularly as sweep increases. Btadg and plan-form
distributions are instead shown to have only a small effagtropeller noise, whereas
they strongly affect the aerodynamics.

Airfoil sections do not contribute signi cantly to lower haonic sound levels,
although some airfoil sections appear better than otherdse reduction [13].

Flow control via vortex generator blowing jets (see e.g.])6dr plasma actuators (see
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e.g. [62]), has been recently studied to improve propefleremcy by suppressing the
boundary layer separation. Producing a more attached owherpropeller blades, it
can be imagined that these techniques could be also adeanisdor reducing noise
emissions, however their acoustic bene t has not yet beerotighly investigated.

Reducing Noise once Installed

The strategies described above aim to reduce propellee mbigs source. Although
this should always be considered, sometimes it is not entwusggttisfy the cabin sound
levels requirements, and additional control measures beiatiopted.

In multi-propeller aircraft, lower noise levels can be a@sieid by promoting noise
cancellation between the different sound sources. Thisoigedy propeller syn-
chrophasing, i.e. setting a relatively xed shift in the dédes position so that destructive
acoustic interferences naturally occur. Since constaeed variable-pitch propellers
are typically employed, the desired propeller relativedblangle is simply attained
by accelerating or decelerating the slave propeller(s)swell adjustments in the
blade pitch. Synchrophasing is thus a very interestingiypasmise, and vibration,
control strategy, because its implementation doesn'tir@sadditional weight and it
acts across the sound spectrum. On the contrary, classw@asethods, such as the
frequently used tuned fuselage dampers, increase thésgweeight and reduce noise
only at speci c tones.

Active control strategies, usually employed in conjunetiath passive methods, allow
for further reductions in cabin noise levels acting on thedoharmonics, generally
on the rst two or three. These use an optimised combinatiomierophones and
loudspeakers, or active tunable vibration absorbers (seena&example the systems
adopted in the SAAB 2000 [65], in the ATR42 [66] or in the A400BI7]). Active
controls have the advantage of operating over the wholet gtvelope, including
unsteady variations in excitation due to turbulence andisgus

Hybrid active-passive control solutions, using micropé®rand accelerometers as
sensors, and loudspeakers and vibration generators aat@stuare also being
currently studied [68].

T It is instead noted that, for pusher con gurations, pylooviihg ow control was successfully demonstrated to provide
signi cant noise reductions, specially for higher harmanioy reducing the wake velocity de cit and making its pro laitorm.
As an example, the works of Regbal. [63] and Buryet al. [64], respectively on a single propeller and a countertiregeopen
rotor, are cited here.
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1.3. Literature Survey

Major research efforts were carried out in the 1980s and 499@er the high
oil prices caused by the world energy crisis of 1973-1974 enadboprops an
attractive alternative to the widely employed, and lessieht, turbojets and turbofans.
Aerodynamics and acoustics of advanced propeller desigms imvestigated, being
both linked to the aircraft sale and usage costs, via exgeriah analytical and
numerical approaches. The rst few computational aeroatowstudies were also
conducted at that time. With the fall of fuel prices in theeld980s, these research
programmes ended before having achieved enough maturitgrivince the aviation
industry. Because of new environmental regulations, nowsdaterest in propeller-
driven aircraft resurfaced. New research is developingy$og on propeller acoustics,
since turboprop's fuel efciency is already high. Work oroiated propellers is
mainly performed to establish accurate noise predictiorthous with reasonable
computational cost, and to nd quieter propeller designs/ektigations on installed
propellers seek to improve our understanding of the complepeller-airframe
interaction physics, and to nd aerodynamically and acwadly better installation
solutions. Exploiting the capabilities of modern compsit€FD techniques are often
employed to study the near- eld propeller noise, whereasamustics methods are
used to propagate the sound in the far- eld.

The literature survey presented in the following, is diddeato works performed
on isolated propellers, and studies on propeller instaltagffects, since this thesis
is organised the same way. The literature search reportesl isefocused only
on aerodynamics and acoustics of aircraft single-rotapimpellers, in isolation or
mounted in tractor con guration, as this is the subject of firesent research. A
review of the studies carried out on propellers in pushergromation, or in other
applications, e.g. contra-rotating open-rotors, ducteggllers, or marine propellers,
is not discussed. However, it is noted that the same metradbe used to investigate
even these con gurations.

1.3.1 Isolated Propeller Studies

Most relevant and comprehensive works of the 1980s and 1@9@sding acoustics
of isolated propellers are presented in Table 1.2. Experiat@ctivities, as well as
analytical and/or numerical/theoretical predictiong, iacluded.

Overall, it can be concluded that, regarding experimenimerous wind tunnel tests
have been performed, but more extensive and reliable ewpatal datasets were
needed to assess the accuracy of predictive methods i [@&faiRegarding nume-
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Author Propeller Experiments Theoretical Approach (Aerodynamics + Acoustics)
. 1= replicas of 2-bladed 1C160 propeller and angular, xed-velocity and xed-J wake and lifting line + array of point sources forward
Succi : . : . . S : .
et al. [69] two modi gd versions (one_ heaV|I_y loaded, a_(:(_)ustlc surveys f_or each prop_elle_r Wlth spiralling, gach with motlpn and force of
(MiT) and one with the peak radial loading moved minimum/symmetric/asymmetric fairings corresponding blade section (arassat's
inboard) (MIT anechoic WT) formulation of FW-H eq.)
lifting line, 2D airfoil + linear time-domain
propagation (Farassat)
. . 3D non-linear steady aerodynamics + linear
axial force and torque measures with . X :
. . . time-domain propagation (Farassat)
installed rotating balance, acoustic data from . - .
: . ) 3D steady exact linear lifting surface + linear
Various NASA SRseriespropellers: 8-bladed models pressures transducers on WT walls/near-wall . ;
. i : . frequency-domain propagation (Hanson)
authors with 0, 30 and 45 deg tip sweep angle (SR2, and lateral translating probe microphones, at 3D unsteadv exact linear lifting surface + linear
[70, 71, 72, SR1M and SR7A, SR3, respectively), cruise and take-off/landing conditions frequenc -gomain ropa atio% (Hanson)
73, 74] 10-bladed models with 40 and 60 deg tip (NASA Lewis 8x6 ft/anechoic 9x15 ft WTs) quency propag .
: ; ) . 3D steady Euler + linear frequency-domain
(NASA) sweep angle (SR6, SR5, respectively) ight noise tests using propeller models .
propagation (Hanson)
mounted above the fuselage of the Jetstar : . . .
: actuator disk, unloaded linear lift response + linear
aircraft ; .
frequency-domain propagation (Hanson)
3D steady Euler + direct estimate in the near- eld,
linear integral propagation in the far- eld
not speci ed simple method + frequency domain
performance and blade distortion FW-H approach in aircraft reference system: at
Gounet Aerospatiale general aviation propellérs measurements, plus far- eld microphones blades and chord- compactness source approximation
et al.[75] 8-bladed SR1 and SR3 NASA propellrs recordings without acoustic lining on the  for moderate speeds and far- eld predictions, blade
(ONERA) 12-bladed ONERA propfan scaled model walls, forMy=0.25-0.75 and no incidence shape accounted in the thickness term for high

(ONERA S1-MA transonic WT) advancing speeds and fuselage estimates

direct evaluation from 3D Euler eq. computatibns

Table 1.2: Isolated propeller acoustics most relevant amdpcehensive studies in the 1980s and 1990s (Leg@ndpredictions compared against not proprietary
experimental datd: = evaluation against experiments not shows;full numerical calculations used as main method of préafist evaluation)(Part 1/3)
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Author Propeller Experiments Theoretical Approach (Aerodynamics + Acoustics) g
aerodynamic loading assumed as known + Iineariseg

Tam boundary-value problems of inviscid compressible o
etal.[76] 8-bladed NASA SR3 propelldr N/A uid for thickness and loading noise, with weakly (r,n)
(USA uni- non-linear propagation effects included via c
versities) Whitham's non-linearisation procedure using the 2

equal area rule of his shock- tting method E
Schulten model scale 6-bladed cgnventional propeller microphones measures in the wake of the Iifting surface with leading edge suction forpe
(77,78, 79] NASA SR7a propfan with 8 and 2 blag'l’es propeller mpunted ona slen_der cer_lt_ral body correctlo_n + frequency wave number formu_lat|0_n of

(l'\lLR,) 6-bladed Fokker 50 propeller (scale 15) over various aerodynamic conditions generalised K-H theorem in separated cylindrical

6-bladed model scale SNAAP propellérs (low-speed anechoic DNW WT) coordinates.

Parry aerodynamics considered given by established steady
et al.[80, generic 7- and 12-bladed propellers codes + near- and far- eld asymptotic expressions of
81, 82, 83] 6-bladed Fokker 50 propeller (scale £:5) N/A Hanson's frequency-domain formulas in the limit of
(UK uni- ' “many-bladed propellers” for all harmonics at both
versities) sub-sonic and super-sonic propeller operating speeds

3D non-linear Euler code or simpli ed loading

distributions + frequency-domain non-compact
Whit eld NASA 8-bladed SR2 and SR3, 10-bladed SR6 sou'rce Iingar ac.o.ustic for the far- eld, adjusted via
etal.[84, ropeller model N/A Sulc's semi-empirical method for the near- eld (the
85] (GE) prop direct use of ow solutions for near- eld noise is

assessed and dropped because of the excessive
computational cost)

Table 1.2: Isolated propeller acoustics most relevant amdpcehensive studies in the 1980s and 1990s (Legérdpredictions compared against not proprietary
experimental datd = evaluation against experiments not shows;full numerical calculations used as main method of préfist evaluation)(Part 2/3)

€T
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Author Propeller Experiments Theoretical Approach (Aerodynamics + Acoustics)
near- and far- eld acoustic measurements strip analysis + developed Succi's subsonic compact
with axially transversing microphones time-domain solution of FW-H eq. with loading
Zandbergen DA . : . . : .
et al.[86] 6-bladed Fokker 50 propeller (scale 1:5) varying incidence and side-slip angles for noise accounting for blade cy_cllc Ioadlng_and
(NLR) ’ My =0.12-0.23 andMy,.1jp=0.5-0.77 velocity variations due to non axisymmetric in ows
(low-speed DNW WT in acoustic and thickness noise accounting for blade velocity
con guration with open jet test section) variations only

both aerodynamics and acoustics computed from an
integral equation for the circulation derived from the

Brouwer application of Van Dyke's method of matching

%
[87] (NLR) 6-bladed Fokker 50 propeller (scale 1.5) N/A asymptotic expansions in the reciprocal blade aspect
ratio for high aspect ratio blades in an axial
compressible ow at subsonic speeds
simultaneous measures of running blade  experimental data + Dowty's prediction method
JORP propellers: 6-bladed scaled high speedshapes, blade and spinner pressures, thrust,based on FW-H eq. in the time domain accounting
Scrase ) . oo . ; : :
et al. [88] design ywth ARA-D/A a|rf0|l§ and relatively  torque and aco.ustlc elq of the propellgrs for sh'ock' waves in the th!ckness term as quadrupole
(ARA) large tip chord, versions with unswept and mounted on aminimum mterfere_nce spinner cor_1tr|but|on (aerodynamlt_: methods used in D_owty:
moderately swept plan-form from static toMy = 0.75 conditions strip wake based on modi ed Lock-Goldstein ideal
(acoustically lined transonic ARA WT) wake, steady 3D Euler code)

Table 1.2: Isolated propeller acoustics most relevant amdpcehensive studies in the 1980s and 1990s (Legérdpredictions compared against not proprietary
experimental datd: = evaluation against experiments not shows;full numerical calculations used as main method of préafist evaluation)(Part 3/3)
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rical predictions, given shape and motion of the propediete-of-the-art methods of
that time already delivered noise estimates with reaseradduracy. They were able
to capture differences due to changes of blade design, topgei@nditions, as well
as observer position, and allowed the analysis of the pammaffecting the sound
levels among which blade loading, tip Mach number, sweepamydhmetric in ow
(see eg.[69, 89, 70, 77, 78, 86]). As Metzger states at ttie@tim his review [35] “it
appears that de ciencies in the accuracy of propeller nprsélictions, in many cases,
may be related not to the noise methods being used but theaagcand detail of
the aerodynamic inputs to the calculations”. The imporaoicprecise aerodynamic
data including leading-edge suction force, tip vortex,trand tip load distributions
and stall behavior, was explicity recognised for example[i#v, 72, 88, 79], and
predictions obtained using a 3D non-linear Euler code skhogamd agreement with
measurements, with discrepancies of the same order as fiieeedces between
experimental datasets [84].

Notable results of these studies are the following:

(a) The blade sweep was recognised as a key parameter tenedpzller noise

by promoting acoustic phase cancellation, and advancegrdeseading up
to 6-9 dB noise reductions were succesfully planned aneddegst0]. Blade

sweep was also observed from experiments to have a sigriiogpact on the

propeller aeroelastic properties [70], which were founghamant to determine
sound levels, especially for higher harmonics (during NASRTA project

it was demostrated that propeller blades deformation, dueentrifugal and
aerodynamic loading, can give differences up to 5 dB, ancefber necessary
in noise predictions [90]).

(b) The FW-H equation, in time or frequency domain, was theho@ most com-
monly adopted for acoustic predictions, usually neglectre quadrupole term
because of its complexity and its irrelevance for propedlenditions below
transonic regimes [91]. Linear acoustic theories were shtovadequately predict
noise for subsonic tip speeds, but overestimated soundsléve supersonic
tip speeds [70]. On the other hand, a generalised K-H apprgasding
velocity eld, hydrodynamic wake and acoustic pressures weoven effective in
computing economically the sound eld at a large number ahfaccounting
for volume sources, thus representing an ef cient alteveato determine the
incident acoustic eld on a fuselage [77, 79]. A weakly namelar acoustic
and shock-wave theory was also proposed to account forinearlpropagation
effects [76], showing their importance in the case of highs®nic cruise speeds
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to accurately predict the waveforms of the aircraft incidsound eld.

(c) Simple and explicit formulae derived from asymptotiedhy in the limit of large
blade number were shown to retain the accuracy of full irlegxpressions, for
both near- and far- eld at all propeller operating conditso[80, 81, 82, 83],
requiring at most 5% of the CPU time needed for the originaggrels [80].
Asymptotic expressions also provided important insight isound generation
(e.g. dependence on forward and tip Mach numbers, effectswafep and
noncompacteness, identi cation of the blade tip and theMadius as dominant
in the far- eld at subsonic and supersonic regimes respelgti etc.), making
them useful in preliminary design. Conclusions derived fasymptotic theories
have been later con rmed by exact numerical evaluation efadtoustic radiation
integrals by Carley [92, 93]. Extending Chapman's work [94]rI&aproposed
a fast method to compute the 3D acoustic eld of a rotatingreeun forward
motion with arbitrary strength distribution. The methodibles the analysis of
the whole noise eld, by constrast to the “single-point” eques originated
from the FW-H equation, and the execution of parametricistioh reasonable
time. He reported a total of 16h of real time on a personal adsrgo calculate
484812 eld points in the case of constant source strengtimgalithe blade
radius [92].

(d) The method of matched asymptotic expansions of Van D9&e 6] was tested
and found not applicable to realistic propellers with higgpect ratio (AR),
yieldig unphysical results. This was because the problepamsion parameter
AR 1 was not small enough. The method showed that 3D effects were m
important for propeller blades than for xed wings [87]. Hewer, the integral
equation resulting from the circulation approximationgaccurate aerodynamic
loadings and reasonable estimates of sound levels and phgkee at least for the
BPF, with minimum computational cost.

The rst computational aeroacoustics efforts developednfthe late 1980s, e.g. [97,
98] (see Metzger [35] for a short summary), employed Euksgsations to determine
the complete near- eld of transonic propellers. Euler'siatipns take into account
the non-linear effects usually neglected with the exclusb the quadrupole term.
The accuracy of sound level estimates was remarkably ingorcompared to linear
predictions. Korkanet al.[97] showed discrepancies of maximum 2 dB for the
SPL(BPF) at helical tip Mach numbers up to 1.07, and an avdrdg&rence of 5
dB atMp.1ip Of 1.14 and 1.21. Meijeet al.[99] presented estimates for the rst three
harmonic tones within 2 dB foM,tp 1 and within 3 to 5 dB foMp1jp = 1:08.
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Grid density and feasibility of the approach, as well asaff@f numerical damping
and the use of non-re ective boundaries for the CFD domainmgwiéscussed.

Recent relevant works are listeded in Table 1.3. As can be feEmajority of these
couples a CFD simulation of the ow around the propeller baaeéth an integral
approach, based on the acoustic analogy, to determine thestar far- eld. The
accuracy of lower- delity models for both aerodynamics awbustics is also tested
against experimental data and/or higher- delity methdeimm these investigations it
is clear that:

(2) The two-steps methoFD in the near- eld + acoustic solver in the far-
eld' was demostrated to be successful for propeller noise gieals; enabling
sound level estimates with acceptable accuracy, at leasgteablade passing
frequency and in the vicinity of the propeller plane [1001.1002, 104, 106].

Marinus et al.[100] reported an average agreement of about 5 dB with large

discrepancies only far upstream of the propeller planeferrist two harmonics.
SPL(BPF) estimates of De Gennagbal.[101, 102] showed a difference from
experimental data of maximum 2 dB for locations approxinya9) degrees
behind the propeller plane and of maximum 5 dB further back.suRg of

Hambreyet al.[106] underpredict sound levels by 4 to 11 dB at BPF and by

9 to 32 dB at 2BPF, with the larger discrepancies at largenddss. Despite
a validation of noise predictions against experimentahdatthorough analysis
of the numerical errors that can be made in this two-stepsoapp is not

carried out in the above cited studies. However, Giawgju. [111] showed that
meshes of moderate density (i.e8 M cells per blade) were adequate for lower
harmonics noise, the maximum SPL converging well provideal ihtegration

FW-H surface contains all relevant sound sources. FW-Hiegere also found
strongly dependent on the wave operator Mach number [1h@§ potentially

affecting OSPL directivities because of the heterogenbags ow generated by
the propeller.

(b) Full-domain unsteady CFD computations [104, 106] didnestlt in signi cant
impovements in the far- eld tonal noise level estimatesnpared to single-blade
steady RANS simulations. This proved the latter to be effeqtand preferable
because of the lower computational cost) in capturing sdaddesign analysis.
The use of a two-step method with limited costs, as for exarnipht proposed
by Marinuset al.[100], was shown to be viable and reliable for multidiscigly
optimisation studies during propeller design phases [113].
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Author Propeller Aerodynamics Acoustics
Farassat 1A formulation of FW-H eq.
Marinus NASA SR1: 8-bladed model single-blade RANSK e with no-slip wall medmi:?i;gl:i?égsséi ;E;Q?eﬁéé]clgoimmg
et al.[100] NASA SR3: 8-bladed model conditions (ANSYS FLUENT) T o
for the sonic singularity via a truncated rst
order Taylor expansion [100]
De Gennaro single-blade RANSk  w SST (ANSYS FLUENT) FW-H formulation for moving surfaces [103]
etal.[101, NASA SR2: 8-bladed model S ! .
102] [grid size: 1:7M and 10:5M cells] without quadrupole term

Tanet al.[104]

NASA SR2: 8-bladed model

DES,k w SST (CD-Adapco STAR-CCM+)
[grid size: 78M cells]

FW-H formulation for moving
surfaces [103] corrected for quadrupole
sources [91]
direct evaluation from pressure solution

(A) BEM including variable lift coef. and swirl

Hambrey (B) panel and free vortex methods (SmartRotor) (A) Hanson's helicoidal S“fface [107]
et all(.)[61]05, NASA SR2: 4- and 8-bladed models (C)URANS.k w SST (CD-Adapco STAR-CCM+) (B)'(C)vl\ji?rru?)ﬁ?;u%aﬁ:Sgg]lgl?élron? ?;L:]W H eq.
[grid size: 3:7M/ 7:5M cells]
Deming's analytical method [37, 38]
Kotwicz NASA SR2: 4- and 8-bladed models without efffective—radius appro>.<ima.tion
Herniczek NASA SR3: 2-, 4- and 8-bladed models improved BEM modi ed Barry and Magliozzi
et al.[108] NASA SR7: 8-bladed model method [109]

others 2- and 6-bladed models

Hanson's helicoidal surface
theory [107, 110]

Table 1.3: Isolated propeller acoustics recent (last decstddies. Predictions validated against not propriegaperimental data: refer to original papers for references



1.3. LITERATURE SURVEY 19

(c) Predictions of Hanson's helicoidal surface theory [1®ith BEM aerodynamic
loading data in input, are con rmed consistent and reaskenalso for modern
propellers, making this low-order technique a valuablé &igrnative for rst
noise evaluation [108, 105]. An average error of 7.2 dB fa& maximumum
tonal noise, over 14 experimental test cases, is reportedobyicz Herniczek
et al.[108].

1.3.2 Installed Propeller Studies

Tables 1.4 and 1.5 present a summary of major efforts comzpwing mounted tractor

propellers carried out in the eighties and nineties by me$eeenters and industries,
respectively. Extensive experimental and numerical ingasons were performed
both in the USA and Europe. On the experimental side, a sofstamount of data

was collected from model and full-scale tests (see e.g.,[118, 141, 142]). A good

agreement between them was found, validating the scaled twimel measurements
approach [147]. Experiments were performed at cruise amesfzeed take-off/landing

operating conditions. On the prediction side, methods Idpeel at that time were

proven to give estimates of free- eld noise that were exadlin trends, and generally
good in absolute levels [90]. Moreover, they allowed to eatd, with a reasonable
accuracy, both intensity and directivity of maximum soueslels on the exterior

fuselage, capturing the differences between port and caadbaircraft sides in the
case of co-rotating propellers due to the different in owd 1 116].

Key ndings of these works are now discussed.

(a) The aerodynamic interaction between propeller andaam is signi cant for
both components, and unsteady. So, steady actuator digkutations can only
give an estimate of the average ow eld, whereas time mang8D simulations
are needed to accurately capture the interaction physipscally for propellers
operating at incidence [128, 129, 130, 132, 133]. The p@sehthe wing behind
the propeller mainly causes nearly uniform upwash, therattstallation effects
being second order [127]. Non-zero propeller in ow angliatige to the ight-
path, and propeller in ow distortion due to wing-generatgavash, were found
both very important for propeller actual noise levels inhig138]. The wing
downstream the propeller was generilfeen to increase the tone noise levels

* studying a propeller in front of an in nite wing analyticglusing a 3D free wake-BEM model coupled with a full-surface
moving medium form of the FW-H eq., Marretéd al. found that the radiated noise of the installed propelleoiger than that
of the isolated case [148]. In a few of the data points andlyseZandbergeet al.[142] it also appear that the addition of the
wing slightly reduces the sound levels of the isolated pitepat incidence. Wind tunnel tests of the SR7A propelletae-
off conditions with a straight wing in the propeller wake animium distance showed no tonal noise increase at zero angle of
attack [73].
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(spggﬁgér) Experimental Activities Numerical Activities

Full-scale in- iaht campaian using the Noise predictions with Farassat's
9 paig 9 linear formulations of the FW-H

SR-7L gdvance propeller [114, 115, 116] eq. [119, 49], fuselage scattering and
acoustic measurements near and far from O .
the propeller to map the noise source refraction included - aerodynamics
and aeroelasticity in input [120]

PTA directivity, fuselage surface pressures and
(NASA) VI T 9 pre Near- eld noise estimates at an
cabin noise data, under a wide set of .
. . . . angle of attack [121] via frequency
operating conditions (altitude, propeller tip domain methods [51, 122] vs direct
speed and prop-fan in ow angle varying) . h ! .
[full reports by Littleet al.[117, 118]] computation, both using as input 3D
' ' unsteady Euler pressures [123, 124]
Wind tunnel tests of model scale SR
propellers with downstream mounted wing:
(a) 4- and 8-bladed SR2, lightly-loaded
high Mt,p vs heavily-loaded loviitp
conditions - microphone carriage
ATP measurements with a mapping area @0 N/A
(NASA) deg axially and laterally [125, 126],

(b) SR7A at take-off conditions varying
propeller angle of attack and wing droop
angle - measures form blade kulites, wall
xed microphones arrays and translating
microphone probe [127, 73]
Wind tunnel experiments of a 1:8 full-span
scale model of typical commercial 50-seater Euler/Navier-Stokes computations
GEMINIII?  co-rotating 6-bladed biturboprop [128] to (time accurate vs steady state
(EC) investigate the aerodynamic interactions adopting an actuator disk method to
between propeller slipstream and airframe represent the propeller) [129, 130]
at transonic conditions

Wind tunnel tests campaign for the Steady and unsteady Euler
enhanced GEMINI Il model [131, 132]: simulations combined with the
aerodynamic and acoustic measuresto  ONERA radiation acoustic code,
APIAN . . . . .

(EC) study aircraft aerodynam_lc coef cients, solving the FW—H eqg. in the
propellers performance, slipstream effects, frequency domain, and the NLR
pressure distributions on wing, nacelle and acoustic code for scattering and

fuselage, near- and far- eld noise refraction [133]

Low-speed wind tunnel survey on a
Swedish propeller-nacelle-wing scaled model Time-averaged panel code
research  varying incidence, yaw, free-stream speed,predictions, coupled with a propeller
activities’ propeller thrust coef cient and nacelle slipstream model employing BEM

(FFA) geometry: surface pressure and slipstream theory [136, 137]

ow- eld data acquired [134, 135]

Table 1.4: Main research efforts performed in the 1980s &9@4 to study aerodynamics and acoustics
of installed tractor propellers (Legenti= only aerodynamics studied).

by a few dB and their variation rate with angle of attack, adl a® broadband
noise [138, 127, 147].

(b) The highest sound levels were found in the vicinity of finepeller plane [145,
142]. Here the propeller rotational noise was seen to be ¢mairchnt sound
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Company Experimental Activities Numerical Activities
Wind-tunnel tests of 1:10 scale model of
4-bladed propeller and engine of the Propeller wake predictions with
C-130, un-installed and installed on the leftanalytical models based on vortex
Lockheed- outer wing panel, at full-power take-off theory [139]
Georgia conditions, varying incidence and ap Noise estimates with Hamilton
angles [138]: detailed slip-stream velocity Standard computer program [140]
survey, microphone arcs recordings vs Farassat's method [45]

underneath and 30 degrees on the side
In- ight acoustic measurements of
interior and exterior noise of the . . . .
. : . Calculations with a time-domain
twin-engined, co-rotating, turboprop Saab : . X
. linearized version of the
2000 aircraft [141] FW-H eq. [45] includin
Thorough study of both tonal and - €4 1ding
; . non-uniform propeller in ow and
broadband noise sources on the aircratft, time-varying blade loads [141]
together with passive and active tailored ying
control measures adopted [65]

Saab (FAA)

Acoustic predictions based on
Wind tunnel measurements of sound Succi's subsonic compact time
pressures (amplitude and phase) on the solution of FW-H eq. [143, 144]
fuselage wall of a twin-engined turboprop with aerodynamic inputs from strip
Fokker and . . .
Dowty (NLR) full model with 4-bladed co-rotating analysis - qua_ldrupole and
propellers (metallic and composite blades  broadband noise neglected,
tested): tunnel and rotational speeds, as  non-uniform in ow, fuselage
well as angle of attack varying [142] re ections and boundary layer
effects considered

In- ight measurements of propeller noise
and turbulent pressure uctuations on the
LET !
fuselage, separately, of a light turboprop

Near- eld estimates using (a)
Gutin's original relation without

(Czrzzzgjéor]vak aircraft with two co-rotating 3-bladed Séggxlen?l?é?oggf leroof Ig;gez
. propellers: straight level ight at 3000 m : ' prop
institutes) modi ed formula according to

and different air speeds, keeping constant

the propeller RPM [145] [36] with empirical basis [145]

Table 1.5: Main industrial activities performed in the 1988hd 1990s to study aerodynamics and
acoustics of installed tractor propellers. In bracketsattedemic partner(s) of the research.

source [145] and, in particular, the rst three tones wereogmnised as the
main contributors to the interior cabin noise [65]. For otating propellers,
both external and internal acoustic elds are louder on tineraft side that is

closer to the propeller approaching the fuselage with moaeléd blades [145,
142, 141, 121], ie.for a propeller positive in ow the noise highest on

the side near the down-going blade tips. In-ight measunetmeon a light

commercial twin-engined aircraft with 3-bladed propeleo-rotating at 1900
RPM showed differences of as much as 5 dB between port andatdrfuselage
sidewalls [145].

(c) Fuselage scattering, wing and nacelle re ections, a# a® boundary layer
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refraction, must be included for accurate sound levelsiptieds [121, 90], in
addition to the complex non-uniform ow eld in which the ppeller operates
when installed, and the actual running blade shape. Peessatuations on
the fuselage wall, due to locally separeted ow, were alsonfibto contribute
signi cantly to the total noise in ight [145]. Thereforet could be concluded
that direct noise computations are “viable and reliableghmnear- eld, provided
an appropriate mesh density, since they resolve the whekspre eld and they
naturally account for non-linear propagation effects [12llhe rst Euler CFD
noise predictions on the fuselage of an high-speed airgrafér actual non-axial
in ow conditions conducted by Hall in 1994 [149] showed gaagreement with
wind tunnel data for attached ow. Nonetheless, much workamed to be done,
especially regarding grid numerical dissipation and viscsolver validation,
before Navier-Stokes codes could be used [147].

In recent years, whereas the research on propellers ini@olaainly focused on their
acoustics, the majority of the investigations regardirgtahed propellers examined
aerodynamics. This was needed to gain more insight intoribygeier-wing complex
interactions (e.g. [150, 151, 152, 153]), to develop fastgpmace prediction methods
(e.g. [154, 155, 156, 157]), or to analyse speci ¢ con guvas (e.g. [158, 159, 160,
161, 162, 163]). As for isolated propellers, CFD is frequertnployed. RANS
plus actuator disk (AD), as well as URANS with actuator lind_jAr fully resolved
propeller blades, proved capable of modeling the intevaati ow eld with good
accuracy, if numerical diffusion of the wake is preventedatsuf cient mesh density.
URANS+AL were shown to be equivalent to the full-blade modehe radial loading
distributions at every azimuthal position is given. Theagest RANS+AD gave time-
averaged data with only a slightly reduced accuracy [164].

Valuable aeroacoustic studies have been performed at DitfiRrthe BNF project
that investigates a 9-bladed propeller mounted ahead ohg with a Coanda ap at
take-off conditions. This work aims at the integration ofadimegional airports in the
European aviation network. A 1:9 scale model was analysetengally [165] using
a point source ring model for thickness and loading propeltase, and linearised
Euler equations to propagate the sound over a mean ow cozdphby RANS. A
FW-H solver was coupled to it, if far- eld predictions werequired. Wind tunnel
tests were also conducted [166] to measure the acoustiwialthr- eld microphones
and microphone array. Predictions agreed well with espartal data, for both levels
(up to the & tone) and directivities (up to the"@tone), especially in the case of
high propeller rotational speed, indicating a better amcyirin the thickness noise
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component estimate. Signi cant deviations from the isethficoustic eld were
observed due to the presence of the high-lift wing. The SRtieased by 5 to 10 dB
in most directions, mostly because of the loading noise @apt, probably due to
the interaction tip vortices-wing. Constructive and dastive acoustic interferences
between direct and wing re ected or emitted sound waves ween, and broadband
noise was generated by the interaction of the propellestsépm with the ap.
Another notable work on the noise generated by a propelteaator con guration was
carried out by Bootet al.[167], focusing on the effects of the wing down-stream and
vertical positions. The studied test case consisted in kadeld scaled SR2 propeller
at cruise conditions and a wing with a constant chord of 1.6Rird. The problem
was simulated using a in-house code, SmartRotor, which cuedla potential panel
method for the lifting surfaces and a vortex particle metBot/ing Navier-Stokes
equations for the wake, with an acoustic solver based on YWeHFequation. No
experiments were performed and numerical predictions walidated for the SR2
propeller in pusher layout against the experiments of Soderet al.[168]. The
authors highlighted that no other published literature ooppller-wing acoustics
included suf cient validation data or employed an open getrjm SmartRotor SPL
predictions underestimated experimental data by 2-3 dBllataamonics for the
propeller in isolation, whereas for the installed pushepptler the rst tone was
underpredicted by almost 10 dB while the higher tones, u¢o’, matched well.
The fairly good agreement indicated that, despite invisoid incompressible, the
method ability of wake predictions at a relatively low cortgdional cost makes it
suitable for wing-vortex interaction noise predictiondielpresence of the wing was
found not to alter the harmonic noise signi cantly, since thctuations of the wing
loading due to the unsteady propeller slipstream were muehker than the blade
loads, but to increase by 25 dB the broadband noise. Its dovams position was
shown to have little effect on sound levels, whereas the SPthea fundamental
frequency was minimum when the propeller axis was aligneith Wie wing, and
increased when moved vertically away.

The effect of passive porosity at the leading edge of the wiag instead extensively
investigated at TU Delft, with the objective of assessimsgeffectiveness in reducing
structure-borne noise. The studied setup consisted in ladsdabladed propeller,
mounted up-stream of a straight symmetric pylon. Planarsareteoscopic particle-
image velocimetry was used to fully characterize the owalgsing the wake and mea-
suring the surface pressure and the corresponding aenmityf@ading [169]. Numer-
ical computations were performed with the commercial safeMPowerFLOW [170],
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solving the explicit transient compressible Lattice-Bainn equation for a nite
number of directions [171]. The good agreement againstrexpets, regarding thrust,
propeller wake and surface pressure uctuations, valdidke numerical approach.
Sound pressure in the near- eld was extracted directly ftloenCFD solution, whereas
the noise in the far- eld was estimated using the formulatlé\ of the FW-H equation
extended for a convective wave equation [172]. The comparizetween solid and
ow-permeable leading edge showed that the latter generathicker boundary layer
on the retreating blade side of the pylon, mitigating heeeadimplitude of the surface
pressure uctuations but locally increasing the drag. @lleat a distance of 4R, the
pourous leading edge increased the OASPL up to 1 dB on theneithgpblade side,
while decreased it up to 2 dB on the retreating side, only festueam receiver angles,
by reducing third and fourth harmonics. Broadband noise wasd to increase in all
directions.

Finally, important acoustic efforts were also conductedtii@ design of the A400M
military transport aircraft [67, 173], mostly to developssave and active control
systems to manage the high internal noise levels in the laathnarea. The noise
originated from the speci c con guration chosen to maximiaircraft ef ciency [67],
with four engines of 8-bladed propellers, of which adjaqeaits are counter-rotating.

Propeller Synchrophasing

Concerns about possible high sound levels developed by lFop@perating at
transonic or supersonic tip speeds designed in the 1980g,datready at that time,
studies on propeller synchrophasing as a means of noisetredu Analytical and
experimental attempts to study the problem used monoppteéd sources and a
cylindrical shell to represent the fuselage. They showatittie propeller phase angles
did not alter the external pressure eld signi cantly, bufexted considerably the
internal noise [174, 175]. The latter appeared to be dyectupled with the cylinder's
vibration modes which govern the sound transmission argrasagation in the cabin
interior. These investigations also indicated that theuatto energy comes in and out
of the fuselage in speci c regions whose position strongiypehnds on the propeller
phase shift, the majority of the energy entering in any case a length of one shell
diameter.

An analytical technique to optimize the propeller phasdesdased on a systematic
search among combinations of propellers signatures inrdggpuéncy domain, was
presented in [176] and employed with the ight-test data AT C Navy/Lockheed
P-3C. Results showed that synchrophasing could change tidestatnd energy, and
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not only redistribute it. Reductions up to 8 dB of the averageirt noise in a four-
engined aircraft, but only 1.5 dB in a twin-engined, wereontgd [176, 177].

All cited works underlined that the optimum synchrophasglatvaries with cabin
location, sound frequency and fuselage layout, thus thieaedection is a compromise
and con guration-dependent. Flight and environmental dibons were recently
proved to also in uence the synchrophase optimum angle J[1318owing that the
synchrophaser should ideally be adaptive, and that thiddcoe achieved with a
small number of microphones placed in the right locationgestigations on adaptive
synchrophasing controllers have been carried out by diffieorganizations, resulting
in tested prototypes and various patents such as [179, 830,182, 183, 184] (refer
to [185] for a brief but comprehensive description). Nelvekess, the synchrophase
angles are usually set a priori into the electronic syndhagpg system of the aircraft
and thus a preliminary optimization study becomes impaottaabtain noise reduction
for the primary aircraft operating conditions. The analgti propeller signature
analysis technique is still currently used for these swfli86, 7], using experimental
data as input. It is, however, noted that this theory implies the contributions of
each propeller combine in a linear way, which seems a reagaasumption from
the comparison with experimental data but it is not well grav

1.4. Research Gaps and Thesis Novelties

1.4.1 Isolated Propeller Acoustics

Based on the literature survey, it can be concluded that thedsof a propeller
in isolation is nowadays widely known and that can be adedyairedicted by
existing numerical methods. Consequently, to meet the dufiemanding targets on
aircraft acoustic emissions, research needs to move tewhedanalysis of propeller
designs, thus to seek a quieter one. Previously conducteds&c optimisation
studies concentrate on blade geometric parameters, vehgegmtions in the hub
con guaration is not yet examined. In this work two innowvatihub designs are
assessed against a baseline conventional con guratiehcampared against a blade
with inboard-moved loading which has been shown to be (Yetf)kest strategy to
lower noise levels. RANS computations are used, since theyaaref cient and
accurate high- delity approach to evaluate propeller hami noise.

Unsteady RANS and DES simulations are shown to not remarkaipsove estimates
of far- eld sound levels. However, their accuracy has natassessed for near- eld
noise predictions where the wake unsteadiness can be ampdadr the broadband
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component. Different CFD methods of both advanced URANS ariidhy RANS-
LES families, namely SAS and DES, are therefore evaluatedisnwork to nd the
most suitable technique to study this problem.

1.4.2 Installed Propeller Acoustics

The actual complex acoustic eld of a turboprop aircraft has been fully addressed
yet. Very few recent studies on installation effects areilalbe in the literature
and analyse only a propeller-nacelle-wing combinatiocru$ing on the interaction
between the propeller slipstream and the wing. To the bestecduthor's knowledge,
the presence of the complete airframe, as well as the inégrde than can generate
with the sound eld of the other propeller(s), are not yet sidiered. It is clear that
these two elements may signi cantly alter noise levels aaen directivity, making
the research on an isolated propeller, or on a propeller antln nite wing down-
stream, not representative of the real in- ight situatidn.lower turboprop cabin noise
levels, there is a clear need for investigations of the soeldddeveloped by complete
aircraft. Time-accurate CFD calculations are chosen toydtud problem given their
ability, as shown by previous work, of accounting for all ionfant sound generating
mechanisms and propagation effects.

Synchrophasing has been shown effective in reducing nagels and its basic
principle is well understood. The effect of ight conditierhas also been studied.
However, its behaviour in the presence of the airframe iscoatpletely known and
linearity of the ow- eld is still assumed. The knowledge tife whole aircraft acoustic
near- eld from CFD enables to gain more insight in the physi€synchrophasing,
assessing its noise bene ts without sympli ng hypothesisl envestigating the most
bene cial blade shift.

The literature also showed the lack of open experimentad degarding installed
propellers against which numerical methods can be validdter this reason, Dowty
Propellers started in 2012 a wind tunnel test campaign figatgg aerodynamics and
acoustics of a scaled tractor propeller propulsion uniiied on a wing. The model
employed is referred to as IMPACTA [8, 187]. This dataset edus the present work
to validate CFD predictions for installed propeller ows és8ection 4.2).

1.4.3 Thesis Objectives

The motivation behind this PhD thesis is therefore to improwur understanding
of propeller near- eld noise in ight, and analyse diffetteaptions, at design and
installation levels, to decrease turboprop acoustic eamss Accordingly, the present
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research was focused on:
* analysis of the noise spectrum of innovative propelleigies
« study of CFD methods suitable to estimate propeller acosisti
» comprehensive investigation of the acoustic eld of a tytop aircraft, assessing
the impact of propeller rotational direction and synchragihg.
Thesis Outline

The present thesis begins with the description, and thelatdin, of the employed
numerical methods. The results then follows, divided in twaots. The rst is
dedicated to the studies on propellers in isolation. Thers@@resents the analysis
of propellers installed on a twin-engined turboprop aiftcra

In particular, the thesis is organised as follows:

Chapter 2 describes the CFD solver, HMB3, including its forroiha and its
computational details;

Chapter 3 presents the adopted approach to estimate no#dg, leutide and inside
the aircraft;

Chapter 4 reports on solver validation for propeller ows;
Chapter 5 focuses on the evaluation of innovative prope#sighs;

Chapter 6 is dedicated to the analysis of the CFD method seitaiol propeller
acoustics;

Chapter 7 investigates propeller installation effects aothgares co-rotatinys
counter-rotating turboprop con gurations;

Chapter 8 assesses propellers synchrophasing;

Chapter 9 provides the main conclusions of this researchwaggests future work.






Chapter 2

The CFD Flow Solver HMB3

In this thesis, all numerical simulations were performethgighe in-house parallel
CFD solver Helicopter Multi Block (HMB3) [188, 189] of the Unikgaty of Glasgow.
This solver, based on the control volume method, was ifyitidveloped for rotorcraft
ows using multi-block structured grids. HMB3 has been redsand updated over a
number of years and can now handle moving, sliding, ovenhgppnd unstructured
computational domains. It has been successfully applisdveral problems including
ship-helicopter operations, tilt-rotors, xed wing aiadt, transonic cavity ows, wind
turbines and hybrid air vehicles.

2.1. Flow Solver Formulation

HMB3is a3D ow solver for the compressible Navier-Stokes afijpns. The complete
system of the Navier-Stokes equations comprises the oaatssr laws of the uid,
combined with its two thermodynamic equations of state ffier pressurg and the
temperaturd :

mass conservation (i.e. continuity equation),
momentum conservation (i.e. Newton's 2nd Law),

energy conservation (i.e. 1st law of thermodynamics),

VWA AR 00

p=plgr), T=T(gr).

Because pressure and temperature are de ned by the equafictate, the system

is formed by two scalar and one vector equations for the uwkso uid densityr,
velocity u and speci c internal energg. The two equations of state are necessary to
close the system of Navier-Stokes equations, making itraeted. It is a non linear

29
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system of incomplete parabolic nattire
The continuity equation simply asserts that mass must bseteed, or rather that it
remains constant over time. In Cartesian coordingtdss can be written as:

T, 1(ru)

fit i
Newton's 2nd Law expresses the balance of the linear momeand is written, in
Cartesian coordinates, as:

T(ruw) , 7 ruy _ ' fp, Ttij 2.2)
ft X i 71X
where f; represents any acting body force, ahgl is the viscous stress tensor.
Assuming a Newtonian uid and applying Stoke's hypothesis. ¢he bulk viscosity
is zero), the viscous stress tensor is de ned as:
Tu, o 2, Tu
™ Mx 3%’
wheremis the molecular viscosity andj the Kronecker delta.
The 1st law of thermodynamics states that the total energgnatolated system is
constant. This can be written, again in Cartesian coordsnate
%+ ﬂlxj[ui(rE+ P)] ﬂ_xJ

whereE is the total energy of the uid per unit mass, agas the heat ux vector. The
total energy per unit mass is de ned as:

= 0. (2.1)

tij= m (2.3)

utij g =0, (2.4)

1
E= e+ Euiui , (2.5)

Where%uiui represents the kinetic energy per unit mass. The heat uxoves
determined using Fourier's law:
-l

ql - kh ﬁ-XI ’
wherek, is the heat transfer coef cient.
An ideal gas approximation is assumed in the solver, i.eidbal gas lawp = r RspT
Is used to relate pressure and density. By default dry airnsidered, and hence the
speci ¢ gas constarfsp is set toRsp = 287:058@.
Finally, Sutherland's law is used to determine the moleculscosity of air:

(2.6)

T 2 To+110
To T+ 110 ’
where, as usualy = 27315 K and, for air,my = 18510 6n'§—gs.

* The mass conservation law is a hyperbolic equation, not gaviaplacian term, while momentum and energy conservation
are parabolic.

m= m (2.7)
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2.1.1 Governing Equations in Conservative Vector Form

The Navier-Stokes equations are written in the solver innseovative and dimension-
less form for programming convenience, so that contin@tergy and momentum
equations (Eq. 2.1, 2.2 and 2.4 respectively) are exprelgeithe same generic
equation. Using for brevity a vector notation, the Naviesk®s equations can be
written in conservative form as:

W T F+F  71G+G T H+HY
+ + +

=S 2.8
it x fy 7z (2.8)

Here,W is the vector of conserved variables
W:(r;ru;rv,rw,rE)T, (2.9)

whereu, v andw are the three components of the velocity vector, whkil€ andH
are the ux vectors in the x-, y- and z-direction respectwelhe superscripts and
v in Equation 2.8 denote the inviscid and viscid componenth®fux vectors. The
inviscid ux vectors are given by:

Fl= rurd®+pruruwu(rE+p) |,
G'= rvruyrv+ prvwv(rE+ p) |, (2.10)
Hi= rwruwrvwrw?+ pw(rE+ p) .
The viscous ux vectors, containing terms for the heat uxdanscous forces exerted
on the body, are:
FY = (0; by Exy txz Ubxx Vixy+ Wig+ G
GY = (0; tyy; tyy; tyz; Utxy+ VEyy+ Wiy + qy) ', (2.11)
HY = (0; txz tyz tzz Utxz+ VEyz+ Wi+ Q).

Srepresents source terms, usually set to zero except fdrraxoas solved in a xed
reference frame (refer to Section 2.2.3 for the descripticthis formulation).

2.1.2 Non Dimensionalisation

The fundamental units of measure which appear in the N&tiekes equations and
the thermodynamic relations used to close the system agghlemass, time and
temperature. Therefore, to obtain the non-dimensionanh fof the equations, only
four reference independent variables are needed. HMB3 usegthL,.¢, a density
I'ef, @ VelocityU,et and a temperatur§es. The values of the reference variables are
arbitrary, and are usually chosen depending on the natutegfroblem. In Table 2.1
the typical choices employed are reported. Through theerée variables, the non-
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dimensional lengtlx “densityf, velocity i; and temperaturé can be de ned directly
as:

Xi
E;
The other variables of the problem, such as timeressurep, molecular viscosity
m internal energye and kinetic energyk, can be easily a-dimensionalised using a
combination of the reference variables as follows:

~ - U;
r=—, Uu=

¢ = r
i = ) :
Iref Uref Tref

(2.12)

~ Uret ngef2 -

- o e ~ T,
f= t, p= Zp’ &= k= M Tret) Kk
Lref et Uref

m
- MTeet)’ Urefz’ I'vef Lref Uref3 ’
(2.13)

where the gas heat capacity ratics equal to 1.4 for dry air.

2.2. Numerical Methods

HMB3 uses a cell-centered nite volume approach combinedh\ait implicit dual
time-stepping method.
In a cell-centered nite volume approach the computaticsha@inain is divided in a
nite number of non-overlapping control volumes and the gaing equations are
applied in integral conservation form to each of them. Thei&laStokes equations
in integral form using the Arbitrary Lagrangian EulerianL@) formulation for time-
dependent domains with moving boundaries are of the form:
g Z bz
— wdv + (Fi(W) Fy(W)) ndS= S, (2.14)
dt v ()
whereV (1) is the time dependent control volume af\(t) its boundary.
The spatial discretization of these equations leads to afsérdinary Differential
Equations (ODE) in time, for each computational cell. Thenisdiscrete equation is

of the form:

d
gt WiikVijk + Rijk= 0, (2.15)

not-rotary wing system or rotary wing system

in forward- ight rotary wing system in axial ight

Lret Characteristic length of the problelm Rotor aerodynamic chorcl
Iref Free-stream densitry Free-stream densitr
Uret Free-stream velocityy Rotor tip velocityVrp
Tret Free-stream temperatufg Free-stream temperatufg

Table 2.1: Typical reference variables used in HMB3 nonetisionalisation. Rotary wing systems
include rotors, propellers and wind turbines.
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wherei; j;k represent the spatial components,. denotes the cell volume am;
represents the ux residual. A curvilinear co-ordinatetsysi; j;k is adopted to
simplify the formulation of the discretised terms, sincealyp@onforming grids are
employed. Note that the governing equations are solvecein jhk spatial domain, so
no transformation into the Cartesian domain is used.

Osher's upwind scheme [190] is usually adopted to resoleecibnvective uxes
for its robustness, accuracy and stability properties. Tixesplitting scheme of
Roe [191] is also available in the solver. The Monotone Upstreentered Schemes
for Conservation Laws (MUSCL) variable extrapolation methd®2] is employed
to formally provide second-order accuracy. The van Albadatér [193] is used
to remove any spurious oscillations across large changgsagients such as shock
waves. An extension of Van Leer's MUSCL scheme is also implgetwin HMB3 to
achieve higher accuracy in space, up tbatder on Cartesian grids. The formulation
of this scheme, hereby called MUSCLA4, is presented in Se@iat. The central
differencing spatial discretization method is used for ¥iszous terms. Boundary
conditions are set by using ghost cells on the exterior ofctiraputational domain.
In particular, for solid boundaries, ghost cell values atteagolated from the interior
(ensuring the normal component of the velocity on the soladl v zero) for Euler
ow, and the no-slip condition is set for viscous ows. In tli@r- eld, ghost cells are
set at the free-stream conditions.

The time discretization of the nite volume ODEs (Eq. 2.16%ing a fully implicit
method and approximating the time derivative by secondrdrdekward difference,
gives the unsteady residugl.;, as:

+ 1 + 1 1 1
. _ WLV AWVt WV
k™ 2Dt

+Rijk(W™ )= 0. (2.16)
This equation is non-linear M/,”’J'& and doesn't allow an explicit closed-form solution.
Equation 2.16 is therefore solved by an iterative methodseupo-timet, i.e. the
solution is marched in pseudo-time, for each real time Btepn particular, Jameson's
original implicit dual-time approach [194] is adopted. gy the time integration
process, the system of equations to be solved is therefore:

: 1
UL R... (W™ =0, 2.17
Dt Vl,]‘k I,j,k( ) ( )

whereDt is the pseudo time step increment. Here, the ux resid®jgl, is evaluated
at the new pseudo time step+ 1 and, being unknown, is approximated via a linear
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expansion in time truncated to rst order:

TR«
ﬂWi;j;k

Ri (W™ Ry (W) + Wi Wil (2.18)

where ,’,IVFfji;;jji;kk = m;f;i + 3\2/‘5{;k| from the de nition of the unsteady residual (Eq. 2.16).
By substituting Equation 2.18 into Equation 2.17, and chaggfi from conservative

variablesw to primitive variabled = (r;u;v,w, p)T, the linear implicit system to be

solved nally becomes:

Viiik , Vi Wik TRk
Dt 2Dt TP j:x P jx

where DP;;j is here used for P[Tkl P« - The formulation of the system in
primitive variables guarantees simplicity and stabilifylee solver.

The full linear system of equations is solved in a coupled mean For a block-
structured mesh, Eq. 2.19 represents a large sparse matdxis thus solved via
a Krylov subspace algorithm, the generalised conjugatdigma method [195]. The
Block Incomplete Lower-Upper BILU [195] factorisation is asas pre-conditioner,
in a decoupled manner between grid blocks to reduce the comsation between
processors when the ow solver is used in parallel mode.

The Jacobian matrix is rst-order approximate. This is ddme removing the
dependence in the MUSCL interpolation for the inviscid uxesd adopting a thin
shear layer type approximation in the computation of theatus uxes. In this way,
the ill-conditioning of the problem is avoided, and the @lisize of the linear system
Is reduced, with consequent advantages in the paralielsas regards the turbulent
equations, only the destruction terms are accounted fdrarapproximate Jacobian,
and so no clipping to zero is required.

2.2.1 Solver Parallelisation and Scalability Performance

The solver adopts a domain decomposition method to run iallpaimode. The
Message Passing Interface MPI tool [196, 197] is used focdinemunication between
the processors. The strategies applied to the ow solverraeioto improve the
ef ciency of the parallelisation, among which the allocation each processor of a
vector containing the halo cells for all the blocks in thedgdre described in [198].
Computations undertaken in this work have been performedchendcal Beowulf
Cluster “Jupiter” of the CFD Laboratory and, for larger gritlse EPSRC funded
“ARCHIE-WeSt” HPC [199] and the EPCC's “Cirrus” Tier-2 HPC Semi200]. The
characteristics of the three computers are reported ireTaBl A comparison of their
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performance against the UK National Supercomputing TiSefdvice ARCHER [201]
is presented in [202].

Jupiter Vf\lsscil_['llgg] Cirrus [200]

Servers Pentium 4 CH2 Dell C6100 SGI/HPE ICE XA
File System Network File Lustre parallel DDN Lustre parallel

System (NFS) distributed distributed

. Lo 4xQDR In niband  single In niband fabric, FDR

Nodes Connection Gigabit Ethernet Interconnect interface (54.5 Gh/s BW)
Nodes CPUs 8-core Dual Intel  6-core Dual Intel two 18-core Intel Xeon

Xeon E5-2650 Xeon X5650 E5-2695 (Broadwell)
Frequency Processors 2.0GHz 2.66 GHz 2.1 GHz
Nodes Total Memory 64 GB 48 GB 256 GB

Table 2.2: Technology speci cations of computing systerssdlin this work.

Very good scalability performance were shown on all thesghHPerformance
Computer (HPC) facilities, on 3D fully turbulent problems foeshes up to 1 billion
cells and 16384 cores [202]. HMB scaling within a node was $ede effective up
to about 12 cores, on both Xeon and KNL nodes. Only a verg ligduction in wall
clock time per iteration was observed when more cores were. IBetween nodes, the
scaling is also very good: 90% ef ciency was achieved on ARCHig@ Cirrus.

2.2.2 Spatial and Temporal Discretization

Besides their effects on the accuracy of the aerodynamicigii@us and on the
simulation convergence, both spatial and temporal digatsins are related to the
frequencies that are directly resolved by the computation:

+ Given a grid spacing’s and a minimum number of points per wave lenith
needed to describe an acoustic wave, the maximum frequieatgan be solved
in the simulation isfmax= %Np, wherea is the speed of sound. Note that the
required number of pointp, is chosen not only to avoid aliasing, but also based
on the spectral properties of the employed computatiorredise.

» Considering a propeller operating with angular velogifyif a time resolution
corresponding tayp; propeller azimuth degrees per time step is employed, the
sampling frequency of the CFD simulation figsmp= % and, using Nyquist's
theorem [203], the maximum frequency resolved by the sitraras fmnax= 1(%‘.

Therefore, for acoustic simulations, mesh density and-8tep sizes must be suitable
to achieve the desired frequency resolution. The dis@bas in space and time

adopted for each simulation are given and justi ed in theregponding sections. In



36 CHAPTER 2. THE CFD FLOW SOLVER HMB3

general, the grid spacinds was dictated by the target frequency, while the time-step
Dt was selected to achieve fast convergence of the computation

2.2.3 Axial Flight Formulation

The study of a propeller in axial ight, with a constant rotat rate kwk, can be
formulated as a steady ow problem, assuming that the wakenfthe blades is
steady in the frame of reference of the blade. The computaticost can be then
further reduced by using the periodicity of the ow in the mzithal direction, e.g. if
the propeller ha$\, blades, a N, segment of the domain with periodic boundary
conditions is enough.

In practice, adopting a non-inertial reference frame, thd gemains xed and the
centripetal and Coriolis acceleration terms are accourtedy introducing in the
ALE formulation of the Navier-Stokes equations (Eq. 2.1#esh velocityuneshand

a source tern$,yig in the momentum conservation law:
8

< -
Umesh= W X

2.20
:SaxiaI:[O; rw UaxJO]T ( :

where w is the rotation vectorx the position vector of each cell ana.x the
local velocity eld in the rotor- xed frame of reference. Ehmesh velocCityumesh
corresponds to a solid-body rotati@nof the grid in the direction of the propeller.
The use of the non-inertial reference frame also helps imgdsoundary conditions
because the “undisturbed” velocity eld is vanishing anchi® position-dependent,
as opposed to what happens in a rotating reference systeperturbed free-stream
conditions are usually applied on the far- eld surfaceshd tomputational domain,
using a linear extrapolation in the axial direction on th@wand out ow surfaces.
This boundary condition is shown to be suitable only if the &d boundaries are far
enough from the propeller that no ow re-circulation occwishin the computational
domain [204]. For small computational domains Froude'stéptial sink/source”
approach [205] is instead employed. Further details on mthglementation and
validation of the axial ow formulation in the HMB solver aggven in [189].

2.2.4 MUSCL4 Scheme

The underlying idea of this scheme is to add high-order ctioe terms, via successive
differentiation, to the MUSCL-reconstructed state of thi iceéerfaces. This means
that the high-order derivatives are applied only to thesom uxes, whereas the
viscous uxes are maintained"® order. The formulation was rst proposed by
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Burg [206] for unstructured nite volume codes up t& 3rder in spatial accuracy
and then extended by Yare al.[207, 208] to achieve'd order accuracy. This is a
compact nite volume scheme, thus no major modi cation te triginal HMB code
was required for its implementation. A small dissipatia value of 104 has been
chosen after some calibration cases) is introduced in tiense thus to reduce spurious
oscillation while maintaining the same level of accuracy.

The Fourier analysis of the scheme showed tliathe spectral resolution of MUSCL4
is considerably higher than that of MUSCL scheme, potegteigbling the resolution
of higher frequencies associated with ow structures suchatices and small length-
scale waves{ii) the dissipation error is also reduced with respect to the RUS
scheme. The scheme was exercised on various test casadingctwo- and three-
dimensional ows, steady and unsteady. MUSCL4 results skiothat wakes are
preserved for longer and with higher resolution comparedWSCL predictions, even
on coarse grids, yielding higher accuracy.

CPU and memory overheads associated with the additionaktemne found to be
reasonably small for medium grid sizes, up to 10 millionxellhe CPU penalty of
the scheme is mainly due to the additional data exchangedrellel computations,
whereas the extra effort to determine the gradients withGheen-Gauss methbd
is rather small (less than 1% to compute the rst derivatine &ess than 2% for the
second derivative). The additional terms in the MUSCL4 sahgi@ld to 23% memory
overhead when a two-equation turbulence model is used fBrr8blem.

More details on the scheme formulation in HMB3, and all vdlmlatest cases, are
presented in [210, 211].

2.3. Turbulence Modelling

The Navier-Stokes equations completely describe turbbutevs. However, at high
Reynolds numbers, it is dif cult to solve for all temporal aspatial turbulent scales
because of their large number. The most common approachrésltae the number
of unknown turbulent scales by time-averaging the Naviek&s equations, getting
to the Reynolds-Averaged Navier-Stokes equations (RANSg RANS equations
model statistically all turbulent scales, enabling meaw quantities predictions at
a moderate computational cost with adequate engineeritigacy for ows without
internal instabilities. However, by construction, RANS ceot provide the unsteady
data that are necessary in some applications as, for exatmgledenti cation of

T The Green-Gauss method is applied to compute the succesarertiation since the least-squares approach is notatgu
and stable for highly-stretched meshes [209].
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aerodynamic noise sources. In addition, RANS methods arediffissive when
employed on coarse grids and, even when spacial and tempesalution are
suf cient, the formation of the turbulent energy cascadprisvented by their too high
dissipation.

Another strategy, named Large Eddy Simulation (LES), isedam resolving scales
larger than the grid cells while modelling the smaller onaghva sub-grid model,
so that basically most of the turbulent kinetic enekgis resolved and most of the
dissipatione is modelled. This approach bears less modelling uncei¢aiand gives
unsteady data by its constitutive nature, yielding to meraiegate results than RANS in
the case of complex phenomena like ow separation, re-atteent or vortex shedding.
However, LES is computationally expensiveecause it requires a very ne grid and
time-step (as a rule of thumb, LES provides reliable préstst only if k is modelled
to at least 80% [213]) and cannot bene t from domain symrestriCoupling of LES
with time-dependent RANS (URANS) models become thereforerthim strategy to
make LES affordable for a wide range of industrial applimasi.

Several turbulence models, of both URANS and hybrid LES/URARNSIlies, are
available in the HMB3 solver. The idea and the equations loktiia models used in
this work, iek w SST, SAS and DES, are presented below. The w SST model
was chosen as reference model, because of its reliabilitgttached boundary-layer
ows with adverse pressure gradient, and because it apg@atbe literature the most
successfully used for propeller acoustic CFD simulations.

2.3.1 URANS Linear Eddy Viscosity Models

The time averaging process of RANS results in additional onkis, named Reynolds
stresses, which must be modelled. Linear eddy viscosityetsaassume the Boussi-
nesq hypothesis [214] for the Reynolds stress tefgpexpressing it as:

1u 2
ty=2m S gridy orkd; (2.21)

wherem is the turbulent eddy viscosity, and the strain rate te@gas de ned as:

_ 1 fu Ty
2 T X

The Reynolds stress tensor represents momentum diffusiericdturbulence in the

S (2.22)

mean ow. Thus, making an analogy between molecular diffasand uctuation

* To give an idea of LES computational cost, we just mention tfijafor a typical bluff-body ow atRe= 40;000 it is found
that LES is from 10 to 100 times more expensive than RANSe models [212](ii) close to walls, at high Reynolds numbers,
the computational effort of LES is of the same order of magniasl®DNS [213].

8 The SAS turbulence model was implemented in the HMB3 solvelhisnwork.
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transport, Boussinesq simply assumes that the Reynolds stresor is aligned with,
and proportional to, the mean rate-of-strain tensor. Thig the six unknown elements
of tj; are written as a function of only one new unknomm

Menter's k  w Shear Stress Transport Model (SST)

This model [215] originates from the combination, via a blexy function, of the
Wilcoxk w model [216] and the high-Reynolds-number version okthee model [217].
The rstis used in the sub-layer and logarithmic regionshef boundary layer for its
robustness, accuracy and boundary conditions simplitieysecond in the boundary
layer outer wake region and in free shear layers because aidependence from
the free-stream values. The eddy viscosity de nition isoatsodi ed to account
for the transport of the principal turbulent shear stresscdeed by Bradshaw's
assumption [218].

The transport equations for the turbulent variatdesd w of the SST model are, in
the conservative form, given by:

h i
17(rk) o 1(ruk) _
STt =P borwk+ g (m+ SkM) 4 e
M) + ”(rﬂlj(ljw) =3p  brw?+ L (m+ Swim) ”W 21 RS
(2.23)
where the turbulent productidd is computed from:
fui
P =t 2.24
i (2.24)

As recommended in [219], a production limiter is employedthe k equation as
follows:

min(P ;20b rwKk). (2.25)

The coef cientb is setto 0.09.
The turbulent eddy viscosityy is determined as:

razk
= 2.2
m max(a;w; Wk) '’ (2.26)
|
IOk .500n
whereF, = tanh arg and arg = max 2b i @

: P 1 Tu Ty
beingW=" 2WM;Wj andW;= - — _——
g 1j Vi =5 ™
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The constang; is setto 0.31.
Each constant in the modeélis de ned by a blend between an innér and an outer
f > values as follows:

f = F1f1+(l F]_)fz. (2.27)
Here, the blending function 5, = tanh arg‘{ , Where
2 I 3
p _ .
arg, = min4max e th; SCE?V, ; 4f51w$7|: T 5, andd is the
w.
d?max 2rs W2y T, T 110 20

distance from the eld point to the nearest wall.
The values of the constant coef cients are reported in Tate

Su= 085 b =0075 g==& :?MT“ Sw1= 05

Skk=10 by= 00828 g= iwzbj"z Swz = 0:856

Table 2.3: Coef cients of the SST turbulence modeis the von Karman constant, taken as 0.41.

In the original reference [215] boundary conditions for thebulent variables are

recommendedsas follows:

< 10 %U¢

Re < Kfareld <

112
Oé;lf’ UT¥ < Wareld < 1OUT¥ (2.28)

© Kwall = 0, Wyall = %
wherelL should be “the approximate length of the computational dotvand the free-
stream turbulent eddy viscosity is obtained from chdggry andws,, eig Values that
should be between 168 and 10 ? times the free-stream laminar viscosity.
Note that the SST model differs from Menter's baseline m@B&L) [215] only for
the computation of the turbulent eddy viscosity and the eadfi the constansy,
(originally set to 0.5).

SST Turbulence Model with Controlled Decay

To avoid the turbulent variables decay that occurs in theefteeam and is not physical,
a new version of the SST model has been proposed by Spal@it [R&s formulation
differs from the original SST model only for the addition otastainability term in
each turbulent transport equation that has the effect difying the destruction term

ié\ the free-stream if the turbulence levels are equal to thieient levels:
h |

< 17X . (;7)‘:]1") =P b rwk+ L (m+ Skm) 4 + b W amiKams

flrw) 4 Aruw) _ = 2P brw?+ - (m+ sw) I ”W +2(1 Fp)Seedkiwy pry2

it X i w ﬂX ﬂX

(2.29)
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The extra-terms do not affect the model's behavior insiggdbundary layer, provided
reasonable turbulence levels are imposed in the freerst(ea Tu 1%), because
they are orders of magnitude smaller than the corresporiatyuction terms.

The free-stream boundary conditions proposed for thismeisf the model are:

Uy

T1
whereL is the de ning length scale of the problem. It is noted th&t ¢hosen value of
Kiar elg COrresponds to a free-stream Tu level @@&165%.

Kar eld = Kamp= 10 6U§, Weareld = Wamb= (2.30)

For more details or variations of the cited and others modsésd in the literature,
the reader can refer to tAeirbulence Modelling Resouroé NASA Langley Research
Center [221] and the associated references.

A Note on Linear Eddy Viscosity Models

The linear dependency between the turbulent stress and ¢he strain-rate tensor
that is assumed in the Boussinesq model can be too restrictigeme complex
aerodynamic problems. In particular, the solution mightvgtpoor accuracy near
the edges on turbulent regions or in mild-separated owsligte®ns. On the other
hand, solving a transport equation for each stress compoaenit is done in the
Reynolds-stress transport modelling, can be suitable forderwange of problems
but it is too computationally expensive and time consumimgirfidustrial purposes.
Therefore, to improve the solution behavior of the two-émumes turbulence models,
an interesting and feasible approach is to adopt a nonrlio@astitutive model for
the turbulent stress tensor. Amongst these models the dixplgebraic Reynolds
Stresk w Model (EARSM) of Hellsten [222] is regularly used in the le¢ure and
available in HMB3. This model derives from Menter's BSL [215]tkadopts the
explicit algebraic Reynolds-stress model of Wallin and Jalsan [223] as constitutive
model for the turbulent stress tensor (the constant coerfits are also re-calibrated):
the non-linear contribution is thus introduced in the déems of turbulent production
and eddy viscosity. It is shown that the solution accuracgroves especially near
the edges of turbulent regions and in mild-separated owsnd¢, this model could
represent a valuable and interesting alternative for tbelpm studied in the present
work and it will be considered in future studies, afteramhhoccalibration.

2.3.2 Hybrid LES/URANS Methods

LES and RANS computational costs and predictions accurdog the structural
similarities of their governing and turbulence equationake natural to combine them
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in a single united approach so to use LES only where is neeal@dRANS where is
reliable and ef cient. In this way, the model employs the samansport equation in the
whole computational domain, transitioning from LES to RANsh&vior depending on
a given criterion. Hybrid methods have developed followtifierent URANS/LES
coupling strategies:

(a) a pure LES model can be used in some regions of the domdia pare RANS
in the remaining areassegregate@ndinterfacingmodels;

(b) the two models can be added together in a weighed manadoeal mixing
coef cients -blendingmodels;

(c) the selected model can be altered to include the behafitwe other, usually a
RANS model is adapted to LES capabilitgecond generation URANSBodels.

An extensive review and assessment of numerous hybridsoaeil presented by J.
Frohlich and D. von Terzi in [213]. The state of the art, at 20dfhybrid RANS/LES
modelling for turbulent ows is reported by Chaouat in [224].

SST - Scale Adaptive Simulation (SAS)

The Scale Adaptive Simulation is an improved URANS approdulk & generate
spectral content in unsteady ows thanks to its ability temde as a scale-resolving
mode [225]. Under speci ¢ conditions, the model naturalfldnces the contribution
of modelled and resolved part of the turbulent stress telmg@djusting the turbulent
length scale to local ow inhomogeneities. SAS models compith the following
characteristics [226]:

1. a second mechanical scale, dependent on the second ler)wglocity deriva-
tives, is introduced in the selected RANS model;

2. the model must provide a RANS solution in stationary owsiletallowing the
break-up of the large unsteady structures like LES in owioeg with transient
instabilities - this without explicit dependency of the nabdn grid size or time
step;

3. damping of resolved turbulence must be introduced at kwgkie numbers
depending on the grid resolution limit.

Menter and Egorov derived the rst “scale-adaptive” modeimed as KSKL [225],
by introducing the second derivative of the velocity eldydaconsequently the von
Karman length scalék, in Rotta's KL model [227, 228]. The motivation of this
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modelling choice originates from the analysis of the thietihtive term of the
exact transport equation of the quantily, L being a turbulent integral length scale,
derived by Rotta. In this way, the model reduces the eddy sisc@ccording
to the locally resolved vortex size represented kbyn unsteady ow regions, by
resolving the turbulent spectrum up to the grid limit andidway single-mode vortex
structure typical of RANS. The KSKL model was then transfadrbg the authors to
other variables, thus to include its scale-adaptive cdipab existing two-equations
turbulence models.

The turbulent transport equations of the SST-SAS model,[226] differ from those
of the SST model (Equations 2.23) only by the introductioranfadditional source
termQsasfor trle speci c dissipation ratev of the form:

#
<2
2rk 17k 7k 1 Tw Tw
= max rx,kS> —  Cgps—max —————:———=— :0 ,
Qsas 2 » SAS @ T T W2 T T
(2.31)
where’ is the length scale of the modelled turbulence:
Pk
==, (2.32)
b w

and’ k is the von Karméan length scale derived from a 3D generalisation of the idass
boundary layer de nition, lowerly bounded to provide adatgidamping for high wave

numbers: s I

N _ kS . sz % —_—

nK = max iReu :Cs C— Wey . (2.33)
Here jN2uj=  (N2u)?+( N2v)? + ( N2w)? is the magnitude of the velocity Laplacian,

Cs is the Smagorinsky coef cient properly tuned on the adoptisdretization scheme,
andWgy is the control volume size.
Sis a scalar invariant of the strain rate tenSgr

p__
S= 25jSj, (2.34)

which in this model is also used to compute the turbulent pctdn term as
P = mS. (2.35)

Finally, the constant coef cients of the model age= 3:51,Csas= 2 andsg = 2=.

Detached Eddy Simulation

DES can be de ned as a “3D unsteady numerical solution usiamgle turbulence
model which functions as sub-grid-scale model in regionerelthe grid density is ne
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enough (i.e. the grid spacing is signi cantly smaller thae tow turbulence length
scale) for a LES and as RANS model in regions where is not” [230]practice,
this means that the boundary layer is treated by RANS whilartassive separated
regions are treated by LES, so that dteached eddiegiternal to the boundary layer
are modelled whereas trdetachedones are resolved. The zone amid the RANS
and the LES regions, callegray areg represents one of the weaknesses of the
model and may cause problems if the ow separation is not @brun particular,
the original formulation of the DES model (DES97) [60] suffdrom a signi cant
delay in the development of the Kelvin-Helmholtz instakilj231, 232], and thus
in the transition from modelled to resolved turbulence ieefrand separated shear
layers [233]. This problem mainly derives from the adoptedhdion of the sub-
grid length scald, and hence in the literature various alternative enhaneeattobns
have been proposed [233], among which the DDES [234], theHB[235] and the
recent “shear layer adapted” DES [236, 237] formulations.

In this work, the original DES97 formulation based on the $&3del was used. The
DES method [60] was rst derived from the Spalart-Allmaraseequation turbulence
model [238]. However, a DES model can be originated from anyNBAmodel
by modifying appropriately the length scalganswhich is explicitly or implicitly
involved in it, i.e.‘DEg,:: min("ransCpesD), whereD is the sub-grid length scale of
the DES model an@pesthe only new constant coef cient. In the DES97 formulation,
the sub-grid length scale is taken as the largest dimengitnedocal grid celld:

D= max(dk; dy; ) . (2.36)
Menter's SST model has been easily adapted to DES mode [338€jriply changing
the destruction term in thietransport equation as follows:
rk= rk=

Dy wssT= b rwk= - =) Dpgs= —, (2.37)
k wSST DES

where the DES length scalggsis in this case:

"pEs= MiN("k wssT,CpesD), (2.38)

being the RANS length scalg ,sst= pR:(b w). The model coef cientCpgs is
computed using Menter's blending functibnwith coef cients calibrated for th& e
and for thek w components of the model:

Coes= FiCpes W+(1 Fp)Cpes ¢, (2.39)

with CDESk W=0:78 ancCDES" €= 0:61.
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2.4. Mesh Generation Techniques

Despite the geometric complexity of the test cases with ttopedler in installed
con guration, block-structured hexagonal meshes wersehado ensure an orthogonal
and ow-aligned mesh, thus to keep the numerical errors taramum. This choice
allows as well to bene t from the higher ef ciency and loweemory requirements of
a structured code. Depending on the needs of each simu(atgmelative motion, grid
regularity, grid topology simpli cation, difference of sk density in different areas),
fully matched, sliding planes or chimera grids were empiby&rief descriptions of the
latter methods are provided below. All grids were generatgdg the ICEM-Hexa™
meshing software of ANSYS [240].

2.4.1 Sliding Planes Approach

The sliding plane algorithm [241] enables the computatibmolti-component non-
matching grids in relative motion, as is the case for a turbppircraft (see Figure 2.1).
The grids of the different components exchange informatiomss sliding surfaces,
i.e. for the turboprop aircraft of Figure 2.1, the moving jpetler meshes are inserted
into the xed aircraft mesh that has complementary emptyntuuilt to host them.
Thus, the various grids do not overlap but they have co-tathbundary surfaces.
Since the various meshes are generated independentlelttaces of adjacent grids
may not match, and therefore the halo cells of each block dliag surface have to
be populated with interpolated values. For each pair ofcajasliding surfaces the
method requires the identi cation of the neighboring célls each halo cell, and the
interpolation of the solution at the centroids of the latldre interpolation is performed
using the cell-face overlap method illustrated in Figurg(@, where the weight of
each neighbor of the halo cell is directly proportional te fraction of the overlapping
cell face area. It is noted that this approach, despite igthéerred one in nite
volume methods, does not naturally enforce the conservatioow variables, and
differences in grid sizes may act as spatial Ilter. The eatibn of the overlapping area
is carried out in the curvilinear reference system used bysttver so that the sliding-
mesh interfaces can be of arbitrary shape, including nangslas the lateral surface
of the propeller drums. Because only one layer of cells is digethe interpolation,
this technique is rst order in the normal direction to theslg plane and the only
requirement that the two adjacent blocks have to satisfiafioaccurate interpolation
is a similar dimension of the cells in this direction. Thersbaf the neighboring cells
and the determination of the interpolation weights, forheealative position of the
component grids, is carried out in the simulation pre-psstgg phase and stored thus
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(a) Sliding planes surfaces, in orange, for a turbopropairgrid.

- [SPiace(a)] -/ /
'S.Pface(b)/ ./ 7

(b) Lateral view: propeller grids, in orange, inserted i (b) Areaweighted interpolation between the non-
aircraft grid, in blue, with sketch of halo cells along the matching cell faces of the two adjacent
sliding plane interface. sliding blocks (Cartesian coordinate view).

Figure 2.1: Example of sliding planes three-component grid

to not introduce a high computational penalty. Please tef8teijl and Barakos [241]
for more details about implementation and validation of $heing planes technique
in HMB3.

2.4.2 Chimera Over-set Method

The chimera technique [242] allows for computation on gydtems formed by
independently generated, overlapping, non-matchingdeubains. The different sub-
domains are sorted hierarchically, with highHezvelshaving higher priority. The
exchange of information between the sub-domains is donatkypolation following
the level priority. As an example, Figure 2.2 shows the texel chimera grid for
the Baseline IMPACTA blade studied in isolatiolevel 0covers the background
domain and includes the spinndrevel 1contains the blade grid. For each relative
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Level 0 & Level 0
\ Level 1
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(a) Background grid (level 0). (b) Blade grid (level 1). (c) View of the assembled grid.

(d) Cells localisation for the background level: computadibcells in green,
fringe cells (last layer of computational cells) in red, mpglation cells in
yellow, cells overlapping with level 1 in light-blue, cetlserlapping with
solids part (the blade) in dark blue.

Figure 2.2: Example of chimera overset two-component grid.

position of the sub-domains, an overset mesh search isedaott to identify(i)
which cells do not need interpolation because they overligip migher level cells or
with a solid, (ii) which cells require interpolated ow information from theid they
overlap with (“interpolation cells”)(iii) which cells do not need any special treatment
(“computational cells”) - see Figure 2.2(d). The cell lasation process is performed
by a range-tree algorithm starting from the identi catidintiee points situated inside
the minimum volume bounding boxes of each solid. This atboriguarantees high
ef ciency and good performance in parallel computationke Tnterpolation weights
are also determined during the overset search. Zero-dedest squares and inverse
distance methods are available in the solver to performrttezpolation. No speci c
additional treatment is implemented to assure conservalioing the interpolation.
All information about the method and its implementation iIMBI3 can be found in
Jarwowskyet al. [242].






Chapter 3

Noise Estimation Approach

3.1. Propeller Acoustic Field

The propeller near- eld noise is directly evaluated frome timsteady CFD results: the
time history of the pressure elg(x;t) is extracted from the ow- eld solutions at
different time steps, or captured by numerical probes attpaif interest. The rst
approach allows to investigate the whole sound eld thaegatioped by the propeller
and to produce visualisations that, especially in the csestalled con gurations, can
be very useful to locate noise sources and to identify pessitoustic interferences.
However, due to the large mesh size, it is only possible tcestioe full ow- eld
solutions for a short time range, i.e. equivalent to one aritvade passages. For some
speci ¢ locations, longer pressure signals can be insteadds and stored without
memory issues, using numerical probes. Imitating expearialeprobes, this tool
enables recording the time history of all simulation valesltat the cell center nearest
to any desired point. It is noted that the localisation ofphebes is performed in the
grid pre-processing phase only, and that during the cortipatéhe probe is always
associated to the cell identi ed as the closest in the ihgr&d position. This means
that if the probe is inside a moving block, e.g. near the piepblade, the probe will
move accordingly.

For steady simulations, as for the isolated propeller iralaxght, an equivalent
unsteady pressure signg{x;t) can be easily generated from the steady soluéion
posteriori the ow- eld is rotated at the propeller angular velocityé the pressure
eld is interpolated and extracted at the selected posstioith the chosen time sam-
pling. If the computational domain contains only a segmérihe propeller because
of geometric periodicity, rst the ow- eld of the full progller is reconstructed by
copying and rotating the sub-domain.

Having the unsteady pressure elg{x;t) = p(x;t) p(x;t) directly from the

49
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computations, the Overall Sound Pressure Level (OSPL)fen8dund Pressure Level
(SPL) as function of the sound frequentyare estimated as follows:
|

0%
OSPL= 10log, p"”sz dB, (3.1)
re f

PSOp?

ref2

SPL(f) = 10logq

dB, (3.2)

where pret is the acoustic reference pressure which is equal ta®2° Pa (this
corresponds to the typical threshold of hearing for a simadasignal at roughly 2
kHZz).

107
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Figure 3.1: Gain of the A-weighting noise lter [243].

To take into account the hearing sensitivity of the humantearA-weighting Iter can
be applied to the sound pressure estimates. It is notedtthegrtify large transport
aircraft, the loudness-corrected weighting Effectiveceared Noise Level (EPNL) is
required [244]. However, the A-weighting lter is here udeecause is the standard for
environmental noise, among which roadway, railway andaftaoise (even if it was
originally designed for sound pressure levels lower thamB5it is the one usually
employed to assess hearing damage caused by loud noiseprdfar to acoustic
standards [243] and [245], the A-weighted SPL (ASPL) is deieed as:

ASPL(f) = SPL(f)+ 20log,(Ga(f))+ 2 dBa, (3.3)

whereGa( f) is the frequency-dependent Iter gain de ned as:

1220¢° 4 i 4B
(f2+ 20:62)(f2+ 12200) 2+ 107.72 {2+ 737.92

Ga(f) = (3.4)
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The effect of the A-weighting is shown in Figure 3.1 via theualisation of the Iter
gainGa(f).

3.2. Aircraft Interior Cabin Noise

Within the activities of the IMPACTA project, NLR performedsaries of tests on a
Fokker 50 aircraft to experimentally determine the cabirs@aesponse of a typical
commercial airplane [246]. Tests were conducted inside regdwa employing a

LI

T =~

(a) Cabin layout and source and array positions for the recg) measurements. The
propeller plane is at = 0. The example passenger considered for the analysis in this
thesis is located in position S1.

(b) Microphone array mounted on transversing mechanism ferrétiprocalc) Transfer function measurements using a
transmission loss measurements method. direct technique.

Figure 3.2: NLR experimental setup to determine the cabisentesponse of a typical commercial
airplane using the RNLAF Fokker 50 U-05 [246].

reciprocal technique [247, 248], i.e. the aircraft fuselags excited from the inside
with a known noise source and microphones were used outsdite¢rmine the normal
particle velocity via near- eld acoustic holography [249]The fuselage starboard
region, where the propeller eld normally impinges, was ed for a total length of
L = 3:10 m extended@= upstream ané= downstream of the propeller rotation plane.
A linear microphone array, mounted on a moving traversingtraaism, allowed to
scan 32 x 32 points following the fuselage surface from th&obo middle line to the
top, excluding the row exactly at the middle of the fuselagee(Figures 3.2(b) and 5.6).



52 CHAPTER 3. NOISE ESTIMATION APPROACH

The strength of the sound source inside the cabin was mehsumeltaneously to the
microphones data acquisition, thus the Transfer Funcfléf) €ontains information
about both magnitude and phase. For comparing the designgvkr, only the real
part of the pressure signal is used. Due to the monopoledliioit of the uniform
acoustic dodecahedron source employed, measurementpegsible for frequencies
between 100 Hz and 1250 Hz. Therefore, a second experimensetaip to extend
the TF data to a frequency range between 57 Hzf i.BPF=, which appears in the
spectra of modi ed hubs, to 10 kHz. At that time, a direct teicjue was adopted
performing measurements with pure tone excitation using €&puted signals as
input for the speakers (see Figure 3.2(c)), and transfestiiums were determined by
extrapolation. It is noted that the extrapolation method/ g@e results of inferior
accuracy than the reciprocal measurements (also becarisectfisurements with the
direct technique contain the fuselage re ected eld as veallthe incident eld) and
thus introduce uncertainties. It is also highlighted tha test setup does not account
for the boundary layer noise and for the vibrations causedubying engines and
transmitted by the wings to the fuselage (structure-bomse). However, these noise
sources have a small effect on the interior noise in comparise the sound levels
caused by the propeller blades (air-borne noise) [67]. lheE the TF are used here
for a relative evaluation of different designs or instadlatlayouts. Therefore, it is
expected that the limitations reported above do not sigmtty alter the conclusions
of the study.

Different positions inside the cabin were considered in ¢lkperiments, while the
aircraft 28 seats layout in a 2-1 con guration of Figure a2¢as kept xed. The
analysis performed in this thesis are representative of ssgumer seated on the
starboard side of the plane slightly ahead of the propelemgy on the second seat
away from the window (position S1 in Figure 3.2(a)). Datatigk to other passenger
positions were not made available to the author.

To visualize the aircraft response to the incoming pressldethe Transmission Loss
(TL) and the phase modi cation maps are presented, for ssetgiéncies, in Figures
3.3 and 3.4, respectively. The TL was de ned as follows:

TL= 20logg JL—? dB, (3.5)
dSbeing the surface covered by each microphone. As can betbeexicraft response
is shown to be non uniform in space, and highly dependent erirguency of the
incoming pressure eld. In the transmission through thedtire of the fuselage the
noise levels are reduced by more than 20 dB. Below 500 Hz, spacgas with low TL
levels, i.e. high transmission, can be identi ed, probahlgorrespondence of speci c
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(e) f = 2:5BPF (f) f= 3BPF

Figure 3.3: Transmission Loss maps as a function of the saugident frequency: experimental
measurements by NLR on a Fokker 50 aircraft [246]. Resulbsvahat the harmonics of the Baseline
IMPACTA propeller design (BPF 114152 Hz). Please refer to Figures 5.6 and 7.5 for the de nition
of the the azimuthal and the longitudinal TF points indid¥sand Y respectively.
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(a) f= BEF (b) f= BPF
(c) f= 1:5BPF (d) f = 2BPF
(e) f = 2:5BPF (f) f=3BPF

Figure 3.4: Phase modi cation, i.e. TF arguments, maps ametion of the sound incident frequency:
experimental measurements by NLR on a Fokker 50 aircrafi][2Results shown at the harmonics of
the Baseline IMPACTA propeller design (BBFL14:152 Hz). Please refer to Figures 5.6 and 7.5 for
the de nition of the the azimuthal and the longitudinal THmts indices, IX and 1Y respectively.
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structural component of the fuselage or windows. At highegdiencies, a more
scattered response can be seen with, in general, the topf plagtfuselage providing a
high attenuation and the bottom a reduction between 30 aniB4The TF imaginary
part appears often large in magnitude near the locationggbeh transmission, thus
introducing a substantial shift in phase when the pressaeesventer the fuselage
shell. This means that, potentially, the scenario insidetbin may differ signi cantly
from that outside, since the result of the acoustic interfees amongst the various
sound waves will be different.

With the transfer functions known, given the pressure dgyaathe fuselage exterior,
the acoustic pressure amplitude inside the cabin can bly eatimated, and thus the
pressure time history for the passenger considered. Theeguoe, which consists in
a convolution between the pressure signals and the TF, fisrperd in the frequency
domain for simplicity. The steps are the following:

1. computation of the Discrete Fourier Transform of the eagdy pressure signals
predicted on the fuselage external surface;

2. multiplication of the complex Fourier coefcients fromaeh signal by the
complex TF value at the same frequency;

3. summation of the contribution of all 32 x 32 positions;

4. computation of the Inverse Discrete Fourier Transformgé& the acoustic
pressure signal as function of time at the speci ed locati@de the cabin.

In this way, the aircraft structural response is accounted Without the need
of a computationally expensive structural model. A strongeupling between
aeroacoustics and structural vibrations is beyond theesafghe analysis at this
stage, since there is no intention of estimating absoluisgerievels but only a relative
comparison between the different propeller designs oallasion layouts is of interest.

The main codes implemented to estimate both exterior aedantnoise are reported
in Appendix A.






Chapter 4

HMB3 Validation for Propeller
Aerodynamics and Acoustics

HMB3 has been validated for propeller ows against experitabwlata from the
JORP [88] and the IMPACTA [250, 187] wind tunnel tests. The &alowed the

comparison of the blade pressure predictions for a prapillesolation. The second
enabled the assessment of HMB3 aerodynamic and acoustiaicahresults for an
installed propeller.

Un-swept JORP | Baseline IMPACTA wind tunnel model
cruise conditions| cruise conditions climb conditions
Number of blade$\, 6 8 8
RadiusR 0.456 m 0.457 m 0.457m
Root chordc 0.114m 0.044 m 0.044 m
BPF 376 Hz 540.2 Hz 588.4 Hz
Thrust line incidencar 0 deg -2 deg 0 deg
Free-stream Mach numbbfky 0.692 0.5 0.45
Tip Mach numbeMTp 0.529 0.578 0.627
Tip Reynolds numbeRerp 1.163e6 0.56€e6 0.51e6

Table 4.1: HMB3 validation: propeller parameters and testdions.

4.1. The JORP Propeller

4.1.1 Test Case Description

The JORP model was a single row, six bladed propeller, mouated minimum
interference spinner, representative of a high-speeddedithe late eighties. Simple
un-swept and moderately-swept blade planforms were testtta relatively large tip
chord. A view of the un-swept version of the JORP model in the ARAd tunnel is

57
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reported in Figure 4.1(a).

Using the axial ight assumptions, RANS simulations of theswept JORP, at xed

pitch, were performed by Barakos and Johnson [251]. Bladenpeteas and test
conditions are reported in Table 4.1. The single-blade agatnal domain was
extended up to the far- eld and the hub was modelled as a agtinto speed up
convergence of the steady-state simulation. khe turbulence model [252] was
employed. A visualisation of the propeller vortical sturets predicted b the solver is
presented in Figure 4.1(b) via Q criteriof253, 254].

(a) Un-swept JORP model mounted in the ARA wind tunnel [88]. (b) HMB numerical prediction of the wake: iso-
surfaces of Q, colored by Mach number [251].

Figure 4.1: Un-swept version of the JORP wind tunnel model.

4.1.2 Comparison with Experimental Data

Figure 4.2 shows the pressure coef cient distribution dfedent radial positions
along the blade. A visualisation of the ow- eld around thé&fdrent pro les, with
streamlines and Mach color iso-levels, is also reportechendame gure. Some
discrepancies are visible in Figure 4.2, specially regaydhe suction peak. This
is believed to be due, on one hand, to the uncertainty in ttevlkedge of the
experimental pitch angle and, on the other hand, to possistallation effects. It
is also noted that the CFD adopted a fully turbulent model, redi® small laminar
regions were observed on the blades during the tests. Howtkedrend of the normal
force coef cient along the blade is well captured.

* The Q criterion identi es as vortices the ow regions whetetsecond invariant of the velocity gradient tenSior, Q =
N K2
w, is positive, i.eQ > 0. For incompressible ows Q is a local measure of the excesgiout rate compared to the

strain rate since, bein§ u=0,Q= 3(jjWj? ji Sj%) whereSandWare the symmetric and anti-symmetric componentswf
respectively. In addition, the criterion also require ttiegt pressure in the eddy region is lower than the ambientymess
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(a) Radial statiom=R= 0:351. (b) Radial statiom=R= 0:423.
(c) Radial statiom=R= 0:70. (d) Radial statiom=R= 0:80.
(e) Radial statiom=R= 0:90. (f) Span-wise distribution of the normal force coef cient.

Figure 4.2: Pressure coef cient distribution along diffet stations of the unswept version of the JORP
propeller: comparison between numerical results of HMBL]2ind experimental data [88] (triangular
points). Some discrepancies are visible but the span-wnasel tof the normal force coef cient is well

captured.
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4.2. The IMPACTA Turboprop Power-plant

4.2.1 Test Cases Description

The IMPACTA wind tunnel model is a 1:4.83 scale model of analetl turboprop
power-plant and includes propeller, nacelle, intake, aad @f the wing. The model
was tested in the Transonic Wind Tunnel of ARA [255], mountedhie test section
aligned with the free-stream and inverted, i.e. the moded waside down. Figure
4.3(a) shows the geometry and dimensions of the model. Tdpeper angular rotation

(a) Geometry of the model with dimensioig< 0:4572 m) andb) Unsteady pressure sensors location: Kulites™ on the mode
wing stations instrumented with pressure taps. and microphone arrays on the acoustic liner.

Figure 4.3: IMPACTA wind tunnel scaled model with the Baselpropeller design.

was clockwise as viewed from the rear, thus the model porg\§sirc 0) is affected by
the propeller up-wash and the starboard wiyng () by the propeller down-wash. The
propeller rotation axis, coincident with the gricxis, was inclined by -2 degrees with
respect to the fuselage axis and the wing pitch angle wasédgfeds with respect to
the propeller thrust axis. The propeller parameters, aadthise and climb operating
conditions of the tests, are summarised in Table 4.1. Thetsired multi-block CFD
grid for HMB3 was built by assembling ve separate componetite propeller drum,
the in ow, the front part of the model, the back part of the mbdand the out ow.
The sliding plane technique was employed to exchange owrmftion between the
different grids. This allowed for(i) the relative motion between the propeller and the
rest of the model, an@li) a grid topology simpli cation, as well as a reduction of the
number of cells in different parts of the computational doma visualisation of the
grid is presented in Figure 4.4. To have a perfectly symmetmputational domain,
the propeller drum was generated by copying and rotatingglesblade mesh. All
other grid components were mirrored about yive 0 plane. An “O” grid topology
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(a) Grid layout and surface mesh of the model front part. (b) Detail of the propeller mesh.

Figure 4.4: Computational grid for the Baseline IMPACTA witunnel scaled model.

surrounds the whole model to form a regular boundary laydrtaa computational
mesh spacing ensures thyat 1 by using a hyperbolic mesh point distribution and a
wall grid stretching ratio ranging from 1.1 to 1.15. All geetric details of the wind
tunnel model were represented in the mesh. The wind tunrid ware not modelled
in the CFD simulations. The far- eld boundaries have beeemdéd beyond the wind
tunnel test section and were treated using far- eld boupdanditions. This was the
case because the experimental data was corrected to takadobunt the channel
effect produced by the acoustic liner tted in the wind tuhn&he description of
the adopted correction procedure, and its effectivenssgeported in Appendix B.
Preliminary validation tests to verify the numerical seaup presented in Appendix C.
URANS computations were performed usingkhew SST [215] turbulence model. A
temporal resolution of 360 steps per propeller revolutias adopted, i.e. one unsteady
step corresponds to 1 degree of propeller azimuth. The atiouk were started from
an undisturbed free-stream ow conditions and more tharopeiter revolutions, i.e. a
ow patrticle travel distance of approximately 10 propeltiameters, were needed to
obtain statistically time-invariant ow predictions. Nwarical probes were introduced
in the simulations at the cell centers nearest to the posdidhe unsteady pressure
sensors (see Figure 4.3(b)), to record the pressure ewolutitime and to allow a
comparison of the noise spectra. A coarse grid of 20.1 milkells and a ner
grid, with a spatial resolution doubled in all directionsigg a total of about 161.3
million cells, were used for the simulations at cruise ctinds. Simulations at climb
conditions were performed only with the ne grid.
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Figure 4.5 shows, using the Q criterion, the wake structafeke IMPACTA power-
plant, at cruise conditions. Two blade tip vortices are olesto impact on the stub
wing, the rst one at approximately 1/3 of the wing chord.

(a) Coarse mesh solution.

(b) Fine mesh solution.

Figure 4.5: IMPACTA wind tunnel scaled model at cruise ctiods - ow- eld instantaneous
visualisation via iso-surfaces of Q (non-dimensional gabf 0.005), colored by non dimensional
axial velocity: comparison between numerical results eftbarse and ne grids. Differences in the
resolution between the two grids are evident, the coarseaopeay preserving the propeller wake up
to the wing.
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(a) Coarse mesh solution.

(b) Fine mesh solution.

Figure 4.6: IMPACTA wind tunnel scaled model at cruise cdinds - acoustic eld instantaneous
visualisation via unsteady pressure: comparison betwasrerical results of the coarse and ne grids.
Part 1/2: plane parallel to the propeller rotational planet a down-stream distance of 1RThe
distortion of the typical spiral radiation pattern of a totg source in subsonic forward motion, due
to the presence of the airframe, is captured by the solvee. stéwrboard side experiences weaker and
less extended pressure uctuations than the port side lseaafithe lower loading - both meshes allow
to capture this difference. Smaller dispersion is seenanrte mesh solution.
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(c) Coarse mesh solution.

(d) Fine mesh solution.

Figure 4.6: IMPACTA wind tunnel scaled model at cruise ctinds - acoustic eld instantaneous
visualisation via unsteady pressure: comparison betwesrerical results of the coarse and ne grids.
Part 2/2: longitudinal plane at spinner height £20). The down-stream propagation of the propeller
sound waves and their interaction with the wing is well-hesd by the CFD. Signi cantly lower
dissipation is observed in the ne mesh solution.
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Figure 4.6 presents the instantaneous unsteady presddriorea transversal plane at
1R down-stream the propeller plane, and for the longitudgdfene at spinner height.
The typical spiral radiation pattern of the sound eld of @&ating source in a subsonic
forward motion, although modi ed by the presence of the tlacend stub wing, are
visible (see, as example, the analytical works of Carley f3,for a sketch of the
noise eld of a forward- ying propeller). The larger presgu uctuations, sources of
the highest noise levels, appear at the propeller sligstieoundary, where the blade
tip vortices propagate. The interaction of the propellekevaith the stub wing is also
seen to cause strong pressure perturbations, generatihgrfuoise. The scenario on
port (y < 0) and starboardy(> 0) wings differ, the latter displaying weaker and less
extended pressure oscillations. This is attributable i Itloe less loaded propeller
blades, consequence of the thrust line incidence, and tower wing loading, due to
the propeller down-wash, on that side of the model. Pressateaations also appear
on the nacelle surface because of the blade root vorticesdmgenerating additional
noise, and again these are larger on the port side. Finadligtartion in the acoustic
eld propagation can be observed at the wing trailing edgeeng the ows on upper
and lower wing surfaces encounter and mix.

Results of the two grids are compared. Differences in thdugen of both propeller
wake and unsteady pressure eld are important. The coarsh regll allows to
preserve the propeller wake down-stream up to the wing (sped-4.5(a)), however
the ne mesh conserves it for approximately double the dista(see Figure 4.5(b)).
Moreover, the higher spatial resolution yields tighterterrcores and enables to
resolve also smaller vortical structures. The ne grid sh@igni cant improvements
in the solution of the acoustic eld as well (Figures 4.6(lmda4.6(d)), because of
the lower dissipation acting on the sound waves in their @gagion. The coarse mesh
captures nevertheless the differences between the stddodport sides of the model,
as shown in Figures 4.6(a) and 4.6(c).

4.2.2 Comparison with Experimental Data

Propeller Performance

The propeller performance were measured during the windelulests by means of
a rotary shaft balance mounted aligned with the thrust aXise thrust coef cient
was determined from the shaft thrust data, corrected for RRMd hub gap force,
and the hub drag coef cient estimated from runs with no btamhstalled. This way,

T During blades-off, wind-off spinner runs, it was found tmagasurements from the shaft balance varied with RPM in a
repeatable way. Corrections to axial force and torque wenefore derived from these measurements.

* The force in the hub gap was calculated from a weighted aeeofdghe pressure measurements from 36 pressure taps
arranged in 6 rings in the hub gap. Weights were calibratedtount for faulty pressure taps.
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an apparent thrust coef cient is obtained, quantifying thades thrust. The power
coef cient was computed directly from the steady state sergqneasure of the rotary
shaft balance, since the correction due to the RPM was nblgigi

HMB3 estimates obtained on the ne mesh are compared agaiR#t Averaged
measurements in Table 4.2. The numerical estimate of thsttiopef cientCr was
determined via the integration of the pressure and visamassl on the blades surface
only, thus to eliminate the contribution of the spinner. Hu cruise case, a second

Validation Case Cr C; Cp
Cruise RPM 4050,My = 0:5,ar= 2deg) +25.78% +26.61% +25.44%
Climb (RPM 4400,My = 0:45,at = 0 deg) +6.27% N/A +10.16%
Cruise (RPM 4400,My = 0:5,ar = 2deg) +6.19% +6.83% +14.70%

Table 4.2: IMPACTA Baseline scaled model propeller perfance evaluation: comparison against
experimental data. HMB3 predictions computed by averag@sylts over one propeller revolution
vs balance mean value over runs of 4.8 s.

estimateC;, was also computed following the same approach used in fferiexents:
the loads integration was performed on both blades and spimmd the results of
a steady only-spinner simulation (see Section C.2) wereatted from this. The
prediction of the power coef cienCp was performed by integrating the moment on
both blades and spinner surfaces. HMB3 estimates have apasiset in both thrust
and power. This can be due(ip a CFD over-prediction(i) effects of the wind tunnel,
and/or(iii) measurement or calibration errors. It is noted that the maicgy of the
balance measurements is not known by the author. Thrusicfioets show a closer
agreement with experiments than power, as can be expecdtire usually higher
accuracy in both measurements and predictions of forcésraspect to moments. The
Cr estimate result slightly better compared3p, probably because the evaluation of
the spinner drag in the steady computation can't propertpaut for the effect of the
rotation.

Since the discrepancy with the experiments at cruise dongiis not small, an addi-
tional case was performed just as further check for proppieformance predictions.
Test conditions were similar to the cruise case, but withh@idgRPM (see Table 4.2).
This last computation was run only with the coarse grid toimise the run time, since
no signi cant differences are observed in the propelledkprediction between coarse
and ne meshes. The deviation of the numerical estimates tlte measures for this
testis similar to that of the climb case, suggesting a loweugeacy of the experimental
data in the cruise case. This belief is also corroboratenh fitee good agreement of
the wing pressure that is shown in the following section. Atual large difference in
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the propeller thrust would in fact cause a signi cant digpamecy in the wing loading,
since the slip-stream effect would be wrongly predicted.

Overall therefore an over-estimation of propeller loadimgeen compared to ARA
experimental data. The trend of the performance indicds RRM and Mach number
is however captured by the CFD, as shown in Figure 4.7.

(a) Variation with RPM: validation cases Cruise and Cr?fiséb) Variation with frgzoe-stream Mach number: validation case
Climb and Cruise.

Figure 4.7: IMPACTA Baseline scaled model thrust and poweefcients comparison against

experimental data. HMB3 predictions computed by averagasylts over one propeller revolution
vs balance mean value over runs of 4.8 s. Propeller loadiogasestimated by the CFD, however the
trend with RPM and Mach number is captured.

Wing Pressure

The predicted wing pressure coef cient is compared agarperimental data pro-
vided by ARA. Measurements of the steady pressure sensoestalem on runs of 15
seconds, i.e. approximately 1000 propeller revolutionsmirical data were instead
averaged over one revolution.

In Figure 4.8 results relative to the cruise conditions aresented. Very good
agreement between the HMB3 URANS averaged solution and neasuts can be
observed at all instrumented span-wise wing stations. Tfeetef the propeller slip-
stream on the wing loading is captured by the CFD, as can bdsethe differences
in the chord-wiseC,, distribution between corresponding wing sections on pod a
starboard side. No remarkable difference is observed leetwearse and ne grid
predictions, thus it is concluded that the resolution of¢barse grid is adequate for
the wing loads.



68 CHAPTER 4. HMB3 VALIDATION FOR PROPELLER AERODYNAMICS AN ACOUSTICS

(a) Span-wise station S§:= 0:9R. (b) Span-wise station Sg:= 0:7R.

(c) Span-wise station S4:= 0:7R. (d) Span-wise station S¥.= 0:9R.

(e) Span-wise station S§: 1:3R.

Figure 4.8: Pressure coef cient distribution along diffat stations of the wing of the IMPACTA
Baseline scaled model atuise conditions: comparison between numerical results of HMBE a
experimental data [250] (rectangular points). Sectionsu®1 S2 on the port wing (up-stroking blade
side), S4, S5 and S6 on the starboard wing (down-strokingelééde): refer to Figure 4.3(a) for the
exact location of the sections. Very good agreement is @bdeiThe coarse grid is shown adequate for
wing loading estimates.

Figure 4.9 shows th€, comparison for the climb case. HMB3 predictions match
quite well the experimental data. Only a small under-ptaaticof the suction peak and
slightly larger loads from about8,, to the trailing edge are visible, both probably due
to the experimental data correction not perfectly caldxdor this case (see Appendix
B). On the starboard wing inside the propeller slip-streagut{sns S4 and S5), instead,



4.2. THE IMPACTA TURBOPROP POWER-PLANT 69

(a) Span-wise station S¥= 0:9R. (b) Span-wise station Sg= 0:7R.

(c) Span-wise station S4.= 0:7R. (d) Span-wise station S¥.= 0:9R.

(e) Span-wise station S§: 1:3R.

Figure 4.9: Pressure coef cient distribution along di#éfat stations of the wing of the IMPACTA
Baseline scaled model alimb conditions: comparison between numerical results of HMBE a
experimental data [250] (rectangular points). Sectiongi®1 S2 on the port wing (up-stroking blade
side), S4, S5 and S6 on the starboard wing (down-strokingebéide): refer to Figure 4.3(a) for the
exact location of the sections. Good agreement is seenirtak discrepancies probably due to the not
perfectly calibrated wind tunnel data correction for thise.

the numerical results slightly deviate from measurementthe lower pressure curve
between the leading edge an@X),. Yet it is noted that, for this case, the experimental
data differ between the tests with and without acoustia in¢he wind tunnel section
(see Figures B.3(c) and B.3(d)), and that HMB3 predictions¥oltlosely theC, curve

of the liner-OUT case. Any difference shown here is theetbought to be due to the
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presence of the liner inside the wind tunnel, and the coraggqthannel effect.

Power-plant Noise

To assess the acoustic results of HMB3 URANS simulations, #ta df Kulite™
sensors installed on the model and of the microphone arraythe ceiling and
starboard wind tunnel walls are used. Locations of the adst@ressure sensors in
the IMPACTA experiments are shown in Figure 4.3(b). The nucaésound spectra
Is compared against Kulite™ recordings in Figures 4.10 ahd #or the cruise and the
climb case, respectively.

The numerical pressure time signal is stored for one prepetvolution only.
Therefore, since the signal length signi cantly in uenctee frequency study, the
experimental signal is analysed considering only a segroemesponding to one
propeller revolution. Moreover, the measurements, whiehtaken at 41 kHz, are
ltered at the CFD Nyquist frequency (12152 Hz and 13240 Hz for cruise and
climb cases, respectively) using @ drder Butterworth lter [256]. Finally, it is noted
that both tonal as well as broadband sources of pressurgations are included in the
measured spectra, whereas only tonal noise can be pretictdBANS simulations.
Differences between the coarse and the ne grid predictasesevident (Figure 4.10).
The coarse grid solves up to the second harmonic on the stodp, wihile the ne
mesh up to the third. At higher frequencies the CFD does no¢ eaough spacial
resolution and the numerical spectra rapidly decay, wlinke éxperimental signals
show broadband noise content. On the engine intake, distines are instead visible,
up to the eighth propeller harmonic, in both experiments ldMB3 predictions (the
mesh density is here quite high because of the geometric legitypof the intake
region and the distance from the noise sources is small semcah dissipation is
not signi cant). In general, the agreement between CFD ameements is good for
both propeller tested conditions. On average, using thegnd, SPL estimates of
URANS computations are within 3 dB for the rst two tones andhin 4 dB for the
third harmonic, depending on the wing location. Smallecidipancies are seen on
the engine intake even at higher tones (here the coarseigmiccantly over-estimates
noise levels for lower harmonics). However, discrepanicedsieen HMB3 predictions
and measures are noted for some Kulite™ sensors, e.g. otatt®ard upper wing
side at cruise conditions and on the port lower wing at climibditions. This could be
due to errors in the signals or calibration of the sensor.
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(a) Port upper wingxy = 0:05cy, yw = 0:92R. (b) Port lower wing:Xy = 0:05cy, yw = 0:92R.

(c) Starboard upper wingsy = 0:05Cy, yw = 0:92R. (d) Starboard lower wingxy = 0:05cy, Yw = 0:92R.

(e) Starboard engine intake rim.

Figure 4.10: Sound pressure level spectra on the IMPACTAIWimnel model atruise conditions:
comparison between HMB3 URANS numerical results and Kiftitmeasurements. The ne mesh
yields adequate estimates for the rst three propeller $pmehereas the coarse one solves up to the

second.



72 CHAPTER 4. HMB3 VALIDATION FOR PROPELLER AERODYNAMICS AN ACOUSTICS

(a) Port upper wingxy = 0:05cy, yw = 0:92R. (b) Port lower wing:Xy = 0:05cy, yw = 0:92R.

(c) Starboard upper winggy = 0:05cy, yw = 0:92R. (d) Starboard lower wingx, = 0:05cy, Yw = 0:92R.

(e) Starboard engine intake rim.

Figure 4.11: Sound pressure level spectra on the IMPACTAdWimnel model atlimb conditions:
comparison between HMB3 URANS numerical results and KiMiteneasurements. Fairly good
agreement is noted up to the third propeller harmonic.
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Audio recordings of microphones on the wind tunnel wallswlfor an evaluation of
noise predictions in the near- eld, at some distance froetthrboprop engine model.
Experimental data of the individual microphones are affiddiy reverberation in the
working section, installed noise sources and parasitisendue to the propeller rig.
Consequently, interference fringes are present in the ipicnoe array measurements
of the incident sound eld. So, the comparison between CFDdipt®ns and
microphone recordings is made via an area-weighted averfatiee SPL using only
the central microphones of the arrays (in particular, 71 G4 sensors - see Figure
4.3(b)). In particular, the averaging grid is built so thaicle of the considered
microphones is the central point of azimuthally equallycgshcells. This way, no
interpolation of the data is needed before performing tea-aveighted average.

Figure 4.12: Near- eld IMPACTA wind tunnel model sound lésemicrophone arrays area-averaged
SPL forthe rsttone. Comparison of HMB3 results against AB&erimental data. CFD results predict
higher levels, however the different sound directivitiéthe different propeller operating conditions are
correctly captured.

Figure 4.12 presents the average sound levels of the rshbaic for both arrays,
at cruise and climb conditions. HMB3 over-predicts by a few i averaged
acoustic liner measurements (discrepancies range frord21#® 5.2 dB), the climb
case showing overall a closer agreement. It is noted thaCtie results display
the same trends as the experiments when comparing the datate starboard and
the ceiling arrays at the same propeller operating comditicndicating that HMB3
captures correctly the differences in the sound propagatiche different conditions.
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This is a complex setup, and a demanding calculation, so Yeealb obtained
agreement is seen as satisfactory.

4.3. Conclusive Remarks

On the whole, a good agreement between numerical resultex@etimental data is
observable, regarding both aerodynamics and acoustic®3-¥n thus be considered
reliable to solve the ow on and around the propeller bladé® noise levels of
the dominant tones in the near- eld, and the physics of theraction with the
airframe when the propeller is installed. Within the inheedenitations of the URANS
solutions, its predictions showed an adequate accuranypamble with state-of-the-
art estimates computed by other researchers with various $ii2rs (please refer
to the literature survey in Section 1.3 for speci ¢ data). particular, provided a
suf cient mesh resolution, absolute sound levels of the thsee propeller harmonics
could be determined by HMB3 within 2 to 3 dB. Moreover, trendd directivities
were correctly captured at all different propeller opergttonditions tested, therefore
enabling con dence in the use of HMB3 numerical results fomparison purposes,
with uncertainties of less than 1 dB.



Chapter 5

Blade and Hub Designs Study

This Chapter focuses on the numerical study of the near-@b@lknoise of an isolated
propeller. The acoustic properties of various designs@ady/aed. The designs include
the IMPACTA Baseline propeller, an innovative blade geomatrg two different hub
con gurations.

RANS simulations are employed to directly estimate the noésehing a ctitious
fuselage, and acoustic TFs are used to evaluate the noiseiyaat inside it. This
method aims, in a comparative way, to assess the overallsacswof a turboprop
aircraft, at low computational cost.

Contrary to the Heidmann technique [257] nowadays used glaincraft design (see
[258] for a review of current noise design prediction toopRANS equations capture
the distinct characteristic acoustic features of diffegmopeller geometries. Hence,
they enable the assessment of emitted sound spectrum arall ow@se levels of
various propeller designs, early in the design stage.

5.1. IMPACTA Propellers Design

The IMPACTA propeller is a new-generation design, aimingiigh ef ciency at high
speeds. It has 8 blades with a radR®f 2.209 m and a chord of 0.213 m. The
sections of the blades are thin, highly twisted and swepk lfab1 at 0.R). The
propeller operates at high loading conditions. Besides treelBee propeller, three
different designs were considered: an Of oaded Tip blad&8taggered hub and an
Unequally-Spaced hub. The modi ed geometries are shown in Figure 5.1, against
the Baseline design. The operating cruise conditions foINHRACTA propellers are
reported in Table 5.1. The three propellers are designedliged the same thrust.

* The work presented in this Chapter is published in G. Chieical. , “Numerical aeroacoustic analysis of propeller designs”,
The Aeronautical JournaMol. 122, No. 1248, pp. 283-315, doi:10.1017/aer.2013,2918.
T All propeller geometries were designed from, and belong tayfpd@ropellers [4].
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(a) Of oaded Tip blade (light blue).

(b) Staggered hub (green).

(c) Unequally-spaced hub (blue).

Figure 5.1: IMPACTA modi ed propeller geometries vs Bagelidesign (grey and red).
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Baseline blade

Of oaded Tip blade

Altitude [m] 7620 7620
Temperature [C] 248.62 248.62
Free-stream Mach numbh, 0.5 0.5
Required thrust [N] 7851.11 7851.11
Blade incidence angle at 70% 50.1 53.6
RPM 856.14 790.29
Tip Mach numbeMrp 0.627 0.578
Tip Reynolds numbeRer|p 1.24e06 1.15e06
Helical Mach number at 9580 0.789 0.754

Table 5.1: Cruise operating conditions for the IMPACTA tdad

The Of oaded Tip blade is characterised by less tip twisttliae Baseline design,
and runs at a slightly higher pitch angle. This moves inbediné peak of the blade
loading, and, as can be predicted from a simple semi-enapgitalysis [15], should
decrease the sound levels. Moreover, to achieve the sannd,tkine Of oaded Tip
blade operates at lower RPM, i.e. at a higher advance ratibgiuincreasing the blade
pitch. Therefore, an additional noise reduction is expfitam lowering the tip Mach
number, in agreement with wind tunnel and in- ight expermted data [142, 114]
showing signi cant reductions in the sound levels of thet tenes with decreasing
tip speed. Note that, because of the lower operating RPM, flead®d Tip design
will have harmonics at lower frequencies.

The main idea behind the different hub designs is to modtleeoise spectrum by
changing the geometric periodicity of the propeller, rathsiting the acoustic energy
on more frequencies. This should result in a more pleasamdséo the human
ear. In particular, the Staggered hub has four blades difs&rds the spinner tip
by 2/3 of the root chord, while the Unequally-Spaced hub hasspace between the
blades modi ed by 4 degrees. The Staggered hub is expected to be more ef cient,
and noisier, than the Baseline due to the different in ow dbads seen from the
second row of propeller blades. The higher ef ciency alsovaies an opportunity to
make the propeller hub and the spinner diameters smallerltawer installation drag.
Asymmetric blade spacing was instead shown to decreaseibe in some radiation
directions [259] because of interference among the sousgesvof the individual
blades.

5.2. Test Cases Description

All the IMPACTA designs were numerically studied in isolatah guration at cruise
conditions. Steady RANS simulations were therefore peréatnemploying the axial
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ight formulation described above. The w SST turbulence model [215] was used
to close the system of equations. The computed cases areasisaciin Table 5.2.

It is noted that, from a steady computation, it is not possiblcapture the broadband
noise content, therefore the acoustic analysis will begedwonly on tonal noise.

Propeller Design Simulation ConditionsN,,4es Grid CPUs
Baseline RANSKk w SST Cruise 1 Gl 32
Of oaded Tip Blade RANSk wSST Cruise 1 G2 32
Staggered Hub RANY% w SST Cruise 2 G3 64
Unequally-spaced Hub RANS, wSST Cruise 2 G4 64

Table 5.2: IMPACTA design study: computational test cases.

5.2.1 Computational Grids

Multi-block structured grids were generated employing assic “C H” block
topology around the blades. Using the axial ight formubexj only =N of the
domain was represented, whétas the geometric periodicity index of the propeller.
Therefore,N = 8 for the baseline hub con guration (Baseline and Of oadegb Ti
blades - grids G1 and G2 respectively) ahe 4 for the modi ed hub con gurations
(Unequally-spaced and Staggered designs - grids G3 and §péatevely). The
computational domain and the spinner were extended dosamstito apply free-
stream boundary conditions on the far- eld boundariespaatiodating two propeller
revolutions with the wake resolved over more that 180 degrdegure 5.2 shows
the computational domain, the grid topology, and the serfaxesh details for the
IMPACTA Baseline design. The different grids were built to Isesamilar as possible,
for all propeller designs, and limit the in uence of the comtational grid on the
numerical predictions. The spatial resolution of the grawhosen on the basis of grid
convergence studies carried out for the JORP propeller 88, 2 he wall spacing was
selected to ensureyd 0.5 on average along the blade, and values slightly higher
than 1 towards the spinner junction. An exponential law wseduto generate the
points distribution in the boundary layer. The grids aretgjuegular in the area of
interest, with stretched cells only inside the boundargtayto perform wall-resolved
Navier-Stokes computations. Stretched cells are alseifath eld, since a ne spatial
resolution is not needed. Grid dimensions, and mesh qualiiges, are reported in
Table 5.3.
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(a) Computational domain. (b) C-H blocking around the isolated Baseline blade.

(c) Baseline design blade surface mesh details.

Figure 5.2: IMPACTA propellers: computational grids foetisolated computations.

Grid Cells Blocks| Max Aspect Ratio Max Normal Skewness Min Orthogonality
Gl 11.25M 482 850377 2.310° 3.310°
G2 11.25M 482 850551 2.810° 2.310°3
G3 246M 964 596686 1.310° 44103
G4 283M 964 799028 1.410° 25103

Table 5.3: Dimensions and properties [260] of the IMPACTAlased blade(s) computational grids.
Mesh quality indices reported are related to the whole gniduding boundary layer and far- eld cells.
The worst values of aspect ratio, normal skewness, andgwttality over the whole grid are given.

5.3. Aerodynamic and Performance Discussion

Since the propeller aerodynamics is not the prime focusiefwork, it is only noted
here that the ow is mostly attached along the blade for afliges. As can be seen in
Figure 5.3 for the Baseline blade, the ow separates only ierg emall area (zone A)
on the blade root suction side.
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(a) Blade pressure side. (b) Blade suction side.
Figure 5.3: Baseline IMPACTA propeller at cruise condisonow visualisation of the propeller

through friction, colored by pressure coef cient. The ow dhe blade is attached everywhere apart
from a very small area on the root suction side (zone A).

(a) Radial statiom=R= 0:3. (b) Radial statiom=R= 0:5.

(c) Radial statiomn=R= 0:95.

Figure 5.4: Chord-wise pressure coef cient distributidrmiéferent blade stations for the Of oaded Tip
blade compared to the Baseline blade. The different twidtgtch distribution of the Of oaded Tip
design moved the loading span-wise towards the blade root.
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(a) Staggered hub: radial statiorR= 0:3. (b) Unequally-spaced: radial stationR= 0:3.
(c) Staggered hub: radial statiosR= 0:5. (d) Unequally-spaced: radial statiorR= 0:5.
(e) Staggered hub: radial statiorR = 0:95. (f) Unequally-spaced: radial statiorRR= 0:95.

Figure 5.5: Chord-wise pressure coef cient distributiondéfferent blade stations for the modi ed
IMPACTA hub designs compared to the Baseline: Staggereddmuthe left, Unequally-spaced on
the right. The blade loading slightly differs only near toet:
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Because of the propeller noise source mechanism, it is impbto look at the
span-wise loading distribution. Figures 5.4 and 5.5 shosv ghessure coef cient
distributions at three different blade stations for the neat propeller designs
compared to the Baseline.

Signi cant differences are predicted only for the Of oad@p blade. As expected
based on the geometric characteristics of this design, #ak fpoading is moved
inboards (Figure 5.4). The modi cations of the hub con guioa (Figure 5.5) did
not lead to any notable effects on the span-wise loadinglligsion. Small differences
are seen only towards the blade root.

Of oaded Tip Unequally-spaced  Staggered

DThrust +1.52% -0.39% +1.3%
DSPL(BPF) -0.118 dB +0.031 dB -0.102 dB
DSPL(2BPF) -0.050dB +0.016 dB -0.053 dB
DSPL(3BPF) +0.001 dB +0.005 dB -0.016 dB
DOASPLnax -0.094 dB, +0.023 dB, -0.077 dB

Table 5.4: IMPACTA propellers thrust with respect to the &ase design and correspondent noise
levels corrections.

Table 5.4 compares the thrust of the various designs. Itsemied that, at the xed-
pitch simulated conditions, the modi ed designs providefeedent thrust with respect
to the Baseline. Therefore, to carry out an unbiased acocmtiparison, i.e. at equal
thrust, the noise levels of the various designs are coddotaccount for the different
blade loading. Semi-empirical approaches were used tordete the magnitude of
this correction. In particular, the procedure described15] based on [261] was
employed for the A-weighted OSPL, while the ESDU methodwaetifrom Gutin's
theory [262, 36] was applied to the SPL of the various haresnppendix D reports
a short description of the two methods. The resulting ctioes, reported in Table
5.4, are in any case small because the thrust differencessmeall.

5.4. Acoustic Discussion

5.4.1 Sound Field Analysis

An idealised fuselage representative of a high-wing aftevas modelled, via an array
of virtual microphones, to investigate the noise charasties of the different designs.
As shown in Figure 5.6, the monitoring points were arranged B2 by 33 matrix

of half cylinder located approximately 5 chord lengths avrayn the blade tip. The

idealised fuselage extends 11.5 blade root chords in frbttieopropeller rotational

plane, and 4 chords behind.
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Figure 5.6: Acoustic analysis setup (top and frontal viewdgalised fuselage representative of a high-
wing narrow-body commercial aircraft.

Figure 5.7 shows, for the Baseline design, the incident pres®ld p(x) for two
different azimuthal blade positions, i.e. at two differgénte instances of the equivalent
unsteady simulation.

To estimate the noise at each selected point, an equivabeet,revolution long,
unsteady pressure signp(x;t) was reconstructed from the steady CFD solution.
Section 3.1 shows the details of the adopted procedure. &dampling corresponding

() yo= 0deg. (b) yp = 15 deg.

Figure 5.7: Baseline IMPACTA propeller: instantaneousdeat pressure distribution on the idealised
fuselage. The time history of the impinging pressure ismstroicted a posteriori from the steady CFD
solution.
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to 0.25 degrees of propeller rotation was used. Accordingytquist's theorem [203],
this means that the maximum captured frequency will be ali@ukHz. For the
analysis it is assumed that, at the fuselage location, ttident unsteady pressure
eld can be approximated with only acoustic pressure ucin@as, whereas the
hydrodynamic near- eld is neglected due to the differentirse-observer distance
scaling. This approach was deemed adequate for estimdtengqdise differences
among different propellers as opposed to seeking absotuse prediction levels. To
compute the unsteady pressure statistical charactsyistie complete reconstructed
signal of 1 revolution was used, and the Tecplot FFT algoritp60] with a rectangular
window function employed to estimate the PSD. To take intooant the human
hearing sensitivity, the A-weighting lter was also appuli¢o the sound pressure
estimates (again, see Section 3.1 for details). The OASFRL_oemputed including
the contribution of the rst ve harmonics.

The overall sound pressure levels (OSPLSs) on the idealissldge at cruise operating
conditions are presented in Figure 5.8, for all the desighg. corresponding OASPL
values are also shown. No substantial differences are setne itrend of the OSPL
distribution. The higher noise levels are observed in thaxipmity of the propeller
rotational plane, at approximately 17 degrees of azimygbsition, where the distance
is minimal. As can be partly seen in Figure 5.7, the largestuations of pressure
occur at that angle. Moving away from this region, both in livegitudinal and in
the azimuthal directions, the distance from the noise ssuitcreases and the OSPL
decreases. In particular, the OSPL peak for the Baselingmlespredicted 0.5 chords
in front of the propeller rotational plane (probe B in Figuse). The Of oaded
Tip blade and the Unequally-Spaced hub also show the OSPinmaxat the same
position. The Staggered hub design instead exhibits thamuam noise level 0.6
further ahead because of the forward translation of theblatle-row.

The A-weighting lter yields lower noise levels for all caseThis is because the Iter
gains are negative for frequencies below 1 kHz (see Figurg 8o for the rst eight
harmonics of the IMPACTA propellers. The noise reduction tiune A-weight Iter
for the Of oaded Tip blade is higher in magnitude than for tither designs because
its harmonics are at lower frequencies. With the exceptidh® Of oad-Tip design,

it is observed that the point of maximum OASPL is found at &fage station down-
stream with respect to the OSPL peak location.

Regarding the noise levels, the Of oaded Tip blade shows auste footprint
signi cantly quieter than the Baseline with a decrease ofdBR for the maximum
OASPL. Staggered and Unequally-Spaced hubs, insteadl shightly higher noise
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(a) Baseline blade design. (b) Of oaded Tip blade design.

(c) Staggered hub design. (d) Unequally-spaced hub design.

Figure 5.8: OSPL, and OASPL up to the fth harmonic, on theaiiked fuselage for the different
IMPACTA propeller designs. The color scale range is equa8a@alB. No important differences are
noted regarding the trends, the highest noise levels beittgeaninimum distance from the blade tip.
The Of oaded Tip blade appear signi cantly quieter thanather propeller designs.

levels with respect to the Baseline with +1.98,d&nd +2.31 dR for the maximum
OASPL, respectively. It can be noted that, unlike the OSkE, ©DASPL of the
Staggered hub is lower than the Unequally-Spaced for a faagef the fuselage. This
is because of the different distribution of the acoustiagyever the frequencies. This
can be better understood looking at the noise spectra.

Figure 5.9 shows, as an example, the constant bandwidth $€tiram for the
Baseline propeller, at the closest monitoring point to treglbltip (probe B of Figure
5.6). Tones at the blade passing frequeryK = 114152 Hz) and its multiples are
clearly visible. The expected linear decay, typical of ideaw conditions, is also
observed. The predicted SPL values are in good agreemdmniestimates provided
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by the designer [9], with a maximum discrepancy of less thérdB for the rst few
tones.

Figure 5.9: Baseline design at cruise conditions: SPL specht the closest point of the idealised
fuselage to the blade tig{= Oc,Q = 16:875 deg). Tones at the BPF and its multiples appear clearly in
the RANS solution, approximately following the linear ildacay of an uniform axial in ow. Estimated
levels of lower tones agree well with data of the designer.

A comparison between the spectra of the different designaie B is reported
in Figure 5.10. Table 5.5 reports the sound pressure levelseo rst three BPF
harmonics for the modi ed designs, together with the OASB\el. Data are relative
to the Baseline propeller values at the same location. The#&led Tip blade, as
explained, shows tones at lower frequencies, and is signily quieter than the
Baseline design, with an appreciable noise level reductmmouat least the fourth
tone. The Staggered and Unequally-Spaced hubs show additanes at multiple of
BPFs/2 due to the different geometric periodicity. Theirust energy is thus spread
over more frequencies, and, in total, they are slightly &utian the Baseline design.
Differences in the frequency distribution of the acoustiergy between the Staggered

Of oaded Tip Unequally-spaced Staggered

DSPL(BPF) [dB] -4.406 -0.178 +0.657
DSPL(2BPF) [dB] -7.532 -2.410 -1.883
DSPL(3BPF) [dB] -6.536 +2.506 +5.838
DOASPL [dBa] -6.169 +2.218 +2.180

Table 5.5: Differences in noise levels between the modi edigns and Baseline propeller at point B
(zi = 0:5¢,Q = 16:875 deg).
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(a) Spectra of the different blade designs. (b) Spectra of the different hub designs.

(c) SPL levels for the lower harmonics. (d) OSPL and OASPL values.

Figure 5.10: SPL at the point B of the idealised fuselage= 0:5c, Q = 16:875 deg) for the
different IMPACTA propeller designs. The Of oaded Tip ekits harmonics at lower frequencies
and an important sound levels reduction, at least up to thettfcharmonic. Spectra of Staggered
and Unequally-spaced hubs have additional tones at BP&s2result overall slightly noisier than
the Baseline.

and the Unequally-Spaced hubs can be noted: the rst has askgtily higher than
the second at BPFs tones, but signi cantly lower at BPFs/24ptiaus resulting in
almost the same values of OASPL.

Looking at the noise spectra at different locations on thitiaus fuselage, a sound
directivity analysis was carried out. In particular, Figsir5.11 and 5.12 show the
behavior of the rst three BPF tones along the fuselage axend along the fuselage
circumference (i.e. varying the fuselage azim@}y respectively. In general, it is
shown that, moving longitudinally, the BPF fundamental hasabmost symmetric
behavior with respect to the fuselage station where themaxi OSPL is registered.
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Therefore, at the same distance from the propeller plane, SRL of the BPF
fundamental is slightly noisier ahead of the propeller tafin Regarding the second
tone, a symmetric behavior with respect to the propellatiaal plane is noted until
about 7 chord lengths away. The third tone shows a less cteat,twith a relative peak
around the propeller rotational plane. Finally, Figurelsshows that the trends of the
various tones are similar at different azimuthal positiolM®ving along the fuselage
azimuth (Figure 5.12), the maximum noise level at BPF and atRiBRround 16-17
degrees, which is the point of minimum distance from the plleptip, while at 3 BPF

(a) Different blade designSPL(z); Q = 0 deg. (b) Different hub designsSPL(z;);Q = 0 deg.

(c) Different blade design$SPL(z;); Q = 16:875 deg. (d) Different hub designsSPL(z¢);Q = 16:875 deg.

Figure 5.11: Trends of the SPL rst three tones moving alohg tuselage axis for the different

IMPACTA propeller designs. See Figure 5.6 for the locatioossidered. Sound levels are maximum
slightly ahead of the propeller rotational plane. The Ofled Tip blade appears bene cial at all

positions on the fuselage, for all three tones. The Stadgleub yields louder noise in front of the

propeller, while small reductions are seen behind. The Uakytspaced hub is almost identical to the
Baseline at the BPF, and quieter at higher harmonics.
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(a) Different blade designSPL(Q);zs = 0:5c. (b) Different hub designsSPL(Q);z; = 0:5c.

Figure 5.12: Trends of the SPL rst three tones moving aldmg fuselage azimuth for the different
IMPACTA propeller designs. See Figure 5.6 for the locatioossidered. Sound levels are maximum
at approximately 16 deg, point of minimum distance from fbe The Of oaded Tip is signi cantly
quieter at all positions. The modi ed hub con gurations shsimilar levels to the Baseline at the BPF,
whereas they are quieter at 2BPF and louder at 3BPF.

the maximum is at highe® values. It is noted that, due to the hypothesis of steady
and periodic ow, and the absence of the airframe in the satioih, points at the same
radial distance from the propeller tip will show the same SPhis is expected not to
be the case in an installed con guration.

Regarding the modi ed propeller designs, it is observed fiéigures 5.11 and 5.12
that:

(a) The Of oaded Tip blade shows lower noise levels at allifiamss on the fuselage.
This blade produces the same trend as the Baseline, moving #ie fuselage
axis, at BPF, but has a atter trend at 2 BPF.

(b) Compared to the Baseline, the BPF tone of the Staggered Bignd®s a slightly
higher SPL in front of the propeller plane and lower SPL bdhtn The 2 BPF
tone is quieter in the vicinity of the propeller plane anddeu after 3 chord
lengths.

(c) The Unequally-Spaced hub BPF tone is almost identicdidb af the Baseline,
while for the 2 BPF tone small differences are seen and a sitnéad to the
Staggered hub is observed.
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5.4.2 Cabin Noise Estimate

The noise inside the cabin for a passenger located sliglad of the propeller
plane, on the second seat away from the window (see Figu(a)3.% evaluated via
experimentally-obtained transfer functions [246]. Satt8.2 shows the details of the
TF that was contributed to the IMPACTA project by NLR.

Some of the pressure amplitude maps §if(x; f)j) on the external fuselage surface,
and the corresponding maps inside the cabin after the TRcagiph, are presented

in Figures from 5.13 to 5.15 for the Baseline, the Staggereti the Unequally-
Spaced designs. Results are here non dimensionalised usngotresponding
maxj ﬁ‘tx,BPF)jBase“nevalues. The magnitude of the pressure amplitude inside the

(a) f = BPF (b) f = BPF

(c) f= 2BPF (d) f = 2BPF

Figure 5.13: Non-dimensional pressure uctuations aroght maps before (left) and after (right) the
TF application:BaselinelMPACTA propeller design. Please refer to Figure 5.6 fordeeition of the
azimuthal and the longitudinal TF points indices IX and I'Ydfferent color-scale have been used for
outside and inside scenarios because of the large differi@rievels. The pressure surface distribution
is considerably modi ed by the non-uniform characteristi¢ the fuselage Itering.
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(a) f = 0:5BPF (b) f = 0:5BPF
(c) f = BPF (d) f = BPF
(e) f = 1:5BPF (f) f= 1:5BPF

Figure 5.14: Non-dimensional pressure uctuations armgit maps before (left) and after (right) the
TF application: Staggeredhub IMPACTA design. Please refer to Figure 5.6 for the dearitof the
azimuthal and the longitudinal TF points indices IX and IYdfferent color-scale have been used for
outside and inside scenarios because of the large diffelierievels. The great majority of the acoustic
energy is at the BPF. The Staggered con guration remaigbi noisier inside the cabin.
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(a) f = 0:5BPF (b) f = 0:5BPF
(c) f = BPF (d) f = BPF
(e) f = L:5BPF () f= L:5BPF

Figure 5.15: Non-dimensional pressure uctuations amplktmaps before (left) and after (right) the TF
application:Unequally-Spacedhub IMPACTA design. Please refer to Figure 5.6 for the dearitof

the azimuthal and the longitudinal TF points indices 1X aWdA different color-scale have been used
for outside and inside scenarios because of the large elifterin levels. The energy content at BPFs/2,
in both levels and distribution, appears quite differerntiMeen Staggered and Unequally-spaced hub

designs.
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cabin is considerably lower than outside, and the distigutiffers signi cantly
because of the non uniform transmission characteristich@ffuselage structure.
The energy content of the BPF tone dominates, the 2 BPF ton@dhéess than
30% of the energy of the BPF tone, and the 3 BPF tone having a roaxiof
10%. Because of the initial energy content distribution dmelhigh TL levels, the
contribution of higher BPFs harmonics inside the cabin bexonegligible. Regarding
the additional BPFs/2 harmonics of the modi ed designs, ahg/content af = 0:5
BPF, and to a lesser extent the onefat 1.5 BPF, seem to be signi cant in the
transmission through the aircraft fuselage. It is intengsto observe the different
pressure distributions predicted from the Staggered hgiigdewith respect to the
Baseline and the Unequally-Spaced. The acoustic footpfitiieotwo distinct rows
of blades is clearly visible on the fuselage in Figure 5.14.

The resulting pressure signal for the example passengemsgared, as an example,
with that at point A on the exterior of the fuselage in Figurg® Note that the shiftin
phase of the three signals is only due to the different azialyiositions of the blades
in the grid. In the same gure, the spectral content of the sigmals is also reported.
Finally, Figure 5.17 shows the sound pressure level indidectibin and the corre-
sponding A-weighted value. As can be seen, the reductioheotihsteady pressure
uctuation amplitudes is signi cant inside the cabin, atetBPF tone dominates. The
differences between the modi ed hubs and the Baseline arsiderably reduced, but
still visible.

(a) Signal inside the cabin at the point S1. (b) Signal at the pointz = Oc, Q = 0 deg) on the idealised
fuselage (outside).

Figure 5.16: Unsteady pressure signal inside and outsiglecdbin: comparison between Baseline
and modi ed hub designs of the IMPACTA propeller. The ampdi¢é of the pressure uctuations is
importantly reduced during the transmission through tiselage.
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(a) SPL. (b) A-weighted SPL.

Figure 5.17: Sound pressure level inside the aircraft cédirnthe example passenger (point S1).
Differences amongst the various propeller designs areidersbly reduced inside the cabin, but still
present.

5.5. Conclusive Remarks

Thanks to the combination of lower angular speed and inboarded loading, the
Of oaded Tip blade is shown to be signi cantly quieter thametBaseline blade,
appearing the best design solution among those analysed.

The modi ed hub con gurations exhibit a greater number oéspal peaks, spreading
the acoustic energy over more frequencies, and yield $fidgtigher noise levels,
compared to the Baseline hub. Because of the fuselage trasismharacteristics,
their sound inside the cabin does not greatly differ fromt theoduced by the
Baseline. Therefore, experimental tests should be peribrtoeevaluate if the
perception advantages of a more continuous spectrumyjukgfextra manufacturing
and structural complexities due to their speci ¢ bladesiagement. In a positive case,
the Staggered design should probably be preferred overriegually Spaced, since it
could bene t from an optimisation of the operating RPM comsidg its higher thrust.



Chapter 6

CFD Method Quanti cation

This Chapter investigates the numerical approach, anglytie impact on sound
predictions of grid properties on one hand, and of the CFD atethn the other.
The effects of regularity and density of the computationasmare rst examined.
The use of a % order structured MUSCL scheme is then evaluated. Finallg, tw
different turbulence models of the hybrid RANS-LES familyetSAS and the DES,
are assessed. The objective is to seek the most suitabtedaetho study the propeller
near- eld acoustics.

The study is based on an isolated propeller in axial ightditions, so that geometric
and ow periodicity allow for the simulation of a single bladnly. This is done to
reduce the computational cost. The IMPACTA Baseline and thea@éd-Tip blades
are used in this analysis. The operating conditions of theeeblades differ only in
the angular velocity, the latter running at lower RPM (sedd@#ahl for geometries and
ow conditions).

6.1. CFD Mesh Investigation

To study how mesh regularity and density affect the accuoéttye numerical acoustic
estimates, the results obtained in Chapter 5 with a matchddfjapproximately 11
M cells were compared against predictions of different arengrids with a regular
background grid of increasing spatial resolutions.

6.1.1 Description of Cases

Computational grids built and employed for this study areftiiewing:

GO Matched grid with non-regular cells due to the block topgldgr the blade.
Section 5.2.1 shows the mesh detalils.

95
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G1 Chimera grid with a uniform cells distribution in the axiakeltion, and a non-
uniform in the azimuthal direction, in the background. Thedle wake region is
re ned as shown in Figure 6.1(a).

G2 Chimera grid with the same size as G1, but uniform cell distidmn in the
background, in both axial and azimuthal directions.

G2a Re ned version of grid G2 with intermediate mesh densityaofied by inserting
a re ned cylindrical grid in wake area, as an additional carnlevel. The layout
of G2a, and its dimensions, are presented in Figure 6.1(b).

G2b Re ned version of grid G2 with ne mesh density, generated bgreasing the
spatial resolution of the re ned cylindrical grid.

(a) Grid G1. (b) Grid G2a.

Figure 6.1: Mesh properties analysis: computational dart@jiouts visualisation.

Grid Mesh Size  Min N of points per wavelength for BPF
(N of cells) Baseline blade Of oaded-Tip blade

GO 11.2M 26 28
Gl 10.3 M 26 28
G2 10.3 M 37 40
G2a 18.0M 65 70
G2b 416 M 129 140

Table 6.1: Mesh Properties analysis: dimensions of the atatipnal grids.

All chimera grids were assembled using the same foregrotiddsp that there are no
differences in the noise sources between the differenscdse foreground mesh was
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generated using a “C-H” block topology around the blade, sameas the matched
grid GO. The mesh density on, and around, the blade is aldskapar to that of grid
GO0. The only difference was in the point distribution in tleeibdary layer: as opposed
to an exponential law, an hyperbolic law with an expansi¢ionavarying from 1.11 to
1.15 was used. The chimera interface, as shown in Figura)6ig(ocated at a distance
equal to 1 root chord from the blade lateral and tip surfaaed,2 root chords from the
blade trailing edge. Note that, because of HMB3 limitatianfocalising the chimera
boundary, the blade root was cut at 25% of the radius R (thespiradius is 20% R)
and the chimera surface lies in the gap between the bladéhargpinner. The latter is
always included in the background grid. The cylindricalmement mesh of G2a and
G2b grids extends, in fact, from the spinner-blade gap uppraximately 25 R in
the radial direction (see Figure 6.1(b)), with the inboandrera surface situated just
before that of the blade grid. To reduce the allocated merurrithese larger meshes,
a hole in the background grid was created by removing thekblogerlapped by the
re nement grid, since these cells would be non-computaiio8izes, and densities, of
the different grids are reported in Table 6.1.

Table 6.2 summarises the cases computed. All simulatioms waried out solving
RANS equations, with thk  w SST turbulence model.

TestID IMPACTA Blade Grid

BO Baseline GO
B1 Baseline G1
B2 Baseline G2
B2a Baseline G2a

(0]0] Of oaded-Tip GO
o1 Of oaded-Tip G1
0O2a Of oaded-Tip G2a
0O2b Of oaded-Tip G2b

Table 6.2: Mesh Properties analysis: computational testsca

6.1.2 Aerodynamic Results Presentation

Figure 6.2 shows the wake for the Baseline and Of oaded-Taalés, comparing CFD
results of the different grids. As can be seen, the preseftieeoblade root cut-
out in the chimera grids generates a strong blade root vortd¥s may affect the
blade loads, and the propeller performance. To quantifeffesct, Table 6.3 reports
the comparison against the matched grid predictions. Tégebidiscrepancy for the
Of oaded-Tip blade case may be due to the higher load at theard stations for this
geometry with respect to the Baseline design. It is also nibietthe iso-value of the Q
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criterion used in the visualisations of the blade vorticel&tures is the same for both
blades.  For this reason, it appears that the wake of the @édaTip blade, which

(a) BO. (b) B1. () B2. (d) B2a.

Figure 6.2: Mesh properties analysis: wake visualisatita igo-surfaces of Q criterion (non-
dimensional value of 0.05) colored by non-dimensional laxétocity. (Part 1/2) - IMPACTA Baseline

blade.

(e) 00. (f) O1. (g) O2a. (h) O2b.

Figure 6.2: Mesh properties analysis: wake visualisatia igo-surfaces of Q criterion (non-
dimensional value of 0.05) colored by non-dimensionallasgocity. (Part 2/2) - IMPACTA Of oaded-
Tip blade.Only small differences are seen between predictions of medteand chimera grids (the root
vortex being generated by the root cut-out in the latter)crdasing the spatial resolution allows to
preserve the propeller wake for longer distances in its dstrgam propagation.
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Test ID DCt DCp
B1 1:3% 0:28%
o1 2:72% 1:65%

Table 6.3: Blade cut-out effect on loads predictions: catispa against matched grid cases BO and OO.

operates at slower RPM, is preserved for a shorter distangr-dtream, compared to
the Baseline.

6.1.3 Acoustic Results Presentation

Figure 6.3 presents, as an example, the SPL spectra at twtspm the idealised
fuselage (see Section 5.4.1 for de nition) for the Baseliesign.

(a) Probe A. (b) Probe B.

Figure 6.3: Mesh properties analysis: SPL spectra for tteeBae IMPACTA blade at two locations on
the idealised fuselage near the propeller plane. See Fig@r®r the speci ¢ probe location. At these
positions, differences in the predictions between theowarigrids are small for the second tone and
signi cant for third and fourth tone. The main parameteeaffng the predictions appears the regularity
of the mesh.

Figure 6.4 shows the directivity analysis of the lower hamins, up to the ¥, on the
idealised fuselage for the Baseline and the Of oaded-Tiplé$a It is noted that, being
the simulated ow conditions ideal, a smooth and regulamdref the SPL is expected.

6.1.4 Regularity of the Mesh Discussion

To study the effect of the regularity of the computationalsmen the numerical
predictions, test cases B0, B1 and B2, for the Baseline, and OQ0dndor the
Of oaded-Tip blades, are compared.
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(a) SPLzf);Q = 0 deg. (b) SPLQ);z: = Oc.

Figure 6.4: Mesh properties analysis: SPL trends on thdiggebfuselage (see Figure 5.6). First four
harmonics representefPart 1/2) - IMPACTA Baseline blade.

(c) SPL(z;);Q = 0 deg. (d) SPLQ);z; = 0c.

Figure 6.4: Mesh properties analysis: SPL trends on thdiggebfuselage (see Figure 5.6). First four
harmonics represente¢Part 2/2) - IMPACTA Of oaded-Tip bladeBoth density and regularity of the
mesh are shown to be important for accurate sound levelsiegxtidities predictions, their importance
increasing as the harmonic order and the distance increBise.resolution of grids GO/G1 appears
adequate only for estimates at the BPF, whereas the derfisB2aand G2b are needed for 2BPF and
3BPF, respectively.
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Regarding the wake predictions (Figure 6.2), no major cifiees are noted, especially
between azimuthally uniform and non-uniform grids. A stighsmaller tip vortex
diameter is observed in the results of the chimera reguids gvith respect to the
distorted matched grids.

Regarding acoustics (Figures 6.3 and 6.4), appreciablerdiftes are seen between
the predictions of the matched and the chimera grids, freenA tone up. These
differences increase with increasing harmonic order,esthe higher the frequency,
the lower the pressure perturbation amplitude, and thexéfi@ bigger the effect of the
numerical dissipation. The regular cell distribution i thackground of the chimera
meshes, compared to the distorted cells of the matchedadjioelss for higher accuracy
of the computational scheme, and less dissipation of thedsaaves. This is visible in
the estimated SPL values and the directivity trends. Defiees between azimuthally
uniform and non-uniform grids (tests B1 and B2) are minimaltha rst and second
tones, and become notable from the third tone. This is howeaenly due to the
different number of points per wavelength in the azimuthisation.

The mesh regularity is therefore seen to be important fodgoand level predictions,
especially for the higher propeller harmonics and for ladigtances from the propeller
plane. The advantage of the reduced numerical dissipatittrewegular grids appears
bigger than the penalty introduced with the chimera intkxfoan.

6.1.5 Mesh Density Discussion

To study the impact of the mesh density on the numerical ptiedis, test cases B2
and B2a, for the Baseline, and O1, O2a and O2b, for the Of oddpdslades, are
compared.

Notable differences are observed in the propeller wakeluisn (Figure 6.2), with
almost one blade passage more, captured on grid G2a witaatetspgrid G2, and an
additional one on grid G2b compared to grid G2a.

Analysing the SPL spectra at various points on the ideahsselage (Figures 6.3 and
6.4), it can be seen that:

1. Almost no difference is visible in the BPF tone estimatethefdifferent grids,
indicating that the coarser grid yet has a suf cient spatablution.

2. Small differences are observed for the 2BPF tone, onlyetdigest distances
from the blade tip, between the predictions of grids G2a arah, Galmost
equivalent to each other, against grids G1/G2. So, for aestimate of the sound
level up to the 29 harmonic, the density of G2a is enough.



102 CHAPTER 6. CFD METHOD QUANTIFICATION

3. Grids G1 and G2 appear not suf cient for the 3BPF, away frbwm propeller
axis. Grid G2a shows as well axial and azimuthal trends nroegular than the
expected. Grid G2b seems more adequate for the evaluatite 8f tone.

4. Even the ner grid, G2b, did not show smooth values for tB&E, particularly
in the estimate of the SPL azimuthal trend on the fuselage.

Overall, a larger effect of the numerical errors (dissatand dispersion) is seen
as the propagation distance increases. The required nmminumber of points per
wavelength is observed to get bigger as the harmonic ordeeases, because of the
larger impact of the numerical dissipation on perturbatiohlower amplitude.

6.2. Computational Scheme Analysis: MUSCL4 vs MUSCL

To verify if the spatial 4 oder accurate MUSCL4 scheme [211] is bene cial for
propeller noise estimates, some of the previous tests wepeated with it. Its
description and implementation in HMB3 are reported in $ecfl.2.4. The use of
a higher-order computational scheme may reduce the rebjoiesh density, thanks to
its smaller dissipation and dispersion errors. It can tloeeebe advantageous if the
cost reduction, due to the smaller grid size, is bigger tharGPU penalty introduced
by the computation of the additional higher-order terms.

6.2.1 Numerical Setup

Table 6.4 summarises the performed simulations.

TestID Grid IMPACTABlade MUSCL corresponding Test

B1M4 Gl Baseline Bl
oimM4 G1 Of oaded-Tip 01
O2aM4 G2a Of oaded-Tip O2a
0O2bM4 G2b Of oaded-Tip 0O2b

Table 6.4: Computational scheme analysis: test casesatimaulising the MUSCL4 scheme.

It is noted that MUSCL4 was active only on the background gntereas MUSCL
was used in the foreground grid. This was done since no signt differences were
expected in the solutions of the two schemes in that areauisecof the intrinsically
required blade mesh density and of the small distance fremsdkind source.

All computations were carried out starting from unpertarfree-stream conditions, as
done for the MUSCL simulations, and the same CFL number wasmmg! A similar
number of steps was needed to achieve convergence. Resullsiarcompared after
the same number of steps, for more consistency.
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6.2.2 Aerodynamic Predictions Comparison

Figure 6.5 compares the propeller vortical structureslvesoby the MUSCL and
MUSCL4 schemes, on the three different grid employed. Istasas of Q criterion,
as well as contours of vorticity magnitude, are presented.

MUSCL4 shows longer-preserved blade tip, and root, vortiggth dissimilarities
against MUSCL that are bigger on the coarser grid and decraasthe mesh
density increases. This is because the ner the spatiatatisation, the smaller the
numerical dissipation, and therefore the smaller the wffees in accuracy between
the predictions of the two schemes. Compared to MUSCL, MUSCtdlves 2 blade
passages more on grid G1, and approximately 1.5 more on ¢a @@elding on
the second a similar solution to that obtained on grid G2bmdast no difference
is observed between MUSCL and MUSCL4 results on grid G2b. Thtexaores
predicted by MUSCL4 also show a smaller diameter, and highkreg of vorticity,
compared to MUSCL results, because of the lower dispersitimeo$cheme.
Although the MUSCL4 scheme is active only on the backgrourd] ¢fne blade loads
are expected to differ from MUSCL results, because of the avgaments in the wake
resolution and induced ow. As an example, Table 6.5 thus@nés a comparison of
the propeller performance for the test cases carried outidnGiL, where the bigger
difference in the wake predictions between the two schesebserved. Estimates
of thrust and power agree within less than 1%, showing tr@tMISCL scheme is
enough for evaluating the propeller performance.

Test ID DCy DCp
BiM4 +0:49% +0:59%
O1M4 +0:51% +0:63%

Table 6.5: MUSCL4 loads predictions evaluation: compariagainst MUSCL results.
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(a) BL. (b) BL.

(c) B1M4. (d) B1M4.

Figure 6.5: Computational scheme analysis: propellericairstructures visualisation. (a), (c) Iso-
surfaces of Q criterion (non-dimensional value of 0.05poedl by non-dimensional axial velocity. (b),
(d) Vorticity magnitude contours at B51R, and 1.k down-stream the propeller rotational plaleart
1/3) - Grid G1, IMPACTA Baseline blade.
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(c) O2a. (d) O2a.

(e) O2aM4. (f) 02aM4.

Figure 6.5: Computational scheme analysis: propellericalrstructures visualisation. (a), (c) Iso-
surfaces of Q criterion (non-dimensional value of 0.05poedl by non-dimensional axial velocity. (b),
(d) Vorticity magnitude contours at B51R, and 1.5k down-stream the propeller rotational plageart
2/3) - Grid G2a, IMPACTA Of oaded-Tip blade.



106 CHAPTER 6. CFD METHOD QUANTIFICATION

(e) O2b. (f) O2b.

(g) O2bM4. (h) O2bM4.

Figure 6.5: Computational scheme analysis: propellericairstructures visualisation. (a), (c) Iso-
surfaces of Q criterion (non-dimensional value of 0.05poedl by non-dimensional axial velocity. (b),
(d) Vorticity magnitude contours at 5 1R, and 1.RR down-stream the propeller rotational plane.
(Part 3/3) - Grid G2b, IMPACTA Of oaded-Tip bladédMUSCL4 shows longer-preserved vortices, the
differences with MUSCL decreasing as the mesh density asae because of the smaller effect of the
numerical dissipation. It also predicts a smaller vorterecdiameter, and higher values of vorticity,
because of the lower numerical dispersion.
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6.2.3 Acoustic Predictions Comparison

Figure 6.6 presents the SPL trends of the lower harmonich@ndealised fuselage
(see Section 5.4.1 for de nition) for the Baseline and Of e&dTip blades.

(a) Grid G1:SPL(z;);Q = 0 deg. (b) Grid G1:SPLQ);z = Oc.

Figure 6.6: Computational scheme analysis: SPL trendseitdalised fuselage (see Figure 5.6). First
four harmonics represente(®art 1/2) - IMPACTA Baseline blade.

On grid G1 the acoustic predictions of MUSCL and MUSCL4 scheapgear almost
equivalent, even if the tip vortex resolution of the two smlns greatly differs (see
Figure 6.5 as example). Small differences are seen onlyhfor3f and 4" tones,
especially for the Of oaded-Tip blade whose sound wave dinnghes are smaller.
Larger differences, and from thé®tone up, are instead seen in the SPL estimates
obtained on the ner grids G2a and G2b. However, discremntietween the
predictions of the two schemes are only of fews dBs, and tharmax sound levels
in the vicinity of the blade can be adequately determined RYyS@L up to the
harmonic. Therefore, to assess the acoustic footprinteofithin propeller tones in its
vicinity, even more in the case of a comparative study, tleeafdMUSCL4 was not
bene cial, because of the higher computational cost wittasuincrease in accuracy.
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(c) Grid G1:SPL(z:);Q = 0 deg. (d) Grid G1:SPLQ);zs = Oc.

(e) Grids G2a and G2I8PL(z;);Q = 0 deg. (f) Grids G2a and G2bSPL(Q);z; = O c.

Figure 6.6: Computational scheme analysis: SPL trendseit#alised fuselage (see Figure 5.6). First
four harmonics representedqPart 2/2) - IMPACTA Of oaded-Tip bladeOn grid G1, MUSCL and
MUSCL4 give almost identical results, with small differesdor 3¢ and 4" tones, especially for the
Of oaded-Tip blade whose sound wave amplitudes are smallar grids G2a and G2b, differences
between the two schemes are larger and appear fronf¥terg up. Overall, MUSCL is seen adequate
to estimate the maximum sound levels in the blade vicinityaiie 39 tone.
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To assess its effectiveness at larger distances, somesanabynts have been arranged
on a cylinder extending from Tup-stream to 20down-stream of the propeller plane,
with a radial distance of ORto 2R away from the blade tip. Figure 6.7 presents the

Figure 6.7: Analysis points for the assessment of MUSCL4sehfurther away than the idealised
fuselage.

locations of the selected 140 points, and the local cyloadisystem of referenced;

J ,Z) adopted. This survey was carried out using grid G1. Figér@and 6.9 show the
comparison of the SPL spectra for a sweep in the axial, radidiazimuthal directions
among the analysis points. In general it is noted that:

1. atequal tone, the farther away we move from the blade,iggebthe differences
between the estimates obtained with the two schemes;

2. the higher the harmonic order, the smaller the distangéhath the differences
appear.

MUSCL and MUSCLA4 predictions agree well, up to tHé ®ne, for distances smaller
than IRfrom the propeller plane in the axial direction, and up Rf@m the propeller
axis in the radial direction. Differences are instead oles@rfor larger distances,
where the effect of the numerical dissipation of the schepmimes signi cant. No
signi cant differences between the estimates of the tweesos are seen by varying
the azimuthal location, at xed radial and axial coordiraat&et, in the area analysed
( 12 j +12 deg) the grid density is uniform, and suf ciently ne, foeliable
SPL predictions for the rst three harmonics, even at radisfances of 1B from the
blade tip.
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(@rd=05Rj =0degZ= 20c. (b) rd= 0:5R,j = 0deg,Z= 10c.

(c)rd=05R,j =0deg,Z=0c. (d) rd= 05R,j = 0deg,Z=+ 10c.

Figure 6.8: Computational scheme analysis: SPL spectreeygum axial sweep (tests B1 vs B1M4).
Refer to Figure 6.7 for the analysis point locatiofRart 1/2)

6.2.4 Conclusive Remarks

Summarising, the MUSCL4 scheme applied to an isolated pieapelaxial ight with
a BPF of approximately 100 Hz showed, with respect to the maiglUSCL scheme,
the following:

(a) the ability of preserve the blade tip vortex for consaddy longer distances down-
stream, and a better resolution of the vortex core, even arsetmedium grids
of 10-20 M cells;

(b) a small increase (within 1%) of the propeller thrust amev@r estimates, as a
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(e)rd=2R,j =0degZ= 20c. (frd=2R,j =0deg,Z= 10c.

(g9 rd=2R,j =0deg,Z=0c. (h)rd= 2R,j = 0deg,Z=+ 10c.

Figure 6.8: Computational scheme analysis: SPL spectreegum axial sweep (tests B1 vs B1M4).
Refer to Figure 6.7 for the analysis point locatioffRart 2/2) MUSCL and MUSCL4 predictions agree
well, up to the & tone, for distances smaller thaiR from the propeller plane. At equal tone, the
farther away from the blade, the bigger the differences betwthe two schemes. The higher the tone,

the smaller the distance at which the differences appear.

consequence of the improved wake resolution;
(c) improvements in the sound predictions, thanks to thetowimerical dispersion
and dissipation:

(c1) on coarse/medium grids, only for higher harmonics amngd propagation
distances;
(c2) on ne grids only, from the ® harmonic in the vicinity of the propeller blade.
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(@rd=05Rj = 12degZ=0c. (b) rd= 1:0R,j = 12degZ=0c.
(c)rd=15Rj = 12degZ=0c. (d)rd=20R,j = 12degZ=0c.
(e)rd=05R,j = 0deg,Z=0Oc. (f) rd= 1.0R,j = 0deg,Z= 0c.

Figure 6.9: Computational scheme analysis: SPL specti@gn radial, and azimuthal, sweep (tests
B1 vs B1M4). Refer to Figure 6.7 for the analysis point losas. (Part 1/2)
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(g) rd= 1:5R,j = 0deg,Z=0c. (h) rd= 220R,j = 0deg,Z= 0c.
(i) rd=05R,j =+ 12degZ=0c. () rd=10R,j =+ 12degZ=Oc.
(k) rd= 1:5R,j =+ 12degZ=0c. () rd=20R,j =+ 12degZ= Oc.

Figure 6.9: Computational scheme analysis: SPL specti@gan radial, and azimuthal, sweep (tests
B1 vs B1M4). Refer to Figure 6.7 for the analysis point loga$. (Part 2/2) MUSCL and MUSCL4
predictions agree well up ta=from the propeller axis, for all azimuthal positions tesfget, the grid
density is uniform and suf ciently ne for 12 j +12 deg).
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Therefore, for acoustic predictions in the vicinity of a neod propeller, as it is the
case of interest in this research, the use of the MUSCL schemere adequate than
MUSCLA4, because of its lower computational cost.

It is noted that a central scheme, as opposed to an up-wind &4, and schemes
with an order higher than 4 (e.g. (W)ENO [263, 264] or DRP [2G5]esnes) may be
computationally more advantageous than tffedtder MUSCL [57, 56].

6.3. Investigation of Different Turbulence Models

An accurate prediction of the propeller wake unsteadirass furbulence, is essential
to capture noise broadband sources. URANS equations amiedfén estimating
the tonal noise content, but destroy the wake unsteadyrésathecause of their high
turbulent eddy viscosity, and rely on a complete statisticled of the turbulent scales.
More advanced CFD techniques are therefore needed to rabelyaopeller sound
spectrum at high frequencies. Consequently, the objedive assess two different
methods of the hybrid LES-RANS family, the SAS [226] and theDR its original
formulation [239], for propeller acoustics. The rst is &%2generation URANS
method, whereas the second is a hybrid model using an iotegfaoupling strategy.
Underlying principles, equations, and strengths of these models are described
in Section 2.3. As reference, they are compared againstethdts of an unsteady
k w SST [215] simulation, since this is the RANS method on whicthi®AS and
DES are founded.

6.3.1 NACAO0012-In nite Wing Preliminary Study

A preliminary study was carried out on an in nite wing to asseand compare, the
behavior of the different turbulence models considered.

Numerical Setup

A NACA 0012 airfoil is employed. The computational domainxsssded for a quarter
of the chord in the span-wise direction, and periodic bomndanditions are applied
to the lateral planes. A standard “C” topology, extended ujpécfar- eld, is adopted
to generate the computational grid, as shown in Figure 6Tlee mesh counts 400
points around the airfoil, and 18 along the wing span. Theimam grid spacing in
the wake region is of 0.0X5wherec is the airfoil chord, up to approximately ¢0
away from the trailing edge. Overall, the grid has approxetya7.2M cells. Flow
conditions are presented in Table 6.6.
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(a) Grid layout with dimensiong is the airfoil chord. (b) Block topology and mesh visualisation around the airfoil

Figure 6.10: NACA0012 in nite wing grid.

Unsteady simulations with the w SST, the SAS, and the DES turbulence models
were performed using 50 steps per ow particle passage éwewing chord.

Free-stream Machly 0.5
Free-stream Reynold®e 1.0e6
Airfoil incidence 5deg

Table 6.6: NACAO0012 in nite wing ow conditions.

Models Behavior Assessment

Models Activation

Figure 6.11 shows where the SAS and DES models are switcheceowhere the
rst activates its scale adaptive capability, and wheredbeond operates in its LES
mode. The visualised trends are in agreement with the ttiearéormulation of the
two methods.

The additional source term of the SAS is seen active only iraraow region near
the wake axis. Only here the ow is unstable enough to trigiper eddy viscosity
adaptation to the locally resolved ow turbulent structireThe magnitude of s
is large for the rst chord down-stream the trailing edged @hen decays fast while
increasing the distance.

The DES model behaves as LES on a more radially-extendedatka airfoil wake
compared to the SAS, and for larger distances down-streahe switch between
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(a) SAS: additional source term far, Qsas, visualisation.

(b) DES: LES mode switch on visualisation.

Figure 6.11: SAS and DES model capability activation. Cargdoy cell average ood values. The
scale-resolving mode of the two models is active only in tinihwake, for the DES method on a
wider and longer region. The difference is due to the difiede nition of switching criterion.

the two DES modus operandi is dependent from the cell size,nat only from
physical/numerical parameters of the ow. It is this fundamtal difference in the
switching-criterion choice that causes the importantigigarities in the identi cation
of the scale-resolving zones between the two models. Ittechthat the LES mode
in the DES appears also active on a small area above the bguaglar of the airfoil
upper surface, near the trailing edge. This is connectedsimall ow detachment
generated because of the airfoil positive angle of attack.

In the other regions, the two models work as the origknalw SST.

Eddy Viscosity

The effect of the two methods can be evaluated from the lowgeaf the turbulent eddy
viscosity m, that corresponds to a larger range of resolved turbulemgthescales.
Figure 6.12 presents a visualisation of the ratio betweentttbulent and the laminar
viscosity Red), for the three simulations. Compared to the SST, both achchnodels
shows smaller values oft in the airfoil wake. The SAS has similar levels very close
to the airfoil trailing edge, where, despite the high valoéshe additionalw source
term sas, the overall energy balance does not greatly change. ksteféness then
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increases as the distance down-stream increasedkdtia the wake is reduced by
approximately 25% at 0Oc¥rom the trailing edge, and by 36% at, With respect to the
SST. The DES shows a signi cant decrease in the turbulent egdosity levels, even
very close to the airfoil trailing edge. Around 75% and 82%uetion is seen ifRet
values, compared to the SST, at@amd X from the airfoil trailing edge, respectively.
The observed important reduction of at large distances from the trailing edge is in
agreement with the previous visualisations (Figure 6.)1{bdicating the LES mode
still active thanks to the small cells size.

(a) SST.

(b) SAS.

(c) DES.

Figure 6.12: SST, SAS and DES models comparison: visu@isaf the turbulent eddy viscosity ratio
Ret= % in the airfoil wake. Both advance models show a notable réoluof nm compared to the
RANS method (by 36% and 82% the SAS and the DES respectivetipdn-stream the trailing edge),
thus allowing to resolve a larger part of the turbulent s@ect

Wing Wake Prediction

To compare the airfoil wake prediction of the three methduspro les of the velocity
U and the modelled turbulent kinetic energgre shown in Figure 6.13, for different
down-stream stations from the trailing edge tafvay. Pro le shapes, and location of
the peaks, are observed to be the same for the three turbulendels, at all stations.
The SST shows the highest velocities in the airfoil wake,nehe the DES displays
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(a) Non dimensional velocity .

(b) Non dimensional turbulent kinetic energglogarithmic x-axis used for visualisation convenience).

Figure 6.13: SST, SAS and DES models comparison: velocitlyrandelled turbulent kinetic energy
pro les in the airfoil wake. X=1 is the trailing edge coordite. All three turbulence models predict the
same pro le shape and peaks location, at all stations. Th® Sifows similar levels df compared to

the SST, while the DES a considerable reduction.
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the slowest. In agreement with the methods' theory, the hedi&inetic energy is
larger for the RANS model, and decreases for the SAS and, ireaterway, for
the DES. The SAS predictions are very close to the SST. Thaey shmost identical
results up to 2 away from the airfoil trailing edge, and differ down-streamainly
only for the maximunJ andk values. Bigger differences appear instead in the DES
predictions. The double peak in tk@ro le is more pronounced, compared to the SST
and the SAS results. Moreover, from approximatelyc3amd further down-stream the
trailing edge, the DES shows a narrow wake.

(a) SST.

(b) SAS.

(c) DES.

Figure 6.14: SST, SAS and DES models comparison: non-dimmsigpressure eld visualisation. All
three models give very similar predictions around the djrémall differences appearing on the upper
surface towards the trailing edge. Considerable dissiitida are only in the wake, the DES showing a
smaller defect.
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Wing Loading Prediction

The resulting differences, between the three simulationg)e wing loading predic-
tions are reported in Table 6.7. The SAS gives lift and dragf c@nts lower than the

Model Lift Coef cient Drag Coef cient

SST 0.1520 0.00360
SAS 0.1510 0.00357
DES 0.1485 0.00354

Table 6.7: SST, SAS and DES models comparison: airfoil fomedf cients predictions.

SST by 0.6% and 1.1%, respectively. The estimates of the De® filom the SST by

approximately -2% for both force coef cients. The airfoilgssure eld is presented
in Figure 6.14 for the three simulations. Looking at it, tliedences in the total wing
loading appear mainly due to the dissimilarities in the pues defect of the airfoil
wake, and, to a less extent, to the differences observedeongper airfoil surface
toward the trailing edge.

6.3.2 IMPACTA Propeller Flow Predictions

To comprehensively assess the predictions of SAS and DE8Isdiifferent test cases
were run varying the time-step size, as summarised in TaBle 6

Test ID Turbulence Model Time Resolution Mesh Properties

SST1 k wSST 1 deg per step

SAS1 k wSST SAS 1 deg per step Max Grid Spacing = 0.016
SAS05 k wSST SAS 0.5 deg per step .

) y- 1,
DES1 DES withk w SST 1 deg per step h . : .

. erbolic expansion law in
DESO5  DESwittk wSST 05degperstep YPor Iy lay erp(ratio 11.1.13)
DES025 DES wittk w SST  0.25 deg per step
DESO1 DES wittk w SST 0.1 deg per step

Table 6.8: Turbulence models analysis: computationalcEsts.

Considered temporal resolutions ranged from 1 propelleatimtal degree to 0.1
degrees: initially, simulations were performed using tisteps of 1 and 0.5 degrees;
the effect of further re nement in time was then investighter the DES model. Note
that all discretisations correspond to Nyquist frequentighe broadband noise range:
the largest, with 360 steps resolved per propeller revaytjives a Nyquist frequency
of approximately 2500 Hz.

The Baseline blade in cruise axial ighMy = 0.5, RPM= 856.14) is employed for
all test cases of this analysis (refer to Table 5.1 for allde&ils about geometric and
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operational parameters).

The SST simulation was started from unperturbed free4stiamditions using the rst
half of propeller revolution to smoothly accelerate thedel&om zero to full-speed. A
converged SST solution was then employed as initial camior the SAS and DES
computations. The original MUSCL scheme was used in all cases

Computational Grid

Due to the need of restrain the mesh size, the adopted streteg to generate an
over-set grid with a foreground mesh containing the prepdilade and near-wake
region. This way, without introducing a second chimera llethee spatial resolution
was kept suitably ne in the area of interest. Layout, dimens and boundary
conditions are shown in Figure 6.15. The classic “C-H” togglavas again used
for the blade grid. From preliminary estimates of the ow, aximum cell spacing
equal to 0.01&was chosen for the foreground grid, yielding approxima®ii cells
in it, and approximately 163M cells overall. This resolatmorresponds to almost 100
points per wave-length for the frequency of 1kHz, and alM@spoints at 2.5 kHz.

Figure 6.15: Single-blade IMPACTA Baseline propeller ggidployed for the turbulence study.

Numerical probes are included in the near-wake, to recarghtbssure time evolution
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at each simulated step. In particular, 42 probes are placed 0. to the tip, at
distances of 04, 0.5c and X from the blade trailing edge. Figure 6.16 shows their
positions. It is noted that they are associated with a cellerethus following rigidly
the blade in its rotation.

Figure 6.16: Localisation of the numerical probes empldpetie turbulence study.

SAS and DES Predictions Discussion

SAS and DES Activation

Figure 6.17 shows where the additiomalsource term of the SAS models@s (see

Equation 2.31) is active in the ow, whereas the region in evhits magnitude is

big enough to invert the sign of the balance between prooluand destruction is
visualised in Figure 6.18. The two visualisations referie 8AS05 case, but the
scenario is similar for the SAS1, since between the two sitranis only the values of
Qsas slightly differ, not the area of the ow where it is positiv&he model is seen to
operate using its scale adaptive capability in the near wakialy, yielding a change
in the w balance from the root up to approximately @R, and in the tip vortex. The
Qsas term is positive also in small regions near the blade surfacthe pressure side
and near the leading edge, at some outboard stations. Heveyér, its magnitude is
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(@) r=03R (b) r = 0:5R.

(c) r=0:75R (d) r = 0:95R.

Figure 6.17: SASO05: visualisation of the additional souleen for w, Qsas, at various span-wise
stations along the blade.s@®s= 0 denotes a RANS behavior of the model. The scale adaptivabdéap
of the model is mainly active in the near wake in proximity lo¢ tvake axis.

Figure 6.18: SASO05: visualisation of SAS source term “dffeness”, i.ew production/destruction
balance changed (iso-surfaces at 0.01), colored by noerdifonalk production term. @as has a
magnitude such to modify the energy balance from the blade root up t®:77R close to the trailing
edge, and in the tip vortex for longer down-stream distances



124 CHAPTER 6. CFD METHOD QUANTIFICATION

(@ r=03R (b) r= 0:5R.

(c) r=0:75R (d) r= 0:95R.

Figure 6.19: DESO5: visualisation of regions where the LE®lenis switch on. The DES operates in
its scale-resolving mode on a wider area of the wake and fagydodistances down-stream, compared
to the SAS.

relatively small compared to the production and destracterms, and thus the
equilibrium of w is not effectively modi ed.

Figure 6.19 shows where the DES model switches to LES moad#fferent span-wise
stations along the blade. As before, the visualisation reedor the DESO5 case, but
it is qualitatively representative of DES1 as well. The LEE®ability appears active in
the blade wake, on a wider area and for longer down-streampared to where the
SAS is operational. The DES acts as LES also near the blaitlagradge on both
suction and pressure sides, just outside the boundaryilaside which it behaves like
URANS. The length of this activity zone varies with the spaisentocation, however,
it does not extend so up-stream to reach where g @rm was positive. The DES
model is also active in a small region near the leading edgenar 075R, as was the
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(a) SST1. (b) SASL. (c) DESL.

(d) SASOS. (e) DESO05.

Figure 6.20: SST, SAS and DES comparison: blade wake piadidso-surfaces of modelled turbulent
kinetic energyk (non-dimensional value of 50) colored by eddy viscosityor&et= % The SAS
shows very similar levels d compared to the SST, whereas the DES reduces it consideiighlg it
is expected that only the latter will be able to extend sigantly the resolved frequency range of the

turbulence spectra.
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(a) SSTL. (b) SASL. (c) DESL1.

(d) SASO05. (e) DESO05.

Figure 6.21: SST, SAS and DES comparison: visualisationefurbulent eddy viscosity ratRet= %

at the blade mid-span. Both advanced models redsi¢c¢he DES displaying up to 50% less than SST.
The smaller time step seems to not affect the behaviour G &f®, whereas to slightly lower in the
DES.

case for the SAS model. Finally, the large circular area ofld€tivity seen in the
wake at 095R corresponds to the blade tip vortex.

To evaluate the effect of the two advanced turbulence madet®mparison to the
URANS, Figures 6.20 and 6.21 show iso-surfaces of modelledtki energyk and
contours of turbulent ReynoldRet, respectively.

The SAS simulations actually show lower turbulent eddy essty in the wake sheet
with respect to the SST. However, the turbulent kinetic gystill appears very similar
to the URANS results. Also, almost no differences are obskbetween the cases
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SAS1 and SASO5.

The DES model yields considerably less modelled turbulenetic energy and
lower turbulent eddy viscosity, the latter reaching retung up to 50% compared

to URANS. Small, but noticeable, differences are seen betlee simulations with
time-steps of 1 and 0.5 degrees. The use of the smaller tiepeeggves a further
decrease in the turbulent eddy viscosity.

The maximumRet occurs close to the trailing edge in the case of the DES model,
where it operates as URANS, and slightly down-stream for S®ITSAS.

Blade Wake Prediction

To compare the three models regarding the predictions obthde wake and the
vortical structures, Figures 6.22 and 6.23 show iso-sadat Q criterion and vorticity
contours down-stream the propeller plane, respectiveAS1Sresults are very similar
to SST1, with small differences visible only in the root wxtresolution and slightly
higher vorticity values in the vortex cores, especiallyrirthe third blade passage.
Longer vortex laments are observable in the DES1 solutaong the whole blade
span, even close to the blade root where SST1 and SAS1 do ewtsthuctures of
that strength. Vorticity levels are slightly higher than SApredictions, whereas no
signi cant difference is seen in the core dimensions of tr@mvortices. SAS05 and
SASL1 predictions mainly differ only arourf@2 near the blade trailing edge, where
the smaller time-step gives more irregular vortical sues. Structures of similar
character appear in the DESO05 solution as well. The lattewshalso few small
differences with respect to DES1 toward the blade tip. Fasrdway from the blade
trailing edge, no major differences are displayed betw@anlations performed with
1 and 0.5 degrees per time step, and the same observatiahgnhible comparison
SAS/DES vs SST results.
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() SSTL.

(b) SASL. (c) DESL.

(d) SASO5. (e) DESO5.

Figure 6.22: SST, SAS and DES comparison: blade wake predidso-surfaces of Q criterion (non-

dimensional value of 0.1) colored by non-dimensional axédbcity. SAS1 prediction is very similar to

SST1, with small differences only in the root vortex resolnt DES1 shows longer vortex laments,
along the whole blade span. The smaller time-step yielderroegular vortical structures near the
blade trailing edge around mid-span, for both SAS and DESatsod
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(a) SST1.

(b) SASL. (c) DESL.

(d) SASOS. (e) DESO05.

Figure 6.23: SST, SAS and DES comparison: blade wake piedicforticity magnitude contours from
1c to R=2 down-stream the propeller rotational plane. SAS1 shoght} higher vorticity values in the
vortex cores compared to SST1, especially from the thirdélaassage. DES1 displays signi cantly
higher vorticity along the whole span, and no differencesare dimensions.
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Blade Loading Predictions

Span-wise loading predictions are compared in Figure 6a24tHe three models.
Overall estimates of the propeller thrust and power are esatpin Table 6.9. Blade
forces and moment agree very well between all test caseg sWall discrepancies are
seen only in the load peaks and near the blade root, with ti& id&del yielding the
lower estimates as in the preliminary case of the in nitexgvi Overall, the propeller
performance is predicted by all models within less than 14 differences between
simulations using time-steps of 1 and 0.5 degrees of apmately 014 0:15% and
0:13 0:14% for thrust and power, respectively.

Test ID DCr DCp
SAS1 0:17%  0:21%
DES1 0:58%  0:71%

SAS05  0:03%  0:08%

DES05 0:44%  057%

Table 6.9: SAS and DES loads predictions evaluation: coispaagainst SST results.

Figure 6.24: SST, SAS and DES comparison: blade span-wésknrig distribution. All three models
give close results. Very small discrepancies appear onflggrioad peaks and near the blade root, the
DES yielding lower estimates. The time-step choice doesmatnce importantly the predictions.
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Unsteady Pressure Predictions

SAS and DES unsteady pressure results are compared ada@r88T solution. The
time signals of the unsteady pressure for some locationeemear-wake, and the
corresponding power spectral density (PSD), are presemtégjures 6.25 and 6.26,
respectively. Data are taken from the numerical probesu(Ei®.16 shows their
positions), for a full propeller revolution. The main 4-pew oscillation is detectable

(a) Point location: 0.B, 0.5c. (b) Point location: 0.R, 0.5c.
(c) Point location: 0.B, 0.5c. (d) Point location: 0.878, 0.5c.
(e) Point location: 0.98, 0.5. (f) Point location: 0.97R, 0.5c.

Figure 6.25: SST, SAS and DES comparison: unsteady presisunas, for one propeller revolution, in
the blade near-wakéart 1/2 - Radial sweep.
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(9) Point location: 0.R, 0.1c. (h) Point location: 0.R, 1c.
(i) Point location: 0.87R, 0.1c. () Point location: 0.87R, 1c.
(k) Point location: 0.978, 0.1c. () Point location: 0.97R, 1c.

Figure 6.25: SST, SAS and DES comparison: unsteady presgumals, for one propeller revolution,
in the blade near-wakePart 2/2 - Stream-wise sweef@.he main 4-per-rev oscillation is due to the
interaction with the wake of the preceding blade, the largewlitude caused by the tip vortex around
0.99R. At a xed span-wise station, the uctuation amplitude deases with increasing the distance
from the trailing edge. The SAS is similar to SST, apart frotarger uctuation amplitude at 0.9%
The DES shows a signi cantly larger uctuation amplitudéfarR, 0.95R and close to the trailing edge,
and smaller oscillations on top of the main cycle up tdR0.9



6.3. INVESTIGATION OF DIFFERENT TURBULENCE MODELS 133

in all signals, thus giving the rst harmonic at a frequencyal to BPF/2, and also all
its multiples in the spectra. This is associated to the autgwn with the wake of the
preceding blade. The largest oscillation amplitude, amabtige analysed locations, is
predicted by all methods at approximately (RO%ust inboard of the blade tip vortex,
because of the encounter with the preceding blade tip vohtegeneral, as expected,
for a xed span-wise station, the uctuation amplitude deases with increasing the
distance from the blade trailing edge. The differences engiedictions between the
three turbulence models vary in character depending orottaion.

The SAS model gives results quite similar to the SST. Only@8®a larger amplitude
of the pressure uctuations, and a related dB increase in the PSD of the rst two
harmonics, are visible. This is probably due to the différesolution of the blade tip
vortex due to the activation of thes@s term (see Figure 6.18). Differences between
SAS1 and SASO05 simulations are very small.  The ner time ggmn predicted
high-frequency content at (R6 where smaller vortical structures were observed (see
Figure 6.22). Few distinct higher frequencies are alsdlgdgn the spectra.

The unsteady pressure predicted by DES displays oscilaid signi cantly larger
amplitude, compared to SAS and SST, atR).0.9R, and close to the blade trailing
edge (probes at 0cl. Moreover, the DES pressure signals at stations up t& 0.9
are more “lively” than SAS and SST: high-frequency osdilas are seen on top of
the main uctuations. These oscillations are predicted bthtDES1 and DES05
computations, and are not a simple binary step-to-stepuatédn of the solver output
- in the magni cation of the pressure time history reportedrigure 6.27 as example,
it is visible that they are resolved by 9 points in the case BSD, and around 15 in
the case of DESO05. Furthermore, they appear quite regulanaracter, and exhibit
coherence between nearby probes. This suggests that e ofithese oscillations
may be physical and not numerical. DESO05 predicts a higleguincy and a slightly
larger magnitude for these fast oscillations, with respe®ES1. It is noted that this
is the only signi cant difference between results of DES#Hl &ES05, as it can also be
seen in the PSD spectra, that differ only at high frequendiesking at the unsteady
pressure spectra, it appears that these oscillations anpected to a single tone.
On the contrary, their energy content is spread over mo&cadi} frequencies. This
generates, compared to SST and SAS, a more continuousispetthigh frequencies,
with a peak at the frequency corresponding to the fast ubng observed in the time
signals. This is the most evident qualitative differenceagst the acoustic predictions
of three turbulence models. In fact, at lower frequenciepi@ximately up to 3BPF),
where the spectra exhibit more distinct and isolated hartspthe results of the dif-
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(a) Point location: 0.B, 0.5c. (b) Point location: 0.R, 0.5c.
(c) Paint location: 0.B, 0.5c. (d) Point location: 0.878, 0.5c.
(e) Point location: 0.98, 0.5c. (f) Point location: 0.97R, 0.5c.

Figure 6.26: SST, SAS and DES comparison: PSD of the unsteadgure in the blade near-wake.
Part 1/2 - Radial sweep.
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(g) Point location: 0.R, 0.1c. (h) Point location: 0.R, 1c.
(i) Point location: 0.87R, 0.1c. () Point location: 0.87R, 1c.
(k) Point location: 0.97R, 0.1c. () Point location: 0.97R, 1c.

Figure 6.26: SST, SAS and DES comparison: PSD of the unsfgadgure in the blade near-walkart
2/2 - Stream-wise sweeBAS spectra is very similar to SST, for all positions and i@hfiencies, the
only difference being a 1 dB increase of the rst two tones at 0RBonnected to the activation ofps

in the tip vortex. SASO05 differs from SAS1 just for the presenf few high frequencies at Rgwhere
smaller vortical structures were observed. DES shows sdffieeathces in magnitude at low frequencies
compared to SST and SAS (larger for inboard stations), ang wantent at high frequencies, with a
peak comprising more frequencies corresponding to thedasiations observed in the time signals.
The ner time-step yields a higher frequency and a sligh#isger magnitude for this high-frequency
peak.
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Figure 6.27: DES results investigation: detail of the uadyepressure signal of probe located at R).8

0.5¢), for both DES1 and DESO05. High-frequency oscillationsdppted by the model are resolved by
more than 8 points, are regular in character, and do not stemadier amplitude with a ner time-step,

thus suggesting a physical origin more than a numerical one.

ferent methods only vary in magnitude. The PSD estimated B$ 3 overall louder
than those predicted by URANS models, the largest differgioceurring at inboard
blade stations, up to around ORZoward the blade tip, the fast oscillations in the DES
unsteady pressure signals have smaller amplitude, andldtea high-frequency PSD
contribution is less important with respect to that of the-foequency tonal part of
the spectra. At these blade stations, apart from the maer4qv cycle, uctuations
two and three times faster can be observed in the pressueehistories. These are
captured by the SST and SAS models as well.

Investigation of DES Results

To try to interpret the fast unsteady pressure oscillatapysearing in the near-wake of
the DES simulations, the ow- eld was rstanalysed in moretdil. A time re nement
study was after carried out.

Flow Analysis

The local ow at different span-wise stations (®50.7R and 0.9R) is investigated
here. Figure 6.28 shows the velocity and pressure elds, &@dinstant in time. At

the inboard stations (Figures 6.28(a) and 6.28(b)), a p@ownter-rotating vortices is
formed in the recirculation region that originates behinel thick trailing edge of the
blade. Because of the in ow incidence, the two vortices aresgmmetric, especially
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(a) Blade station: 0R. (b) Blade station: OR.

(c) Blade station: 0.98.

Figure 6.28: DES trailing edge ow investigation: presswentours and local velocity vectors.
Inboards, a pair of not symmetric counter-rotating vodide formed in the recirculation region
originating behind the thick trailing edge. At blade tipettow is instead dominated by the tip vortex.
No vortex-shedding is visible.

moving toward the blade tip. This can be easily seen from d¢iséipn of the stagnation
point on the trailing edge surface. At the considered irtsthr aft vortex has the core
slightly closer to the trailing edge, and a more circularpghaNo vortex-shedding is
visible in the wake. On the contrary, at 0B8~igure 6.28(c)) the strength of the tip
vortex does not allow the generation of the recirculatiobldde with the two counter-
rotating vortices. This is consistent with the observedsguee signal recorded by
the probes near the tip, which do not exhibit high-frequepsysillations (see Figures
6.25(e) and 6.25(f)).

To further analyse the behavior of the ow near the trailinigje, the local ow eld has
been plotted at different time instants for all the threestdered span-wise stations.
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Figures 6.29-6.31 present the vorticity contours and piresso-lines for the 0I5,
0.7Rand 0.9R span-wise sections, at different blade azimuthal postion

(a) Blade azimuthal position: 315 deg. (b) Blade azimuthal position: 321 deg. (c) Blade azimuthal position: 327 deg.

Figure 6.29: DESO5 trailing edge ow - time visualisatioraxdontours of local span-wise vorticity
and iso-lines of pressure at ®5The high pressure peak down-stream the recirculatiommeigiseen
to pulse with time, causing periodic oscillations of thegsuere eld.

(a) Blade azimuthal position: 315 deg. (b) Blade azimuthal position: 321 deg. (c) Blade azimuthal position: 327 deg.

Figure 6.30: DESOS5 trailing edge ow - time visualisatioraxdontours of local span-wise vorticity
and iso-lines of pressure at ®7The cyclical movement of the pressure iso-lines towardsaavay the
trailing edge observed at (R3s still present here, although with smaller displacements

(a) Blade azimuthal position: 315 deg. (b) Blade azimuthal position: 321 deg. (c) Blade azimuthal position: 327 deg.

Figure 6.31: DESOS5 trailing edge ow - time visualisatioravdontours of local span-wise vorticity
and iso-lines of pressure at OR5AL this location, the tip vortex dominates the ow dynamgsd no
periodic pressure oscillations are visible in the neareavak



6.3. INVESTIGATION OF DIFFERENT TURBULENCE MODELS 139

Looking at the blade near-wake at B.and 0.R (Figures 6.29 and 6.30), the high
pressure peak down-stream the recirculation region is geenlse with time. This
makes move the pressure iso-lines in the wake cyclicallatdvand away the trailing
edge, and leads to oscillations in the pressure eld on ttieibsuction side close to the
trailing edge. These pressure oscillations get smallerimgosutboard along the blade
span, until they vanish at about OR%Figure 6.31), where the tip vortex dominates
the the ow dynamics. The fast pressure uctuations recdrldg the numerical probes
in the near-wake at inboard stations can be therefore exqaldy the pulsation of the
high pressure center at the back of the trailing edge. This isirn, likely due to the
small unsteady structures developing behind the thicknigagédge of the blade, where
turbulence and three-dimensional effects may play a sggmt role.

The difference in the predicted oscillations frequencyweetn DES1 and DESO05
results is likely due to a better resolution of the ow dynasithanks to the smaller
time-step, and/or to an incomplete convergence of the ctatipas.

Note that the SAS and SST simulations do not show these ticts probably
because these models predicts a higher eddy viscositydooth behind the trailing
edge, which prevents the development of turbulent strastat this small scale and
damps high-frequency unsteadiness.

Simulations Time Resolution Re nement

A second set of DES simulations was carried out to study tfectedf the time
discretisation on the high-frequency pressure oscilt@tioAdditional computations
were thus performed using a time resolution equivalent & @nd 0.1 degrees of
propeller azimuth. Both simulations were started using tB&06 nal ow- eld as
initial condition.

Unsteady pressure time histories and PSDs relative to stehklf-revolution are
shown in Figures 6.32 and 6.33, for all the considered tealpesolutions at some
blade span-wise stations. The DES025 and DESO01 resultiyidpe fast pressure
oscillations already observed in the solutions obtaineti Wie larger time-steps. In
these cases, however, fast pressure uctuations are adsemirat 0.98. As seen by
analysing DES1 and DESO05, a ner time resolution leads fgdapressure uctuations
magnitude, and also to a higher frequency of the associatael m the spectrum.
This trend is con rmed by comparing DES01 and DES025 (seeir€id5.34), but
the difference is much smaller, especially in terms of atag#, suggesting that the
convergence of the temporal discretisation is nearly aeklie
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(a) Point location: 0.R, 0.5c. (b) Point location: 0.87R, 0.5c.

(c) Poaint location: 0.9R, 0.5c. (d) Point location: 0.97R, 0.5c.

Figure 6.32: DES time re nement analysis: unsteady pressignals in the blade near-wake for half
propeller revolution. Note that the phase shift betweenstgeals of the various cases is only due to
the different simulation angles range presented. Also DE3Mhd DESO01 display the fast oscillations
obtained with the larger time-steps, and exhibit them &R &5 well.

6.3.3 Conclusive Remarks

The presented results allow to draw some conclusions albeutapability of the
considered methods to capture the blade wake unsteadindsthe ow turbulent
dynamics beyond tonal content. The following was achieved:

1. The second generation URANS method SAS does not appear ¢ffdntive,
because it fails to capture the high-frequency ow strueturlt is possible that
a ner time discretisation than the one used here (i.e. Odpglier rotational
degrees) allows for a better resolution of the small scaléswever, its com-
putational cost is larger than that of DES, making the apgrdess preferable.

2. The hybrid URANS-LES method DES yields a near-wake unsgtpagssure
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(a) Point location: 0.R, 0.5c. (b) Point location: 0.87R, 0.5c.

(c) Point location: 0.9R, 0.5c. (d) Point location: 0.978, 0.5c.

Figure 6.33: DES time re nement analysis: PSD of the unstgadssure in the blade wake. The ner
the time-step, the higher the peak frequency and the langantgnitude predicted.

Figure 6.34: DES time re nement analysis: peak frequencyraessure oscillations related to small
turbulent scales captured by DES as function of the timp-sitee of the simulation. The time-step size
is seen to be critical for accurate predictions of trailedge noise. The choice of 0.1 deg of propeller
rotation appears not far from convergence, but still notjadée.
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spectrum more rich and continuous at high frequencies,avifkearly identi able
peak approaching 1 kHz as the time resolution gets ner, Whsctypical of
trailing edge noise. Both space and time discretisationg@ueally important to
accurately resolve this part of the spectrum.

These ndings are in agreement with the conclusions of theopean project
DESider [266], which stated that the SAS model is more slétidy strongly unstable
ows, whereas the DES model is more appropriate in the casessfunstable ows.
This is because the scale-resolving mode of the SAS is mgdred if the ow is not
suf ciently unsteady and separated.



Chapter 7

Co-rotating vs Counter-rotating
Turboprop Layouts*®

In this Chapter, the near sound eld of a complete twin-engurboprop aircraft with
different propeller installation layouts is studied. Thisns to assess the impact of
“handedness”, i.e. co-rotation vs counter-rotation, aaiplane acoustics. Unsteady
RANS simulations are used to directly analyse the fuselageriex noise, whereas
experimental transfer functions are employed to estimiag¢einterior cabin sound
levels.

Co-rotating propellers and counter-rotating con gurasionith top-in and top-out
rotation are considered. The last option is known to be mamdynamically
ef cient[267]. The main advantages of counter-rotatingppellers are the natural
balance of roll and yaw moments, and of the P-factor. So, mnenis critical in
this layout[268]. For these reasons, they are sometimesogagpon military aircratft,
of which a recent example is the A400M military transportaft. Civil turboprops
adopt, instead, co-rotating propellers (see Table 7.1ame of lower maintenance
costs and logistic reasons, since only one type of sparaaes)gearbox and blades
are required.

The two propellers are always assumed to be synchronigetheir RPM precisely
match, as it is usually done to improve passenger and creiocbrifihis is because an
audible vibration arises when the propellers do not turhwie same angular velocity.
The two propellers are also considered in phase at this,stages = 0 deg. A study
of synchrophasing is presented in Chapter 8.

It is emphasised that the goal of the present research iredtimate the absolute
noise levels of each propeller installation options, butday out a relative study to

* The work presented in this Chapter is published in G. Chigtal., “Propeller installation effects on turboprop aircraft
acoustics” Journal of Sound and Vibratig¥ol. 424 (2018), pp. 238-262, doi:10.1016/j.jsv.2018003
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Aircraft Category Layout Synch.
Bombardier Dash8 Q400 Civil (6{0) YES
ATR 72 Civil CO YES
Fokker F50 Civil Cco YES
Saab 2000 Civil CcoO YES
Fairchild-Dornier 328 Civil (6{0)] YES
Piper PA-44 Seminole Civil CNT YES
Lockheed C-130J Super Hercules  Military CcoO YES
Lockheed P-3 Orion Military CcoO YES
Alenia C-27J Spartan Military CcoO YES
Airbus A400M Atlas Military CNT (on each wing) YES
Bell Boeing V-22 Osprey Military CNT NO

Table 7.1: Con guration of the main turboprop, with tracfmopellers, and tilt-rotor aircraft currently
operating, or of the recent past: CO = co-rotating propgllENT = counter-rotating propellers.

nd if one con guration is acoustically advantageous wittspect to the others.

7.1. Numerical Setup

The airplane considered in this analysis is a twin-engimnelaprop, with a standard
commercial high-wing design and a capacity of around 70e&@engers, similar to the
ATR72, the Bombardier Dash 8 series or the Fokker 50. The &ircoanputational
geometry is shown in Figure 7.1, along with its dimensionsis la generic shape
adopted in the IMPACTA project[8, 9]. No geometry simpli éans were made,

except for the lack of the horizontal and vertical tail sadsa that is not altering the
cabin noise.

Figure 7.1: Turboprop computational geometry with dimensias function of the propeller radius R.

The propeller employed is the Baseline design of the IMPACT@pplier (see Chapter
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5 for a detailed description). Geometric parameters antit icyuise conditions are
reported in Table 7.2. A cruise ight is here consideredgsirt is usually the longest
segment of the aircraft route where propellers are the nmegme source. It is noted
that results may differ in climb, because of the differemig®iler operating conditions.

RadiusR 221m Free-stream Mach numbt 0.5
Root chordc 0.213m | Thrustline incidence -2 deg
Pitch angle (0.7R) 51 Helical Mach number (0.95R) 0.789
Angular velocity 850 RPM | Tip Reynolds numbeRerp 1.24e06
Required Thrust 7852 N | Altitude 7620 m

Table 7.2: IMPACTA Baseline propeller parameters and naifriruise operating conditions.

7.1.1 Test Cases
The following three options are considered:

1. Co-rotating propellergCO): conventional layout for civil aircraft with both
propellers rotating clockwise as viewed from the rear - Fegli2(a);

2. Counter-rotating top-in propellef€NTI): port propeller rotating clockwise
and starboard propeller counterclockwise as viewed froenréar, thus both
propellers approach the fuselage when moving down-wardgw& 7.2(b);

3. Counter-rotating top-out propelle(€NTO): opposite of CNTI, port propeller
rotating counterclockwise and starboard propeller claskvas viewed from the
rear, thus both propellers approach the fuselage when manarwards - Figure
7.2(c).

(a) CO - co-rotating.

(b) CNTI - counter-rotating top-in. (c) CNTO - counter-rotating top-out.

Figure 7.2: De nition of the turboprop layouts considere@ihe aircraft sketch used to create these
gures represents a Fokker 50 and was taken from [269].
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Systems of Reference De nition

For convenience, a cylindrical system of reference is tiiod to present data on the
aircraft fuselage. The fuselage azimuthal coordiqatgoes clockwise as viewed from
the front of the aircraft, as de ned in Figure 7.3. The longlihal axisX is parallel
to the fuselage center-line, positive in the ow directiaand with its origin at the
propeller rotational plane.

Figure 7.3: De nition of reference blade, blade azimuthlang (increasing with the propeller rotation,
regardless of the direction), fuselage azimuth arglend positive synchrophasing angte (shifted
blades in orange).

7.1.2 Computational Grids

Multi-block structured grids, generated with the ICEM-H&a&oftware of ANSYS,
were employed. A fully-matched body- tted mesh was builband the whole
aircraft, adopting an “O” grid topology surrounding the fages of fuselage, wings
and nacelles. Special attention was paid to have a goodyjuadish in areas proved
critical in preliminary tests, such as the fuselage-wingjion. Propellers are included
in the airplane grid using the sliding plane technique[24tiich allows for the
relative motion and the exchange of information betweentweemeshes with a set
of pre-calculated interpolation weights. The grids for different cases were thus
obtained just selecting the appropriate propellers dutiegassembling process. The
aircraft mesh is then immersed, with the chimera over-sehow§242], in a regular
background grid which extends until the far- eld. The layai the complete grid,
as well as block topology and mesh, are visualised in Figuée The aircraft grid
was prepared for half of the model and then mirrored, to enperfect symmetry
of the computational domain. Similarly, the propeller meshvere generated by
copy-rotating a single-blade grid, mirroring in the cas®pjposite propeller rotation.
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(a) Full grid layout with global system of reference de oiti. (b) Surface mesh detail: port propeller and inboard sectfon o
the wing.

(c) Volume mesh detail: slice between the starboard prop@llerolume mesh detail:  blocking around the starboard
and the wing (frontal view). propeller.

Figure 7.4: High-wing twin-engined turboprop aircraftidgvisualisation.

Overall, the full grid counts 13326 blocks and 170 milliolgeof which 132 million
belong to the airplane mesh and 16.5 million to each propefiehe region of interest,
the adopted spatial resolution has a maximum mesh spacioglofThis guarantees,
at the operating conditions analysed, a minimum of 17 pgoetswave length for
the third propeller tone, which was found adequate for neldrpredictions in solver
validation studies carried out on an isolated propeller.

Boundary Conditions

The aircraft surfaces are treated as solid walls. At thet inteindaries, which are
located far enough from the engine intakes, a surface meessgual to the free-
stream value is imposed and other variables are extrapol&tee-stream boundary
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conditions are applied on the external boundaries of thepcational domain.

7.1.3 Simulations Details

Simulations were performed solving URANS equations, as thetref cient CFD
method able to capture the propeller tonal noise, whichasithin contribution to the
overall interior noise. No attempt was made at this stagéulyshe broadband noise
content. Thek w SST turbulence model[215] was employed to close the equatio
Computations were started for all cases from unperturbeddteam ow conditions,
accelerating gradually the propeller up to the cruise aargrélocity in the rst half of
propeller revolution. A temporal resolution of 1 degree afpeller azimuth, i.e. 360
steps per propeller revolution, was chosen to guaranteettraad fast convergence at
each time-step of the simulation. The resulting Nyquisgdency allows to solve up to
frequencies well above the third propeller tone. Using Imgoting nodes, each with
two 2.1 GHz 18-core Intel Xeon E5-2695 series processors,complete propeller
revolution took 66 hours. Four full propeller revolutiongr run before reaching an
adequate convergence of the global ow- eld in the regionrdérest for the analysis.
Numerical probes are also included in the simulations teatly record the time
pressure signal on the fuselage in the main propeller regfionuence, from 1 R up-
stream the propeller plane to the wing junction area (seer&i@.5). For monitoring
purposes, additional probes are located along some snwing stations and the
engine intake.

Figure 7.5: Locations of the numerical probes employedfterdircraft noise study, in light-blue those
used as input to the transfer functions in the interior nesénation.

Main parameters of the computational setup are summairiséahile 7.3.
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Free-stream reference Mach numb&s 0.5
Free-stream reference Reynolds nuniReyr 0.99e06

Maximum grid spacing in region of intereBs 4
+

y 1, hyperbolic points distribution
Boundary layer mesh parameters with stretching ratio from 1.12 to 1.14
CFD method URANSK w SST)
Temporal resolutiort 1 deg of propeller rotation

Table 7.3: Computational setup's main parameters for theARITA aircraft simulations.

7.2. Aerodynamic Analysis

To show the complex characteristics of the ow- eld genedfrom the interaction of
the tractor propellers with the airframe, in Figure 7.6 tbetical structures are shown
for the co-rotating layout. The adopted mesh resolutiosgmees the propellers' wake
up to the aircraft tail. The interaction of the blade tip woet with the wing is well
captured by the CFD simulation which is able to show the diffierow features of the
ow- eld in the case of inboard-up or -down propeller rotafi. The vortices generated
from the wing tips, the nacelles and the inclination of thicfagelage are also visible.
Figure 7.7 presents a visualisation of the mean pressuckaebund the aircraft, in
particular on a transversal plane at approximatétbghind the propeller plane and
on a longitudinal plane at spinner height. The average wapated over a quarter of a
propeller revolution, using the volume CFD solution at alved time steps. Pressure
perturbations caused by the presence of the lifting wingthedhrusting propellers
are well represented by the numerical results. The highspire bubble generated at
the aircraft nose in the case of a subsonic motion is alsaupaght and observed as
well at the tip of the spinners. The pressure eld is, as etguicsymmetric for the
counter-rotating layouts, while starboard and port sigesagni cantly dissimilar.
Appreciable differences, amongst the three con gurati@apgpear only in the vicinity
of the propeller, and particularly under the wing. The puesseld shows higher levels
and steeper gradients on the up-stroking blade side, heand for a top-out propeller
rotation and outboard for a top-in propeller rotation. Ie thtter case, the depression
zone that develops around the lower part of the nacelle essratsre extended inboard,
and reaches the fuselage surface.
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(a) Iso-surfaces of Q, colored by non dimensional axial igloc

(b) Vorticity contours down-stream the port propeller.

(c) Vorticity contours on the propellers longitudinal symnyeilanes.

Figure 7.6: Visualisation of instantaneous vortical stuoes for theCO case:yp = 90 deg. The mesh
density allows to preserve the propeller wake up to apprateély the aircraft tail and to resolve well
the interaction tip vortices-wing.
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(a) CO con guration. (b) CO con guration.
(c) CNTI con guration. (d) CNTI con guration.
(e) CNTO con guration. (f) CNTO con guration.

Figure 7.7: Averaged pressure eld visualisation: comgam between the different installation
con gurations. Transversal plane at 1R behind the propeller plane on the left, longitudinal plane
at propeller spinner height on the right (in red, the boundsrthe rotating propeller grids). Counter-
rotating con gurations exhibits a symmetric pressure e@ifferences between the different layouts
appear only in the vicinity of the propellers. Higher pressievels and steeper gradients are seen on
the up-stroking blade side. For a top-in rotational di@ttithe area of low pressure around the nacelle
extends up to the fuselage.
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7.2.1 Aircraft Trimming Discussion

Because of the lack of the horizontal and vertical tail swe$aim the computational
geometry, it was not expected to achieve a complete trira stdhe ight direction. A
small thrust surplus with respect to the aircraft drag wassfiect found for the nominal
conditions simulated (see Table 7.2). However, mean wirdym@opeller loads are
suitably representative of cruise conditions. Therefbrang primarily interested in
a comparative study among the different installation lagpno attempt to trim the
aircraft by changing the blade pitch was carried out. A @ipancy of less than03%
in the total propellers thrust was registered between aésanalysed and this was
considered enough to achieve relative data with satisfaetcuracy.

The side forceFy and roll momeniMx, scaled with the port propeller thru$g and
torque Qp, respectively, are reported in Table 7.4 to quantify theurataircraft
equilibrium state, i.e. without any control surfaces. Tleeratating con guration
shows unbalanced forces and moments, and is likely to nestdnsiderably more trim
drag. This is not the case for the counter-rotating layoatsahbse of their symmetry.

CO CNTI CNTO
Fy=T, 21.303 0.046 0.001
Mx=Qp 89.195 0.0215 0.0003

Table 7.4: Aircraft equilibrium state for the different tallation layouts with no control surfaces active.
Fy is the resultant side forc#)x the resultant roll moment,, andQj, the thrust and torque of the port
propeller.

7.2.2 Aircraft Loads Analysis

Figure 7.8 shows the average surface pressure distriboanitime aircraft for the various
con gurations. The in uence of the propeller on the wing thag is clearly visible,
causing a modi cation of the pressure distribution on thegwiegion affected by the
propeller slipstream. The effect depends on the rotatidimattion of the propeller:
the wing experiences a loading increase on the propellavagh side and a decrease
on the propeller down-wash side. In the case of propelleotdpotation, the suction
area on the wing inboard upper surface is observed to extenal thhe wing-fuselage
junction.

A comparison of the average span-wise normal pressurengdor the different
con gurations is presented in Figure 7.9. The reference hepresenting the clean
aircraft case (no propeller installed) allows to distirgjuthe effects of the nacelle
and that of the propellers. The lift gain and reduction dughtopropeller swirl that
modi es the local wing angle of attack in the propeller regiaf in uence is evident.
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(a) CO con guration.

(b) CNTI con guration.

(c) CNTO con guration.

Figure 7.8: Averaged pressure loading on the aircraft. Thegllers clearly affect the wing loading,
generating an increase on the up-wash side and a decredse dovtn-wash side.
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Figure 7.9: Span-wise normal averaged pressure forcetdistm over the wing: comparison between
different layouts and clean aircraft as reference. Theetboa gurations provide overall a similar lift,
the gain/reduction due to the propeller swirl being importaSpan-wise differences are noted up to
mid-span for the same propeller rotation between co-andteouotating layouts, indicating the need
of considering both propellers for accurate load distrdupredictions.

Small differences are also visible in the loads of the indaging, up to around mid-
span, for the same propeller rotation in the case of coingtaind counter-rotating
layouts. This suggests that for accurate load predictiamth propellers must be
considered, studying an isolated wing with a propeller matyle enough. Overall,
the total average lift of the three con gurations is quitegar: the counter-rotating
top-in option gives 116% less than the co-rotating option, while the counteatnog
top-out option 119% more. As a measure of the aerodynamic ef ciency, Talde 7.
presents the lift over drag ratio for each installation lago In line with previous
studies[267], the counter-rotating top-out con guratppears to be the best design
choice from the aerodynamic point of view. This is mainly doi¢he reduction of the
drag pressure component@:81% with respect to the co-rotating case), in conjunction
with the above mentioned lift increase.

CO CNTlI CNTO
Lif/Drag 20.334 20.178 20.663

Table 7.5: Aerodynamic ef ciendy for the different installation layouts.
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7.2.3 Propeller Loads Analysis

The presence of the nacelle and the wing also affects theejeopyielding a periodic
blade load variation during a propeller revolution. To wabse the effects of the
installation, Figure 7.10 shows the propeller loads astfanof the blade azimuthal
positiony for the co-rotating layout. Thrust and torque coef cienispilay the lar-

(a) Disc thrust loading for the starboard propeller, i.eoard-(b) Disc thrust loading for the port propeller, i.e. inboaaivn
up rotating propeller (frontal view). rotating propeller (frontal view).

(c) Thrust and torque coef cients progress during a fullpeiber revolution
for one blade. Results are scaled with respect to the camelipg values
for the isolated propeller in axial ight.

Figure 7.10: Installation effects on the propeller for (6@ case. Nacelle and wing cause a periodic
variation in the blade loading. The negative incidence efrtitational axis makes the up-stroking blade
more loaded, thus louder noise is expected to be emittedigsitte of the propeller.
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gest deviations from isolated axial ight values as the kelpdsses in front of the wing.
Any deviation from symmetry observed between the up- andndsinoking blades is
due both to the asymmetric wing pro le and the lack of axiabgeller in ow. In
particular, because of the negative incidence of the plepeltational axis (see Table
7.2), the up-stroking blade experiences a higher localeaofgattack, thus resulting in
higher loads. It is therefore expected that the inboardropagdler installation option
generates louder loading noise.

Overall, the propeller installed at the tested xed-piteliise conditions gives about
2:7% 2:8% more thrust than the propeller in isolation at axial iglainditions, with
a penalty in the ef ciency of about:6% 0:7% due to an increase in torque of about
3:4%. The inboard-up layout shows a slightly higher propedeciency, although
propeller operating conditions do not vary signi cantlytween inboard-up or inboard-
down rotation cases.

7.3. Acoustic Analysis

7.3.1 Aircraft External Sound Field

Figure 7.11 shows the instantaneous unsteady pressuréoettie different layouts,
on transversal and longitudinal planes. The adopted mesfiuteon captures the
pressure perturbations generated by the propeller blpgatid the propagation of the
associated acoustic waves further down-stream, up usmetiteéar end of the fuselage.
The interaction of the sound waves with the wings is visibleise travelling in the up-
stream direction, as well as emitted from the back of the lfes;ecan be also noticed.
As for the aerodynamics, the acoustic eld for the countgating con gurations is
symmetric, whereas differences between the port and stattsides are evident for
co-rotating propellers. The pressure perturbations geeérby the interaction of the
blade tip vortices with the wing leading-edge appear sigantly larger on the up-
stroking blade side. This is because of the higher loadirtgptti propeller blade and
wing. Moreover, from time visualisations (see, as an examplgure 7.12 for co-
rotating propellers), the associated sound waves are sdenre ected by the nacelle
and to interfere constructively with the direct sound eldrngrated by the propeller
rotation. Perturbations of larger amplitude thus resulthie wing-fuselage junction
area for inboard-up propeller rotation. In the case of datnog propellers, the wave
front propagating up-stream after the re ection on the Fage starboard wall is also
seen considerably stronger. By contrast, for counteringfdbp-out propellers some
favorable, i.e. destructive, acoustic interferencesysahaller amplitudes. Therefore,
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(a) CO con guration. (b) CO con guration.
(c) CNTI con guration. (d) CNTI con guration.
(e) CNTO con guration. (f) CNTO con guration.

Figure 7.11: Instantaneous unsteady pressure eld visaidins: comparison between the different
installation con gurationsy, = 90 deg. Transversal plane at1R behind the propeller plane on the
left, longitudinal plane at propeller spinner height on tight. Perturbations due to the tip vortices
are resolved up to the fuselage rear end. Their interactidmtive wing leading edge is signi cantly
stronger on the up-stroking blade side. Noise directedtrgam is also visible.
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(@) yo = 45 deg. (b) yp = 48 deg.
(c) yo = 51deg. (d) yp = 54 deg.
(e) yb = 57 deg. () yp= 60 deg.

Figure 7.12: Unsteady pressure eld time visualisation thoe CO layout over one blade passage:
longitudinal plane at propeller spinner heigtRart 1/3)
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(9) yp= 63 deg. (h) yp = 66 deg.
() yp= 69 deg. () yb= 72 deg.
(K) yp= 75deg. () yp= 78 deg.

Figure 7.12: Unsteady pressure eld time visualisation thoe CO layout over one blade passage:
longitudinal plane at propeller spinner heigtRart 2/3)
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(m) yp = 81 deg. (n) yp = 84 deg.

(0) yp = 87 deg. (P) ¥b = 90 deg.

Figure 7.12: Unsteady pressure eld time visualisation thtoe CO layout over one blade passage:
longitudinal plane at propeller spinner heigtiPart 3/3) Sound waves generated at the wing leading
edge on the up-stroking blade side are re ected by the na@altl interfere constructively with the
direct sound eld generated by the propeller, thus loudés&@s expected in the cabin for an inboard-
up rotation.

louder noise is expected in the aircraft cabin when the pi@pmtates inboard-up,
especially in the case of a co-rotating propellers layout.

The unsteady pressure distribution on the aircraft at a xetlant, and the resulting
overall sound pressure levels, are shown in Figures 7.13 d# respectively. The
pressure perturbations due to the impact of the propellkewa the wing leading edge
are visible. Differences between the wing side in the pilepep-wash and that in the
propeller down-wash are evident. As expected from the dimouwdd analysis, the
rst shows uctuations of larger amplitude. It also prodssén the case of inboard-up
propeller rotation, a large area of high noise on the wingyedr surface, near the
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(a) CO con guration. (b) CO con guration.
(c) CNTI con guration. (d) CNTI con guration.
(e) CNTO con guration. (f) CNTO con guration.

Figure 7.13: Unsteady pressure eld on the aircraft, instaaous visualisatiory¢ = 90 deg) for the
different layouts. View of the starboard side on the left afidhe port side on the right. On the
aircraft fuselage, signi cant uctuations are observedpiroximity of the propeller plane, from about
one propeller radius up-stream up to the wing trailing edgéia. On the wing, the impact of the
propellers' wake appear the main source of perturbatiot, g differences between up-wash and
down-wash sides.
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(a) CO con guration: top view. (b) CO con guration: bottom view.

(c) CO con guration: starboard side. (d) CO con guration: port side.
(e) CNTI con guration: starboard side. (f) CNTI con guration: port side.
(g) CNTO con guration: starboard side. (h) CNTO con guration: port side.

Figure 7.14: OSPL on the aircraft external surface for ttfewint turboprop layouts: noise estimate
from URANS results over a quarter of propeller revolutionold®@ scale range equal to 45 dB. The
highest sound levels on the fuselage occur in correspordaritie propeller plane, the inboard-down
rotation appearing bene cial. Port and starboard sideplajsa symmetric noise eld for counter-
rotating layouts. Differences are seen between differsgradts for same rotational direction, showing
the importance of the acoustic interferences between ttieugnoise sources. A large area of high
noise is noted on the wing's lower surface near the naceféelamnent in the case of an inboard-up
propeller rotation, which may induce strong vibrations.

nacelle attachment. Footprints of the tip blade vortices aso be noted on the
wing, on both the upper and the lower wing surfaces, at thadaty of the propeller
slipstream. In agreement with the experimental ndings wingje et al. [270], these

are seen to be the dominant source of pressure uctuationhenving. Pressure
uctuations associated with the blade root vortices are alslved by the simulation
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and noticeable on the front part of the nacelles.

On the aircraft fuselage, signi cant pressure perturbvaj@nd thus the highest sound
levels, are observed in proximity of the propeller planenfrabout one propeller radius
up-stream up to the wing trailing edge station. The airqoaft and starboard sides
display, as expected, a symmetric noise eld for the courdating propellers layouts,
while differ for the co-rotating con guration. Differensen the OSPL distribution
between the cases of inboard-up and inboard-down rotatimgefier are evident, the
second option appearing bene cial. Differences can alssd®n in the unsteady
pressure and OSPL on the fuselage for the same propell¢iorotaut for different
installation options. See, for example, on the port sidedifferences between co-
rotating and counter-rotating top-in layouts, in Figure$47d) and 7.14(f), and on
the starboard side between co-rotating and counterngt&ip-out layouts, in Figures
7.14(c) and 7.14(g). This proves that the interaction ofabeustic elds of the two
propellers is important and that the CFD method is able tdvesb

Figure 7.15: OSPL distribution as function of the fuselagjienath Q at the propeller plane: comparison
between the different propeller installation layouts ahd isolated propeller in axial ight. Noise
estimate from numerical probe data over one full propelwmolution. Refer to Figure 7.3 for
the azimuthal coordinate de nition. The actual installeshditions modify importantly the noise
eld generated by the propeller, yielding on the fuselagghler levels and an irregular distribution.
Differences between the various layouts are important andeach up to 5 or 6 dB.
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Data acquired by numerical probes is used for a more effegtnantitative comparison
between the different turboprop con gurations. FigureS7/shows the OSPL distribu-
tion as a function of the fuselage azimuth at the propellan@! The results for the
isolated propeller in axial ight are also reported as refeze.

The differences between isolated and installed propelises are substantial. The
rst shows a regular distribution on the fuselage, wheraaghe installed cases
the interaction of the sound elds of the two propellers ahe presence of the
airframe lead to an irregular noise pattern and higher noiesults of the isolated
propeller signi cantly underestimate the installed OSRIp (o 9 dB for positions
at the passengers head height), without showing a condtédhirsthe predictions.
Therefore, the computationally cheap simulation of a stesatple blade in axial ight
is not suitable for evaluating the actual sound levels oniagyaircraft.

The installed propeller cases show a local OSPL reductionratQ  55-70 deg
andQ 95-120 deg, with the location of the minimum depending onitiséallation
layout adopted. The resulting lobe at the top of the fuselagentered in the cases
of counter-rotating propellers, i.e. the maximum i€£at 90 deg, and moved towards
the side of the inboard-up rotating propeller in the casead-eotating con guration.
Some irregularities in the OSPL trend in the installed casesalso observed in the
lower part of the fuselage (240 degQ 300 deg). In the central part of the fuselage,
where the aircraft masks the sound eld of the second prepétlie noise distribution
appears quite smooth. A noise maximum is seen around th&édoaaf minimum
distance between propeller and fuselage, whose positiperais on the propellers
con guration. A smooth reduction follows going towards thettom of the fuselage.
Remarkable differences between the various installatigouts are noted and can
reach up to 5 or 6 dB at certain azimuthal locations. As gaieid from the acoustic
eld analysis, the inboard-up propeller direction yieldgtier sound levels than the
inboard-down. The co-rotating con guration exhibits a QSfstribution very similar
to that of counter-rotating top-out propellers on the stard side folQ 25 deg, and
to that of counter-rotating top-in propellers on the podesiorQ 145 deg, because
of the fuselage masking effect. Large differences areausteted in the top area of the
fuselage. There the sound waves from the two propellergfénég creating a different
acoustic eld depending on the installation option.

To investigate more in depth the differences between thewsitayouts, Figure 7.16
shows the unsteady pressure waveforms recorded by someaiocahprobes on the
fuselage, for certain angular positions at the propellan@l Pressure time signals
presented span over one propeller revolution. A predonigight-period oscillation
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(a) Q = 57 deg. (b) Q@ = 123 deg.
(c) Q = 358 deg. (d) @ = 178 deg.
(e) @ = 325 deg. (f) @ = 205 deg.

Figure 7.16: Unsteady pressure waveforms on the aircrattlfige at the propeller plane, for some
angular positions: comparison between the different glepénstallation layouts. Signal length
corresponding to one propeller revolution. Data from nuoarprobes for the last full propeller
revolution run. See Figure 7.3 for the azimuthal coordirggeition. A predominant eight-period
oscillation related to the blade passing is visible. Thejdiency at 2BPF becomes evident when
favorable interferences, probably with waves emitted leyainframe, occur.
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related to the blade passing frequency is visible as exgectde symmetry of the
acoustic eld for the counter-rotating layouts can also beerved.

The pressure time histories @& = 57 deg (Figure 7.16(a)), where the OSPL has
a local minimum for the co-rotating propellers, actuallyosha smaller uctuation
amplitude for this layout. The presence of the second haigrifcegguency can be seen
as well. This indicates that the sound waves propagating ftee propeller to the
fuselage wall undergo some favorable interactions witleloiound waves. These are
most likely waves emitted by the airframe, since the souadelting time from the
wing leading edge to the fuselage is close to the blade pas¢sne. At the same
azimuthal location on the port side (Figure 7.16(b)), thenseio for the co-rotating
con guration is different: the pressure history displaysnaooth sinusoidal trend with
a larger amplitude than the other layouts, and thus the kiudsdse. Counter-rotating
propellers do not show signi cant differences at these taaations, and their signals
slightly lead on the starboard side while slightly lag on pioet side, compared to the
co-rotating one. It is also observed a attening of the soidal signal after the low-
picks for about half of the oscillation amplitude for bothuoter-rotating propeller
cases. This suggests the existence of acoustic interiesdmetween various sound
sources.

Near the fuselage center-line (Figures 7.16(c) and 7.16{d)main difference between
the three installation options is the magnitude of the pressictuations, signi cantly
larger in the case of inboard-up propeller rotation. Noedtdhce in phase is detectable
between the three pressure histories. The signal atteaftey the low-picks appears
at this azimuthal position only in the case of inboard-dowwopeller rotation, i.e. for
the counter-rotating top-in layout on both fuselage sidekfar the co-rotating layout
on the starboard side, but covering a smaller part of theakign

At lower fuselage positions (Figures 7.16(e) and 7.16difjerences both in amplitude
and phase between inboard-up and inboard-down rotatinuefeo cases are signi -
cant. The attening of the signal progressively reduces img¥owards the bottom of
the fuselage, disappearing faster in the co-rotating plerpease.

As shown in Figure 7.15, at the propeller rotational plahe, ¢ounter-rotating top-
out layout appears overall the loudest option, while thenteurotating top-in layout
appears the quietest. To evaluate overall the acoustiteafarious con gurations, in
Figure 7.17 the sound levels on the aircraft fuselage areaoed at different stations
in the area where the higher OSPL is observed.

Going form the propeller rotational plane up-stream (Fegui.17(a),7.17(c) and
7.17(e)), the OSPL distribution shows the same trend, wittagimum around the
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(a) X 0:8 m. (b) X +0:8m.
(c) X 1:5m. (dX +15m.
(e) X 2:2m. f X +22m.

Figure 7.17: OSPL on the fuselage as a function of the angusition at various fuselage stations:
comparison between the different propeller installatimyouts. Noise estimate from numerical probe
data over one full propeller revolution. Refer to Figure o8B the azimuthal coordinate de nition.
Differences between the various layouts mainly appear estweam the propeller plane, where the
interactions between the sound emitted by the propelledsbgrihe airframe play an important role.
The CNTI options yield lower noise levels.
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points closer to the propellers, two local minima at all@ut 60 and 106120 deg for
co- and counter-rotating propellers respectively, a laid@eatop of the fuselage, and
a noise reduction at the bottom. The larger the distance thenpropeller plane, the
lower the noise, as could be expected. The local noise reduotcreased as well. The
differences between the different layouts in the OSPL tiartde upper fuselage area
become more signi cant, the counter-rotating top-in coargtion showing the quietest
noise. In the lower area of the fuselage, instead, lessreiftes are noted among
the various con gurations further away the propeller riotaal plane. For up-stream
distances greater than R/2 (Figures 7.17(c) and 7.17(epj¢k®f the upper lobe tends
to the same sound level in the cases of counter-rotatingitayahile near the propeller
rotational plane a difference up to 5 dB is predicted, in fasothe counter-rotating
top-out option. Moreover, at these distances, the coingtgiropeller con guration
shows a second local minimum of the OSPL on the starboardasmendQ 5 deg
which is not present in the other two installation optionsl amakes this layout the
quietest at this speci c location.

Down-stream the propeller rotational plane (Figures h),7(17(d) and 7.17(f)), due
to the airframe sound waves emissions/re ections and attedeanteractions with the
incoming ones, the OSPL distribution on the fuselage iedkffit than ahead of the
propeller plane, and its azimuthal trend becomes moreulaeg Besides the points
of local minimum de ning the lobe at the top of the fuselagéhey OSPL valleys
can be seen on the upper-half of the fuselage creating onecofiadditional lateral
lobes, or two in proximity of the wing junction. The magniadnd the azimuthal
positions of the main lateral lobes peak, as well as thegreston, are shown to vary
with the fuselage station. Increasing the distance fronptiogeller rotational plane,
the dissimilarities in the OSPL predicted for the variougolats become larger and
substantial: up to 10 dB of difference are observable foresazimuthal locations
aroundR=2 away from the propeller plane (Figure 7.17(d)) and up toB%bout one
radius away (Figure 7.17(f)). The counter-rotating tomption appears overall the
quietest, even though the counter-rotating top-out coragjon shows signi cantly
lower noise for the top lobe. Inboard-up rotating propsllgreld to lateral lobes
considerably louder, and covering a larger fuselage serfaan inboard-down rotating
propellers. Moreover, the lateral lobe on the side of th@amt-up rotating propeller
is observed to have higher OSPL in the case of co-rotatingglers with respect to
counter-rotating top-out propellers. This suggests drdetrital acoustic interaction in
the rst case. The noise attenuation moving away from th@eller rotational plane is
in general less than that observed going up-stream, bechtiseairframe re ections.



7.3. ACOUSTIC ANALYSIS 169

An exception is the counter-rotating top-in layout thatibih, at equal distances from
the propeller plane, lower OSPL down-stream than up-stréemfor fuselage stations
ahead of the propeller plane, the local point of OSPL reduadt the half-lower part
of the starboard side is more pronounced for the co-rotaiingeller con guration.
Finally, it is pointed out that at the locations of the OSPkdbminimum of all
fuselage stations, the frequency of the second tone is alsereable in the pressure
signals, indicating that important noise cancellatioressganerated by the interactions
of propeller and airframe sound waves.

Figure 7.18: Azimuthally-averaged OSPL distribution asdlion of the fuselage longitudinal axi&
comparison between the different propeller installatimyolts. Noise estimate from numerical probe
data over one full propeller revolutio®€NTI propellers are clearly the best option for all longitudinal
positions.CNTO propellers are slightly louder th&0 ahead of the propeller plane, but overall quieter
behind it.

Figure 7.18 compares, for the three installation optidms distribution of the average
OSPL along the airplane longitudinal axis. The azimutharage OSPL value, for
each fuselage station, was computed including only the dbhthe upper surface
region, while disregarding the area below the cabin oce.@12 Q 328 deg,

approximately). The top-in con guration appears the gesetwith a mean reduction
of 2 dB, and a maximum difference of more than 6 dB towards thddgsewing

junction, with respect to co-rotating propellers. The tag-rotation option shows
slightly higher noise levels than the co-rotating layoyt;stream the propeller plane
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up to approximately 1 blade chord ahead. Moving further baslOSPL longitudinal
trend differs signi cantly from the other two con guratien a steeper reduction is
observed up to approximately 1 blade chord behind, resultinthe lowest OSPL
levels at that location; a decrease of only 3 dB is insteatsteag@d from there to the
wing station, where the noise levels are almost 9 dB and 2.&igBer than counter-
rotating top-in and co-rotating propellers, respectivebyerall, the counter-rotating
top-out layout appears the loudest option.

7.3.2 Cabin Interior Noise

Cabin internal noise for an example passenger located ontdhnigoard side of the
airplane, slightly ahead of the propeller rotational plamethe second seat from the
window, is evaluated. The experimental transfer functdeiermined by NLR within
the IMPACTA project (refer to Section 3.2 for all details) areed for this estimate.
CFD data from the numerical probes located in the area cowsréite measurements
(see Figure 7.5) are taken as input, employing the pressst@yhrecorded over the
last entire propeller revolution run.

As an example of the TF application, the unsteady pressumitade maps in the
frequency domain, outside and inside the fuselage shellp@sented in Figure 7.19
for the fundamental harmonic. The modi cations of the ptesseld going through
the fuselage shell, and the non-uniformity of the transioissosses of the aircraft
structure, are noticeable. On the outside, marked diftargiare observed depending
on the propeller rotation, the inboard-up case yieldinguations of higher amplitude,
and over a larger area of the fuselage surface. On the insidmntrast, the unsteady
pressure amplitude presents similar characteristicdlfpra@peller installation layouts.
Because of the Itering properties of the aircraft structutéferences of the various
con gurations inside concern mainly the pressure osadteg magnitude.

The resulting pressure histories for the test passengdnoarsin Figure 7.20(a),
together with the signals at the same fuselage station anddme height on the
external fuselage surface. The amplitude of the pressuntuations decreases
considerably between outside and inside the aircraft cdbithe transmission across
the fuselage shell, the acoustic perturbations are redugcadound 17 20 times.
Differences in the pressure oscillations among the varlaysuts are maintained,
and are of the same order as those outside. The countangotap-in con guration
shows the smaller pressure uctuations magnitude, indinadf quieter sound levels.
Counter-rotating top-out and co-rotating propellers digplery similar pressure
signals, the clear differences in the exterior acoustid le¢ing probably attenuated
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(a) CO con guration. (b) CO con guration.
(c) CNTI con guration. (d) CNTI con guration.
(e) CNTO con guration. (f) CNTO con guration.

Figure 7.19: Transfer functions application for the diéfier installation layouts: unsteady pressure
amplitude maps at = BPF on the fuselage exterior surface (on the left) and theesponding internal
one (on the right). Please refer to Figure 7.5 for the deamtof the coordinate IX and 1Y used for the
plots, and for the TF area location. Despite the large difiees in the impinging pressure eld, the
three layouts exhibit, inside, a similar noise distribatas effect of the structural Itering.
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(a) Unsteady pressure signal (thick lines) compared witlotieeat the same height
on the external fuselage surface (thin lines).

(b) Sound Pressure Level spectra in the frequency domain.

Figure 7.20: Cabin interior sound evaluation using expental TF: comparison between the different
propeller installation options. Data refer to a passengeaited on the starboard side of the airplane,
slightly ahead of the propeller rotational plane (see FgBr2(a)). In the transmission across the
fuselage, the acoustic perturbations are reduced byZ(¥times, but differences between the different
layouts are maintained. TH&NTI option appears the quietest, while 8O the loudest.
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in the transmission through the fuselage. The sound spiextthe test passenger are
reported in Figure 7.20(b). The tone at the blade passiu&ecy dominates the noise
content. Components at the second and third propeller hacsare also visible in
the spectra. The counter-rotating top-in con gurationegus to be the quietest, while
the co-rotating the loudest. At the fundamental frequetiey,predicted SPL for the
co-rotating layout is around 2 and 4 dB higher than the catnotating top-out and
top-in options, respectively. At 2 BPF, differences betweesrotating and counter-
rotating top-out con gurations become smaller, whereas ¢dbunter-rotating top-in
option shows a bene t of more than 6 dB.

7.4. Conclusive Remarks

Signi cant differences in the exterior acoustic eld betereco- and counter-rotating
propellers are observed. These differences remain audibtbe aircraft cabin,

although signi cantly attenuated by the fuselage shelerihg. Overall, at cruise
condition with in-phased propellers, the counter-rogtiop-out layout displays the
best aerodynamic ef ciency (in line with previous studieg)hereas the counter-
rotating top-in con guration is shown to be the best from theoustic point of

view. The propeller inboard-up rotation produces loudeisedhan the inboard-
down direction because of the higher blade loading on theldige side. In addition,
constructive interferences occur between direct propateind waves and noise
emitted, as well as re ected, from the airframe, making tloeratating installation

option the loudest. Acoustic interferences between pleggeand airframe appear in
general to play an important role in the resulting sound ,eddlowing the need to
simulate the whole con guration to achieve accurate in tigloise estimates.






Chapter 8

Propellers Synchrophasing Analysis

As shown in the previous Chapter, for the cruise conditioradyased, counter-rotating
top-in propellers are acoustically better than co-rotgtim terms of near- eld and
cabin noise. Therefore, since civil turboprop aircraftalguadopt a co-rotating layout,
propeller synchrophasing is now investigated, to asses€® con guration can be
quieter than th&€NTI .

Synchrophasing had previously proved effective in redycibration and noise
levels[176, 177, 174, 175, 186], but there is still no cortlanderstanding of
its physics in presence of the airframe, and no thorough eoatpe study was
carried out. The use of CFD enables to investigate the whateistic near- eld
that is generated from out-of-phase propellers, analythieghysics and assessing the
possible noise bene ts of this strategy. Various propeadiaichrophasing angles were
considered, and the different cases are compared regdvdthgexterior and interior
sound levels.

Additional simulations were also conducted applying syophasing to theCNTI
layout, to evaluate its effectiveness for this con guratiand potentially achieve larger
noise reductions due to rotation direction and blade dbifether.

8.1. Test Cases and Numerical Setup

The IMPACTA aircraft with Baseline propellers at cruise cdiutis is again consid-
ered (see Section 7.1 for the details). The port propelléaken as master, and the
starboard propeller blades lead those of the port propdtiera positive blade shift.
Refer to Figure 7.3 for the notation used here. Typical syouihasing angles for twin-
engined turboprops are between 10 and 15 degrees[4]. Hare synchrophasing

* Part of the work presented in this Section is published in k&ri€b et al. ,“Propeller installation effects on turboprop aircraft
acoustics” Journal of Sound and Vibratig¥ol. 424 (2018), pp. 238-262, d0i:10.1016/j.jsv.2018003
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angles were initially tested for th€O con guration (ys = 5;10;15 and 30 deg),
one more ¥s = 21 deg) was added after the analysis of these rst resultso Tw
synchrophasing angles were studied for @¢TI con guration (ys= 5 and 21
deg). Table 8.1 summarises all the cases simulated. Ndiesthee the propeller has
eight blades, the maximum possible blade shift is equalde 22:5 deg. A larger
angle is equivalent to a negative synchrophasing angleyeg 30 deg 15 deg.

Layout (6{0) CNTI
Synchrophasings +5deg +10deg +15deg +21deg +30degbdeg -21deg
Test ID CO5 CO010 CO15 Co21 CO30 | CNTI5 CNTI21

Table 8.1: Test cases for the propeller synchrophasingysisal

Computational grids are identical to those used in the plepglandedness” study
of Chapter 7 (see Section 7.1.2 in particular). The gridsHerdifferent cases were
simply created by applying a rotation to the starboard pgitepdrum by the desired
synchrophasing angle during the mesh-assembling process.

URANS simulations were performed using #he w SST turbulence model[215] with
a time resolution equivalent to 1 degree of propeller azmas for the previous study.
Computations were started from unperturbed free-streamconditions and run for
six propeller revolutions to achieve an adequate ow cogeece.

The summary of the main computational parameters is reghort€able 7.3.

8.2. Aerodynamic Analysis

For brevity, aerodynamic considerations are here omitiede these were extensively
discussed in the previous part of the study (see SectionlI7i&)only noted that:

(a) All synchrophased con gurations provide a total thraistl lift that differ by less
than 0:09% and+ 0:14% respectively, compared to the corresponding case with
propellers in phase. A small increase in the aircraft effecy is observed (see
Table 8.2), due to the small increase in lift combined withheal decrease in
drag.

(b) The mean pressure eld developed around the airplang boeshow appreciable
differences compared to the in-phase operating case.

(c) Interestingly, for some synchrophasing angles, theldoactuations on the
starboard wing display not only a phase shift, but also @dfit magnitude.
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CoO CO5 COl10 CO15 CO21 CO30| CNTI CNTIS CNTI21
LiftDrag 20.324 20.361 20.361 20.359 20.364 20.3520.171 20.212 20.211

Table 8.2: Aerodynamic ef ciency for the various synchrapimg cases.

8.3. Acoustic Analysis for Co-rotating Layout

8.3.1 Aircraft External Sound Field

The OSPL distribution on the aircraft fuselage is shown iguFé 8.1 for the
synchrophasing angles considered. Although the generad tof the noise eld

(@) ys= 5deg. (b) ys= 5deg.
() ys=10 (d) ys= 10
(e) ys= 15deg. () ys= 15deg.
(9) ys= 30 deg. (h) ys= 30 deg.

Figure 8.1: OSPL on the aircraft external surface for théedéht CO synchrophasing cases: noise
estimate from URANS results over a quarter of propeller kgian. Color scale range equal to 45
dB. Aircraft starboard side on the left and port side on tigatri Refer to Figure 7.14 for the case of
propellers in phase. The general trend remains substgrti@ same, but some small variations in
levels and extension of the high noise lobes can be obseirvgditicular on the starboard side).

remains substantially the same, some differences can lewalsts On the starboard
side, there is a slight change in the azimuthal position amené of the longitudinal

noise lobe (A). The main noise lobe (B) is also seen to varyizts and the azimuthal
location of its peak. No signi cant differences are notedhe fuselage region below
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the wing (C), while sound levels and the position of the noiseimum behind the
wing (D) are altered depending on the synchrophasing angléhe fuselage frontal
area (E), a similar noise pattern is observed for all caséhk, amly small variations

in sound levels, apart from th@O30 that shows an OSPL distribution considerably
different.

Smaller differences are registered on the port side amangabes o€05, COl10and
CO15, whereas the choice @030 results in a more extended area of high noise in
the vicinity of the propeller plane (A) and a different OSPattern at the back (C) and
front (D) of the fuselage. Finally, since the OSPLL15andC0O30,ie.ys= 15
deg equivalently, are dissimilar, the developed acoustid depends on the magnitude
of the blade shift and also on the sign of the shift (leadintagging) of the starboard
propeller.

Data from the fuselage numerical probes are used to have @apnecise quantitative
assessment of the several shift angle choices. Figure &2mms the OSPL as a fun-

(@& XxX 0:0m.

Figure 8.2: OSPL around the fuselage at various streamstasiens: comparison between the different
CO synchrophasing cases. Noise estimate from numerical gfatasover one full propeller revolution.
Refer to Figure 7.3 for the azimuthal coordinate de nitidregend: red plain circlesCO; purple left
triangles CO5; blue right triangles €010; cyan diamonds €015; light green squaresGO30. (Part
1/3: propeller plane)The main effect of the positive synchrophasing angle appebe a shift of the
noise pattern towards slightly larger fuselage azimuthgles.
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(b) X 2:0 m. (c) X 1:5m.

(d) X 1.0 m. (e) X 0:5m.

Figure 8.2: OSPL around the fuselage at various streamstasiens: comparison between the different
CO synchrophasing cases. Noise estimate from numerical glatasover one full propeller revolution.
Refer to Figure 7.3 for the azimuthal coordinate de nitidregend: red plain circlesCO; purple left
triangles -CO5; blue right triangles €010; cyan diamonds €015; light green squaresGO30. (Part
2/3: up-stream the propeller plan&)aximum levels differ at most of 2 dB, while minimum up to 5 dB,
indicating stronger destructive interferences.

ction of the fuselage azimuthal position, at different lbndinal stations. The
corresponding data for the case of propellers in phase ahadied for comparison.
In general, the main effect of the positive synchrophasmgjeappears to be a shift
of the noise pattern towards slightly larger fuselage a#timluangles, as can be seen
looking at the position of the noise lobe on the upper parheffuselage.

For fuselage stations ahead of the propeller, and up to droae propeller radius
behind it, the differences in the sound levels of the nois&imam are at most of
2 dB. Bigger differences are observed regarding the pointsininmam noise. The
con gurations with synchrophasing show reductions of uf tdB more than the in-
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f X +05m. (@) X +1:0m.

(h)y X +15m. @i X +20m.

Figure 8.2: OSPL around the fuselage at various streamsiasiens: comparison between the different
CO synchrophasing cases. Noise estimate from numerical platasover one full propeller revolution.
Refer to Figure 7.3 for the azimuthal coordinate de nitidregend: red plain circlesCO; purple left
triangles -CO5; blue right triangles €010; cyan diamonds €015; light green squaresGO30. (Part
3/3: down-stream the propeller planEpr distances larger tharRlsynchrophasing has a larger effect,
indicating that it affects not only the interferences betweropellers' sound elds, but also, and in
greater ways, those between propellers direct sound etbaarirame emitted noise. Maximum levels
of both starboard and port lobes decrease with a positivease of the shift angle.

phase case, indicating a stronger noise destructive @nearte.

Further back, where the noise on the fuselage is also affdgtehe acoustic waves
generated by the interactions with the airframe, the noiseiloution is seen to vary
more considerably between the various test cases. The maxisound levels of
the upper-lateral lobes, both on the starboard and pors steerease with a positive
increase of the synchrophasing angle.
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Figure 8.3: OSPL averaged over the fuselage azinqutin the passengers area, as a function of the
fuselage longitudinal position: comparison between tlfferdint CO synchrophasing cases, a@ilTI
layout as a reference. Noise estimate from numerical preib@ over one full propeller revolution.
Ahead of the propeller plane all cases appear very similahniigl, the larger the synchrophasing angle
(up to the maximum blades relative shift), the larger theseaoeduction. None of the synchrophasing
angles allow to achieve the low&NTI noise levels.

To overall assess the acoustics of the various options r&igu8 shows the trend of
the OSPL along the aircraft longitudinal axis, averaged oke azimuth. Only the
upper surface of the fuselage, i.e. the area above the cabimwas here considered.
Ahead of the propeller tip plane, all cases present verylainmoise values, with
some differences just for distances larger than one prapéihmeter. Only the case
of CO30, where the starboard propeller is leading the port onedgislightly but
noticeable higher OSPL for the whole front part of the aiftchaselage. The almost
null effect of synchrophasing up-stream the propeller @laray be due to the fact that
the main noise propagation direction here is observed tabbaard.

Behind the propeller plane, the effect of the blade shift igenconsiderable, and
differences between the various con gurations increasectbser we are to the wing-
fuselage junction. This may indicate that synchrophasiragiras not only the
acoustic interference that develops between the sound @idhe two propellers, but
also, and in greater ways, the interference of the proetieect sound elds with
the one produced from the interactions with the airframes therefore crucial, when
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studying the optimum synchrophasing angle numericallynttude the airframe in
the simulations. Any tested synchrophasing angle had a daheffect in this area
of the fuselage, with noise reductions of up to 1 dB about tadfus away from the
propeller plane and up to about 2 dB one radius away. Largestsgphasing angles
provide larger noise reductions. The OSPL decrease is sdanon-linear with the
synchrophasing angle.

The choice ofCO15 appears, overall, the quietest amongst those considered.

The same graph also shows the OSPL trend foiGN&1 layout, which was proven
the quietest option in the rst analysis. It can be seen thagll fuselage stations,
no synchrophasing angle applied to {8® con guration is able to achieve a noise
reduction equal to that obtained by the top-in propelletation.

CO5 CO10 CO15 CO30 CNTI
-0.16dB -0.365dB -0.55dB -0.36dB-2.17 dB

Table 8.3: OSPL average value for the fuselage region froadius ahead the propeller tip plane to
the wing-fuselage junction for the differeBO synchrophasing cases: relative value with respect to the
CO case. Value ofCNTI layout reported as reference. Data from numerical probes the last full
propeller revolution. The lower part of the fuselage (betowideal cabin oor) was not considered.

Table 8.3 reports the overall (i.e. for the fuselage regiammf 1 radius ahead the
propeller tip plane to the wing-fuselage junction) noisedethat are attained with
synchrophasing, compared to in-phase propellers. ThevJaluthe counter-rotating
top-in propellers layout is reported as a target. All syngiiasing angles analysed
lead to a reduction in the OSPL. If the gain obtained by a @aoicCO5 appears
almost negligible, withlCO15it is possible to achieve a noise reduction of more than
0.5 dB with respect to in-phase propellers. The optioB0ORB0 seem to not be optimal
because the considerably larger gain provided in the ar®eeba the propeller plane
and the wing-fuselage junction is balanced by the increaslka sound levels ahead
the propeller plane.

Looking at the average OSPL as a function of the synchropbaangle, it can be
thought that a choice closer to the maximum possible bladg sk.ys 225
deg, may vyield larger noise reductions. For this reason ditiadal simulation was
performed withys = 21 deg. This choice was made considering the capability of
current synchrophaser systems of maintaining a shift anglen 1 deg, to ensure
that the starboard propeller is always leading with resfettte port one.

The azimuth-average OSPL along the fuselage, reported goréi8.3, displays
signi cant bene ts behind the propeller plane, showing s&msound levels to the
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CO30case, and a trend very close to that of propellers in phasedadfehe propeller
plane.

Overall, the choice o£021 deg appears the quietest co-rotating con guration, legdin
to a noise reduction of 0.7 dB with respect to phased progelldowever, it is noted
that the acoustic gains achieved by synchrophasing arecsigtly lower than that
obtained by the counter-rotating top-in layout.

8.3.2 Cabin Interior Noise

The SPL for the rst three propeller harmonics and the OSPit thiould be heard
by the passenger example are presented, faC@llsynchrophasing cases, in Figure
8.4 and Table 8.4, respectively. Data ©NTI and CNTO are also reported for
comparison. Co-rotating in phase propellers appear theekiugption, whereas the
counter-rotating top-in con guration the quietest, atsthight condition and this
passenger locationCNTI propellers exhibit signi cant noise reductions at the thre
rst tones, yielding an OSPL decrease of more than 4 dB.

Figure 8.4: Cabin interior sound evaluation, for the exangassenger, using experimental TF: SPL for
rst, second and third tone. Comparison between the diffe@0O synchrophasing cases. Relative data
with respect to the case with co-rotating phased propelResults folCNTI andCNTO con gurations,
with propellers in phase, are reported as reference. Sagd-B2(a) for the passenger location.
Synchrophasing appears signi cantly bene cial, the besgla depending on the frequencZNTI

is however the quietest option for all three harmonics.

Synchrophasing is also bene cial regarding cabin noisauifaipom the case o£05
that is almost not affected), even if the differences thakeap on the external surface
of the fuselage are not very strong. The only phase anglelitbi&xa sound levels
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reduction at all rst three harmonics jss= 10 deg. However, it results overall noisier
than larger synchrophasing angles, because its noiseti@ddor the rst tone is
signi cantly weaker. ys = 21 deg displays the larger reduction at the rst harmonic

CNTI CNTO CO5 Co10 CO15 CO21 CO30
-421dB -1.97dB| -0.39dB -1.29dB -242dB -3.21dB -1.87dB

Table 8.4: Cabin interior OSPL evaluation, for the examptssenger, using experimental TF:
comparison between the differe@O synchrophasing cases. Relative data with respect to the cas
with co-rotating phased propellers. Results @XTI and CNTO con gurations, with propellers in
phase, are reported as reference. See Figure 3.2(a) foassenmer location.

(-3.2 dB with respect to phased propellers), while= 15 deg appears the best for the
second harmonic (-3.6 dB with respect to phased propell&s3}ults therefore show
that the optimum angle choice depends on the harmonic freguéhe larger noise
reduction for the BPF occurring close to the maximum bladé ahd the higher the
tone the smaller the angle. Overall, @©21 con guration provides a noise reduction
of more than 3 dB, mainly thanks to the reduction of the rstrhanic SPL. This is
the most favorable angle amongst those analysed regardthgelterior and interior
noise forCO propellers. Smaller angles are less effective, wheregsiangles seem
not ideal because of the sound levels increase ahead ofdpelfar plane.

Finally, it is interesting to note that even the counteatioig top-out layout, which has
both propellers rotating inboard-up, shows lower noiselethan co-rotating phased
propellers. This suggests the development of some destuaterferences in the
counter-rotating case between the sound elds of the twpglters that do not occur
in the co-rotating case. The pressure disturbance whicalgahead from the fuselage
surface at the height of the propeller plane is also seen twn@ler in the external
acoustic eld visualisations as seen in Figure 7.11(f).

8.4. Acoustic Analysis for Counter-rotating Top-In Layout

8.4.1 Aircraft External Sound Field

Having introduced a shift of the starboard propeller blatlesgenerated acoustic eld
is no longer symmetric with respect to the longitudinal sysimy plane of the aircraft.

As can be seen from the visualisation of the instantaneosteady pressure eld in

Figure 8.5, the cabin is not anymore invested simultangoogglpeaks and valleys
of the sound waves of the two propellers. Some differencésdan the test cases
can also be observed near the port propeller, indicatingsyrachrophasing affects
the acoustic eld of the whole aircraft. In particular, a gsere perturbation of larger
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(a) CNTI5 (yp, = 180 deg). (b) CNTI5 (y, = 180 deg).

(c) CNTI21 (yp = O deg). (d) CNTI21 (yp = O deg).

Figure 8.5: Instantaneous unsteady pressure eld visatédis for the differenCNTI synchrophasing
cases. Transversal plane atlR behind the propeller plane on the left, longitudinal plahperapeller
spinner height on the right. Refer to Figures 7.11(c) and(d)lfor theCNTI case. Having introduced
the blades shift, the acoustic eld is no longer symmetrigffddbences between the various cases are
noted also on the port side, indicating that synchrophaafferts the overall sound eld around the
aircraft.

magnitude appears for tl&NTI21 case in the area between the port propeller and the
fuselage.

Data from the fuselage numerical probes are used to evatluateoise levels on the
aircraft's external surface. In Figure 8.6 the OSPL azimlthstribution is presented

at various fuselage longitudinal stations. Results of @@ and CO21 cases are
reported in the same picture for comparison.

The CNTI5 case shows an OSPL distribution very similar to @&TI case, both
up-stream and down-stream the propeller plane up to appedglyR=2. Apart from

the movement of the upper noise lobe towards the port sidg somll differences are
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observed in the sound levels of the lateral-upper lobesyisigoa slight reduction on
the port side and a slight increase on the starboard sidgetgariations, up to 5 dB,
with the same trend appear further down-stream towards ithg jnction.

(& X 0:0m.

Figure 8.6: OSPL around the fuselage at various stream-si&ons: comparison between the
differentCNTI synchrophasing cases. Noise estimate from numerical platasover one full propeller
revolution. Refer to Figure 7.3 for the azimuthal coordindé nition. Legend: red squareCO; green
circles -CO21; black left triangles CNTI ; orange diamondsCNTI5; green right triangles€ENTI21.
(Part 1/3: propeller plane)CNTI5 differs fromCNTI almost only for the small movement of the upper
lobe towards the port sideCNTI21 shows on the contrary a quite dissimilar OSPL distributine,
upper lobe split in two and a pronounced noise minimum at tim. These main characteristics are
maintained at all fuselage stations.

The CNTI21 option exhibits instead a remarkably different OSPL dsition com-
pared to theCNTI case, at all fuselage stations. The upper high noise lobgided

in two lobes almost symmetric to the aircraft mid-plane (tbkative noise valley is
atQ 85 deg). A very pronounced low peak at the fuselage bott@m (270 deg)
is also formed. Regarding the noise upper lateral lobes,nitb@aobserved thatfi)
up-stream the propeller plane, the OSPL of @TI21 case is very close to that
of the CNTI con guration, with slightly lower sound levels, on both diaard and
port sides, increasing the distance from the propellerepl@n at the propeller plane
and down-stream, theNTI21 shows higher sound levels than G&ITI andCNTI5
cases, on the starboard and port sides, with larger differethe larger the distance
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(b) X 2:0m. (c) X 1:5m.

(d) X 1.0 m. (e) X 0:5m.

Figure 8.6: OSPL around the fuselage at various stream-sisgons: comparison between the
differentCNTI synchrophasing cases. Noise estimate from numerical ptatasover one full propeller
revolution. Refer to Figure 7.3 for the azimuthal coordindé nition. Legend: red squaresCO; green
circles -CO21; black left triangles CNTI ; orange diamondsCGNTI5; green right triangles€ENTI21.
(Part 2/3: up-stream the propeller planBpth CNTI5 andCNTI21 exhibit lateral lobes very similar to
CNTI: the rst showing a slight reduction on the port side and gldlincrease on the starboard side, the
second lower levels on both sides. These differences iseri@areasing the distance from the propeller
plane.

from the propeller plane, up to more than 6 dB at approxim&tBlaway. It is noted
that, down-stream the propeller plane, BHTI21 sound levels of the port lobe are
similar to theCO case.

The trend of the average OSPL along the fuselage of the €iff€NTI cases is
presented in Figure 8.7 and compared againstQfeand theCO21 options. The
CNTI5 appears almost equivalent to tRe&NTI con guration, the higher and lower
OSPL values on the starboard and port sides respectivehpensating each other for
the most part of the fuselage. Only up-stream the propeldarep for distances bigger
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fy X +0:5m. (@) X +1.0m.

(h)y X +15m. @i X +20m.

Figure 8.6: OSPL around the fuselage at various stream-giEons: comparison between the
differentCNTI synchrophasing cases. Noise estimate from numerical pfataeover one full propeller
revolution. Refer to Figure 7.3 for the azimuthal coordindé nition. Legend: red square<CO; green
circles -CO21; black left triangles €NTI ; orange diamondsCNTI5; green right triangles€ENTI21.
(Part 3/3: down-stream the propeller plan€NTI5 differs signi cantly from CNTI only for distances
larger tharR=2. CNTI21 is noisier tharCNTI andCNTI5 on both sides, the noise levels increasing as
the the distance from the propeller plane increases. Itdqoe is comparable with that &O.

than 1.5 m, theCNTI5 con guration shows louder noise levels, with a maximum
difference of 1 dB at the further up-stream position congdean the analysis. A
narrow area of lower noise in instead observed towards thg-fuiselage junction.

The CNTI21 case, on the other hand, results signi cantly noisier thas quietest
CNTI con guration, with a longitudinally-average discreparafyapproximately +2.7
dB and maximum OSPL differences of about +5 dB at fuselag#osta 1R from
the propeller plane. ThENTI21 case is also louder than tiO con guration up to
approximately 1.2 m down-stream the propeller plane, aad theCO21 option for
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Figure 8.7: OSPL averaged over the fuselage azin@ytin the passengers area, as a function of the
fuselage longitudinal position: comparison between tlifer@int CNTI synchrophasing caseSO and
CO021 con gurations reported as a reference. Noise estimate fitamerical probe data over one full
propeller revolution.CNTI5 appears overall almost equivalent@NTI. CNTI21 results instead the
worse choice, being louder th&0O as well.

all fuselage stations considered, with local differengesout+2 dB.

8.4.2 Cabin Interior Noise

Pressure time histories recorded by the numerical probdsemstarboard fuselage (see
Figure 7.5) are used as input to the transfer functions tmagt the cabin sound levels
for the example passenger considered (refer to Figure)3.2f@gure 8.8 presents
the SPL of the rst three harmonics. With respect to DTl case, theCNTI5
option shows a louder rst tone (+1.4 dB), but quieter second and third tones. The
considerably large reduction at the third tone with the ceafys= 5 deg appears
mainly due to the transformation of the phase during thegggesmto the fuselage shell
more than the transmission loss. TONTI21 option yield instead an increase of both
rst( +1.7 dB) and second tones, and the same noise level at thédheadcompared

to theCNTI case. It can also be noted that @NTI tested con gurations display a
signi cant SPL reductions for all the rst three harmoniosnapared to th€O case.
Table 8.5 reports the OSPL at the example passenger loadtiba different test cases
with respect to th€NTI option, which is shown to be the quietest mainly thanks to the
lowest SPL at the blade passing frequency. TINTI5 option yields louder interior
noise than th€NTI by more than 1 dB, though its external sound levels are veseclo
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Figure 8.8: Cabin interior sound evaluation, for the exangalssenger, using experimental TF: SPL for
rst, second and third tone. Comparison between the diffe@NTI synchrophasing cases. Relative
data with respect to the case with co-rotating phased despelResults folCO21 con guration are
reported as reference. See Figure 3.2(a) for the passarmgion. TheCNTI option appears the best
for reducing the noise at the BPF, 8&ITI5 at 2BPF and 3BPF. TheO choice is seen to be the worse,
with a penalty of more than 2 dB at the rst harmonic.

(averaging along the fuselage axis a difference of +0.1%&dBgistered). ThENTI21
case, that displayed the highest sound levels on the out§ithe fuselage, is noisier
than theCNTI andCNTI5 options. However, it is signi cantly quieter (more than 2.5
dB) than theCO con guration. It is also noted that theO21 case results quieter than
theCNTI5, despite its OSPL on the external fuselage shows higheesalu

CcoO Cco21 CNTIS  CNTI21
+4.21dB +1.00dB| +1.35dB +1.68 dB

Table 8.5: Cabin interior OSPL evaluation, for the exampéssenger, using experimental TF:
comparison between the differe@NTI synchrophasing cases. Relative data with respect tGHiE
layout with phased propellers. Results @D21 con guration are also reported as reference. See Figure
3.2(a) for the passenger location.

8.5. Conclusive Remarks

The effect of propeller synchrophasing is shown importantlie interior noise, and
therefore must be considered when estimating actual cabimdlevels. Synchrophas-
ing appears to have a signi cant favorable effect on a comagiwn with co-rotating

propellers, yielding reductions in OSPL of more than 3 dB doblade shift angle
near the maximum possible (the best synchrophasing argléscrease the SPL of
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harmonics higher than the fundamental tone are insteadesinalhe noise reduction

appears to be mainly due to the different acoustic intenigge that develop between
propellers direct sound elds and waves emanating by tHeaane, as well as to the

different phase of the sound waves impinging on the fuseldgerever, it is noted that

despite the signi cant bene t of synchrophasing, co-rotgtpropellers remain louder
than the counter-rotating top-in con guration with prolees in phase. The latter is
seen to be the quietest choice, since, by contrast, syntasopg on a counter-rotating
top-in layout results in OSPL increase of more than 1 dB, atl&a the shift angles

tested.






Chapter 9

Conclusions and Future Work

Compared to turbofans, propeller-driven aircraft would igmiscantly advantageous
for short/medium-range ights, thanks to their lower fueinsumption (nowadays
attained at similar ight speeds), as well as the need of tehorunways and
climbing/descent times. Their noise is however still higll anust be reduced in line
with the new aviation environmental targets. The presesdiitovered therefore some
aspects of turboprop near- eld acoustics, aiming to improur understanding of the
actual sound eld in- ight and to identify a quieter solutio

A modern propeller with eight blades of extremely low adtiviactor AF and
operating at high loading conditions was considered far shuidy. Propeller designs,
“handedness” for a typical twin-engined aircraft, and $yophasing were analysed
via Computational Fluid Dynamics. The ow solver HMB3 of the Mersity of
Glasgow was employed, after a preliminary validation fapgailer aerodynamics and
acoustics against the JORP and IMPACTA wind tunnel data.

The main ndings of the dissertation are here detailed oie#d by some recommen-
dations for future work.

9.1. Conclusions

Various blade and hub designs were studied in isolation bgnsief RANS simula-
tions, to nd the quietest at source level.

A blade geometry that moved the loading span-wise inbohrtd off-loading the tip,
and operates at lower RPM was found the best choice. OSPLtredsiaip to 6 dB
were observed 1 m away from the blade tip, without severepednce penalty.

Hub con gurations with different geometric periodicitydeo a spread of the acoustic
energy over more frequencies, but resulting in slighthhlkigsound levels. This could
potentially be more pleasant to the human ear, however éinsfeer functions used to

193
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evaluate cabin noise ltered the majority of the additiotaies in the spectra.

A sensitivity analysis of the numerical approach was alsdopmed, to assess the
most suitable strategy for noise evaluation.

Density and regularity of the mesh were shown to be both itapbfor accurate noise
levels and directivity predictions, especially as the hamia order and the distance
from the propeller increase, because of the stronger effentumerical dissipation
and dispersion. The minimum number of points per wavelemgipended on the
computational scheme and the sound frequency: approXyrizéepoints were found
enough for the BPF when MUSCL is employed.

The use of a ¥ order space-accurate MUSCL scheme was seen not computigtiona
cost-effective for acoustics in the vicinity of the proge]l because of the grid
resolution needed for ow predictions.

The scale-resolving models SAS and DES were compared tesaisair capability
of capturing the high-frequency part of the propeller sogpdctrum. The rst was
seen not effective because the ow is not strongly unstahkesecond appeared more
suitable and showed the onset of trailing edge noise. THRAMSk w SST solution
was con rmed adequate to estimate the propeller tonal noise

The whole acoustic eld of a twin-engined high-wing turboprwas examined using
URANS computations, for both co- and counter-rotating pllepg Installations
effects were thus analysed for the rst time, for tonal noissmd the effect of
synchrophasing could also be evaluated.

The need of simulating the whole airplane to accuratelyrdetes in- ight noise levels
was con rmed: the acoustic interferences between the pi@pesound waves and
those emitted and re ected by the airframe were proven itigor

At cruise conditions, with phased propellers, the courtéating top-in layout was
found the quietest, with a OSPL reduction of more than 4 dBleghe cabin compared
to the co-rotating con guration. The inboard-up propefiatation yielded louder noise
because of the higher blade loading on the fuselage side eraibe of constructive
acoustic interferences.

In line with previous experimental and analytical stud@g)chrophasing was shown
to affect only slightly the exterior OSPL distribution andlwes, but to be rather
effective in the cabin as a consequence of the phase variatiourring during the
structure transmission. On co-rotating propellers, tieriar OSPL could be lowered
by more than 3 dB compared to in-phase propellers with a sgptiasing angle close
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to the maximum relative blade shift. By contrast, and with stry, the best option
for the counter-rotating top-in layout appeared to be iagghpropellers. It was also
noted that the optimum synchrophasing angle depends onatimohic considered,
thus it could be thought to use it in conjunction with tunakibration absorbers
calibrated on other tones.

9.2. Future Work

Concerning the propeller design, future efforts should bectied toward the optimi-
sation of the Off-loaded Tip blade as the most promising. RAIN&ulations could
be used for this purpose, coupled to an optimisation styabeged on differential
evolution (e.g. [112]) or on a quasi-Newton method using strdite adjoint for the
gradient computation (e.g. [271, 272]). Both aerodynamiud acoustics must be
considered in the optimisation. This blade design showdd Bk tested mounted on
the aircraft, to evaluate its actual noise bene tin ight.

With regard to the CFD capability of high-frequency noisedicgons, improved DES
models should be tested. Recent progress in computing sysibows nowadays
the resolution of such big computations. A systematic asslgf central 6-or-more
accurate schemes should anyway be performed to quantifykteee t in terms of
mesh size reduction, thus to limit the computational cogte$e expensive simulations
(or maximise the captured spectra on a given mesh). Additextensive experimental
data are nonetheless necessary to gain more insight in e generation mechanism,
and to validate the numerical methods. A CFD solver outputtioald be also useful
to investigate on this subject is the PSD of kinetic energy.

As for propeller installation, handedness and synchrapbastudies should be
performed at take-off and landing regimes, thus to evaluhée best turboprop
operating option regarding community noise as well. Fpail would be very
interesting to develop a vibro-acoustic model of the aftdteselage coupled with the
CFD. This way, the assessment of the complete cabin soundveldd be possible,
and results could be also tailored on the actual airplanatefest. In addition, if the
full aircraft is structurally modelled, the structure-hemoise could be also accounted
for.
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Appendix A

Post-processing Codes for Noise
Estimation

The main computer programs implemented to estimate exemibinterior noise from
the CFD solutions are reported here. Please refer to Chapteradl the details and
the assumptions of the adopted approaches.

A.1l. SPL Evaluation from RANS Computation of Single Blade

This code determines OSPL and SPL spectrum of a propellsolation at the desired
locations. It takes in input the RANS solution of HMB3, the oweld parameters, the
positions of the analysis points, and the preferred samptequency. The program
reconstructs rst the equivalent pressure time historned tvould be registered at the
analysis points during one complete propeller revolutaomd then estimates the sound
levels. Tecplot is employed, in bash mode, for the pressigreats reconstruction,
using the inverse-distance interpolation method, and tfopa their FFT, with a
rectangular window function. All the steps are automatethiwithe Python script
here reported.

Listing A.1: Program “SPLsteady.py”

# —================ —=================
# ================= ==================

USAGE= """
~ USAGE: input Parameters:
flowfile_steady (with location, without .plt)
number of blades (ie. the computational domain is 1/nb)
delta_angle per step
rho
v_tip
blade real radius
probes_file (with location)
number of probes

215
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#
#

import math
import os,sys

if (len(sys .argv ) < 9):

flowfile_steady = sys .argv [1]
blade = int(sys .argv [2])
delta_angle = float(sys .argv [3])

rho = float(sys .argv [4])
v_tip = float(sys .argv [5])
radius_real = float(sys .argv [6])

probes_file = sys .argv [7]
n_

if ((360.00 hblade ) / delta_angle < 1):

#
#
#

try:

except

print "beginning extraction pressure signal with Tecplot macro"

# writing Tecplot macro
#
def TecFlow (flowfile_steady ,blade ,rho ,v_tip ):
# open file
output = """#IMC 1410
$lvarsSet |flow_file| = """+flowfile_steady +0n
$ |READDATASET "| flow_file |. pIt"

$IVARSET |Zones| = |NUMZONES|

$lvarSet |alpha| = (2pi/""" +str(blade )+""")
$!ALTERDATA

$!|ALTERDATA

outputs: 1) ./pressure_t/probes_XX.dat with dimensionalessure at each probe for each
time step (if you want to animate how the pressure varies on ftiselage)
2) ./probes_pt.dat with acoustic pressure signal of eaclobpr
3) ./OSPLprobes_pt.dat with the overall SPL
4) ./ SPL_flowfile_steady with SPL vs frequency for each peo

ATTENTION!!! use the directory created "pressure_t" justbrf the output of this script,
DO NOT add anything else in there !l

print "~ ERROR ~ incorrect number of parameters”
print " "
print USAGE

sys .exit ()

probes = int(sys .argv [8])

print " ~ ERROR inconsistent parameters:"
print " delta_angle bigger than period segment”
print "

sys .exit ()

extraction pressure on the desired location with Tecploackb

.os.system( mkdir pressure_t)

pass

READDATAOPTION = NEW
RESETSTYLE = YES

INCLUDETEXT = NO

INCLUDEGEOM = NO
INCLUDECUSTOMLABELS = NO
VARLOADMODE = BYNAME
ASSIGNSTRANDIDS = YES
INITIALPLOTTYPE = CARTESIAN3D
VARNAMELIST = "X" "y" "z" "P"

# copy rotate to have the full propeller flowfield
output = output +"""

EQUATION = {Xnew}={X}

EQUATION = {Ynew}={Y}
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$!VarSet |blade_loop| = (""+str(blade )+""" 1)
$!VarSet |blade_index| = 1

$!LOOP |blade_loop |
$!VarSet |zone_index| =1
$!LOOP | Zones |

| zone_index|)

$!VarSet |source| = (
= (] Zones| blade_index |+]|zone_index|)

$!VarSet |dest]|

$!DUPLICATEZONES
SOURCEZONES = [|source|]
DESTINATIONZONE = |dest|

$!IVARSET |zone_index| += 1
$!ENDLOOP

$!VarSet |init| = (|Zones#|blade_index|+1)
$!VarSet |end| = (|Zones||blade_index|[+1))
$!IALTERDATA [|init]| |end]]

EQUATION = {Xnew}={X} »cos (| alpha+4|blade_index|){Y}*sin(]alphat}|blade_index]|)
$!IALTERDATA [|init]| |end]]

EQUATION = {Ynew}={X} *sin (| alphat|blade_index|)+{Y}kcos (| alpha+t|blade_index|)
$IALTERDATA [|init]| [end]]

EQUATION = {X}={Xnew}
$!ALTERDATA [|init]| |end]]

EQUATION = {Y}={Ynew}

$IVARSET |blade_index| += 1
$|ENDLOOP
# dimensional pressure

output = output +"""
$!ALTERDATA

EQUATION = {P} = {P} * ("""+str(rho )+""" * """+str(v_tip )+""" * """+S'[I‘(V_tip )+"""

non

return output

# probes zone loading and interpolation

def TecProbe (probes_file ,delta_angle ):
output = "

$!VarSet |EndSourceZones| = |NUMZONES|

$|READDATASET """+probes_file ~ +"""

READDATAOPTION = APPEND

RESETSTYLE = YES

INCLUDETEXT = NO

INCLUDEGEOM = NO

INCLUDECUSTOMLABELS = NO

VARLOADMODE = BYNAME

ASSIGNSTRANDIDS = YES

INITIALPLOTTYPE CARTESIAN3D

VARNAMELIST = "X" "Yy" "zZ" "P" "Xnew" "Ynew" "V1" "V2" "V3"

$!VarSet |pl| = |[NUMZONES|
$!ALTERDATA [|pl1]]
EQUATION = {X} = {V1}
$IALTERDATA [|p1]]
EQUATION = {Y} = {V2}
$IALTERDATA [|p1]]
EQUATION = {z} = {V3}

$!INVERSEDISTINTERPOLATE
SOURCEZONES = [1 |EndSourceZones|]
DESTINATIONZONE = |pl]
VARLIST = [4]

INVDISTEXPONENT = 3.5
INVDISTMINRADIUS = 0
INTERPPTSELECTION = OCTANTNPOINTS
INTERPNPOINTS = 8

$!WRITEDATASET "./pressure_t/probes_0.dat"
INCLUDETEXT = NO
INCLUDEGEOM = NO
INCLUDECUSTOMLABELS = NO
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INCLUDEDATASHARELINKAGE = YES
ASSOCIATELAYOUTWITHDATAFILE = NO
ZONELIST = [|p1]]

VARPOSITIONLIST = [1 4]

BINARY = NO

USEPOINTFORMAT = YES

PRECISION = 12

TECPLOTVERSIONTOWRITE = TECPLOTCURRENT

$!VarSet |numb_steps_considered| = (((360 / +%tr(blade )+""") / """ +str(delta_angle )+""") 1)
$!LOOP | numb_steps_considered |

$!VarSet |teta| = (""*str(delta_angle )+"""*pi/180)
$!ALTERDATA [1 |EndSourceZones|]

EQUATION = {Xnew}={X} xcos (| teta |) {Y} *sin (| teta|)
$!ALTERDATA [1 |EndSourceZones|]

EQUATION = {Ynew}={X} »sin (| teta|)+{Y}cos(]|teta])
$!ALTERDATA [1 |EndSourceZones|]

EQUATION = {X}={Xnew}
$!ALTERDATA [1 |EndSourceZones |]

EQUATION = {Y}={Ynew}

$!INVERSEDISTINTERPOLATE
SOURCEZONES = [1 |EndSourceZones|]
DESTINATIONZONE = |p1]|
VARLIST = [4]

INVDISTEXPONENT = 3.5
INVDISTMINRADIUS = 0
INTERPPTSELECTION = OCTANTNPOINTS

INTERPNPOINTS = 8

$!WRITEDATASET "./pressure_t/probes_|loop|. dat"
INCLUDETEXT = NO
INCLUDEGEOM = NO
INCLUDECUSTOMLABELS = NO
INCLUDEDATASHARELINKAGE = YES
ASSOCIATELAYOUTWITHDATAFILE = NO
ZONELIST = [|p1]]
VARPOSITIONLIST = [1 4]
BINARY = NO
USEPOINTFORMAT = YES
PRECISION = 12
TECPLOTVERSIONTOWRITE = TECPLOTCURRENT

$!ENDLOOP

return output

#
macrofile = open( ExtractProbesSteadyBlade_python.mgrw )
macrofile  .write (TecFlow (flowfile_steady ,blade ,rho ,v_tip )+TecProbe (probes_file ,delta_angle ))

macrofile  .close ()

# execution Tecplot macro

#

os .system ("tec360 mesa b ExtractProbesSteadyBlade_python.mgr"

print "Extraction Probes with Tecplot done"

#

# reconstruction signal probes acoustic pressure
#

ofle = "probes_pt.dat"

files = os .listdir ("./pressure_t/})

print "n files = ", len(files )

tag = [0 for x in range(len(files ))]
i=0

for ifile in files :
tag [j ] = int(ifle .split ("probes_"[1].split (".dat")[0])
j=j +1

files_sorted = sorted(tag )
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p_array
p_fluct

[[0 for x in range(len(files ) + 1)]for y in range(n_probes )]
[[0 for x in range(len(files ) + 1)]for y in range(n_probes )]

for j in range(len(files )):
ifile = str("./pressure_t/probes_*% str(files_sorted [i1) + ".dat")
infile = open(str(ifle ),"r") # skip line header file
for i in range(10):
infile  .readline ()

for i in range(n_probes ):
p_array [i ][j] = float(infile .readline ().split (" ")[4].split ("\n")[0])

infile  .close ()

for i in range(n_probes ):
p_array [i ][ len(files )] = p_array [i ][0] # last point to close the period (= first point)

for i in range(n_probes ):
p_mean = sum(p_array [i]) / float(len(files ) + 1)
for j in range(len(files ) + 1):
p_fluct [i][j] = p_array [i][j] p_mean
#

time =0
dt = math .pi = delta_angle * radius_real / (180.00 » v_tip )

outfile = open(str(ofile ),"w")
for n in range(blade ):
for i in range(len(files )):
outfile  .write (str(time ))
for k in range(n_probes ):
outfile  .write (" " + str(p_fluct [k][i]))
outfile  .write ("\n")
time = time + dt
outfile  .write (str(time )) # last point to close the period
for k in range(n_probes ):
outfile  .write (" " + str(p_fluct [k][0]))

outfile  .write ("\n")
outfile  .close ()

#
# OVERALL SPL

ospl = [0 for x in range(n_probes )]
p_ref = 2.0e 05

for i in range(n_probes ):
var_p_fluct2 =0
for j in range(len(files ) + 1):
var_p_fluct2 = var_p_fluct2 + math .pow(p_fluct [i ][j]1,2)

ospl [i] = 10.0 * math .logl0 ( (var_p_fluct2 | float(len(files ) + 1)) / math.pow(p_ref ,2) )

#
ifile = str("./pressure_t/probes_% str(files_sorted [0]) + ".dat")
infile = open(str(ifle ),"r") # skip line header file

for i in range(10):
infile  .readline ()

ofile2 = str("OSPL" + ofile )
outfile = open(str(ofile2 ),"w")
for i in range(n_probes ):
line = infile .readline ()
outfile  .write (line .split ()[0] + " " + line .split ()[1] + " " + line .split ()[2] + " " + str(ospl -

[i[]) + "\n")
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outfile  .close ()

#

print "Acoustic pressure signal computed"
print “here with:", ofile , " and ", ofile2 ," 111"
#

# FFT with Tecplot

#

# writing Tecplot macro
#

def TecFFT (n_probes ,var_in ,var_out ):

# open file
output = """#IMC 1410

$ !|READDATASET "./probes_pt.dat"
READDATAOPTION = NEW
RESETSTYLE = YES
VARLOADMODE = BYNAME
ASSIGNSTRANDIDS = YES
VARNAMELIST = """ +str(var_in )+"""

$!VarSet |varFFT| = (""*str(n_probes )+""" + 1)

$!FOURIERTRANSFORM
INDEPENDENTVAR = 1

WINDOWFUNCTION = RECTANGULAR
DEPENDENTVARS = [2 |varFFT|]
SOURCEZONES = [1]
INCLUDECONJUGATES = NO
OBEYSOURCEZONEBLANKING = NO
REPLACEMATCHINGRESULTZONES = YES
REPLACEMATCHINGRESULTVARIABLES = YES

$IWRITEDATASET "./FFTprobes_pt.dat"
INCLUDETEXT = NO

INCLUDEGEOM = NO
INCLUDEDATASHARELINKAGE = YES

ZONELIST = [2]

VARPOSITIONLIST = ["""+str(var_out )+"""]
BINARY = NO

USEPOINTFORMAT = YES

PRECISION = 9

TECPLOTVERSIONTOWRITE = TECPLOTCURRENT

return output

#
var_in = "\"VI1\""
for i in range(n_probes ):
var_in = str(var_in + " \"V" + str(i +2) + "\"")
var_out = str(str(n_probes + 2) + " " + str(n_probes +3))
for i in range(n_probes 1):
var_out = str(varout + ", " + str((n_probes +3) + 3 x (i + 1)))
macrofile2 = open( FFTProbesSteadyBlade_python.me¢rw )

macrofile2  .write (TecFFT (n_probes ,var_in ,var_out ))
macrofile2  .close ()
# execution Tecplot macro

#
os .system ("tec360 mesa b FFTProbesSteadyBlade_python.mgr"

#

print "FFT Acoustic pressure done"

#

# SPL computation

#

sig_length = float(360.0/delta_angle + 1)
fft_lenght = int ((sig_length 1)/2 + 1)
name = flowfile_steady split (/") 1]

ofile_spl = str("SPL_" + name + ".dat")
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p_fluct = [[0 for x in range(fft_lenght )1for y in range(n_probes +1)]
spl = [[0 for x in range(fft_lenght )lfor y in range(n_probes +1)]

header = 7 + n_probes
infile = open("./FFTprobes_pt.dat;"r") # skip line header file
for i in range(header ):
infile  .readline ()
for i in range(fft_lenght ):

line = infile .readline ()

for j in range(n_probes ):
_fluct  [j1[i] = float(line .split ()[j])

p_fluct [n_probes 1[i] = float(line .split ()[n_probes ].split ("\n")[0])
infile  .close ()

amplitude_factor = 2.0/sig_length
p_ref = 2.0e 05

for i in range(fft_lenght ):

spl [O][i] = p_fluet [O][i] # frequency

for j in range(n_probes ):

spl [j +1][i ] = 20.0 * math .logl0 ((p_fluct [j +1][i ] * amplitude_factor
outfile = open( str(ofile_spl ), wt)
for i in range(fft_lenght ):

for j in range(n_probes ):

outfile  .write (str(spl [j1[i]) + " ")

outfile  .write (str(spl [n_probes ][i]) + "\n")
outfile  .close ()
print "SPL computation done"
print "here with:", ofile_spl , o
#
# clean up
os.system ("rm f ExtractProbesSteadyBlade_python.mgr"

os.system ("rm f FFTProbesSteadyBlade_python.mgr"
os.system ("“rm f batch.log")

)/ p_ref )

A.2. SPL Evaluation from Unsteady CFD Simulations

This Python script computes OSPL and SPL spectrum from tleespre signals
recorded during an unsteady simulation by the numericabgso In addition to the
probe les and their position, the user needs to supply ohly bw eld data and

the desired signals parameters (lenght and starting tiie¢ FFT is performed by
Tecpolt, in bash mode, with a rectangular window function.

Listing A.2: Program “SPLunsteady.py”

USAGE= """
~ USAGE: input Parameters:
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probes_file_directory (with path and final / included)

first iteration of the signal to consider

steps considered in the signal

delta_angle per step

rho

mach st file

sound

RPM

file with probe locations (in format as .grd.probes, with lgnthe -
probes you want)

root output name

outputs: 1) ./probes_pt.dat with acoustic pressure sigmdl each probe
2) ./OSPLprobes_pt.dat with overall SPL at the probes amsealy
3) ./SPL_probes_pt.dat with SPL vs frequency for each probe

import math
import os,sys

if (len(sys .argv ) < 11):

print "~ ERROR ~ incorrect number of parameters”
print " "
print USAGE
sys .exit ()

probes_file_directory = sys .argv [1]

it_start = int(sys .argv [2])

steps_sig = int(sys .argv [3])

delta_angle = float(sys .argv [4])

rho = float(sys .argv [5])
mach = float(sys .argv [6])
sound = float(sys .argv [7])
RPM= float(sys .argv [8])

ifile_location_probes = sys .argv [9]

root_out = sys .argv [10]

#

# HVB Probes reading, cleaning up and extraxtion desired adat
#

s = steps_sig + 1 # (s simulations steps gives s + 1 data points)
conv_p = rho * mach » mach » sound =* sound
ofile = str(root_out +"_probes_pt.dat)

# time vector computation

#

d_time = float(delta_angle ) / (6 » RPM
time = []

time_in = float (it_start ) * d_time

for i in range(s):

time .append ((time_in + float(i )*d_time ))

# Probes Signal Extraction

#

files = os .listdir (probes_file_directory )
n_probes = len(files )

print “number of probes analysed =,"n_probes
print "lenght of the pressure signal =,"s

p = [[0 for x in range(s)]for y in range(n_probes )]
p_fluct = [[0 for x in range(s)]for y in range(n_probes )]

# to be sure to read probes in order.....
tag = [0 for x in range(len(files ))]

j =0

for ffile in files
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tag [j ] = int(ifle .split ("probe.")[1])
=i+l

files_sorted = sorted(tag )

root = files [0].split ("_probe")[0]

signal =0
for j in files

print "working on ...", str(probes_file_directory +root +"_probe . "+str(files_sorted [signal 1). -
Zfill - (5))
infile = open( str(probes_file_directory +root +"_probe . "+ str(files_sorted [signal ]).zfil  (5)),"r" -
)
iteration = int (it_start )
for i in range(s):
# pressure reading from hmb file
line_probe_hmb = infile  .readline ()

# skip line coordinate
while (len(line_probe_hmb ) < 50):
line_probe_hmb = infile  .readline ()
# skip previous steps
while (int(line_probe_hmb .split (" ")[0]) < iteration ):
line_probe_hmb = infile  .readline ()
# skip line coordinates from restart
while (len(line_probe_hmb ) < 50):
line_probe_hmb = infile  .readline ()
p_hmb = float(line_probe_hmb .split (" ")[6])
p[signal ][i] = p_hmb x conv_p
iteration = iteration + 1
signal = signal + 1
infile  .close ()

#
for i in range(n_probes ):

p_mean = sum(p[i]) / float(s)

for j in range(s):
p_fluct [i ][] = p[i][j] p_mean

# Output file writing

# ==========================
outfile = open(ofile ,"w")
for i in range(s):

# time vector writing
outfile  .write (str(time [i]))

# pressure writing of all the probes
for j in range(n_probes ):

outfile  .write (" " + str(p_fluct [j]1[i]))
outfile  .write ("\n")
outfile  .close ()

#
# OVERALL SPL

ospl = [0 for x in range(n_probes )]
p_ref = 2.0e 05

for i in range(n_probes ):
var_p_fluct2 =0
for j in range(s):

var_p_fluct2 = var_p_fluct2 + math .pow(p_fluct [i ][] ],2)

ospl [i] = 10.0 » math .logl0 (var_p_fluct2 | float(s) / math .pow(p_ref ,2) )

infile_loc_prob = open(ifile_location_probes )
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ofile2 = str("OSPL" + ofile )
outfile = open(str(ofile2 ),"w")

for i in range(n_probes ):
line = infile_loc_prob .readline () .split ("(")[1].split (")")[O]
outfile  .write (line .split (",")[0] + " " + line .split (",")[1] + " " + line .split (",")[2] + " " + -
str(ospl [i]) + "\n")

outfile  .close ()
#

print "Acoustic pressure signal computed"
print "here with:", ofile , "!i1"

# ==
# FFT with Tecplot
# ==

# writing Tecplot macro

def TecFFT (n_probes ,var_in ,var_out ,name_in ,name_out ):

# open file
output = """#IMC 1410

$!VarSet |probe_file| = ""#pame_in +"""

$IREADDATASET  "|probe_file |"
READDATAOPTION = NEW
RESETSTYLE = YES
VARLOADMODE = BYNAME
ASSIGNSTRANDIDS = YES
VARNAMELIST = """ +str(var_in )+"""

$!VarSet |varFFT| = (""%str(n_probes )+""" + 1)

$!FOURIERTRANSFORM
INDEPENDENTVAR = 1

WINDOWFUNCTION = RECTANGULAR
DEPENDENTVARS = [2 |varFFT|]
SOURCEZONES = [1]
INCLUDECONJUGATES = NO
OBEYSOURCEZONEBLANKING = NO
REPLACEMATCHINGRESULTZONES = YES
REPLACEMATCHINGRESULTVARIABLES = YES

$!VarSet |probe_fft_file| = ""#name_out +"""

$IWRITEDATASET "./| probe_fft_file |"
INCLUDETEXT = NO

INCLUDEGEOM = NO
INCLUDEDATASHARELINKAGE = YES

ZONELIST = [2]

VARPOSITIONLIST = ["""+str(var_out )+"""]
BINARY = NO

USEPOINTFORMAT = YES

PRECISION = 9

TECPLOTVERSIONTOWRITE = TECPLOTCURRENT

won

return output
#
var_in = "\"V1\""
for i in range(n_probes ):
var_in = str(var_in + " \"V" + str(i +2) + "\"")
var_out = str(str(n_probes + 2) + " " + str(n_probes +3))
for i in range(n_probes 1):
var_out = str(var_out + ", " + str((n_probes +3) + 3 x (i + 1)))
name_out = str(root_out +"_FFTprobes_pt.dat)

macrofile2 = open( FFTProbesSteadyBlade_python.mg¢rw )
macrofile2  .write (TecFFT (n_probes ,var_in ,var_out ,ofile ,name_out))

macrofile2  .close ()

# execution Tecplot macro
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#
os .system ("tec360 mesa b FFTProbesSteadyBlade_python.mgr"

#

print "FFT Acoustic pressure done"

# ===================

# SPL computation

# ===================

sig_length =s

fft_lenght = int ((sig_length 1)/2 + 1)

ofile_spl = str(root_out +"_SPL_probes_pt.dat)"

p_fluet = [[0 for x in range(fft_lenght )] for y in range(n_probes +1)]
spl = [[0 for x in range(fft_lenght )l1for y in range(n_probes +1)]
header = 7 + n_probes

infile = open(name_out ,"r") # skip line header file

for i in range(header ):

infile  .readline ()
for i in range(fft_lenght ):
line = infile .readline ()

for j in range(n_probes ):
_fluct [j ][i] = float(line .split ()[j]1)

p_fluct [n_probes 1[i] = float(line .split ()[n_probes ].split ("\n")[0])
infile  .close ()
#

amplitude_factor = 2.0/sig_length
p_ref = 2.0e 05

for i in range(fft_lenght ):

spl [0][i] = p_fluct [O][i] # frequency

for j in range(n_probes ):

spl [j +1][i ] = 20.0 * math .logl0 ((p_fluct [j +1][i ] * amplitude_factor )/ p_ref )
#
outfile = open( str(ofile_spl ), 'wt)
for i in range(fft_lenght ):

for j in range(n_probes ):

outfile  .write (str(spl [j1[i]) + " ")

outfile  .write (str(spl [n_probes ][i]) + "\n")
outfile  .close ()
print "SPL computation done"
print "here with:", ofile_spl , o
#
# clean up

os.system (“rm f FFTProbesSteadyBlade_python.mgr"
os.system (“rm f batch.log")

A.3. A-Weighting Filter Application

This program implements the A-weighting noise lter [2433. It takes in input the
SPL as function of frequency, and gives in output the ASPIcspen and the OASPL.
The number of harmonics to account for in the computatiorhef @ASPL can be
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speci ed by the user.

Listing A.3: Program “Aweighting.py”

# ==

USAGE= """
~ USAGE: input Parameters:
1) SPL function of the frequency file (input format: frequen,SPL1(f -
) ,SPL2(f) ,... SPLN(f)) ex. "SPL_XXX.dat" output of -
splBladeSteady .py)
2) number of signals
3) A SPL output file name (without location, it will be printed in-
the current directory)
4) number of harmonics (BPF) you want to consider in the coitgiion -
of the OSPL
5) file OSPL ("OSPLprobes_pt.dat" output of splBladeStgady) or -
simply file with location of the probes (x,y,z)
6) number of blades of the full propeller (IMPACTA = 8)
7) half BPF tones present? 0 = NO, 1 = YES (modified configuioat)

output: 1) ASPL output with frequency, SPLA value of the signals and A gkt value ( -
last column)
2) Overall SPLA from the contribution of desired harmonics

import math
import os,sys

if (len(sys .argv ) !'= 8):

print "~ ERROR ~ incorrect number of parameters”
print " "
print USAGE
sys .exit ()

splf_inputfile = sys .argv [1]

nsignals = int(sys .argv [2])

splA_out = sys .argv [3]

harmonics = int(sys .argv [4])

probelocation = sys .argv [5]

nblades = int(sys .argv [6])

halBPF = int(sys .argv [7])

# ==

n_frequencies =0

infile = open( str(splf_inputfile ).,"r")

for line in infile :
n_frequencies = n_frequencies + 1

infile  .close ()
print "number of lines SPL input file n_frequencies
#

print "number of signals analysed, "nsignals

splf = [[0 for x in range(n_frequencies )] for y in range (nsignals +1)] # f,spll, spl2 ..., spIN
infile = open( str(splf_inputfile ),"r")
for i in range(n_frequencies ):

line = infile .readline ()

for j in range(nsignals ):
splf [j][i] = float(line .split ()[j 1)

splf [nsignals ][i] = float(line .split ()[nsignals ].split ("\n")[0])
infile  .close ()

#

deltaA = [0 for x in range(n_frequencies )] # A weight
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f2 = math .pow(1000,2)

ral000 = math .pow((12200-f2 ),2) / ( (f2 + math.pow(20.6,2)) » (f2 + math .pow(12200,2)) » math. -
sqrt (f2 + math .pow(107.7,2)) + math .sqrt (f2 + math .pow(737.9,2)) )

offset = 20.0 » math .logl0 (ral000 ) # (NOTE: offset is usually approximated with 2.00)
for i in range(n_frequencies ):
f2 = math .pow(splf [O0][i],2)

ra = math .pow((12200:f2 ) ,2) / ( (f2 + math.pow(20.6,2)) » (f2 + math .pow(12200,2)) = math .sqrt -
(f2 + math .pow(107.7,2)) * math .sqrt (f2 + math .pow(737.9,2)) )

if (ra !'= 0):
deltaA [i] = 20.0 » math .logl0 (ra) + offset
#
splA = [[0 for x in range(n_frequencies )] for y in range (nsignals +2)] # splA
for i in range(n_frequencies ):
splA [0][i] = splf [O][i] # frequency
for j in range(nsignals ):

splA [j +1][i ] = spif [j +1][i] + deltaA [i] # spl A

splA [nsignals +1][i ] = deltaA [i] # A weight

outfile = open(str(splA_out ),"w")
for i in range(n_frequencies ):
for j in range(nsignals +1):

outfile  .write (str(splA [j ][i]) + " ")
outfile  .write (str(splA [nsignals +1][i]) + "\n")

outfile  .close ()

#
osplA. = [0 for x in range(nsignals )] # Overall splA for the considered harmonics
for i in range(nsignals ):

sumharm = 0.0
if (haBPF == 0): # standard propeller configuration
for j in range(harmonics ):
index_freq = (j +1) » nblades
sumharm = sumharm + math .pow(10,(splA [i +1][index_freq 1/20))
elif (haBPF == 1): # modified hub configuration

for j in range(2+harmonics ):

index_freq = (j +1) » (nblades /2)
sumharm = sumharm + math .pow(10,(splA [i +1][index_freq 1/20))
else:
print ("~ ERROR ~ inconsistent choice parameter n)7"
print " "
print USAGE
sys .exit ()

osplA [i] = 20.0 » math .logl0 (sumharm)

infile = open( str(probelocation ),

osplA_out = str("Overall_harm"+ str(harmonics ) + "_" + splA_out )
outfile = open(str(osplA_out ),"w")
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for i in range(nsignals ):
line = infile .readline ()
outfile  .write (line .split (" ")[0] + " " + line .split (" ")[1] + " " + line .split (" ")[2] + " " + -

str(osplA [i]) + "\n")

infile  .close ()
outfile  .close ()

print “here with ", splA_out , " and ", osplA_out

A.4. Interior Sound Estimation via Transfer Functions

This script determines the sound signal heard by the coridpassenger, via
experimental Transfer Functions, and generates the pamefg audio le inwav
format. The only required inputs are the dimensional adopsessure time histories
on the exterior fuselage surface at the TF measurementspaintl the audio desired
parameters (name, lenght, sampling rate). The TF apmitamnd the .wav le writing
are done by two dedicated external programs called insglPython script. These are
reported in the Subsections below. Knowing the pressuraki§PL, or ASPL, for the
passenger can then be determined in the same way as shoverprethious Sections.

Listing A.4: Program “interiorSound.py”

# ======== ==
# ======== ==

USAGE= """
~ USAGE: input Parameters:

1) time history of dimensional acoustic pressure [Pa] (impformat:
time ,pl (t),p2 (t),...,pN (t) ex. "probes_pt.dat" ouput of -
splBladeSteady .py)

2) lenght of input signal (NOTE: maximum allocated in fortraprogram -
= 1441))

3) angular resolution of the input signal

4) RPM propeller

5) name audio output file (with location)

6) resulting audio signal lenght in seconds

7) scale audio signal amplitude to a range fronl to +1 (0 = NO, 1= -
YES)

+ IF you want to specify a sample rate different from the naalrone
8) Sample rate (integer number!!)

NOTE: the script is done to be applied to the HIGH_WING AIRGRA fictitous fuselage of the -
IMPACTA project with 1056 probes!! REMEMBER that the tranef functions are available -
only on a grid of 32x32 points!

import math
import os,sys

if (len(sys .argv ) < 8 or len(sys .argv ) > 9):
print "~ ERROR ~ incorrect number of parameters"”
print " "
print USAGE
sys .exit ()

acousticpressure_file_1 = sys .argv [1]
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lenght_psignal = int(sys .argv [2])
deltadeg = float(sys .argv [3])

rpom = float(sys .argv [4])
nameoutput = sys .argv [5]
audio_lenght = float(sys .argv [6])
scale = int(sys .argv [7])

if (len(sys .argv ) == 9):
sampleRate = int(sys .argv [8])

# —=======

print "preparation input files for transfer functions fortran ggram”

try:

os .system ( mkdir tmp_acoustic_pressure_signgl
except:

pass

for j in range(32):

for i in range(32):

# transfer function grid point

ix =i +1

iy =j +1

kI = (iy 1)*33 + ix

outfile = open(str("./tmp_acoustic_pressure_signal/probe+" str(kl ).zfil  (4)),"w")
infile = open( str(acousticpressure_file_1 ),'r")

for i in range(lenght_psignal ):
outfile  .write (str(infile .readline ().split (" ")[kl ]) + "\n")

outfile  .close ()
infile  .close ()

#

print "application of transfer functions

intf = str("./tmp_acoustic_pressure_signal/probe+"" 0 " + str(lenght_psignal ) + "+ str(
deltadeg ))

cmd = "/home/cfd/gchirico/PROJECT/Resources/CabinNoisepbay TF_giulia_phase .exe % intf
os .system (cmd)

print "done"

#

print "generation sound file for the point inside the cabin"

lenght_psignal = lenght_psignal 1
psignal = [0 for x in range(lenght_psignal )]
infile = open( pressure_inside_cabin_s1.datr")
for i in range(lenght_psignal ):
psignal [i] = float(infile .readline () .split ()[0])
infile  .close ()
if (scale == 1):
min_p = min(psignal )
range_p = max(psignal ) min_p
psignal_scaled = [0 for x in range(lenght_psignal )]
for i in range(lenght_psignal ):

psignal_scaled [i1] =2 % (psignal [i] min_p ) /range_p 1

if (len(sys .argv ) == 8):
nsampleslrev = 360.0/deltadeg
nrevls = rpm/60.0 # n revolutions in 1 s
sampleRate = round(nsampleslrev  * nrevls ,0)

print "sample rate', sampleRate
numFrames = audio_lenght * sampleRate
print "number of desired frames ," numFrames

replicate = int (numFrames / float (lenght_psignal ))
print "number of replication of the original signal" replicate
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signalp_long = "signal_pressure_long.dat"
outfile = open(signalp_long ,wh)

realFrames = replicate * lenght_psignal
total_lines = realFrames + 1

outfile  .write (str(total_lines ) + "\n")

if (scale == 1):
for i in range(replicate ):
for j in range(lenght_psignal ):
outfile  .write ( str(psignal_scaled [i) + "\n")
elif (scale == 0):
for i in range(replicate ):
for j in range(lenght_psignal ):

outfile  .write (str(psignal [j]) + "\n")
else:
print "~ ERROR ~ incorrect values for the parameter scale"
print " "
print USAGE
sys .exit ()

outfile  .close ()
inwritewav = str(signalp_long + " " + nameoutput + " " + str(int(sampleRate )))

cmd = "/home/cfd/gchirico/PROJECT/Resources/WAVgeneratisuriteWav_giulia.exe "+ inwritewav
os .system (cmd)

print "here with ", nameoutput
# ========= ====
# cleanup

os .system (“rm f signal_pressure_long.da)"
os.system ("rm rf tmp_acoustic_pressure_signa)l"

A.4.1 TF Application

The interior sound is determined as the convolution of therer pressure eld and
the Transfer Functions, i.e. as the multiplication of the twthe frequency domain.
The TF are given, from the experiments, as a matrix of compteef cients. The
code, which takes in iput the CFD pressure signals at the ptnee locations and the
TF, was therefore written in Fortran 90 for simplicity. Thetput of the code is the
unsteady pressure time history for the considered passenge

Listing A.5: Program “applaytransferfunction.F90”

program applaytransferfunction

! variable declaration

parameter (np=32, nf =700, nix =33, niy =32, ns=1441)

integer nsl, forminput , nout

real pt (ns), ptsl (ns), ns2, freq (10), abspf (nix =niy ,10), abspftr (nix =niy ,10)
complex8 tr (nix =niy ,nf ), pf (nf), ci

charactercdum=8, filnamp %132, roothame 100

realx4 shaftspeed

nargs = iargc ()
if ( nargs .It. 3 ) then
call print_usage

stop
endif
call getarg (1, rootname )
write(x ,») Root name probe input files: , rootname
call getarg (2, cdum)
read(cdum,*) forminput ! input format 0 or 1
write(x ,x) input flag: , forminput

call getarg (3, cdum)
read(cdum,*) nsl
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write(x,*) signal lenght: , nsl
call getarg (4, cdum)

read(cdum,*) ns2

ns2 = 360.0hs2

write(x ,*») steps in 1 period: , ns2

! variable initialisation
ci = (0., 1.) ! complex imaginary unit
pi = 4xatan(1l.) ! number pi

tr = (0., 0.)! transfer function coefficients

ptsl = 0. ! acoustic presure signal at position sl inside
shaftspeed = 14.27547 ! shaft rotational speed [Hz]

fre@ = 0. ! frequency = shaft order shaft rotational speed

! open and read transfer function file

open (21, form= unformatted, file= transfer_functions.out,

*8)
read(21,rec=1) tr
close(21)

do iy =1,np ! cycle along the fuselage axis
do ix =1,np ! cycle along the fuselage azimuth

! open and read input pressure signal

kI = (iy 21)*nix + ix ! considered grid point
pt = 0. ! acoustic pressure signal (time domain) outside the cabiprogram input)
if (forminput ==0) then ! read input file containing just pressure signal
write (flnamp , (a,i4.4) ) trim(rootname ), kI ! string reconstruction probe file name
! print =, kl, filnamp ! print on screen list probes file to check
open (11, file=filnamp ) ! open probe file
do j=1,ns1 ! cycle along the signal
read(11,x) pt (j)
end do
end if
if (forminput ==1) then ! read input file in probe format (line 1 = position + step,-
time, pressure for the rest)
if (ki < 1000) then
write (flnamp , (a,i3.3) ) trim(rootname ), kI ! string reconstruction probe file -
name
else if (kI >= 1000) then
write (filnamp , (a,i4.4) ) trim(rootname ), kI ! string reconstruction probe file -
name
end if
I print =, kl, filnamp ! print on screen list probes file to check

open (11, file=filnamp ) ! open probe file
read(11,x) cdum !
do j=1,ns1 ! cycle along the signal
read(11 ,x) idum, rdum, pt (j)
end do
end if

close(11)

| passage in the frequency domain and application of tramsfenctions

pf = (0., 0.) ! pressure signal in the frequency domain

nout = 0 ! index output with pressure map in the frequency domain brefoand after

applicatio of TF
do nm=1,700 ! cycle over the shaft orders

! Fourier transform
do j=1,ns1 ! cycle along the signal

pf (m) = pf (m) + pt (j)*exp( ci *2«pi «mx (]
end do

if (m=4 .or. mF=8 .or. nF=12 .or. nF=16 .or.

==32 .or. mF=36 .or. m==40) then
nout = nout + 1
I write (*,x) kl, m, nout

freq (nout ) = m = shaftspeed | frequency
abspf (kl , nout ) = cabs (pf (m))
end if

! multiplication by transfer function
pf (m) = pf (m)=tr (kI , m)

1)/ns2)

m==20

.or.

the cabin

m==24 .or.

m==28

access direct , recl=nix xniy *nf -

.or.

the -

m -
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if (m=4 .or. nF=8 .or. nF¥=12 .or. mF=16 .or. mF=20 .or. nMF=24 .or. nF¥=28 .or. m -
==32 .or. nF=36 .or. mF=40) then
abspftr (kI , nout ) = cabs (pf (m))
end if

end do

! summation over all the probes inverse transform
do j=1,ns1 ! cycle along the signal
do m=1,700 ! cycle over the shaft orders
ptsl (j) = ptsl (j) + (2/float (nsl)) = real(pf (m=*exp(ci *2xpi xmx(j 1)/ns2))
end do
end do

end do
end do

! open and write output files
open (19, recl=6400, file= pf_map_BPFs.dat)

write (19 ,x) VARIABLES = "IX" "IY" "PF" "PFTF"
do j=1,10 ! cycle over the frequencies
write(19,x) ZONE T = "frequency , freq (j),
doiy = 1,np ! cycle along the fuselage axis
doix = 1,np ! cycle along the fuselage azimuth

kI = (iy 21)nix + ix ! grid point
write (19 ) ix ,iy ,abspf (kl ,j) ,abspftr (kl ,j)
end do
end do
end do
close(19)

open (19, recl=6400, file= pressure_inside_cabin_s1.dgt
do j =1,nsl
write (19 ,x) (ptsl (j))
end do
close(19)

stop

end programapplaytransferfunction

subroutine print_usage
write(x ,x) Usage:
write(x,») 1) root file name acoustic pressure [Pa]
write(x,x) 2) format flag (O=just acoustic pressure, l=standard HMBke output with -
iteration ,timestep and pressure),
write(x ,x) 3) signal lenght (ATTENTION! maximum 1441 allocated as deift)
write(x ,x) 4) azimuthal resolution of samples
end subroutine

A.4.2 Generation of Audio File .wav

This short C program reads a pressure signal and writes ttie de in wavformat.
The sampling rate is selected by the user.

Listing A.6: Program “WAVgeneration.c”

#include <stdio .h>
#include <math.h>
#include <malloc.h>
#include <sndfile .h>
#include <string .h>

/+ Compile: gcc o writeWav_giulia.exe writeWav_giulia.c | ./include L ./lib Isndfile =/
/* Run: ./writeWav_giulia.exe sampleRate inputfile.dat @utfile .wav =/

int main (int arg_count , char *argv [])

{

int j ,sampleRate
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long c;

double vl, numFrames;
FILE xinput ;

char filename [128];

printf  ("Wav Write Test\n');

if (arg_count != 4) {
fprintf (stderr , "input files: <file.dat with acoustic pressure signal
<sampleRate [frames per second]>)n"
return 1;
}
sampleRate = atoi (argv [3]);

printf  ("Sample rate %d\n)sampleRate );

/I Read in input file
strcpy (filename ,argv [1]);

input = fopen (filename ,"r");
fscanf (input ,"%d\n",&c);
numFrames = ¢ 1,
fprintf (stdout , "%d\n",c);

/I Allocate storage for frames

double xbuffer = (double %) malloc (numFrames * sizeof(double));
if (buffer == NULL) {
fprintf (stderr , "Could not allocate buffer for output\n®

for (j =0;j <numFrames;j ++){
fscanf (input ,"%If\n" ,&v1);
buffer [j]=vl;
if (j ==(numFrames 1)){
printf  ("%d %If \n",j ,vl);

}

/I Set file settings, 16bit Mono PCM

SF_INFO info ;

info .format = SF_FORMAT_WA\ SF_FORMAT_PCM_16

info .channels = 1;
info .samplerate = sampleRate ;

/1 Open sound file for writing

SNDFILE =sndFile = sf open (argv [2], SFM_WRITE &info );

if (sndFile == NULL) {
fprintf (stderr , "Error opening sound file %s : %s\n"argv [2], sf_strerror
free (buffer );
return 1;

}

/I Write frames

long writtenFrames = sf_writef_double (sndFile , buffer , numFrames);

/I Check correct number of frames saved
if (writtenFrames I= numFrames) {
fprintf (stderr , "Did not write enough frames for source\ph}
sf_close (sndFile );
free (buffer );
return 1;

}

/1 Tidy up

sf_write_sync (sndFile );
sf_close (sndFile );
free (buffer );

return O;

[Pakoutputfile .wav> -

(sndFile ));







Appendix B

Channel Effect Correction for the
IMPACTA Experiments

To validate the HMB solver for propellers in an installed gpmation, as shown
in Section 4.2, the experiments carried out by ARA during thE?ACTA project
[8, 250] were used. Measurements were supplied to the aafter standard wind
tunnel corrections used by ARA were applied. However, antexhdil correction was
required for the tests conducted with the acoustic linedaghe test chamber.

B.1. The Channel Effect

The presence of the acoustic liner in the working sectiomhefARA transonic wind
tunnel[255] alters the porosity of the walls, resulting nagtice in solid walls close to
the model. Because of this, a channel effect is produced icitamber and the upper
wing surface of the model experiences a Mach number sligigliger compared to a
non-intrusive scenario. Therefore, the measured pressgeneed to be corrected to
account for this effect.

B.2. Correction Method

The procedure recommended directly by ARA was followed. Tiesgure variation
caused by the Mach number increase is quanti ed by the eiffee of localCy
registered by the pressure taps on the acoustic liner otwden the cases of installed
and uninstalled wing, for each con guration:

DCp = Cp,Iiner IN-wing ON Cp,Iiner IN-wing OFF (B-l)

* The IMPACTA rig is mounted inverted in the ARA wind tunnel.
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In particular, a 8 order polynomial interpolation of the data in the vicinitf tbe
wing was employed, as shown in Figure B.1 for the two casest&gpm this thesis.

(a) Cruise operating conditionsM = 0:5,at = 2 deg. (b) Climb operating conditionsM = 0:45,at = 0 deg.

Figure B.1: Pressure coef cient correction for the chanefééct due to the presence of the acoustic
liner in the wind tunnel chamber: computation of tB€, as proposed by ARAx=w a-dimensional
wing chord-wise coordinate, with origin at the wing leadedpge and positive in the ow direction.

The pressure coef cient of the model upper wing is then cotagas:

Cp,corrected: Cp,Iiner N DCp, (B.2)

while the measured data on the lower wing surface are leftamged.

It is noted that the correction ter®C, is computed using measurements carried out at
the same conditions but without the propeller blades ilestain the model. This can
therefore affect the effectiveness of the suggested axpetal data correction, since

it is not included the ow forcing by the propeller rotation.

B.3. Evaluation of the Correction Effectiveness

To assess the adopted procedure, Figures B.2 and B.3 preseointiparison between
corrected liner-IN measurements and liner-OUT measurésniam the test cases
simulated in this thesis. As can be seen, the proposed tiomempproach appears
to work very well for the cruise case, where liner-IN coregtidata match almost
everywhere the liner-OUT data (Figure B.2). By contrast, theection is not very
effective for the climb case (Figure B.3). In particularstrioted that{i) the suction
peak on the port wing is larger in the corrected liner-IN nueasients than in the liner-
OUT measurementgii) the corrected liner-IN data on the upper surface of all wing
stations, from about 30% of the chord to the trailing edgaijleka lower loading than
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the liner-OUT data. This can be partly due to the use of allr pcessure taps in the
determination ofDC,, even if some irregularities are visible and may denote some
sensor fault (see Figure B.1(b)). Moreover, a difference lmarobserved between
the liner-IN and the liner-OUT lower pressure curves towdtte wing leading edge,
especially for the starboard stations inside the propsliprstream (refer to Figures
B.3(c) and B.3(d)). The liner-IN tests display a larger logdip to about 30% of the
wing chord. No correction was applied in this region to thpeskmental data, and this
may in uence the comparison with the CFD predictions whicldbinclude the wind

tunnel walls.
(a) Span-wise station S¥= 0:9R. (b) Span-wise station S¥= 0:7R.
(c) Span-wise station S4.= 0:7R. (d) Span-wise station S¥.= 0:9R.

(e) Span-wise station S§: 1:3R.

Figure B.2: Evaluation of the effectiveness of the pressoef cient correction for the channel effect:
cruise operating conditionsMy = 0:5,RPM 4050,at = 2 deg).
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(a) Span-wise station S¥= 0:9R. (b) Span-wise station Sg= O:7R.

(c) Span-wise station S4.= 0:7R. (d) Span-wise station S¥:= 0:9R.

(e) Span-wise station S§: 1:3R.

Figure B.3: Evaluation of the effectiveness of the pressoed cient correction for the channel effect:
climb operating conditions\y = 0:45,RPM 4410,at = 0 deg).



Appendix C

HMB3 Preliminary Validation Tests

Before computing the complex ow of the IMPACTA propulsion trpreliminary tests
of the wind tunnel model without the propeller were perfodite check the chosen
numerical setup, i.e. no wind tunnel walls simulated andirslj planes to include the
propeller in the grid.

Computations were carried out on the starboard half of theemakploiting its
symmetry with respect to thez plane, and run as steady RANS with the w SST
turbulence model [215]. The considered ow conditions aireeg in Table C.1. The
rst has the same thrust incidence of the climb state, bughdr Mach number. The
second is representative of the cruise state. The grid sgbd same employed for the
complete IMPACTA model, with the exception of the propelleurd containing only
the spinner (see Figure C.1(a)). The mesh counts approxyrta&@M cells, which
corresponds to the coarse version of the IMPACTA model grid.

Testl Test2
Free-stream MacNly 0.5 0.5
Thrust line incidencar 0deg -2deg

Table C.1: IMPACTA propulsion unit: ow conditions for priehinary steady tests without blades.

C.1. Wing Pressure Comparison against Experimental Data

Figure C.1(b) shows, as an example, the pressure coef cistitiaition on the model
for My = 0.5 andat = 2 deg. The pressure on the starboard stub wing was
compared against the experimental data of ARA (see FigurealCfal the pressure
taps location). Figures C.2 and C.3 show this comparison fotwlo simulated test
cases respectively. Measurements carried out with theséicdiner inserted in the

239



240 APPENDIX C. HMB3 PRELIMINARY VALIDATION TESTS

(a) Grid layout visualisation. (b) Pressure coef cient foMy = 0:5 andar = 2 deg.

Figure C.1: HMB3 validation - preliminary study: IMPACTA wi tunnel model without the propeller.

wind tunnel are reported, corrected for the channel effsatxlained in Appendix
B. As can be seen, the predictions of HMB3 agree very well withakperimental
data, for both ow conditions and at all the three span-witgisns. Suction and
pressure sides are both represented satisfactorily. Thé# diffierences between the
three stations are also captured by the CFD solver. The ncaheetup is therefore
proved to be adequate to represent the wind tunnel testshamdesh density appears
suf cient for aerodynamic predictions, at least in abseofc#he propeller.

C.2. Estimation of Spinner Loads

The simulation at cruise conditions (test 2 of Table C.1) wias ased to have an
approximation of the effect of the mere spinner on the pilepklads. This was done to
be able to estimate the apparent propeller thrust, i.e.ith#t grust minus the spinner
drag, in the same way of the experiments.

During the wind tunnel tests, the spinner drag was measuosd the shaft balance
with the hub rotating without blades installed. To evaluage CFD-predicted spinner
drag, pressure and viscous stresses were integrated @vepittmer surface (region
ahead of the black line in Figure C.1(b)). In particular, thiegration was performed
using Tecplot on cell-vertex surface results. A differente29% with respect to the
experimental data was observed, which means +37 drag douth® cruise validation

test case (see Table 4.1 for the details on the operatingtemg). This difference may

be due to:

1. the fact that the spinner is not rotating in the CFD simataais opposed to the
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(a) Span-wise station Sg:= 0:7R. (b) Span-wise station S¥.= 0:9R.

(c) Span-wise station S§. 1:3R.

Figure C.2: HMB3 validation - preliminary study: pressucetcient on the IMPACTA wind tunnel
model without the propeller favly = 0:5 andat = 0 deg (test 1).

experiments,

2. the effect of the gap between propeller hub and engineeinvihd tunnel model
not accurately taken into account,

3. HMB3 over-predictions and/or measurement errors.

To quantify the effect of the spinner rotation on its dragneate, the CFD steady
prediction was compared against the CFD unsteady resulhérctuise validation

test case as an example. The latter was computed integoatewly in the code the

loads on the spinner area (thus using cell-center data)aanaveraged value over
one complete propeller revolution was considered. It ieddhat the integration

area is slightly smaller because of the presence of the bliadéalled. The unsteady
prediction differ from the steady one by -11 drag countsidymng closer results to the
experimental data. It was therefore decided to use the anhgtestimate of the hub
drag to compare the HMB3 results with the ARA performance messents (refer to

Table 4.2 for the comparison). For this reason, a steadylation without blades at

climb conditions was not carried out.
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(a) Span-wise station S§= 0:7R. (b) Span-wise station S¥.= 0:9R.

(c) Span-wise station S§. 1:3R.

Figure C.3: HMB3 validation - preliminary study: pressucetcient on the IMPACTA wind tunnel
model without the propeller favly = 0:5 andar = 2 deg (test 2).



Appendix D

Sound Levels Correction for Thrust
Difference

The semi-empirical approaches employed to correct theerei®ls to account for a
difference in propeller thrust are shortly described belbar the overall A-weighted
SPL, the Dobrzynski's method was used. For the harmonic $#®.ESDU 76020
procedure was followed.

D.1. Dobrzynski's Method

Dobrzynski developed a semi-empirical method[261] fromagadet of noise calcu-
lations for a generic general aviation propeller, varyingniber of blades, diameter,
and operating conditions. Calculations were performedguie FW-H equation[42]
solved in the time domain (the employed method is describedetail in [273]).
Simple equations were derived by the author to approxinteteverall A-weighted
sound pressure, taking as input only easily accessibleyugsirameters such as
number of propeller&lp, number of bladedl,, diameterD, tip rotational and helical
Mach numbersvyip and Mp1ip, RPM, powerP and yover heightH. The method
assumes subsonic propellers with® Mpp  0:85.

D.1.1 Estimation Procedure

The OASPL is determined as:

X/
OASPL= 1086+ L; dBa, (D.1)
i
where thel; contributing terms represent the effect of different faston the overall
noise. In particular, they are de ned as follows:
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Ly P >—;Mnh1ip  accounts for the effect of the blade loading,
Myp DNy

L> Np;Mp1ip  accounts for the effect of the number of blades,

Lz RPM M,1ip accounts for the effect of the propeller rotational speed,

Ly % accounts for the effect of the yover distance,

Ls MypTip accounts for the effect of the helical tip Mach number,
Le corrects for climb out conditions if needed,
L7(Np) accounts for the effect of the number of propellers.

Equations to calculate eathterm can be found in [15].
The variation ofL; can be therefore used to estimate the impact of a change in the
propeller loading on the OASPL.:

P(Tr)

DOASPL= 10(2:36 1:25MpTip) log P(To)
S,

dBa, (D.2)

whereP(Tt) andP(Ts) are the propeller power at the target and at the simulatedthr
respectively. The rstis unknown but, assuming tfatis close enough tds, it can
be approximated using the momentum theory and keepingaar$ie ratio between

actual and ideal poweP(andPR, respectively), i.eP(Tt) = g((.Té)) R(Tr).

D.2. ESDU Method 76020

The Engineering Sciences Data Unit (ESDU) service[274Yides validated analysis
tools, data, principles, and related software, for a wideeaof engineering elds.
This extensive database includes published and unputilidghta and methods that
allow fast and low-cost predictions with engineering aecyr resulting very useful in
the design process.

TheAircraft NoiseESDU series comprises items on noise estimation from therdrit
aircraft sound sources, noise propagation and transmissiohe cabin, and noise
reductions. The ESDU method 76020[262], “Estimation of thaximum discrete
frequency noise from isolated rotors and propellers”,vedldo quickly estimate the
sound pressure level of propeller tones. Graphical praesdare given to estimate the
SPL of the rst harmonic, and corrective terms for the higharmonics, starting from
propeller's number of blades,, diameteD, tip Mach numbeMrp, thrustT, powerP
and distance from the sourde A computer program is also available. The method is
based on Gutin's theory[36], and uses experimental meammes from static tests. A
subsonic axial ight is assumed (non-axial conditions agaltin ESDU 11005[275]).
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D.2.1 Estimation Procedure

The SPL at the propeller fundamental frequency is detemnireen the summation of
ve componentd; as follows:

P
sMrip + 13 —;M7ip + 14(M1ip; Np) +

SPUBPR)= 11 = +l2 g T
T
+15 ———5— dB. (D.3)
D2Mfp

The noise at higher tones is then evaluated via the addifibmeocorrective terms:

SPLMBPF) = SPLBPF)+ lg(Mmp:m)+ I7 ‘m dB, (D.4)

D2|\/I'IZ'IP

wherem= 2; 3;:: is the harmonic order.

Graphics for each contributing terknare given in the document. Some can be easily
expressed via lines equations, others show a non-lingad.tre

As can be seen from the formula D.3 and D.4, the propellestrappears in only four
componentsiy, I3, Is andl;. The difference between their value for the target thrust
Tt, and that for the actual thrust at the simulated conditinsan be used to estimate

the noise level correction for the different thrust:

8 X

2 DSPUBPF) = [Ij(Tr) 1i(T9I, j= 135

. j (D.5)
~ DSPMBPR) = DSPLUBPF)+[17(Tr) I7(T)].

Since a change in the thrust is connected to a change in therpiondeterminds(Tt),
an estimate of the power at the target thia6tr) is required. This was computed
assuming a ratio between actual and ideal propeller poan{lR, respectively) as
that of the simulated conditions, iB(Ty) = E((% R(Ty), whereR is calculated from
the momentum theory.

For the sake of completeness, here below are reported tladi@usi used to evaluate

DSPLof the rst three tones for the IMPACTA propellers analysedinapter 5:

2:5MZ o+ 2:25Mpp+ 1:15

T 6
?1_111+ 650 109 5op210 ° dB,

I3= 10M%, 8Mrp 506+ 5 log 2:5:& dB,

ls= 0:25 003 Nrebovmay 009 dB, (D.6)
57 < 25+ greees Nbr¥DC%IATIPa¥)2 0:064 dB  m= 2,
35+ o118 6052 Nrybaviea)? 0052 dB m=3.
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It is noted that these formula derive from the interpolatibthe ESDU curves onlin
the needed parameters range. In particular, it was assuraed t

P 2T
05 M 07, 05 — 0:6,and 009 0:12.
TP Tar an Nor ¥ DC(Mripay )2 o7
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